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Abstract

In this thesis, the relationship between the elastic modulus of PDMS and the
base/agent ratio (the amount of crosslinking) is studied. Reliable macroscopic
compression test instrument was developed. Preload method was applied for the
nanoindentation flat punch test to develop full contact.

In chapter 2, an easy instrument setup for macroscopic compression test is
described. A series of PDMS samples with different base/agent ratios were tested
using the macroscopic compression method. The relationship between PDMS elastic
modulus and its base/agent ratio was established.

In chapter 3, PDMS nanoindentation DMA tests provide stable data with different
test control models. The storage modulus collected using nanoindenting DMA tests is
comparable with elastic modulus collected in PDMS compression test in chapter 2.
Nanoindentation experiments with flat punch were also done to test the elastic
modulus of PDMS network 5:1. The adhesion force tests with different
nanoindentation tips, which are Berkovich tip, conical tip and cube corner tip, show
that PDMS’s adhesion force is related to the sample’s base/agent ratio, the

nanoindentating depth and the tip’s geometrical shape.
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Chapter 1. Introduction to PDMS Mechanical Properties

1.1 Introduction to Polymers Mechanical Properties
Polymers are not as stiff as metals and ceramics, but not as soft as liquids.

Polymers’ mechanical properties are different from others types of materials.

1.1.1 Elastic Modulus of Polymers

Modulus is one of the most important materials’ properties. For an ideal elastic
solid, Hooke’s law expresses the Young’s modulus, E, as

E=c/¢ (1),

here, o is the stress and ¢ is the strain. Stress and strain can be either tensile or
compressive. From Equation (1), one can get the material’s stiffness - its Young’s
modulus. Stress o is force per unit area and strain ¢ is length change per unit length,
that is e=(L-Lo)/Lo, it is easy to understand that for the same strain, the larger the
stress is, the stiffer the material is (the larger the Young’s modulus is).

For an ideal viscous liquid, Newton’s law expresses the shear viscosity, #, defined
as:

n=t/(dy/dt) (2),

where, T represents the shear stress and y represents the shear strain, and t is the time.
For simple liquids such as water or toluene, Equation (2) reasonably describes their
viscosity, especially at low shear rates. For larger values of n, flow is slower at

constant shear stress [1].



Equation (1) describes the mechanical properties of ideal elastic solids, while
Equation (2) is suitable for ideal viscous liquids. Figures 1 and 2 show this in more

detail and represent the two limiting cases.

I, 1

Figure 1.a. Stress-time behavior of an ideal elastic solid.

r,; 5 g

Figure 1.b. Strain-time behavior of an ideal elastic solid.
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Figure 2.a. Stress-time behavior of an ideal viscous solid.

Figure 2.b. Strain-time behavior of an ideal viscous solid.

Equations (1) and (2) neither can accurately describe the mechanical behavior of
polymers. For polymers, the suitable complex Young’s modulus is defined as:
E"=E+E" @A),
where E' is the storage modulus and E" is the loss modulus [1]. Note that E=| E* | .
The quantity i represents the square root of minus one. The storage modulus is a
measure of the energy stored elastically during deformation, and the loss modulus is a
measure of the energy converted to heat. Similar definitions hold for G* (complex

shear modulus) and other mechanical quantities.



Silane precursors with more acid-forming groups and fewer methyl groups, such
as methyltrichlorosilane, can be used to introduce branches or cross-links in the
polymer chains. Ideally, each molecule of such a compound becomes a branch point.
This can be used to produce hard silicone resins.

PDMS network can be used as substrate to grow cells. Varying the crosslink
density in the polymer network allows one to tune the mechanical properties in a
range similar to living tissues. The effect of PDMS network stiffness on the growth
and behavior of cells is studied. The main focus of this thesis is to characterize the
local surface mechanical properties of a series of PDMS network samples, which are
cured to different crosslink densities. Both macroscopic compression and

nanoindentation tests were used in this project.

1.2.1 Microstructure of PDMS

The chemical formula for PDMS is (H3C)3SiO[Si(CH3),0]nSi(CH3)s, where n is
the number of repeating monomer [SiO(CHs);] units. Its brief formula is shown in
Figure 3. Industrial synthesis starts from dimethylchlorosilane and water following
the reaction:

n SI(CH3)2C|2 +n H,O — [Si(CHg)gO]n + 2n HCI (4)

~gi O1siCsi”

Figure 3. PDMS chemical formula [6].



called plastic deformation. The rise in the curve is called strain hardening, and oy, is
called the ultimate stress. At op, the cross-sectional area begins to decrease in a
localized region of the specimen, instead of over its entire length, called necking [15].
o Is called fracture stress, which happens when the specimen breaks.

The tensile test curve is different for different materials. For example, for more
ductile materials, proportional limit is lower, while for brittle materials, there will be

no necking.

Figure 5. Compression test stress-strain curve.

Compression testing is the opposite of tensile testing, but can describe the same
properties of materials. In Figure 5, the o, ce, 05 and o, have the same engineering

meanings as in Figure 4.



In this thesis research, compression testing is applied for experiments because it is
more suitable for soft PDMS network samples. The polymer samples’ deformation

process is much closer to that shown in Figure 5.

2.2 Samples and Instrumentation
2.2.1 Samples Preparation

Sylgard 184 silicone elastomer base and Sylgard 184 silicone elastomer curing
agent were used to make PDMS. In Figure 6.a., a massive PDMS network sample is
made using a flat Petri dish whose thickness is around 3 mm.

According to popular PDMS network curing procedure [16], PDMS network is
cured as following:
1. Materials and equipment used: Sylgard 184 silicone elastomer base, Sylgard 184
silicone elastomer curing agent, petri dishes, wood spoons, plastic cups, vacuum
desiccator, scale, hot plate, gloves.
2. Place the plastic cup onto the scale and tare.
3. Pour 27 g of the Sylard184 silicone elastomer base into the cup. Tare. Slowly pour
2.7 g of the Sylard 184 silicone elastomer curing agent into the same mix with the
spoon (about 10 min, until mixture is milky due to air bubbles).
4. Put the PDMS mixture (in the cup) into the desiccator and turn the vacuum back
on. De-gas the mixture under vacuum until no bubbles appear (20~30 min). Make
sure the PDMS mixture does not foam out of the container. When large bubbles form
at the surface, vent vacuum to pop bubbles.
5. Carefully pour PDMS over a Petri dish (try to minimize introduction of bubbles).
6. Place the Petri dish onto a hot plate (keep horizontally), set the hot plate at 65 °C,

let PDMS network cure for 12 hours.
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After PDMS network mold cures, the sample is stable and can be stored for
months. The ratio between the initial length L, and the diameter D of the sample is a
pertinent parameter. [17] In reference of ASM handbook -- Mechanical Testing and
Evaluation, the length/diamater ratio for soft material compression sample should be
less than 2. [18] So punches with 3 mm or 4 mm diameter were used to cut cylindrical
PDMS network samples. In Figure 6.b., the different sizes of cylinder PDMS network
samples are shown with clear details. With micrometer calipers, the length and

diameter of cylinderical samples were measured accurately.

Figure 6.a. The massive PDMS network sample.
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Figure 6.b. Cylindrical PDMS network samples for compression tests.

2.2.2 Instrument Design

Different kinds of compression testing machines can be used to measure materials’
mechanical properties: SANS range of compression testing machines (Australia),
Universal Compression Testing Machine (SYE-2000) (China), etc. For PDMS, it is
not realistic to place samples in heavy load machines. Thus a more suitable instrument
was designed for PDMS network compression testing based on the scale and

displacement gauge [19, 20].
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Figure 7. The instrument setup for macroscopic tests.

In Figure 7, the force is measured by the scale under the sample, while
displacement is measured by the gauge above the sample. Weights are used to apply
force to samples. The data shown in the scale is almost the same with the weight,
which means the scale can be removed from this instrument set. (Shown in Figure 8)
To reduce the error, the gauge shall be straight all the time during the experiment.

In experiments, calibration is made due to the spring in the gauge. After the spring
was removed, the weight added on the gauge is exactly the force yielding on the

sample. The instrument set was updated again shown in Figure 8.
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Figure 8. Updated instrument setup.

Another calibration is made due to the movable metal connection, which holds the
gauge in Figure 8. The movable joint connection caused 5 percent of the load

deviation, so the instrument was simplified further, shown in Figure 9.

Figure 9. The final version of the instrument setup.
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In Figure 9, the weight above the gauge applied the force to the sample in the
compression testing. The sample is fully contacted with the metal stage, so the gauge
can measure the displacement of the sample during compression.

Also, because the sample is soft, it is not easy to develop full contract between the
gauge and the sample. To avoid this problem, the testing force of this experiment

always started at 50 g [21].

