ABSTRACT

CHAMPHEKAR, MANGESH CHANDRASHEKHAR. Viscoelastic Properties of Polymers:
A Comparison of Micro and Macro Scales at North Carolina State University. (Under the
direction of Dr. Wendy E. Krause.)

Nanoindentation studies of amorphous glassy materials such as polystyrene (a-PS) and two
copolymers of polystyrene namely high-impact polystyrene (HIPS), acrylonitrile butadiene
styrene (ABS), four rubbers such as styrene butadiene rubber (SBR), natural rubber (NR),
neoprene and polydimethyl siloxane (PDMS) and poly(L-lactic acid) (PLLA) are presented
here. Atactic polystyrene (a-PS) is used as the control sample in the first study, since HIPS
and ABS are multi-phase materials while a-PS is a single phase amorphous material. The
modulus and hardness values of all the materials obtained by quasi-static nanoindentation are
studied with regards to the indentation size effect observed in polymers and the trends are
explained based on the morphology of the materials. In the study concerning PLLA, the
modulus and hardness values of the material are studied as a function of crystallinity using
quasi-static nanoindentation. The different crystallinities in the PLLA sample are the result of

different thermal treatments of the material.

The hardness values of a-PS (46-247 nm), HIPS (57-200 nm) and ABS (184-358 nm)
decreased with increasing contact depths while the modulus values of the three materials also
decreased with increasing contact depths. The values at higher indentation contact depths
correlate well with the values from the literature. The higher error in the values of HIPS and
ABS than a-PS was attributed to the presence of multiple phases in the material. The

modulus values of all the four rubbers tested decreased with indentation depth as was



observed in the literature. Indentation size effect was also observed for the four PLLA
samples with the error in the values increasing with the crystallinity of the samples while the
modulus of all the samples also decreasing with increasing contact depth. The higher errors
in the values of hardness and modulus of the PLLA samples with higher crystallinity was due
to the sample surface becoming rougher with increasing annealing time. The decreasing
hardness and modulus of the samples with increasing contact depth or indentation depth (for
rubbers) was attributed to interplay between the instrumental/analysis errors and material

properties.

Dynamic nanoindentation studies were also carried out on the three amorphous glassy
materials (a-PS, HIPS, ABS), the four rubbers (SBR, NR, neoprene, PDMS) and the PLLA
samples. The storage modulus (E’) and loss modulus (E”) values obtained by dynamic
nanoindentation were compared with those obtained from conventional DMA testing and a
good level of agreement was observed, with the values obtained from nanoindentation ca. 2-
3 times higher than those obtained from conventional DMA testing depending upon the
material under consideration. The reason for this observation is currently unknown, as there
is no physical basis available in the literature to compare the values on different length scales
since the methods of analysis used to extract the values of E’ and E” and the mode of
deformation used is different for both the methods. However, the level of agreement between
the two methods shows that dynamic nanoindentation is a powerful tool to capture the

viscoelastic properties of polymers on smaller length scales.
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CHAPTER 1

INTRODUCTION



1. Introduction

Materials science deals with different kinds of materials and their study with regards to
mechanical, physical, electrical, chemical (structure and make-up) and magnetic properties.
Broadly speaking materials are classified as metals, ceramics, and polymers. With recent
developments in science and technology, scientists and engineers are constantly striving to
use better materials for a particular application. The focus of this work will be mechanical

properties of glassy polymers, rubbers, and semi-crystalline polymers.

Mechanical properties are characterized by the strength, hardness, stiffness, and toughness of
a material. For polymers, viscoelasticity also is very important as polymers display both
liquid-like (out of phase or viscous) and solid-like (in phase or elastic) properties. Since
polymers are an essential part of our daily lives with uses ranging from plastic cups to
aerospace applications, characterizing the mechanical properties of these materials is very

important.

Hardness is an important mechanical property for any material. One of the definitions of
hardness is the resistance of a material to plastic deformation usually by indentation. Thus,
the higher the hardness value of the material, the greater is its ability to resist permanent
deformation under application of a constant compressive load by a sharp object *. The first
attempt to measure hardness was carried out by Mohs in 1822 2 Mohs scale of
hardness characterizes the scratch resistance of various materials through the ability of a
harder material to scratch a softer material. Ten different minerals were used in his work and

ranked according to their level of hardness with diamond given the value of 10, since it is the



hardest mineral known to man. Since then many methods have been developed to measure
the hardness of a material such as the Rockwell, Brinell, Shore, and Vicker’s methods, the

latest method being nanoindentation.

Another important mechanical property is the modulus of a material which is the measure of
material stiffness. Different types of moduli are tensile modulus (Young’s modulus), shear
modulus and compressive modulus. Mathematically, modulus is nothing but the ratio of the

applied stress to the strain within the elastic limit, i.e. before permanent deformation occurs *.

The method of nanoindentation is extensively used these days to measure the hardness and
modulus for a variety of materials. The advantage of this method over others is that it gives
the properties of the material on much smaller length scales. This is achieved with the help of
precise instrumentation which accurately controls the load and the rate at which it is applied
and the sensors which detect the response from the sample material. The resolution achieved
by the method lies in the nanometer range. Another advantage of nanoindentation is that it is
practically a non-destructive method due to low loads used. Apart from measuring
indentation hardness and modulus, other important properties such as the strain-hardening
exponent, fracture toughness, and most importantly the viscoelastic properties of polymers

can also be measured using nanoindentation *.

The following paragraphs describe the methods of nanoindentation along with the basic
analyses for extraction of modulus and hardness properties of materials. Different types of
indenters used and their geometrical parameters are also mentioned (Table 1). The factors

affecting the method of nanoindentation also will be mentioned. Finally, a brief mention is



also made of the materials used as calibration standards. An overview of the literature
involving important studies in the comparison of multi-scale mechanical properties is

mentioned after the section on calibration standards.

Chapter 2 deals with the quasi-static and dynamic properties of glassy materials like atactic
polystyrene (a-PS), high impact polystyrene (HIPS) and acrylonitrile butadiene styrene
(ABS) obtained by nanoindentation. The indentation size effect observed in the values of
hardness of these materials is discussed and compared with observations in the literature. The
modulus values obtained by quasi-static nanoindentation of these materials are also
mentioned in this chapter. Finally, a comparison of the dynamic properties of the three
materials obtained by dynamic nanoindentation and conventional dynamic mechanical

analysis (DMA) measurements is presented and the observations discussed.

Chapter 3 deals with the quasi-static and dynamic nanoindentation studies of four rubbers
namely styrene butadiene rubber (SBR), natural rubber (NR), neoprene and polydimethyl
siloxane (PDMS). The hardness and modulus values of these materials is discussed and
compared with observations from the literature and the differences explained. Also, a
comparison of the dynamic properties of the four rubbers obtained by dynamic

nanoindentation and conventional DMA measurements is presented.

Chapter 4 deals with the nanoindentation studies carried out on poly-L-lactic acid (PLLA)
films annealed at different temperatures. The hardness and modulus properties of these
materials obtained by quasi-static nanoindentation are presented as a function of the

crystallinity of the samples. The viscoelastic properties of the PLLA samples are studied as a



function of annealing time and crystallinity and the wvalues obtained by dynamic
nanoindentation and conventional DMA measurements are compared. The importance of this
study is that PLLA is a biodegradable material obtained from renewable resources and is a
way to look at the future for replacing conventional plastics with biodegradable

thermoplastics with comparable properties.

Finally, Chapter 5 summarizes and presents the overall conclusions for the work and also

provides recommendations for future work in the area.

1.1 Nanoindentation

,E Pma:\
. dp
— 8§ = —
A, dh
u=) loading
g L
— unloading

hf hs hma:{

Displacement, h (nm)

Figure 1: Typical load-depth curve from nanoindentation

Nanoindentation is a method of applying a load (uN-mN range) to measure the resultant
depth (nm-um range) of the indentation using a hard indenter tip. A typical curve obtained

from nanoindentation is shown in Figure 1. The basic difference between conventional



indentation and nanoindentation is that the size of residual impression (microns) is too small
for the latter to be measured directly. Area of contact is thus calculated by measuring the
depth of indentation into the surface along with the known geometry of the indenter, as a

result of which nanoindentation is also referred to as depth-sensing indentation (DSI).

Extraction of mechanical properties of materials from the above curve is not as simple as it is
in regular stress-strain graphs. The reason for that being the loading portion of the curve
consists of elastic and plastic responses of the material to the applied strain. Phase
transformation deformation mechanisms are also observed sometimes during application of
strain > ®. But the unloading portion of the curve mainly consists of elastic recovery behavior.
The analysis of this part of the curve results in the hardness and elastic modulus of the

material.

1.1.1 Oliver and Pharr’s Analysis

A lot of methods exist for the interpretation of load-displacement data from nanoindentation
%9 the most popular was proposed by Oliver and Pharr °. This method will be utilized

throughout this work to determine the modulus from quasi-static nanoindentation data.

Oliver-Pharr (O-P) also showed that the unloading curves for some materials previously
thought to be linear ’ are not linear even in the initial portion of the curve °. The reason given
was that the curves were so steep that they appeared linear, but when plotted on a logarithmic
scale the non-linearity became apparent. Also, Oliver and Pharr *° showed that the

assumption of an incorrect value of the frame compliance makes the unloading data appear



more linear than it actually is. Hence the unloading data is expressed in terms of a power-law

relationship (Equation 1).

Also, the continuous stiffness measurement (CSM) technique employed by Oliver and Pharr
1% indicated that unloading contact stiffness changes immediately and continuously as the
indenter is withdrawn from the sample due to continuous changes in contact area. Finally,
Oliver and Pharr argued that the contact stiffness changes, along with the non-linearity of the
unloading data make the flat-punch approximation inadequate in describing the true material

behavior.

