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ABSTRACT

DETERMINATION OF PROPERTIES OF VISCOELASTIC MATERIALS BY
NANOINDENTATION.

Arkadz Fatseyeu.

The purpose of this work was to explore the possibility of measuring properties of viscoelastic
materials by nanoindentation. Indentation is not a common method for determining properties of
viscoelastic materials and nanoindentation is a very new, state-of-the art technology. Therefore, this
research is one of very few works in this area.

This study includes nanoindentation experiments on viscoelastic materials, determining bulk
properties of the same materials by conventional rheological techniques, suggesting of physical
models to measure properties of viscoelastic solids and viscoelastic liquids by nanoindentation and
numerical simulations of the nanoindentation process. The experimental part includes nanoindentation
tests of viscoelastic solids and viscoelastic liquids and comparing measured local properties with the
bulk ones. The bulk properties were measured with SAOS and Torsion tests. For this investigation
polybutadiene was selected as an example of a viscoelastic liquid and silicon cross-linked rubber as a
viscoelastic solid. It was found that the local properties of solid polymers vary widely. However, by
averaging data collected from various locations, the bulk properties can be determined accurately for
the viscoelastic solids.

For the physical modeling we validated the Sneddon & Sakai model of indentation of
viscoelastic solids and suggested a model for the indentation of viscoelastic liquids, based on Stoke’s
theory of a potential flow around a sphere. Also nanoindentation of a viscous liquid was simulated
using the FLUENT commercial code. It was found that for the indentation of viscoelastic materials

with dominantly viscous properties, the indentation model developed from Stoke’s theory gives



iv
realistic values for shear forces, but predicts a smaller than actual compression force, acting on the
surface of the indenter.

The comparison of the results of the mentioned above different approaches allowed us to draw
conclusions about the advantages and limitation of the technology and theoretical analysis of
nanoindentation and its application in theometry. It was shown that nanoindentation can be
successfully used for investigation of viscoelastic materials. Because of its unique abilities
nanoindentation will become an irreplaceable tool in such areas as the testing of thin films, study of
materials in a transient states, and biomedical research.

However, there are number of technical and theoretical issues that need to be addressed. We
outlined issues that need to be resolved and suggested direction for further research and development.
Among them are: selection of a proper model to simulate behavior of particular viscoelastic material,
further improvement of indentation control and data acquisition system, manufacturing new indenters

of optimum shape and material.
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1. Introduction

The purpose of this work is to investigate the possibility of determining the material
functions of viscoelastic materials by nanoindentation. Nanoindentation is a modern
state-of-the art testing technique that has been developed from the traditional indentation
techniques in the last decade. By definition, the nanoindentation test assumes the use of
indenters of a very small size. The use of these small sized indenters requires one to
overcome a number of technical difficulties and continued scientific research is
necessary. Because of this, nanoindentation has remained a qualitative method up until
only a few years ago. Therefore, the Hysitron Triboscope, the nanoindentation unit used
in this work, is one of the first experimental units suitable for quantitative measurements.
Until now the area of its application has lied mostly in the area of testing solid materials

with a relatively high modulus.

1.1 Viscoelasticity.

Our research focuses on the application of nanoindentation for the measurement
of properties of both viscoelastic liquids and solids that may have complex properties.
The concept of viscoelasticity can be demonstrated by a simple example. If a sample of a
material is subjected to step shear strain (Figure 1.1), the mechanical response of this

material depends on its properties (Figure 1.2).



Fig. 1.1 Deformation imposed in step shear strain.

Such, a Newtonian fluid will have a short stress spike which relaxes when the
plate stops moving, a simple elastic material will hold a constant stress as long as the
strain is maintained. Viscoelastic liquids hold stress for a more or less long period of
time but eventually relax completely. In the case of viscoelastic solids the stress

reduces to a non-zero value which is held infinitely.

Newtonian fluids

Simple elastic material

Stress

Viscoelastic sollds

Viscoelastic liquids

Fig. 1.2 Behavior of materials under Step strain.



1.2 Objective and Research Methodology.

The goal of our work is to develop methods to measure rheological properties of
viscoelastic materials using nanoindentation. In order to reach this goal we conducted
experimental research using nanoindentation and conventional rheological measurement
techniques, suggested physical models of indentation for viscoelastic liquids and solids
and performed numerical simulation of indentation. Therefore, the research consists of
three related parts: the experimental part, physical modeling, and numerical simulations.
In the following sections we introduce these parts and summarize the organization of this

thesis.

1.2.1 Experimental part.

Tests were conducted on a viscoelastic solid and a viscoelastic liquid. The first
step was to choose appropriate materials for the investigation. Ideal materials should
possess distinct viscoelastic liquid and viscoelastic solid properties under normal
conditions, be amorphous, stable without significant aging or deterioration, and
non-wetting towards the material of the indenter. Based on these requirements, two
materials were selected: polybutadiene, which is a viscoelastic liquid and a cross-
linked silicon rubber, which is a viscoelastic solid. Bulk mechanical properties of

the viscoelastic materials were measured by conventional rheometry techniques and

DMA torsion tests. After that, local properties were investigated by
nanoindentation. Nanoindentation tests included closed loop controlled force and

control rate indentations. This part of the work is described in Chapter 3.



1.2.2 Physical modeling.

The theoretical part is devoted to formulating a physical model of nanoindentation.
Formulation of a physical model is an essential step toward the understanding of the real
physical process. A physical model allows us to predict behavior of the investigated
material under various conditions. In addition, it makes it possible to solve the “reverse
problem” — by proper selection of parameters of the model, one can fit the experimental
data, then for an accurate model these parameters are in accordance with actual physical
properties of the investigated material. In the case of the nanoindentation of viscoelastic
materials, the creation of such a model is especially challenging because the different
physical behavior of viscoelastic solids and viscoelastic liquids require that different
physical phenomena are considered.

In some recent works the model of the indentation of viscoelastic solids it has
applied to and experimentally tested on some materials by Sakai et. al [1-6]. Theoretical
background was formulated by Sneddon[7,10] and Ting[13]. These models consider only
the compression (normal to the surface of the indenter) force, since they were based on
the work of Hertz and Love on the indentation of elastic solids' and do not consider the
possibility of flow of the tested material.

For viscoelastic liquids, various forces acting on the indenter during indentation need
to be considered. These forces include: shear forces, compression forces, surface tension
and buoyancy. The expressions for shear and compression forces as a function of time or

a depth for the constant rate indentation were derived from Stoke’s theory of the

! The solution for indentation of elastic solid materials with a spherical indenter was obtained by
H.R Hertz in 1889 (History of the Theory of Elasticity, 2, 237, Cambridge University Press,
1893) and the solution for indentation with a conical indenter was obtained by A.E.Love in 1939
(Quart. J. Math 10, 161, 1939).



Creeping Flow around a sphere. For viscoelastic liquids such as polybutadiene, we
combine those two approaches and estimate normal forces based on the Sakai’s
expressions and shear forces based on the Stoke’s flow theory. This part of the work is

described in Chapter 4.

1.2.3 Numerical Simulation.

In parallel with experiment, the process of indentation in a Newtonian liquid was
modeled numerically using the commercial software FLUENT, which applies the finite
volume method. Despite the fact that numerical simulation does not offer a simple
equation that describes a physical process, has the potential to be an accurate
representation of a real process. Also it allows us to conduct numerical experiments for
conditions beyond the range of available experiment settings. In our case it can be for
indentation with indenters of special shape and various indentation rates. A significant
benefit of the numerical model is that it shows behavior of the tested material in an
extended region, while the above mentioned physical models focus on the processes in
close proximity to the surface of the indenter.

The first step was the proper problem formulation. At this step the geometry of
problem, meshing and boundary conditions were set up using the commercial mesh
generator Gambit. Next, steady Stoke’s flow around a fully submerged sphere was
modeled. Similarity of the results of this simulation with the analytical solution for ideal
creeping flow validated the problem set up and showed similarity of this flow to the ideal
one. Lastly, dynamic indentation was simulated using two-phase unsteady flow model.

One phase had properties of the tested material and another represented the ambient air.



Since the hardness of the diamond indenter is much higher than the hardness of the tested
material, it was considered to be an impenetrable boundary rather than by introduction of

the third phase. This part of the work is described in the Chapter 5.

1.3 Results and discussions.

In Chapter 6 results of different approaches to the solution are discussed. Suggested
techniques for the determination of material functions by nanoindentation test are
developed and possible modifications to the nanoindentation unit to create a more

suitable configuration for the investigation of viscoelastic materials are proposed.



2. Theory and background.

Nanoindentation is one of the most recent techniques for material testing, the full
potential of which has yet to be realized. Developed from traditional indentation, there
have been two significant advances: small (nanoscale) size of indenters and computer-
based data acquisition and control systems. These developments broaden prospective
applications in addition to providing the possibility of measuring local steady-state and
transient properties.

Although applied mostly in the study of solid materials, the nanoindentation
method has high potential in testing other types of materials including both solid and
liquid polymers with complex viscoelastic properties. In this work we try to develop this
potential. Numerical simulation of nanoindentation, perfection of experimental
techniques and correct interpretation of experimental are still challenging and there is

significant scientific interest in measuring local viscoelastic properties of materials.

2.1 Origin of Traditional Indentation Method.

The idea of testing materials by indentation was first suggested by Hertz in 1881. For
plastic materials he proposed to find hardness from the shape of the indenter, the load and
the area of the imprint. Though not all of his ideas were implemented directly, the
principle of testing solid materials by indenting with a specially shaped indenter, made of
a much harder material, was applied and further developed.

Brinelle suggested in 1900 a method of determining the hardness of solid bodies after



indentation with a spherical indenter, from the load and projected area. In 1909 Meyer
confirmed that it is valid to relate a load to a projected area of the imprint rather than the
whole area of imprint. He also showed that for most symmetric indenters, test results can

be normalized by using only two geometrical coefficients - g and y:

Py?
2.1
i 2.1

o=

where:
G is averaged stress, Pa

h the depth of indentation, m

y is a factor which relates the total penetration depth (%) to the contact depth (4.)

g is a geometrical factor which relates the total penetration depth (4) to projected area of

indentation (A), 4 = gh? (m?), where h. — contact depth of indentation (see Figure 2.1).

e
"

Fig. 2.1 Contact depth of an indentation



Two standard shapes of indenters used in this research — spherical and pyramidal
were suggested by Brinelle and Berkovich in the beginning of the last century. We can
say that by the 1950’s the traditional indentation test techniques were established and
basic indenters were classified by shape and type of material. Standard indenters include
the Brinelle (spherically shaped indenter), the Vickers, the Knoop (four edge symmetric
pyramids), and the Berkovich (trigonal pyramid with an inclined face angle 24.7

degrees).

2.2 Indentation of Viscoelastic Materials.

Radok [9,11] produced another noticeable development in this area between 1947-
1960. He suggested the governing equations for the indentation of solid viscoelastic
materials. In his approach for viscoelastic materials, the relaxation modulus, E(?) is
used instead of Young's modulus E. However, in the case of indentation we deal with
a complex deformation, where material under indenter experiences influence of the
material around it, therefore, one can observe higher effective modulus, which is

related to the material properties through the Poisson ratio (v):

E, = 5 .2)

For incompressible materials v=0.5.
At each moment of indentation, the stress increment d& (t) depends on the history
of deformation by using the relaxation modulus at the time ¢ by using the time ¢' when

the displacement de occurred.



do(f) = El(i—:f)dg(f) @3)

where dz(¢) is an infinitesimal strain. When indentation is conducted with a constant

speed 0,4, the indentation force P(%) can be expressed in terms of time and indentation

speed.

P(f)=Cnv,, j' E@t-)(¢)"dr 2.4)

where C,n are coefficients that depend on geometry of an indenter.
Sakai et. al [1-6] were one of the first researchers who conducted extensive experimental

research and applied this theory in practice.
2.3 Nanoindentation.

The latest significant step in the development of the indentation technique was
made by the introduction of nano-scale indenters, combined with computer-based control
and data acquisition. Nanoindenters ultimately are the smallest indentation probes
available today. Possible benefits of this approach are impressive such as small indenter
driving force, which removes need for a slow and bulky hydraulic press, measuring local
properties or testing small-sized objects, measuring properties of powders, coatings, even

living cells or high speed indentation for investigating materials in the transient state.

10



2.3.1 Advantages of nanoindentation method.

The use of a computer for control and data acquisition allows us to conduct
dynamic indentation tests, in addition to immediate application of complex mathematical
apparatus for the interpretation of obtained experimental data. It brings nanoindentation
to a qualitatively new level. Nanoindentation offers a number of advantages over
traditional rheological measurement techniques: it takes much shorter time compared to
some traditional rheological tests, it can be done on very small samples, and it is not very
sensitive to sample shape. Also it allows us to measure local properties and, therefore,

detect property variations and structural features.

2.3.2 Disadvantages of nanoindentation method.

Such small size of parts and applied forces make the nanoindentation technique
extremely susceptible to various physical phenomena that do not have much impact on
traditional macro-scale indentation. For instance surface forces, electrostatic, magnetic
and Van-der-Vaals interactions, condensation of the atmospheric moisture and surface
contamination of any kind can influence the measurement results. Also nanoindentation
is sensitive to mechanical vibrations including acoustic noises.

Those technical problems were so overwhelming that for almost a decade nanoindentation
was only applicable for qualitative measurements and relative comparison. From the mid
1990°s nanoindentation technology progressed enough for quantitative measurements.

Now nanoindentation tools are manufactured commercially. However, so far reliable

11



results are achieved only for measuring of mechanical properties of solid bodies. Also
when indentation is applied on a polymer, the size of the indent will be comparable with
the size of long-chain polymer molecules, therefore a large difference between local and
bulk properties can be observed. Also, interpretation of the indentation tests imposes a
scientific challenge because of the complex three-dimensional deformation. Only
recently a number of paper has been published on application of nanoindentation and
AFM(Atomic force Microscopy) for measuring of properties of viscoelastic materials.
The most perspective directions in application of nanoindentation are: measuring
properties of viscoelastic materials [21], particularly molt polymers[20],{22],[30],

investigation of thin films [28], and perspectives for applications of method in medical

studies.

2.4 Viscoelastic material function.

By definition, viscoelastic materials exhibit both viscous and elastic properties.
In this class, materials vary from viscous solids, such as cross-linked rubber, which are
more elastic than viscous, to elastic liquids, such as molten polymers and polymer
solutions, which are more viscous than elastic. To understand the viscoelastic
mechanical behavior of these materials requires an extensive set of parameters. Those
parameters are called Material Functions. Primary material functions relate stress

and strain rate responses of a material in specific flows or deformations.
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2.4.1 Harmonic Oscillatory Response.

The SAOS technique theory presented here is a compilation of the following books:
Melt Rheology and its role in plastics processing by J.M.Dealy[41], Engineering
rheology[40] by T.I.Roger, Understanding Rheology by F.Morrison[39].

SAOS (Small Amplitude Oscillatory Shear) is one of the most common testing
procedures which involves subjecting the material to a harmonic shear strain. This
principle lays in the basis of various rheometers and DMA (Dynamic Mechanical

Analyzers) units. Shearing strain is given by a sine function of time:
7(#) = 7, sin(wr) @.5)

where y, is the strain amplitude and @ is the frequency. Also by simple

differentiation, we find the shear rate as function of time:
;.'(t) = y,0cos(wt) = }./0 cos(at) (2.6)
where }./o is the shear rate amplitude.
Then stress is also a sine function of time and has the same frequency as the strain:
o(t) = o, sin(at + 6) @7

where o, is stress amplitude and & - is the phase shift.

If the material is purely elastic, the shear stress will be in-phase with the shear strain

and 6 =0:
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o(t) = o, sin(wt) (2.8)

At the same time, for a purely viscous fluid the stress will be proportional to the strain

rate:

o(t) = o, cos(mt) = o, sin(wt +90°) 2.9)

For viscoelastic materials, the phase shift will be in between 0° and 90°. Therefore, the
ratio between elastic and viscous properties can be characterized by the angle of the
phase shift 5 . Following the same idea, the total stress can be split in two components

-o' and o", where o'=0, cosd represents the elastic component and

o"=0,-sind — the viscous one.

Im &

c"(wt)

—t
>

c’(ot) Re

Fig. 2.2 Loss and storage modulus.

Several important material functions can be defined from the relations between o'
and o". Probably the most commonly used of them are the Storage modulus (G’) and

the Loss modulus (G”). The Storage modulus (G') represents the elastic characteristic
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of the material. It is related to the "in-phase" component ¢"'and indicates the amount

of the elastic energy, stored during deformation which can be recovered.

o' _0y(cosd)
Yo Yo

G'= (2.10)

The Loss modulus (G”), represents the viscous characteristic, and is related to the

dissipated viscous energy.

a_"_ao(sin(S)
Yo Yo

G"= (2.11)
Accordingly, for a viscous material the Storage modulus G’ = 0 and for a purely
elastic solid material the Loss modulus G” = 0. For viscoelastic materials, both G' and

G’ are nonzero.

2.5 Rheological models.

Because of the large variety of rheological materials and the extremely wide range
of properties they exhibit, there is no a general theory that would be able to explain
viscoelastic behavior of all materials. Selected models are applied to particular cases.
One of the traditional approaches is to simulate viscoelastic behavior by employing more
or less complex mechanistic models. Mechanistic models can be formulated by

combining a number of springs and dashpots. One of such models is the Voight model.
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25.1 Voight model.

The Voight mode is based on a Voight element (Figure 2.2), which contains a
spring and a dashpot, connected in parallel. This model can be used to simulate behavior
of viscoelastic solids, that after a deformation under a stress, completely restore their

shape once the stress is removed.

Fig. 2.3 Voight element.

2.5.2 Maxwell model.
One of the most popular mechanistic models applicable for modeling of
viscoelasic liquids is the Maxwell model. The base of the Maxwell is a single Maxwell

element. It consists of one spring and one dashpot, connected in series.

MWW

Fig.2.4 Maxwell element.

This model can be used to simulate the behavior of some viscoelastic liquids. The spring

represents the elastic properties and the dash pot — the viscous ones. It is interesting to see
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the response to a shear step-strain. The model predicts an exponential decrease of the

stress down to zero.

When Maxwell element is subjected to a step-strain, the stress decreases

exponentially:

o(t)=0o,-exp(-t/A) .12)

where (A)is relaxation time, time which takes for a viscoelastic liquid to relax down to

37% (e'l) of it’s initial value ( see Figure 2.4). Or:

o(t)=y,G(®) (2.13)

where the function G(?) is called shear relaxation modulus. For a simple Maxwell

viscoelastic material shear relaxation modulus under step-strain decays exponentially

from it’s maximal initial value G,.
G(t) = G,[exp(-t/ 1)) 2.14)

\ Newtonian fluid
G |

k Elastic solid
G --------

Maxwell material
037G bF-------F%--------

t=0 A

t
Fig. 2.5 Response of a Maxwell element to a step-strain.
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Similarly for a viscoelastic material we also can define the tensile relaxation. The

tensile modulus E(?) and the shear modulus G(t )are related through Poisson’s ratio:
E@)=2(1+v)G(@) 2.15)

For a Newtonian fluid £=0, for an elastic solid E=constant. For Maxwell

materials, whose behavior can be modeled by a single Maxwell element, modulus E(?)

is:

E()=E, exp[— %) 2.16)

€

for viscoelastic liquids, and

E@t)=E, exp(— %) +E, (2.17)

for viscoelastic solids. The practical application of those relations for the modeling in

investigation of viscoelastic materials will be considered in more detail in Chapter 4.
25.3 Generalized Maxwell Model.

One of the most useful models for viscoelastic fluids is the generalized Maxwell
model. This model can be made to fit data for many real fluids if a suitable distribution of
relaxation times is used. The generalized Maxwell model is a parallel arrangement of

many Maxwell elements, each with a different spring and dash pot.
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Fig. 2.6 Generalized Maxwell model.

The, response of most materials to step-strain can be described by the generalized
Maxwell models with a large enough number of elements. It implies that instead of a
single relaxation time, viscoelastic materials have a whole series or distribution of
relaxation times. For the generalized Maxwell model, which consists of (V) Maxwell

elements, the relaxation modulus is:

G(t) = i G,[exp(—t/ 2)] (2.18)

i=1

In mathematical modeling of material behavior sometimes it is beneficial to use
the idea of a generalized Maxwell model with infinite number of elements, which creates
continuous relaxation spectrum. Then relaxation modulus can be defined by a

function F(1). In this case, instead of a single relaxation time we have a continuous

distribution of relaxation times, called relaxation spectrum.
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G(t) = wj F(A)[exp(-t/ )laA 2.19)

Since in rheology normally all data are plotted in log-log scale, instead of F(1) the

spectrum function H(A) (see Figure 2.6) such that Hd(In 1) = F(A)dA is used.

*
H(\)

A
Fig. 2.7 Sketch of a typical spectrum function.

By using the spectrum function we can express the relaxation modulus as:

G(t) = °°j H(A)exp(-t/ A)(n 1) (2.20)

The relaxation spectrum function can be found from experimental data. From known

relaxation spectrum many material functions of a viscoelastic material can be predicted.

2.6 Creep Compliance.

Creep compliance shows the response of a tested material to an instantaneous step

stress with magnitude o, at time ¢,.
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Fig 2.8 Creep test.

In this case, deformation (strain) of the material is a unique function of time (figure 2.7).
=0, J@) @21)

where the function J{(?) is called the Creep compliance. Or, by rearranging Equation 2.19

the Creep compliance is:

J(t) = 40 (2:22)
Oy
The creep compliance is one of the important material functions, necessary to
define the behavior of complex viscoelastic materials adequately.

We can summarize that for determining the properties of viscoelastic materials, the
most significant characteristics is the time function of response to imposed stresses or

strains. Suitable tests can be: oscillatory response, creep stress relaxation, among others.
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Chapter 3

Experimental research.

The objective of the experimental part of this research is to measure the mechanical
properties of the viscoelastic materials by nanoindentaion and to compare them with the
properties measured by traditional methods. Also the difference between local properties and
bulk properties are of particular interest. Viscoelastic liquids are represented by a

polybutadiene and viscoelastic solids by a cross-linked silicon rubber.

3.1 Bulk Rheometry.

Bulk rheometry is the measurement of mechanical properties of material on a large
scale. In this work the bulk rheometry was done with a MCR-500 rotational rheometer.
The MCR-500 rotational rheometer, manufactured by Physica Co. of Anton Paar is a
reliable instrument for basic rheological measurements. With liquid samples the

instrument is used in parallel plate configuration (Figure 3.1).

] ™

Upper plate

Tested material

Lower plate

Fig. 3.1 Principle of rotational rheometer.
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The rheometer is equipped with an STD-600 Thermo Chamber. The Thermo
Chamber is designed to control the test temperatures up to +600°C and to protect the
tested sample from harmful environmental conditions [76]. With the MCR-500 rotational
rheometer, oscillatory, steady shear, creep and stress relaxation tests can be performed.

The aforementioned tests and rheometer configuration have been developed for
viscoelastic liquids, such as molten polymers. It is not possible to characterize a solid
material in the plate-plate configuration because of the slip and normal stress effects.
Instead the MCR-500 rotational rheometer was adapted to perform torsion (Figure 3.2)
tests on solid samples by installing specially designed clamps. Maximum dimensions for
samples are: Length: 120mm Width: 15mm Thickness: 4mm. In this work we used the

following sample dimensions: 30x11x4 mm

Fig. 3.2 Torsion test.
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3.2 Nanoindentation.

3.2.1 Instrument.

Nanoindentation is one of the most recently developed testing techniques. Up until
only a few years ago it remained as a qualitative technique. The Hysitron Triboscope is one
of the first nanoindentation test units on the market designed for quantitative
measurements. The most important parameters are of the indentation force and the
measurement of displacement.

Instead of the bulky hydraulic press, typical for conventional indentations,
nanoindentation units use other technological means to create the indentation force. Over
the last decade various approaches were suggested. Different nanoindentation units have
employed mechanical, piezoelectric, electromagnetic and electrostatic forces to produce
an indentation load. The electrostatic principle, which was found to be the most

promising, is used in the Hysitron Triboscope (Figure 3.3).

Fig. 3.3 Nanoindentation unit - Hysitron Triboscope , mounted on Multimode
AFM platform (model MMAFM-2)

24



3.2.2 Transducer.

The indentation force builds up in the electrostatic transducer, which is a three plate
electrical capacitor [64], [77]. Two outer plates are fixed and the middle one is suspended
by flexible membrane. The indenter fixture is attached to the center of the moving plate.
This configuration forms two capacitors — one between the top plate and the middle plate

and another between the middle plate and the lower plate.

Fig. 3.4 Electrostatic Transducer.

When the voltage (V) is applied between the lower and the center plates, the center
plate is moved down by the electrostatic attraction force and this motion is transferred to
the indenter. At the same time, the control system measures the capacitance between the
top and the center plates, giving the displacement of the center plate.

The capacitance of a parallel plate capacitor, is proportional to the area of these
plates and inversely proportional to the distance between them: C « 4/d. In our case the
area of the transducer plates is constant, only the distance between top and center plates
increases proportionally to the depth of indentation. Therefore, the depth of the
indentation is inversely proportional to the measured capacitance: # « 1/C. This

principle allows simultaneous control of the indentation force and measurement of the
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displacement. This design offers easy control, accurate displacement measurement, and

acceptable time drift and temperature dependency.

3.2.3 Operation modes.
In order to understand how the transducer functions, we consider a force balance.
The indentation load which is applied to the sample is the resulting force of the

electrostatic force and the spring force of the elastic membrane.

ITINDENTATTON =F, ELECTROSTATIC ~— F, SPRING (31)

The electrostatic force is proportional to the voltage (¥), applied to the transducer and the

spring force is proportional to the vertical displacement (X)) by Hooke’s law:

Fupevmanon =K 1V -K X (3.2)

As shown in the above equations, the flexible membrane deforms during
indentations, creating the spring force directed against the driving electrostatic force. If
the instrument is operated in the open loop mode, after proper calibration, the elastic
force can be accounted for, but not compensated. Hence, for soft materials, when even a
small load can result in a deep indentation, the influence of the resisting spring force
makes it practically impossible to set up the desired load curve. Therefore, the open loop

mode is suitable only for relatively hard materials, where displacement (X) is very small.
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The instrument can also be operated in closed loop mode offering more control
over the indentation process. In the closed loop mode a feedback controller compensates
for the spring force. In this mode special types of indentation tests are available:

- controlled force indentation: force is set as a function of time and the
spring force is compensated.
- controlled displacement: depth of the indentation is set as a function of

time.

3.3 Contact force microscopy (CFM).

One of the advanced features of the Hysitron Triboscope is the scanning mode. In
the scanning mode the force applied on the indenter is kept to a minimum (Contact force)
such that the indenter does not penetrate the sample body, but instead slides on the
sample surface. The sample can be moved in the X-Y directions with the piezoelectric
scanner of the atomic force microscope (AFM). By using the AFM software the 3D
topography of the sample surface can be recovered. This feature is used to check the

surface quality and to choose a proper location for indentation. This also allows one to

scan the surface and image existing indents in great detail.

' - »
——

Fig. 3.5 Contact Force Microscope mode.
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3.4 Container for viscoelastic liquids.

At room temperature polybutadiene is in the liquid state, therefore it is placed in a
specially designed container. The container is made of magnetic iron and is held on the

scanner by magnetic force. A schematics of the container is shown below.

|
I—L——i-—'—l Table 3-1 Container specs.

i
Diameter 8§ mm

Height 2 mm

“\ Depth of machining 1 mm
i Wall thickness 1 mm

Fig. 3.6 Container for liquid materials.

3.5 Indenters.

Various indenters, including most of the standard ones: Brinelle, Berkovich, Vickers
and Knoop are manufactured by Hysitron Inc. in micro- and nanoscopical sizes. Usually
indenters are manufactured from the hardest materials. The traditional material for
indenters is polished diamond.

Three indenters were used in this research:

(1) Conical indenter & =90 degrees, tip radius R= 426 nm.

(2) Conical indenter & =90 degrees, tip radius R=8 pm.

(3) Pyramidal Berkovich indenter f =22.4 degrees, tip radius R= 20 nm.

See Figure 3.7 for indenter geometries.
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Conical indenter Pyramidal indenter

Fig. 3.7 Indenter geometries.

3.5.1 Determination of the shape of an indenter.

In traditional indentation the main measured parameter is the size of the
indentation imprint, made with a known indentation force. For nanoindentation to
measure the exact size of the imprint would be extremely difficult even on a plastic
material and impossible on a viscoelastic one. Instead, the two experimental parameters

are the current indentation force and the current depth of the indentation. In order to

29



determine the shape of an imprint from the depth of an indent, one needs to know
precisely the shape of the indenter. In addition, to manufacture a nanotip of a perfect
geometrical shape, like a cone or a sphere, is a difficult technical task by itself. Because
of that, the shape of each tip needs to be determined individually.

Opportunely, Meyer’s similarity principle appears to be also applicable to
nanoindentation. According to this principle, the indentation load should be related to the
projected area of the indent A (Figure 3.8). Thus, it is necessary only to establish the

cross-section area as a function of depth.

Fig. 3.8 Projected area of an indenter.

In this research we used a 90° degrees conical indenter, dulled by a sphere. The
image of it, taken with scanning electron microscope, is shown in Figure 3.9. Since it is
technically impossible to manufacture an indenter of a perfect conical shape, all such

indenters are dulled with a sphere.
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Fig. 3.9 Conical tip, dulled by sphere.

In order to establish the radius of this sphere, we conducted indentations on fused
quartz. For a small depth of indentation, within the elastic region, the radius of a spherical

indenter can be determined from the following equation [1, 2]:

9 (PY (1-v)?
R (5) 33)

where:

R —radius of the indenter in m

P —indentation force in N

E —modulus in Pa

v — Poisson ratio

h - depth of indentation in m
Fused quartz is a standard material, suggested by the manufacturer of the

Triboscope. However, it is a very hard material with a modulus of 72 GPa, which is

comparable with the modulus of the transducer, E=1140 GPa. In this case one should use
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the reduced modulus, which includes the modulus and the Poisson ratio of both sample

and transducer [77]:
E- L (3.4)
1-v; N 1-v,
E, E,

where:

E, — modulus of the transducer
E ,— modulus of the fused quartz
v, — Poisson ratio of the transducer
v, - Poisson ratio of the fused quartz
The load curve used in this experiment is shown below.

a

Load

Prnax

v

Load Unload Time

Fig. 3.10 Triangle Load-Time curve.

The results of the experiment are shown as depth of indentation as a function of the

indentation load in Figure 3.11
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Fig. 3.11 depth of indentation vs. indentation load.

By applying the formula for elastic indentation with a sphere (Equation 3.3) we

calculate the radius of curvature of the tip as a function of the indentation depth (Figure

3.12).
5000 |
Flat region
E 40001 <":
£
£ 3000
]
:_‘.. Spherical region
S 2000 1
3
2
€ 1000 -
0 r ; v - ; —
0 5 10 15 20 25 30

Depth (nm)

Fig. 3.12 Estimated radius of curvature for a spherical tip.

One can see that in the beginning we estimate a very large radius of sphere, later

the curve is practically horizontal. This indicates that this tip has a flattened region
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4.8 nm wide, which becomes a fairly good shaped sphere with a radius of 426 nm.

Finally the sphere turns into a 90° cone. This geometry is shown below.

Conical body

; ._._...‘_._._.._._.::._._.._._.._. - —

Spherical part

Flattened end
Fig. 3.13 Indenter geometry (not to scate).

3.6 Investigation of polybutadiene: Viscoelastic liquid.

For a viscoelastic liquid in our research we used linear (without cross-linking)
polybutadiene [69-74]. Two main reasons for choosing of this material were: firstly, it is
hydrophobic toward the material of the indenter, secondly because polybutadiene is a

widely used and therefore well-studied material.

3.6.1 Polybutadiene chemical structure.
First we consider the chemical structure and properties of the polybutadiene. In
our research we used a polybutadiene synthesized by the Firestone (Bridgestone)

company. Without any significant cross-linking, polybutadiene possesses distinct
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viscoelastic liquid qualities. The general chemical formula, is (C4Hg),; however, a long
polymer chain molecule may consist of different monomers that have the same
chemical components but different element arrangements. For polybutadiene each
isomer contains four atoms of the carbon including one unsaturated double carbon-
carbon bond and five or six atoms of hydrogen. Chemical structure analysis made by
the manufacturer shows that this particular sample of polybutadiene contains three
kinds of polybutadiene isomers: vinyl [1, 2], trans[1, 4] and cis[1, 4], their contents

given in the Table 3.2:

Table 3.2 Microstructure of Polybutadiene.

Component Content, %
vinyl [1, 2] 8.8
trans [1, 4] 53.3
cis [1, 4] 37.7

Graphical representation of structure of each of these isomers is given in Figure 3.14,

taken from [43].
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Fig. 3.14 Isomers of polybutadiene.

3.6.2 Physical properties of Polybutadiene.
In this research we investigated the correspondence between the bulk and the local
properties of the polybutadiene. Bulk properties were measured using common

rheological techniques and local properties were determined by nanoindentation.

3.6.3 Bulk Rheological properties of the Polybutadiene.

The investigated polybutadiene was synthesized at Firestone /Bridgestone Co.
(Bridgestone/Firestone Research internal sample I.D.# 2622-114). The dynamic
properties were measured with a rotational parallel plate rheometer using the SAOS
method (Data.received from researcher C.G. Robertson at Firestone). For eanple, the

complex viscosity as a function of w is shown in Figure 3.15.
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Fig.3.15 Bulk Complex viscosity, T=25°C.

Figure 3.15 shows the complex viscosity of the polybutadiene as a function of
frequency. We can see that the curve reaches a horizontal plateau at low frequencies
(@ <10 ) where the viscosity remains constant. This viscosity of approximately constant
value at small share rates is called the zero shear viscosity.

One popular and practical model to simulate the mechanical response of molten
polymers is the generalized Maxwell model (GMM) as explained in the section 2.5.
Usually in order to model behavior of polymers adequately, the GMM should consist of
several Maxwell elements, connected in parallel. However, observation shows that it
takes less Maxwell elements to model monodispersed polymers — i.e. polymers with
molecular chains of the similar length and structure. The relaxation spectrum which was
calculated from the experimental dynamic properties using the numerical procedure of

Honerkamp & Weese [42] is shown in Figure 3.16
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Fig.3.16 Relaxation spectrum of the Polybutadiene.

Analysis of the relaxation spectrum of the Polybutadiene shows that the polymer
is rather monodisperse and can be accurately approximated with a single Maxwell
element with the following characteristics:

Zero shear viscosity: 37000 Pa-S.
Relaxation time: 0.06 Sec.
These parameters will be used later in the physical model of the nanoindentation in

Chapter 4.

3.6.4 Nanoindentation of the Polybutadiene with a spherical indenter.
When the basic bulk rheological properties are established for the polybutadiene,

the next step is to conduct nanoindentation tests on the same material and under similar
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conditions to find the correlation between the bulk properties and the results of
nanoindentation tests that were done with the Hysitron Triboscope.
The first set of experiments were indentations of polybutadiene with a 90 degree

diamond conical indenter having a spherical tip with an 8um radius.

Fig.3.17 Cone-shaped indenter with Spherical tip.

The indentation was done in the closed loop mode with the constant indentation rate
of 4.5 um/s. Results of this test is shown in Figure 3.18. This experiment was conducted
at the Hysitron Inc. experimental site by L. Ionescu, because our laboratory does not have

an 8 um indenter.
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Fig. 3.18 Spherical Indenter, R=8 mm Indentation rate — 4.5 um/s.

We need to note that the Hysitron Triboscope was originally designed for the
testing of solids. The difficulty in applying it to the study of such soft materials such as
polybutadiene is that the applied indentation force is very close to the noise level. From
the graph in Figure 3.18 one can see that in the beginning of the experiment, when the
signal level is low, it is effectively masked by the noise. When this type of indenter is

applied on solid materials the indentation loads are expected to be of the order of 10° wn.

For the polybutadiene, however, the maximum load was of the order of 10? 4N. The noise

level for the well-controlled, closed-loop mode is about 20-30 LtN. Therefore in these

experiments on the nanoindentation of polybutadiene the signal to noise ratio is quite
low, on the order of 5.

From Figure 3.18 one can also see that the load-time curve is almost a straight line
with a slight curvature at small indentation depths. It tells us that for an indentation with a
constant rate, the indentation force increases almost linearly. This is an argument in the

favor of the use of Stoke’s approach for the physical modeling of the indentation process
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described in Chapter 4. The summation of the shear and compression forces found from
Stokes equations also suggests a linear increase of total force for an indentation with a

spherical indenter.

3.6.5 Nanoindentation of Polybutadiene with conical indenter.

Indentations were also conducted on the polybutadiene with another conical
indenter with different indentation rates. This cone has an opening angle of 90° and a
spherical tip with a radius of 426 nm. Therefore, the depth of the spherical part of the
indenter is 124.7 nanometers. The final depth of the indentation for all tests is about 4500
nanometers. Since the spherical tip of the indenter is much smaller than the indentation
depth, in our case its shape can be considered to be close to a perfect cone. Experiments
were done with constant indentation rates (4.5um/s, 2um /s, 1um/s and 0.5um /s). Four
repeats at different locations were performed at each rate. The repeatability of the
indentations with higher indentation rates is significantly better than that with low rates.
The least repeatable results are observed for speeds of indentation below 1um /s (see
Figure 3.19). A lower rate of indentation into a viscoelastic liquid requires less
indentation force, which worsens the signal/noise ratio. Also it takes a longer time to
reach the same penetration depth, therefore, increasing the effects of the time and/or

temperature drift of the data acquisition system.
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Fig. 3.19 Force vs. time curves for indentation rates 4.5, 2, 1, 0.5 um /s. Polybutadiene.
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In Figure 3.19 the average responses at each rate are compared.

~a—\/ =500 nm's

0 1 2 3 4 5 6 7 8 9
Time (s)
Fig. 3.20 Average force responses of polybutadiene for various indentation rates 4.5, 2,

1, 0.5 um/s. Error bars represent standard deviations.

We can observe the typical pattern of the load-time curve for a constant rate
. . - . . . dF . ..
indentation by studying Figure 3.20. First the indentation force growth rate, a is high

and eventually reaches constant value which corresponds to a linear relationship between
the force and time. This behavior results from the fact that the polybutadiene is a
viscoelastic material. In the beginning, the material response is viscoelastic causing a
nonlinear F(¢). When the period of indentation becomes much larger than the relaxation
time of the viscoelastic material, the indentation becomes practically viscous and the

indentation force grows linearly.
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We can try to verify how close the indentation process is a steady-state process by
superposing the time-depth curves based on the idea of a steady-state conical body
moving in a fluid. Then, the drag force would be proportional to the projected area of the

axisymmetric body and the speed squared.

PV’

F,=Cp4 (3.5)

where:
F,, —Drag force (N)
A —Projected area (m?)
V' —Velocity (m/s)
p - Density (kg/m?)

C,, — Drag coefficient

In the case of indentation with a conical indenter we can write the following:

P=CAV,’ (3.6)

¢’ ind
where:

P - Indentation force (N)

A, - Contact area (m?)

(4

V.a - Indentation rate (m/s)

C - Superposing coefficient
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If the process is steady-state, the superposing coefficient C should be constant. In
Figure 3.21 we superpose the time-load curves for the indentations 1.0, 2.0 and 4.5 um /s

on the 0.54m /s curve, which was chosen as a master curve.
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C AV} & Wy ¢ 0.5 ym/s

1.0E+12 1 ‘ = 1.0 s
A 20 pm/s
X 4.5 um/s

1.0E+11 +

1.0E+10 -

1.0E+09 T T

0.01 0.1 1 1C

Time (s)
Fig. 3.21 Superposed load-time data for various indentation rates.
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Fig.3.22 Superposing coefficient vs. Indentation rate.
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The fact that the coefficient C is not constant (Figure 3.22), but increases by
power law when the indentation rate grows, C « ¥*2, indicates that indentations occurred
under non-steady state conditions.

In general, the indentation force for constant indentation rate depends on the
indentation depth and the indenter geometry. Results of indentation of polybutadiene with

the same speed 4.5 pm/s with various indenters are shown in Figure 3.23

300
] —a— 50 pm sphere
250+ —e— Berkovich
1 —a— 8 um sphere
200 —v— 90° cone
E 150
3 |
= 100-
2
504
04

0 1000 2000 3000 4000 5000
Depth (nm)

Fig. 3.23 Indentation of polybutadiene.

We have the smallest force of the indentation for the conical indenter, since it has
the most “sharp” shape of all tested indenters, i.e. the smallest projected area at small
indentation depth. The largest force is observed for the 50um spherical indenter and the
Berkovich indenter.

Normalization of the force by dividing it by the contact area shows that for the

indentation of polybutadiene this norm asymptotically approaches a constant value,
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however the approach rate and the values vary for different types of indenters (see Figure

3.29).
5x10°
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Fig. 3.24 Normalized force for indentation of polybutadiene.
In this normalization we only considered the projected area, disregarding the
shape of the indenter. By an observation we can see a close similarity between “dull”

indenters like the S0um sphere and the Berkovich and “sharp” ones — the 8um sphere

and the 90° cone.

3.7. Investigation of cross-linked silicone rubber.

The next step of our research concerns the investigation of a viscoelastic solid by

traditional rheological methods and by nanoindentation. For a viscoelastic solid we
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choose a cross-linked silicon rubber [66-68]. The general chemical formula for silicon

rubbers is shown in Figure 3.25.

R1

|
'( 'Si'o')n'
|

R2

Fig. 3.25 General chemical structure of a silicon Rubber.

At least one of the hydrocarbon groups, R or R2, contains an unsaturated double carbon-
carbon bound (-C=C -) which allows cross-linking in the presence of curing agent and at

elevated temperatures.

3.7.1 Sample preparation.

The silicon cross-linked rubber was molded in-house from its chemical
components. It was made by mixing Silastic J RTV Part 21023-Base silicon rubber base
with Silastic J Rtv Part 21024 curing agent supplied by the Dow Chemical company.
These components were mixed by hand with the curing agent in a proportion of 10 parts
of curing agent per 100 parts of rubber base, as specified by the manufacturer. Cross-
linking was done in two steps. Primary curing was done in a vacuum oven for 12 hours at
a temperature of 60°C and under a vacuum of 28 inch Hg. The vacuum was applied to
remove all gaseous components at early stages of curing to reduce porosity and voids

within the sample. The second stage of curing was 4 hours at a temperature of 120°C at
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normal atmospheric pressure in air to ensure complete cross-linking and chemical
stability of the sample at higher temperatures.

The mold was constructed to produce 3 samples of dimensions 45 x 10.75 x 10
mm in one load. From these cross-linked bars samples of rectangular shape 40 x 10.75 x

4.1 mm were cut for rheological tests.

3.7.2 Torsion tests on the cross-linked silicon rubber.

Torsion dynamic mechanical analysis tests were done on a rectangular bar of the
cross-linked rubber of dimensions 30 x 10.75 x 4.1 mm. These tests were conducted with
an MCR-500 rheometer. The rheometer was adapted for the work with solid samples by

installing the special torsion test clamps.

Fig 3.26 Torsion clamp.
Just like common rotational rheometry discussed previously, the torsion test used is
based on the SAOS technique. Such tests let us measure the amount of mechanical

energy that is stored and recovered in each cycle, and the energy that is lost due to
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thermal dissipation. Thus, it allows us to measure basic rheological parameters such as
loss and storage modulus.

For the first step we performed a standard strain sweep test to find the linear
viscoelastic region. The linear viscoelastic region corresponds to a small enough
magnitude of strain or strain rate when the stress from successive deformations is
additive. Within the linear regime both the loss and the storage modulus are independent
of strain, but do vary with frequency. Figure 3.27 shows results of strain sweep

measurement for a frequency of =10 Hz for the cross- linked silicon rubber.
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Fig. 3.27 Stain sweep torsion test at frequency w=10 Hz.
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It was determined that the strain limit for the linear regime is y = 0.2% at 10 Hz. In
strain sweep tests, the narrowest linear region is for the highest frequency. Therefore the
use of a strain magnitude of 0.2% ensures working within the linear region for all lower
frequencies. When the linear region was established the next basic test was the frequency

sweep, which was performed at several temperatures. One example is shown in Figure

3.28.
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)
5 0= 0——0—0—0—0—0—0—0—0—0—0—0—0—0——0—¢
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O
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Frequency (s™)

Fig. 3.28 Results of the frequency sweep at 25°C, cross-linked silicone rubber.

3.7.3 Temperature effect on material functions.

In rheology, material functions like the loss modulus, the storage modulus, the
viscosity and others are measured as functions of frequency in the SAOS method.
Generally, all material functions also depend on the temperature. If data, obtained for a
tested material at different temperatures, can be superposed onto one master curve, the

material is called thermorheologically simple.
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The material function measured at the temperature (7) can be shifted to the same

material function measured at the reference temperature (7p) through a time scale shift
factor (a;) and a modulus shift factor (br). Graphically, on a log-log scale, (a,) causes a
linear horizontal shift of G’ and G” curves and (br) — a vertical one.

Though the shift factor a,(7") can not always be predicted theoretically for an
unknown material, it can easily be found experimentally. Empirically the time scale shift

factor a,(T') often follows the Arrenius equation:

Ef1_1
a,(T) = expl:T(T T J] 3.7

where: E, - activation energy (J/mol)

R — universal gas constant (J/(mol °K))
T -~ temperature (°K)

Ty~ reference temperature (°K)

For thermorheologically simple materials, increasing the temperature has the same
effect on the linear viscoelastic properties as decreasing the frequency. This is the idea of
time-temperature superposition.

In order to establish if our material falls into the definition of thermorheologically
simple materials, we conducted a series of frequency sweep torsion DMA tests on the
cross-linked silicon rubber at different temperatures. The frequency sweep tests were

conducted using a strain magnitude of y = 0.2% . The range for the frequency sweep was

»=0.01 to 10 Hz. These tests were performed at 25°C, 50°C, 75°C and 100°C to find

the effect of the temperature on the viscoelastic properties. Next a master curve at 25°C
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was built by finding a, and br that best superposed G’ and G” data. The master curve for

the storage and loss modulus is shown in Figure 3.29.
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Fig. 3.29 Master curves for loss modulus and storage modulus at T=25°C.

Often the modulus shift factor by is of the order of 1, then the only superposing shift

factor would be the time scale shift factor (g, ). In our case the modulus shift factor (br)

changes slightly with temperature (Figure 3.30):
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Fig. 3.30 Modulus shift factor (br).

The time scale shift factor for the tested cross-linked rubber follows the Arrenius

equation 3.7 with an activation energy £,/R =13007 K.

10000

1000 -

ar
100

10 -

1 . " .
-0.0008 -0.0006 -0.0004 -0.0002 0

1IT-1ITy (1/ °K)
Fig. 3.31 Time scale shift factor(ar).
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3.7.4 Nanoindentation of the silicon rubber.

Nanoindentation was done with a 90 degrees conical indenter dulled with a small
spherical tip of radius 426 nm. The maximum depth of the indentations was between 2
and 4.5um. The spherical tip size is small compared with the indentation depth, and

therefore it can be considered to be close to a perfect cone.

3.7.5 Step-stress Creep test.

A creep test is an indentation in the closed loop mode with constant force over
some period of time. In the beginning of the indentation the force rapidly increases until
it reaches the preset value and remains constant for a prescribed period. This is shown in

Figure 3.32.

r 3
force

rise time hold period unload time

Fig.3.32 Load-time curve for the creep test.

In these creep experiments at the beginning, the step in stress is simulated by a
rapid increase of the indentation force to the preset magnitude over a short period of time
(within about 0.1 sec), which is limited by the electrostatic transducer. We consider that

our step begins at % of the rise time. The hold period length was set to 50 sec. It is an
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optimal time because it is significantly larger than the relaxation time of our viscoelastic
solid. On the other hand it is not exceedingly long, so the drift of the instrument signal
does not cause excessive data distortion.

When the tested material is viscoelastic, after the preset load is reached, the indenter
continues to creep into the sample. This creeping displacement curve can give us
information about the material properties.

A series of indentations with target forces of 30, 50, 80, 100 uN was performed. Each
indentation was made at a different location and repeated a number of times. Results
showed a significant (up to 30%) deviation in the obtained data (see Fig.3.33). Here both

variations in local properties and experimental drift contribute to this phenomenon.
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Fig. 3.33 Series of creep tests at a force of 100uN.

To estimate the contribution of those two factors we conducted several repeated
indentation tests at the same location. Results this test are shown in Fig. 3.34. Seven

indentations were made in the same location with time interval between indentations of
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approximately 10 seconds to allow the material to relax and accept its original form.
These tests showed only a small variation due to the time/temperature drift of the
instrument. Therefore, we can conclude that the variation in local properties is the

primary source of the variation in our data in figure 3.33.
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Fig. 3.34 Depth-time curves for repeated indentations.

The analytical solution for the indentation of linear viscoelastic solids with a conical

indenter [2,5] gives a general expression for the depth of an indentation as a function of

the load.
1’ dP
w)f =— D@ -1)=—dr' 3.8
[n(0)] Coj( Y (3.8)
where:
t -time

t” - integration variable
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D(t) - creep compliance
h(t) - depth of indentation

C - geometrical factor, which is determined by the cone angle

_ cot(,B)

z(1-v?) (39)

B — angle between the side of the cone and the horizontal line (Figure 3.35)

v —Poisson ratio

1
Fig 3.35 Cone geometry.

For a particular case, when an indentation is performed under a constant load

(Po=constant), the creep compliance as a function of time is given by Equation 3.10

¥’ (3.10)

D@)=C

0
V' — indentation velocity

Py —indentation force
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By using this equation we can estimate the creep compliance from our experimental

data. Figure 3.36 shows average creep compliance curves for indentations with step-

stresses of range 50-150 pN.
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Fig. 3.36 Creep compliance for different step-stress values.

To determine the value of local modulus we can utilize the relationship between limiting
values of the creep compliance D(f — ) and the storage modulus G'(w — 0) . In other

words, after a long period of time, the creep compliance D(t) becomes inversely

proportional to the storage modulus at zero frequency.

lim D(¢) = lim
[y @0 3G'(a))

(3.11)
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From the torsion experimental results (See the master curve for the storage modulus
Figure 3.36) we estimate that the /im D(w) should be 1.927E-7 (1/Pa). We should note
that Equation 3.10 is applicable only for a linear viscoelastic indentation. Outside the
linear region Equation 3.12 gives only approximate results.

The experiments indicate that creep compliance is a function of both time and
indentation force. For a step-load indentation the limiting creep compliance D(t—o) is a
function of the indentation force. It reaches a maximum value of about 65% of the bulk

value and reduces at larger force.
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Fig. 3.37 Creep compliance for different indentation force.

This phenomena may be explained by the reaching the limits of the linear

viscoelastic regime and/or damaging local network by the indentation.
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We should note that Equation 3.10 is applicable only for a linear viscoelastic
indentation. In case of a nanoindentation one should conduct indentations with a small
depth in order to be in the linear region. Outside the linear region Equation 3.12 gives

only approximate results.
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CHAPTER 4

Physical models for nanoindentation of viscoelastic materials.

The purpose of the physical modeling is to determine the main physical
phenomena involved in the nanoindentation of viscoelasic materials. In the ideal
situation, one can suggest a simple set of governing equations. If governing equations
realistically explains the results of experiment, it means that the physical theory, they are
based on, is applicable to the nanoindentation process.

Traditional indentation was primarily used for testing of solid bodies. Analytical
solutions for the indentation of an elastic solid were obtained by Hertz and Love. Later
their approach was expanded to the indentation of viscoelastic materials by Sneddon,
Ting and others [9-21] and lately experimentally tested by Sakai [1-6]. These models
consider only the compression force and are, therefore, applicable mostly to the
viscoelastic solids. However, up to now not much work has been gone in the
investigation of the indentation of the viscoelastic liquids. For viscoelastic liquids a
number of forces need to be accounted. These forces include: shear forces, compression
forces, surface tension and buoyancy. The expressions for these forces can be obtained by

applying the concepts of fluid mechanics, as is done in this chapter.

4.1 Stoke’s theory of creeping flow.

The indentation of viscoelastic liquids can be considered as a viscous flow of a

liquid around the indenter. Nanoindentation is usually performed only on samples with

62



high viscosity -typically on the order of 10° Pa's or more. Also, because of the tiny
characteristic size of the indenters (within a few micrometers) and relatively slow

indentation rate (dozens of micrometers per second) the Reynolds number for such a flow

is very small (on the order of 107 or less).

Re = — where (4.1)

V — flow velocity
d - Characteristic size

v - kinematic viscosity.

A small Reynolds number indicates that viscous forces dominate over the forces of
inertia. Therefore, a logical choice for the basis of a physical model is Stoke’s theory of
creeping flow: slow laminar non-rotational flow of an incompressible, Newtonian fluid
around a solid indenter with non-slip boundary conditions. Stokes found an analytical

solution for a creeping, or ideal flow around a sphere completely submerged in fluid [35].

Such a flow is shown in Figure 4.1
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Fig. 4.1 Ideal flow around a sphere.

Later improved formulas for creeping flow were suggested by Oseen [35]. At very
small Reynolds numbers (Re < 10%) Stokes and Oseen solutions give practically identical
results. The Stoke’s theory has been verified experimentally and proven to be valid for
Newtonian flows with Reynolds numbers (Re < 10%) around fully submerged spheres.
For many polymer melts the Reynold’s number will be even smaller than that, so the use
of the Stoke’s theory is well justified. At the same time, the application of the Stoke’s
theory has some limitations. The analytical solution has been obtained only for a flow of
a Newtonian fluid around fully submerged bodies of spherical shape, no models for flow
around other shapes of indenters - like cones or pyramids are available. In his approach
Stokes considers a steady flow around a fully submerged sphere. Only recently a few

works dealing with unsteady ideal flow around partly submerged small size solid bodies

has been published [47-52].
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4.2 Indentation of liquids.

Stoke’s solution gives velocity and pressure fields, which allows us to calculate
shear stress and pressure on the surface for the spherical part of the indenter. The velocity

distribution in the spherical system of coordinates is:

3(R) 1(RY
v, =V, {1 - ?(T] + ?(T} ]COS(Q) (42)
v, =-U, (1 —%(?) + %(é) ]sin(a) 4.3)

Where (see Figure 4.1):
R — radius of sphere
r — distance from the center of the sphere
@ — angle from the z-axis

v — velocity

During a test the total force applied on the indenter by the driver will be equal to the

sum of the forces acting on the submerged portion of the tip.

Frora, = Feompression + Fsrgar + Fsurerension + Favorancy 4.4)

We will consider each of these forces in turn. We begin with the compressive and shear

forces.
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Stoke’s expression for shear stress on the surface of a spherical indenter is as

follows:

3uv, (R '
= e | 6
T,p 3 R (r) sin(&)

p~ viscocity.

And the pressure component of the stress is:

3,uu,,(R 2
2 R

P=D,—pPgZ—— 7) cos(d)
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One of difficulties of interpretation of the results is that the Triboscope does not
distinguish the force components and registers only the sum of the vertical components of
all acting forces. Compression and shear forces can be determined separately using the
Stoke’s theory. Here we make an assumption that the velocity distribution during
indentation is similar to the one for the ideal flow around a completely submerged sphere

and we consider the flow as a quasi-steady state. This idea is shown in Fig. 4.2

i
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!

i

I
1
1

1

Fig. 4.2 Flow around spherical indenter.

Then the compression and shear forces acting on the indenter are integrated over

the submerged part of surface. The spherical system of coordinates is shown in Fig. 4.3

along with the nomenclature.
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R — radius of spherical indenter

r — distance from the center of sphere

6,9 — spherical system angles

Fig. 4.3 Spherical system of coordinates.

First we consider the normal stress to calculate the compression force. To obtain
the total compression force acting on the indenter we integrate the vertical component of
the normal stress o,, over the submerged part of the indenter. In the spherical system of
coordinates it is appropriate to express the geometry of the submerged part by the angle
( B) between the z-axis and the line connecting the center of the sphere with the interface

line (see Fig.4.4).
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Interfac |

Fig. 4.4 Indentation geometry.

The normal stress on the surface of a submerged sphere is:

714

0

o cos@

_3
T2
and the total force due to compression in the z-direction is:

F_comp= I (o0,,)cos(8)dA

4.8)

dA — area element on a sphere surface.

In a spherical system of coordinates an area element on a sphere of radius R is:

dA=R*sin6 dé do

then, an expression for compression force for a fully submerged sphere is:

Q=27 0=rx

F_comp(B) = j I(a,,)cos(G)stin(B) dé dp

P=0 =0

(4.10)
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and for a partly submerged sphere is:

@=2x 8=x-p(h)
F_comp(B) = [ j (6, )cos(8)R? sin(#) dO do 4.11)

@=0 O=r

For a certain depth of indentation, (%) the angle (,B) is given in the Equation 4.8:

R-h h
= = _—— 4. 1 2
Bh) arccos( R ) arccos(l R) ( )

Finally, by combining these equations we get:

0=n—arccos(l—£)
R

o=2r
Feop®= | | (%ﬂ-lgﬂcos(e))cos(e)Rz sin(6) d6 dp (4.13)
@=0 f=r

This integral is simple to solve, giving:

mVoh (3R* —3Rh+h?)
Fopp =F = (4.14)

When we deal with non-Newtonian liquids a proper viscoelastic model has to be
employed. In order to simplify our derivations, we use an approximate approach based on

the Maxwell model. We assume that viscosity is a function of time:

perfiof-252)
P 4.15)

where;:
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A - relaxation constant to be determined.

to — shear flow “start time”, which will be different for each level of the indenter. It
indicates time when one particular part of the indenter comes into contact with tested
material. It can be expressed as a function of 6.

t — total time of the indentation.

This approach is valid for a simple flow. Here we apply it to the complex flow of an

indentation and assume that errors introduced will be small.

n-B(h) _
Feoyp =37muV R I [l - exp(t ;O Dcos2 0-sinf do 4.16)

Generally the depth of the indentation is a function of time:

h, =’V«, di
o af et (4.17)

For indentation with a constant rate, the indentation depth is:

b =V -t 4.18)

For low viscosity fluids the contact depth (4) is very close to the total displacement of

the tip during the indentation #,,,,. However, for highly viscous liquids the contact depth

is always smaller that the total indentation depth. This is a result of bending of the

interface boundary as shown in Figure 4.5.
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Fig. 4.5 Deformation of interface boundary during indentation.

For indentations with constant rate, the contact depth is proportional to the

indentation depth.
h, = Cihyp (4.19)

This phenomenon will be discussed in more detail in Chapter S.

For a constant rate indentation, time #y can be easily related to the depth A, at an angle 6:
R
t,(8)=Ch(0)/V,; = C—(l -cos@)/V,, (4.20)
1
The current indentation time is related to f as below:

HB) = Ch(B) IV py = 2 (1= c05 B) ¥,

1

When this expression used in the equation 4.20, the compression force becomes solely a

function of 6.
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Now we consider the shear forces. Recall that Stoke’s solution gives the shear

stress as:

2
g, =3 H0 (5) sin(6) 4.21)
2 R \r

Following the same procedure as before, we integrate the vertical component of shear

stress (7,, ) over the submerged portion of a spherical indenter.

@=270=n-p
Foupar(h) = I J‘ (7re )R sin® 6 d6 dg (4.22)
o=0 6O=rm

Solution of this integral gives an expression for shear forces as a function if the

indentation depth:

muv h*(3R - h)

Fopr(h) = R? (4.23)

Again, following the same idea as with the normal stress, we get the shear forces for a

viscoelastic liquid:

Fapar(B) = 37VR7 I (1 - exp(t ;’0 ]J cos@-sin’* 6 db (4.29)
-

These equations can easily be solved numerically.
4.1.3. Surface tension force.

In traditional indentation surface tension forces are usually neglected. However, at

nanoscale these forces can make significant contribution in the force balance and often
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need to be accounted for. Surface forces act along the contact line between the polymer

and the indenter as shown in Figure 4.6.

) Fsurf tension

[
Fig. 4.6 Surface tension forces.

Surface forces depend on the surface energies of the polymer and indenter and the
wetting angle. The last one depends on number of parameters. Even if we assume a
situation when the wetting angle is 0, the surface tension forces are directed tangently
toward the surface of the indenter and act the most effectively, the surface tension force

usually remains at least an order of magnitude smaller than the compression and shear

ones.

Fyyrr rension = ¥ - L - cosy (4.25)

For a spherical indenter:
(4.26)
L =2aR, = 272R b, ~ b’

where :

y -surface tension
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L - perimeter of the contact (interface) line

Because of the surface tension force, it is crucial to select a suitable combination
of material of the indenter tip and the material under investigation, to exclude wetting of
the indenter. It was found that when the tested viscoelastic liquid wets the indenter,
nanoindentation measurements become very difficult, if not impossible.

In case of the polybutadiene indentation the surface tension force makes a visible
contribution, though it is an order of magnitude smaller than the compression and shear

forces (see Figure. 4.8).

4.1.4. Buoyancy force.

When the viscoelastic material under study is a liquid, we can determine the
buoyancy force which is proportional to the density of polymer and the volume of the
submerged portion of the sphere.

Fyyorancy (W) =V(h)-p-g 4.27)

where:

g - is the gravitational constant

p - density of the tested material

V(h) - volume of the submerged part, which can be expressed as a function of the depth
of an indentation, A.

h - depth of indentation, generally is a function of time A(?)
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Fig. 4.7 Portion of the indenter, submerged in a polymer.
For a spherical indenter, the volume of the submerged portion is:
V(h) = 2 (t)(R - %h(t)) (4.28)
The buoyancy force is the smallest of all forces considered here. Typically for

nanoindentation it is several orders of magnitude smaller than compression or shear

forces and can be neglected with no significant impact on the accuracy.
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Fig. 4.8 Forces in Polybutadiene indentation from Stoke’s theory.

R=8um, V=4.5um/s, u =37000 Pas.

Using this approach we can predict the different forces acting on the indenter during
an indentation. For a spherical indenter, in the beginning, when the depth of the
indentation is small compared to the radius of the indenter, the compression force
dominates and the shear force is small because its vectors at the flat part of the tip are
almost orthogonal to the z-axis of the indentation. Later, however, the compression force
grows slower than the shear force. Eventually, by the Stoke’s theory, for a fully
submerged sphere, the overall shear force component is twice as big as the compression

component.
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4.2 Stokes theory approach in the modeling of AFM tapping mode.

Recently the use of a simplified version of Stoke’s theory to interpret phase shift
data obtained by tapping mode of atomic force microscopy (AFM) has been reported for
rather soft materials. In tapping mode a tip at the end of a vibrating cantilever comes in

contact for a short time with the surface of a material under study and then bounces up.

/ Cantilever
(‘VTip

N
Tested material

Fig. 4.9 Taping mode of AFM.

The depth of the tip’s penetration (indentation) into the surface is very small, even
compared to the size of the AFM tip, approximately 10-50 nm. If the material under
study exhibits properties of a fluid, its viscosity will be one of the important factors that

affects the whole cantilever motion.

AFM tip

Compression force

Fig. 4.10 Compression and Shear forces in AFM.
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The influence of the material viscosity on the force balance can be estimated by
simplification of the results, described in sections 4.11, 4.12. For AFM measurements,
the depth of the tip penetration, (%), is much smaller than the tip radius (R, ). Then the
component of the shear forces in the z-direction is very small and can be neglected.

If the surface tension and the buoyancy forces are also neglected, then the only

significant force left, is the compression force. We can rewrite Equation 4.17 as:

3muv h (Rz) 3zuv h*R  muv h’
® R R

Feom (4.29)
Recalling that R >> h, we can neglect the second and third terms of the equation. Then

Equation 4.31 reduces to:
Fooup =37muvh (4.30)

Note that the compression force then is proportional to the viscosity and the depth of
indentation, but does not depend on the radius of the tip.

In the AFM (Atomic Force Microscopy) the only parameters measured are related
to the motion of the cantilever. Therefore other parameters must to be found indirectly. In
tapping mode the cantilever makes vertical oscillatory movements and hits the
investigated surface at lowest part of oscillation wave. When it bounces up from the
surface, a phase shift in the cantilever motion occurs. This shift depends of the properties

of the cantilever, parameters of its motion and, obviously on the properties of the tested
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material. The last ones are to be measured. Such, for materials with simple properties,
knowing the compression Stoke’s force acting on an AFM tip, one can determine
viscosity. For more complex viscoelastic materials, it is even possible to find components

of the relaxation spectrum (though without close relation to particular rheological model

[47-49].

4.3 Indentation of viscoelasic solids.

An approach to the modeling of indentation of viscoelasic solids has been
developed from the theory of elastic solids. It is based on the works of Lee[11,16],
Radok[9] , Sneddon [7] and others[12-15,17], and has been further developed and
practically applied by Sakai et. al. to viscoelastic solids [1-6]. We make use of Sakai’s
approach here.

Hook’s law for elastic materials in terms of Poisson ratio, Young’s modulus,

infinitesimal strain and stress is expressed as:

do=—2 a4z 4.31)
1-v?)
where:
o —stress
£ —strain

v —Poisson ratio
E - Young’s modulus
During indentation, assuming the Poisson ratio coefficient to be constant, but Young’s

modulus a function of time,
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do E@-1)d () (432)

T (-vY)

Then the total indentation force as a function of time can be found by integrating
with respect to ¢’ from t’=0. A simple solution can be obtained for constant rate

indentation in the form:

, ey 433
P(t)=CIE(t—t')(dh(t) Jdt' @3

dt'

where C and n are geometrical factors which can be specified for indenters of various
shapes.

This formula in theory can be applied to both viscoelastic liquids and viscoelastic
solids, although it does not work well for liquids.. Viscoelastic properties are represented
by the introduction of a relaxation modulus. The relaxation modulus can be modeled with

a series of Maxwell elements (generalized Maxwell formula).

i=l i

E@®)= i E, exp[— Ti) 4.34)

In some cases viscoelastic materials, such as monodispersous polybutadiene, exhibit
relatively simple behavior when subjected to stress. Such materials and can be
represented with single Maxwell element. Then we have Equation 4.35 for viscoelastic

liquids and Equation 4.36 for viscoelastic solids:

E¢)=E, exp(— TLJ (4.35)
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E@)=E, exp(— TL]+E (4.36)

This particular approach seems to be applicable to stiff materials with distinguishable
elastic properties. Another advantage is that analytical solutions exist for various indenter
shapes: flat-end, spherical, conical and, by similarity with conical for various pyramidal
indenters. However, it is less suitable for low viscosity liquids since it only includes the

compression forces and does not account for shear stresses.
4.4 Combining approaches for viscoelastic liquids and viscoelastic solids.

Some viscoelastic liquids (for example, Polybutadiene), have also significant
Young’s modulus. To model the response of such materials, we suggest combining our
approach for viscoelastic liquids with the described above theory for viscoelastic solids.
Then the compression force is calculated from the Sakai’s formulae 4.33 and the other

forces — shear, surface tension and buoyancy can be found from Equations 4.10, 4.23 and

4.24.
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Chapter 5.

Numerical simulation of viscous flow around an indenter.

5.1 Objectives of the numerical simulation.

Viscoelastic liquids, like polybutadiene, exhibit behavior similar to a highly viscous
fluid under normal conditions. For these materials, as a first step towards understanding
their behavior, an indentation can be considered as a viscous flow around a solid indenter.
The goal of the numerical modeling is to simulate this unsteady flow by solving the
Navier-Stokes equations. Here the indentations of polybutadiene are modeled using the
FLUENT commercial software. The geometry of the problem and the mesh structure was
produced by Gambit mesh generator. First the steady—state flow around a fully
submerged sphere was modeled to validate the chosen approach and the problem setup.
Then, the actual indentation was simulated as an unsteady two-phase flow. In the

following sections the results of those simulations are presented and discussed.

5.2 Modeling of the Stoke’s problem.

The first step for creating a numerical model was to simulate the flow of a highly
viscous liquid around a fully submerged sphere. Because of the small indentation rate (10°-

10% micrometers per second), the small size of the indenter (from nano- to micrometers) and a

very high viscosity (the zero-shear viscosity of the Polybutadiene is z, ~ 37000 Pa-S), the

flow under consideration has a very low Reynolds number:

83



Re=/"¢ <<107?, (5.1)

ulp

This suggests that such a flow may be very similar to ideal creeping flow. Stoke’s theory of
an ideal flow was developed for a sphere that moves in an infinite volume of liquid, as shown

in Figure 4.1

Fig 4.1 Stoke’s flow

In reality, the size of the sample under investigation is usually thousands of times larger than
the size of the indenter. The finite volume method involves integration over a finite region,
therefore, the first task is to choose the proper geometry and boundary conditions for the

numerical model.
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5.3 Problem formulation.

In our numerical work we considered a flow inside a cylindrical enclosure with
moving boundaries, around a completely submerged sphere as a model for Stoke’s ideal flow

around a sphere.

Fig. 5.1 Model geometry for flow around a sphere.

The first task was to determine the minimum dimensions of the area, relative to the size of
the spherical indenter, which allows one to accurately simulate the motion of an infinite fluid.
We did this by comparing the results to Stoke’s solution. The problem set up is shown in

Figure 5.2.
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Fig.5.2 Problem set-up for creeping flow around a sphere.

From Stoke’s theory all components of the velocity can be expressed as functions of

distance from the center of the sphere and the angle from the z-axis in the spherical system of

coordinates.

o |1-3(R) L L(RY
u,—vw(l 2(r)+2(r) ]cos(&) 4.2)
3(RY 1(RY).
U, =_U”(I—Z(7)_Z(7) ]sm(&) 4.3)

) (5.1)

These equations are discussed in detail in Section 4.1. Then the magnitude of the velocity is:
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The ratio ,U Mvwl can be a measure of the magnitude of the disturbance of the flow,

produced by the sphere. At the radius r, where this ratio is close to 1 at all angles (19) , the

distance from the center of the sphere is considered to be sufficient to reach undisturbed flow

where the velocity is simply V_ .

1,0 r/R=30
1 r/R=10

0,8 N

0.6

0.4-/'\rlR=2

0,21

VN,

010 v T T T T T T T T v T v T
0 50 100 150 200 250 300 350

Angle from the z-axis (degree)

Fig. 5.3 Velocity magnitude ratio as a function of 0 for fixed r/R ratio.

From the Fig. 5.4 we conclude that the ratio LTX =30 is expected to be sufficient for

adequate modeling of Stoke’s Ideal flow.
We assume that the viscous flow is axisymmetrical. A flow around a round
axisymmetric indenter (for example of a conical or a spherical shape) is three-dimensional in

the Cartesian system of coordinates, but it turns into a two-dimensional problem in the
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cylindrical system of coordinates. In our model the tip is considered to be motionless. It is
placed at a fixed location on the axis of symmetry and the indentation is simulated by the

motion of the fluid. The boundary conditions and problem formulation are shown in Figure

5.4:
> > > > - i
V=V,
V=Vo >
> Ly
- > | -V
Axis of symmetry ——/ A P
. [
< LX > ~~~-;J___¢”

Fig.5.4 2D problem formulation and boundary conditions in cylindrical system of

coordinates.

Note that the indenter is stationary and fluid is moving with a velocity V =V ommoy ata

distance X from the indenter.

Results of the numerical simulation of this problem were compared with the
analytical solution for the ideal (Stoke’s) flow. The criteria for similarity was the agreement
between shear and compression forces predicted by Stoke’s theory and the results of the
numerical solution. The graphical representation of the results of numerical simulation is

shown in Figures (5.5-5.7).
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Fig. 5.5 Velocity magnitude isolines for simulated creeping flow around a sphere.

Fig. 5.6 Velocity vector field for simulated creeping flow around a sphere.

From Figure 5.6 we can clearly see that the modeled flow is a slow laminar one.
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Fig. 5.7 Particles path lines Velocity vector field for simulated creeping flow around a

Sphere.

A quantitative comparison of the output from the numerical simulation with the
Stoke’e creeping flow theory can be done via the velocity fields. For a 2D graph illustration
we will compare velocity magnitudes along two selected lines — an axial line passing through

the sphere in the flow direction and a line directed at 45° angle toward the flux. (See Figure

5.8)

45° line

Fig. 5.8 Selected lines for velocity profile comparison.
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The result of comparison is shown in Figures 5.9 and 5.10.
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Fig 5.9 comparison at 45 degrees.
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Fig 5.10 comparison at 0 degrees.
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Values of compression and shear forces, obtained by numerical simulation, were
compared with the drag force, calculated from Stoke’s formula:
Fpric =67V R (5.3)

The calculation was performed for the following conditions:
V o= 4.5um/s, p=37000 Pa's, R=8 um and Lx/R=Ly/R=10 the error was about 8.95 % in the

total force.

Table 5.1 Comparison of analytical and numerical solutions for Stoke’s flow.

Shear forces (N) | Compression forces(N) | Total Force (N)
Stoke’s formulas 1.924E-5 0.962E-5 3.17E-5
Numerical modeling 2.15E-5 1.03E-5 2.88E-5
Deviation (%) 10.5 5.035 8.95

These results indicate indicates that that the flow is similar to the ideal one and that our
problem has been correctly formulated. We decided, however, to adjust the geometry of the
model for future calculations and the ratios Lx/R, Ly/R were increased up to 30. We expect

this to reduce the error proportionally and especially to increase the accuracy of the simulated

velocity field.

92



5.4 Modeling of the indentation.

The next step was the numerical simulation of the dynamics of the actual
indentation process. The problem was set up as an unsteady two- phase flow, where one
phase had a high viscosity and density (as polybutadiene). This phase represents the
investigated material. The second phase has a low viscosity and density and represents
the ambient air. One of the biggest challenges here is the appearance of vortices in the air,
especially at the first stages of the indentation. During the indentation, as the polymer
fills the narrow gap between its surface and the indenter the air is forced out of the gap
with a speed that is higher than the speed of the indentation. This high speed flux,
directed at sharp angle toward the direction of the indentation causes separation of

streamlines and creates vortices (Figure 5.12).
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Q
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Fig.5.12 Vortex formation in an indentation simulation.

Such vortices can separate from the point of their origin, grow and move along
the phase interface to peripheral regions where the mesh is course. That makes the
numerical solution unstable.

We found an effective method to overcome this problem. The viscosity of the air
is artificially increased to 107-10” Pa's to make the solution stable at reasonably large
time steps. Generally, this might increase the drag force, especially at small depths of
indentation. However, the viscosity of the air is still several orders of the magnitude
smaller than the viscosity of the polymer phase and should not have a significant impact

on results of the computation. In order to validate this assumption, we compare results of
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two numerical experiments: the first experiment was a simulation of the indentation with
the minimal viscosity of the gas phase required for stability: 10" Pa's. After that the
viscosity of the air was increased by another order of magnitude, up to 102 Pa's. The

results of these two computations are compared in Figure 5.16.

1.5x10°
Total force
= 1.0x10° -
3 0x10
a -
g Compression force
w
5.0x10° 1 A
Shear force
0.0 4
) D ) 1 T T 1 T

00 05 10 15 20 25 30 35

Time (s)

Fig. 5.13 Results of simulations: Forces acting on indenter. Symbols are results of

simulations with air viscosity set to 0.001 Pa-s and lines those with air viscosity

set to 0.01 Pas.

Theses results show that there is no significant increase of the compression and

shear forces when the air viscosity is increased and proves that the applied method of

stabilization is valid.
Results of the two-phase indentation model are shown in Figures 5.14 and 5.15.
All results are given for simulation of indentation of Newtonian fluid with a spherical

indenter. The parameters were chosen to match an experimental indentation: viscosity of
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the investigated material p=37000 Pa's, indentation velocity V ,=4.5um/s and radius of

the indenter R=8pum. The data shown here are for the moment in time 0.627 seconds from

the beginning of the indentation. The phase profile at that moment is shown in Figure

5.14.
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Fig. 5.14 Phase profile at 0.62715 sec of indentation.
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Fig. 5.15 Particle pathlines.
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5.5 Mesh independence.

In order to verify mesh independence we used meshes of 3-node triangular elements
of different densities. We are mostly interested in the processes and parameters in close
proximity to the surface of the indenter. Therefore, the mesh was made the most dense
around the indenter and it exponentially coarsened toward the peripherals. The surface of
the indenter was chosen as a base for the meshing and the nodes on the indenter are
evenly distributed. In the mesh independence study, the number of nodes on the indenter
surface was decreased by 30% and the results of the calculations with the course and the

fine meshes are shown in the Figure 5.16. The similarity of the results proves mesh

independence for our model.

1.5x10°
A
] Total force
— 1.0x10%
£
8 [ ]
5 Compression force
[y
5.0x10° - .
Shear force
0.0
T T T v T v T v T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

Time (s)

Fig.5.16 Comparison of simulation results with original and coarsened mesh. Symbols
represent results from coarse mesh and line represent results from fine mesh.

R=8um, V=4.5um/s, u =37000 Pas.
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5.6 Contact Depth during an indentation.

An interesting observation was made about the shape of the polymer/air interface
during the simulation of constant rate indentation with a spherical indenter: the contact
depth of the indentation, h;, was found to be different from the total indentation depth,

hjng, as shown in Figure 5.18

Interface \

Level oo

Fig.5.17 Interface distortion during indentation.

In the case of a purely elastic material, the ratio, Avp/h. depends only on the
shape of the indenter. Analytical solutions by Hertz and Love show that for spherical
indenters A;yp/h.=2 and for conical indenters h;vp/ h.= 7 /2. Later this was applied by
Sakai [1-6] to axisymmetrical pyramidal indenters through the similarity principle.

For low-viscosity liquids we expect h, to be close to hip. #nvp ~ h.. Our numerical
simulations show that for highly viscous fluids generally Anp > A, The contact depth
during indentation is an important parameter because it determines the true indentation
depth and the contact area which is important in the stress calculation. In order to
establish the correlation between (hyyp/ he) and other indentation parameters we

conducted a series of numerical experiments. In these experiments we simulated
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indentation with spherical indenters of different sizes, indentations with different rates,

and for liquids of different viscosities. These results are shown below. The dimentionless

ratio h/h, was plotted vs. dimensionless time Time/(R/V ) where (R/V ,,) is time that

takes for a sphere with a radius R to be displaced to a depth of one radius with the

indentation speed V .

14 - —=—=37000 Pas R=8um V=4.5 pm/s
1 —o—p=3700 Pas R=8um V=4.5pum/s
12+ ~—A-1=37000 Pas R=8m V=2.0 pmis
1 —v—1=37000 Pas R=20 ym V=4.5 uym/s
o 10-
P

00 05 10 15 2.0
Timel(RN,)

Fig. 5.18 Contact depth/indentation depth ratio for viscous liquid indentation.

The results of the simulations showed that after a short start-up period, when the process
is established, the ratio between the depth of the indentation 4;yp and the contact depth A,

tends to 2.

h

h IND

2 (5.4)

This behavior is typical for indentations of liquids with different but high viscosities,
different rates of indentation and different sizes of the indenter. That is similar to Hertz’s

analytical solution for an indentation of purely elastic material, though this result is
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actually obtained for viscous liquids using the fluid mechanics approach. In the next
chapter we will make use of Equation 5.4 in the development of the procedure for

interpreting experimental data of viscoelastic liquids.

5.7 Results of modeling.

In the nanoindentation experiments the following sequence of steps is performed:
First the indenter is placed on the surface of the material under investigation. At that
point a small contact force is applied to ensure a reliable contact. In case of testing a
liquid, like polybutadiene, this contact force causes a slow creep of the indenter into the
material. Therefore, by the time the actual indentation experiment starts, the indenter is
partly submerged to a small depth. In order to simulate this real life situation, with
spherical indenters in each case we assumed an initial contact depth of 1% of the radius
of the indenter. Therefore the compression force at the very beginning of the indentation
is non-zero but starts at some value, depending on the shape of an indenter, the properties

of the material and the indentation rate.
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Fig.5.19 Indentation with parameters: y=37000 Pa's R=8 um V=4.5 um/s.
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Fig.5.20 Indentation with parameters: u=3700 Pa's R=8 um V=4.5 um/s.
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Fig.5.21 Indentation with parameters: u=37000 Pa's R= 8 um V=2 um/s.
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Fig.5.22 Indentation with parameters: uy=37000 Pa's R=20um V=4.5 um/s.
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We can see that behavior of the compression and shear forces is slightly different

from that predicted by the physical model discussed in the previous chapter. The

compression force increases at first, but later its growth rate slows, it reaches a maximum

and begins to decrease (Figures 5.19-5.22).

0.000010
Simulation# p(Pas) R (um) V_(um/s)
1 37000 8 45
0.000008 - 2 3700 8 45
0.000006 -
3
3
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L «—s= Simulation 1
=—o== Simulation 2
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0.000000 ', ' T . T . , v r
0.0 0.5 1.0 15 20
T/(RN)

Fig. 5.23 Compression force curve for different viscosities.

This is especially visible at the smaller indentation rates and the larger indenter
radii (Figure 5.21, 5.22). The shear force behavior is closer to the expected one. It grows

continuously within the chosen time period, which is approximately time of submergence

h.=R for each numerical experiment (Figure 5.19-5.22, 5.24).
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Fig. 5.24 Shear force change for different viscosities.

This can be explained by the fact that the indentation process is not quite at steady
state. Despite the high viscosity of the polymer, the velocity distribution significantly
changes during the indentation. Velocity gradients around the indenter surface, that are
large at first, decrease in time, affecting the drag force and both local compression and
shear components reduce. The observations brings us to the conclusion that even for
highly viscous liquids the velocity distribution will be to a certain degree different from
the one for the steady-state Stoke’s solution. This difference can result in a larger

indentation force compared to the indentation force, predicted from the Stoke’s approach.
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Chapter 6.

Comparison of results and discussion.

6.1 Introduction.

In the course of this work we considered three directions of the research: physical
modeling of nanoindentation, numerical simulation of nanoindentation using FLUENT
commercial software and experimental studies of viscoelastic materials with both
rheological methods and nanoindentation technique.

In this chapter we compare results from the theoretical modeling of nanoindentation
with the output of numerical simulation and the experimental data. We also compare bulk
properties obtained by rheological measurements with local properties, measured by
nanoindentation technique. This comparison allows us to evaluate the validity of
suggested approaches and to draw conclusions about the applicability of the selected

theories and the accuracy of the applied methods.

6.2 Comparison of theoretical modeling and numerical simulations.

In this part we compare the results from the numerical simulation of the indentation
of a Newtonian liquid with properties close those of polybutadiene, with the physical
model based on Stoke’s creeping flow described in Chapter 4. For a proper comparison
we use Formulas 4.17 and 4.26 to calculate the forces acting on a partly submerged

sphere, derived in Chapter 4. According to the Stoke’s theory,
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The compression forces are:

_ muv, h.(3R* —3Rh. +h})

Feonr = R 4.17)
and the shear forces are:
auv h2(3R-h.)
Fopan(h) = CRz < (4.26)

The deformation of the polymer/air interface was accounted for by the expression
h=2h,, as it was suggested in Chapter S. This comparison allows us to evaluate the
applicability of the Stokes steady-state approach to a transient indentation process for
highly viscous Newtonian fluids.

The comparison of the predicted compression and shear forces for indentation of a
fluid with a spherical indenter are shown in the Figure 6.2.

The parameters of the indentation are:

Density of fluid: 900 kg/m®
Viscosity: 37000 Pa-s
Indenter radius: 8 pm

Indentation rate: 4.5 um/s
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Fig. 6.1 Results of physical and numerical modeling of a nanoindentation of Newtonian

Sfluid.

We can see that the total indentation forces are of the same order of magnitude but
still have different values. The total indentation force is the sum of the compression and
the shear forces. From Figure 6.1 we can see that these component forces behave
differently. The largest difference between the simulation and Stoke’s theory comes from
the compression forces. Recall that the numerical modeling of indentation was done
considering a partly submerged at the start indenter to simulate the real life situation (see

Figure 6.2). The initial contact depth of the indenter was set to 0.01-R in the simulation.
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Fig. 6.2 Starting position of the indenter for numerical modeling of indentation process.

The compression force starts with a higher initial value than predicted by formula
4.17. The Stoke’s approach suggests that some initial submergence will only result in the
shifting of all curves on the time axis. The initial contact depth is only 1% of the radius of
the indenter and the time shift for indentation velocity V=4.5um/s and indenter radius
R=8um will be only 0.018 sec. The high initial value of the compression force can not be
explained by this small shift.

This might be explained by the different velocity distribution from the Stoke’s
steady-state creeping flow given by Equations 4.2 and 4.3. The actual velocity profile
might create a large normal stress on the tip of the indenter which can result in significant
compression force even at small depths of indentation.

Generally, for a transient process of an indentation with a partly submerged
indenter we can expect the velocity distribution will be different from the one for a steady
— state Stoke’s flow. We can expect higher velocities and, consequently, larger forces,
especially for the compression forces due to the inertia component, which is neglected in

Stoke’s theory. In order to evaluate this difference, we compare the velocity, predicted by
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Stokes theory with results of the numerical simulation at one selected point. It is

convenient to pick a point on the axis of symmetry in the direction of indentation as

shown in Figure 6.3.

Control point

Tested material

Fig. 6.3 Control point for an indentation with a spherical indenter.

According to the Stoke’s theory the velocity on the axis line is:

3
v, =v{1—%(§)+%(§) ] 6.1)

It is important to select a proper location for the control point. If the control point

is located too close to the surface of the indenter or too far away, the velocity predicted

by numerical simulation will be close to the Stoke’s flow as it is enforced by the

boundary conditions. Therefore, we place the control point at the distance of 1.65R from

the center of the sphere. As we can see from the Figure 6.4, the actual velocity magnitude

is higher in the beginning of the indentation and asymptotically approaches the Stoke’s

value.
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Fig. 6.4 Velocity at the control point from Stoke’s theory and numerical simulation.

The behavior of the magnitude of the velocity at the control print is similar to the
one, for a potential flow around a sphere of a smaller radius. So, we suggest a modified
Stoke’s approach to simulate this transient behavior. We introduce a fictitious sphere
with an effective diameter, equal to the contact diameter at each time of the indentation

D.=D,., and tangent to the indenter at its lowest point as shown in the Figure 6.5. Then we

calculate the velocities for a Stoke’s flow around it.
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Fig. 6.5 Fictitious sphere.

This approach gives a good agreement with the numerical simulation at the chosen
control point (Figure 6.6). Future work involves the derivation of expression for the

forces using the fictitious sphere approach.

5
afi— Fluent simulation

4 1 —— Stoke's flow around fictitious sphere
2
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E
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0 .

0 05 1 15 2 25 3
time (s)

Fig. 6.6 Velocity at the control point from modified Stoke’s approach and numerical

simulation.

111



Nevertheless from the Figure 6.1 we can see that the shear force behavior is very
similar to that predicted by Equation 4.26. The deviation between the forces, predicted by

the Stoke’s theory and FLUENT numerical simulation is shown in the Figure 6.7.

100

80 |

Deviation (%)

Contact depth (um)

Fig. 6.7 Deviation in predicted shear force.

This indicates that the velocity gradient distribution along the surface of the indenter, in
the direction normal to the surface, is close to the one for the steady Stoke’s flow.

This brings us to a conclusion that for the testing of viscoelastic liquids with
primarily viscous behavior by the nanoindentation technique, the steady-state theory of
creeping flow predicts fairly well the shear forces. Therefore, it would be beneficial to
use specially shaped tips to minimize influence of compression forces and to emphasize

the shear component. One such shape is a flat plate of small thickness (Figure 6.6).
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Fig. 6.8 Suggested indenter shape.

The use of such an indenter would also minimize the fluid displacement and
therefore reduce the difficulty related to the complex three-dimensional deformation. In
this sense a spherical indenter is the worst possible shape since it has the minimum
surface area per volume. The shape proposed above keeps the total indentation force high
improving the signal for soft materials. Also it allows us to minimize the effect of surface

tension.

6.3 Comparison of experimental data with theoretical model.

In this part we compare experimental data from the indentation of polybutadiene
with a spherical indenter with a radius of R=8um with the results of the physical
modeling.

Here we present two physical models — one of them is solely based on the Stoke’s

theory.
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6.3.1 Model based on the Stoke’s theory.

The compression and the shear forces are found from Equations 6.2 and 6.3
accordingly. Since our polybutadiene is monodisperse, (see Figure 3.16), the viscoelastic
properties can be rather well represented by a single Maxwell element.

Compression force:

x-p(h) _ _
Feou =377.11 | [l'CXP[R(cose cos(z =/ ))Dcoszé’-sinede 62)
AI/IND

4

Shear force:

R{cos@ - cos(z — )
A'I/IND

Fyen(Onp) =37VRy | [1_exp(

#~Onp

D cosé -sin’ @ d@ 6.3)

The expression for surface tension force was derived from Equations 4.28, 4.29:

Fure rension = 27y 2R b - hc2 sin(6(h)) 6.4)

Then the total force of an indentation is the sum of all given components.

We used the known parameters — radius of the indenter, the indentation rate and
bulk measured relaxation time were used as constants. The unknown parameter which
was determined for the best fit of experimental data (Figure 6.7). The actual indentation
force is much larger than predicted by the physical model. The viscosity, found from this

model exceeds the bulk one by the factor of 16.

114



6.0x10° - total force
3
® 1 .
s experimental da ion f
(<) 4.0x10° compression force
w 4 =
2 0x10° - shear force

surface tension force

v 1 ' 1 M | T 4 T v T T
00 01 02 03 04 05 06 07 08
time (s)

Fig. 6.9 Fit of experimental data VS model based on the Stoke s solution for indentation

of polybutadiene.

6.3.2 Combined indentation model.

In the second approach, we combined the model, based on the Snedon and Sakai
theory with the one based on the Stoke’s theory (Section 4.1) of nanoindentation of

viscoelastic liquids (Section 4.3).

F(t)=CE, j exp[— t;t'}(d{hg:)n }Jd 3 (6.5)

where:;
F - indentation force

C,n - coefficients, depending on the geometry of the indenter
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Ey - Young’s modulus
t - relaxation time
h - depth of the indentation

The bulk rheological properties of polybutadiene show that the relaxation time

7=0.06s and the Young’s modulus is E¢= 31¢/t = 1.77 MPa.
The approach of Sneddon and Sakai [1-6], [11-16] does not include the shear

force, therefore the shear component was calculated from the Stoke’s approach combined
with the Maxwell viscoelastic model as described in the section 6.2.1.
This approach gives us better agreement with experiment (Figure 6.10), but it still

estimates the local zero shear viscosity four times larger that the bulk value.

8.0x10°
Experimental data -
6.0x10° - .
z .
o 4.0x10°4 _
o Compression Force
o]
[T
2.0x10° -
! Shear force
0.0 _‘/'—"_s—u—race tension force
M ' I v I ' 1 ' L v
0.0 0.1 0.2 03 04 0.5

time (s)
Fig. 6.10 Fit of experimental and theory predicted forces for

indentation of polybutadiene.
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A possible explanation for this discrepancy is that the properties of polymers on the
surface are significantly different from the bulk properties. In a number of recent papers
in the field of nanoindentation, Atomic Force Microscopy and nanorheology complex
behavior of long-chain liquid or melt polymers has been noted. [47-52]. One of
significant factors affecting the indentation process is interaction of indenter with
polymer network. The deformations, localized in polymer body around indenter [57],
cause changes in existing polymer matrix. It was found that depending on properties of
an individual polymers and particularly average molecular weight, at indentation depths
of order of 10'-10% nanometers significant disentanglement occurs in liquid/melt
polymers [49], which greatly increases the indentation energy. However, up to now very
little is known about the dynamical behavior of physical entanglement, which makes

quantative estimation of the indentation force very difficult.

6.4 Comparison of experiment data for viscoelastic solid with model.

Results of the nanoindentation tests of the viscoelastic solid, the cross- linked
silicon rubber, are in a good agreement with the theory of Sneddon and Sakai. We have a
very good agreement between the local properties, measured by nanoindentation, and the

bulk properties, measured by DMA.
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Fig. 6.11 Creep test of indentation of cross-linked silicone rubber with 30un force.

Therefore, one of the basic parameters of viscoelastic materials — the bulk
equilibrium modulus was measured by small-force indentation with accuracy of about 2
%. Additionally we were able to measure the retardation time by fitting the Voight model
to the D(t) measured from nanoindentation.

Since silicon cross-linked rubber is a highly elastic viscoelastic solid we can
determine the retardation time by modeling the behavior with a Voight element (see

section 2.5.1), fitting the experimental data to Equation 6.5.

D(t)=D, +D, [1 —exp(— (t__zt())ﬂ (6.5)

where:
A — retardation time
Dy — glassy compliance

Dy+D;=D( ) — equilibrium compliance
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The fitting of the creep compliance curve in Figure 6.9 gives us a retardation time

of 2=0.18 sec.

2 5E-07 ¢ Experimental data
e VoigHt element fit

5.0E-08

0.0E+00 — T T T
0 02 04 06 0.8 1

time (s)

Fig 6.12 Fitting of experimental data with Voight element model.

We can draw a conclusion that at the current state of its development, the
nanoindentation technique can be effectively used to measure properties of viscoelastic
solids. As for viscoelastic liquids, there is need for further development in deeper
understanding of the physics of the process of nanoindentation and particularly the

interaction between the indenter and the surface of a high molecular weight polymer.
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CHAPTER 7

Conclusions.

The purpose of this work was to research the possibility to apply nanoindentation as
a testing technique in theometry. We investigated the advantages of nanoindentation as
well as its limitations. The research focused on three main directions: physical modeling,
numerical simulations and experimental research.

In the course of this work we considered a number of physical models that can be
used to describe nanoindentation process and account for viscoelastic properties of a
tested material. We formulated a model for indentation of viscoelastic liquids based on
the Stoke’s potential flow and suggested a combination of this model with that of
Sneddon and Sakai for simulating the behavior of viscoelastic liquids.

In numerical modeling we suggested a problem set up for the simulation of a
Stoke’s potential flow and a two-phase viscous indentation flow with indenters of various
shapes by solving Navier-Stokes equations using the FLUENT commercial code. This set
up can be a basis for modeling an indentation of viscoelastic liquids.

In the experimental research we investigated a viscoelastic liquid and a
viscoelastic solid with conventional rheological methods and with nanoindentation. We
compared the bulk properties with the local ones. Special attention was paid to the
varying of the local properties for different materials.

The comparison of the theoretical modeling with experimental results showed that
bulk properties of viscoelastic solids can be measured by indentation with sufficient

accuracy. At the same time, for the nanoindentation of viscoelastic liquids with high
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molecular weight, the physical model should be improved by taking account the surface
effects and, probably, other physical phenomena.

We can say that this work shows that nanoindentation can be successfully used in
rheological studies. It shows that nanoindentation can be successfully used in testing of

viscoelastic solids and viscoelastic liquids.
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Chapter 8

Contributions.

Nanoindentation is a new state-of the-art modification of traditional indentation. It
utilizes various innovative technologies and engineering solutions and broadens the area
of applications of the indentation technique. This work is one of the first attempts to
employ nanoindentation for the testing of viscoelastic materials. It includes physical and
numerical modeling as well as experimental research.

A theoretical model of nanoindentation is proposed that incorporates Stoke’s
theory of a creeping flow, Sneddon & Sakai models for the indentation of elastic and
viscoelastic solids and the Maxwell viscoelastic model.

Numerical modeling was done for steady-state potential flow with various
parameters around indenters of different shapes. The two-phase transient Newtonian flow
during indentation was modeled by solving the system of Navier-Stokes equations, using
the FLUENT commercial software.

The experimental part of this work included investigation of viscoelastic materials
by nanoindentation method as well as traditional rheological techniques, which allows us
to compare the bulk and the local properties of the tested materials. We developed and
tried nanoindentation testing procedures to determine properties viscoelastic solids and
viscoelastic liquids. A constant force nanoindentation was found to be advantageous for
the investigation of viscoelastic solids, like cross-linked silicone rubber. It was shown
that despite a significant, up to 25%, that the averaging of experimental data allows us

accurately measure such parameters as modulus and the main retardation time.
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For viscoelastic liquids we propose indentation with a constant rate. It was shown
that usual fluid mechanics approach is not always accurate because of a significant
impact of the surface effects.

Also we proposed directions for future theoretical research and desirable of

software and hardware modifications of the nanoindentation unit.
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Chapter 9

Future work.

The future work on the development of the nanoindentation method will be
focused on two aspects — theoretical and experimental. The theoretical part includes
investigating physical phenomena involved in the nanoindentation (like the surface effect
in polymers) and developing physical models of the nanoindentation for the adequate
representation of complex motion of the displaced of material under investigation and
predicting the indentation force.

Prospective physical models that are worthy of additional investigation would be
the theory of boundary layers, particularly the Falkner-Scan theory for pyramidal
indenters and the Mangler transforms for axisymmetrical indenters of rotational shapes
(conical and spherical). Another approach is to simplify the deformation field of tested
material by the use of a specially shaped indenter. For example, for the indentation with a
flattened plate indenter, as discussed in the Chapter 6, a suitable model is one for the
transient motion of a plate in a semi-infinite liquid also obtained by Stokes.

Being designed for testing solid materials, the nanoindentation unit needs to be
modified for improved testing of soft viscoelastic materials. We recommend the
following improvements to the apparatus in order to improve performance with soft
materials:

- improve control of the indentation force.
- increase sensitivity, resolution, speed and reduce noise/signal ratio of the AD converter

to be able precisely register small indentation forces and small displacements.
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- improve characteristics of the transducer by increasing range of the available forces and
displacements.

- design and manufacture new types of indenters — design indenters of various shapes to
serve special purposes. One of possible directions would be to minimize the projected
area and increase the surface area.

- choose proper material or coating for indenter surface for soft materials like molten
polymers since indenter hardness is not any longer the most desirable characteristic. It is
more important here to make it hydrophobic to a wide range of viscoelastic liquids. A
thin layer of coating can be a good engineering solution.

Many new types of indentation tests could also be developed. A combination of a
linear displacement function with the SAOS, or DMA principle is one possibility. We can
suggest the following example. It might be useful to measure the elastic properties of
viscoelastic liquids with a short relaxation time by combining constant rate indentation
with SAOS. The expression for the displacement as a function of time can be as Equation
9.1):

x(t)=V -t + Asin(w ?) 9.1)

The linear component of this function provides a permanent compression component and

the deviations from the harmonic part can reveal the elastic properties.
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Fig. 9.1 Combined a linear and a harmonic load function.

Such a test can be used to measure a storage modulus of a viscoelastic liquid with a very
short relaxation time, which is much shorter that the indentation time.

Another interesting idea is to use the wetting phenomena of the indenter with a
tested material. We found that if a tested material wets the indenter very well, the
nanoindentation test is practically impossible. As soon as indenter is brought in contact
with the tested material, it climbs up and pulls the indenter down by capillary forces. We
might make use of this, generally negative phenomenon, to measure elongational flow by
using a coated flat end indenter. After being brought in a brief contact with the tested
material, the indenter can be brought up, pulling a layer of the polymer with it. This idea

is illustrated below.
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Fig. 9.2 Elongation flow test.

This method can also be used to measure interfacial energy between the material and the

indenter.
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