2.2.3 Analysis Method
With the designed instrument setup, one can get the stress and strain of the
sample:
Stress o = m*9.8/(n*(D/2)?) (5),
Strain € = dL/Lg (6),
where, m is the mass above the gauge, which applies the force to the sample. D is the
diameter of the sample. dL is the change in the sample’s length under compressive
force. From Equation (1), it is easy to see the slope of stress-strain curve is the elastic

modulus of the sample. More details are shown in figure 10.
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310°

N

[ERN

o
a1

Stress, Pa

0
0.04 0.08
Strain

Figure 10. PDMS network 10:1 macroscopic compression test results.

Figure 10 is the data of compression test for standard PDMS network 10:1, after
linearly fitting the data, the slope of the straight line is 2.63E+06 Pa, which means

that elastic modulus of 10:1 PDMS network sample is 2.63 MPa.
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2.3 Experiments and Data for Macroscopic Compression Testing
With the designed instrument setup and cylinderical PDMS network samples,

compression tests were performed on a series of PDMS network samples.

2.3.1 PDMS Network Sample 5:1

PDMS network 5:1 is made of 17 g Sylgard 184 silicone elastomer base and 3.4 g
Sylgard 184 silicone elastomer curing agent. After the sample cured completely, it
was carefully cut and removed out of the Petri dish. Punches with 3 mm and 4 mm
diameters were used to cut cylindrical sample. The most uniform cylinders were
picked from all the samples. More details about the cylinder samples used in this

macroscopic compression testing are shown in Table 1.

Table 1. Macroscopic compression test of PDMS network 5:1.

Sample 1 | Sample 2 Sample 3 Sample 4
Thickness, mm 2.808 2.834 2.853 2.825
Diameter, mm 3.849 3.82 2.848 2.828
Diameter/Thickness Ratio | 1.371 1.348 0.998 1.001

Using the same testing method as described in section 2.2.3, the compression

testing curve for PDMS network 5:1 sample 1 is shown in Figure 11.

17




210°

Stress, Pa

y = 41181 + 3.5844e+06x R= 0.99994

0.02
Strain

0.06

Figure 11. Compression test of PDMS network 5:1 sample 1.

In Figure 11, after linearly fitting the data, the slope of the straight line is

3.584E+6 Pa, which means the elastic modulus of PDMS network 5:1 sample 1 is

3.584 MPa.

In the same way, elastic modulus of sample 2, sample 3 and sample 4 were

obtained: 3.728 MPa, 3.458 MPa and 3.582 MPa. Elastic modulus measurement

results of PDMS network 5:1 are summarized in Table 2 and Figure 12.

Table 2. Elastic modulus of PDMS network 5:1.

Sample 1 Sample 2 Sample 3 Sample 4
Elastic Modulus, MPa | 3.584 3.728 3.458 3.582
Thus,
Eaverage=(E1+ Eo+ Es+ E4)/4=3.588 Mpa 7
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Additional research was done for the relationship between the pull-off force and
the nanoindentation unloading rate, shown in Figure 43.a and Figure 43.b. Regardless
of whether the uploading time is 5 seconds or 10 seconds, the pull-off force doesn't

change with the unloading rate.

Figure 43.a. PDMS network 10:1 pull-off force based on the unloading rate.
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loading 5 sec, unloading 5 sec
loading 10 sec, unloading 10 sec

Load, uN

0 2000 4000
Depth, nm

Figure 43.b. PDMS network 25:1 pull-off forces based on the unloading rate.

3.3.4 Adhesion Force - Conical Tip

The pull-off force is related to the geometry shape of the nanoindentation tip. [47]
So additional nanoindentation experiments on adhesion force were done using the
same procedure, but with a conical tip instead of a Berkovich tip. Conical tip is a
spherical tip, which is different from the three surfaces Berkovich tip. Open loop

control was used to do the test. Resulting data is shown in Figure 44.
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In Figure 45, PDMS network sample with 5:1 base/agent ratio was used for
experiments. There is no visible initial contact phenomenon, but one can see the

pull-off force. The pull-off force is around 2 uN.

0 2000 4000
Depth, nm

Figure 45.a. PDMS network 5:1 nanoindentation adhesion force test with the cube

corner tip (Loading time: 2 sec. Unloading time: 5 sec).
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samples’ base/agent ratios and the tips’ geometrical shapes. Different properties and
phenomena were studied with different systems of Hysitron Triboindentor. The elastic
modulus in chapter 2 with compression test and in chapter 3 with flat punch
nanoindentation test and nano-DMA test are comparable.

In future, DMA as a novel technique for soft polymer materials need to be better
developed based on more research. Also, more base/agent ratios of the PDMS
network samples need to be tested with both compression method and flat punch
nanoindentation method to obtain more accurate PDMS network mechanical

properties.
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