Oliver and Pharr employed a power law relation for the unloading portion of the curve given

by,
P= a(h—hp)™

1)
where; P is the load applied on the indenter, o and m are constants h is the total displacement

and hs is the final displacement after the load is removed.



indenter = initial surface

unloaded

loaded

Eigure 2: Schematic representation of a section through the peak of a conical indent ®

For contact to occur between two bodies a contact stiffness relationship should be established
between the two bodies, otherwise the bodies will pass through each other. In the case of
nanoindentation, the stiffness of the elastic contact, S, is the derivative of Equation 1, dP/dh,
evaluated at the peak load Pnax, and peak displacement hma. For conical indenters or
paraboloids of revolution, an intercept correction factor €, is used to account for the effects of

indenter geometry, yielding the relation

)
where; hnax IS the peak displacement for peak load Pmax, hs is the displacement of the surface
at the perimeter of contact, as shown in Figure 2. S is the measured stiffness and ¢ is the

intercept correction factor.

The intercept factor &, was described by Oliver and Pharr ' in terms of an effective indenter

shape, as shown in Figure 3. This figure shows how the pressure distribution under the



indenter causes different amounts of recovery under the indenter during unloading/reloading,

causing a deviation from flat punch behavior.

AP AP

{a) Loaded (b} Unloaded (c) Reloaded
=] = 71‘/% P
i Z=ur)
|

| 1 I |
| ! I
| elaslic I |
| I |
glastic | * I elastic |
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| ! |
| | |

f17) {\ Z ur 1y
T+ eftective indenter shape —.-—T I

I

ir

Figure 3: Schematic illustrating the concept of effective indenter shape resulting from the
pressure distribution under the indenter *°

A method used for determination of the values of ¢ is described by Pharr and Bolshakov **
Values of ¢ were found to be dependent on the indenter shape and the material constants
which describe the unloading behavior of the material. However, the results of finite element
modeling studies show the values of ¢ to vary between 0.74-0.79 over a range of materials.

The values of € for common indenter shapes can be found in Table 1 in Section 1.3.3.

Assuming negligible sink-in/pile-up and by subtracting the surface displacement from the

maximum displacement the depth of the contact impression was found to be (refer Figure 2);



@)

In case of nanoindentation the contact area is governed by the indenter geometry which was
given by the relation,
A= f(h,)

(4)
where, f is a function relating depth of penetration (h.) to projected contact area for the
indenter. This projected contact area is the cross sectional area of the indenter at the depth of
interest. This area was used, instead of the surface area in contact with the material, because

it is related to the stress applied on the sample.

The ideal depth-contact area relationship for various indenter shapes is provided in Table 1 in
Section 1.3.3 (page 22). However, due to the variation in the manufacture of indenters, the
experimental determination of the shape function for each indenter is recommended. A

method for this is described in section 1.3.2.

Hardness was defined as the load supported by the area of material in contact with the

indenter,

()
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where, H is the hardness of the material being tested, P iS the peak load A is the contact
area of the indenter. The hardness value was shown to depend on constitutive properties such

as the yield strength and work hardening parameters of the material.

The indenter tip, while preferably made of diamond, is not perfectly rigid. It elastically
deforms simultaneously with the sample, and so this factor needs to be accounted for while
determining the elastic modulus of the material. Thus, the apparent “reduced” modulus is

given by;

(6)
where, E; is the reduced modulus, E and E; are the modulus of the material being tested and
the indenter and v and v; are the Poisson’s ratios for the material investigated and diamond
respectively. Thus, knowing the values of E;, v and v; the value of elastic modulus of the

material under investigation is calculated.

This reduced modulus was also determined from the sample stiffness and the contact area,

using

(7)
where the correction factor B takes into account the axial variation in stress introduced by

non-axisymmetric, polygonal, indenter shapes. There has been considerable debate over the
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values of B ** 2. Values for B for various indenter shapes can be found in Table 1 (page 22)

in Section 1.3.3.
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1.2 Dynamic Nanoindentation

Polymers are viscoelastic materials and, as such prediction of the dynamic properties of these
materials such as storage modulus, E’ and loss modulus, E” is very important due to the
creep and strain rate effects they exhibit. The quasi-static method measures stiffness of a
material by calculating the slope of the initial portion of the unloading curve '°. All recovery
observed during unloading is assumed to be purely elastic which is only true for ceramics
and metals. Due to the time-dependant recovery exhibited by polymers, the unloading curve
of the load-displacement data is a combination of the elastic and the viscoelastic recovery,
and as such the quasi-static method alone is not sufficient to calculate the true modulus of the
material. Hence, the dynamic nanoindentation technique was developed to gain valuable
information regarding the time-dependant deformation and recovery displayed by polymers,

and both the storage and loss moduli can thus be quantified.

The storage modulus relates to the stiffness of the material and is the in-phase response of the
material to the applied force and can be related to the elastic recovery of the sample while the
loss modulus relates to the damping behavior of the material and is the out-of-phase response
of the material to the applied force. Damping is the amount of energy that is put in the
sample during the indentation that is dissipated by various processes that facilitate energetic

losses.

The working equations for the dynamic nanoindentation have been described in the literature
1314 " A brief overview of the equations used to calculate the storage and loss modulus in

dynamic nanoindentation from the literature are given below.

13
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Figure 4: Mechanical model for dynamic nanoindentation from the literature **

. %, the values of the support spring stiffness Ks, the load

In the above model by Odegard et a
frame stiffness Ky, the indenter damping Dj, and the indenter mass m were provided by the
manufacturer and thus known in advance while the stiffness S, and the damping contact Ds
depend upon the materials and the conditions at the contacting surfaces. The load frame
stiffness was assumed to be a major contribution to the total stiffness in the case of all
viscoelastic materials **, and, as such, Ks approaches infinity. The force balance in the z-
direction (direction of contact) is given as,
F(t)=mz + (D, + D_)mz+ (K_+ §) z(t)
(8)

The driving force Fyqis given by,

F(t)= F, e™"

9)
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where, Fy is the amplitude of the force used and ® is the harmonic frequency. The solution
for the assumed displacement was given as,
z(t) = z, gllwt-a)
(10)
where, 2o is the displacement amplitude and ¢ is the phase angle between the applied force

and the resultant displacement.

By substituting Equations (9) and (10) in (8) and simplifying, the following results were

obtained;
% = A, + iA,

(11)

And,

z—u = (A, cos@ + A, sing) + i(A, cose — A, sing)
o

(12)

where,

A, = K, + S—mw’andd,=(D;+ D,)w

(13)
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Phase angle tang is given as,

F(t)
)
tang = - F[t]
e =26
(14)
The magnitudes of the ratio of the force to displacement amplitudes is,
F . F F
abs [_u] =V[Re (_u) + Im (_u)
Zp Zp Zp
(15)

Substituting Equations (11)-(13) in Equations (14) and (15) and solving simultaneously for

stiffness and damping we get,

Fy 2
5= {abs [—“cosrp + mw” — K,
Z

(16)

and,

(17)
The force and displacement amplitudes and the harmonic frequency were measured by the
nanoindenter system and thus can be used to calculate the elastic and viscous responses of
the system. The ratio between the complex strain and stress amplitudes generated by the
system with a frequency of oscillation ®, is known as the complex compliance J. The

complex modulus E*, is nothing but the inverse of the complex compliance J. For linear
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viscoelastic materials (polymers), the viscoelastic response is usually described in terms of
the complex modulus E*,
E*=E + iE
(18)
where, E’ = in phase component to the strain known as storage modulus (elastic behavior)
and E” = loss modulus (viscous behavior) and is a characteristic of internal damping. Then
by using the elastic solution of modulus for nanoindentation and the elastic-viscoelastic

correspondence principle, the authors ** computed the values of E” and E*” as,

5 [

T 2pa
(19)

_ wD, [

T 28 \a
(20)

where, B and A are the correction factors depending upon the geometry of the indenter
(Berkovich) and the projected contact area of the indenter respectively as explained in

Section 1.1.1.

17



1.3 Factors Affecting Nanoindentation

After understanding the O-P procedure for analyzing quasi-static nanoindentation data, and
the mechanical model used for analyzing dynamic nanoindentation, the next important step is
to understand the factors that affect nanoindentation results and the correction methods that
exist in literature to rectify these errors. Some of these factors will be described in the

sections below.

1.3.1 Thermal drift and Creep Compliance

Creep and thermal drift are very different phenomena, but corrections for both these factors
are made using similar procedures. Thermal drift occurs when the indenter system as a whole
is not in thermal equilibrium, i.e. - when there is a thermal expansion or contraction of the
apparatus. This results in a “thermal drift” error being measured along with the real depth of
penetration, which is undesirable. This can be minimized by having the system in a thermally
controlled environment, but experimental measurement of the thermal drift should be made
for accurate results. This is done by holding at a fixed load, e.g. ~20% of maximum applied
load, for a fixed period during the lower part of the unloading curve and measuring the

displacement over time *.

Creep deformation may also occur during indentation. This is most easily observed during a
hold period at maximum load. The influence of creep behavior on instrumental indentation

measurements, hardness and modulus, was systematically studied by Chudoba and Richter *°.
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1.3.2 Indenter Compliance and Area Function

The load frame compliance is an important parameter, because the measured displacement is
the sum of the displacement in the specimen and the load frame, and, thus, to accurately
determine the specimen displacement, the load frame compliance must be known so that its
effect can be nullified °. This is especially important for large indentations made in materials
with high modulus for which the load frame displacement can be a significant fraction of the
total displacement *°.

C=C,+ ¢
(21)

where, C is the observed, uncorrected compliance, C; is the compliance of the sample and Cs¢
is the frame compliance. Since the compliance of the sample and indenter are measured

experimentally as the inverse of the stiffness, this can be expressed as

(22)
Area function is also an important quantity, since the hardness and modulus depend on the
area function as per Equations 5 and 7. Previously, the area function was determined by
making a series of indentations at various depths in materials in which the indenter
displacement is predominantly plastic. The size of the indentation was measured by direct
imaging. Using the contact depths computed from the indentation load-displacement data, the
area function was then derived by empirically fitting a function to a plot of the imaged areas

versus the contact depths. But this method is highly dependent on the imaging technique.
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Oliver and Pharr '° developed a technique to determine area function without the need for
imaging. The method assumes that elastic modulus is independent of indentation depth. But
no specific values of the modulus were assumed. From Equation 22, if the modulus is
constant, a plot of C vs A™? yields a straight line with the intercept being a measure of the
frame compliance. The best value of C; is obtained if the second term on the right hand side

is small, i.e. for large indentations.

Large indentations were made in a softer material like aluminum to determine the values of
Cr and the area function. The area function for a perfect Berkovich indenter is given as,
A(h)=24.5h>
(23)
Equation 23 gives the value of the area function, which is used in Equation 9 to get the initial
estimate of C; and E, by plotting C vs A™2 for the two largest indentations observed. Now,

Equation 22 was rewritten as,

1 1
E? (C— ¢/)

S
Il
|

(24)
Using the above equations, Oliver and Pharr plotted A vs h. and fitted the data to the
relationship,
A(h)=24.5h >+ C,h,*+ C,h,** + C;h Y* + -+ C h '8
(25)
This area function minimizes the deviation from ideal geometry, and, by using a reference

sample of known reduced modulus, an approximate value for the frame compliance was
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determined. Using that frame compliance value in Equation 22 the shape function was then
back-calculated. By iterating this procedure, several times the values for the compliance and
shape function were refined for smaller indentations. Another method of precisely
determining the shape function is by careful measurement of the shape of the tip using a

traceably calibrated, precision metrology device such as an AFM.

1.3.3 Indenter Geometry

Table 1: Geometric factors for commonly used indenter profiles *’

Indenter Projected | Centerline- | Equivalent | Intercept | Correction
Shape Area to-Face Cone Angle | Factor, & Factor, g
Angle, ¢
Sphere | m(2Rh- hc%) - - 0.75 1
Cone n(hctan () ° 0 0 0.72 1
Berkovich | 24.562 h.’ 65.3° 70.32° 0.75 1.05
Cube-corner | 2.598 h¢’ 35.26" 42.28" 0.75 1.034
Vickers 24.504 h.* 68° 70.2996" 0.75 1.012
Knoop 65.438 h,” | 86.25° & 65" - 0.75 1.012

There are several different indenter geometries available that are used in nanoindentation.
Some of these are spherical, Berkovich, cube-corner and Vickers and Knoop pyramids.
Berkovich and cube corner indenters are uniquely suited to nano-scale testing, since they can
be manufactured with very small tip radii by virtue of their three-sided pyramidal geometry.

This is unlike the four sided pyramids which might have a chisel edge formed at the tip of the
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pyramid, when one side deviates from ideal geometry. Thus, they are mostly used in macro-
indentation. Parameters for common indenter shapes are provided in Table 1. Figure 5 shows

the shape of the Berkovich indenter used in our study.

<5

Figure 5: Berkovich Indenter used in our study (not to scale) where a = 65.35° is the half
angle for the tip

For computational simplicity, pyramidal indenters are frequently modeled as cones with an
angle which gives them equivalent depth-area functions as the pyramid. Spherical indenter
tips manufactured for nanoscale indentation are generally conospheroids, a cone with a
rounded tip which has a uniform radius of curvature until it becomes tangent with the cone.
This tangent depth, hipn, is the maximum depth at which the indenter can be accurately
analyzed as a sphere, and, for a blunted pyramidal indenter, it is the absolute minimum depth

at which the indenter can be analyzed as a pyramid.

22



1.3.4 Pile-up and Sink-in Behavior

The Oliver and Pharr analysis assumes that the material around the contact impression
deforms elastically during indentation However, plastic deformation can occur in the

surrounding material. Bolshakov and Pharr 8

used finite element modeling to study the
influence of basic mechanical properties on this behavior. They modeled the indenter as a
rigid cone with the same area-to-depth ratio as a Berkovich indenter and assumed a
frictionless interface between the indenter and the sample. In materials with a high modulus
(Eefr) to yield stress (oy) ratio, Eeri/oy, the material surrounding the indent was found to pile
up around the indentation and increase the effective contact area. In materials with low
values of Ee/oy, the material surrounding the indent was found to sink in and reduce the
effective contact area from that expected in Figure 2. Work hardening favored sink-in

behavior. Both of these behaviors cause significant error in measured contact area and thus

modulus and hardness measurement.

The elastic recovery ratio after complete unloading, h¢hmax, (hs is the final depth after
unloading, while hna is the total depth of indentation) was found to be a good indicator for

pile-up behavior with h¢ /hmax > 0.7 indicating some degree of pile-up behavior 8.

Correcting for pile-up induced error is difficult without the knowledge of the prior history of
the mechanical properties and work hardening behavior of the material. An effective solution

for most materials is to image the residual contact impression to determine the actual area.
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1.3.5 Indentation Size Effect

This effect is currently an active area of research in nanoindentation and is characterized by
an increase in hardness for indentations of decreasing depth 2%, There are a few different
theories available in the literature which gives various reasons for this effect. Those include
the characteristic size plastic band deformation 23, strain gradient plasticity *°, dislocation
starvation and mechanical annealing 2* ?°. This effect can also be simply due to the presence
of an oxide layer formed on the surface of the sample with substantially different mechanical
properties than that of the bulk material % or the presence of residual stresses in the sample
during its preparation. The presence of friction between the sample and the indenter has also

been shown to be one of the causes for the indentation size effect 2’

This effect is observed to be more pronounced for softer materials, while harder materials

tend to show negligible indentation size effect %.

1.3.6 Surface Roughness

In nanoindentation, the contact area is measured indirectly from the depth of penetration as
opposed to the imaging methods used in conventional indentation techniques. An asperity
which is a tiny projection from the surface reduces the depth of penetration for a given
applied load P, thus introducing errors in the calculated values of the reduced modulus E;and

the hardness H. A roughness parameter was introduced by Johnson %8 given as,

o R

2
LU

a:

(26)
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where, o5 is the maximum asperity height to the first approximation, R is the indenter radius
and ap Is the contact radius that would be obtained under the same load P, for smooth
surfaces. However, o was found to indirectly depend on the applied load P, to the indenter.
Thus, for decreasing indenter loads and for spherical indenters, the effect of surface

roughness can be significant.

Joslin and Oliver # in their study put forth a new parameter for materials performance H/E?,
which is a measure of the material’s resistance to plastic deformation. This parameter can be
measured by measuring the contact stiffness (dP/dH), and is less sensitive to surface

roughness.
1.3.7 Tip Rounding

The three-sided Berkovich pyramid is the most commonly used indenter in nanoindentation
experiments. All indenters show rounding at some length scale and it has been found that the
Berkovich indenter is not perfectly sharp, but in fact has a tip radius on the order of 100 nm.
Hence, a real indenter can sometimes be modeled as a sphero-conical indenter, where for a
cone of semi-angle a, the depth hs, at which the spherical tip meets the flat surface of the

cone is given as *°;

h, = R(1 — sina)

(27)
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Thus, depending on the cone angle the modified indenter behaves as a cone or a sphere or a
spherocone *°. Usually, the problem of tip-rounding can be corrected using the area function

correction of the indenter as described in Section 1.3.2.
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1.4

Calibration Materials

As with all high precision instruments, nanoindentation systems require calibration and

calibration standards. Three calibration measurements are required for all nanoindentation

systems relating to frame compliance, indenter area function, and tip-microscope focus

alignment. The analyses for frame compliance and indenter area function are described in

Section 1.3.2. These two calibrations also share some desired material properties for their

calibration standards.

Table 2: Materials properties of commonly used calibration standard materials when
coupled with a diamond indenter *

Material Elastic Poisson’s ratio, v | Hardness Reduced
Modulus, E Modulus, E,
(GPa) (GPa)
(GPa)

Diamond 1141 0.07 > 100 -
Fused Silica 72 0.17 8.8 69.6

Sapphire 370 0.25 30 292

Tungsten 412 0.28 ~6.6 322
Tool Steel 220 0.28 8.8 200
Aluminum 70.8 0.36 0.25 76
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The requirements are that the standards should not show a significant pile-up or sink-in
behavior and exhibit very little creep. Standard materials should also be elastically isotropic
and give consistent modulus value over any range of indentation depths. The standard
materials should also be free of any residual stresses and their mechanical histories should be
known. Standards should be economical and easily obtainable in an optically flat or highly
polished condition. The standards should show a high degree of thermal stability for testing’s
involving different temperatures other than room temperature. Finally, it is desirable that the

standard materials show little or no indentation size effect.

For the tip-microscope focus alignment calibration (H-pattern calibration), a very soft
material, that can be easily prepared to a high level of polish or flatness, is preferred. One
more requirement of the material is that it should readily hold a clear indentation impression.
Since this test needs to be performed any time that indenter tips are exchanged in the system,
or the transducer is changed, it is advisable to use a standard which is economically viable. A
piece of a soft metal such as aluminum is generally used (copper was used in our case). This
calibration determines the offset between the location of the indenter tip and the location of
the centre of the focus of the microscope in the positioning stage of the nanoindentation
system. This calibration is a must, since it ensures that the spot selected for testing is the one

where the sample is actually being tested.
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1.5 Literature Review

The local properties are important as defects originate on a micro-scale and propagate to
macro cracks which ultimately lead to the failure of a material. In case of composites, the
interfacial properties between the fibers and the matrix govern the final properties. This
means that the properties of the composites are essentially decided on the smaller length
scale than on the macro scale. There are a few studies in the literature comparing the
properties of polymers on different length scales (nano, micro, and macro) 3% % put
none of the studies clearly indicate why the properties on different length scales should be

similar or different. Some of the important studies carried out on this topic are mentioned

here and the results from these studies are compared later with those obtained in our study.

White et al. ** performed dynamic nanoindentation on an amine cured epoxy, poly(methyl
methacrylate) (PMMA), and two different poly(dimethyl siloxane) (PDMS) samples. They
also developed a model for extracting dynamic moduli values from the usual static analysis
methods used for nanoindentation developed by Oliver and Pharr. One of the PDMS samples
tested was a general purpose crosslinked PDMS filled with silica (stiffer of the two), while
the other one was made with Sylard 184 using a 10:1 resin to crosslinker ratio. They
compared the results from the dynamic nanoindentation studies with those obtained from
dynamic mechanical measurements performed using a Rheological Solids Analyzer. The
bulk DMA data were extrapolated using the time-temperature approach of William-Landell-

Ferry. The epoxy and the harder PDMS samples were tested in tension mode in the DMA,
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the PMMA in a 3-point bending mode, while the more compliant PDMS sample was tested

in the compression mode.

Good agreement between the bulk rheological data (storage modulus, E’) and dynamic
nanoindentation data was observed for the epoxy and the PMMA samples, with the
nanoindentation data found to be lower than the bulk rheology data. The authors found that
the data for the epoxy samples had a higher discrepancy with the bulk rheological data than
the PMMA samples. Area function calibration errors, improper identification of the initial
surface of contact and the difference in the strain rate sensitivity for the two materials were
cited as the causes for the discrepancies. The difference in the microstructure of the two
materials was given as the reason for the difference in the strain rate sensitivity of the two

materials.

Due to high compliance, the displacements required for the rubbery samples were outside the
fused silica calibration range and the area function was governed solely by the main term.
This means that the authors calculated values for the E’ and E” for these materials assuming
a perfect indenter shape. Despite this uncertainty, the nanoindentation data for the stiffer
PDMS sample was also shown to correlate well with the bulk rheology data, with the
nanoindentation data having lower values than the bulk data values. The authors noticed that
the scatter in the E’ values is lower than that for the E” values. The baseline stability in the

calibration of the instrument was given as a reason for this.

For the softer PDMS sample, the authors carried out measurements in shear with a TA

Instruments AR2000 rheometer at a 0.1% strain and these measurements in shear were
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converted to tension by using the relation 2G(1 + v) with the Poisson’s ratio, v = 0.5 for
PDMS. Spherical probe indentation tests, often called Johnson—Kendall-Roberts (JKR)
adhesion tests were also carried out for the same material for additional comparison. The
authors found a good agreement between all the data sets with the nanoindentation data
higher by a factor of two than for other bulk methods. The initial reason given for this
anomaly was the underestimation of the contact area due to incorrect determination of the
lead term, but single indentation experiments carried out by the researchers showing

dependence of dynamic contact stiffness over the square root of contact area disproved this.

Thus, the authors carried out experiments correlating viscoelastic properties of polymers
ranging from glassy to rubbery, showing good agreement between the two. The authors
stated, “Additionally whether the viscoelastic properties determined with nanoindentation
should match exactly measurements from traditional rheological techniques is difficult to
assess”. This quote is indicative of the fact that both theoretical and experimental work is
needed in order to successfully correlate and interpret properties of polymers on different

length scales.

Odegard et al. * used dynamic nanoindentation and DMA (three-point bending mode)
techniques to determine and compare the viscoelastic properties of eight polymers, which
included three high-performance polymers, such as material-5260 which is a modified
bismaleimide thermoset polymer (BASF Corporation), material-8230 which is a
thermoplastic polyarylsulfone (Amoco Corporation), LaRCSi, which is a thermoplastic

polyimide (Imitech Inc.), and high-density polyethylenes with five different densities
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(Aldrich). An analytical model was also developed to extract values of the dynamic moduli
using a mechanical model for nanoindentation. The contact area calibration for the
nanoindentation was carried out on material-5260 instead of the usual fused silica standard.
Due to different states of stress in DMA and nanoindentation, the values for the material-
5260 were assumed to be the same in tension and compression. The samples were cut into
appropriate size coupons for both testing methods and polished using a Buehler polishing

wheel and 3 pm alumina solution.

The authors observed that a surface penetration of around 200-400 nm was needed to obtain
a constant value of the modulus for the high performance materials. The reason provided was
the uncertainties observed in values at shallow indentation depths as shown by
VanLandigham et al. . On the other hand, a surface penetration of 600 nm was required to
obtain constant values for the HDPE samples, as the values of modulus were predicted to be
affected more by the local heat of polishing friction effects due to a lower Ty value than the
high performance materials. The authors also observed a similar trend in the surface

penetration depth range for determination of the E” values.

For the nanoindentation tests, the authors observed that the viscoelastic properties for the
5260 and 8230 materials were not affected by the harmonic amplitude. For LaRC-Si and
HDPE (p = 0.9671 g/cc) the E’ values decreased as the harmonic amplitude increases with
the decrease in E’ for HDPE being more than for LaRC-Si, due to the fact that the former has

a lower T4. However, no significant changed was observed in the E’’ values.

32



However, for the DMA testing, the authors observed that the trend for E’ of all four polymers
was opposite to that observed from nanoindentation, with the values increasing with
harmonic amplitude. The reasons given for this discrepancy was the different types of
stresses applied in both methods (contact vs bending), difference in specimen geometries,
and also due to the differences in E’ values at the surface and in the bulk. The harmonic

amplitude didn’t show any significant effect on the E’’ values from the DMA tests either.

The authors observed that the E’ values of all four test materials were not affected much by
the harmonic frequency. The authors observed a good agreement between viscoelastic
properties for all the materials tested by both the methods for the same range of harmonic
frequency except material-8230, which showed a 30% discrepancy when comparing the test
methods. The changes in polymer properties at the surface during polishing or specimen
storage were provided as the reason for this anomaly. The E’’ values for materials 5260 and
8320, LaRC-Si and HDPE (p = 0.9671 g/cc) obtained from nanoindentation were observed to
increase significantly with frequency in the range of 55-115 Hz, but similar values tested by

DMA were observed to be quite constant for the same frequency range.

The nanoindentation results from their study also indicated that both the storage and loss
moduli increased with increasing material density for HDPE. The E’ values increased with
decreasing harmonic amplitude, while the authors observed no consistent relationship
between the E’’ values and harmonic amplitude. This result coincided well with the results

obtained for other materials via nanoindentation, but not with the DMA data since the E’
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values for the materials 5260 and 8320, LaRC-Si and HDPE (p = 0.9671 g/cc) were observed

to increase with harmonic amplitude.

From this study the harmonic amplitude was a critical factor while conducting dynamic
indentation tests, while harmonic frequency is not significant at all. The testing on HDPE
samples with different densities is an encouraging example which proves that difference in
densities and hence the crystallinity and microstructure can influence the viscoelastic
properties significantly. This would open up multiple avenues for studying structure-property

relationships on smaller length scales and correlating them with the bulk scale.

Hayes et al. * compared the thermal properties of poly(cyanurate) resin, epoxy resin, atactic
poly(propylene), and poly(vinyl acetate) using dynamic nanoindentation, DMTA (dynamic
mechanical thermal testing) in the single-cantilever mode and DSC measurements. They
carried out the dynamic nanoindentation and DMTA measurements at various temperatures
using the same frequency range. The results from both techniques were then processed using
the William Landel Ferry (WLF) equation and overlaid to form a master-curve. The authors
compared the tan J traces from both techniques and the peak of the trace was identified as the
glass transition temperature (Tg) of the polymer. The reasons given for comparing the tan o
traces instead of the moduli was to avoid the determination of the optimum tip area function
for the nanoindenter tip. This is a valid reason, since tip area can influence the moduli results
considerably (Equations 19 and 20). The authors also stated that the DMTA-derived modulus
values were considered to be of questionable accuracy, but provided no further discussion

regarding the same.
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The authors reported that the T4 values observed for poly(cyanurate) were quite different for
the three techniques, the reasons given being the difference in specimen geometries and the
behavior of the material close to its transition temperature. However, the results for epoxy
resin were found to be quite comparable in their study. The tan J trace for atatic-PP was
found to be quite flat as no transitions were observed in the range the data was plotted using
the WLF technique by the authors. The authors observed a peak in the tan & trace for
polyvinyl acetate, PVAc in between 30-40°C for the frequency range tested and the value
was found to be quite comparable to the one mentioned in the Aldrich specifications. The
aim of this study was to compare thermal properties of the polymers at different length scales

which were achieved by the three different techniques used.

Rouzic et.al **

compared the viscoelastic properties of two different PDMS samples aged for
different periods of time (4,000 h and 11,000 h) and a SUS8 resin, which is a negative type
epoxy photoresist using conventional DMA, dynamic nanoindentation and scanning
microdeformation microscopy (SMM) techniques. The authors explained the analytical

models used to extract the modulus values from both the nanoindentation and SMM

techniques.

They observed that the modulus values of PDMS samples matched fairly well for the
nanoindentation and the DMA techniques, while the values for the SMM technique showed a
good extrapolation of the nanoindentation and DMA curves in the higher frequency range.
Since, the E’ and E’’ values of the PDMS were of the same order, the tan 6 = E’’/E’ values

for the DMA and the nanoindentation methods also show a good agreement, with the values
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from the SMM technique showing a continuity with the values from the other two
techniques. The values of E’ and E’’ determined by the SMM technique also matched well
with time-temperature curves for the PDMS samples aged for a longer period of time. The
authors observed an increase in Young’s modulus by 14% for the PDMS sample aged for a
longer period of time. One interesting thing they observed was that the tan 6 values for both
PDMS samples were nearly identical by the three techniques and thus insensitive to ageing
time. The explanation given for the tan o values for the SMM techniques being slightly

higher than the other two techniques was due to the difference in the working frequencies.

The authors also observed that the E’ values showed an increasing trend in the frequency
range studied for the SU8 resin sample, and did not match well for the three techniques, with
the DMA value being the lowest, the reason given being was the very small thickness of the
specimen tested. But, the values obtained by the other two techniques were found within the
acceptable range reported in the literature. The E’” values were observed to be decreasing
with frequency and also did not match well. The large difference between the E’ and E*’
values show that the SU8 resin was not as viscoelastic as the PDMS samples. However, as
observed earlier, the tan & values matched well for the three techniques. For, the SU8 film
sample deposited on a silicon substrate, the authors observed the E’ values measured by the
nanoindentation and SMM techniques matched well and were greater than the corresponding
values for the previous SU8 sample, but correlated well to the literature values. The E’” and
tan o values for this sample were also observed to decrease with frequency and were lower

than those for the previous SU8 sample, due to longer baking times.
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The Havrliak-Negami phenomenological model was also used to calculate the E’, E*’, and
tan O values for the different samples and the values calculated were found to be in fairly
good agreement with the experimental values. The above study compared the three
techniques and presented a good comparison of the viscoelastic behavior of the polymers

studied on different scales.

As mentioned above, some studies have been done to correlate macro and micro-scale
viscoelastic properties of polymers using nanoindentation and other bulk property
measurement techniques. The observation from the studies is that the properties on micro
scale and macro scale show a fairly good correlation with each other. However, there is no
clear trend observed in the literature as to how closely the values from nanoindentation and
conventional DMA measurements should match or whether one of the values should be
higher or lower than the other. The measurements using nanoindentation are on smaller
length scales, which would help us predict whether the mechanical properties tested for the
multi-phase materials are indicative of the multiple phases in the material or not, in the case

of HIPS and ABS.

Also, our study would shed light as to the trends on the correlation observed in the literature
for glassy, rubbery and crystalline materials are consistent or depend upon the testing

conditions and instrumental errors.
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CHAPTER 2

Nanoindentation studies of Polystyrene (PS), High-impact polystyrene (HIPS) and
Acrylonitrile butadiene styrene (ABS)
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2.1 Introduction

In recent years, depth-sensing indentation (nanoindentation) has been become a very popular
method to measure mechanical properties of materials at smaller length scales. The
advantages of this technique are that the amount of material needed for testing is very small
and low loads are used in testing. In this technique, a diamond indenter is brought in contact
with the sample surface and then indented into the sample. The resistance to indentation and
the indent depth are continuously monitored throughout the experiment, and from this data a
plot of load versus indentation depth can be obtained. The graph is then analyzed by using
various fitting procedures to determine the Young’s modulus and the hardness of the sample.
The most common fitting procedure used is described by Oliver and Pharr *. The indentation
depths in this method are in the range of a few hundred nanometers and as such the material

deformation is typically minimal.

Previously, indentation studies were carried out only on harder materials like metals and

1-2 3-6

glass or for layers and coatings °”. But in the past decade or so, the method of

7-11

nanoindentation has become more widely used for polymeric materials . Various

researchers have studied the modulus and hardness of biological tissues **™**

and implantable
materials like ultra-high molecular weight polyethylene (UHMWPE) ** using the quasi-static
mode of nanoindentation. In this study, we have observed the quasi-static hardness and
modulus of atactic polystyrene, (PS) and two copolymers of polystyrene, namely high-impact

polystyrene (HIPS) and acrylonitrile butadiene styrene (ABS) as a function of indentation

contact depth for a range of applied loads. The hardness data of the three materials is also
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presented to see if the materials studied show an indentation size effect (ISE) as observed for
amorphous polymers in the literature. Indentation size effect is the effect when the hardness
of a material decreases as the indentation depth increases. Various theories are present in the

literature to explain the causes of this effect as explained in Section 1.3.5.

Dynamic nanoindentation is also performed on the three materials mentioned above to
evaluate the viscoelastic properties on the micro scale. A few studies have been done to
compare the viscoelastic properties of polymers on a micro scale and macro scale using
dynamic nanoindentation and conventional dynamic mechanical analysis (DMA) & 1617,
Most of the dynamic nanoindentation studies in the literature have been carried out on single
phase materials such as high performance polymers, rubbers, and amorphous polymers, but
two of the materials studied in our case are multi-phase materials (HIPS, ABS). The dynamic
properties of these multi-phase materials will be studied to determine if the same correlation
between the micro and macro scale properties as observed in the literature for the single
phase materials is seen in this case or not. Conventional DMA is used to measure the bulk
dynamic properties of the materials and compared with the properties obtained from dynamic

nanoindentation.
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2.1 Materials and Methods
2.1.1 Materials

The copolymers of PS namely HIPS (catalog nos. 8734K22) and ABS (catalog nos.
8586K551) were obtained from McMaster-Carr in sheet form (thickness ~ 1-2 mm) and used
as received. The samples used for nanoindentation testing were prepared by cutting the sheet
material using an Epilog laser cutter in coupons of size 10 mm X 10 mm. The sheets of HIPS
and ABS were cut into rectangular strips of 40 mm X 10 mm and used for testing on the

conventional DMA.

The atactic PS (a-PS) with a weight average molecular weight, M,, of 210,000 g/mol was
used as the control sample in the study and was obtained from Scientific Polymer Products
(catalog # 844, CAS: 9003-53-6) in pellet form. The pellets were melt-pressed to form films

with thicknesses close to 1 mm and used for nanoindentation testing.
2.2.1.1 Melt Pressed a-PS

The manufacturer reported Ty of a-PS used is 100°C. The polymer pellets were compressed
between two metal plates at 225°C under a pressure of 4000 psi for ca. 5 minutes. Care was
taken to use Teflon sheets in between the metal plates to prevent the molten polymer from
sticking to the metal. The metal plates were then removed from the press and allowed to cool
at room temperature for about 2-3 mins. This allowed the molten polymer under stress to
relax. If this was not done, the pressed polymer film warped due to the inbuilt stresses and

was of no use. After this, the cooled polymer film was carefully cut into coupons of 10 mm X
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10 mm using a razor blade. These coupons were then used for nanoindentation. The a-PS
films were also cut into coupons of size of 40 mm X 10 mm and used for conventional DMA

testing.
2.2.1.2 Morphology of HIPS and ABS

Rubber modified polystyrenes are designed for imparting toughness to PS under impact
loading. High impact polystyrene (HIPS) and acrylonitrile butadiene styrene (ABS) are two

of the most important rubber modified polystyrenes available on the market.

HIPS is synthesized by dissolving polybutadiene rubber in styrene monomer. Two reactions
are taking place simultaneously during the polymerization of HIPS namely, the formation of
matrix polystyrene by polymerization of styrene and that of graft polymerization between
polybutadiene and styrene monomer 8. The grafting of polybutadiene rubber provides
compatibility between the matrix polystyrene phase and the rubber phase and it also dictates
the size of the rubber particles formed 2. During the preliminary stages of the process,
polybutadiene rubber forms a continuous phase in the styrene monomer while the newly
formed polystyrene becomes phase separated in the rubber solution in styrene owing to the

1921 As more

stability provided by the grafted copolymer of styrene and butadiene
polystyrene is produced during the polymerization, the polybutadiene phase becomes the
minor component and phase inversion takes place “***. Phase inversion usually takes place

when the total polymer content of the system reached 2.5 times the initial polybutadiene

rubber content 8,

44



Discrete rubber particles are formed with the help of agitation during the phase inversion
process. The most desirable particle size range for most commercial HIPS products is on the
order of 0.5 to 10 microns 2" %. The size of the rubber particles strongly depends on the rate
of agitation and becomes smaller as the rate of agitation is increased, eventually reaching a
23, 27

plateau depending on the solution viscosity of the rubber used and the level of grafting

The structure of rubber particles is determined by the degree of grafting .

Figure 6: Transmission electron micrograph (TEM) of the salami morphology observed in
commercial HIPS sample from BASF 2

Salami type particles containing occlusions of polystyrene are formed at low to moderate
levels of grafting '®. The particle size decreases as the level of grafting increases finally
reaching a single occlusion particle, referred to as core-shell particles 2. At very high levels
of grafting, extremely small rubber particles with no polystyrene occlusions are observed.
Figure 6 shows the salami type rubber particles (dark areas) with polystyrene occlusions

(white areas) in a matrix of polystyrene observed by using TEM for a typical HIPS product

18
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ABS is manufactured by three different processes, namely mechanical blending, bulk
copolymerization and emulsion grafting. For ABS polymers termed as type B *, suspension
styrene-acrylonitrile (SAN) copolymer is blended with butadiene acrylonitrile rubber on a
mill or an internal mixer or nitrile rubber latex and SAN copolymer latex are blended before
coagulation and mixing. The size of the rubber particles obtained by this method is pretty

uneven with no occlusions of SAN, as is observed in the other processes *.

In the bulk copolymerization process ¥, low cis polybutadiene rubber (solution type) is
dissolved in the monomer and a particulate rubber phase is formed under the conditions of

stirred polymerization 2 *

with the size of rubber particles depending on the type of rubber
used ** (emulsion-SBR, high cis polybutadiene or emulsion polybutadiene are also used
sometimes). After the monomer conversion reaches 30-40%, when the viscosity is high, the
polymerization is carried to completion via mass polymerization using the tower or

suspension polymerization processes **. The size of rubber particles obtained by this process

is in the range of 0.5-1.0 um % with inclusions of SAN copolymer.

Emulsion grafted ABS is a two stage process in which an emulsion polybutadiene is

h %% * or continuous **

produced in the first stage using a free radical process via the batc
processes with an average particle size of around 0.2 pum or above *°. The second step
involves the graft polymerization of styrene and acrylonitrile on polybutadiene *° to yield low
rubber (30-40%) or high rubber (40-70%) ABS *. In emulsion grafted ABS, the structure

observed in the end product is dependent on the particle size and gel structure of the

polybutadiene latex used **. The range of particle sizes is from 0.1-1.0 um, but particle size
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of 0.3 pm is most commonly observed . Figure 7 shows the morphology observed in

commercial ABS samples prepared by the different techniques.

Figure 7: Transmission electron micrograph (TEM) of mechanically blended ABS, bulk
copolymerized ABS and emulsion grafted ABS respectively (1000X magnification) >

2.2.2 Quasi-static Nanoindentation Testing

The nanoindentation experiments were performed at room temperature on a Hysitron
Triboindenter® system with a Berkovich indenter tip. The radius of the tip used was 100 nm.
For this type of testing a range of loads was used from 500 uN to 2500 uN and the sample
was tested for its properties with force steps of 250 uN. A square grid of 3X3 was chosen (9
points) for the purpose in which the first load was 500 uN and the last one was 2500 uN
(refer to Figure 8). Also, the three materials were tested for their properties at low loads with
a starting load of 50 uN to 250 uN in steps of 25 uN using the same 3X3 grid pattern. So
essentially, every area chosen on a particular sample was tested for the high and low loads. In

all five different locations on a sample were chosen to carry out this grid type of testing to
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obtain sufficient data for reliability and repeatability. At least four different specimens were

tested for each material.

The a-PS films were prepared in the lab and despite precisely controlling all the process
parameters had more surface roughness than the commercially manufactured sheets of HIPS
and ABS. Also, dust contamination was a potential problem and the films needed to be
handled very carefully while taking them out from the mold and cooling them. The biggest
issue encountered in processing the films was the formation of bubbles during the melt
pressing and any samples with visible bubbles were discarded. As such, higher numbers of
specimens were tested for a-PS than those for HIPS and ABS in order to obtain values of

modulus at each load (or hardness) with the least standard deviation.

B
1000
E 500 750
1250 1500 1750
D C
2000 2250 2500

Figure 8: Representational map showing the positions selected on every sample and the 3X3
grid at every position chosen with the corresponding maximum loads used for indentation at
that point for quasi-static testing

The H-calibration was carried out every time before a new material was tested to ensure that
the tip and optics are perfectly aligned as explained in Section 1.4. Before the actual testing

was carried out, trial readings were taken to determine the load range for every material. The
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load range selected was chosen keeping in mind the displacement limit of the quasi-static

transducer which is 5 um.

2.2.2.1 Data and Error Analysis

Since two of the three materials tested in the study are multi-phase materials, a broad range
of values of modulus was obtained even for the same load for a particular material and as
such data and error analysis is an important factor while presenting the final results. After
analyzing the load versus depth curves using Triboscan ® software, the value of reduced
modulus, E, is obtained. The Poisson’s ratio, v for diamond is 0.07 and its modulus is 1140
GPa as specified by Hysitron, the makers of the nanoindenter used in this study. Knowing the
Poisson’s ratio, v for the material, the modulus is calculated using the Equation 1 as given

below:

1 _(1—vz]+ (1—v;*)
E. E E

* i

1)

where, E; is the reduced modulus, v and v;j are the Poisson’s ratio for the sample and the

indenter respectively, E and E; are the moduli for the sample and indenter respectively.
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Table 3: Modulus versus Load data for one of the samples tested for HIPS

Load (uIN)
500 | 750 | 1000 | 1250 | 1500 | 1750 | 2000 | 2250 | 2500
Position- A | 357 535 | 677
—
]
B Position-B | 618 | 513 | 425 | 518 | 528 | 520 | 364 [ 357 | 371
-
= Position- C | 4901 | 425 | 420 | 423 | 372 | 375 | 413 | 302 | 413
=]
-~ Position- D 367 | 333 | 208 | 2098 ) 281 | 305 | 314|331 | 377
Position- E | 421 | 470 | 480 | 445 | 435 | 416 | 415 | 387 | 426
Average 451 | 435 | 426 | 421 | 404 | 406 | 4.08 | 429 | 397
Std. Dev. 108 [0.77 | 083 094 | 104 094 | 082 | 141 | 027
Std. Error 0.48 (039 | 0.41 | 042 052 |0.47 | 037 [0.63 | 013

In the data presented in Table 3 the modulus E, for HIPS is calculated using a value of 0.45
for the Poisson’s ratio *°. The method used in analyzing all data was that the values of
modulus which are two times higher than the modulus of glassy PS are discarded. As can be
seen from Table 3, the encircled values for Position-A are not used in calculating the
modulus of the specimen tested. The modulus of a-PS was taken as ca. 3-3.5 GPa *’. The
reason for the encircled values being so high might be contamination in the testing area
leading to an error in the measurement of depth of indentation and thus the modulus of the
material. One more reason for excluding the encircled values is that such high values were
not obtained for any other HIPS specimens tested during the trial runs made before the actual
measurements were taken and as such can safely be assumed to be erroneous. The remaining

values tested in the Position-A for loads of 500, 2000 and 2250 pN are still used in
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calculating the modulus since they are within the range of the cut-off criteria chosen for data
analysis. A high standard deviation is observed in the values of modulus for almost all the
load values and the most plausible reasons for this is the location specific testing carried out
on the samples and the multi-phase nature of the material. The testing carried out on different

regions on a particular sample is referred to as location or area specific testing.

Similar procedure was followed while analyzing the data for all the specimens tested for all
the materials. The final data presented for each load is the average of ca. 17-18 values for
every load value used during testing (Section 2.3). The error calculated for every value of
load (or depth) is the standard error for all the values used in calculating the average. All data

and errors are tabulated in Appendix A.

2.2.3 Dynamic Nanoindentation Testing

The nanoindentation experiments were performed at room temperature on a Hysitron
Triboindenter® system with a Berkovich indenter tip. The radius of the tip used was 100 nm.
A frequency sweep was carried out on all the samples in the range of 10-220 Hz. A constant
load of 1000 pN was used with load amplitude of 25 pN for a-PS due to the roughness of the
sample, while load amplitude of 10 uN was used for the HIPS and ABS samples. The contact
depth, h. obtained for a-PS under these conditions was 280-350 nm, for HIPS, it was 290-380
nm and, it was 310-450 nm for ABS. Four testing areas were selected on every specimen and
at least four different specimens were tested for all the four materials in the study. So, every
data point in the graph is an average of ca. 16 test runs. All the tests were carried out at

ambient temperature.
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2.2.4 Dynamic Mechanical Analysis

The three samples were cut into rectangular strips of 40 X 10 mm using the Epilog laser
cutter and used for DMA testing. A Q800 series DMA from TA Instruments was used for
testing the samples. The testing was carried out in single cantilever mode. A frequency sweep
was carried out on all the specimens in the range of 1-80 Hz. The frequency sweep was
carried out in strain mode with a fixed strain of 0.1% on the specimens. All the testing was
carried out at room temperature to facilitate better comparison with the nanoindentation data.
In all, five to six runs were carried out on all three materials (a-PS, HIPS, ABS) for

repeatability purposes.
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2.3 Results and Discussion

$E -+-a-PS (LOW)
2 ?;i
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Figure 9: Dependence of the hardness of a-PS, HIPS, and ABS on resultant contact depth,
hc, using a Berkovich indenter for applied loads in the range of 50-250 uN (LOW) and 500-

2500 UN (HIGH). (1) represents the standard error in the values of hardness
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Figure 9 shows the dependence of hardness of the three materials studied as a function of
contact depth, h.. As can be seen from Figure 9, a-PS shows an indentation size effect within
the range of contact depths from 46-247 nm, where its hardness values decrease with
increasing contact depth, while at higher loads from 500-2500 pN, the values of hardness
almost remain constant for a range of contact depths from 247-622 nm. A few studies in the
literature for polystyrene have reported that its hardness reduces as a function of depth %%,
Briscoe et al. *® observed indentation size effect for polystyrene for indentation depths in the
range of 10-700 nm using a Berkovich indenter. The values of hardness were observed to be
constant after an indentation depth of 700 nm. Briscoe et al. *® concluded that this effect
might be due to unestablished imperfections in the tip-area calibration at low depth or due to
the difference in morphology of the surface from that of the bulk due to ageing,

manufacturing, and storage conditions.

Han et al. * observed a similar effect for their PS samples within a depth range of 0.1-1.2 yum
and proposed that this effect is related to Frank elasticity observed in nematic liquid crystals.
The authors also proposed that the observed size effects relate to the elastic deformation and
not only to the plastic deformation as observed for metals. They developed a model to

explain this hardness behavior which is given by Equation 2.

)

54



where, H is the hardness of the material, Ho is the macroscopic hardness, ¢, is the length scale
parameter associated with indentation and h is the indentation depth. The authors proposed
that the smaller the length of the rigid part of the backbone chain, the lower is the Frank

energy which corresponds to the absence of decreasing hardness with increasing depth.

Aldrighi et al. *° developed a model for the shape of AFM tips used as a nanoindenter and
studied the hardness and modulus of various surfaces. In their study the authors observed an
indentation size effect for the PS sample with contact depth and final depth for depths in the
range of 0-30 nm. No clear explanation was provided for the observed behavior, although the
authors mention the effect of microstructure while studying the properties of polymers at

such small length scales.

Tjernlund et al.

studied the indentation size in PS samples of different molecular weights
and low polydispersity index within the depth range of 0-2.5 um and observed length scale
effects in inelastic deformations with large strain gradients in glassy PS. The authors fitted

the data to the strain gradient plasticity phenomenological model developed by Nix and Gao

%2 given by Equation 3.

sl
HI} Nlhmﬂx

@)

where, H = indentation hardness, Ho = limit hardness, h* = length scale parameter and hpnax =

maximum indentation depth.
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The theories >°4°

explained the indentation size effect in polymers based on the behavior of
the material under stress, however since the range of depths at which the effect is observed is
different in the different studies, the possibility of instrumental or testing errors ** can also
lead to the indentation size effect observed in the case of polymers. The causes for the
indentation size effect can thus be placed into two categories: 1) instrumental and/or analysis
limitations or 2) due to material properties. The material differences at the surface most
likely are due to the surface roughness or due to the manufacturing conditions of the samples
and as such characterizing the surface is very important while studying the hardness of the
materials. The indentation size effect can thus be said to be a combination of the two causes
stated above and determining the relative importance of each category should be investigated
further. This would give us a clear idea about the properties (hardness) of polymers on

smaller length scales when subjected to local loads and the observed indentation size effect.

The hardness values can be found in Table 17 in Appendix A.

From Figure 9, like PS the HIPS and ABS samples also show an indentation size effect for
their hardness values at lower values of contact depths ranging from 57-200 nm for HIPS and
184-358 nm for ABS. The higher error in the hardness values for HIPS and ABS as
compared to a-PS is probably due to the microstructural inhomogeneity of the samples

I. * showed that a size effect is observed for a film

(presence of multiple phases). Maner et a
of a block copolymer of polystyrene and poly(ethylene-propylene)d (PS-PEP) with lamellar
morphology in the range of 0-200 nanometers while the values of hardness were observed to

be almost constant after that with a slight increasing trend seen for the hardness values.
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Maner et al. ** have suggested a link between the scale over which hardness is dependent on
depth and the shear activation volume of the plastic shear zone (PSZ) during the indentation
of amorphous polymers. However, no mention of the size of the lamellar morphology of the
block copolymer is mentioned and as such, it is unclear whether the presence of multiple
phases and location specific testing is the reason for the observed indentation size effect in

copolymers.

As explained in Section 2.2.1.2, HIPS and ABS have rubber particles incorporated in the
glassy matrix of polystyrene and styrene-acrylonitrile (SAN) respectively. The
nanoindentation testing on HIPS and ABS is carried out on random sample locations. When
the rigid diamond probe indents the sample, there is a possibility that the testing is carried out
in a rubber rich zone. The rubber particles being comparatively softer than the surrounding
glassy matrix might impinge into the matrix at sufficiently high loads giving a comparatively
higher value of contact depth than that would be observed if the testing was carried out in the
polystyrene rich zone. As such, the average values of contact depth at a particular load would
be different than when testing is carried out on the pure glassy phase (a-PS) leading to higher

errors for that given load.

This hypothesis is the subject of future study, where the contact areas of materials involving
a rubbery component are measured using advanced imaging techniques. Multi-phase
materials are complicated materials and need to be carefully studied to explain the
indentation size effect observed in these materials. The hardness values of HIPS and ABS

can be found in Tables 18 and 19 respectively in Appendix A.
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Figure 10: Dependence of the modulus of a-PS, HIPS and ABS on resultant contact depth, h,
using a Berkovich indenter for applied loads in the range of 50-250 uN and 500-2500 uN.

(1) represents the standard error in the values of modulus
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Figure 10 shows the dependence of modulus on contact depth for the three materials
investigated in our study. The modulus values of a-PS decreases with contact depths in the
range of 43-430 nm, after which the values of modulus are constant. The constant value of
modulus after a contact depth of ca. 460 nm agree well to the bulk modulus of PS which is
ca. 3-3.5 GPa *. Similar results for the decrease in modulus with indentation depth have
been observed for PS in the literature ** ** % Briscoe et al. *® observed a decreased modulus
with depth for their PS samples from 0-100 nm after which the values of modulus were
constant. The difference between the two observations might have to do with the difference
in the molecular weight and the sample preparation of the PS samples. A higher depth was
used to investigate the properties of PS in this study, to negate the effects of roughness on the
observed values. As can be seen from the low contact depth data for a-PS, the error is higher

at lower depths than at higher depths, and roughness is one cause for the observed behavior.

Alderighi et al. ** observed a similar effect in case of their PS samples when indented with an
AFM tip for very low indentation depths of 4-9 nm. The authors mention that the presence of
defects in the structure like voids might influence the elastic response of the material to
indentation which essentially determines the modulus of the materials. Dokulin et al. ** have
also observed the size effect for the modulus of PS in the depth range of 0-90 nm. The
authors state that use of sharp probes leads to the stress-strain behavior under the indenter to
be in the non-linear regime possibly leading to the indentation size effect in the modulus
values. The authors have shown that the Johnson-Kendall-Roberts (JKR) approach which

takes into consideration the adhesion between the tip and sample at the interface, and the use
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of duller probes eliminates this effect and gives constant modulus values independent of
applied loads. So, according to Alderighi *°, the decrease in modulus with increasing depth is
related to the microstructure, however according to Dokulin ** it is an artifact related to
instrumental factors and errors in data analysis. As such, the opinion is divided between
instrumental and material properties as the cause of decreased modulus with increasing
indentation depth. However, studies have shown that polymers exhibit different properties at
depths less than 40 nm than in the bulk (75-100 nm) ** due to an enhanced chain mobility at

the surface than in the bulk.

Chakravartula et al. *® have shown that the storage modulus, E’ values at depths less than 35
nm are an order of magnitude higher than that of the E’ values at depths between 75-100 nm

using nano-DMA. Also, Van der Sanden et al. *°

studied very thin multilayered tapes and
observed that when the thickness is smaller than a certain critical value, a strong increase in
breaking strain is observed, indicating that values near the surface deviate from that of the

bulk. Another study in this area was conducted by Van Melick et al. *

using
microindentation and, nanoindentation techniques and, simulations showed that a length
scale effect is present near the surface for polymeric films with the glass transition
temperature at the surface for polystyrene films lower than in the bulk due to enhanced
segmental mobility of the chains near the surface. However, this difference between the near

surface and the bulk properties was not addressed in the studies by Alderighi et al. *° or

Dokulin et al. * who studied the modulus of polystyrene at very low indentation depths.
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Hence, the effect of reduction in modulus values with indentation depth observed in
polymers is open to further research by considering the difference between the near surface
and bulk properties along with the adhesion effects and the difference in the microstructure
as mentioned above. As mentioned earlier in the case of hardness, this effect is most likely an
interplay of instrumental factors and material properties, but material behavior plays an
important role in the observed behavior as the studies mentioned above clearly show that
polymers do exhibit higher properties at depths less than 100 nm than those observed in the

bulk. The modulus values for a-PS can be found in Table 17 in Appendix A.

Figure 10 also shows the evolution of modulus of HIPS as a function of contact depth. The
material shows a decrease in modulus within the depth range of 57-366 nm, after which the
modulus values are constant at ca. 3 GPa. The modulus value of HIPS from the literature are
ca. 2 GPa * and can differ depending on the grade and manufacturer. There is a higher error
in the values of modulus of HIPS than that of PS. As suggested earlier, this might be due to
the incorrect determination of the contact area due to the presence of the rubber particles in

the glassy matrix (multi-phase nature of the material).

Maner et al. *

also observed a decrease in modulus with indentation depth for the
polystyrene-poly(ethylene-propylene), (PS-PEP) block copolymers studied in their work up
to an indentation depth of 200 nm, after which the values actually increased with indentation
depth up to a depth of 2000 nm with high error. The observed behavior was not explained by

the authors on the basis of the presence of multiple phases in the polymer. As such there is no

conclusive evidence yet that the presence of multiple phases in the material can lead to
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higher errors in the values of modulus. Thus, more work needs to be carried out in studying
the properties of multi-phase materials with well defined morphologies to validate whether
the presence of multi-phases affects the mechanical properties of the polymers on smaller

length scales. The modulus values of HIPS can be found in Table 18 in Appendix A.

The modulus values of ABS decrease within the contact depth range of 184-358 nm and after
that the values are almost constant within error from 358-982 nm (for higher loads). The
values reported in the literature for the modulus of ABS is ca. 1.4-2.8 GPa “° for an impact
resistant grade and the values reported in our case agree fairly with those. However caution
should be exercised in directly comparing both values, since the material properties can be
quite different for different grades and manufacturers. Now, similar to HIPS, a higher error
was observed for the modulus values of this material. This error might be due to the location
specific testing (as explained in Section 2.2.2.1), and techniques like modulus mapping will
help in providing more insight into this area. The modulus values of ABS can be found in

Table 19 in Appendix A.

ABS is morphologically similar to HIPS with rubber being grafted on to a SAN matrix. As
such, the behavior for ABS and HIPS during nanoindentation is similar, with indentation size
effects observed for the hardness and modulus values at low depths and higher errors
observed in these values than that of a-PS. More extensive studies need to be carried out
regarding the evolution of contact area under load for both these materials using advanced
imaging techniques or even numerical simulations to observe the behavior of these materials

under highly localized loads. This would give us a good idea whether the observed
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indentation size effect in these materials is related to the presence of multi-phases or not as
mentioned above. Also, a thorough analysis of the methods used for nanoindentation of
regular thermoplastics would help us know whether any changes need to be made before
applying them to the rubber modified thermoplastics namely HIPS and ABS or any other

multi-phase materials in general.

Figure 11 shows the comparison of the dynamic properties of a-PS, HIPS and ABS measured
by dynamic nanoindentation and conventional DMA. Various studies ® * ™ have been
reported in the literature that compare the E” and E” values of glassy polymers on micro and
macro scales using these two methods and the values from both the methods were found to
match fairly well with each other. Similarly, a fairly good agreement between the E’and E”
values is observed in our experiments. The E’ values from nanoindentation are ca. 2-3 times
higher than those obtained by conventional DMA while the E’” values from both the methods

are overlapping.
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Figure 11: Comparison of E’ and E” values of a-PS, HIPS and ABS measured by dynamic
nanoindentation and conventional DMA (single cantilever mode)
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The depths at which dynamic nanoindentation measurements are done is in the range of a
few hundred nanometers, and at this depth, the quasi-static modulus is higher than that in the
bulk, so it would make sense that the E’ values are higher in case of dynamic
nanoindentation than that for conventional DMA. Also, both techniques use different
analytical models to calculate the values of storage and loss modulus and as such it is
difficult to assess whether the properties measured by dynamic nanoindentation should match
with those measure by conventional DMA techniques. Material inhomogeneity and
instrument calibrations may also play a big role since the volumes of the material tested by

nanoindentation are small &,

In the study of White et al. &, the E’ values of the poly(methyl methacrylate), PMMA
samples tested by dynamic nanoindentation were lower than the values obtained by
conventional DMA. Also, the E’ values by conventional DMA for epoxy films (another
glassy material) studied by White et al. were higher than those obtained by nanoindentation.
However, the E’ values from dynamic nanoindentation for a thermoplastic polymer studied
by Odegard et al. ® were 30% higher than the values obtained by conventional DMA. Also
for epoxy films on glass substrates studied by Le Rouzic et al. !, the E’ values by

nanoindentation were higher than those obtained from conventional DMA.

As such, there is variation in the literature regarding the level of agreement between the two
methods. There is no conclusive evidence to suggest if the values of E’ from nanoindentation
should be higher, lower, or the same than those obtained from the traditional dynamic

analysis methods. Thus, this area is still open for debate and much work needs to be done to

65



conclusively say that dynamic properties on bulk and micro scales should match each other

or not.

From Figure 11 that the E’ values of HIPS obtained by dynamic nanoindentation are higher
than those from conventional DMA. The E’ values obtained from nanoindentation are
constant over the range of frequencies. In the case of HIPS, the E’ values obtained by
dynamic nanoindentation are two times higher than those obtained from conventional DMA
while the E” values obtained by both the methods overlap. Also, from Figure 11, the E’
values obtained by dynamic nanoindentation for ABS were higher than those obtained by
conventional DMA roughly by a factor of three while the E” values obtained from both the
methods overlapped as in the case of a-PS and HIPS. The higher disparity between the E’
values obtained from both methods for ABS is the highest due to the fact the rubber phase

plays a bigger part in damping on the micro scale than on the macro scale.
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2.4 Conclusions

The quasi-static and dynamic properties of a-PS, HIPS, and ABS were studied by
nanoindentation experiments. The dynamic properties of the three materials were also studied
using conventional DMA and compared to the values obtained by dynamic nanoindentation.
a-PS showed an indentation size effect where the hardness decreased with contact depths in
the range of 46-430 nm and then was almost constant. The decrease in hardness with contact

® or due to the surface

depth was attributed to the Frank elasticity by Han et al. ®
imperfections according to Briscoe et al. . The strain gradient plasticity phenomenological
model proposed by Nix and Gao ** was used by Tjerlund et al. ** to explain this indentation

size effect in their PS samples for the depth range of 0-2.5 pm.

As such, the causes for the indentation size effect can be placed into two categories: 1)
instrumental and/or analysis limitations or 2) material behavior/properties. The material
differences at the surface may be due to the surface roughness or due to the manufacturing
and storage conditions of the samples. Surface analysis thus should be carried out on the
samples to be studied by nanoindentation. Also, it is important to eliminate the instrumental

and analysis errors to study the indentation size effect as a function of material properties.

Similar indentation size effects were observed in HIPS and ABS with the hardness values of
these materials decreasing for the range of contact depths from 57-366 nm and 184-304 nm,
respectively, while the values at higher indentation contact depths were almost constant
within error. However, the standard errors in the values in the case of these materials was

higher than that for a-PS, and is likely due to the presence of multiple phases in HIPS and
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ABS. Errors in the determination of the area of contact due to the presence of the rubber
particles in the glassy matrix might be one of the main causes for this behavior. In-situ
imaging techniques during indentation on these samples or numerical simulations can be
used to observe the behavior of these samples under the indenter load. The contact area
calculated through imaging or through simulations would probably shed more light on the

observed trends.

The modulus of a-PS also decreased with contact depth within the range of 46-481 nm, after
which the values were found to be constant. Similar observations were made by Alderighi et
al. ® (4-9 nm) and Dokulin et al. * (0-90 nm). Now, the properties of polymers near the
surface are different than those in the bulk due to enhanced chain mobility at the surface and
for depths less than 100 nm and in the bulk ***. The studies by Alderighi and Dokulin have
not considered this when reporting the reduction in modulus with indentation depth observed
in their cases. As such, a careful study considering the difference in properties at the surface
and bulk would give us a better idea regarding the decrease in modulus of polymers with

indentation depth.

The modulus of HIPS and ABS decreased with increasing contact depth for a range of depths
from 57-366 nm and 184-358 nm, respectively, while the values were found to be constant at
higher contact depths. As seen for the hardness values, a higher error was observed in case of
modulus values of HIPS and ABS than that of a-PS. The main reasons for this behavior
maybe the presence of multiple phases in the material and the location specific testing carried

out on all the samples. Even though a higher modulus at lower indentation depths was
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observed for a polystyrene-poly(ethylene-propylene), (PS-PEP) block copolymer with

lamellar morphology studied by Maner et al. *

within a depth range of 0-200 nm, the
presence of multiple phases was not mentioned as a reason for the observed behavior. Also,
no mention was made regarding the size of the lamella in their study. Extensive work needs
to be carried out in this field using numerical simulations and advanced imaging methods to
observe the indentation behavior of multi-phase materials under localized loads to see if the
existing methods of nanoindentation used for single phase materials can be applied to such
materials or changes need to be made in the test methods and analysis procedures before
applying them to multi-phase materials, such as the rubber-modified polystyrenes studied
here. It can thus be said that the decrease in hardness and modulus of polymers with
indentation depth maybe a complex interplay of material behavior under load and

instrumental errors and a careful study eliminating the instrumental factors would help us

study the observed behavior based on the material properties.

Finally, the dynamic properties of the three materials obtained from dynamic nanoindentation
were compared with those obtained from conventional DMA. The E’ values obtained by
nanoindentation were ca. two times higher than those obtained by conventional DMA for a-
PS and HIPS, while they were ca. three times higher than the E’ values from conventional
DMA for ABS. E” values obtained from both the methods overlapped for all three materials

tested.

The trends observed in the literature for such a comparison of properties obtained by

dynamic nanoindentation and conventional DMA is unclear, with the properties obtained by
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nanoindentation higher in some cases while those obtained by conventional higher in other
cases depending upon the material studied. Since, the quasi-static nanoindentation modulus is
observed to be higher than the bulk modulus at the depths at which the dynamic
nanoindentation studies are carried out, having higher values for E’ from dynamic
nanoindentation seems plausible. Also work needs to be carried out to give specific reasons
for whether the properties on both the scales should match or not and what percentage of
discrepancy between them should be considered as an acceptable range for considering a
match. In any case, though dynamic nanoindentation appears to be a good tool to study the
viscoelastic properties of polymers on smaller length scales, but the level of agreement

between the nano and bulk DMA data is not yet predictable.
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CHAPTER 3

Nanoindentation studies of Styrene Butadiene Rubber (SBR), Natural Rubber (NR),
Neoprene Rubber and Polydimethyl siloxane (PDMS) rubber
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3.1 Introduction

As mentioned earlier in Section 2.1, nanoindentation has become a very important method in
recent years to determine the mechanical properties of polymeric materials on smaller length
scales. The polymeric materials studied using nanoindentation range from glassy materials

2 ®11 v/arious issues were

to soft rubbers, especially polydimethyl siloxane (PDMS)
observed in the case of PDMS rubber, which were a bit different from those observed for

glassy polymers.

Deuschle et al. "and Kaufam et al. ® observed that surface detection can be a big issue during
the nanoindentation of soft materials with a low modulus, as it leads to incorrect calculation
of the area of contact and thus an overestimation of the modulus values. Kaufman et al. ® also
showed that dynamic nanoindentation can be used to reduce the errors in surface detection
for soft materials. Hayes et al. * suggested the method of extrapolating the measured force to
zero to determine the actual contact depth and then using this depth to determine the area
function for calculation of hardness and modulus values. Wrucke and Han ° observed that
PDMS showed a strong indentation size effect within a depth range of 0.1-100 um, and this

effect was much more pronounced in PDMS than in the other polymers tested in their study.

White et al. 2 compared the dynamic viscoelastic properties of polymers with conventional
DMA and observed that the values of storage and loss modulus obtained by both methods
showed excellent correlation for glassy materials, however the storage (E’) and loss (E”)
modulus values for the softer PDMS material studied in their work showed a difference

between the nanoindentation and conventional DMA measurements. Rouzic et al. ° also
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compared the E’ and E” of two different types of PDMS samples using dynamic
nanoindentation, conventional DMA and scanning microdeformation microscopy and found
that the values for dynamic modulus agreed well for the nanoindentation and conventional

DMA methods.

In this work, the quasi-static modulus and hardness of styrene butadiene rubber (SBR),
natural rubber (NR), neoprene rubber, and polydimethyl siloxane (PDMS) were studied
within a depth range of 0.1-2.5 um to determine if the indentation size effect is observed in
case of these rubbers, as was observed in the case of PDMS in the study of Wrucke and Han
® Dynamic nanoindentation was carried out to measure the E* and E” values of the four
materials and these values were compared with the E’ and E” values obtained by
conventional DMA using the tension fixture. The results are again compared with the
literature to see if the trend observed by White et al. 2 for the soft PDMS rubber is valid for

the rubbers studied here or not.
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3.2 Materials and Methods

3.2.1 Materials

Out of the four rubbers used in this study, three of them were obtained from McMaster Carr
in sheet form and used as received for all the experiments. Styrene-butadiene rubber, SBR
(catalog nos. 8634K61), natural rubber, NR (catalog nos. 8633K52) and neoprene rubber
(catalog nos. 85785K22) are the three commercial samples obtained from McMaster Carr.
The PDMS rubber was obtained from the Willoughby research group in the Department of
Textile Engineering, Chemistry and Science and the procedure for its synthesis is given
below. The SBR and NR sheets and the PDMS rubber were cut into coupons of 10 mm X
10 mm using the Epilog laser cutter and used for nanoindentation experiments. The
neoprene rubber was sliced using a razor blade into coupons of dimensions 10 mm X 10
mm and used for nanoindentation measurements. The neoprene rubber contains chlorine;
therefore it could not be cut using the laser cutter to avoid formation of the harmful
chlorine fumes. The rubber samples were cut into strips of 20 mm X 6 mm and used for

tensile testing on the conventional DMA.

3.2.1.1 Preparation of PDMS sample

A Sylgard® 184 PDMS elastomeric kit (purchased from Dow Corning) was used for
substrate formation. A 10g:1g ratio of Sylgard® 184 base to crosslinker was mixed

thoroughly for about 1 minute. The mixture was then de-aired and cast on a non-adhering
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substrate, LDPE coated paperboard. The mixture was drawn-down with a #8 Mayer rod

and cured at 70°C for 24 hours on a level oven rack.
3.2.2 Quasi-static Nanoindentation Testing

The nanoindentation experiments were performed at room temperature on a Hysitron
Triboindenter® system with a conical indenter tip with a 60° included angle. The radius of
the tip used was 5 um. The Berkovich tip was not used in this case, as the instrument
manufacturers suggest use of blunt tip for softer materials. The reason being that the
maximum indentation depth obtained is less than that would be obtained if a sharper tip
was used for the same load. The samples were tested in displacement control mode to
better account for the surface detection problems commonly observed in soft materials. A
constant depth was chosen and the load required to reach that depth was calculated by the
software to plot the load versus displacement curves for the calculation of the modulus and
hardness values. A range of depths from 0.1 um to 2.5 um was chosen with steps of 0.1
um. A square grid of 5X5 was chosen (25 points) for the purpose in which the first depth

was 0.1 um and the last one was 2.5 pm (similar to Figure 8 in Section 2.2.2).

Depth controlled testing was carried out for the rubbers as opposed to the load controlled
testing carried out for the glassy materials in Chapter-2, in order to precisely control the
depth and observe the indentation size effect for these rubbery materials. In all, four
different locations on a sample were chosen to carry out this grid type of testing and four
specimens were tested for each material to obtain sufficient data for reliability and

repeatability.
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The H-calibration was carried out every time before a new material was tested to ensure
that the tip and optics are perfectly aligned as explained in Section 1.4. Before the actual
testing was carried out, trial readings were taken to determine the displacement function

used for testing.

3.2.3 Dynamic Nanoindentation Testing

The nanoindentation experiments were performed at room temperature on a Hysitron
Triboindenter® system with a Berkovich indenter tip. The radius of the tip used was 100 nm.
A frequency sweep was carried out on all the samples in the range of 10-220 Hz. A constant
load of ca. 1150 uN was used for all the four samples with load amplitude of ca. 10 uN used
for SBR, while load amplitude of ca. 1 uN was used for NR, neoprene and PDMS samples.
During dynamic testing the loading is conducted in the open loop regime. