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ABSTRACT

In this research, the materials used were the Polydimethylsiloxane (PDMS) polymers.
PDMS mechanicals properties were measured using a customized version of the nanoindentation
test using a flat punch tip. The method is proposed in Chapter 3 and it is used to calculate the
elastic modulus of different PDMS samples. The samples tested were both produced specifically
for this research and available in the laboratory’s storage. They all present different levels of
cross-linking degree.

It is quite common to not have full contact between the cylindrical flat punch and the
sample because of the unavoidable tilt. The new method guarantees establishing full contact
between the sample and the tip. The tip used for this purpose is a flat punch tip. The Young’s
moduli of the following samples were calculated: 10:1, 30:1 and 50:1. The Young’s moduli
found were: 2.85+0.001 MPa for the 10:1 sample, 0.34+0.001 MPa for the 30:1 sample and
0.15+0.002 MPa for the 50:1 sample. All the experiments were repeated at least three times to
assure the validity and the repeatability of the method. The results were then compared with
values available in the literature.

The same method was applied to analyze the viscosity of the samples. Even if a
mathematical result was not obtained, data and analysis through graphical representations are
available in this thesis. The sample tested was a PDMS sample with a cross-linking degree of

30:1. The experiment has been repeated three times
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CHAPTER 1: INTRODUCTION

1.1 Introduction to PDMS and its Properties

The material used in this research project is Polydimethylsiloxane (PDMS). It is a
mineral-organic silicon-based polymer of the siloxane family [1],[2]. It is also known as
Dimethicone and contains silicon, oxygen, and carbon [1].

In the last decade, the interest towards these kinds of materials has increased since they
can be used in many different applications. The qualities that make it useful are its elastomeric
properties, gas permeability, optical transparency, ease of bonding to itself and to glass, ease of
molding, and relatively high chemical resistivity. In addition to those properties, the fact that it is
inexpensive to be manufactured makes it noteworthy [3]. PDMS is considered inert, non-toxic
and non-flammable [4]. Also, PDMS is biocompatible, so it is appropriate to be used for
prosthesis and internal body applications [5]. PDMS has qualities that can be intermediate
between an organic and an inorganic material.

The PDMS molecules are highly flexible and they are arranged to form an amorphous
material [6]. PDMS, such as the majority of polymers, forms amorphous solids because the
process of crystallization is influenced by the topological constraints, such as the crosslinking,
and by the difference length of the chains [7].

According to the molecular weight of the samples produced, PDMS presents a low

volatility if the molecular weight is high and vice versa [8].
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Following is a list of additional properties of the Polydimethylsiloxane that make it
noteworthy and useful. PDMS have a low surface tension, a moderate water interfacial tension
and no surface viscosity. They can be found in a wide variety of configurations and they present
a low activation energy for the viscous flow. In addition to that, PDMS have low glass transition
temperature, low boiling points (oligomers), low freezing and pour point and high
compressibility. In the environment, they present a low level of hazard, also because of the low
flammability, and they are well resistant to the weather. PDMS show high permeability to gas
and low molecular weight and a large free volume [9]. Some of the properties described before
are only valid for polymer solution, while others are applicable only for chemical cross-linked
gels.

Hereafter, the empirical, the chemical and the structural formula of the PDMS will be
presented. The empirical formula shows the simplest number ratio of atoms of the elements
presents in the compound. Instead, the chemical formula shows how many atoms of each
element are present in the compound. With the structural formula, instead, the structure of the
molecule is shown.

The empirical formula of the Dimethicone or PDMS is:

(C2Hs0S0)y, @)

The value of n can influence the state of the PDMS. If n, the number of times that the monomer
is repeated, is low; then the PDMS will be liquid. If n is high, it will be semi-solid [9],[10].
The chemical formula of the Polydimethylsiloxane instead is:

(H5C)3 SiO[Si(CHz),0]nSi(CHs)s. @)
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The structural formula of the PDMS is shown in Figure 1.

4o ~ \J _,.xn‘\i_l_ :/O\:J _;’O\J /
_I_'~-"'3 J n ] o ] | el

R

Figure 1. Chemical structure of PDMS [11].

Since it is a polymer, in the structure, there will be a monomer unit ([SiO(CH3),]) repeated n-
times [2].

A 3D model of the fundamental chemical structure of a Polydimethylsiloxane molecule is

shown in Figure 2.

Figure 2. 3D structure of a PDMS molecule [11].
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Polymers such as the Polydimethylsiloxane have characteristics halfway between solid
and liquid materials. The complexity in measuring their properties comes from their unique
texture and consistency. In particular, the consistency of this semi-solid, sticky and viscous
material makes it challenging to measure its properties. It is possible to measure them with a
macroscopic or microscopic approach. In this thesis, only the microscopic one is used. This
research work focuses, in particular, on the use of nanoindentation experiments in order to obtain

mechanical properties.

1.2 Applications of PDMS

PDMS, nowadays, is used in many different industries. Those range from the cosmetic
industry to the medical field, and from the food making and preservation industry to the
production of microfluidic devices [12]. The applications are almost limitless. The following list

presents some of the most common uses [8]:

release agents, adhesives;

- rubber molds, sealants, and gaskets;

- surfactants, water repellents, foam control agents;

- biomedical devices, personal care, and cosmetics;

- dielectric encapsulation, glass sizing agents;

- greases, hydraulic fluids, heat transfer fluids;

- lubricants;

- fuser oil;

- masonry protectants and process aids.

One of the uses, which this research focuses on, is how to use PDMS and its properties to

create a substrate to attach and grow cells.
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Polydimethylsiloxane has been used in different medical implants and biomedical devices
thanks to its biocompatibility and low toxicity. According to Ng Lee et al., the growth rate and
quality of the cells, depend on the Young's modulus of the substrate (independent if 0.6 MPa <E
< 2.6 MPa) [13]. For this reason and many more, there is a need to develop a method to study the
mechanical properties of the material.

The non-toxicity and biocompatibility of this material also explain why it was chosen for
the production of breast implants. PDMS is not only used for the production of the silicone gel
contained in the implants, but it is also used for the rubber shell that will contain the
aforementioned gel [14].

Another main application for PDMS is the fabrication and prototyping of microfluidic
chips. Those microchips can be fabricated through molding. Some of the devices so far produced
include micro reactors, microchips for capillary gel electrophoresis, and hydrophobic vent valves
[15].

Even in everyday products it is possible to find PDMS. For example, in many brands of
shampoos, Polydimethylsiloxane is used to increase the hair conditioning effect. This happens
due to the quaternized nitrogen that bonds to the backbone of the water-soluble polymer [16].

Due to its non-toxicity, PDMS is also used in the food industry, such as, for example, for
the production of the food additive E900 used in the process of making wine and edible oil. The
task of this additive is to behave as an anti-foaming agent [17].

PDMS is a good foam control agent because of its low surface tension, thermal stability
and chemical inertness [18]. Most of all, silicon oils produced with Polydimethylsiloxane can be
used in the food industry because they are not orally metabolized, but they get excreted without

being processed by the human body.
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The use of these defoamers is extremely important because every biomaterial, such as
proteins, vitamins, carbohydrates and fats can act as surfactants producing a viscoelastic layer
that stabilizes the foam. Therefore, to avoid the formation of these foams that can damage the
final product, PDMS products are largely used in this industry.

PDMS can also be used as a release agent for organic adhesives or directly as a pressure
sensitive adhesive. This application is possible thanks to some qualities of the material itself,
such as the high level of wettability and its viscoelastic behavior that increases the adhesion and

cohesive strength [19].

1.3 Research Objectives

The literature available for this topic is still in an early stage, but it has been growing at a
fast pace since the interest linked to this kind of material is expanding. The purpose of this
research is to develop a method to use nanoindentation to measure the properties of a soft
material, such as PDMS. While nanoindentation measurement is widely used with solid
materials, such as metals, it is not yet commonly used for soft and sticky materials, such as
polymers and Polydimethylsiloxane. To do so, it is necessary to adapt the standard technique to
be usable with PDMS materials. The hardware and the software used to execute the indentation
test will be the same one used for the hard materials, but the approach to the experiment and the
analysis of the results will differ from the standard one.

One of the main purposes of this research is to find out how to use a flat punch indenter
to calculate the mechanical properties of PDMS. This study is based on the assumption that even
if the contact area between the flat punch and the sample doesn't change with the indentation

depth, to obtain meaningful results, it is necessary to obtain full contact before proceeding
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further in the analysis of the mechanical properties [20]. The goal of this thesis is to develop a
method to avoid the misalignment tilt and, after developing full contact, calculate the stiffness
(Young's modulus) and viscoelasticity of multiple PDMS samples.

The two main properties studied in this research are the elasticity and the viscosity. The
difficulty in measuring these values comes from the fact that PDMS is an anomalous material.
For example, the adhesion effect, caused by the sticky nature of the material, will cause an
overestimation of the elastic modulus [21].

One of the factors that creates a main difference between a test conducted on metals and
one done on the polymers is the time. The time holds an important role in the experiments. Many
of the properties that are important to be calculated are directly related to the time of loading and
unloading of the force. While the speed of loading can influence the results, the biggest changes
can be seen in the unloading reaction. The rate of unloading can influence the recording of the
data because of the viscoelastic behavior of the sample described by a dashpot. In this research,
to avoid this issue, the loading section of the load-displacement graph will be used to calculate
the elasticity (since the viscosity won’t affect the loading reaction), and both the loading and

unloading sections to calculate the viscoelastic effect.

1.4 PDMS Samples Description

In this research, two different groups of samples were tested. The two groups differ in the
age of the material. The first group includes samples available in the laboratory produced in
2006. The second group, instead, includes samples that were created specifically for this
research. It is important to keep in consideration the age of the samples because the existence of
an aging process that can affect the mechanical properties of the sample has been proven [22].
However, further studies and analysis of the aging effect are required.

7
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To create a sample, a base and a curing agent are needed. The silicone elastomer kit used
in this research to produce the sample is the “Sylgard 184” of the Dow Corning Corporation. The
kit includes a silicone elastomer base and a curing agent, as shown in Figure 3.

The Sylgard 184 elastomeric base contains vinyl group while the curing agent contains a
catalyst that catalyze the addition of the SiH bond with the vinyl group forming the linkages

[23].

Figure 3. Sylgard 184 silicone elastomer Kit.

The samples used have different cross-linking degrees. To produce PDMS with different
cross-linking degrees, the ratio between the curing agent and base mixed together is changed.
Different cross-linking samples present different stiffness and different mechanical properties
[24]. Each sample is labeled with the ratio base:curing agent. For example, some of the samples
studied are labeled as 10:1 and 30:1 meaning they have 10 (or 30) masses of Sylgard 184
elastomer base for every mass of Sylgard 184 curing agent. In addition to that, the samples

created and used in the experiments have different sizes and thickness. It has been shown that the
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mechanical properties depend also on the thickness of the sample [24]. The fact that the elastic
modulus and other mechanical properties depend on the thickness of the sample is because of the
shear stress during the fabrication of the sample [25].

It is particularly important to keep track of the cross-linking degree of the sample
analyzed since the mechanical properties depend directly on it. As shown in the research of
Wang et al., the elastic modulus of PDMS can vary from 0.56 MPa to 3.59 MPa according to the
cross-linking degree [26]. It is proven that the lower the degree of PDMS network’s crosslinking,

the softer the material. On the contrary, the higher the degree, the stiffer the PDMS [2].

Table 1. Average stiffness for different cross-linking degree samples [26].

Cross-linking degree E,ve (MPQ)
PDMS 5:1 3.59+0.11

PDMS 7:1 2.91+0.036
PDMS 10:1 2.61+0.021
PDMS 16.7:1 1.21+0.069
PDMS 25:1 0.98+0.037
PDMS 33:1 0.56+0.021

Table 1, reported above, shows the results obtained by Wang et al. with a macroscopic
compression test. It is important to report these values because they will be compared with the
results that will come out from this research. The experiment will involve a microscopic test such

as nanoindentation instead of the macroscopic test done by Wang [26].

1.5 PDMS Samples Preparation
Some of the samples used in this research were already available in the storage of the
laboratory. However, in order to fully understand the material studied, some new samples were

created specifically for this work. In addition to that, it was necessary to have freshly made and
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custom-made sample with the cross-linking degree required and the thickness and dimension
desired.
To produce a sample, the tools and the materials needed are the following:
- Sylgard 184 silicone elastomer base;
- Sylgard 184 silicone elastomer curing agent;
- Laboratory tools such as Petri dishes and Pasteur pipette;
- Safety tools such as gloves;
- Spoon and cup;
- Scale;
- Vacuum desiccator;
- Oven or hot plate.
The procedure to produce a PDMS sample is described, step by step, in Appendix B.
The process shows how to create a PDMS 10:1 sample. However, it is easily adaptable to
create samples with any other cross-linking degree. It is only necessary to change the ratio
between the base and the curing agent. The technique to create a PDMS sample is called curing
procedure. To cure a PDMS 10:1 sample, 1 gram of silicone curing agent is used for every 10
grams of base. The curing agent and the base need to be mixed homogeneously. To assure that,
for a sample 10:1 or 30:1, the mixing time required is around 15 minutes. For a sample with a
lower degree of cross-linking, such as 50:1, around 30 minutes of mixing are required.
The curing process can happen in different ways. PDMS can be cured over a wide range
of temperatures and times [27]. If it is left at room temperature, the sample will need up to 48
hours to cure completely. If a hot plate or an oven are used, the time decreases exponentially

with the increasing temperature.

10
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The only limit on the temperature is given by the limit temperature that a Petri dish can
tolerate. With a temperature of 423 K, the time needed is around 10 minutes. The temperature
used in this experiment to cure the sample is around 338 K (65 °C) for a time span of 12 hours.

Table 2 shows the different ranges of time and temperature that can be used to cure the sample.

Table 2. Time-temperature treatment of PDMS samples [28].

Time Temperature in °C

10 min 150 °C

20 min 125 °C

35 min 100 °C

48 h Room temperature (20 °C)

11
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CHAPTER 2: INSTRUMENTATION AND MEASURING METHODS

2.1 Nanoindentation Instrumentation
To conduct the aforementioned experiments, the following tools were used:
- Hysitron Tribolndenter TI900 (Hysitron, USA), shown in Figure 4;
- Flat punch tip with 1002.19 um diameter;
- A computer with Hysitron TriboScan software (Hysitron, USA);
- KaleidaGraph software for the data analysis and graphical representation.
The Tribolndenter is the hardware machine necessary to perform the indents. The main
task of the Tribolndenter is to probe a material surface to nanometer scale depths, while

recording the load and depth [29].

Figure 4. Tribolndenter T1-900.

12
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The part of the instrument that is actually intended to execute the measurement is the
three-plate capacitive transducer. The force is applied electrostatically while the displacement is
measured by the capacitor. The transducer works by applying an alternating current signal out of
phase of 180° to the bottom and top plate. The voltage is then applied to the central plate that is
the one allowed to move, causing a displacement. To execute an indent, a direct current voltage
is applied to the lower plate of the capacitor and this will cause an attraction between the drive
plate and the bottom one, causing the indent [2],[29],[30]. Figure 5 shows a schematic model of

the transducer.

Transducer

Sample

Figure 5. Model of the three plates capacitive transducer of the Nanoindenter [29].

The tip used in this experiment is a flat punch tip that has a cylindrical shape and a
diameter of 1002.19 um. The end of the tip is flat. This kind of tip has been chosen for this
research because of the properties of the material tested. Since the sample is extremely soft and
sticky, a constant contact area is needed in order to calculate the elastic modulus and any other

mechanical properties with satisfying precision. This particular tip is also used when a planar
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contact is required. Since the sample and the tip present a tilt, it is necessary to use it to obtain a
planar and constant surface of contact [31].

The main software used in this research is the TriboScan whose main window can be
seen in Figure 6. It provides complete control over all the Hysitron hardware components and
testing experiments [32]. Triboscan was used to set all the parameters needed for the experiment
such as the boundaries of the samples and the loading function of the force that includes the time
and the peak force value. In addition to that, the TriboScan has the purpose of monitoring and
capturing the data that come from the test. The software is also able to analyze and display the

results of the indentation [33].
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Figure 6. TriboScan main page to set up the indentation parameters and boundaries.

However, even if the TriboScan software can produce graphs of the results, in this

research, the plots are created with another software: KaleidaGraph (Synergy Software).
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2.2 Governing Equations for Data Analysis

In general, the indentation process is used to calculate the hardness of a specific material.
With the improvements in the equipment it is possible to monitor the load and the displacement
of the indenter in every instant [34].

One of the most important information needed in order to calculate the mechanical
properties desired, after executing an indentation experiment, is the area of the tip used. For the

specific tip used in this experiment the residual area is

2 2
A=nZ =02 — 788841.97 um?=0.788 mm? ()
One of the main goals of this research is to develop a method to find the elastic modulus
of PDMS. To do so, one of the most important formulas is the one used to calculate the Young's

modulus [35]:

p oSV Q
" 2BvVA

where E, is the reduced elastic modulus, S is the measured stiffness and A is the contact area of
the tip. The constant B depends on the shape of the indenter. For a flat punch tip, the value can be

considered equal to 1. For the tip used, the equation can be reduced to [2]:

g S VE_SVm _S¥m _S__ S ®)
"T2%144 2 Dzn_zgﬁ_p_moz.w
e

To calculate the stiffness, there are different possibilities. The one used in this research

involves the loading section of the indentation graph. In this graph, the load vs displacement are
recorded point by point. As defined, the stiffness of a material is the force (F) per unit of
deflection (0) [35],[36].
_ dF (6)
dé
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Since the stiffness is the relationship between the load force and the displacement, it can be
calculated using the slope of the loading section of the load-displacement graph. Since the slope
is not linear it will be necessary to define an average value of stiffness that will represent the
average slope over the displacement range. It can be evaluated using a fitting equation curve. In
this case, a linear fit has been chosen and it will return an equation in the form:

y=mx+b ()

where m is the slope of the line.

Once the reduced modulus has been calculated, knowing the Young's modulus and
Poisson's ratio of the indenter material (respectively E; and v; ), it is possible to go back to the
Young's modulus [35]:

1 (A-v¥) (A-v?H (8)
E,~ E " E;

For the Poisson's ratio of the indenter (diamond) the value (0.07) has been used and (1140 GPa)
as its elastic modulus [20]. It is then possible to obtain the value (0.5) as the Poisson's ratio for
the Polydimethylsiloxane from a Polymer Data Handbook [37]. Substituting these values in the
previous equation, the relation between the reduced modulus and the Young's modulus of the
PDMS is:

1 (1-05?2) (1-0.07%) 0.75 D 9)
I-F T 1w -~ p T872X10

Then, since the second term is negligible:

E = 0.75E, (10)

The Young's modulus of a PDMS sample is approximately equal to the 75% of the reduced

modulus.
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2.3 Polymers Response Models

The behavior of a nanoindenter can be schematically represented as a series of springs
[38]. However, for the kind of material studied in this research, this model is not adequate
because it doesn’t consider the viscoelastic properties.

The two models used to describe more accurately the physics behind the nanoindentation
are the Kelvin-Voigt model and the Maxwell one. Hereafter the two models will be described and
the fundamental equations will be analyzed.

The Voigt model, schematically represented in Figure 7, consists of a spring and a
dashpot connected in parallel. It is used, primarily, to study load control problems such as the
creep relaxation [39]. This model is used to analyze viscoelastic solids. An analogy with an

electrical circuit can be drawn to solve the fundamental equation.

Figure 7. Voigt model (spring and dashpot in parallel) [39].

As it is for the total resistance when there are two resistors in parallel, the same applies for the
total force in this case. The total force is then equal to the sum of the force due to the elastic
spring and the one due to the damper [40].

F=F+F, (11)
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The Maxwell model instead can be represented as a spring and a damper connected in
series. This model, shown in Figure 8, is used for stress relaxation analysis [39]. Another

analogy can be drawn with an electrical circuit to calculate the final force.

Figure 8. Maxwell model (spring and dashpot connected in series) [39].

The inverse of the equivalent force is equal to the algebraic sum of the inverses of the spring
force and the damping force.

1 1 (12)

Those models are quite simplistic and they don't represent the complexity of the real
PDMS behavior. To do so, it is necessary to create a combined Voigt and Maxwell model. This
model is called Voigt-Kelvin and consists of multiple Voigt modules connected in series. The

representation of this model is shown in Figure 9.
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il ?

Figure 9. Voigt-Kelvin model [39].

However, even the Voigt-Kelvin model is not enough. The closest model that has been

created so far is the Kelvin-Voigt generalized model with quadratic elements shown in Figure 10

below [41].

Y £
N vEl 1 vE2

Figure 10. Kelvin-Voigt generalized model with quadratic elements [41].

The model is composed of a series of elements that are used to study and simulate each one of
the different characteristics of a PDMS sample. The first element is a spring to describe the
elastic behavior, followed by two Kelvin-Voigt elements for the viscoelasticity, followed by a

slider for the plasticity and finally a dashpot for the viscoplasticity.
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A simplified version of this model is the standard linear solid (SLS) model. The model is
composed of one spring placed in series with a Kelvin-Voigt module. The spring is
instantaneously activated during loading and it reacts during the unloading with a time dependent

response due to the load transfer through the spring-dashpot [42].

g &

re

Figure 11. Standard linear solid model [42].
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CHAPTER 3: EXPERIMENT TO CALCULATE THE YOUNG’S MODULUS !

3.1 Purpose and Differences From Previous Experiments

The first experiment conducted was for developing a method to calculate the Young’s
modulus of a PDMS sample. Before being able to calculate the mechanical properties of a
sample using nanoindentation, full contact between the tip and the surface needs to be
established. Before proceeding further with the analysis of the results obtained from the
indentation, it is necessary to describe the procedure to establish full contact between the sample
and the 1002.19 pum diameter cylindrical flat punch.

This procedure differs from the standard automated indentation because each indent has
to be performed manually after establishing full contact with the sample surface. Incomplete
contact happens because of the sample tilt with respect to the flat punch surface, and results in
incorrect values of the desired mechanical properties measured. Thus, it is then impossible to use
the automated indentation. Using the standard procedure will provide incorrect values due to
initial incomplete contact.

After reaching full contact, it will be possible to proceed to calculate the mechanical
properties desired. In particular, for this research, the elastic modulus (Young’s modulus) will be
calculated. Another difference from the standard procedure is that, to calculate the elastic
modulus of the sample, the loading portion of the slope will be used since the unloading one is

affected by viscoelastic deformation.

! Portions of this chapter were previously published in [44].
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Every sample tested is described with the acronym PDMS, followed by the elastomer
base/curing agent ratio. For example, the first sample studied is named PDMS 10:1, meaning that
the base/agent ratio is 10, with 10 mass units of the silicone elastomer base mixed with 1 mass
unit of the silicone elastomer curing agent.

In this research, the samples studied are multiple and they present the following cross-

linking degrees: 10:1, 30:1, 50:1.

3.2 Obtaining Full Contact

In order to calculate the desired mechanical property, it is necessary to know the contact
area between the tip and the sample. The surface area of the tip in this report is equal to
0.788 mm?. This area doesn’t change during a flat punch indentation.

However, the full contact between the flat punch tip and the sample is not initially
established due to the unavoidable sample tilt with respect to the cylindrical flat punch surface,
which results in incorrect elastic modulus values when using automated indentation [43]. This
situation is shown schematically in Figure 12. The angle of tilt between the tip and the sample is

unknown.

Cylindrical flat punch tip

PDMS sample

H>h

Figure 12. The schematic tilt between flat punch tip and sample [44].
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The hypothesis behind this research, is that full contact can be achieved by moving the tip
into the sample in 2 pm increments, up to 50-60 pm maximum combined displacement, until the
loading stiffness no longer increases. The 2 um threshold has been arbitrarily chosen because it is
small enough. However, it is possible to substitute this value with similar small values.

To start the procedure, it is necessary to first set up the Hysitron Tribolndenter and the
TriboScan software. The machine needs to be calibrated, which is achieved following the
standard air indentation procedure [45]. It is possible to consult in Appendix A the setup values
and procedure used. The air indentation is performed to calibrate the transducer electrostatic
force and check the transducer plates spacing [26]. This is the only step that resembles the so-
called “standard” indentation test. The rest of the procedure is different from the standard
procedure. The Figure 13 below shows the results obtained from the air calibration of the

Tribolndenter.

" . ] [

- l.—.:ﬂ'. ‘ -:' 3. -';"-:_ r"' .. - et - . : 1::'
— :' . ."' o - - -... . .' .-. x [TEN __. .- e v e .-...‘ __.-'_. -
= .o . . . . e s .
= o .
@ - .
o Ll
I i - [ .
LI_ ... -. " ...

—1- = - _ru_ . rl '\-’ - L) ':
.l'_ :-.' 3 _'..':'.- ) :-;- : . ] . "
0 500 1000 1500 2000 2500 3000 3500 3866

Displacement (nm)

Figure 13. Air calibration (force-displacement).
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The experiment consists of moving the tip deeper into the sample surface in 1-2 um
increments relative to the previous position by manually raising the sample stage. The relative
sample stage movement increment is chosen as 1-2 um, or higher each time, based on the
maximum displacement reached in the previous indent at the pre-defined 600 uN maximum load.

Figure 14 shows the setup values for the air indentation calibration.
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Figure 14. Initial setup of the TriboScan software.

Attention should be paid not to exceed the total displacement above 60-70 pm. This
limitation is due to the spacing between the transducer capacitor plates of around 80-100 pm.
Assuming that the initial position is at the center of the available displacement range, it is safe to
keep the total stage movement under 60-70 um. The total allowable displacement also depends
on the sample stiffness, and it is safe to have up to 80 um maximum displacement for the softer
PDMS samples. This limit can be set at 60-70 um of total relative movement for safety reasons.
However, even if the plate is moved by 70 pum, the total displacement will be smaller than that.

In fact, the plate would actually move 70 um only if an air indentation would be made.
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However, since the tip is in contact with the sample, the total displacement moved is
actually smaller. Still, it is better to maintain 70 um as the maximum limit. Sample safety
boundaries do not need to be defined using this modified testing procedure.

Before starting the test, the tip is moved manually, using the stage, above the sample
surface and lowered to make the first contact with the PDMS sample. The problem with this kind
of material is that, even if the tip is in contact with the sample, there is no guarantee that it is in
full contact, since the sample surface is always tilted with respect to the flat punch tip surface, as
shown schematically in Figure 12. Before collecting any meaningful indentation data, full
contact between the tip and the sample surface must be established. If the full contact is not
established, erroneous modulus will result.

The tip has to be moved deeper into the sample until the measured stiffness of the sample
won't change with a further increase of the relative indentation depth. The load function, chosen

for this experiment, is shown in Figure 15.

600

0 ] ] ]
0 5 10 15 20
Time (s)

Figure 15. Load function (load-time curve) of the indentations conducted
(PDMS 10:1) [44].
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As it can be seen in the graph, the peak load value is <600 uN while the loading and the
unloading time are 10 seconds each. This typical maximum load is used during the air
indentation calibration, which results in about 4-5 um tip travel range in air, without contacting
the sample [45]. The Hysitron TriboIndenter transducer has ~5 pm maximum travel range, thus,
the selected 600 N maximum load will not result in exceeding the maximum transducer
displacement. The indents are performed in the open-loop mode, i.e. pseudo-load control.

To ensure the full contact, the first step requires to mount the sample on the stage and
define the sample in-plane boundaries in the TriboScan software. Air indentation calibration is
performed to make sure that the Hysitron transducer is calibrated and working properly. The
sample stage is then moved to position the tip above the sample surface, and then the stage is
moved along the vertical Z direction until there is the first contact between the tip and the
sample. Exceeding the maximum safety load, which stops the stage motors, can be avoided by
pressing the “AUTO ZERO” button on the transducer controller.

At this point, it is possible to perform the first indentation into the PDMS sample. The
loading slope graph results that are obtained, are not consistent. It is possible to see how it
changes as a function of the relative indentation depth due to incomplete contact between the flat

punch tip and the PDMS sample, as shown in Figure 16.
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Figure 16. Load-displacement curves showing increasing stiffness with increasing
depth (PDMS 10:1) [44].

The sample stage is manually moved up using the Triboscan software controls towards

the tip to increase the relative indentation depth in 1-2 pm increments, which results in increased

loading stiffness in Figure 17.
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Figure 17. Loading stiffness vs. relative depth (PDMS 10:1) [44].

The stage movement increment is based on the maximum transducer 5 pm displacement
range and the maximum indentation depth of the previous indent, which was on the order of 300
nm. This procedure is repeated until the loading slope doesn't increase anymore. In this case, the
procedure was repeated 24 times before obtaining a consistent result.

Table 3 shows all the slopes obtained from every single indentation at the corresponding
relative depth. It is important to report this table because it shows that the values of the slope

keep increasing. These data are used to create Figure 17.
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Table 3. Data collected showing the relative depth and loading slope (PDMS 10:1).

Relative Depth Loading Slope Relative Depth Loading Slope
(Lm) (UN/nm) (um) (UN/nm)
2 1.6676 30 3.0324
4 1.6848 32 3.1581
6 1.7364 34 3.1811
8 1.8406 36 3.2292
10 1.9728 38 3.4933
12 2.2005 40 3.5275
14 2.3773 42 3.5429
16 2.4127 44 3.6191
18 2.5178 46 3.6501
20 2.6669 48 3.8040
22 2.7092 50 3.8040
24 2.7801 52 3.8040
26 2.8568 50 3.7987
28 3.0273

After moving the sample stage by 48 um into the indenter tip, there was no further

change in the loading stiffness as can be seen in Figure 18 with the stage motion of 50-52 pm.

This proves that the full contact between the tip and the PDMS sample is reached. Decreasing

the depth by 2 um also demonstrates that there is full contact since the loading stiffness of the

three load-displacement curves is the same in Figure 18.
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Figure 18. Load-displacement curves after reaching saturation at 50 um relative tip
depth (PDMS 10:1) [44].

In Figure 18, it is clear that even at 50 um and 52 pm relative displacements there is no
change of the loading slope. If the tip is retracted by 2 pm, therefore returning to the 50 um
relative depth, the loading slope remains the same. This proves that the full contact was
established. Unchanged loading slope also suggests elastic contact and no plastic deformation of
the PDMS sample.

The next step needed to proceed further in calculating the mechanical properties of the
sample, is to obtain the equations of the fitting curves. The three equations obtained for the 50 pm,

52 pum, and again 50 um relative depth indentations are the following:

y = 3.8073x + 3.24 (13)

y = 3.8073x + 3.24 (14)

y = 3.7743x + 0.01 (15)
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The slope of the three lines is the same, with a reasonably small uncertainty or error in terms of

bias and variance. This difference or error is due to the sensibility and level of precision of the

instrument used.
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Figure 19. Loading portions of load-displacement curves at 50 and 52 um relative
depth (PDMS 10:1) [44].

Usually, for metals and other ductile materials the unloading slope is used to measure the
stiffness and calculate the elastic modulus. This happens because they undergo elastic and plastic
deformation during loading, followed by elastic recovery upon the unloading. Viscoelastic soft
polymers, such as PDMS, are different, however, since they undergo viscoelastic deformation
upon the unloading. This is why the slope during fast loading is utilized in the described method

to calculate the elastic properties of soft PDMS. Loading time should be reduced to minimize the

effects of viscoelastic deformation during loading.
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3.3 Elastic Modulus of a PDMS

The elastic modulus, also known as Young’s modulus, can be calculated, for idealistic

solid using the Hooke’s law.

_stress o (16)

" strain €
where E is the Young’s modulus, ¢ is the stress and € is the strain. The stress and the strain can be

both tensile or compressive [2]. Figure 20 represents a typical stress-strain graph and it shows

how the Young’s modulus is the slope of the line tangent to the curve.

o=F/A

e=Al/L

Figure 20. Stress-strain graph. [46]

The stress ¢ has the units of pressure (GPa, MPa or KPa) since it is a force per unit area
while the strain € is dimensionless. The stress can be caused by compression or by tension. The
strain 1s even called “percentage elongation” since it is the change in the length per unit length
[2].

NGl 7Y (17)
=T

where L is the original length and Lyis the final length.
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From these equations, it is obvious that, if the strain is unvaried, the stiffness of the
material increases if the stress is larger. In the SI, then, the Young’s modulus has the dimensions

of a pressure.

3.4 Elastic Modulus Calculation

After plotting the slope of the full contact, as seen in Figure 19, it is possible to calculate
the reduced elastic modulus of the PDMS sample by using the loading slope and the equation
(6). Since there is not an exact value for the slope, in this research the average between the slope

of the 50 pm, 52 um, and 50 pm relative depth is used:

3.8073 + 3.8073 + 3.7743 (18)
Savg = 3 = 3.7963 uN /nm
E, =2wo - Swg _ 3793 _ 47889 Mpa+0.019 MPa (19)
D 1002.19 1002.19

Here, Sgp,41s the measured average loading stiffness, and D is the flat punch tip diameter. The
reduced elastic modulus of the PDMS 10:1 sample is then 3.8 MPa [20]. The elastic modulus of
the PDMS is 25% smaller than the reduced modulus, and it is consistent with previous
nanoindentation measurements [20],[47]:

Erpms= 0.75-E; = 2.85 MPa (20)

Metals and other ductile materials undergo elastic and plastic deformation during loading,
followed by elastic recovery upon the unloading. This is why the unloading slope is used to
measure the stiffness and calculate the elastic modulus of these materials. However, viscoelastic
soft polymers are different since they undergo viscoelastic deformation upon the unloading. This
is why the slope during fast loading is utilized in this method to calculate the elastic. Loading

time should be reduced to minimize the effects of viscoelastic deformation during loading.
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This experiment has been conducted on different PDMS samples. The samples tested
were: samples of PDMS 10:1 created at different times, samples of PDMS 30:1 and PDMS 50:1.
Significantly older samples (over 5 years old) have a higher elastic modulus, demonstrating some
aging phenomena. A PDMS 10:1 sample produced in 2006 and tested following this method
showed an elastic modulus higher than 7 MPa. However it was not possible to prove if this
increment in stiffness was due to the aging effect or because of the sample were damaged or

corrupted.

3.5 PDMS Elastic Modulus Results from Different Samples

In the next two subsections the experiment done on a 30:1 and 50:1 PDMS sample are
presented. The test was conducted only on one sample of each cross-linking degree. However all
the procedures were repeated three times for each sample in order to guarantee the validity of the

results.

3.5.1 Indentation of 30:1 PDMS Sample

After conducting the experiment on the sample PDMS 10:1 and having established a
method, the same experiment was executed on different samples with different cross-linking
degrees. The second sample studied presents a cross-linking degree of 30:1, meaning that there
are 30 masses of Sylgard 184 silicone elastomer base for every mass of Sylgard 184 curing
agent. The sample used can be seen in Figure 21 below. It is 1 mm thick and it was produced in

May 2015. The experiment was conducted in the same month of the manufacturing.
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PDMS 30:1

Figure 21. Sample of PDMS 30:1 used in the experiment.

The procedures applied resembles the one used in the previous experiment on the PDMS

10:1 sample. In this chapter, only the results will be presented.

The first graph presented in Figure 22 is the load versus time. This is useful because it

shows how the force function is applied to the sample.
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Figure 22. Load function (load-time curve) of the indentations conducted
(PDMS 30:1).
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The peak load value, in the TriboScan software, is set at 600 pN. However, the peak
value reached is lower than 500 pN, while the loading time and the unloading one are both 10
seconds, as seen in Figure 22.

Following the established protocol, it is now necessary to obtain the full contact. In
Figure 23, all the executed indentations are shown before reaching the condition of full contact.
In this particular experiment, it was necessary to repeat the procedure 51 times in order to obtain
the full contact. Since the relative movement is set at 2 um and since this value is kept constant,
the total displacement is equal to 102 pm.

While the tip keeps getting deeper and deeper into the sample, it is shown how the
stiffness increases. Having reached the full contact, the stiffness of the sample no longer

increased and stabilized around a certain value.
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Figure 23. Load-displacement curves showing increasing stiffness with increasing
depth (PDMS 30:1).
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The plot, shown in Figure 24 represents the relationship between the relative depth and
the stiffness and it shows how the slope of the loading section of the graphs keeps increasing
until 102 um of relative depth is reached. At this value, the stiffness stops to increase and it

remains constant even if the depth keeps increasing.
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Figure 24. Loading stiffness vs. relative depth (PDMS 30:1).

It can be seen how the full contact is reached when the loading slope stops increasing and a
plateau is obtained.

Table 5 shows the values of the stiffness of the loading slope at every relative depth
value. These data are necessary to be able to prove that full contact is reached. The values of the
loading slope go from 0.080053 uN/nm during the first indentation, up to 0.45852 puN/nm in the
102" indentation. It is possible to see from Table 4 how the value of the loading slope stabilizes

once the full contact is obtained.

37

www.manaraa.com



Table 4. Data collected showing the relative depth and loading slope (PDMS 30:1).

Relative Depth (um) Loading Slope Relative Depth (um) Loading Slope
(UN/nm) (UN/nm)

2 0.080053 56 0.27778

4 0.084021 58 0.29091

6 0.090945 60 0.30906

8 0.094003 62 0.31111
10 0.10347 64 0.31214
12 0.10760 66 0.31780
14 0.11644 68 0.32473
16 0.11909 70 0.33472
18 0.12432 72 0.35229
20 0.13252 74 0.35276
22 0.14279 76 0.36215
24 0.15016 78 0.37421
26 0.15425 80 0.37952
28 0.16457 82 0.39040
30 0.16885 84 0.40897
32 0.17873 86 0.40314
34 0.19089 88 0.41056
36 0.19473 90 0.42540
38 0.20666 92 0.42650
40 0.21856 94 0.43057
42 0.21878 96 0.43839
44 0.23569 98 0.45847
46 0.23658 100 0.45850
48 0.24501 102 0.45852
50 0.25272 104 0.45851
52 0.26376 106 0.45848
54 0.26813 104 0.45860

At a relative depth of 98 um, 100 pum, and 102 pum, the slope doesn’t change anymore and it is

the proof that full contact is reached. The following graph, in Figure 25, focuses on those

indentations done at a relative depth of 98, 100 and 102 pm.
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Figure 25. Load-displacement curves after reaching saturation at 100 pum relative
tip depth (PDMS 30:1).

Finally, in order to calculate the Young’s modulus, it is necessary to extrapolate the

fitting equations of the loading sections from the graph in Figure 26.

400
| —-0---98 um
—0— 100 uym
300 —©— 102pm
= b
3
S 200}
o
o
-l I3
100 | ———y=0.45326x+1.5
Ui - — y=0.4558x-0.06
— — y=0.45501x-2.36
0 1 1 1 1
0 400 800

Depth (nm)

Figure 26. Loading portions of load-displacement curves at 98, 100 and 102 um
relative depth (PDMS 30:1).

39

www.manharaa.com




The equations of the three lines are the following:
y = 0.45326x + 1.5
y = 0.4558x — 0.6
y = 0.45501x — 2.36
Calculating the average slope yields:

_0.45326 + 0.4558 + 0.45501 uN

avg = 3 == 045469 %

Applying equation (6) the reduced elastic modulus is found:

045469
7 1002.19

= 0.4537 MPa = 0.0013 MPa

Finally, the elastic modulus can be calculated using the formula (11):

E =0.75%0.45 = 0.34 MPa

(21)
(22)

(23)

(24)

(25)

(26)

The elastic modulus of the PDMS sample with a degree of cross-linking 30:1 is then

equal to 0.34 MPa or 340 KPa. This value is considered acceptable and it is of the same order of

magnitude of the values calculated with different techniques described in the literature.

For example, in the research conducted by Gupta et al. a value equal to 0.42 MPa was measured

[48], while according to Genchi et al., the value is equal to 0.19 MPa [49]. Other results are

available in the literature. According to the macroscale tests, conducted by Sharfeddin et al., the

elastic modulus for a 30:1 PDMS sample varies from 0.83 MPa if measured with a compression

test to 0.17 MPa obtained with a tensile test [50].
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3.5.2 Indentation of 50:1 PDMS Sample

The third experiment was conducted on a sample of PDMS 50:1. The low degree of
cross-linking cause the sample to be very sticky and with a low Young’s modulus. Also for this
sample only the results will be presented in this research work. Figure 27 below shows the
sample used in this experiment. It presents a thickness of 1 mm. The sample was produced in

May 2015, same month during which the experiment was conducted.

PDMS 50:1

Figure 27. Sample of PDMS 50:1 used in the experiment.

In Figure 28, the time vs load graph is shown. The time of loading and unloading is set at

10 seconds each.

200 -

100

Load (uN)

0 5 10 15 20

Time (s)

Figure 28. Load function (load-time curve) of the indentations conducted
(PDMS 50:1).
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The peak value reached is around 200 uN even if the peak value set in the Tribolndenter

is equal to 600 uN. This happens because of the nature of the sample. The stiffer the sample, the

less deep the tip will go keeping the same load force.

Following the procedure to establish full contact, the graph shown in Figure 29 was

obtained. It shows the 45 indentations were necessary to obtain the full contact.

300

Load (K)N)
=

100

I |
1000 2000

300C
Depth (nm)

Figure 29. Load-displacement curves showing increasing stiffness with increasing
depth (PDMS 50:1).

The plot, shown in Figure 30, that represents the relationship between the relative depth
and the stiffness will show how the slope of the loading section of the graphs keeps increasing

until 88 um of relative depth is reached. At this value, the stiffness stops to increase and remains

constant even if the depth keeps increasing.
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Figure 30. Loading stiffness vs. relative depth (PDMS 50:1).

In Figure 30, it is possible to see that the full contact condition is reached at a relative
depth of 88 um. Table 6 shows the values of the stiffness of the loading slope at every relative
depth value. These data are necessary to prove that full contact is reached. The values of the
loading slope go from 0.065787 uN/nm during the first indentation, up to 0.20404 uN/n in the
88™ indentation. It is possible to see from Table 5 how the value of the loading slope stabilizes

once the full contact is obtained.
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Table 5. Data collected showing the relative depth and loading slope (PDMS 50:1).

Relative Depth (um) Loading Slope Relative Depth (um) Loading Slope
(UN/nm) (UN/nm)
2 0.065787 48 0.13781
4 0.072195 50 0.14214
6 0.0747 52 0,14567
8 0.079456 54 0,14765
10 0.079589 56 0,15107
12 0.083416 58 0,15475
14 0.088733 60 0,15739
16 0.089149 62 0,16072
18 0.094068 64 0,1644
20 0.09553 66 0,16705
22 0,098003 68 0,17
24 0,10118 70 0,17372
26 0,10391 72 0,17871
28 0,10717 74 0,17977
30 0,11135 76 0,18101
32 0,11307 78 0,18876
34 0,11674 80 0,18919
36 0,12224 82 0,19552
38 0,12357 84 0,19575
40 0,12599 86 0.19993
42 0,13206 88 0.20302
44 0,13283 86 0.20404
46 0,13497

Hereafter, the curves at 86 um, 88 um, and again 86 pum are studied in order to calculate

the elastic modulus of the sample. In Figure 31 these three curves are shown and it is already

possible to see how the slope of the aforementioned curves is the same with a reasonably small

uncertainty or error in terms of bias and variance.
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Figure 31. Load-displacement curves after reaching saturation at 100 pum relative
tip depth (PDMS 50:1).

The linear fits equations used in this experiment are shown in Figure 32. It is then

possible to use the slope of the loading section of the three curves to calculate an average slope.

300
Z 200
)
o
o i
|
100
y=0.19993x + 0.25
-— y=0.20302x + 2.45
— — y=0.20404x + 3.50
0 1 1 1
0 1000 200C

Depth (nm)

Figure 32. Loading portions of load-displacement curves at 86, 88 and 86 um
relative depth (PDMS 50:1).
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First the average slope is calculated using the three fitting equations:

y =0.19993x + 0.35 (27)
y = 0.20302x + 2.45 (28)
y = 0.20404x + 3.50 (29)
The average slope is then:
0.19993 4+ 0.20302 + 0.20404 (30)
Savg = =0.2023 —
3 m
From the equation (6) the reduced elastic modulus is obtained and it is equal to:
= 22925 _ 7201 MPa + 0.0021 MPa (31)
1002.19

The elastic modulus is then the 75% of the reduced elastic modulus and it is equal to:
E =0.75%0.201 = 0.150 MPa (32)

The elastic modulus of the PDMS sample with a degree of cross-linking 50:1 is then
equal to 0.15 MPa or 150 KPa. This value is considered acceptable and it is of the same order of
magnitude of the values calculated with different techniques described in the literature. For
example, Brown et al. present a result of the elastic modulus of a 50:1 PDMS equal to 90 kPa
[51]. In the research of Sharfeddin et al., instead, the values found vary from 0.17 MPa to 0.018
MPa depending if the results are found using a compression or a tensile macro test [50].

However the results available for this cross-linking degree are lacking.
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CHAPTER 4: EXPERIMENT TO CALCULATE THE VISCOSITY

4.1 Viscoelasticity

Polymers, such as PDMS, can be classified as solids or viscous fluids and their properties
depend on the temperature. If the temperature is low they behave like a rubbery elastic solid or
glass, at high temperature, instead, they behave like viscous fluids. At really high temperature,
they behave like a liquid with a high level of viscosity. That’s why polymers are usually
classified as viscoelastic [52]. When a polymer is subjected to a force, the material will react
with an instantaneous deformation called elastic deformation and with a time-dependent one
called viscoelastic deformation. This kind of deformation is completely recoverable [53]. A
viscoelastic behavior is the combination of elastic and viscous behavior.

The model that describes a pure elastic reaction is a spring model and it follows the
Hook’s law:

F, = K.e, (33)
where F, is the force, K, is the elastic constant of the spring and e, is the length of the spring
[53].

The model that describes the pure viscous reaction is a dashpot model and it follows the
equation:

FV == KV e.V (34)

where Fy, is the force, Ky, is the dashpot constant and é,, is the change in length of the dashpot

[53].
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The viscosity is the mathematically defined as the ratio of the shear stress and the strain
rate [54]:

‘ (35)

n=-
Y

where 1) is the viscosity, T is the shear stress and y is the strain rate. The units of the shear stress

are Pascals (Pa) and of the strain rate are the reciprocal of seconds (s*). Therefore, the units of

the viscosity are Pa*s or Poise (P).

4.2 EVEPVP Model

In the PDMS nanoindentation experiment, the most accurate model is the elastic
viscoelastic plastic viscoplastic model (EVEPVP). The schematic model is shown in Figure 10 in
chapter 2.3. Mazeran et al. proposed an analytical solution. The model includes a spring to
represent the elastic behavior, two Kelvin-Voigt elements for the elasticity comportment,
followed by a slider for the plasticity and a dashpot for the viscoplasticity [41].

To calculate the elastic modulus, Mazeran uses the equation (4) presented in chapter 2.2
to obtain the Young’s modulus of the tested samples. From the equation (4), the following
equation can be derive relationing the load and the displacement graph obtained from the

indentation with the elastic modulus:

36
E* = kEZdE\/Z ( )

where k is the stiffness of the spring and d the displacement [41].
For the plastic part, Mazeran et al. used the hardness equation:

_F (37)
H A
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where A is the area of the tip, F the force and H the hardness. From equation (37) the equation
relationing the load-displacement graph with the hardness can be derived.

p*d®p (38)

where p is the coefficient obtained from the load-displacement graph and dpis the displacement
of the plastic element [41].

The viscoelastic part, instead, is modeled with the following equations:

) T (39)
Eyg = kVEZdVE\/%

T (40)
Nve = 2kypnyedyg 1

where ky g is the stiffness, ny g the viscosity and dyz the displacement of the viscoelastic element
[41].
For the viscoplastic part, instead, Mazeran et al. used the following model and equations:

_ nVPZdVPdI./P (41)
Nvp = — 4

where nyp is the viscosity and dyp the displacement of the viscoplastic element [41].

4.3 Indentation of 30:1 PDMS Sample

In order to calculate any mechanical property, in this case the viscosity of the sample, the
full contact condition has to be reached before proceeding further. In Chapter 3 it is explained
how to obtain the full contact. After obtaining full contact, it is then possible to change the
function of the application of the force. Viscosity, as stated above, is a time-dependent
mechanical property. Because of that, if the loading rate is high enough, there won’t be any
viscous deformation. During the loading section, if the loading time is small enough, the sample

will only be subjected to elastic deformation [55].
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In Figure 33, the three different sections of the indentation test are shown: loading
section, holding one and unloading section. For this experiment, the loading to the maximum
load (equal to 500 uN) is 10 seconds, 60 seconds load holding and 10 seconds for the unloading.

A long dwell time has been chosen to minimize the effect of viscosity on the elastic unloading

curve [56].

400 |-
. L
=
L=
S200 |-

0 ] I |
0 40 80
Time (s)

Figure 33. Load-time curve with 10 seconds load and unload and hold of 60 seconds.

The holding time needs to be long enough to allow for viscoelastic deformation. It is then
possible to change the holding time to analyze how the sample reacts. In Figure 34 the load-time
curves are presented. The graphs represent different indentation tests in which the holding time

has been varied from 10 seconds to 600 seconds keeping the loading and unloading time at 10

seconds.
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Figure 34. Load-time curves from 10 seconds holding to 600 seconds.

Figure 35 shows more in detail the upper section of the graph shown in Figure 34. That is

the most significant segment of the experiment.
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Figure 35. Detail of graph showing the holding time.

51

www.manharaa.com



Figure 36 shows the load vs depth curves with the holding time that varies from 10

seconds to 600 seconds. When the load force is kept constant, it is possible to see from the graph

that the depth will keep increasing [57].
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Figure 36. Load-depth graph with different holding times from 10 seconds to
600 seconds.

However, as can be seen in Figure 37, the change in depth during the holding time, decreases

with the increasing of the holding time.

52

www.manharaa.com




800 |-

v |

=

=

£

400 L

O

L
0 | | ] ] ] ]
0 200 400 600
Time (s)

Figure 37. Depth-time curves at different holding times.

Another possible way to analyze the viscoelastic behavior of the PDMS sample is to set
the dwell time equal to zero and then change the unloading rate. As said before, the viscous
deformation is completely recoverable. In Figure 38 it is possible to see that, even at a very slow
unloading rate (up to 1200 seconds) there isn’t complete recovery. This happens because it is not

a pure viscous deformation.
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Figure 38. Indentation tests with different unloading rates.
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Figure 39 shows more in detail the section of the graph that proves that there isn’t full
recovery. Even if the time tends to infinite, the Ad will never reach zero because of the initial

load. Zero will only be reached for negative loading values as it can be seen in Figure 40.

Load (uN)

Depth (nm)

Figure 39. Detail of the load-depth graph with different unloading rates.

Load (uN)

1 1 1 1 | 1
0 40 80 120

Depth (nm)

Figure 40. Full recovery for negative load values.
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From the graph shown in Figure 39, it is possible to collect some valuable data. Choosing

those points where load is equal to 0 N and depth is different from 0 nm, it is possible to find the

points of intersection between the curves and the horizontal axis. Those values found represent a

change in the displacement (A8). Figure 41 shows the plot of those values in correlation with the

unloading time. This graph represents the progression of post-indentation recovery. In a

hypothetical indentation, the full recovery is obtained for load equal to 0 N and change in

displacement equal to 0 nm. However, after the unloading, in the experiment is still measured a

change in displacement, meaning that there wasn’t full recovery [58]. The fact that there isn’t

full recovery is a direct consequence of the method used to execute the indentation test. The

sample of PDMS is always under load even after the end of the unloading. To obtain full contact

the sample is already subjected to a load even before the start of the indentation.
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Figure 41. Ao vs unloading time with logarithmic curve fitting.
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Figure 41 shows how the graph stabilizes around a certain value equal to 14 nm. A

logarithmic fitting curve describes the trend.

Table 6 shows the obtained data. In order to obtain a more precise value, it would be

required to conduct experiments with a smaller increment of the time between two tests in a row.

Table 6. Time of unloading and change in displacement.

Time of unloading Ad Change in Time of unloading Ad Change in
(sec) displacement (nm) (sec) displacement (nm)

1 75.2 40 35.2
2 60.1 50 34.6
3 58.7 60 328
4 51.9 120 30.3
5 45.1 180 28.7
6 43.9 240 25.5
7 42.1 300 24.8
8 41.8 360 23.4
9 40.9 420 22.7
10 39.9 480 21.1
20 37.4 540 20.1
30 35.1 600 18.5

1200 14.2

The data collected in this section suggest how the viscoelasticity affects the behavior of
the PDMS.
The viscosity n can also be defined as the relation between the load and the strain rate:

L

n~—
ds 42
/dt (42)

Those values can be extrapolated from the graphs obtained from the nanoindentation. The first

experiment analyzed is a test with a holding time relatively small, equal to 120 seconds.
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The holding section of the curve needs to be isolated since it is the one used to calculate

the values of the variables in the viscosity equation. Figure 42 represents the load versus time

graph isolating the holding section of the curve.
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Figure 42. Load vs depth of the holding section of the indentation.
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The curve fitting equation that describes the trend of the curve is a logarithmic equation.

To obtain the strain rate from the indentation curve, it is first necessary to isolate the

holding section of the displacement versus time graph. The graph is shown in Figure 43.

Once again the closest fitting equation to describe the curve is a logarithmic one.
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Figure 43. Depth vs time curve of the holding section of the indentation.
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The curve fitting equation for the depth versus time curve is:

y=582.18+112.28 log(x) (43)
It is then possible to calculate the derivative with respect to the time:

. dé dy 112.28 (44)

V=@t Tax T «

Once the strain rate is calculated, it is possible to find a numerical value for the strain rate
at every time point. To calculate the viscosity at any given time point the load is divided by the
stress strain again at every single time point.

After obtaining the values of the viscosity, those results were plotted in the following

figures.

50 T T T T T T

+—y=61258*-10164) R=1 |
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0 20 40 60 80 100 120 140

Time (s)

Figure 44. Viscosity vs time.
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Figure 44 represents the trend of the viscosity with the time. The only time section that
has been kept in consideration is the holding time. It is possible to see how the value of the
viscosity rapidly decreases with the time to finally stabilize at a certain value. As described
before in this research the holding time needs to be set big enough to minimize the effect of the

elasticity. The simplified equation that describes the trend of the viscosity with the time is:

_ 512,58

n= (45)

t

Figure 45 represents the trend of the viscosity in comparison with the load. As it can be

predicted from the viscosity equation, the viscosity exponentially increases with the increment of

the load.

50 T T

T T

Viscosity (MN*s/nm*2)

470 475 480 485 490 495
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Figure 45. Viscosity vs load.

Another graph that can be obtained is the viscosity versus the depth. Figure 46 shows

how the viscosity decreases with the increment of the depth. The curve fitting is an exponential

one.
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Figure 46. Viscosity vs depth.

However, 120 seconds of holding time is too small to allow to analyze the viscosity
without the effect of the elasticity. That’s why only the curves with a holding time bigger than
300 seconds have been analyzed to obtain a value for the viscosity.

In Figure 47, it is possible to see how the curve is described by a logarithmic fitting
equation for time values smaller than 300 seconds, and as a line for time values bigger than 300
seconds. The only section considered from now on will be the second section were the

displacement over the time follows a linear representation.
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Figure 47. Depth vs time dividing the curve in the two fitting equations.

The indentations that will be analyzed are the ones that present a holding time equal to
360, 420, 480, 540 and 600 seconds.

For each one of these test the following procedure is applied. The first graph, shown in
Figure 48, is the load versus time graph. The section kept in consideration is the one where the

time is bigger than 300 seconds.
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Figure 48. Load vs time for a holding time of 480 seconds.
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The second graph, shown in Figure 49, represents the depth versus time of the indentation
done with a 480 seconds of holding time. The section of the graph shown is only the one for the

time bigger than 300 seconds. A curve fitting equation is extrapolated. The equation represents a

line.
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Figure 49. Depth vs time for a holding time of 480 seconds.

The fitting equation is:
Y = 751.77 + 0.11956X (46)
To calculate the strain rate, the first derivative of the displacement with respect to the

time needs to be calculated:

dé dy 0.11956 47
dt  dx
Once the strain rate has been calculated, it is possible to calculate the viscosity dividing

the load by the strain rate. Figure 50 shows the viscosity in relation with the time.
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Figure 50. Viscosity vs time for a holding time of 480 seconds.

This procedure can be repeated for every indentation with different holding times. Figure 51
represents all the viscosity results compared with the time. It is possible to see how, for time

bigger than 300 seconds, the viscosity is constant and the same for every experiment.
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Figure 51. Viscosity vs time for indentations with different holding time.
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CHAPTER 5: SUMMARY AND FUTURE WORK

This research has been done in order to deepen the knowledge of PDMS materials
through the use of nanoindentation. While macroscopic tests have been widely performed on this
kind of material, the micro approach still requires further studies.

The main contribution of this research is the developing of a method to establish full
contact between the sample and the tip. The method was then tested on different sample to prove
its validity.

Most of the goals set for this research have been reached, however, more experiments can
be conducted to prove the results and proceed with the analysis of all the mechanical properties.

In Chapter 1, the objectives of this thesis are exposed after introducing the material
studied. Polydimethylsiloxane is described with a chemical and physical approach, as the
possible applications are described. After describing the applications, it is obvious why it is of
paramount importance to fully understand the behavior and the characteristics of PDMS.

In Chapter 2 the method used to approach this study is introduced. As said before, this
thesis only focuses on the study of PDMS through nanoindentation. The instrumentation used is
described and the fundamental math, behind it, is presented. To be able to execute the
experiments and analyze the results, it is necessary to know the physics of the Tribolndenter and
how a nanoindentation works.

In Chapter 3, the main experiment is described and the results are presented. PDMS
samples with different cross-linking degrees are tested and the first results shown are from a 10:1

PDMS sample. The full contact method is presented and elastic modulus of the sample is
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calculated. The same chapter presents the results obtained applying the same experimental
procedure on samples with different cross-linking degrees, such as 30:1 and 50:1.

In Chapter 4, the viscoelasticity is introduced as the mechanical property that is the sum
of elastic and viscos behaviors. Fundamental equations of the viscoelasticity are presented and in
particular the viscosity is mathematically defined introducing the concept of shear stress and
strain rate. The elastic viscoelastic plastic viscoplastic model (EVEPVP) is schematically
introduced and the Mazeran’s analytical solution is summarized [41]. The same chapter presents
the results obtained with the indentation tests and the analysis of the data collected of a 30:1
PDMS sample. Different graphs show the methods to possibly calculate the viscosity of the
sample.

Once full contact is assured between the tip and the surface of the sample, it is possible to
execute different kinds of tests in order to study different properties or aspects. One of the main
goals that should be reached in future research work is the study of the tilt between the tip and
the sample and how to calculate and parameterize it. In order to do so, a known tilted tip may be
used to calculate the average tilt of the sample. Another possible approach involves a flat punch
tip of a smaller diameter. The smaller the diameter is, the less the tilt will influence the results.

Another interesting aspect that needs to be studied more in depth is the aging effect. This
is particularly important since PDMS is used for in-body devices and prosthesis such as breast
implants. It is needed to study if the aging will cause the change in the mechanical properties of
the material [59]. In this research, the samples studied have different ages and it has been shown
that stiffness increases with time. However, further studies are needed to prove how the time and

the stiffness are related. Samples produced in 2009 and 2015 have been tested.
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One of the main reasons why this thesis focused on this material is because of the
interested in the application as a substrate for cell growth. Future work will be required to

develop technologically advanced microfluidic devices, important to control the chemical

environment of the cells [60].
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APPENDIX A: TRIBOINDENTER CALIBRATION PROCEDURE

The following are the setup values and procedure used to execute the calibration of the
Tribolndenter. The calibration will consist of repeating an air indentation twice.

To obtain a valid calibration, the values of the control knobs on the Tribolndenter and on
the software need to be set up as described:

- the low pass filter needs to be set at 300 Hz;
- the Displacement Gain and the Microscope Feedback Gain have to be set at 100;
- The Bias needs to be switched to “ON” in the Triboscan software.

To start the test of the sample, it is necessary to define a workspace. This workspace
needs to be defined at a Z-level lower than the real height of the sample to avoid the retraction of
the tip after each indentation. It is important to remember that, while the relative movement of
the tip takes place, the machine needs to be re-zeroed pressing the auto zero button on the lower
part of the Tribolndenter. It is important to re-zero at the exact moment when the Z motors are
ON or an error will occur and the motors will be stopped and the tip retracted. It is possible to
see when the Z motors are ON because the light on the lower part of the machine, relative to the

Z axis, will turn green instead of yellow.

72

www.manaraa.com



APPENDIX B: SAMPLE PREPARATION STEP BY STEP

In this appendix the technique how to create PDMS samples is shown. It involves the
following steps:

1. Placing the cup on the digital analytical balance and taring it, as shown in Figure B.1.

Figure B.1. Digital analytic balance.

2. Pouring the Sylgard 184 silicone elastomer base in the cup and taring the balance again.
Figure B.2 shows the adding of silicone elastomer curing agent. This is how the cross-

linking degree will be defined.
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Figure B.2. Adding Sylgard 184 curing agent.

In this procedure, the production of a PDMS 10:1 is described. For every 10 grams of
base, 1 gram of silicone curing agent will be poured into the cup. To keep a satistying
level of precision, a Pasteur pipette can be used to complete this step.

. Mixing the composite with a spoon in order to spread, homogeneously, the curing agent
in the base. For samples 10:1 or 30:1, the mixing time required is around 15 minutes. For
samples with a lower degree of cross-linking, such as 50:1, around 30 minutes are
required. One factor that is important during the mixing process is the speed kept during
the procedure. It is appropriate to keep a constant speed.

. Putting the cup filled with the mixture in the vacuum desiccator (Figure B.3) to make all
the bubbles disappear from the composite. The sample needs to be kept in the desiccator
for around 30 minutes. The time needed to eliminate all the bubbles is positively related
to the time of mixing. Figure B.4 shows an intermediate condition. The mixture

vacuumed for 15 minutes still presents bubbles.
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Figure B.4. Intermediate condition after 15 minutes of vacuuming.

5. Pouring the PDMS on a Petri dish, avoiding any bubble formation. In case of bubbles

formation, it is possible to poke the bubbles with a needle to release the air.
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6. At this point, the sample is almost ready. It needs time to cure. This procedure can be
done at the room temperature or with the use of an oven. Using an oven the time
necessary to cure the sample will be significantly less. Figure B.5 shows the oven used in

this experiment set at a temperature of 65 °C.

Figure B.5. Oven used to cure the samples.
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APPENDIX C: COPYRIGHT PERMISSIONS

The permission below is for material in Chapter 3.

MethodsX aims at having a transparent and quick editorial process. All submitted
articles conform to the MethodsX format will be sent out for review. As the content
of a MethodsX article is purely technical, reviewers are asked to focus on the
technical aspects of the manuscript. Are the procedures suggested by the authors
plausible? Are the methods clear and logical to follow, so that someone else could
reproduce them easily?

View the full set of Reviewer Guidelines here ~»

Authors are invited to revise and resubmit their manuscript when reviews are
overall positive and request textual adjustments only. If extensive additional
experiments are required, authors will be advised that their manuscript cannot be
accepted for publication. Of course, every author will be welcome to resubmit their
manuscript anew in the future.

MethodsX is a community effort, by researchers for researchers. We appreciate the
work not only of the authors submitting, but also of the reviewers who provide
valuable input to each submission. We therefore publish a standard "reviewer thank
you" note in each published article and give the reviewers the choice to be named
or to remain anonymous.

When submitting, please provide a minimum of three suitable potential reviewers
(including their name, institutional email addresses, and institutional affiliation).
When compiling this list of potential reviewers please consider the following
important criteria: they must be knowledgeable about the manuscript subject area;
must not be from your own institution; at least two of the suggested reviewers
should be from another country than the authors’; and they should not have recent
(less than four years) joint publications with any of the authors, However, the final
choice of reviewers is at the editors’ discretion.
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Please note that no cover letter to the Editor is required. Should you have
comments or questions to the Editor, you can submit them in a free text box in the
course of the submission process (submission step entitled Enter Comments).

Open access and Copyright

This journal is fully open access; all articles will be immediately and permanently
free for everyone to read and download. Upon acceptance of an article, authors will
be asked to complete an "Exclusive License Agreement’ where authors will retain
copyright (for more information on this see
http://www.elsevier.com/OAauthoragreement.) Permitted reuse is defined by the
following Creative Commons user license:

Creative Commons Attribution (CC BY): lets others distribute and copy the article,
to create extracts, abstracts, and other revised versions, adaptations or derivative
works of or from an article (such as a translation), to include in a collective work
(such as an anthology), to text or data mine the article, even for commercial
purposes, as long as they credit the author(s), do not represent the author as
endorsing their adaptation of the article, and do not modify the article in such a
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