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ABSTRACT 

The mechanical properties of small volumes of material have received increasing 

attention in the past decade due to the extensive use of films and coatings in 

microelectronic devices and as protection against wear and corrosion. The mechanical 

properties of thin films of a given material are often substantially different from those of 

the identical bulk material. Instrumented, or ultra-low load, indentation instruments are 

capable of measuring the elastic, plastic and time-dependent properties of small volumes 

of materials. 

A two stage area model has been developed to predict the variation in measured 

hardness with depth of penetration for soft films on hard substrates. The model is able to 

predict the variation for depths of penetration less than and greater than the film 

thickness. The model incorporates constraints on the film hardness based on the uniaxial 

compression of a flat cylindrical disk. Friction, or adhesion, at the film/substrate 

interface causes the film hardness to increase as the depth of penetration increases. 

However, the film hardness is not allowed to increase beyond the substrate hardness. The 

model is compared to experimental hardness versus depth data for three different 

film/substrate systems with different levels of adhesion. 

Time-dependent properties of materials are obtainable from instrumented 

indentation tests by measuring the force and displacement as a function of time. 

Indentation creep experiments on a linear viscoelastic material, amorphous selenium, 

were used to establish the relationship between indentation strain rate and the strain rate 

measured in conventional creep tests. Equations for determining viscosity from 

indentation tests were also obtained. Finally, it was shown that stress relaxation functions 

for viscoelastic materials may be obtainable from indentation creep experiments. 
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1. INTRODUCTION 

The mechanical properties of small volumes of material have received increasing 

attention in the past decade. This has resulted from the extensive use of films and thin 

coatings in microelectronic devices and as protection against wear and corrosion. As the 

dimensions of the films and devices have decreased, the importance of determining the 

mechanical properties of the material in situ has increased. The mechanical properties of 

a small volume of a given material are often substantially different from those of the 

identical bulk material. 1.2 In addition, the interaction of the material with its 

surroundings, e.g., the adhesion of a film to a substrate, will have an effect on the 

resultant mechanical properties. 

The need to determine the mechanical properties of small volumes has resulted in 

the development of indentation instruments that are capable of continuously determining 

the force and the displacement as an indentation is made.3-5 Indentation instruments with 

force resolutions of 75 nN and displacement resolutions of 0.04 nm are currently 

available. Instrumented indenters are capable of measuring the elastic, plastic, and time

dependent properties of materials. Elastic modulus can be obtained from the slope of the 

unloading curve of the indenter. Hardness is determined from the applied force and the 

residual impression of the indenter, as in standard hardness tests. As the force and 

displacement are continuously monitored, time-dependent properties of materials are also 

measurable. 

The ability to continuously determine mechanical properties from small scale 

(nanometer deep) indentations has greatly increased the amount of information available 

from indentation measurements. For a film on a substrate, the inherent properties of the 

film may be obtained from indentations much smaller than the film thickness. As the 

depth of the indentation increases, the variation in the properties of the film/substrate 
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system as the indenter passes from the film across the interface and into the substrate are 

obtained. From the variation in properties as the depth of indentation increases the 

effects of film/substrate interactions, such as adhesion between the film and the substrate, 

on the measured properties can be observed. This type of information is not readily 

available from standard large scale (/lm) Vickers or Knoop indentations. 

While the ability to measure force and displacement during indentation has 

greatly increased, accepted analysis techniques for the determination of mechanical 

properties of materials from the data obtained during indentation have not been clearly 

established. This is especially true for film/substrate systems, where the complex 

interactions of the film and substrate and their effects on the final measured properties are 

not fully understood.6 

Instrumented indenters have also been used to obtain time dependent, or 

indentation creep, properties of materials.7-9 As the force and displacement of the 

indenter are monitored continuously during indentation, time dependent properties are 

obtained easily from instrumented indenters. This can be accomplished by holding the 

force on the indenter constant and measuring the variation in displacement, or by holding 

the displacement constant and measuring the variation in load. While indentation creep 

properties appear to be similar to those of conventional compression and tensile creep, the 

correlation of properties determined by indentation to those from conventional creep has 

not been clearly established. 

This dissertation is focused on increasing the understanding of how material 

properties affect the data obtained from indentation, and also the type of material 

properties that can be determined from instrumented indentation data. This will be done 

for two specific areas of indentation. First, the contributions of material parameters, such 

as film thickness and film/substrate adhesion, to the measured hardness of soft films on 

hard substrates will be elucidated. Secondly, indentation data from a bulk viscoelastic 



material will be used to show that indentation creep data can be correlated to 

conventional compression and tensile creep, and also can be used to obtain viscoelastic 

properties of materials. 

18 
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2. BACKGROUND 

2.1 Indentation Hardness Measurements 

The hardness of a material is usually understood to mean its resistance to local 

deformation,1O and can be measured by pressing an indenter of known shape into the 

material with a known load. The permanent impression left after the removal of the load 

is then used to calculate hardness. For a given indenter shape and load, the harder the 

material, the smaller the impression (or the shallower the depth of penetration). 

Detailed study of the indentation process began with Hertz,1I who studied the 

stresses generated by the contact of two spherical elastic solids. Boussinesql2 generated 

solutions for indentation contact in elastic media for point loads. Solutions for other 

axisymmetric indenters were obtained by Love13•14 and Sneddon. ls.17 All of these 

solutions were generated for isotropic elastic media. These solutions provide a good 

starting point for the determination of the stresses under an indenter during a hardness 

measurement, but fail to predict the actual stress state under an indenter of a material 

which experiences plastic flow. 

The first standardized indentation test was the Brinell test, which uses a small 

hardened steel ball to create an impression. The test is designed to produce a well

defined circular impression whose radius a can be measured optically. The hardness is 

then calculated as the load (in kilograms) divided by the actual area of contact (in square 

millimeters). Meyerl8 used the Brinell test but used the projected area of contact rather 

than the actual area of contact in calculating hardnesses. The actual area of contact is 

slightly larger than the projected area, so that the Brinell hardness is slightly smaller than 

the Meyer hardness for a given radius of contact. 
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As the load is increased on a Brinell indenter, the critical shear stress is first 

exceeded at a region below the center of the contact zone. 19 This corresponds to the onset 

of plastic flow, and occurs at a mean contact pressure, p, of 

p = H z l.1Y (2.1) 

where H is the hardness and Y is the uniaxial yield stress. As the load is further 

increased, the indentation becomes larger and the plastic zone grows until the whole of 

the material surrounding the indenter undergoes plastic deformation (full plasticity), as 

shown in Figure 2.1. The mean contact pressure is then given by 

p=H z 3Y (2.2) 

and stays relatively constant for further increases in load. The variation in plY as a 

function of load and the radius of contact to diameter of indenter ratio, aID, is also shown 

in Figure 2.1. Full plasticity is not attained until the aID ratio is greater than 0.1. 

Therefore, it is necessary to choose both the diameter, D, of the ball and the load, L, to 

produce an aID ratio between 0.1 and 0.320 (the relationship between hardness and indent 

size breaks down as the indent diameter approaches the diameter of the indenter). 

Other hardness tests use pyramidal indenters. This includes the Vickers (square 

pyramid), Knoop (elongated pyramid) and Berkovich (triangular pyramid) indenters. The 

development of stresses and plastic properties under a pyramidal indenter is different than 

for Brinell indenters. For conical, or pyramidal, indenters the smallest load will g~nerate 

very high stresses at the tip and the full plasticity condition will always occur. The 

indentations formed will be geometrically similar whatever their size, so that indentation 

pressure will be independent of load. 
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Figure 2.1 Schematic showing the onset of plasticity in a rigid-plastic material below a 
spherical indenter. (a) At the onset of plasticity, plY= 1.1, the plastic zone is 
contained below the surface under the point of contact. (b) At full plasticity, 
plY=2.8, the plastic zone extends to the free surface. (c) plY as a function of a/D. 
As the depth of indentation increases, the deformation passes from the onset of 
plasticity to full plasticity [after Tabor lO]. 

Using Equations 2.1 and 2.2 the hardness of a material can be expressed as 

(2.3) 

where c, is a constraint factor and Y is the uniaxial flow stress. The constraint factor 

depends on the indenter geometry, properties of the material being indented, and friction 

at the indenter-material interface, but for most materials and indenters a factor of 3 is 

found experimentally. One of the first approaches to explain the origin of this constraint 

factor considered the development of the stress field in the material under an indenter. 

This 'slip-line field solution' approach constructed the stress fields within a rigid-plastic 
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solid, indicating the locations at which the shear stress reached the critical value, 't"xy. The 

slip-line field solution, then, defined the regions where plastic flow occurred.21 Many 

researchers have generated slip-line field solutions for flat-ended, two-dimensional 

wedge, and symmetric indenters.21 •25 According to these solutions, the material displaced 

by the indenter was accounted for by the upward flow of material around the indenter, as 

shown in Figure 2.2 for a two-dimensional wedge of semi-apical angle 8.22 However, 

when a large block of metal having grid lines inscribed on the surface was indented, the 

deformation did not match that predicted by slip-line field solutions. 10 The reason for this 

is that most metals are not rigid-plastic materials, but are elastic-plastic. 

In an elastic-plastic material there is little outward or upward flow of material. 

This behavior resembles that of radial flow of material away from the indenter.26 This 

observation led Marsh27 to suggest that the elastic-plastic indentation behavior was 

dominated by elastic yielding of the material surrounding the indentation. The 

deformation resembles that of the expansion of a spherical cavity by an internal 

hydrostatic pressure.28 When an indenter is pressed into the surface of a material the 

indenter is encased in a hemispherical core of material of radius a, within which a 

p 

Figure 2.2 Slip-line field solution for the indentation of a rigid-plastic solid by a 
frictionless wedge of semi-apical angle, e. 



hydrostatic pressure equal to the indentation pressure is assumed to exist. Outside this 

core, the plastic strains diminish until they match the elastic strains in thematerial at 

some radius c surrounding the hydrostatic zone (see Figure 2.3). The process of 

23 

indentation is thus likened to the plastic movement of a series of shells concentric with 

the hemispherical core.29 Shaw and DeSalv030 have shown that if a specimen extends at 

least 10 times the indentation dimension in all directions, the displaced volume of the 

indentation may be accounted for by the decrease in volume due to elastic yielding. 

Further studies of the relationships between indenter geometry and the 

deformation zone shape have shown that both of these theories can be used to explain 

experimental observations.26.29-33 For sharp indenters, those with semi-apical angles less 

than 40°, the plastic zone shape resembles that generated by slip-line field solutions.32 

For blunter indenters, the plastic zone shows spherical symmetry,26 even in materials 

subject to ready plasticity. Materials which have been heavily work hardened show 

plastic zones resembling those predicted by slip-line field theory. 

The value of c, in Equation 2.3 depends on the mechanical properties of the 

material being indented and the ratio of the sample size to indenter size, termed the 

Figure 2.3 Indentation in an ideal elastic-plastic solid, resembling the expansion of a 
hemispherical core. The material in the core, radius a, is under hydrostatic 
pressure. The elastic-plastic boundary is at radius c. 



deformation-zone geometry.34 Marsh27 and Hirst and Howse35 indented materials with 

different mechanical properties and found that the constraint factor, c" varies with the 

ratio of elastic modulus to yield stress, as shown in Figure 2.4 a. The variation of the 

constraint factor with deformation-zone geometry is shown in Figure 2.4 b. For 

indentation of bulk metals (most of which have ElY greater than 100) with a blunt 

indenter a constraint factor of 3 can be used to relate hardness to yield stress. 
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Attempting to relate hardness to the stress-strain curve of a material,36-38 it was 

determined that the theories describing plastic flow during indentation were limited in 

their usefulness in relating hardness to stress. These limitations were due to the 

assumptions that were made about the mechanical properties of the material being 

indented. Most materials are not rigid-plastic or elastic-plastic, but have yield stresses 

that increase as a result of plastic deformation, or work hardening. When indentations are 

made in such a material, the indentation process itself will cause an increase in the yield 

stress. The plastic strains therefore vary over the deformed region from point to point. 

Tabor39 has suggested that there is a characteristic strain in the material under an indenter. 

The hardness should then be related to the value of·the yield stress at this characteristic 

strain, YR, and not the stress for initial yielding. Equation 2.3 should then be expressed as 

(2.4) 

where c, is as given previously. For a spherical indenter the effective strain, under 

conditions of full plasticity, is approximately equal to 0.4(alD).'9 Hill et al.20 verified 

these empirical findings using a finite element procedure for a Brin..ell indenter 

penetrating a work hardening material. The average strain produced under a conical 

indenter depends on the indenter semi-angle. As the indenter semi-angle decreases, the 

average effective strain increases.33 For a Vickers indenter the average effective strain 
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was found to be between 8 and 10 per cent. 10.38.40 Using appropriate values of yield stress 

and effective strain, hardness data could be correlated to uniaxial stress-strain curves.IO,39 
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Figure 2.4 (a) The constraint factor plY as a function of ElY for a wide range of materials. 
As ElY increases, plY increases up to a value of approximately 3.0 at ElY values 
greater than 100 [after Chiang et al.41 ]. (b) The constraint factor plY as a function 
of the deformation zone geometry, d. As ~ gets larger, the constraint factor 
increases from a value of I to 2.8 [after Backofen34]. 
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2.1.1 Principles of Instrumented Indentation 

As noted above, conventional hardness techniques usually rely on measuring the 

. sizes of the impressions left after an indentation load has been removed. This limits the 

sizes of indents that can be made in a material, as the uncertainties in measuring 

indentation sizes by light microscopy is on the order of 1-2I..1m.42 

By contrast, ultra-low load indentation (nanoindentation) techniques, which 

measure the displacement of the indenter during loading, are capable of providing 

hardness information at penetration depths less than 10 nm. In addition, these techniques 

are capable of providing information on the variation of properties as a function of 

penetration depth. 

The techniques for determining mechanical properties will be reviewed briefly, 

with particular reference to the Nanoindenter® (Nano Instruments, Incorporated, Oak 

Ridge, TN). For more detailed information on the operation of the Nanoindenter® and 

the type of mechanical characterization possible with ultra-low load indentation, see the 

references by Oliver et al. 3,4,4347 

A schematic illustration of the Nanoindenter® is shown in Figure 2.5, The 

indenter is forced into the specimen by a coil and magnet assembly. The mass of the 

loading column is balanced on springs and the indentation force is controlled by the 

current in the coil. The resolution of the loading force is 75 nN. The position of the 

indenter is determined from a three-plate capacitance system with a displacement 

resolution of 0.04 nm. Small thermal fluctuations can cause some of the machine 

components to expand, and the expansion would be manifested in the data as an apparent 

displacement in the specimen. Vibrations, transmitted from other equipment or the 

surroundings, could also cause an apparent displacement. Therefore, the entire head 
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assembly is positioned on a table with pneumatic isolation mounts to minimize vibrations 

and inside an enclosure to minimize thermal drift. 
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Figure 2.5 Schematic diagram of the Nanoindenter® used to perform the indentation 
experiments: (A) sample; (B) indenter; (C) load application coil; (D) capacitive 
displacement sensor [after Oliver and Pharr43]. 



The test procedure generally involves measuring the force required to make an 

indentation of a given depth. If the cross-sectional area of the indenter is known as a 

function of the distance from the tip (the indenter area function), the plastic depth of 

penetration can then be used to determine the projected area of the indent, and the 

hardness can be determined from the load/displacement data. 
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A schematic representation of a load-displacement curve is shown in Figure 2.6. 

During indentation the total depth (elastic plus plastic) is recorded as a function of load, 

since the sample deforms both elastically and plastically, as shown in Figure 2.7. Much 

of the early theoretical work in depth sensing indentation methods dealt with determining 

the plastic depth of penetration from load-displacement curves. Two common choices for 

the depth were the depth at peak load, hmax, and the final depth, hJ. both of which are 

easily determined from the load-displacement curves, Figure 2.6. The plastic depth of 

penetration is expected to be between these two extremes. 

During loading, the material deforms both elastically and plastically. Therefore, 

the maximum depth of penetration, hmax, includes the elastic and plastic deformation of 

the surrounding material under load, as shown in Figure 2.7. It is assumed that, at peak 

load, the material conforms to the shape of the indenter over some contact depth, he. It is 

the contact depth, he, which should be used to obtain the projected area of the indenter. 

As the indenter is unloaded, the material elastically recovers and the shape of the 

indent changes slightly. Experiments39,48 have revealed that, at least in metals, the 

impression formed by a spherical indenter is still spherical with a slightly larger radius 

than the indenter, and the impression formed by a conical indenter is still conical but with 

a larger included tip angle. It was also determined48 that the diameter of the contact 

impression in the surface formed by conical indenters does not recover during unloading, 

only the depth recovers. As the indenter is unloaded the depth at which the indenter is in 

contact with the impression decreases. Therefore, the final depth, hI, or the depth at 
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Figure 2.6 Schematic diagram of a typical load-displacement diagram. At peak load, 
Pmax, the displacement is hmax, while the unloaded indent has a depth of hf The 
actual depth of penetration, he, is generally calculated from the slope of the 
unloading curve, S. 

which the indenter is no longer in contact with the indentation, does not reflect the true 

shape of the indentation under load. 

Doerner and Nix5 determined the contact depth of penetration from a linear 

extrapolation of the initial portion of the unloading curve. Their approach assumed that 

during the initial stages of unloading, the elastic behavior of the indentation is similar to 

that of a flat cylindrical punch, so that the area of contact remains constant as the indenter 

is unloaded. Oliver and Pharr43 proposed an improved technique for determining the 

depth of penetration from the unloading curve. It was noted that unloading curves were 

rarely, if ever, linear, even in the initial stages of unloading. The unloading data were 
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Figure 2.7 Schematic representation of an indent under load. The total depth is hmax, 
while the contact depth under load is he. 

better described by power laws with exponents ranging from approximately 1.2 to 1.6. 

The analysis is based on the analytical solutions of elastic contact for axisymmetric 
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indenters derived by Sneddon!7 to obtain the plastic depth of contact, he. This results in 

slightly larger plastic contact depths than those obtained by Doerner and Nix,5 and 

therefore higher values of contact area. 

Once the plastic depth of penetration has been determined, the indenter area 

function (the cross-sectional area of the indenter as a function of the distance from the 

tip) can be used to calculate the projected area of contact. The hardness can then be 

calculated as the force (in Newtons) divided by the projected area (in square meters), 

giving hardness in Pascals. 
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2.1.2 Thin Film Hardness Measurements 

Ultralow load indentation techniques are capable of providing information as to 

how the plastic and elastic properties vary as a function of depth, with resolutions of 

indenter displacement less than one nanometer. When an indentation test is performed on 

a bulk, homogeneous material, it is generally assumed that the hardness does not depend 

on the depth of penetration. In developing the expanding spherical cavity model of the 

indentation process, 10hnson29 determined that the hardness should depend only on the 

elastic and plastic properties of the material, and not on the depth of penetration. 

However, there is evidence that for very shallow indentations (depth of penetration less 

than approximately 100 nm) the hardness of some bulk materials are dependent on the 

depth of penetration, but the reasons for this indentation size effect are still unclear. 49.51 

In any case, whether the indentation size effect is applicable or not, if an indentation is 

made on a thin film attached to a substrate with different elastic and plastic properties, the 

measured hardness is expected to change as the depth of penetration increases due to the 

increasing influence of the substrate. 

While procedures for quantitatively analyzing the load-displacement curves are 

now well in hand for bulk metallic samples,3.43 the load-displacement response of samples 

with thin coatings is more complex. This is due not only to the measurement of the 

composite mechanical properties of the coating/substrate system during indentation,52 but 

also because the coating may be pushed into,the substrate ahead of the indenter.53.54 In, 

order to analyze load-displacement curves for coating/substrate systems properly, the 

separation of the load-displacement curves into the elastic and plastic components of both 

the coating and the substrate is important. 

It is often observed that the measured hardness of a soft thin coating or film on a 

hard substrate increases as the film thickness decreases. Whether this is due to a change 
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in the physical properties of the films, or to changes in the interaction between the 

indentation stress field and the underlying substrate, or both, is often unclear. It is 

possible that the difference in film hardness is due to the structure of the films changing 

with film thickness, changes in residual stress levels in different films, or an increase in 

repulsion of dislocations from the substrate and indenter in thinner films. Most early 

models55.56 of the indentation process, and how the coating, substrate and interface 

properties interact, were developed for large-scale (~m) indents, where the indentation 

depths were on the order of or larger than the film thickness. Some of the issues that are 

important on nano-scale indents, such as the changes that occur as the indenter passes 

from the film across the interface and into the substrate, are not as important with these 

large indents. Thus, most early models could not simply be scaled down to apply to 

nanometer scale indents. 

More recent models have been proposed to obtain information on hardness versus 

depth curves of thin coatings on a substrate. The first are finite element models, which 

attempt to determine the indentation response from the mechanical properties of the 

system. The second are physical models which have been proposed to explain 

experimental data. 

2.1.2.a Finite Element Models 

Bhattacharya and Nix57 used a finite element method to obtain the elastic and 

plastic deformation associated with the indentation of thin films on substrates. Using the 

ABAQUS58 finite element code, they calculated the variation in hardness with indenter 

displacement for I ~ films on a semi-infinite substrate approximated as a plate two 

orders of magnitude thicker than the film. The indenter was assumed to be a rigid, 



axisymmetric cone having a perfectly sharp tip. Perfect contact between the film and 

substrate was assumed and both film and substrate were considered to be initially stress 

free. During indentation, they assumed that the interface between the film and indenter 

33 

was frictionless, and that the film and substrate maintained perfect integrity (Le., no loss 

of adhesion between film and substrate). 

Calculations for a variety of film/substrate properties were performed, and an 

empirical equation for the hardness versus depth curves was determined, by fitting the 

results of the calculated hardness versus depth to a set of trial functions. For the case of 

a softer film on a harder substrate, they found that the measured hardness, H, varied with 

indentation depth, h, as 

where Hfand Hs are the hardnesses of the film and substrate, O'fand O's are the yield 

stresses of the film and substrate, Ef and Es are the Young's moduli of the film and 

substrate and t is the thickness of the film.57 

(2.5) 

Other researchers used finite element calculations to mode! the indentation of thin 

films on substrates, though none explicitly resulted in an equation for hardness as a 

function of depth or film thickness. King59 looked at the influence of the substrate 

elasticity on the unloading compliance of the film/substrate system. Laursen and Simo 611 

extended the work of Bhattacharya and Nix57 by examining in more detail the contact 

area and surface profile, and their relations to the idealizations used for hardness and 

modulus determinations. Laursen and Sim060 investigated the same materials and 

film/substrate combinations of Bhattacharya and Nix,57 but used a mesh that was very 

fine at the indenter/film interface, as well as at the substrate/film interface. This was 

done to obtain good resolution at the film/substrate interface, especially when the 



indenter is at a depth comparable to the film thickness. They found that the load

displacement curves for the film systems were noticeably different than those of 

Bhattacharya and Nix57 (about 35% softer). The hardnesses of the thin films were 

calculated using the actual projected areas of contact. These hardnesses were then 

compared to those which were obtained by extracting the projected area by linear 

extrapolation of the unloading curve to obtain the plastic depth of penetration. It was 

determined that using the linear extrapolation is not the best way of obtaining the 

projected area, as determined by Oliver and Pharr.43 
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One drawback of using finite element calculations to model the response of 

materials during indentation has been the propensity of modelling the indenters as 

perfectly sharp, even though real indenters have some finite radius at their tip. In fact, 

knowing the exact shape of the indenter at the tip is critical to the measurement of 

hardness and modulus for indentation depths less than about I J..lm. Shih et al. 61 were able 

to incorporate a blunt-tip indenter in their finite element calculations by assuming that the 

tip can be modeled as a spherical cap of a given radius. The indenter is broken up into 

three distinct sections, as shown in Figure 2.8, and different area to depth equations are 

used for these different sections. The simulation incorporated an axisymmetric (blunt-tip) 

indenter and used the von Mises constitutive relation of stress and strain for pure nickel 

with isotropic hardening. 

Finite element calculations from Shih et al. 61 for the load versus displacement 

were compared to the experimental results of Pethica et al .. 3 The best fit to the 

experimental data was obtained for an indenter with a I J..lm tip radius. The finite element 

results of Bhattacharya and Nix57 for the ideal conical shape were different than these 

results, giving a lower load at a given displacement. This indicates that the actual shape 

of the indenter tip is an important parameter that should be incorporated in finite element 

analyses if the results of these analyses are compared with experimental data. 
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Figure 2.8 Cross-sectional areas of the Berkovich indenter tip at different stages of 
indentation as used by Shih et al.61 The tip is modeled as a sphere (a), until a 
depth at which the sphere is tangent to the triangle (b). As the depth increases, the 
area excluded from the triangle (cross-hatching) decreases. 



2.1.2.b Physical Models 

Physical models for interpreting data from indentation tests of thin films seek to 

separate the contributions to measured hardness from the film and the substrate. Two 

common approaches are to use the weighted average of either the volume or the area 

affected by the indenter. 
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Sargent56 suggested that the hardness of a film/substrate system is determined by a 

weighted average of the volume of plastically deformed material in the film (Vf) and that 

in the substrate (Vs), 

where Vtotal = Vf+ Vs· 

H = HJVJ + HsVs 
V/o/aJ 

(2.6) 

Assuming that the volume of material that influences hardness is contained within 

a spherical cap of a diameter equal to the diagonal of a Vickers indentation, Burnett and 

Page50 used Equation 2.6 to model the hardness of ion implanted silicon. The 0.5 J..lm ion 

implanted layer was softer than the non-implanted material. To obtain an acceptable fit 

they first took into account the variation in the hardness of the silicon substrate with 

depth. This variation is called the indentation size effect (ISE) and is described by 

H = hlll
-

2 
sec 

where c and m are experimentally determined constants for a given materiaUindenter 

combination and he is the contact depth. They then added a dimensionless weighing 

factor, V /Vtotal, giving 

(2.7) 
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(2.8) 

which was used successfully to fit the hardness versus contact depth data from the ion 

implanted silicon. 

Burnett and Page 50 suggested that the dimensionless weighing factor, VslVtota[, 

accounts for the differences in relative sizes of the plastic zones in the film and in the 

substrate. As shown schematically in Figure 2.9, the zone of plastically deformed 

material in a soft film should be more restricted to the film than the substrate. This has 

also been observed in finite element calculations for the size of the plastic zone beneath 

an indenter. 60 

Burnett and Rickerby52.62 built upon Equation 2.8 by rewriting it as 

H = Hf (X
3
)Vf + HsVs 

Vlolal 

(2.9) 

where X is an empirically determined parameter which describes the deviation of the 

Film 

Substrate 

Figure 2.9 The plastic zone of a soft film on a harder substrate. The deformed volume is 
contained predominantly in the film, with only a small portion of the substrate 
being effected. 
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plastic zone size from the idealized (hemispherical) geometry. In Equation 2.9, X3 

replaces the previous weighing factor (V /Vtotal) and is determined in large part by the 

relative hardnesses of the film and substrate. The advantage of Burnett and Rickerby's52 

approach is that X can be approximated from the material properties as described below. 

Lawn et al.63 showed that Hill's21 analysis could be used for approximating the 

ratio of the diagonal a of an "indent to the radius of the plastically deformed zone, r, (see 

Figure 2.10) using the proportionality 

a. (£.)n -.!...oc -' 
ri Hi 

(2.10) 

where i is either the film if) or substrate (s). The theoretical value of the exponent n has 

been found to be 1/3 for blunt conical indenters and experimental results on bulk 

materials with a range of EIH ratios support this value.29 ,41 Bull and Rickerby64 suggested 

that the ratio of film zone radius to substrate zone radius could therefore be determined 

by taking the ratio (a!rj)/(as/rs), which defines the parameter X, 

r 

Figure 2.10 The definition of the indent and plastic zone sizes for use in 
Equation 2.10. 
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(2.11 ) 

The ratio of the plastic zone volumes should therefore vary as X3. Bull and Rickerby64 

found that n, determined empirically, was usually on the order of 112 to 1/3. Determining 

X by Equation 2.11 implies that the value of n is the same for both the film and the 

substrate, and will not change due to the interaction of the plastic zones in the film and 

substrate. The values of n determined empirically by Bull and Rickerby64 indicate that 

this assumption is acceptable. Equation 2.9 therefore provides a quantitative description 

of the effect of the physical properties (E and H) of the coating and of the substrate on the 

measured hardness. 

An empirically determined value of X, however, may contain contributions to the 

deformation which are due to factors other than differences in physical properties 

between the film and substrate. For example, a film that is poorly bonded to the 

substrate, so that the interface is unable to transmit the shear stresses across the 

film/substrate interface, should cause an increase in the relative size of the plastically 

deformed zone in the film. Burnett and Rickerby52 proposed that this effect could be 

placed in the exponent, n, in Equation 2.11. Thus, as the strength of the film/substrate 

interface decreases, n should increase causing X to increase. 

After adding an ISE effect along with X3, Burnett and Rickerby62 were able to fit 

Equation 2.9 to experimental data of titanium nitride and tungsten-titanium coatings on a 

variety of substrates. However, the depth of the indents were about the same size as the 

coating thickness. Hence, the true properties of the film were approached only 

asymptotically as the contact depth approached O. 

The previous models were used to describe large-scale indents. Fabes et al. 65 ,66 

modified these models to interpret data from nanometer indents of thin films, where the 



40 

volume of plastically deformed material in the substrate should be zero for some range of 

contact depths, and only at larger depths should the hardness be determined by a rule of 

mixing, as described by Equations 2.6 to 2.11. By breaking the indentation process into 

three stages, as shown in Figure 2.11, Fabes et al. 65,66 accounted for the possible changes 

in the rules of mixing as the plastically deformed volume and the indenter pass from 

being confined wholly to the film to penetrating into the substrate. 

During stage I of the indentation process, both the indenter and its associated 

plastic strain field are assumed to be confined to the film. In this stage, the measured 

hardness is simply the film hardness, and is independent of the depth of penetration. 

During stage II of the indentation process, the indenter is still in the film, but the 

associated strain field has penetrated into the substrate. During this stage, the measured 

hardness will have contributions from both the film and substrate, with the contribution 

from the substrate coming from the penetration of the plastic strain field across the 

film/substrate interface. The exact shape of the deformed volume in the film is modified 

by the factor X3 as discussed above. 

In stage III the indenter has penetrated into the substrate. The measured hardness 

is determined by an equation of the form in stage II, except that the volume of material 

plastically deformed in the substrate is the sum of the material deformed directly by the 

indenter and that deformed by transfer across the film/substrate interface. 

To determine the range of contact depths for which each stage applies and 

quantify the contribution of the film and substrate to the measured hardness in each stage, 

the deformation volume associated with the film and substrate at each stage was related to 

the contact depth, he, of the indentation. Fabes et al. 66 proposed that it is the ratio, not the 

actual values, of these volumes which is important. The volumes can then be 

approximated by 450 triangular cones, as shown in Figure 2.12. 
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Stage II 
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Film 

Stage III Substrate 

Figure 2.11 Schematic representation of the three-stage volume fraction model. Stage I, 
plasti~ zone and indenter in film only. Stage II, indenter in film, but plastic zone 
penetrates into substrate. Stage Ill, indenter penetrates into substrate [after Fabes 
et al.66]. 
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Figure 2.12 Dimensions and volumes used in developing the three-stage area model 
[after Fabes et al.66]. 
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In stage I, the measured hardness (HI) is determined simply by the hardness of the 

film, 

(2.12) 

This stage of the indentation process continues until the plastic zone extends into the 

substrate. With the 450 cone geometry this contact depth is defined by the length rt in 

Figure 2.12 a. rt is related to the permanent (contact) depth of the indent, he, by 

(2.13) 

where area(hc) is the projected area of the indenter associated with the contact depth, i.e. 

the area function. 

Once stage II, Figure 2.12 b, has been reached, the separate contributions to the 

measured hardness from the film and the substrate must be determined. For the geometry 

shown in the figure, the deformed volume in the film would be 

and the volume associated with the substrate would be 

n ? 
V =-(a -t)

of 3 

(2.14) 

(2.15) 

Modifying the film volume by X3 results in an equation for the measured hardness 

in stage II, 
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(2.16) 

where a. = 3n. 

Once the indenter has penetrated into the substrate, Figure 2.12 c, there is an 

additional contribution to the substrate volume from material which is deformed directly 

by the indenter. This volume, Vsd, is given by 

v = n( area(hc - t»)3 
sd 3 n (2.17) 

so that the measured hardness in stage III is 

(2.l8) 

Knowing the elastic moduli of the film and substrate, the hardness of the 

substrate, and the thickness of the film, the Equations 2.12 to 2.18 were fit to hardness 

versus contact depth data from titanium films on sapphire substrates, using only HI and a. 

as adjustable parameters.66 The results are shown in Figure 2.13. The values of HI and a. 

obtained are given in Table 2.1. 

In general, the variation of hardness with depth predicted by Equations 2.12 to 

2.18 agree with the experimental data. However, the agreement for the thinner films is 

much better than that obtained for the thicker films. The parameter a. varies non-

systematically as a function of thickness, ranging from 0.5 to 20, with an average value of 



Table 2.1 Curve fit parameters for the titanium films on sapphire determined by the 
volume model of Fabes et al.66 

Thickness Hr a. H f, a. fixed at 13 

(nm) (GPa) (GPa) 

75 9.5 ± 0.6 0.5 ± 60 9.5 ± 0.01 

105 9.1 ± 0.2 12.1 ± 8 9.1 ± 0.02 

135 8.9 ± 0.2 17.8 ± 6 8.8 ± 0.03 

165 8.3 ± 0.1 1O.3± 1 8.5 ±0.03 

195 8.4 ± 0.1 15.8 ± 3 8.4 ± 0.04 

250 7.9 ± 0.1 20.1 ± 4 7.7 ±0.50 

13. In fact, fitting the experimental data with a. fixed at 13 resulted in hardness-depth 
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curves which nearly indistinguishable from those show in Figure 2.13. The values of 

hardness obtained with a. fixed at 13 are show in Table 2.1, and are relatively unaffected 

by fixing a.. 

25 

l 20 
8 
j 
~ 15 

o 50 100 150 200 250 300 350 

Plastic DepUt (tillt) 

Figure 2.13 Model predictions of the three stage volume model for titanium films on a 
sapphire substrate. Solid lines are the model prediction, number next to each 
curve is the thickness of the film [after Fabes et al.66]. 
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The value of ex was expected to have values ranging from approximately 1 to 1.5 

for films that have good adhesion to the substrate.66 Fabes et al.66 suggested that the 

discrepancies may be to the difference in EIH values for the film and substrate, resulting 

in a mismatch between the plastic zone sizes for the film and substrate. The values of the 

modulus and hardness of the substrate and film given by Fabes et al.66 were Ef= 116 

GPa, Es = 425 GPa, and Hs = 35 GPa. The calculated film hardness, Hf with ex being an 

adjustable parameter, ranged from 9.5 to 7.9 GPa for the different film thicknesses. 

Using these values to calculate the modification parameter (Efts /EsHf) results in values 

of 1.01 to 1.21, respectively, for Hfas 9.5 and 7.9 GPa. This indicates that the EIH ratio 

are similar for the film and substrate, so that the relative plastic zone sizes should be 

similar. The larger than expected value of ex may more likely be due to the assumption 

that the film is able to transmit the shear forces across the interface to the substrate 

effectively. Burnett and Rickerby52 noted that the value of n, the exponent of X, should 

increase if the film is unable to transmit shear stresses across the interface, and ex = 311. 

The observation that (Efts /EsHf) is so close to unity for the 75 nm film also 

indicates why ex has such a-low value and large error, 0.5 ± 60, for this film as compared 

to the other films. The value of ex has an insignificant effect on the modification 

parameter. The insensitivity of the calculated film hardness to ex when ex was fixed at 13 

is due predominantly to the value of (EfHs /EsHf) being close to unity, and also that the 

value of ex determined by the model was approximately equal to 13 for the different films. 

Instead of basing the measured hardness of film/substrate systems on the volumes 

of deformation, the areas of deformation has been used as well. It does not appear that 

there is a particular advantage in one approach over the other, although it is easier to 

directly measure the impression area of the indentation rather than infer the indentation 

volume from the impression size. Jonsson and Hogmark55 noted that for a hard film on a 
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softer substrate, with the indent larger than the film thickness, cracks developed around 

the rim of the indent. Therefore, during indentation the coating in the interior of the 

impression can only transmit the surface pressure developed by the substrate material. 

Any increase in the measured hardness over that for the uncoated material must originate 

from the film outside the cracked region. 

The measured hardness was divided into film and substrate contributions as 

follows55 

(2.19) 

where Afis the projected area under the indenter over which the film hardness Hfacts, As 

is the area over which the substrate hardness Hs acts, and At is the total projected area 

under the indenter, i.e. A t= Af+ As. This model was applied to thin chromium films on a 

variety of softer substrates. For indents that were deeper than the film thickness, and 

which developed cracks during indentation, Equation 2.19 agreed with the experimental 

data. For those indents that did not develop cracks, the equation could not be made to 

agree with the data. This suggests that an intact film will modify the measured hardness 

from that predicted by Equation 2.19. This model also does not make allowances for 

changes in adhesion between the film and the substrate. 

Stone et al. 67 proposed a model which incorporated the effects of the interfacial 

adhesion between the film and the substrate. They argued that if a soft film adhered to a 

hard substrate, the film would be plastically constrained by the substrate, producing a 

compressive, hydrostatic pressure in the material between the indenter and the substrate. 

This increase in pressure would make penetration by the indenter more difficult, resulting 

in an increase in hardness. For a similar depth of penetration a film which is well adhered 

to a substrate should display a higher hardness than a film which is poorly adhered to a 
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substrate. Comparing two films of different thickness, for the same depth of penetration 

and interfacial bonding, a higher hardness should be found for the thinner film. The large 

stresses introduced by the constraint can result in the softer film penetrating into the 

substrate, as has been experimentally observed by Engel and Roshon. 68 

Stone et al.67 incorporated the constraint by utilizing a model similar to that for 

the forging of a cylinder between two flat, rigid dies under frictional conditions.69 Using 

the von Mises yield criterion and the equations of eqUilibrium, an expression for the 

radial stress, (jr, as a function of distance, r, from the center of the die was obtained. If 

the top and bottom interfaces between the cylinder and the dies have shear strengths 't.\y, 

then 

(2.20) 

where h is the height of the cylinder and b the radius, (jo is the tensile yield stress of the 

material, and ex is a parameter introduced to take into account the presence of a radially 

constraining stress around the perimeter of the cylinder. The stress in the vertical 

direction, (jz, is equal to (jr + Go and varies with distance from the center of the cylinder 

according to 

2r (b-r) 
(J7. = (Jo(l+a)+-=X)I--

h 
(2.21) 

The required forging pressure is obtained by integrating (J. (r) and averaging over the 

area of the cylinder 

(2.22) 

where n is the ratio of the interfacial yield stress to the tensile yield stress of the material. 

Therefore, the added pressure required to make the cylinder yield is inversely 
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proportional to the height of the cylinder and proportional to the diameter of the cylinder. 

The forging of a thin cylinder can be seen to be analogous to the indentation of a soft film 

on a hard substrate if the indenter and substrate are assumed to be more rigid than the 

film, with the average pressure, or hardness, given by Equation 2.22. 

Stone et al.67 modified Equation 2.22 to account for the sloped geometry of the 

Vickers ind~nter by allowing the height of the cylinder to vary radially from the center of 

the indenter, as shown in Figure 2.14. They modeled the indenter as a truncated cone, 

with a the radius of the apex of the cone, and b the radius of the indent. By integrating 

Equation 2.21 with h being variable, they derived an expression for the measured 

hardness as a function of depth of penetration, X,67 

H(x) = (}o{(l + a) + 2n(a: J(~ + a)( 1 J 
b~ m 3 (t-x) 

+ 2n[X[2(t-am)-x] +2t(bm-t)ln(_t )]} 
b2m3 b2m3 t - x 

(2.23) 

where m = x/(b~a) and b (the radius of the indent) is a function of x. The (1 + a.) term, 

where a. was fixed at 2, was included to provide the correct relationship between hardness 

t h(r) Film 

Substrate 

Figure 2.14 Model geometry of the indenter, and description of the parameters used in 
the thin film hardness model of Stone et al. 67 
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and stress for the indenter/film geometry, and is equivalent to the factor Cl in Equation 

2.3. Equation 2.23 was fit to hardness versus depth data of aluminum films on silicon, 

using yield stress (0'0) or n as an adjustable parameter. The films had thicknesses of 250, 

500, and 1000 nm. One of the 1000 nm films had a 10 nm layer of carbon deposited 

between the film and substrate.67 

The experimental and predicted values of hardness versus plastic depth are shown 

in Figure 2.15. For the films without a carbon interface, it was assumed a priori that the 

films were perfectly adhered to the substrate, so that a value of n equal to 0.57 (the von 

Mises yield criterion) was used in Equation 2.23. The values of yield stress necessary to 

fit the experimental data increased as the film thickness decreased. As stress is 

proportional to hardness, this implied that the hardness of the film increased as the film 

thickness decreased, which has been found for other films. For the 1000 nm film with the 

carbon interface, the yield stress was assumed to have the same value as that obtained for 

l 
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Figure 2.15 Hardness of aluminum films on silicon substrates. The solid lines are the 
predictions from Equation 2.23 and the numbers next to each curve are the film 
thickness. One of the curves had a carbon interlayer between the film and the 
substrate [after Stone et al.67 ]. 
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the 1000 nm film without the interface. A lower value of n ,0.34, was then required to fit 

the data for the film with the carbon interface. The presence of the carbon layer between 

the film and the substrate should result in a decrease in adhesion between the film and the 

substrate. This was confirmed by the lower value of n required to fit the data for the film 

with the carbon interlayer. The experimental data shown in Figure 2.15 illustrates the 

effect of adhesion between the film and substrate on the measured hardness. For a 

decrease in adhesion, the measured hardness is lower at a given depth. This illustrates 

that the level of adhesion, where adhesion could be due to bonding or friction, is an 

important parameter when considering the measured hardness of a film/substrate system. 

For all of the films, at shallow depths of penetration Equation 2.23 predicts a 

higher value of hardness than that obtained experimentally, Figure 2.15. This may be due 

to the constant value of a used for all depths of penetration. Subsequent work70 

(discussed below) indicted that the value of a should vary from 0 to 2 as depth increased. 

A lower value of a at shallow depths would result in a decrease in hardness for those 

depths. The model fits well at intermediate depths compared to the film thickness. 

However, as the indentation depth approaches the film thickness, i.e. as x approaches t, 

Equation 2.23 becomes unbounded due to the 1/(t-x) term. Thus, an infinite hardness is 

predicted as the film/substrate interface is approached. Therefore, this equation cannot be 

used at indentation depths approaching or greater than the film thickness. 

Equation 2.23 was also used by LaFontaine et al.70 in an attempt to measure the 

residual stress and interfacial adhesion of copper films on silicon substrates. They 

reasoned that a residual compressive stress would make the film more resistant to 

penetration. This would result in a higher apparent hardness than the intrinsic hardness or 
the film. The opposite effect then would occur if the film were under a tensile residual 

stress. The effect of interfacial adhesion on measured hardness has been discussed above. 

The copper films were 3 /lm thick, with a 20 nm interlayer of either titanium or 
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chromium, and measurements were made with three different indenters; a sharp Vickers, 

and Vickers indenters with 1.2 and 25 J..lm2 flat tips. 

The values of n used in the Equation 2.23 were 0.4 and 0.25 for the titanium and 

chromium layers, respectively. Using a constant value of ex (equal to 2) in Equation 2.23 

it was found that the equation fit the experimental data at intermediate depths compared 

to the film thickness for all of the indenters, with an increasing departure from the data as 

the indenter approached the substrate. This is due to the 1/(t-x) term approaching zero as 

x approaches t, as discussed above. For the sharp Vickers indenter, the predicted 

hardness values closely matched the experimental values at shallow depths. In contrast, 

for the flat tipped indenters the predicted hardness was higher than the experimental 

hardness at shallow depths. To fit the experimental data at shallow indentation depths for 

the flat-tipped indenters, the values of ex and (50 were assumed to vary systematically as a 

function of depth for indentations less than approximately I J..lm in depth. The yield. 

stress «(50) was allowed to vary to account for a non-uniform residual stress through the 

film thickness. 7o As the indenter became flatter at the tip, the value of ex was set to a 

value less than 2 at shallow depths, and reached a value of 2 at intermediate depths after 

which it remained constant. 

The rationale for allowing ex to vary for indentations less than I mm in depth was 

based on producing a better fit of the Equation 2.23 to the experimental data. However, a 

physical basis the variation of ex with indentation depth can be understood using Figure 

2.4 b. For a thin film being indented by a flat tipped indenter, the deformation zone 

geometry, A, may be low enough at shallow penetration depths for the total constraint 

factor to be equal to 1.0. As the indentation depth increases, the stress field under the 

indenter has an increasing interaction with the substrate which effectively increases ..1. 

Therefore, a increases as the depth of penetration increases, though the variation for a 



given indenter would be dependent on the film thickness. For a given depth of 

penetration, the value of ex. would be greater for a thinner film. 

2.2 Time-Dependent Indentation Properties 
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Ultra-low load indentation instruments monitor the displacement and load 

response of an indenter as a function of time. Therefore, indentation can be used to 

examine creep and stress relaxation properties of materials. The use of instrumented 

indentation techniques to determine time-dependent properties of materials has several 

advantages. Samples which would be too small for conventional creep testing could be 

tested. As will be shown below, a wide range of strain rates are possible from a single 

indentation. Finally, as the volume deformed during an indentation is small, a number of 

indentations tests can be made on the same sample. 

2.2.1 Indentation Creep 

Indentation techniques have been used to obtain time-dependent properties of 

materials, termed indentation creep. These tests included hot-hardness tests,71·73 room 

temperature Vickers indentation,74-78 and room temperature ultra-low load indentation.7-

9,79·81 Indentation creep measurements have also been obtained from the mutual 

indentation of crossed wedges and cylinders82 and flat ended cylindrical indenters.83-85 

In general, indentation creep is measured by holding the load on the indenter 

constant and monitoring changes in indentation size with time. For early techniques, this 
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entailed removing the load after a certain amount of time and determining the size of the 

indent by optical measurement, then reapplying the load for another period of time and 

re-determining the indent size. With the development of ultra-low load indentation, the 

displacement and load as functions of time can be continuously monitored. This has 

allowed the use of other indentation techniques, including indentation load relaxation 

(ILR)86.87 and constant rate of loading (CRL),7.86 to be used to obtain creep properties of 

materials. 

There are several differences between indentation and conventional creep testing. 

Conventional creep tests have either constant uniaxial stress or constant (and generally 

low, less than 10-4 s-1) strain rates. In a constant-load indentation creep test the stress 

decreases with time (unless a flat-ended punch is used). Generally, though, a constant 

stress can be assumed for limited portions of the indentation creep test, especially at large 

displacements where the displacement rate is low, so that the hardness is relatively 

constant. Results from several direct comparisons between indentation and conventional 

creep tests on the same material8.72.83.84.88 indicate that the stress exponents and activation 

energies for conventional and indentation creep are similar. However, there is no 

accepted, validated method of analyzing creep indentation data, or determining how this 

data compares to conventional creep testing. 

Recently, Li et al.9•80 analyzed the possible mechanisms that could account [or 

indentation creep in any material for temperatures ranging from room temperature to 

melting. They considered seven different mechanisms which may contribute to 

indentation creep, five for the movement of dislocations and two for diffusion. Equations 

for the change in measured hardness with time were generated for each mechanism and 

compared to experimental data for a variety of materials. They concluded that for most 

materials at all temperatures the mechanisms of dislocation glide plasticity or dislocation 
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glide plus climb dominate the indentation creep process, due to the high stresses 

involved. 

The initial hot-hardness tests of Mulhearn and Tabor73 on lead and indium 

indicated that the hardness behavior closely correlated to the creep characteristics of the 

materials. Mulhearn and Tabor73 used a spherical indenter and measured the variation of 

H, hardness, with t, time. They analyzed the results using the following viscous-creep 

equation 

e = A (J""e-Q1RT (2.24) 

where A is a pre-exponential factor, n is stress exponent for creep, and Q is the activation 

energy for the deformation. The values of A and n are assumed to be constant for a given 

material and temperature. They assumed that. the strain rate at any stage in the 

indentation process was 

(2.25) 

where a is the chordal radius of the indent, and D is the diameter of the spherical 

indenter. Using the strain rate in Equation 2.25 and the relationship between hardness 

and stress, Equation 2.24 predicts a linear relationship between log H and log t for a 

constant load on a spherical indenter. A linear relationship was observed ~or loading 

times greater than a few seconds. This indicates that the deformation during the initial 

loading portion of the creep test was not due to viscous creep, as indicated by Equation 

2.24, but to some other mechanism, possibly twinning.73 The value of 11 and the 

activation energy for creep were obtained from the linear portions of the experimental 

data. These values were similar to those obtained by conventional creep tests. 



Atkins et ai.71 also indented lead and indium with a variety of indenters. They 

found that for conical and pyramidal indenters of included angle greater than 1000 , and 

for spherical indenters, the deformed zone resembled that of radial compression. The 

elastic/plastic boundary was approximately a hemisphere and was unaffected by the 

shape of the indenter itself. Consequently, the rate at which the creep process occurred 

did not depend on the indenter shape, and the indentation strain rate was defined for all 

indenters as 

56 

. 1 da 
£[=--

a dt 
(2.26) 

where a is the radius of contact. Starting from a transient creep equation, they developed 

an equation similar to that of Mulhearn and Tabor73 which predicted a linear relationship 

between log H and log t. From their experimental results they found that the slope of the 

log H versus log t curves were linear, but that the slope of the lines were slightly 

dependent on temperature when the temperature was varied by approximately 200 DC. 

This indicates that the either the structure of the material may have changed with 

temperature, or that the activation energy for the deformation mechanism was slightly 

temperature dependent. 

Pollock et ai. 89 measured the penetration of a pyramidal indenter with time at 

constant load for a 0.6 ~m nickel film on silicon. They obtained curves that bore a strong 

resemblance to creep curves of nickel using standard creep techniques. Raman and 

Berriche81 carried out a similar study with aluminum films on silicon substrates and used 

the power-law creep equation 

e = kG" (2.27) 
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to analyze their results, where e is the strain rate, a is the stress, and n the stress 

exponent. Here the indentation strain rate, e, was defined as 

. 1 dh 
e[=--

h dt 
(2.28) 

where h is a given displacement. The measured hardness was used as the stress. The 

slope of the logadthm of strain rate versus the logarithm of.hardness yields the stress 

exponent, n. Mayo et aU·79.90 used a similar analysis to obtain the strain-rate sensitivity, 

m (m= lin), of nanophase Ti02, ZnO and lead, tin, and lead-tin alloys. These results 

indicated that the stress exponents determined by indentation creep measurements were 

similar to those from conventional creep experiments. 

Lucas and Oliver8 obtained the stress exponent of amorphous and single crystal 

Ah03. The indenter was rapidly loaded from the point of contact to the desired load 

after which the load was held constant and the displacement monitored as a function of 

time. They also compared indentation and compressive creep data for a Pb-In alloy. 

Indentation strain rates, calculated as it / h, ranged from 10-2 to 1O-5 /s during a single 

indentation at room temperature. The indentation creep data is similar to that of the 

compressive creep data for the material which has undergone 10% strain. Lucas and 

Oliver8 state that this implies that indentation creep is being controlled by transient 

mechanisms, i.e. by a volume of material which has undergone approximately 10% 

strain. 

Finite element analysis of indentation creep for spherical, flat-ended, and conical 

indenters has also been attempted.91 •94 To model indentation creep, the boundary values 

are set so that the material deforms to match the punch profile over the indentation area, 

and that there is a smooth boundary at the punch-material interface. In addition, the 

stresses act only over the area being indented, and vanish at infinity. The material is 
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assumed to deform according to a stress-strain power-law of the form shown in Equation 

2.27. To model the indentation creep process, the variation of load L with indentation 

depth h and velocity it must be calculated. This variation can only be found by 

calculating the stress and displacement fields under the indenter. It is also necessary to 

find the variation of contact radius with indentation depth. The manner in which this was 

done and results of the various finite element calculations are discussed below. 

Yu and Li93 constructed a finite element mesh under a cylindrical flat-ended 

punch. The finite element results were found to be in good agreement with experimental 

results83 of load-indentation rates on single crystals of succinonitrile, although it was 

necessary to average the pressure distributions under the indenter to satisfy the kinematic 

boundary conditions adequately. 

Hill92 showed that it is possible to calculate the stress and velocity fields under an 

indenter of arbitrary profile by noticing that the fields have certain self-similar properties. 

The analysis is based on calculating a reference solution for the stresses and 

displacements in a nonlinear elastic solid, indented to a unit depth by a flat-ended 

indenter of unit radius. The reference solution is then transformed by a cumulative 

superposition procedure to arrive at solutions for other depths. This technique was shown 

to be very useful in the analysis of Brinell indentation in a power-law hardening 

material.2° An analogy between nonlinear elasticity and creep is made to develop the 

evolution of contact radius with time. The solution for the stress and strain rates for a flat 

punch are identical to those for an axisymmetric punch. It is necessary, however, to 

determine the evolution of the contact radius in order to arrive at a solution for a given 

time. Hill92 did not attempt to solve the reduced problem. 

Bower et al.94 and Storakers and Larsson91 attempted to solve the reduced problem 

developed by Hill.92 Bower et a1.94 used an ABAQUS58 finite element code with time as a 

variable, while Storiikers and Larsson91 used a cumulative superposition procedure to 
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obtain solutions. The results of these investigations are very similar. The distribution of 

contact pressure under the indenter for various power-law stress exponent, 11, values is 

shown in Figure 2.16. Contours of reduced strain rate for a material with n equal to 1.0 is 

shown in Figure 2.17. For a spherical indenter of diameter D, values of strain rate 

calculated as £ = a / D, where a is the rate of change of the impression radius, for 

materials with different values of n is shown in Figure 2.18. 

It is apparent from the above discussion that indentation techniques can be used to 

obtain creep data from both bulk and thin film materials. However, in order to be able to 

compare the results of indentation creep to conventional creep, the relationship between 

the indentation strain rate and the uniaxial strain rate as measured in a conventional creep 

test must be determined. During indentation the displacement rate of the indenter is 

caused by a strain rate in the underlying material. In analogy to the equivalent strain 

concept proposed by Tabor19 for plastic behavior, attempts have been made to extend this 

concept to indentation creep behavior by defining an equivalent strain rate for materials 

irrespective of the power-law creep exponent. The equivalent strain rate will be 

determined by the shape of the indenter and the indentation rate, and is related to the 

stress through the stress-strain response, Equation 2.27. 

The indentation strain rate for spherical indenters has been defined as £/ = (l/ J) 

(Equation 2.25), while for pyramidal and conical indenters the indentation strain rate has 

been defined as ~/ = it. / h (Equation 2.28). Pollock et al. 89 suggest that the strain rate as 

determined by conventional creep tests should be proportional to the indentation strain 

rate, or 

(2.29) 

Bower et al,94 and Stonlkers and Larsson91 both attempted to determine the value of k2 by 

finite element analysis. For spherical indentation it was determined that the coefficient 
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was 1.0, while for conical or pyramidal indenters the coefficient should be equal to lltan 

~,94 where ~ is the semi-angle of the indenter. For blunt indenters (~greater than 45°), 

the value of k2 will be less than 1.0. However, the value of the coefficient in the above 

equation has not been determined experimentally. 
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Figure 2.16 Distribution of contact pressure under a frictionless axisymmetric indenter as 
a function of power-law creep exponent, n [after Bower et al.94]. 



0.0 
radius 

0.5 1.0 1.5 

0.5 

oS 
"" <> 

"t:J 

1.0 

, , I , , / .-
I 

1.5 

Figure 2.17 Contours of reduced equivalent strain, Be / (Be)max, for Newtonian solid 
(n=I). (0) Location of maximum strain [after Storakers and Larsson91]. 
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Figure 2.18 Contours of equivalent strain rate, Be = a / D, for n = 1,2,4,8,10. (0) 
Location of equivalent strain rate [after Storakers and Larsson91 ]. 
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2.2.2 Determination of Viscoelastic Properties by Indentation 

Viscoelasticity describes the time-dependent response of a material to mechanical 

stress or strain. The viscoelastic properties of a material depend on the stress applied, 

temperature, and processing history. Viscoelastic theory will not be discussed in great 

detail here. However, the relevant basics of linear viscoelastic theory and the 

phenomenology of viscous flow will be reviewed. The interested reader is referred to 

references9s.1oo for more information. 

If a stress, a, is suddenly applied to an elastic material, the strain c
lI 

is CII = a/ E, 

where E is the elastic modulus; if a is constant, then so is c
lI

' as shown in Figure 2.19 a. 

In contrast, when a stress is applied to a viscoelastic material, there is both an immediate 

response in strain as well as a time dependent response, in which strain increases with 

time. As shown in Figure 2.19 b, there are three typical components to the response of a 

viscoelastic material: an instantaneous elastic strain cE ' a delayed elastic strain CD' and 

steady-state, or viscous, creep in which the strain rate is constant. 

To understand the relationship between stress and strain in a viscoelastic material, 

it is helpful to consider an isotropic material in the shape of a cube with faces along the 

a) b) 

E (t) E (t) ED 

t t 

Figure 2.19 Response of a) elastic and b) viscoelastic material to a step increase in stress. 
The elastic material exhibits a constant strain, while the viscoelastic material 
shows an increase of strain with time. 
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Cartesian axes Xl, X2 and X3 , as shown in Figure 2.20. If a uniaxial stress is applied, and 

the displacement along the Xl axis is Ul , then the extensional strain along the Xl axis is 

(2.30) 

where the first subscript indicates that the axis Xi is normal to the plane on which the 

stress acts, .and the second subscript indicates that the stress acts along direction Xj. The 

shear strain is then defined as 

(2.31) 

There are equivalent equations for 8
22

,8
33

, r23 and r
31

• 

X2 

Figure 2.20 Components of stress for a Cartesian coordinate system. The first subscript 
on (Jij indicates that the axis Xi is normal to the plane on which the stress acts, and 
the second subscript indicates that the stress acts along the direction Xj. There is 
an equivalent diagram for strain. 
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The general relations connecting stress and strain in an isotropic elastic body are 

(2.32) 

for the extensional components, and 

(2.33) 

for the shear components, where G is the shear modulus, and v is Poisson's ratio. The 

stress and strain tensors in the material are given by 

Shear strains change only the shape of a body, but extensional strains change both 

the shape and volume of the body. The constitutive equations can also be written in 

terms of the components of pure shear (deviatoric) and pure dilation (volume changing or 

hydrostatic). For this purpose the strains are defined by 

t:.. = .!.(dU; + dUj ) 
I) 2 dx. dx. 

) 1 

(2.34) 

where i andj may be 1,2, or 3. The extensional components eii are the same as those 

defined previously. However, the shear components now differ by a factor of two, 

The deviatoric components of stress Sij and strain eij are given by 

where 

Sij, = (J';j - t OijO' 

eij = ejj -tOijt 

(2.35) 

(2.36) 

(2.37) 



and 

and Dij is the Kronecker delta, 

{
O, i '# j 

D .. = 
/) 1, i = j 

The constitutive equations can then be written as 

and 

a=3Ke 

where G is the shear modulus and K is the bulk modulus. 
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(2.38) 

(2.39) 

(2.40) 

(2.41 ) 

It is often convenient to write the constitutive equations for viscoelastic materials 

in this manner. The reason for separating these two effects is the profound difference in 

the way a viscoelastic material responds to shear and dilational stress. A sustained shear 

stress produces unlimited creep, or viscous flow, whereas a hydrostatic stress produces a 

finite volume change, and no viscous flow. 

The response of a viscoelastic material to stress can be analyzed by using 

mechanical analogs consisting of springs and dashpots. The simplest mechanical model 

that exhibits the qualitative features (elastic, delayed elastic and viscous) of a viscoelastic 

material is the standard linear (or Burgers) model, which consists of a Maxwell model 

(spring and dashpot in series) in series with a Voigt model (spring and dashpot in 

parallel), as shown in Figure 2.2l. The top spring exhibits elastic behavior, the spring 

and dashpot in parallel exhibit delayed elastic behavior, and the bottom dashpot exhibits 
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steady-state creep. A constant uniaxial stress on this system causes a constant strain rate, 

£, on the bottom dashpot such that 

• SII s=-
211 

(2.42) 

where Sll is the shear stress and 11 is the viscosity. As uniaxial stress is 2/3 shear and 1/3 

dilational (from Equation 2.36), the viscosity of the material during creep can be 

determined from the uniaxial stress as 

(2.43) 

This equation assumes that the dilational strain associated with the uniaxial stress reaches 

a constant value, so that the dilational strain rate approaches zero, and the measured strain 

rate is due only to shear strain. As uniaxial stress is easier to apply than pure shear, 

Equation 2.43 is more often used than Equation 2.42 to measure viscosity. 

Viscosity in the range of 107 - 1013 Pa s (l08 - 1014 poise) can be determined by a 

112 

Figure 2.21 The Burgers model for a viscoelastic material. It is the simplest model that 
exhibits the features of a viscoelastic material, exhibiting elastic strain, delayed 
elastic strain and viscous flow behavior. 
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variety of methods, but two of the most common are fiber elongationlOl and beam 

bending. 102 The viscosity can also be determined by the penetration of an indenter. 103·1 12 

For Newtonian materials, the viscosity is directly proportional to the stress and 

strain rate, as shown in Equation 2.43. Many materials, (e.g., oxide glasses) exhibit non

Newtonian behavior at high stress levels, the viscosity becoming lower than that obtained 

at lower stress levels. ll3· lls This is shown in Figure 2.22. Many organic polymers will 

exhibit non-Newtonian behavior at stresses on the order of 1 MPa,98 while oxide glasses 

generally do not exhibit non-Newtonian behavior until stresses greater than 50 MPa are 

reached. 1l3.114 

At high viscosities, greater than approximately 109 Pa s for most materials, the 

structure of the material changes slowly. Therefore, a sudden change in temperature will 

not result in a correspondingly sudden change in viscosity. Instead, the viscosity will 

slowly approach the equilibrium value for that new temperature. As noted by Lillie,1l6the 

-2 

,.- 555'C 11=lOlJ.s ,.-

-3 
536"C 11=101

4.4 ,.-
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.S -4 

E-. ., 
~ 

-5 501'C 11=1016
•
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Figure 2.22 Log strain rate versus log stress for a Rb-Si02 glass at various temperatures. 
At high stress levels, when the viscosity is non-Newtonian, the stress and strain 
rate do not follow a linear relationship. Also indicated are the viscosities of the 
melts, which were obtained from tests at low stress levels [after Li and 
Uhlmann 113]. 



lower the temperature (Le., the higher the viscosity), the longer the time required to 

approach the equilibrium viscosity. The rate at which the material approaches 

equilibrium is called the relaxation time, 'ts, and is a function of the shear modulus and 

the viscosity, 'Cs = G / 7]. The relaxation time represents the time required for the 
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property considered to reach a value of lie of it's current value. Therefore, a sufficient 

amount of time following either a change in temperature or a change in the applied stress 

must be allowed before equilibrium viscosity values can be measured. The long times 

needed to obtain equilibrium values at high viscosities may preclude the measurement of 

meaningful viscosity data at viscosities greater than about 1016 Pa S.117 

As noted above, indentation techniques have been used to measure the viscosity 

of amorphous materials. The contact problem for a viscoelastic body and an indenter can 

be analyzed by the use of the appropriate solution for the case of an elastic material, then 

replacing the elastic constants by the appropriate viscoelastic operators in the expressions 

for the stress components. The analogy to the Hertz problem in elasticity falls into an 

appropriate category for this analogy. In this case a valid viscoelastic solution is obtained 

as long as the contact area does not decrease during indentation. 

Two different approaches have been used to solve the viscoelastic contact 

problem. The equations that have been developed for penetration viscometry use the 

displacements of elastic contact between two spheres as the starting point for viscosity 

determinationl04.106 and is discussed first. A more rigorous treatment of the viscoelastic 

contact problem has also been attempted by Lee et a/.! 18-120 and will be reviewed later. 

The Hertz solution for the displacement of two spheres in elastic contact is 

(2.44) 

where 
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k = 1- v; 
I E. 

I 

(2.45) 

and qo is the maximum pressure, qo = 3P12na2, where P is the pressure and a is the 

radius of contact, and Ej is the elastic modulus for sphere i. If the spheres are 

incompressible (Le. v = 1/2) and one is rigid, then kJ = 0 and k2 = 31(4nE2J. Therefore, 

9P 
u=--

16aE2 

According to Goodier,121 Equation 2.46 is applicable for a viscous body if dliidt is 

substituted for u, and 11 for E2/3. Thus, 

du 3P 
-=--
dt 16a1] 

(2.46) 

(2.47) 

If the radius of the sphere is large compared with the radius of indentation, then (12 ::::: 2Ru 

and du ::::: adaiR. Substituting into Equation 2.47 gives 

After integrating and rearranging, 

9PRt 
1] = 16a3 

(2.48) 

(2.49) 

Douglas et al.'°4 started from the same equations for the displacement of two 

elastic spheres, but considered the depth of penetration rather than the radius of 

indentation. If the depth of indentation is used, then a2 = 1(2R-IJ and Equation 2.47 may 

be written [for R » I] 

dl 3P 
dt - 161]..J2RI 

(2.50) 
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to obtain 

(2.51) 

Equations 2.49 and 2.51 are equivalent, except that one relates viscosity to the 

size of impression and the other to the depth of the impression. Equation 2.51 would be 

more applicable for instrumented indentation techniques, where the displacement as a 

function of time is measured. 

Pocklington122 considered the radius of an impression made by a sphere of radius 

R when pressed against the surface of pitch for a time t. He considered the surface 

tractions under the ball to be similar to that produced by a point load, and solved the 

velocity equations to obtain an expressions for the viscosity 

(2.52) 

where a is the radius of the impression and P is the load. It can be seen that this equation 

predicts a viscosity which is a factor of three different than that obtained in Equation 

2.49. This discrepancy results from the assumption that contact between spheres, or a 

sphere and a flat plate, can be considered to be a point contact. 

COX106 compared the viscosity of a glass determined by Equation 2.46 to that 

obtained by fiber elongation and concentric cylinder methods. Good agreement between 

these methods was found over the common temperature range. Douglas et al. 104 • 

compared the viscosity obtained with their apparatus to that of previously published 

viscosity of a glass and found good agreement. These results indicate that indentation 

methods, for spherical indenters at least, can be used to obtain the viscosity of materials. 

Equivalent equations for conical indenters cannot be derived in this manner due to the 

singularity at the indenter tip. For spherical indenters the stress distribution and resultant 
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displacements are well defined at all points, but the stress goes to infinity at the conical 

tip and the displacements are therefore undefined. 

A more rigorous approach to calculate the radius of contact as a function of time 

consists of replacing the elastic constant in the elastic solution by the corresponding 

integral or differential viscoelastic operators.IIS-120.123.124 The application of the Laplace 

transform removes the time variable, and the problem reduces to an elastic problem in the 

transformed variables. This method cannot be used to solve all viscoelastic contact 

problems,lIs but the analogy to the Hertz problem in elasticity is solvable by this method. 

This approach also explicitly incorporates the elastic, delayed elastic, and viscous 

responses of the material during contact, whereas the previous approach assumed only a 

viscous response. Therefore, this analysis should indicate the applicability of indentation 

creep experiments for the determination of other viscoelastic parameters, besides 

viscosity. 

The stress-strain relations for linear isotropic viscoelasticity can be expressed as 

PSij = Qeij 

P' (Iii = Q'Bii 
(2.53) 

where Sij and eij are the stress and strain deviators, respectively, and P, Q and P', Q' are 

pairs of linear operators in the time variable. These operators may be the differential 

operators associated with viscoelastic models based on springs and dashpots, or any other 

equivalent means of expressing viscoelastic behavior. I IS 

When a rigid spherical indenter is pressed into an elastic solid, the Hertz solution 

for the normal pressure in terms of the shear modulus and Poisson ratio is 

4 G ?? II? p(r,t) = ---[l(t)- - r-] -
nR I-v 

(2.54) 
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The solution at any time t depends on the instantaneous values of the boundary 

conditions, and not on the history of the process. For an incompressible solid, with G 

replaced by Ql2P,1l8 

(2.55) 

The problem is now set by the prescribed normal surface traction p(r,t) and zero shear 

traction. Application of the Laplace transform determines an associated elastic problem 

of prescribed surface pressure per,s), where s is the transform parameter. The indentation 

size as a function of time and pressure can then be determined from 

8 
p. Po (t) = 3R Q. {1(t)}3 (2.56) 

or 

8..JR 3/? 
p·Po(t)=-3-Q·{d(t)} - (2.57) 

where P and Q are linear operators, R is the radius of the sphere, let) the radius of the 

indent, and d(t) the depth of the indent. 

If the loading history is given, the viscoelastic representation in terms of the shear 

creep compliance 1c gives the simplest determination of the variation of indentation 

depth, 

(2.58) 

If Po(t) takes the form of a suddenly applied constant force Po, then 

d(t)312 = _3_1 (t)P 
16..JR C 0 

(2.59) 
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A theoretical creep compliance, le, or one that has been measured experimentally"9 can 

be used in this equation. 

The pressure distribution under a spherical indenter as a function of time can be 

obtained from Equation 2.55. The dimensionless pressure from Equation 2.55 for a 

Maxwell body is plotted as a function of radius at various times in Figure 2.23. The 

elastic contact pressure for a given modulus decays at all points in proportion to the 

relaxation modulus in shear. At times much shorter than the relaxation time the behavior 

is essentially elastic. At a time equal to the relaxation time, the pressure distribution is 

flattened in the center, and later a central dip occurs. This is due to the influence of the 

loading history on the viscoelastic response of a Maxwell body and the more localized 

pressure over this central region during the early history of the contacLllS However, the 

pressure distribution close to the edge of contact is remarkably close to that of the elastic 

solution. The local strain caused by the transverse of the boundary of the sphere causes 

an essentially elastic stress distribution which has not been in existence long enough to be 
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Figure 2.23 Comparison of the normalized contact pressure under a spherical indenter at 
different times during the continuous indentation of a Newtonian viscous solid 
[after Lee and RadokllS]. 
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affected by the viscoelasticity of the material. It can be seen that Figure 2.23 is similar to 

Figure 2.16, the stress distribution determined for a power-law creeping solid by Bower 

et al.94 

As can be seen from Figure 2.23, the deformation of a viscoelastic solid under an 

indenter with a constant load causes an initial elastic response of the material, which then 

gradually changes to a viscous one. For a constant strain on a viscoelastic material this 

decrease in stress as a function of time is termed stress relaxation, and is characterized by 

the relaxation function for the type (shear or uniaxial) of strain applied. For a constant 

shear strain applied to a Maxwell solid (one which does not exhibit delayed elastic 

effects) the shear relaxation modulus at any given time, GI (t), can be represented byl25 

(2.60) 

where Go is the initial elastic modulus and 'PI is the shear relaxation function. It has 

been found that the shape of the stress relaxation function can be described accurately by 

a weighted sum of exponentials 

II 

'PI (t) = L wke-II't't 

k=1 

(2.61) 

where Wk are weighting factors (the sum of which equal 1.0) and'tk are relaxation times. 

It should be pointed out that Equation 2.61 is an empirical equation for the description of 

the shape of the relaxation function, and the relaxation times used in the equation do not 

necessarily represent specific atomic processes. Kurkjian l26 measured the shear 

relaxation function for a soda-lime-silicate glass and found that it could be adequately 

described by a sum of 6 exponential terms, with the largest relaxation time being 

approximately 2x104 times larger than the smallest. While the relaxation function is best 
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fit by a sum of exponential terms, other functions can also be used to describe the 

relaxation function, such b-function 

(2.62) 

where't is the relaxation time and b is a constant which has been experimentally 

determined to be approximately 0.5 for oxide glasses. Rekhson and Ginzburg127 analyzed 

relaxation data obtained from various authors to Equations 2.61 and 2.62. While 

Equation 2.61 always gave a better fit, due to the larger number of adjustable parameters, 

Equation 2.62 was found to give an adequate fit for practical stress analysis. 

Debast and Gilard128 measured the relaxation of stress under a constant uniaxial 

strain for a soda-lime-silicate glass similar in composition to that of Kurkjian. 126 They 

calculated the uniaxial relaxation function as 

\{I (t) = G(t) 
U G(O) 

(2.63) 

where a(O) is the initial applied stress and aCt) is the stress at any given time. The 

uniaxial relaxation function determined by Debast and Gilard128 compared favorably with 

the shear relaxation function measured by Kurkjian. 126 There was some discrepancy 

between the two relaxation functions at short times (less than 300 seconds) which was 

attributed to the time scale of the initial measurement of stress between the different 

techniqQes. Debast and Gilard 128 were unable to obtain stress measurements for several 

seconds after the strain was applied, while Kurkjian 126 was able to obtain data 

approximately 0.1 seconds after strain was applied. This prevented Debast and Gilard 128 

from observing the full effect of the fast relaxation mechanisms in their data. Uniaxial 

stress relaxation measurements obtained from indentation creep measurements would be 
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able to observe these fast relaxation mechanisms, as data can be obtained on the order of 

0.3 seconds after the indenter is loaded. 

The correlation between indentation of power-law creeping materials and 

Newtonian viscoelastic materials can be seen from some experimental observations. 

Matthews129 was able to develop equations for indentation creep and hot pressing of 

spherical aggregates from the viscoelastic contact equations of Lee and Radok. 118 

Timothy et al. 130 determined the contact pressure distribution developed during the 

compression of lead spheres between hard steel platens. The pressure distribution across 

the surface of a 50 mm lead sphere was determined with pressure sensitive film between 

the spheres and the platens. As the contact area increased, the pressure distribution took 

on the form of the pressure distribution proposed by Lee and Radok"8 for a power-law 

creeping solid at times greater than the relaxation time, as shown in Figure 2.24. 
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Figure 2.24 Radial pressure distributions over the contact area (of radius a) between lead 
spheres (of radius 1') and steel platens for two all' ratios. The pressure values 
represent the circumferential average of the distribution for each value of radius. 
The mean pressure over the whole contact area is shown as the dashed line [after 
Timothy et al. 130 ]. 
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2.3 Properties of Selenium 

Experiments to observe the response of a viscoelastic material during indentation 

creep were performed on amorphous selenium. The mechanical and viscoelastic 

properties of amorphous selenium have been determined by a number of researchers. 131-141 

The low temperature viscosity-temperature relationship has been determined by beam-

bending,l40 fiber elongation, 138 and creep rate experiments. 141 The variation of viscosity 

with temperature is shown in Figure 2.25. 

The structure of amorphous selenium is similar to that of sulfur, composed of 

eight-member rings and polymeric chains.142 The ratio of rings to chains can be altered 

from approximately 2 to 5 by changing the temperature from which the melt is quenched. 

It has been shown, however, that a variation in quench temperature has only a minor 

effect on the T g (less than 0.5 DC) and the viscosity of amorphous selenium.136.139 

The low temperature viscosity of selenium has been shown to exhibit non-
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Figure 2.25 Viscosity of selenium as a function of temperature. The line is a guide to the 
eye only. (0 data from reference 140, [) data from reference l38). 
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Newtonian behavior for shear stresses greater than approximately 5.8 MPa (850 pSi).138.140 

As the stress increases above 5.8 MPa, the viscosity decreases for a given temperature. 

The variation of viscosity with stress near the glass transition temperature, as determined 

by Cukierman and Uhlmann,140 is shown in Figure 2.26. The shear stresses were 

calculated as the maximum and average stresses in a cylindrical sample under three-point 

loading. The stress levels at which selenium becomes non-Newtonian are significantly 

lower than those for oxide glasses in the vicinity of their glass transitions, and are more 

comparable to organic polymers in the vicinity of their glass transitions. 140 

The elastic and shear moduli of amorphous selenium have been determined by 

several researchers using torsion stiffness136 and ultrasonic techniques.133.139 The variation 

of elastic modulus with temperature is shown in Figure 2.27, while room temperature 

values of elastic modulus, shear modulus and Poisson's ratio are given in Table 2.2. 

Bohmer et al. 132,143 have measured the mechanical stress relaxation spectra of 

amorphous selenium at temperatures near T g for times ranging from 10-1 to 105 seconds. 
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Figure 2.26 Variation of the viscosity of selenium as a function of the average and 
maximum shear stress in a cylindrical bar for two temperatures close to the glass 
transition temperature [after Cukierman and UhlmannI40]. 
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Figure 2.27 The 5 second torsion modulus of selenium as a function of 
temperature [after Eisenberg and TobolskyI36]. 
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Rectangular bars were deflected a given amount (10 - 50 ~m) and the stress necessary to 

maintain the deflection was monitored as a function of time. 143 From these experiments, 

it was determined that amorphous selenium has a bimodal stress relaxation spectrum, and 

the structural equilibration of the two processes proceed independently of each other. 132 

At temperatures below 30°C the slow relaxation process could not be detected, but 

accounted for up to 40% of the total relaxation for temperatures around 40 DC. The short 

relaxation times measured were similar to those measured by creep experiments. 141 The 

long time relaxation process has been attributed to the pseudo-chemical bond 

rearrangement occurring as rings form chains, which are thermodynamically favored at 

high temperatures. 132 

Table 2.2 Elastic constants of amorphous selenium at room temperature. 

E (GPa) 

G (GPa) 

v 

10.2 

3.69 

0.327 
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Kasap et al.134.135 have determined the microhardness of amorphous selenium as a 

function of temperature. These measurements were obtained for a Vickers indenter with 

a 10 gram load applied for a 10 second duration. Changing the hold time from 10 to 5 

seconds had little effect on the value of Vickers hardness. 134 The temperature dependence 

of the Vickers hardness as a function of heating rate was also determined, with heating 

rates from 0.02 to 3.0 DC/min, and is shown in Figure 2.28. The hardness decreased from 

approximately 35 Hy at 25°C to 2 Hy at 50°C. 
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Figure 2.28 The Vickers hardness of selenium as a function of temperature. Hardness 
was measured after a 10 second hold at a heating rate of 0.02 DC/min [after Kasap 
et al. 134]. 



3. EXPERIMENTAL PROCEDURE 

3.1 Thin Film Hardness Measurements 

3.1.1 Sample Preparation 

To investigate the variation of hardness with depth of penetration for soft thin 

coatings on hard substrates, titanium on sapphire and aluminum on glass samples were 

examined. The details of the sample preparation for each system are given below. 
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Titanium films with a continuous thickness variation were grown epitaxially on a 

sapphire substrate.66 A molecular beam epitaxy system equipped with high temperature 

effusion cells were used to accomplish this goal. The sapphire substrate was annealed at 

a temperature 1450 °C in a vacuum of 1 x 10-8 torr. The substrate was then transferred, 

via ambient air, to a separate growth chamber. 

Titanium was evaporated from a thermal effusion source at a rate of 0.033 nm/s at 

1750 °C in a vacuum of 5 x 10-9 torr. Deposition under these conditions resulted in the 

epitaxial growth of the titanium film with Ti(OOO 1) I I A1203(OOO 1) and Ti [lOT 0] II 

Ah03 [1120], as verified by in situ reflection high energy electron diffraction. The film 

thickness was varied along the length of the sample by moving a shutter near the 

substrate with a uniform velocity along the length of the substrate. The shutter movement 

resulted in a linear variation in thickness, from 70 nm at one end to about 400 nm at the 

other. The thickness variation was consistent with the measured titanium flux and the 

length of time at which the substrate was exposed, and direct measurements using a 

mechanical profilometer. 
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Samples of aluminum films on glass substrates were also prepared. The 

aluminum was deposited as a single thickness layer on a 2.5 cm square glass substrate by 

physical vapor deposition. The glass substrates were introduced into a vacuum chamber 

and the surfaces were cleaned of residual contamination by sputtering with argon at a 

pressure of 10-6 torr. Four different samples with thicknesses of approximately 500, 750, 

1500, and 2000 nm were produced by argon sputtering of aluminum onto the substrate. 

The deposition rate of the aluminum was approximately 5 nm/s. The substrate was held 

at ambient temperature during the deposition. Thicknesses of the films were measured by 

both atomic force microscopy and mechanical profilometry, and were consistent with the 

length of time the substrates were exposed to the aluminum flux .. 

3.1.2 Indentation Experiments 

Indentation tests were performed using the Nanoindenter® (Nano Instruments, 

Inc., Oak Ridge, TN) at Oak Ridge National Laboratory. The hardness of the 

film/substrate systems were obtained as a function of indentation depth. For the titanium 

on sapphire samples, the indenter was equipped with a load-oscillating system so that the 

elastic stiffness of the contact could be measured continuously along with the load and 

indenter displacement. 66 This allowed the plastic depth of penetration, and therefore, the 

hardness, to be determined continuously as the indenter was loaded. For the aluminum 

on glass samples, hardness versus indentation depth data were obtained by loading the 

indenter to produce a given displacement, and then unloading the indenter to determine 

the plastic depth of penetration. Hardness versus depth data were then obtained by 

varying the desired displacement of the indenter. The details of each procedure are given 

below. 



84 

For the titanium on sapphire samples, each indentation experiment consisted of 

eight segments: 1) approach slowly and contact the surface; 2) move indenter tip 

approximately 50 nm away from point of first contact (so as not to indent the area where 

tip first impacted the surface); 3) load so as to achieve a displacement rate of 1 nm/s to a 

depth of approximately 100 nm; 4) load so as to achieve a displacement rate of 5 nm/s to 

a depth of approximately 400 nm; 5) hold load constant for 20 seconds; 6) remove 80% 

of the load on the indenter at a constant rate; 7) hold the load constant for 100 seconds; 8) 

remove the remaining load on the indenter. 

Six such experiments were performed at each film thickness by moving 

perpendicular to the thickness gradient, with approximately 50 ~m between successive 

indents. To obtain data at a different thickness, the specimen was translated 

approximately I mm parallel to the thickness gradient. The plastic depth of penetration 

was calculated using the unloading data for the sample, as discussed in section 2.1.1. The 

hardness was calculated as the load divided by the projected area, with the experimentally 

determined area function of the indenter as, 

Ap = 24. 5h2 + 300h + 7000ho.5 
- 2000ho.25 

- 5000h°.l25 -1000ho.o625 + 500 

where h is the depth of indentation. 

(3.1) 

For the aluminum on glass samples, each indentation experiment nominally 

consisted of seven segments: 1) approach and contact the surface, 2) move indenter tip 

approximately 50 nm away from point of first contact; 3) load so as to achieve a 

displacement rate of 10% of the desired depth; 4) hold the load constant for 10 seconds; 

5) remove 80% of the load at a constant unloading rate; 6) hold the load constant for lOU 

seconds; 7) remove the remaining load. The depth of indentation in segment 3 was 

chosen to correspond to a nominal depth of indentation to film thickness ratio (dlt) 
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ranging between 0.1 and 2.0 for each film. In most of the experiments, after the partial 

unloading of segment 5 was completed, the indenter was reloaded as in segment 3 to a 

new depth that was at least twice as great as the previous depth. Three or four indentation 

measurements were made in each indent, before the final unloading in segments 6 and 7. 

To determine if re-indentation in the same location had an effect on the hardness values 

obtained, several single indentations to a given depth were also obtained. The substrate 

hardness, without a film present, was measured in the same manner. 

Ten such experiments were performed for a given depth/thickness ratio for each 

of the four films. The plastic depth of penetration was obtained from the analysis of the 

unloading curve for each indentation, as described in section 2.1.1. The hardness was 

calculated as the load divided by the projected area of the indent. The projected area was 

calculated from the area function of the indenter, 

Ap = 25.2h2 + 456.532h + 4.195ho.5 + 184.277ho.25 

+ 144.66ho.125 + 62. 93ho.0625 + 1. 754ho.03125 

+ 34.616ho.015625 + 54.309ho.0078125 

where h is the depth of indentation. 

3.2 Indentation Creep Measurements 

3.2.1 Sample Preparation 

(3.2) 

To measure the indentation creep characteristics of amorphous selenium, large nat 

disks of amorphous selenium were cut and polished to a 1I4/lm finish. The samples were 

made by melting amorphous selenium shot (99.999% purity Johnson Matthey), in air at 

300°C for 20 minutes in an alumina crucible. The molten selenium was then quenched 
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onto a brass plate, producing circular disks approximately 3 cm in diameter and 4 mm in 

height. Samples were annealed in air at 45 DC for 2 hours. 

Mter annealing, samples were ground on both sides using 800 grit SiC paper. 

Care was taken to ensure that the ground surfaces were both flat and parallel to each 

other. One of the surfaces of each sample was polished to a 1 J..lm finish starting with 30 

J..lm diamond slurry on a soft cloth (Microcloth®, Buehler). The surface was then 

polished to a 114 J..lm surface finish using a vibratory polisher. Optical microscopy of the 

polished surface showed it to be free of cracks and porosity, and X-ray diffraction 

patterns did not indicate the presence of crystallinity in the sample. After polishing, the 

sample was glued onto an aluminum stud of an appropriate size to fit into the 

Nanoindenter® stage. 

3.2.2 Indentation Procedure 

Indentation creep experiments were performed in a room with the temperature 

controlled to ± 0.3 DC. Selenium samples were placed in the indenter stage and situated 

under the indenter. Before testing, the temperature of the room was set to the desired test 

temperature, between 27 and 34 DC, and the indenter and sample were allowed to reach 

thermal equilibration for a period of 24 hours. The temperature of the room was held 

constU!1t during the indentation experiments. The temperature was raised by 

approximately 2 DC increments between test temperatures. A 4-wire platinum resistance 

temperature detector (RTD), capable of measuring the temperature of the indenter stage 

to 0.01 DC, was placed inside the indenter enclosure. The temperature inside the indenter 

enclosure was continuously monitored during the indentation tests, and did not vary by 

more than 0.05 DC during the indentation creep tests. 
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Indentation creep experiments were obtained at test temperatures of 27.5, 29.2, 

31.5,31.9,32.1, and 34.3 °e. Different indentation test procedures were carried out at 

different test temperatures. These indentation procedures include step loading, constant 

displacement rate, and constant loading rate. A summary of the indentation creep 

experiments and temperatures is shown in Table 3.1. 

During each indentation procedure the load and displacement were obtained as a 

function of time. All indentation procedures included a surface approach and contact 

segment, a loading segment, a constant load segment, and then a final unload segment. 

The loading and constant load segments for each procedure are given below. 

The step load procedure involved applying a load of 10, 20, or 100 mN onto the 

indenter suddenly (in approximately 0.2 seconds) and holding the load constant for 3600 

seconds. The constant displacement rate procedure involved indenting at displacement 

rates of 1,5, and 10 nmls to a load of20 mN, and then holding the load constant for 2400 

seconds. The constant loading rate procedures involved loading the indenter to 1 or 10 

mN at loading rates of 0.1, 1, or 10 mNls. The load was then held constant for 3600 

seconds. 

Two to four experiments were performed for each procedure at each test 

temperature. The total indenter displacement was used as the displacement, i.e. no elastic 

correction was made for the displacement. The hardness was calculated as the load 

divided by the projected area of indentation, with the area function of the indenter as 

Ap = 24.5h2 + 228.462h - 95.451ho,5 + 162.156ho,25 

+ 104. 341ho,125 + 41. 54ho,0625 + 0.0878hO,03125 

+ 23. 363ho,015625 + 35.777 hO,0078125 

where h is the depth of penetration. 

(3.3) 
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Table 3.1 Temperatures and Indentation Procedure Parameters For Amorphous Selenium 
Constant Constant 

Step Load Loading Rate Displacement Rate 
Temp. Load Time Rate Load Time Rate Load Time 
( °C) (mN) (sec) (mN/s) (mN) (sec) (nm/s) (mN) (sec) 

- - - 1 20 -

27.5 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

20 3600 - - - 1 20 -

29.2 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

20 3600 - - - 1 20 -

31.5 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

1.0 100 3600 - - -

31.9 100 3600 10 100 3600 - - -

100 100 3600 - - -

0.1 10 3600 - - -

32.1 10 3600 1.0 10 3600 - - -

10 10 3600 - - -

0.1 10 3600 - - -

34.3 10 3600 1.0 10 3600 - - -

10 10 3600 - - -
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4. RESULTS AND DISCUSSION - THIN FILM HARDNESS MODEL 

4.1 Results - Thin Film Hardness Measurements 

A typical load versus displacement curve for a single indentation to a given depth 

is shown in Figure 4.1. The data shown here are for an indenter displacement of 600 nm 

at an indentation rate of 60 nm/s in a 750 nm film of aluminum on glass. Also shown in 

this figure are the load-displacement data for several increments in indentation depth, 

with the final depth similar to that for the single indentation. The indentations shown in 

the figure were made to depths of ISO, 300 and 600 nm at indentation rates of 15, 30 and 

60 nm/s. From this figure it can be seen that the load-displacement response for re-

indentation (in the same place) is similar to that for a single indentation. As discussed in 
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Figure 4.1. Comparison of the load-displacement data for single indentation to a 
given depth and multiple indentations in the same place. 
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Chapter 3, most of the data were obtained by multiple indentations to different depths in 

the same place. If the film/substrate characteristics had been altered by indentation, then 

subsequent indentations to a greater depth could give a different load/displacement 

response than a single indentation to that depth. 

4.1.1 Titanium on Sapphire 

The hardness versus depth of indentation for the titanium film on a sapphire 

substrate are shown in Figure 4.2. The number next to each curve is the film thickness. 

Each datum point in the figure represents the averages of six indentations at the given 

depth of indentation. Data below indentation depths of 50 nm were not reported as the 

data at these shallow depths showed a large standard deviation, and were not considered 

to be a reliable measurement of the hardness. 

From Figure 4.2 it can be seen that, for a given depth of indentation, the hardness 

increases as the film thickness decreases. For films with thicknesses less than 150 nm, 

the hardness increases as the depth of indentation increases. For films with thicknesses 

greater than 150 nm, the hardness is fairly constant for depths of penetration less than the 

film thickness. Once the depth of indentation approaches the film thickness, then the 

hardness increases. As reported by Fabes et al.,66 the hardness of the sapphire substrate is 

35 GPa. 
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Figure 4.2. Indentation results of titanium films on a sapphire substrate. The 
number next to each set of data corresponds to the film thickness. 

4.1.2 Aluminum on Glass 
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The hardness as a function of plastic depth of indentation for the aluminum films 

on glass substrates is shown in Figure 4.3. The number next to each curve is the film 

thickness. Each datum point in the figure represents the average of ten indentations at the 

given depth of indentation. 

From Figure 4.3 it can be seen that for a given plastic depth of indentation, the 

hardness increases as the thickness of the film decreases. For all film thicknesses, there is 

an immediate increase in hardness as the depth of indentation increases. 

The hardness of the glass substrate as a function of depth of indentation is shown 

in Figure 4.4. The hardness of the glass substrate decreases slightly as the depth of 

indentation increases, with an average value of approximately 7.5 GPa. 
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4.2 Development of Two Stage Area Model 

Physical models to separate the individual contributions of the film and the 

substrate to measured hardness have been developed previously.66.67 The area model of 

Stone et al.67 directly incorporates the interfacial adhesion characteristics of the film and 

substrate, but is unable to predict hardness at indentation depths approaching and greater 

than the film thickness. The volume model of Fabes et al.66 is able to predict hardness at 

all indentation depths, but does not incorporate the interfacial adhesion characteristics of 

the film and substrate directly. In addition, there may be some uncertainties associated 

with the volume modification parameter, X. An area model which incorporates the 

interfacial adhesion characteristics directly and is able to predict hardness for a soft film 

on a hard substrate at all indentation depths has therefore been developed. l44 

The model considers film hardness to be a material property which is modified by 

external constraints. These constraints cause an increase in measured hardness as 

indentation depth increases, even before the indenter penetrates the substrate, and are 

similar to those of the Stone et al. 67 model. The effect of increases in dislocation density 

during indentation or the effect of grain size on measured hardness are not taken into 

account in this model. 

The constraint is assumed to arise from the compressive, hydrostatic pressure 

produced in the film between the indenter and the substrate as the indentation depth 

increases. The magnitude of this pressure would depend on the friction, or the interfacial 

shear strength, at the indenter/film and film/substrate interfaces, as well as the depth of 

penetration. For a given depth of penetration, an increase in interfacial shear strength 

would cause an increase in the hydrostatic pressure under the indenter, resulting in an 

increase in measured hardness. As the indenter approaches the substrate, the hydrostatic 

pressure increases. Consequently, for a given interfacial shear strength, the measured 



hardness increases as the depth of penetration increases. However, the maximum 

measured hardness would never be greater than that of the substrate hardness. This is 

achieved in the model by setting the upper limit of the constrained film hardness to that 

of the substrate. The details of how this is done will be discussed later. 

The constraint was estimated by utilizing a model for the forging of a flat, 
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homogenous, and isotropic cylindrical specimen between two flat, rigid dies under 

frictional conditions.69 The relevant forces acting on the disk are shown in Figure 4.5. It 

was assumed that the thickness of the disk is small enough that the axial compressive 

stress, O'z, is constant through the thickness. Initially, it will also be assumed that the 

frictional conditions acting on the top and bottom faces of the disk are described by a 

constant coefficient of Coulom b friction 

'r 
p=

p 

where 1: is the shear stress at the interface and p is the stress normal to the face of the 

disk. 

(4.1 ) 

As the disk is being compressed by the load, W, normal to the interface, lateral 

flow of the material outward leads to shearing stresses at the die/material interface. 

These surface shear stresses are directed towards the center of the disk, and oppose the 

outward flow of material. Thes(f frictional shear stresses lead to a lateral pressure in the 

material, which is zero at the free edges of the disk, and rises to a maximum at the center. 

Referring to Figure 4.5, and setting the sum of the forces acting on an element to 

zero in the radial direction results in the following 

0', hrdfJ-h(O', +dO',)(r+dr)dfJ 

+20'eh dr sin dfJ - 2 'rr dfJ dr = 0 
2 

(4.2) 
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Figure 4.5 Stresses acting on a sector of a flat, circular, disk of radius a and 
height h during uniaxial compression. 

Using the approximation sin(de / 2) "" de / 2, Equation 4.2 reduces to: 

a,h dr+ rh da, - a 6h dr+2-rr dr = 0 
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(4.3) 

From the axial symmetry of the disk, de6 = de,. Thus, a6 = a,. Making this 

substitution as well as one from the Coulomb friction equation, -r = f.1p = f.1az' results in 

the following equation 

(4.4) 

If <iz, <ie, and <ir are taken to be principal stresses, then von Mises' yield criterion can be 

used to develop the following relation between <ir and <iz 

(4.5) 
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where Cia is the yield stress of the material. If the pressure, p, is defined as a positive 

compressive stress normal to the interface, then p = -Ciz . Therefore, from Equation 4.5, 

CYo = CYr + p, and dCYr = -dp. Putting these substitutions into Equation 4.4 and 

rearranging gives 

Integration yields 

dp 2J1 dr -=---
p h 

2J1r 
lnp=--+C 

h 

(4.6) 

(4.7) 

The constant of integration can be determined from the boundary conditions of the disk. 

At the outermost surface of the disk, there is no material to resist radial flow, so at r = ro, 

Cir = 0, and p = Cia, which leads to 

2J1r C=lncy + __ 0 

o h 

Putting this constant into Equation 4.7 and rearranging results in 

(4.8) 

(4.9) 

where ro is the radius of the specimen, h is the height of the specimen, CYo is the yield 

strength of the specimen, and J.l is the coefficient of friction between the specimen and the 

flat die. 

The variation of normalized axial compressive stress (Equation 4.9) with distance 

from the center is shown in Figure 4.6. The pressure distribution is symmetric about the 

centerline, rising from a plCio value of 1.0 at the edge of the disk to a maximum value at 

the center of the disk. This characteristic rise in deformation pressure with distance is 
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Figure 4.6 Distribution of pressure with radius as calculated from 
Equation 4.9. The pressure rises from a value of 0'0 at the 
periphery to a maximum at the center. 

called a friction hill. The average pressure over the disk, or the mean height of the 

friction hill, can be calculated as 

r0 2npl'dl' 
p = ..=..:0'------::--_ 

nl' 2 o 

- (10 ( It J2[ 1!!!!!. 2/11'0 ] _- - e h ----1 
2 /11'0 It 
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(4.10) 

The above analysis is for sliding friction at the interface. Sticking friction, i.e., 

when there is no relative motion between the dies and the disk, can also occur. In this 

case, the interface can be described as having a constant shear strength, 1', rather than a 

constant coefficient of friction. The value of l' would equal the shear stress of the 

material. Using von Mises' yield criterion to relate the shear stress to the yield stress, l' = 

(Jo''''3, and replacing IlP with (50''''3 in Equation 4.6 results in 

(4.11) 
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Integration yields 

(4.12) 

Using the same boundary conditions as before to determine the value of C and 

rearranging results in the following equation 

(l!....J = 1 + .2..['0 -,] 
(J"o .J3 h 

(4.13) 

This normalized pressure distribution, shown in Figure 4.7, is also symmetric about the 

center of the disk, rising from a value of CJo at the perimeter of the disk to a value of PlIIlIX 

at the center, i.e. when, equals 0 in Equation 4.13. However, now the sides of the 

friction hill vary linearly with radius. It is often found that for large compression's of a 

disk sticking friction occurs over the interior of the disk and sliding friction occurs only at 

the outer periphery.69 

If the interfacial strength at the material/die interface is some constant fraction of 

the shear strength, Equation 4.13 can be modified to include an interfacial friction factor, 

m (also known as Tresca's friction factor), 

The value of m is defined as 

't. 
m=-.!.. 

k 

(4.14) 

(4.15) 

where 't; is the interfacial shear strength, and k is the yield stress in shear. Values of III 

vary from 0 (perfect sliding) to 1 (sticking friction). This is an alternative to the concept 

of a constant Coulomb coefficient of friction, and in fact may be a better way to analyze 

frictional effects in metalworking.69 
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Figure 4.7 Distribution of pressure with radius as calculated from Equation 
4.13. The pressure rises from a value of 0'0 at the periphery to a 
maximum at the center. 

As stated previously, the measured hardness of a film/substrate system is 

considered to be the product of the intrinsic film hardness and the constraint due to the 

adhesion of the film to the substrate. By multiplying the film hardness, Hfi by the 

constraint, the constrained film hardness, Hef' can be obtained as follows: 
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(4.16) 

where ~ replaces the (2m/-V3) term in Equation 4.14. It can be seen that for a given depth 

of penetration, h, an increase in ~ would result in an increase in the measured hardness. 

The value of ~ will vary from 0 to 1.1547 as m varies from 0 to 1.0. This equation only 

applies for indentation depths which are less than the film thickness, and also for which 

the constrained (or measured) film hardness is less than the substrate hardness. 

To predict the hardness at indentation depths approaching and greater than the 

film thickness, the substrate contribution to the measured hardness must also be included. 

Hardness is generally defined as a pressure, or the force on an indenter over the projected 
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area, so the substrate contribution can be determined from a weighted area basis, as 

suggested by JOnsson and Hogmark55 

(4.17) 

where Hs is the substrate hardness, As is the projected area of the indenter in the substrate, 

Afis the projected area of the indenter in the film, and Af+ As is the total projected area of 

the indent. 

By incorporating the constrained film hardness (Equation 4.16) into Equation 

4.17, the measured hardness as a function of depth of penetration can be written as 

(4.18) 

where the parameters are defined above. 

To differentiate between substrate and film contributions to the measured 

hardness, the portion of the indenter that has penetrated into the film is divided into 

twenty equally spaced sli~es. The radius, r, distance from the substrate, h, and projected 

area under each slice as a function of the depth of penetration were calculated for each 

slice. The radius of the indent at the film surface is ro, as shown in Figure 4.8. The 

values of ro, r, h, and the area under each slice depend on the shape of the indenter and 

the depth of penetration. Consequently, the area function of the indenter must be known. 

In the model, the values of ro, r, and h, were calculated assuming that the indenter 

was conical in shape. The conical indenter, however, had the same area function as that 

experimentally determined for the actual indenter used. In effect, breaking the indenter 

into slices resulted in a 'step-sided' indenter, as shown in Figure 4.9. The volume of 

material under the first slice (or tip of the indenter) is a solid cylinder, while the volume 
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Figure 4.8 Schematic of indentation in film showing parameters used for each slice 
in Equation 4.18. The shaded zone is used to calculate the area under each 
slice. 
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of material under each of the other slices is a circular tube. Therefore, adding up the 

cross sectional areas of the material under each slice of the indenter would result in the 

total projected area of the indent. 

At each depth of penetration, the constrained film hardness, Hef' was calculated 

for the material under each slice of the indenter, using the appropriate rj and hi values for 

the given slice. As the depth of penetration increased, the constrained hardness of the 

material under each slice increased. The total measured hardness was then calculated by 

summing HefAf for each slice and dividing by the projected area of the indent, or 

"" 20 H _ .L.". Hell Aj 
In - ",,20 A 

.L.". I 

(4.19) 

The constrained hardness of the material under a given slice was allowed to 

increase until either the constrained hardness equaled the substrate hardness, or the slice 

entered the substrate. At that point, the hardness of the material under that slice was fixed 
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Figure 4.9 Schematic of 'step-sided' indenter and dimensions used in Equation 4.18 
for each indenter step. 
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at the substrate hardness. It was always the first slice, or that nearest the tip of the 

indenter, which reached this condition first. The measured hardness was then calculated 

as 

(4.20) 

where n is the appropriate number of slices for which the constrained hardness was equal 

to the substrate hardness, or which have penetrated into the substrate. 
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4.3 Fitting Results of Two Stage Area Model 

Using the intrinsic film hardness, Hfi and the frictional parameter, /3, as adjustable 

parameters, Equation 4.20 was fit to experimental hardness versus depths data for 

titanium on sapphire, aluminum on glass, and to the published results of Stone et al. 67 for 

aluminum on silicon, using KaleidaGraphTM (Version 3.0.4, 1994, Abelbeck Software). 

To use Equation 4.20, the substrate hardness, Hs, the film thickness, and the area function 

of the indenter for each of the film/substrate systems must be known. 

The resulting curve fits are shown as the solid lines in Figures 4.10, 4.11, and 4.12 

for the titanium on sapphire, aluminum on glass, and aluminum on silicon, respectively. 

The number next to each curve is the thickness of the film. Curve fit parameters, Hfand 

/3, for each of the films are given in Tables 4.1, 4.2, and 4.3 for the titanium on sapphire, 

aluminum on glass, and aluminum on silicon, respectively. Also included in these tables 

are the values of the substrate hardness used in the model. The data for the aluminum on 

silicon films also includes a film which had a layer of carbon deposited between the 

aluminum and silicon, to reduce the adhesion between the film and the substrate. The 

measure hardness as a function of depth for the films with and without the carbon layer 

are shown in Figure 4.13. The curve fit parameters for the film with the carbon layer are 

included in Table 4.3. 

As summarized in Tables 4.1, 4.2, and 4.3, both the intrinsic film hardness, Hf' 

and /3 tend to decrease as the film thickness increases. The film hardness for the 

aluminum on silicon data and the /3 values for the aluminum on glass data are notable 

exceptions. The film hardness for the aluminum on silicon data are constant. The /3 

value for the aluminum on glass data does not follow the trend established by the other 

films. The value of /3 for the 1500 nm film should be smaller than the value of /3 for thc 

750 nm film if the trend is followed. However, the /3 value for the 1500 nm film is highcr 
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than that for the 750 nm film. It is not known why this has occurred, though the 

predicted hardness does not agree with the data for the 750 nm film at depths below 

approximately 700 nm. The predicted hardness for the other film thickness shows better 

agreement with the data. 
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Figure 4.10 Hardness of titanium films on sapphire versus depth of penetration. 
Solid lines are predictions from Equation 4.l8 with Hfand ~ as adjustable 
parameters. Numbers next to each set of data correspond to film thickness. 

Table 4.1 Curve fit parameters for titanium films on sapphire determined from the 
two stage area model. 

Thickness (nm) 

75 

105 

135 

165 

195 

250 

Substrate Hardness = 35 OPa 

Film Hardness (OPa) 

9.7 ± 0.11 

9.6 ±0.06 

9.4 ± 0.06 

8.5±0.1O 

8.5 ±0.05 

8.0 ± 0.05 

Interfacial Parameter, ~ 

0.335 ± 0.010 

0.160 ± 0.004 

0.056 ± 0.004 

0.045 ± 0.005 

0.023 ± 0.001 

0.005 ± 0.001 
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Figure 4.11 Hardness of aluminum films on glass versus depth of penetration. Solid 
lines are predictions from Equation 4.18 with Hland B as adjustable parameters. 
Numbers next to each set of data correspond to film thickness. 

Table 4.2 Curve fit parameters for aluminum films on glass determined from the two 
stage area model. 

Thickness (nm) 

500 

750 

1500 

2000 

Substrate Hardness = 7.5 OPa 

Film Hardness (GPa) 

1.00 ± 0.09 

0.70±0.07 

0.60±0.05 

0.55 ±0.06 

Interfacial Parameter, B 
0.80 ± 0.011 

0.35 ± 0.008 

0.65 ± 0.010 

0.35 ± 0.009 
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Figure 4.12 Hardness of aluminum films on silicon versus depth of penetration from 
Stone et al.67 Solid lines are predictions from Equation 4.18 with Hfand p as 
adjustable parameters. Numbers next to each set of data correspond to film 
thickness. 
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Table 4.3 Curve fit parameters for aluminum films on silicon determined from the two 
stage area model. 

Thickness (nm) 

250 

500 

1000 

1000 + Carbon 

Substrate Hardness = 11 GPa 

Film Hardness (GPa) 

0.6 ±0.08 

0.6±0.09 

0.6 ±0.05 

0.6 ±0.06 

Interfacial Parameter, p 
0.70±0.008 

0.50 ± 0.005 

0.35 ± 0.010 

0.25 ± 0.010 
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Figure 4.13 Hardness of 1000 nm aluminum films on silicon with and without a carbon 
interlayer versus depth of penetration from Stone et al.67 Solid lines are 
predictions from Equation 4.18 with Hf and P as adjustable parameters. 
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4.4 Discussion - Thin Film Hardness Model 

4.4.1 Comparison of Two Stage Area Model to Other Models 

Before analyzing the results of the two stage area model for a particular 

film/substrate system in detail, the results of this model will be compared to the Stone et 

al.67 area model for aluminum on silicon, and the Fabes et al. 66 volume model for titanium 

on sapphire. 

4.4.1.1 Comparison to Stone Area Model 

A direct comparison of the Stone model and the two stage area model developed 

here is shown in Figure 4.14. It can be seen that the model predictions agree with the 

data, and each other, at depths less than the film thickness. However, as the depth of 

indentation approaches the thickness of the film, the Stone model and the experimental 

data do not agree. In fact, as the indenter approaches the substrate, the predicted hardness 

approaches infinity due to the 1/(t-x) terms in the equation. The two stage area model, on 

the other hand, is able to predict the hardness versus depth data for the full range of 

indentation depths. 

To obtain their fit the Stone model was used with the value of n fixed at 0.57, the 

theoretical value for sticking friction to occur at both the indenter/film and fil!ll/substrate 

interfaces. The value of aD, the yield stress of the film, was then adjusted to fit the data. 

Yield stress values of 225,265, and 300 MPa were obtained for the 1,0.5, and 0.25 Ilm 

films, respectively. Using the relationship between hardness and yield stress, H=3ao, this 

corresponds to hardness values of 0.675,0.795, and 0.9 GPa. For the film with the 

carbon layer between the film and the substrate, the yield stress was kept constant at a 
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Figure 4.14 Comparison of two stage area model (Equation 4.18) and Stone area 
model for aluminum films on silicon. Equation 4.18 predicts the variation 
of hardness with depth for depths both less than and greater than the film 
thickness, while the Stone model does not. 
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value of 225 MPa, and the value of n that resulted in the best fit to the data was found to 

be 0.34. 

The values of hardness obtained with the two stage area model are somewhat 

lower for all three films thicknesses. In fact, all three films were fit with a constant film 

hardness of 0.6 GPa. The value of ~ decreases as the film thickness increases, from a 

value of 0.7 for the 250 nm film to a value of 0.35 for the 1000 nm film. The film with 

the carbon interlayer has a lower value of ~, 0.25, with the same value of film hardness, 

0.6 GPa. The model accurately predicted a lower value of ~ (compared to ~ for the same 

film thickness) for a film which had a reduced value of interfacial adhesion. 

As noted above, the model developed by Stone et al.67 generated a film hardness 

of 0.9,0.795 and 0.675 GPa for film thicknesses of 250,500 and 1000 nm, respectively. 
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Using the hardness obtained by Stone et al.67 in the two stage area model resulted in the 

curves shown in Figure 4.15. The predicted variation of hardness with depth is generally 

similar to that obtained from the model using 0.6 GPa as the film hardness, but now ~ is 

fairly constant, ranging from 0.35 for the 250 nm film to 0.30 for the 1000 nm film, as 

shown in Table 4.4. While the variation of hardness with depth using the two different 

hardness values are similar over the intermediate depths of penetration, there is a 

significant difference at the shallow depths of penetration. The model predictions with 

lower film hardnesses show better overall agreement to the data. The measured 

hardnesses at shallow depths are lower than that predicted by the Stone model, therefore 

the lower film hardnesses give a better agreement to the data at these depths. 
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Figure 4.15 Hardness versus depth for aluminum on silicon from Equation 4.18 
using the film hardness values determined by Stone et al. 67 
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Table 4.4 Curve fit parameters for aluminum films on silicon using the hardness values 
determined by Stone et al.67 

Thickness (nm) Film Hardness (GPa) Interfacial Parameter, ~ 

250 0.9 0.35 ± 0.010 

500 0.795 0.33 ± 0.009 

1000 0.675 0.30± 0.005 

1000 + Carbon 0.675 0.25 ±0.003 

4.4.1.2 Comparison to Fabes Volume Model 

The volume model of Fabes et al.66 and the two stage area model for titanium 

films on a sapphire substrate are compared in Figure 4.16. For the thinner films, the 

volume model and two stage area model fits are similar to each other. However, as the 

thickness increases, the volume model predictions deviate from the data, predicting 

'straighter' lines than the experimental data indicates. The fit of the two stage area model 

to the experimental data of the thicker films is better, as it follows the variation of the 

data more closely. Both of these models give similar values of the variation of film 

hardness with thickness, as shown in Table 4.5. It is also interesting to note that both the 

volume model and two stage area model have uncertainties associated with the interfacial 

characteristics of the film/substrate system. The a parameter of the volume model 

appears to be independent of film thickness, and the results seem to be independent of the 

actual value of a. As pointed out in Chapter 2, though, this may be due to the ElH ratios 

of the titanium film and sapphire substrate rather than a fault in the model. The ~ 

parameter of the two stage area model generally decreases as the film thickness increases. 

The decrease in ~ implies that the adhesion of the film to the substrate decreases as the 

thickness increases. 
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Figure 4.16 Hardness versus depth for titanium films on sapphire for a) Fabes volume 
model and b) two stage area model (Equation 4.18). The two stage area model 
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Table 4.5 Curve fit parameters for titanium films on sapphire determined from the two 
stage area model and the volume model of Fabes et at. 66 

Film Two Stage Area Model Volume Model 

Thickness (nm) Hr(GPa) ~ Hr(GPa) ex. 

75 9.7±O.ll 0.335 ± 0.010 9.5 ±0.6 0.5 ± 60 

105 9.6±0.06 0.160±0.004 9.1 ± 0.2 12.l ± 8 

135 9.4 ± 0.06 0.056 ± 0.004 8.9 ±0.2 17.8 ± 6 

165 8.5 ±0.1O 0.045 ± 0.005 8.3 ± 0.1 1O.3±1 

195 8.5 ±0.05 0.023 ± 0.001 8.4 ± O.l 15.8 ± 3 

250 8.0±0.05 0.005 ± 0.001 7.9 ± 0.1 20.1 ± 4 

4.4.2 Effect of Changing Parameters on the Fit of the Two Stage Area Model 

For the two stage area model d(weloped here, the film hardness, Hf and the 

friction parameter, ~, are fitting parameters and the substrate hardness, Hs, and the film 

thickness are fixed. It is also possible to fix ~ and have the film hardness as the only 

fitting parameter. In this section the effects of changing the values of the substrate 

hardness, film hardness, film thickness, and ~ on the predicted hardness versus depth will 

be examined. For the comparison of the effects of changing these parameters on the 

hardness versus depth predictions, the 1500 nm aluminum film on a glass substrate 

experimental data will be used as a baseline. 

The nominal substrate hardness and film thickness values used for this aluminum 

film on a glass substrate are 7.5 GPa and 1500 nm, respectively. Allowing the film 

hardness, Hf. and ~ to be adjustable resulted in values of 0.6 GPa and 0.65, respectively. 

The effect of changing the substrate hardness, and keeping all other parameters the same, 

on the simulated hardness versus depth curves is shown in Figure 4.17. Similarly, the 
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effect of changing the film thickness, film hardness, and the frictional parameter, ~, while 

keeping all other parameters constant is shown in Figures 4.18 , 4.19 and 4.20, 

respectively. 

From Figure 4.17, it can be seen that changing the substrate hardness has no effect 

on the predicted hardness versus depth curves at small indentation depths. At small 

indentation depths the predicted hardness is a function only of the depth of penetration 

and the level of constraint. However, it does have a significant effect on the predicted 

hardness versus depth curves at depths approaching and greater than the film thickness, 

with the lower substrate hardness resulting in a lower composite hardness at a given 

depth. The constrained film hardness equals the substrate hardness at a shallower depth 

of penetration for the lower substrate hardness. There is also some small variation in the 

shape of the curve at large depths. The slope of the curve is lower for a lower substrate 

hardness. The maximum measured hardness, for a depth much greater than the film 

thickness, cannot be greater than the substrate hardness. For a given depth of penetration, 

the area fraction under the indenter with a constrained hardness equal to the substrate 

hardness will be larger for a lower substrate hardness. Therefore, the predicted hardness 

approaches the substrate hardness more rapidly for the lower substrate hardness. 

The effect of film thickness on the predicted hardness of the two stage area model 

is shown in Figure 4.18. As the depth of penetration increases, the predicted hardness for 

a thinner film is higher than that for a thicker film. At a given depth of penetration, the 

value of h, or the distance between the tip of the indenter and the substrate, decreases. 

This increases the value of (ro-r)/h as the film thickness decreases, resulting in a higher 

total constraint. Therefore, the constrained hardness of the film equals the substrate 

hardness at a shallower plastic depth for the thinner film. At large depths, the shape of 

the hardness versus depth curves is similar for all film thicknesses. 
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The effect of film hardness on the predicted hardness of the two stage area model 

is shown in Figure 4.19. The shape of the curves is similar for all film hardnesses, with 

the curves being shifted to a higher hardness at a given depth for a higher film hardness. 

The total constraint, (1 +B(l'o-I')/h ), has the same value for a given depth of penetration. 

As the measured hardness is directly proportional to the constrained film hardness, as the 

film hardness increases so will the measured hardness. There is also a slight shift of the 

hardness versus depth curve to smaller depths for a higher film hardness. As the film 

hardness increases, the depth at which the constrained film hardness equals the substrate 

hardness is decreased. 

The effect of B on the predicted hardness is shown in Figure 4.20. At very 

shallow depths, the variability of B does not affect the predicted hardness versus depth 

curves. At shallow depths (1' o-I')/h is a small quantity, therefore, the value of B will have 

a negligible effect on the total constraint (1 +B(ro-r)/h). There is an increasing effect of B 

on the hardness as the depth of penetration increases, or as (ro-r)/h increases. For a 

given depth of penetration, or a given (ro-r)/h , the constrained hardness of the film 

increases as B increases, resulting in a higher predicted hardness. 

From these figures it can be seen that, in general, the values of the substrate 

hardness and film thickness have more of a pronounced effect on the predicted hardness 

at depths approaching and greater than the film thickness. The variation in film hardness 

affects the entire range of indentation depths equally. Changing the value of B affects the 

predicted hardness predominantly at depths ncar the film thickness, with a lower effect at 

depths much less than or much greater than the film thickness. 
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Figure 4.17 Effect of changing substrate hardness on predicted hardness (Equation 4.18) 
versus depth for 1500 nm aluminum film on glass. 
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Figure 4.18 Effect of changing film thickness on predicted hardness (Equation 4.18) 
versus depth for 1500 nm aluminum film on glass. 
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Figure 4.19 Effect of changing film hardness on predicted hardness (Equation 4.18) 
versus depth for 1500 nm aluminum film on glass. 
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Figure 4.20 Effect of changing interfacial adhesion parameter, ~, on predicted hardness 
(Equation 4.18) versus depth for 1500 nm aluminum film on glass. 
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4.4.3 Analysis of Two Stage Area Model 

The results of fitting the two stage area model to the titanium on sapphire, 

aluminum on glass, and aluminum on silicon data are given in Figures 4.10, 4.11, and 

4.12 and Tables 4.1, 4.2, and 4.3, respectively. From these figures, it can be seen that the 

general fit of the model curves to the experimental data is excellent. The curve fits 

follow the various hardness trends for the different films, at depths of penetration both 

less than and greater than the film thickness. 

In general, the predicted hardness of the films increases as the film thickness 

decreases. The increase in film hardness with decreasing thickness has been observed in 

many different systems. There are several possible explanations for this increase in film 

hardness, as indicated in Chapter 2. The increase in film hardness may be due in part to 

the structure of the films (grain size or morphology) changing with the thickness of the 

films, changes in residual stress levels, or an increase in repulsion of dislocations from 

the substrate and indenter in thinner films. 

As shown in Tables 4.1 to 4.3, the adhesion or frictional parameter, ~, generally 

decreases as the film thickness increases. As defined in the model, ~ varies with the 

shear strength at the film/substrate interface. Consequently, for a given film/substrate 

system, it would seem likely that the adhesion between the film and the substrate would 

be independent of the thickness of the film. This is especially true for the titanium film 

on the sapphire substrate, as the film was grown in a single processing step with a 

continuous thickness variation on a single substrate. 

There are two main issues concerning the ~ parameter used in this model. The 

first is why the parameter decreases as the film thickness increases, and the second is the 

actual value of ~ that is given by the model. If sticking friction were assumed to occur at 

both the film/substrate and indenter/film interfaces, ~ would have the theoretical value of 
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1.15. There are several possible reasons for a lower than theoretical value of ~ (besides, 

of course, reduced interfacial adhesion itself) and the unexpected effect of film thickness 

on~. All of the reasons are related to the assumptions of the stress state and stress 

distribution in the film and the interaction of the stress field with the substrate. It is the 

details of the development of the stress field under the indenter and how it interacts with 

the substrate that is being addressed in the model. The pressure distribution used for this 

model is that for two flat, overhanging dies. The pressure distribution is assumed to be 

constant throughout the thickness of the film. Also, the details of stress state in the film 

before indentation, i.e. whether the films have any residual stresses, and stresses 

generated during indentation will have an effect on the calculated value of~. Each of 

these assumptions, and how accurately they are met by the model, will be discussed 

below. 

One possible reason for the decrease in ~ with increasing film thickness deals 

with the details of the stress distribution under the indenter. The model assumes that the 

stresses under the indenter are contained directly under the indenter, and constant 

throughout the thickness of the film. This may not be a very accurate representation of 

the state of stress in the material under the indenter, especially for thicker films. 

The size and shape of the stress field, or plastic zone, under an indenter depends 

on the mechanical properties of the material. As noted in Chapter 2, different plastic 

zone geometries were given for the slip-line field or radial compression indentation 

models, based on whether the material was considered to be rigid-plastic or elastic

plastic. The size of the relative plastic zone radius, defined as the ratio of the radius of 

the elastic-plastic boundary to the radius of the hydrostatic core (usually assumed to be 

the radius of the indent), depends on the modulus to hardness (EIH) ratio.41 The variation 

in relative plastic zone size with EIH is shown in Figure 4.2l. As EIH increases, the 



120 

relative plastic zone size increases. The shape of the plastic zone also changes as the 

ratio of modulus to hardness changes. This can be seen in Figure 4.22, which shows a 

calculated comparison of the elastic-plastic yield boundaries for an indenter angle of 1360 

for various EIH ratios at an indentation depth of 200 nm.145 It can be seen that the plastic 

zone size increases as EIH increases. If the size of the stress field was smaller than the 

film thickness, then there would be no interaction between the film and the substrate, and 

the measured hardness would be due only to the film hardness. Therefore, the measured 

hardness would not increase with depth of penetration, implying that the total constraint 

on the film hardness was small, or that ~ was small. 

The model also assumes that the stress distribution under the indenter is uniform, 

and compressive, from the indenter to the substrate. However, the stress distribution 

under the indenter may depend on the thickness of the film being indented. The stress 

distribution under an indenter is a function of the deformation zone geometry, .1 = hlL, as 

10 
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100 

Figure 4.21 The effect of the elastic modulus to hardness ratio, EIH, on the relative 
plastic zone radius for a variety of materials [after Chiang et al.41 ]. 
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Figure 4.22 Size and shape of plastic zone size as a function of elastic modulus to 
hardness ration, EIH. As E/H increases, the plastic zone size increases [after 
Bhattacharya and Nix I45]. 

shown in Figure 2.4b. For a rigid-plastic plate being indented by two opposing flat 
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indenters, increasing A from a value of 1 causes an increase in non-uniform stresses. For 

A> 1, centered fans of a common apex angle, A, appear on either side of the constant 

state triangle under the indenter. The angle A increases from 0 at A less than or equal to 

1.0, to 1t/2 when A is greater than 10.21 The stress at the center of the plate, midway 

between the indenters, can be determined by following slip lines from an origin at the 

indenter, where the stress is known, to the center. One such route is completely across 

one of the fans and then down the outside of the field, as shown in Figure 4.23. For a 

deformation zone, A, of 10, analysis has shown that A is approximately equal to 77°.21 

By analyzing the stress along the route shown in Figure 4.23, it can be shown that 

the stress acting along the centerline, i.e. normal to the indenters, is actually tensile. This 

stress can actually be greater than the shear strength of the material.34 The variation of 



I 

Figure 4.23 Slip-line field in a material between two opposing indenters (only 
material on one side of centerline is shown for clarity) [after Backofen34]. 

this stress under the midpoint of the indenter to the center line is shown in Figure 4.24. 

As ~ decreases, the magnitude of the tensile stress decreases, until it eventually turns 
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compressive. This type of tensile stress produced by a compressive loading is called 

'secondary' tension, and can cause center bursting in the forging of large rounds between 

parallel plates. It is actually exploited in the production of seamless tubing by rotary 

piercing. It has also been found that for ~ values greater than approximately 3, chevron 

cracks can appear down the center of drawn wire.34 

The state of stress in a block of height 2h, symmetrically indented on opposite 

sides by two dies, is identical with that in a block of height h which is being indented by 

one die and is supported by a rigid foundation. The horizontal plane of symmetry in the 

former is replaced by the foundation in the latter. 21 This is, of course, exactly the 

situation for the indentation of a thin film on a substrate. As ~ increases above 10, the 

plastic zones between the indenters do not interact with each other, and the distribution of 

stress under each indenter is similar to that of bulk indentation. 
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Figure 4.24 Variation of stress as a function of distance below indenter for the slip
line field shown in Figure 4.23. Near the centerline the stress is tensile[after 
Backofen34]. 
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For an infinitely sharp indenter, /). values greater than 10 would be obtained at the 

beginning of indentation for all film thicknesses. However, real indenters either have 

finite radii or flat spots at their tips. This could cause /). values to be large at the 

beginning of indentation for thick films, but not very large for thin films. For instance, if 

an indenter had a flat spot of 500 nm 2 at the tip of the indenter, this can be approximated 

as a 25 nm diameter flat circle. For this indenter, at the beginning of indentation of a 75 

nm film, a /). value of 3 (75/25) would result. As the depth of indention increases, /). 

would decrease. For a thicker film of 250 nm, a /). value of 10 would result at the 

beginning of indentation. This /). value is large enough to cause some tensile stress to 

occur near the substrate. While the induced tensile stress may not be large enough to 

cause complete or partial debonding at the interface, the presence of a tensile stress near 



the interface will reduce the pressure in the material under the indenter, thereby 

decreasing the measured hardness of the film/substrate system. 
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An area of the thin film production that has so far been ignored is the presence of 

residual stresses. It has been shown that residual stresses can affect· the measured 

hardness of a system,70,146 with tensile residual stresses decreasing and compressive 

residual stresses increasing the measured hardness. The existence of residual stresses, or 

the effect of film thickness on the level of residual stresses, has not been determined in 

any of the films investigated here. The existence of residual stresses, and the effect of 

residual stresses on the measured hardness, has not been directly incorporated into the 

two stage area model. However, in order to give the same constrained film hardness at a 

given depth, a lower value of B would be required for a film with a compressive residual 

stress than a film without a compressive residual stress. 

The model assumed that the indenter is flat, not pyramidal or conical. The 

consequences of this can be analyzed by focusing on the slice at the tip of the indenter 

(slice 1) and the slice at the film surface (the slice associated with '0) in Figure 4.9. The 

pressure in the material under slice 1 is calculated assuming that the rest of the indenter is 

at the same distance, hI, from the substrate. However, the slice at the film surface is 

always at a height, ho, close to that of the film thickness. The material under the outer 

edges of the indenter is not as constrained as it would be if it were at a distance of hI from 

the substrate. As the pressure is lower than assumed on the periphery of the indenter, this 

results in a higher predicted pressure in the material under slice 1 than is actually present. 

Reducing the pressure, or equivalently the hardness, in the film material under a given 

slice would require an increase in B to keep the total hardness the same. This may also be 

the reason that the thinner films generally have a higher value of B. For thinner films, the 

difference between the two heights is smaller than for thicker films, and the resulting 



pressure distribution will be closer to that of the flat indenter than the conical indenter, 

resulting in a high value of ~. 
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Looking at the titanium on sapphire data it can be seen that, for the thicker films, 

the depth of penetration has little effect on measured hardness for depths less than the 

film thickness. In fact, for the 250 nm film the hardness initially decreases as the depth 

of penetration increases. Having a constant hardness with depth requires having a ~ 

value of 0, as a constant hardness implies that there is no constraint on the film due to the 

presence of the substrate. For the case of the thickest titanium films (195 and 250 nm), 

the experimental data indicates that the substrate has no effect on the measured hardness 

until the indenter penetrates into the substrate. The measured hardness does not increase 

until a penetration depth close to that of the film thickness is reached. The measured 

hardness is then simply a weighted area function of the area of the indenter in the film 

and in the substrate. 

For the two intermediate thickness titanium films (135 and 165 nm) the measured 

hardness is constant at shallow depths of penetration, but increases before the indenter 

penetrates into the substrate. The two thinnest films (75 and 105 nm) show a dramatic 

increase in hardness well before the indenter penetrates the substrate. The variation of 

measured hardness with depth then indicates why the fitted ~ parameter decreases with 

increasing film thickness for these films. 

The variation of hardness with depth from different thickness films in the same 

film/substrate system should be compared by plotting the experim~ntal data as the 

hardness of the film/substrate system normalized to the film hardness versus the depth of 

penetration normalized by the thickness of the film, or HlHfversus dit. If all of the 

conditions concerning the development of the plastic zone size, shape, and the interaction 

with the substrate are as assumed in the model, then the experimental HIHfversus dlt data 

should all fallon one single curve. 



For the titanium on sapphire films the variation of HlHfwith dlt is shown in 

Figure 4.25. The thicker films have a substantially different normalized hardness to 

displacement response than the thinner films. It is not known why the films have such 

different responses. Possible explanations would have to include partial or complete 

debonding at the film/substrate interface, or residual stresses present at the time of 

indentation. 

126 

A plot of normalized hardness versus depth data for the aluminum films on glass 

substrates is shown in Figure 4.26. It can be seen that the normalized data for these films 

are similar, showing less variability than the data for the titanium films on sapphire. 

Consequently, it would be expected that the values of B obtained by the two stage area 

model for the aluminum on glass would be similar for the different films. Some 

variability is noted, though, in the normalized hardness versus depth curves for the 
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Figure 4.25 Normalized hardness versus depth for the titanium films on sapphire. The 
normalized hardness for the different film thicknesses do not show the same 
variation with d/t. Numbers next to each data set are the film thickness. 
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Figure 4.26 Nonnalized hardness versus depth for the aluminum films on glass. 
The normalized hardness for the different film thicknesses show a similar 
variation with dlt. 
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different films, with most of the variability occurring at depths greater than the film 

thickness. It is interesting to note that there seem to be two groups of data that are nearly 

identical, at least at dlt values less than 1.0. The two groups correspond to those films 

with a lower value of ~ (0.35) and those with a higher value (approximately 0.7). 

Therefore, it can be seen that the model will predict the same value of ~ for films that 

have the same HIH/versus dlt curve, independent of the film thickness. 

The indenter used by Stone et al.67 has a large flat region at the tip. Due to this 

flat area, geometric similitude is lost for the data obtained with this indenter. 

Consequently, plots of experimental data of HIH/versus dlt will not fallon a single curve 

for films with equivalent interfacial characteristics. The plots should, however, have the 

same form for all film thickness. Therefore, it is still instructive to plot the data as 

normalized hardness versus depth. Figure 4.27 shows the aluminum on silicon data 
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plotted as HIH/versus dlt for both the hardness values used in the Stone et al.61 model and 

from the two stage area model. It can be seen that for both plots the curves for the three 

films are similar at dlt values less than approximately 0.6, though the curves obtained 

using the higher hardness values are somewhat closer together. For the larger depths of 

penetration, or larger dlt values, the curves are quite distinct, with the hardness decreasing 

as the film thickness increases. This decreasing hardness at depths greater than the film 

thickness again forces B to decrease as the thickness increases in order to be able to fit the 

full range of data. Stone et al.61 used only the data below dlt values of approximately 0.8 

to fit their curves, and at these dlt values the data for the different films are similar to 

each other and a constant B could be used to describe the data. From the standpoint of the 

two stage area model, it might be expected that the value of B would be similar for the 

different film thicknesses, as the indenter geometry is closer to the flat indenter that was 

used to obtain the pressure distribution under the indenter. 

There is one other interesting note about the data obtained by Stone et al. 61 and the 

hardness equation that was developed. In their model the factor relating hardness and 

stress is given as (l + ex.). For indentation of bulk material ex. would be expected to have a 

value of 2. For all of the hardness versus depth predictions shown, ex. was assumed to be 

constant at 2. However, using an ex. of 2 in their equation (Equation 2.23) and calculating 

the hardness value at very small depths of penetration results in a hardness value greater 

than the predicted film hardness. For example, using a yield stress of 0.3 GPa and a 

depth of penetration of 1 nm results in a calculated hardness of 1.25 GPa for the 250 nm 

film. LaFontaine et aUo explained this discrepancy by assuming that, for a flat indenter, 

ex. can vary from a value of 0 to 2 as a function of depth of penetration. A value of 0.83 

for ex. will result in a film hardness of 0.9 GPa for a penetration depth of 1 nm for the 250 

nm film. It should be noted that for a sharp indenter, one without the flat tip region, the 

value of ex. will be constant at 2 for all depths of penetration. As noted in Chapter 2, the 
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reason for the variability of (l with depth of penetration for a given film thickness can be 

understood from the deformation zone geometry, ~, of the indenter and the film. The 

change in (l value with depth can be used to explain the low measured hardness values at 

the shallow depths of penetration. When the depth of penetration is small, the 

deformation zone geometry suggests that the relationship between hardness and stress, or 

the constraint factor, will be closer to 1 than to 3. As the depth of penetration increases 

the constraint factor will increase, resulting in an increase in measured hardness. 
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Figure 4.27 Normalized hardness versus depth for aluminum films on silicon substrates 
using a) film hardness determined from two stage area model (0.6 OPa) and b) 
film hardness determined by Stone et al.67• The normalized hardness shows less 
variability when based on the hardness determined by Stone. Numbers next to 
each data set are film thickness. 
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4.5 Summary 

The two stage area model can predict the variation of hardness with depth for soft 

films on hard substrates at depths of penetration both less than and greater than the film 

thickness. The model can be used provided that the indenter area function has been 

determined and that the substrate hardness and film thickness are known. The model 

illustrates that the adhesion of the film to the substrate plays a significant role in the 

composite hardness that is measured. 

The major deficiency in the two stage area model is the decreasing value of the 

interfacial adhesion parameter as film thickness increases. Some of the issues for the 

variability of the parameter P as a function of film thickness have been discussed. The 

constraint was estimated for a flat, not a conical, indenter. The stress induced during 

indentation may also not be constant throughout the film thickness. It is also unclear if 

the value of P can be used to quantify the interfacial adhesion between the film and the 

substrate. However, for films of the same thickness, the model does predict a lower value 

of P for those films that have reduced adhesion at the interface between the film and the 

substrate. 



5. RESULTS AND DISCUSSION - INDENTATION CREEP BEHAVIOR OF A 

VISCOELASTIC MATERIAL 

5.1 Results - Indentation Creep Experiments 

132 

As noted previously, several different indentation procedures were carried out on 

amorphous selenium samples over a range of temperatures. The application of the load 

on the indenter was controlled in different manners for these procedures, either by 

controlling the displacement rate of the indenter, or the loading rate of the indenter. 

During the indentation procedure, the load on and the displacement of the indenter were 

monitored as a function of time. Table 5.1 shows the indentation procedures that were 

carried out at the different temperatures. All of the results for the different procedures are 

given in Appendices A, B, and C. Some of the indentation creep results are also given 

below. 
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Table 5 1 Temperatures and Indentation Procedure Parameters For Amorphous Selenium 
Constant Constant 

Step Load Loading Rate Displacement Rate 
Temp. Load Time Rate Load Time Rate Load Time 
( °C) (mN) (sec) (mN/s) (mN) (sec) (nm/s) (mN) (sec) 

- - - 1 20 -

27.5 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

20 3600 - - - 1 20 -

29.2 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

20 3600 - - - 1 20 -

31.5 100 3600 - - - 5 20 2400 

- - - 10 20 2400 

1.0 100 . 3600 - - -

31.9 100 3600 10 100 3600 - - -

100 100 3600 - - -

0.1 10 3600 - - -

32.1 10 3600 1.0 10 3600 - - -

10 10 3600 - - -

0.1 10 3600 - - -

34.3 10 3600 1.0 10 3600 - - -

10 10 3600 - - -
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5.1.1 Step Loading Procedure 

Step load experiments to loads of either 10, 20 or 100 mN, followed by a hold for 

3600 seconds, were conducted at each experimental temperature. Displacement versus 

time and indentation strain rate versus hardness data for all of the step loading procedures 

and temperatures are given in Appendix A. Figure 5.1 shows the displacement versus 

time curves for the 10 mN step loading procedures at 32.1 and 34.3 DC. Figure 5.2 shows 

the displacement versus time curves for the 20 and 100 mN step load procedures at 

31.5 DC. From these figures it is evident that for a given load the displacement at a given 

time is greater as the temperature of the sample increases. The displacement at a given 

temperature is also greater as the load increases. 

The hardness of the sample was calculated as the load divided by the projected 

area of the indenter. The indentation strain rate, e1 , was calculated as iz / h. Indentation 

strain rate versus hardness for the data shown in Figures 5.1 and 5.2 are shown in Figures 

5.3 and 5.4, respectively. As the temperature increases, the strain rate increases for a 

given hardness. As shown in Figure 5.4, the variation of indentation strain rate versus 

hardness data are independent of load. There is a non-linear variation of indentation 

strain rate with hardness over the entire hardness range, with indentation strain rate 

decreasing more rapidly at high hardness values than at low hardness values. 
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Figure 5.1 Displacement versus time data for the 10 mN step load indentation creep 
procedure at 32.1 and 34.3 °c. 
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Figure 5.2 Displacement versus time data for the 20 and 100 mN step load indentation 
creep procedure at 31.5 °c. 
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Figure 5.3 Indentation strain rate versus hardness for the 10 mN step load procedures at 
32.1 and 34.3 DC. 
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Figure 5.4 Indentation strain rate versus hardness for the 20 and 100 mN step load 
procedures at 31.5 DC. 
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5.1.2 Constant Loading Rate Procedure 

Experiments with constant loading rates of 0.1, 1 and 10 mNls to a load of 10 mN, 

followed by a hold of 3600 seconds, were conducted at temperatures of 32.1 and 34.3 0c. 
Displacement versus time and indentation strain rate versus hardness data for all of the 

constant loading rate procedures and temperatures are given in Appendi{( B. The 

variation of displacement with time for a constant loading rate of 0.1 mNls at 32.1 and 

34.3 °C are shown in Figure 5.5a. The displacement versus time during just the loading 

portion of these procedures is shown in Figure 5.5b. The variation of displacement with 

time for loading rates of 0.1, 1 and 10 mNls at 32.1 °C are shown in Figure 5.6. During 

the loading portion of each procedure, the variation of displacement with time is linear. 

During the constant load portion of each procedure, the variation of displacement with 

time is not linear. For a given loading rate the displacement at a given time increases as 

the temperature increases, as shown in Figure 5.5a. At a given temperature the variation 

of displacement with time is distinct for the loading portions of each procedure, as shown 

in Figure 5.6. The variation of displacement with time for the constant load portion of 

each procedure is similar at long times (approximately 1500 seconds). 

Figures 5.7 and 5.8 show the variation of indentation strain rate with hardness for 

the data shown in Figures 5.5 and 5.6, respectively. For a given procedure, the strain rate 

increases for a given hardness as the temperature increases, Figure 5.7. As shown in 

Figure 5.8, for a given temperature the variation of indentation strain rate with hardness is 

distinct during the loading portion of each procedure. Once a constant load has been 

reached, the variation of indentation strain rate with hardness for the different procedures 

are similar. During the constant load portion, the slope of the £1 - H data decreases as 

hardness decreases. The slope appears to reach a constant value at low hardnesses. 
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Figure 5.5 Displacement versus time data for the 0.1 mN/s loading rate procedures at 
32.1 and 34.3 °C; a) Full data, b) Data for times less than 500 seconds showing 
the transition from the loading to the constant load portion of the procedure. 
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Figure 5.6 Displacement versus time data for the 0.1, 1.0 and 10 mNls loading rate 
procedures at 32.1 DC. 
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Figure 5.7 Indentation strain rate versus hardness data for the 0.1 mNls loading rate 
procedures at 32.1 and 34.3 °C. Data above the dashed line was obtained during 
loading. 
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Figure 5.8 Indentation strain rate versus hardness data for the 0.1, 1.0 and 10 mNls 
loading rate procedures at 32.1 DC. During loading the variation of indentation 
strain rate with hardness are distinct for the different procedures. 

5.1.3 Constant Displacement Rate Procedure 
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Experiments with constant displacement rates of 1, 5 and 10 nmls to a load of 20 

mN were conducted at temperatures of27.5, 29.2 and 31.5 DC. Displacement versus time 

and indentation strain rate versus hardness data for all of the constant displacement rate 

procedures and temperatures are given in Appendix C. For the 1 nmls displacement rate 

procedure, the indenter was unloaded after reaching a load of 20 mN. For the 5 and 10 

nmls displacement rate procedures, the load was held constant for 2400 seconds. The 

variation of displacement with time for a constant displacement rate of 10 nmls at 

temperatures of 29.2 and 31.5 °C is shown in Figure 5.9. The variation of displacement 

with time for constant displacement rates of 1, 5 and 10 nmls at 31.5 °C is shown in 
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Figure 5.10. During the constant displacement rate portion of the procedure, the 

displacement is linear with respect to time, as the displacement rate is controlled during 

the procedure. During the constant load portion of the procedure, the increase in 

displacement is not constant with respect to time. For a given displacement rate, the 

displacement during the constant load portion increases as the temperature increases, 

Figure 5.9. As shown in Figure 5.10, the variation of displacement with time data at the 

beginning of the constant load portions depends on the initial displacement rate. 

However, at the end of the constant load portion the variation of displacement with time 

for the different procedures are nearly identical. 

Figures 5.11 and 5.12 show the variation of indentation strain rate with hardness 

for the data in Figures 5.9 and 5.10, respectively. As the temperature increases, the strain 

rate increases for a given hardness, Figure 5.11. As shown in Figure 5.12, for a given 

temperature the variation of indentation strain rate with hardness is distinct for the 

constant displacement rate portion of each procedure. Once a constant load has been 

reached, the variation of indentation strain rate with hardness for the different procedures 

are similar. During the constant load portion, the slope of the Sf - H data decreases as 

hardness decreases. The slope appears to reach a constant value at low hardnesses. 
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Figure 5.9 Displacement versus time data for the 10 nmls displacement rate procedures 
at 29.2 and 31.5 cC. 
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Figure 5.10 Displacement versus time data for the 1,5 and 10 nmls displacement rate 
procedures at 31.5 cC. 
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Figure 5.11 Indentation strain rate versus hardness for the 10 nmls displacement rate 
procedures at 29.2 and 31.5 °C. Data obtained during loading are shown above 
the dashed line. 
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Figure 5.12 Indentation strain rate versus hardness for the 1, 5, and 10 nmls displacement 
rate procedures at 31.5 °C. The 1 nmls procedure did not have a constant load 
segment. 
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5.2 Discussion - Indentation Creep of Viscoelastic Material 

Two areas were investigated by indentation creep experiments of amorphous 

selenium. The first was the use of a linear viscoelastic material to establish the 

relationship between the indentation strain rate, defined here as h / h where h is the 

instantaneous depth of penetration, and the representative strain rate experienced by the 

material under the indenter. The representative strain rate can be viewed as the strain rate 

controlling the deformation of the material under the indenter, and is comparabble to the 

uniaxial strain rate during a compression creep test. The second was the investigation of 

the use of a mechanical properties microprobe to obtain viscoelastic properties of a 

material. These two areas will be discussed in separate sections, following the general 

observations of indentation creep in amorphous selenium. 

5.2.1 General Observations 

The data shown in all of the displacement versus time and indentation strain rate 

versus hardness figures and in the appendices are the average displacements of from two 

to four indentations. Figure 5.13 shows the variation of displacement with time obtained 

for three separate 10 mN step load experiments at 34.3 DC. The reproducibility of the 

data is within 3 percent for separate indentation experiments for the same temperature 

and loading procedure. As the hardness and indentation strain rate are calculated using 

the displacement-time data, these values will have a similar level of reproducibility. 

It was noted previously that no elastic correction was made to the displacement of 

the indenter. The displacement is used to calculate the projected area of contact of the 

indenter, which is then used to calculate hardness. Figure 5.14 shows the load versus 
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Figure 5.13 Displacement versus time data for the three step load indentation creep 
experiments at 34.3 DC. The data is reproducible to within 4 percent 
between the separate experiments. 

displacement for a 100 mN step load at 31.9 DC. It can be seen that the slope of the 
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unloading curve is nearly vertical, indicating that the amount of elastic displacement in 

the sample is very small. The displacement at the end of the loading portion is 14256 nm, 

and the displacement at the end of unloading, i. e. when the load reaches zero, is 13993 

nm. The projected area of contact was calculated from these displacements by Equation 

3.3. Calculating hardness using these contact areas results in hardness values of 20.1 and 

20.3 MPa for the loaded and unloaded indenter, respectively. This represents a difference 

of approximately 3.4 percent in hardness. If the slope of the upper portion of the 

unloading curve were used to calculate the plastic displacement, as indicated in Figure 

2.6, the difference in hardness values would be reduced to approximately 1 percent. It 

can be seen that the assumption of no elastic displacement does not introduce a large 

error in the calculation of the hardness of amorphous selenium. 
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Figure 5.14 Load versus displacement data for the 100 mN step load procedure at 
31.5°C. The line is a guide to the eye only. 

The displacement-time data for all of the different indentation procedures at 

temperatures of 29.2, 31.5 and 34.3 °C are shown in Figures 5.15, 5.16 and 5.17, 

respectively. At 29.2 °C the displacement as a function of time for the different 
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indentation procedures are distinct and do not have the same displacement at a given 

time. As the temperature is increased to 31.5 DC, the displacement for each procedure 

approaches the same value for times greater than 2000 seconds. At 34.3 DC, the variation 

of displacement with time for the different indentation procedures are nearly identical 

(within 5 percent) during the constant load portion of each test. As temperature is 

increased, the variation of displacement with time becomes independent of loading path 

for a constant load. 

The indentation strain rate versus hardness data for the different indentation 

procedures at 29.2, 31.5 and 34.3 °C are shown in Figures 5.18, 5.19 and 5.20, 

respectively. It can be seen that the indentation strain rate versus hardness curves are 
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different during the loading portion, i.e. at high hardness values. Once the load is 

maintained at a constant value, the indentation strain rate-hardness curves for all 

indentation procedures show the same response at a given temperature. As shown in 

Figure 5.5, the variation of indentation strain rate with hardness is independent of load. 

The variation of indentation strain rate with hardness for step loading at 27.5,29.2 

and 31.5 °C is shown in Figure 5.21, and for step loading at 32.1 and 34.3 °C in Figure 

5.22. Over the full range of hardnesses measured, each of the log Sf - log H data sets 

show a non-linear variation in indentation strain rate as hardness decreases. However, it 

appears that the variation of indentation strain rate with hardness becomes linear at low 

hardness values. The stress exponent for power law creep is determined from the slope of 

the log Sf - log H data. As the temperature increases, the slope at the low hardness 

decreases. From Figure 5.22 it can be seen that the stress exponent at low hardness 

values is approximately equal to 1 for temperatures of 32.1 and 34.3 DC, and is higher 

than that for the other temperatures. 

The non-linearity of the initial, or high hardness, portion of the log Sf - log H 

data may be due to a combination of two effects. When the indenter is initially loaded, 

the deformation of amorphous selenium will be dominated by the elastic and delayed 

elastic response of the material. At times longer than the relaxation time, viscous flow 

will be the dominant deformation mechanism. Secondly, amorphous selenium exhibits 

non-Newtonian viscous flow at high stress levels. High hardness values correspond to 

high stress levels, therefore, it is not until low hardness values are reached that the 

viscous flow is Newtonian. 
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Figure 5.15 Displacement versus time data for the 20 mN step load, and the 5 and 10 
nm/s displacement rate procedures at 29.2 DC. 
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Figure 5.16 Displacement versus time data for the 20 mN step load, and the 5 and 10 
nm/s displacement rate procedures at 31.5 DC. 
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Figure 5.17 Displacement versus time data for the 10 mN step load, and the 0.1, 1.0 and 
10 mNls loading rate procedures at 34.3 dc. 
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Figure 5.18 Indentation strain rate versus hardness data for the 20 mN step load, and the 
5 and 10 nmls displacement rate procedures at 29.2 dc. 
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Figure 5.19 Indentation strain rate versus hardness data for the 20 mN step load, and the 
5 and 10 nmls displacement rate procedures at 3l.5 °C. 
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Figure 5.20 Indentation strain rate versus hardness data for the 10 mN step load, and the 
0.1, 1.0 and 10 mNls loading rate procedures at 34.3 °C. 



0.1 

0.01 

'W 

0.001 

0.0001 

Slope = 1.0 
0.00001 L...-__ -'-_"---'--'--'--'-'-........ __ ---'-_---'--'----"L.......L-L.....L....L..I 

0.01 0.1 

Hardness (OPa) 

151 

Figure 5.21 Indentation strain rate versus hardness data for the 100 mN step load 
procedures at 27.5,29.2, and 31.5 cC. As the temperature increases, the slope at 
the low hardness decreases, but is larger than 1.0 for all temperatures. 
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Figure 5.22 Indentation strain rate versus hardness data for the 10 mN step load 
procedures at 32.1 and 34.3 cC. At low hardness values the slope is constant at 
approximately 1.0. 
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5.2.2 Relationship Between Indentation and Representative Strain Rate in a Viscoelastic 

Material 

Results from several direct comparisons between indentation and conventional 

creep tests on the same material8.72.83.84.88 indicate that the stress exponents and activation 

energies for conventional and indentation creep are similar. However, it is difficult to 

relate the experimental measurements of hardness and displacement, or displacement rate, 

to the stress and strain rate experienced by the material in a conventional compression 

creep test as there is no accepted, validated method for analyzing indentation creep data. 

For most crystalline materials at temperatures above 0.5 T ru, the time-dependent 

deformation mechanism (dislocation glide-plus-climb) is well described by power-law 

creep, for which the equation relating strain rate to stress is 

£ = kG" (5.1) 

where (J is the stress applied, £ the experimental strain rate, n the exponent of power-law 

creep, and k incorporates the kinetic energy terms for deformation for a given material. 

This equation has been used by many researchers to describe indentation creep for 

materials from metals to oxide glasses,141.148 irrespective of the actual creep mechanism 

that is operative for that particular material and temperature. It has been determined that 

either dislocation glide plasticity or dislocation glide-plus-climb dominate the indentation 

creep process, due to the high stresses involved in indentation. 80 Equation 5.1 can also be 

used to describe the relationship between stress and strain rate in a Newtonian viscous 

material, with n = 1 and k = 1/311, where 11 is the viscosity. 

The data usually obtained from an indentation creep test is load and displacement 

as a function of time. Hardness and an indentation strain rate, £/, can then be calculated 

from the load-displacement and displacement-time data, respectively. To use these 



quantities in creep equations, the relationships between hardness and stress, and 

indentation strain rate and strain rate must be known. 

The hardness, H, of a material can be correlated to a flow stress, 0', by 
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(5.2) 

where Cl is a factor which is dependent on indenter geometry, the ratio of elastic modulus 

to yield stress ratio for the material being indented, and friction at the indenter-material 

interface. 

The relationship between indentation strain rate and the strain rate experienced by 

the material under an indenter has not been clearly established. Furthermore, the value of 

the power-law creep exponent may depend on the stress or the strain rate obtained during 

an indentation creep test. Consequently, the stress, the power-law creep exponent, and 

the strain rate cannot be determined independently for a material during these tests. 

However, if indentation creep tests were carried out on a material for which the value of 

the creep exponent was known to be independent of stress and strain rate, one of these 

variables would be eliminated. Newtonian viscous materials, for which the power-law 

creep exponent is constant at n = 1, are one such class of materials. For a Newtonian 

viscous material, the relationship between uniaxial stress and strain rate is 

. a 
s=-

31] 
(5.3) 

where 1] is the Newtonian viscosity. Again, by comparing Equations 5.1 and 5.3 it can be 

seen that they are equivalent for n equal to 1 and k equal to 1131]. 

Taborl9 proposed the concept of representative strain in the material under an 

indenter for plastic flow. It would be useful to extend this concept to define a 

representative strain rate for materials, irrespective of the power-law creep exponent of 
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the material. The representative strain rate will depend on the shape of the indenter, as 

well as the indentation rate. The representative strain rate will be related to the stress 

through the stress-strain rate response, Equation 5.1. 

It has been suggested89 that the strain rate as determined by a conventional 

compression creep test should be proportional to the indentation strain rate, or 

(5.4) 

where C2 is the coefficient relating indentation to conventional strain rate. The value of C2 

could be determined from indentation creep measurements on a Newtonian viscous 

material and from Equations 5.2, 5.3 and 5.4 as 

(5.5) 

To determine the value of C2' values of hardness and indentation strain rate 

corresponding to the Newtonian flow regime must be used in Equation 5.5. As discussed 

previously, the non-linear portion of the log 8r log H curve is due to non-Newtonian as 

well as delayed elastic effects. Once the elastic and delayed elastic effects have 

decreased, and the stress, or equivalently, the hardness, becomes low enough that 

deformation will occur due to Newtonian viscous flow. For a Newtonian viscous 

material, the log 8r log H curves should have a slope of 1. As shown in Figure 5.22 for 

the step load procedures at temperatures of 32.1 and 34.3 oC, at the beginning of 

indentation (high hardness) the slope of the curve was greater than 1. During the 

remainder of the indentation procedure the hardness decreased and the slope became 

equal to 1 ± .02. 



From the Newtonian portions of the curves shown in Figure 5.22, the effective 

activation energy, Q, of the indentation process can be calculated from the Arrhenius 

equation 

155 

(5.6) 

using the indentation strain rates at a given hardness. Using the strain rates for a hardness 

of 0.02 GPa, an activation energy of 495 kJ/mole was obtained. This compares favorably 

with the activation energy for viscous flow, 535 kJ/mole, determined from viscosity 

measurements. 141 The evidence from the slope of the log £r log H curve and the 

calculated activation energy indicates that Newtonian viscous flow is occurring during 

the linear portion of the log £1- log H curve. Therefore, hardness and indentation strain 

rate values from the linear region of the data will be used to calculate C2 from Equation 

5.5. 

A value of C17 the constraint factor relating hardness to stress, must also be 

determined for amorphous selenium. Chiang et a1. 41 have compiled the experimental data 

of Marsh27 and Hirst and Howse35 for blunt conical indenters to show how CI decreases 

from 3 to 1 as the ratio of elastic modulus to flow stress (ElY) decreases, as shown in 

Figure 2.4a. For values of ElY greater than 100, the value of CI is constant at 

approximately 3 ± 0.1. While the elastic modulus of selenium has been determined 

previously,133.136.139 obtaining a value for the flow stress is more difficult. For an 

amorphous material the value depends on the strain rate at which the strength is 

measured. However, the value of CI can be estimated using the measured hardness and 

the elastic modulus. First, the flow strength required to obtain an ElY ratio of 100 was 

calculated. Then, assuming that the value of CI was equal to 3, the hardness was 

calculated from the flow strength. This hardness can then be compared to the hardness 



values obtained during the indentation test. If the experimental hardness is lower than 

. that calculated from the ElY ratio, then a value of 3 can be used. 
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The elastic modulus of selenium between 32 and 34°C is approximately 10 OPa. 

For an ElY ratio of 100, a flow strength of 0.1 OPa is required, or equivalently, a hardness 

of 0.3 OPa. The initial hardness values of selenium are approximately 1 OPa, but tlle 

hardness measured for most of the indentation test is less than 0.3 OPa. It is interesting to 

note that the curves in Figure 5.22 become linear only at hardnesses less than 0.3 OPa. 

As only the hardness and indentation strain rate values from the linear portion of the data 

will be used to calculate C2 by Equation 5.5, a C1 value equal to 3 will be used. 

Further evidence for using a C1 value equal to 3 comes from Figure 5.22. During 

an indentation creep test the elastic modulus remains constant while the hardness, or 

equivalently the stress, decreases, resulting in a changing ElY ratio. The changing ElY 

ratio would result in a variation of the C1 value, unless that value were constant for the 

range of ElY encountered during indentation. A linear log Ef-Iog H curve would not be 

obtained if the C1 value were not constant. The only value of C1 which is constant for a 

changing ElY ratio is a value of 3. Therefore, a value of c 1 equal to 3 will be used in 

Equation 5.5. 

The equilibrium values of viscosity are obtained from Figure 2.25 and 

experimentally determined values of hardness and strain rate in the Newtonian region 

from Figure 5.22. Viscosity is equal to 3.548x1010 and 1.735x1011 Pa s at temperatures 

of 34.3 and 32.1 DC, respectively. The hardness and associated indentation strain rate for 

the 32.1 °C data are 17.4 MPa and 1.359x 10-4 s-l, respectively. The hardness and 

associated indentation strain rate for the 34.3 °C data are 4.15 MPa rnd 1.278x 10-4 s-l, 

respectively. Putting these values into Equation 5.5 results in C2 \.t JCS of 0.082 and 

0.102 for temperatures of 32.1 and 34.3 DC, respectively. An average of 0.09 will be 

taken as the value of the coefficient C2' The variability in C2 from the two procedures may 
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be due to experimental errors in measuring the temperature and determining the viscosity 

from Figure 2.25. To change the value of C2 by 0.01 would necessitate a change in 

viscosity corresponding to a temperature change of approximately 0.1 °C. This is on the 

order of the accuracy of the temperature measurements used to obtain the viscosity 

measurements. 140 

A simple way of estimating the representative strain rate is to calculate the strain 

rate using the volume of material under the indenter and the indentation rate. In a 

standard compression creep test, using a cylindrical specimen, the strain rate is calculated 

as the change in height per unit time over the height, or L / L. During indentation creep, 

it could reasonably be assumed that L is equivalent to h. Assuming that the radial 

compression model for plastic indentation is applicable, L can be related to the radius of 

the plastic zone under the indenter. For a blunt conical indenter, the radius of the plastic 

zone ranges from approximately 3.5 to 14 times the depth of indentation, h, depending on 

the properties of the material being indented. 145 Therefore, the effective strain rate will 

range from 0.286 to 0.071 of h / h. The value of C2 obtained using Equation 5.5 is within 

the range of values calculated in this simple way. 

Bower et al.94 suggested that the equivalent strain rate coefficient in a Newtonian 

viscous material indented with a conical indenter should be equal to Iltan {3, where {3 is 

the semi-angle of the indenter. For the indenter used here, the equivalent conical semi

angle is 70.3°. This would result in a coefficient of 0.358. However, in their analysis 

they did not account for the value of Cl. If a Cl value of 3 had been used in their analysis, 

then their value of C2 would equal approximately 0.119, which is close to the value 

determined here. 

Bower et al.94 suggested that the coefficient C2 will scale with the power-law creep 

exponent as xl/n, where x is the appropriate value of C2 as determined above. Therefore, 
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as the power-law creep exponent increases, the representative strain rate approaches the 

indentation strain rate. 

5.2.3 Viscoelastic Parameters by Indentation Creep 

5.2.3.a Viscosity Measurements by Indentation 

As discussed previously, equations for the determination of viscosity from the 

penetration of a spherical indenter of a given radius and a constant load have been 

developed (Section 2.2.2) from an analysis of the viscoelastic contact between spheres. 

However, these equations cannot be used to determine viscosity from the indentation of a 

material by a conical or pyramidal indenter, as the displacements and stress fields are 

different for conical and spherical indenters. 

From the preceding section, the coefficient relating indentation strain rate to a 

representative strain rate was determined from Equation 5.5 using the Newtonian 

viscosity of amorphous selenium. Equation 5.5 can now be rewritten to obtain the 

viscosity as a function of hardness, H, and indentation strain rate, 8[, as 

H 
T/=----

3(0.27)8[ 
(5.7) 

where the constant 0.27 is the product of c, and C2' as discussed above. The viscosity as a 

function of hardness for amorphous selenium at 32.1 and 34.3 °C is shown in Figure 5.23. 

Also included in this figure are the Newtonian values of viscosity for the appropriate 

temperature. As the hardness decreases, the viscosity increases until it reaches a constant 

value. This constant viscosity should correspond to the Newtonian viscosity of selenium. 
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Figure 5.23 Viscosity versus hardness for temperatures of 32.1 and 34.3 °C. 
Viscosity was calculated from Equation 5.7, and the open squares are 
viscosity as determined by Cukierman and Uhlmann. 14o 

It can be seen that the Newtonian viscosity as determined by Equation 5.7 gives the 

correct value. 

An equation similar to Equation 5.7 has been used previously to determine the 

room temperature 'apparent' viscosity of oxide glasses from indentation creep 

experimen ts 147.148 
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(5.8) 

This equation does not consider the relationship between indentation and representative 

strain rate, or the relationship between stress and hardness. Therefore, it could not be 

used to determine the actual viscosity of an amorphous material from indentation creep 

experiments. 
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The relationship between viscosity and stress for amorphous selenium was shown 

previously, Figure 2.26. Comparing Figure 5.23 to Figure 2.26, it can be seen that the 

results of indentation creep give the correct relationship between viscosity and stress. As 

the hardness, or equivalently the stress, decreases the viscosity increases, until a constant 

viscosity is reached at low stress levels. The shear stress, 'Cxy, on the material under the 

indenter can be approximated as72 

H 
'C =--

xy 3-J3 (5.9) 

The viscosity as determined by Equation 5.7 versus shear stress for the 31.5 °C 100 mN 

step load procedure is shown in Figure 5.24. It can be seen that the viscosity is still 

increasing as the hardness decreases, indicating that Newtonian values of viscosity have 

not been reached. Also shown in this figure are the viscosity values for amorphous 

selenium at a temperature of 31.5 °C as a function of the average and maximum shear 
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Figure 5.24 Viscosity versus shear stress at 31.5 DC. The solid line is calculated 
from the 100 mN step load procedure, and the data points are from 
Cukierman and Uhlmann. 140 
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stresses as determined by Cukierman and Uhlmann. 14o The average and maximum shear 

stresses were approximated from the mid-point deflection of the cylindrical specimen 

used for the viscosity measurements. The tensile stresses were estimated to be accurate 

to within 10 percent, and the shear stresses were calculated as one half of the tensile 

stresses. Considering the approximations made in determining the shear stress in the 

indentation and viscosity experiments, the agreement between these experiments is 

acceptable. 

Equations for the determination of viscosity by spherical indentation have related 

viscosity to indentation load, displacement, and time. An equation for the viscosity as a 

function of load, displacement and time for a conical indenter can be developed from the 

relationship between stress and strain rate for a Newtonian viscous material, Equation 

5.3. Rewriting Equation 5.3 to express viscosity as a function of stress and strain rate 

gives 

CJ' 
1] = 38 (5.10) 

where 0' is the stress and 8 is the strain rate. As shown previously (Equation 5.2), the 

stress can be related to the hardness by 

H 
CJ'= -

c1 

(5.11 ) 

where CI is a constant which depends on the ratio of elastic modulus to yield stress of the 

material and the indenter shape. The hardness is defined as 

H=~ (5.12) 
7ra-

where P is the load on the indenter and a is the radius of contact. The representative 

strain rate of the material under the indenter can be calculated as 
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. 1 dh 
e =c--

rep 2 h dt (5.13) 

where h is the displacement at a given time and C2 is the strain rate coefficient determined 

previously. Therefore, substituting Equation 5.11 to 5.13 into Equation 5.10 results in 

(5.14) 

If it can be assumed that the material being indented has negligible elasticity, i.e., the 

plastic depth of penetration is equal to the total depth of penetration, then the depth of 

penetration, h, can be related to the radius of contact, a, by 

a=htana (5.15) 

where ex. is the semi-angle of the indenter, or the included angle from the vertical axis to 

the edge of the conical indenter. As shown previously (Section 5.2.l) for the calculation 

of hardness, the assumption of negligible elasticity does not introduce a significant en'or 

(approximately 1 percent) in the determination of the depth of penetration. Substituting 

Equation 5.15 into Equation 5.14 and rearranging results in 

h dh = p 
dt 3(c,c2)m1tan2 a 

(5.16) 

To obtain viscosity as a function of displacement and time, Equation 5.16 is integrated 

with respect to hand t.. Initial conditions (h = 0 at t = 0) give an integration constant of 

zero. Rearranging results in 

(5.17) 
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Equation 5.17 can be used to determine the viscosity for a given conical indenter, 

assuming that the values of c" C2, and ex. were known for that indenter. For the Berkovich 

indenter used in the indentation creep experiments the value of Cl x C2 = 0.27 ± .03. The 

area function of a standard Berkovich indenter is equivalent to the area function for a 

conical indenter with a semi-angle of 70.3°. Therefore, Equation 5.17 can be rewritten 

for standard Berkovich indenters as 

(5.18) 

Equation 5.18 was used to calculate viscosity from the displacement-time data 

from the 10 mN step load procedures at temperatures of 32.1 and 34.3 °C. The calculated 

viscosity as time of indentation is shown in Figure 5.25. As time increases the viscosity 

increases, until a time independent viscosity is reached. The time independent viscosity 

32.1 DC 

108 ~~~~~~~~~~~~~~~~~~~~ 

0.1 10 100 1000 101 

Time (sec) 

Figure 5.25 Viscosity versus time for temperatures of 32.1 and 34.3 °C. Viscosity was 
calculated from Equation 5.18, and the open squares are viscosity as determined 
by Cukierman and Uhlmann. 14o 
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shows good agreement with the Newtonian viscosity values given by Cukierman and 

Uhlmann. 140 

Equation 5.18 can be rearranged to give the depth of penetration as a function of 

time for a Newtonian viscous material with a constant load on a Berkovich indenter, 

h 2P 112 

( )

1/2 

= 3(O.27)mltan2 (70.3) ( 
(5.19) 

In a theoretical analysis of indentation creep Hill92 showed that for a Newtonian material 

the displacement of a conical indenter under a constant load should vary as (112. It can be 

seen that Equation 5.19 gives the predicted relationship between displacement and time 

for a constant load on a conical indenter. 

Using a load of 10 mN and a viscosity of 3.548x1010 Pa s, displacement as a 
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Figure 5.26 Displacement versus time for a 10 mN step load procedure. The dashed line 
is the displacement predicted by Equation 5.19, and the solid line is the data from 
the 10 mN step load procedure. 
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function of time was calculated by Equation 5.19. The displacement predicted from 

Equation 5.19 is shown in Figure 5.26. Also included in Figure 5.26 are the experimental 

displacement versus time data obtained from the step load indentation creep at 34.3 0c. 
The agreement between the predicted and experimental displacement is excellent, 

especially at times greater than approximately 300 seconds.. At times less than 300 

seconds, the displacement predicted from Equation 5.19 is smaller than that obtained 

experimentally. At the beginning of the indentation experiment, where the stress on the 

material is high, the apparent viscosity of selenium is lower than the Newtonian viscosity 

used in Equation 5.19. As the apparent viscosity is lower, the indenter is able to penetrate 

deeper into the sample at a given time. As shown in Figure 5.25, the viscosity calculated 

from Equation 5.18 varies by approximately an order of magnitude, but approaches a 

constant value for times greater than 300 seconds. In addition, the elastic and delayed 

elastic response of amorphous selenium on indenter displacement are completely ignored 

in Equation 5.19. These effects will be more important at short times and would result in 

a decrease in predicted displacement. Therefore, the indenter displacement at short times 

(less than 300 seconds) is a combination of the elastic and non-Newtonian viscous 

deformation of selenium. 

5.2.3.b Stress Relaxation by Indentation Creep 

Tabor19 determined that the material under a blunt conical indenter has a constant 

strain of approximately 10 percent. Lucas and Oliver8 showed that the indentation creep 

characteristics of a lead-indium alloy (Pb-65 at% In) were very similar to the 

compression creep characteristics for a sample which had undergone approximately 10 

percent strain. This implies that the constant load indentation creep experiment can also 
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be described as a constant strain experiment. This type of constant strain experiment is 

more commonly known as a stress relaxation test. It has been suggested 1 ,86,149 that stress 

relaxation characteristics of materials could be obtained from indentation creep 

experiments. However, results of indentation creep experiments have not previously 

been analyzed to obtain stress relaxation parameters. 

The uniaxial relaxation function, '111/' for the relaxation of stress under constant 

strain for linear oxide glasses is given by125 

'II = a(t) 
1/ a(O) 

where aCt) is the stress on the material at a given time and 0'(0) is the initial stress 

applied. As stress is related to hardness, Equation 5.2, the relaxation function for a 

constant load indentation test, 'II I, can be expressed as 

'II = H(t) 
I H(O) 

(5.20) 

(5.21) 

where H(t) is the instantaneous hardness and H(O) is the initial hardness. It has been 

found that the relaxation function for linear viscoelastic materials can be well described 

by 125 

(5.22) 

where 1: is the stress relaxation time and b is a constant generally between 1/3 and 112 for 

linear oxide materials. Indentation relaxation functions, calculated from Equation 5.21, 

are shown in Figure 5.27 for the step load procedures at 32.1 and 34.3 dc. The variation 

of indentation relaxation function with time for selenium at 32.1 and 34.3 °C are similar, 

decreasing rapidly at short times and then asymptotically approaching 0 as time increases. 



167 

At all times the relaxation function for 32.1 °C is higher than the relaxation function at 

34.3 DC. For times greater than 100 seconds the difference between the relaxation 

functions decreases, from 0.094 at 100 seconds to 0.0146 at 3000 seconds. 

Equation 5.22 has been fit to the experimental relaxation function for indentation 

times greater than 1 second using 't and b as adjustable parameters. Curve fit parameters 

for each temperature are shown in Table 5.2, and the fitted relaxation functions are shown 

as the dashed lines in Figure 5.27. It can be seen that the fitted relaxation functions are 

100 

Time (sec) 

1000 10000 

Figure 5.27 Indentation relaxation function, calculated from Equation 5.21, versus 
log time for the 32.1 and 34.2 °C step load procedures. The dashed lines are 
fits to Equation 5.22. 

Table 5.2 Curve fit parameters from Equation 5.22 for indentation relaxation 
functions shown in Figure 5 27 and Figure 5 28 

Full data Low hardness data only 

Temperature (OC) 't (sec) b 't (sec) b 

32.1 17.1 ± .22 0.29 ± .0016 10.7 ± .09 0.25 ± .0008 

34.3 6.7 ± .078 0.32 ± .0018 2.6 ± .05 0.25 ± .001 
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similar to the experimental relaxation functions, with the largest deviations at the shortest 

times. 

The relaxation functions shown in Figure 5.27 include the indentation creep data 

obtained when the stress levels were above the threshold stress for Newtonian viscosity. 

From Figure 5.22, it can be seen that deformation can be described by linear viscoelastic 

deformation at hardness levels below approximately 0.1 OPa. This corresponds to a 

displacement of approximately 2000 nm, which is reached at approximately 500 and 150 

seconds, respectively, for the 32.1 and 34.3 DC step load experiments (see Figure 5.1). 

Fitting Equation 5.22 only to the data at times greater than these results in the relaxation 

functions shown in Figure 5.28. Curve fit parameters are given in Table 5.2. The 

variation of fitted relaxation function with time shown in Figure 5.28 closely match the 

experimental data. 

The relaxation times obtained from the curve fits are given in Table 5.2. For the 
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Figure 5.28 Indentation relaxation function, calculated from Equation 5.21, versus 
log time for the 32.1 and 34.2 DC step load procedures for hardness values 
less than 0.1 OPa. The dashed lines are fits to Equation 5.22. 
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relaxation functions fit to the full data, relaxation times of 6.9 and 17.1 seconds were 

obtained for the 34.3 and 32.1 °C data, respectively. The value of b was approximately 

0.3 for both temperatures. The relaxation times obtained from the curve fits for the data 

at hardness values less than 0.1 GPa are 2.6 and 10.7 seconds for the 34.3 and 32.1 °C 

data, respectively. The value of b has decreased from the full fit value and is now 

approximately constant at 0.25. This increase in relaxation time for a decrease in 

temperature is expected. As the temperature decreases the viscosity increases and the rate 

at which relaxation occurs decreases, resulting in an increase in relaxation time. 

However, the structural relaxation time for amorphous selenium at 34.3 and 32.1 °C has 

been determined from tensile creep data to be approximately 480 and 1500 seconds, 

respectively. 141 The relaxation times determined from the indentation relaxation function 

by Equation 5.22 are substantially different. 

A possible explanation for the discrepancy in the relaxation times determined 

from tensile creep and from the indentation relaxation function may be the differences in 

the testing procedures used. The stress on the samples during the tensile creep tests were 

always below the threshold stress for Newtonian viscosity. It has already been 

demonstrated that the indentation creep procedure results in stress levels which arc above 

the threshold stress for Newtonian viscosity at the beginning of the indentation procedure. 

The non-Newtonian viscosity values are lower than the Newtonian values. Relaxation 

times are proportional to viscosity, thus, a decrease in viscosity would result in a decrease 

in relaxation time. 

There is also a difference in the amount of strain present in the samples for the 

different techniques, being approximately 10% during indentation and 1 % during 

mechanical stress relaxation. Analysis of compression creep at large strains 150 indicate 

that the true strain rate of a material undergoing creep decreases, by approximately a 

factor of 2, as the true strain increases from 1 to 15 percent. If these results can be 
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extended to indentation creep experiments of linear viscoelastic materials, the strain rate 

for indentation tests would be lower than those obtained by small strain compression 

tests. 

A mechanical relaxation function for amorphous selenium at 34.3 °C has been 

obtained by Bohmer et al. 143 by monitoring the stress as a function of time in a 

rectangular sample, supported at both ends, which had a small constant deflection 

imposed on the sample midpoint. The amount of stress on the sample was small enough 

that the only linear viscoelastic response was measured. This relaxation function as well 

as the indentation relaxation function for a temperature of 34.3 °C are shown in Figure 

5.29. The shape of the relaxation functions are quite different, with the indentation 

relaxation function showing a more rapid decrease in relaxation function with time, 

especially at times less than 100 seconds. The discrepancy between the two relaxation 
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Figure 5.29 Comparison of relaxation function for amorphous selenium at 34.3 °C from 
indentation and mechanical stress relaxation. The solid line is the indentation 
relaxation function, and the squares are the mechanical stress relaxation function. 
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functions may be due to the differences in initial stress on the samples during testing. 

The indentation relaxation function shown in Figure 5.29 was calculated based on the 

initial hardness obtained just after loading the indenter. As the deformation during this 

initial stage of the indentation procedure is not due solely to linear viscoelastic 

deformation, the hardness values obtained are not those which would have been measured 

if deformation occurred at all times by linear viscoelastic deformation. As the non

Newtonian viscosity is lower than the Newtonian viscosity, the relaxation function would 

decrease more rapidly than if linear viscoelastic properties were measured at all times 

during indentation. 

5.3 Summary 

Indentation creep experiments on amorphous selenium have been used to 

determine the coefficient relating indentation strain rate, defined here as it / h for a 

Berkovich indenter, to the representative strain rate of the material under an indenter. 

The representative strain rate is less than the indentation strain rate by a factor of 0.09. 

The coefficient is predicted to vary with the stress exponent, n, as xl/no 

Using the relationship between indentation and representative strain rate, an 

equation for determining the viscosity as a function of measured hardness and indentation 

strain rate was developed. A more general equation for determining the viscosity as a 

function of indentation load, indenter semi-angle, and depth of penetration as a function 

of time was also developed. This equation predicts that for a Newtonian viscous material 

with a constant load on a conical indenter, the depth of penetration should be proportional 

to t1l2, which was found for indentation times greater than 200 seconds for the 

experiment at 34.3 DC. 
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The constant load indentation creep experiment was shown to be similar to a 

stress relaxation test, with a strain of approximately 10%. The relaxation function of 

amorphous selenium was obtained as the instantaneous hardness divided by the initial 

hardness from the step load procedures. Analysis of the indentation relaxation function 

resulted in relaxation times which were smaller than those obtained from tensile creep 

experiments. The indentation relaxation function was not similar to a mechanical stress 

relaxation function determined for small strains. The discrepancy is due to the non

Newtonian viscous response of amorphous selenium at the start of indentation, which 

results in a rapid decrease in relaxation function at short times. 
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6. SUMMARY AND CONCLUSIONS 

A two stage weighted area model to predict the hardness of soft films on hard 

substrates as a function of film thickness and depth of penetration was developed. The 

model variables were intrinsic film hardness and an interfacial adhesion parameter,~. To 

use the model, the substrate hardness, film thickness, and area function of the indenter 

must be known. The substrate hardness, film hardness and ~ were assumed to be 

constant at all depths of penetration for a given film thickness. The apparent hardness of 

the film was predicted to increase as the depth of penetration increased due to stresses 

induced by the adhesion of the film to the substrate. In the model the apparent film 

hardness was allowed to increase until the hardness of the substrate was reached, then 

held constant at the substrate hardness for further increases in depth of penetration. 

The model was fit to experimental values of hardness versus depth for titanium 

films on sapphire substrates, aluminum films on glass substrates, and published hardness 

versus depth data for aluminum films on silicon substrates. The model described the 

variation of measured hardness with depth of penetration for different film/substrate 

systems and film thicknesses, including depths of penetration greater than the film 

thickness. 

As found for many film/substrate systems, the film hardness determined by the 

model increased as the film thickness decreased. For a given film/substrate system it was 

assumed that the interfacial adhesion parameter would be constant. However, it was 

found that ~ decreased as the film thickness increased. The decrease in ~ was attributed 

to the assumption about the development of the stress field in the film during indentation 

and the interaction of the stress field with the substrate. The model assumed that the 

stresses in the material under the indenter were constant throughout the film thickness, 

and that the stress field was contained only in the material under the indenter. 
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Due to the variation of ~ with film thickness for films on similar substrates, it was 

not possible to determine the interfacial adhesion from the value of ~. However, 

comparisons of the interfacial adhesion for films with the same thickness on similar 

substrates were obtained from the model. The model predicted lower values of ~ for 

film/substrate systems which had a carbon interlayer present, which caused a reduction in 

the interfacial adhesion. 

The model was successful in determining the film hardness for soft films on hard 

substrates from experimental hardness versus depth data. The measured hardness was 

shown to depend on the adhesion between the film and substrate. An improvement on 

the model would be to consider the variation in the size of the elastic/plastic stress field in 

the material under the indenter and the details of the interaction of the stress field with the 

substrate for different film/substrate systems. 

Indentation creep experiments on amorphous selenium were conducted over a 

range of temperatures near the glass transition temperature. For a constant load on the 

indenter, the variation of displacement with time was measured. Analysis of the variation 

of indentation strain rate, defined as h / h, with hardness showed that the majority of the 

deformation at temperatures of 32.1 and 34.3 °C was due to linear viscoelastic behavior. 

for which the strain rate is linearly proportional to the stress on the material. 

Using the relationship between strain rate and stress for a linear viscous material, 

a representative strain rate for the material under the indenter was calculated. The 

coefficient relating indentation strain rate to the representative strain rate was determined 

to be 0.09, or s,ep = 0.09£/. The value of this coefficient will depend on the ratio of 

elastic modulus to yield stress of the material being indented and the shape of the 

indenter. For blunt conical indenters the coefficient was found to vary between 0.09 and 



0.27 as the coefficient relating stress to hardness (which depends on the elastic 

modulus/yield stress ratio) varies from 3 to 1. 
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Constant load indentation creep experiments on a viscoelastic material were 

shown to be useful for obtaining viscoelastic properties of materials. Equations for 

determining viscosity from constant load indentation creep experiments using a conical 

indenter- were developed. Viscosity was determined from hardness and indentation creep 

data, or from the displacement of the indenter as a function of time for a constant load. 

Both of these equations required the use of the indentation creep coefficient, i.e., 0.09 as 

described above, to give the correct Newtonian viscosity of amorphous selenium at 32.1 

and 34.3 DC. 

The constant load indentation creep test was shown to be similar to a stress 

relaxation test. The strain associated with material under a blunt conical indenter is 

constant at approximately 10% at all indentation depths. An indentation relaxation 

function was determined as the hardness at a given time divided by the initial hardness. 

The indentation relaxation function was substantially different than a mechanical stress 

relaxation function determined by a small strain step. Calculation of the indentation 

relaxation function included the hardness at the start of indentation, when deformation 

was non-linear. This would account for some of the discrepancy in the relaxation 

functions. The difference in strain on the sample between the indentation and the 

mechanical stress relaxation and tensile creep experiments may also account for some of 

the differences observed in relaxation function and relaxation time. The mechanical 

stress relaxation function and tensile creep relaxation times were determined for samples 

which had undergone small strains, approximately 1 %, while indentation samples had a 

larger strain of approximately 10%. 



APPENDIX A - RESULTS OF STEP LOAD PROCEDURE 
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Figure A.I Displacement versus time data for the 10 mN step load procedure at the 
temperatures given. 
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Figure A.2 Indentation strain rate versus hardness data for 10 mN step load at the 
temperatures given. 
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Figure A.3 Displacement versus time data for the 20 mN step load procedure at the 
temperatures given. 
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Figure A.4 Indentation strain rate versus hardness data for 20 mN step load at the 
temperatures given. 
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Figure A.S Displacement versus time data for the 100 mN step load procedure at the 
temperatures given. 
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Figure A.6 Indentation strain rate versus hardness data for 100 mN step load at the 
temperatures given. 
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APPENDIX B - RESULTS OF CONSTANT LOADING RATE PROCEDURE 
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Figure B.l Displacement versus time data for a loading time of 100 seconds at the 
temperatures given. 
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Figure B.2 Indentation strain rate versus hardness data for a loading time of 100 seconds 
at the temperatures given. 
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Figure B.3 Displacement versus time data for a loading time of 10 seconds at the 
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Figure B.4 Indentation strain rate versus hardness data for a loading time of 10 seconds 
at the temperatures given. 
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Figure B.5 Displacement versus time data for a loading time of 1 second at the 
temperatures given. 
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Figure B.6 Indentation strain rate versus hardness data for a loading time of 1 second at 
the temperatures given. 



APPENDIX C· RESULTS OF CONSTANT DISPLACEMENT RATE 
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Figure C.l Displacement versus time data for a displacement rate of 1 nm/s at the 
temperatures given. Procedure was a loading procedure only, with no constant load 
portion. 
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Figure C.2 Indentation strain rate versus hardness for a displacement rate of 1 nm/s at the 
temperatures given. Procedure was a loading procedure only, with no constant load 
portion. 
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Figure C.3 Displacement versus time data for a displacement rate of 5 nm/s at the 
temperatures given. 
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Figure C.4 Indentation strain rate versus hardness for a displacement rate of 5 nm/s at the 
temperatures given. 
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Figure C.5 Displacement versus time data for a displacement rate of 10 nmls at the 
temperatures given. 
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Figure C.6 Indentation strain rate versus hardness for a displacement rate of 10 nmls at 
the temperatures given. 
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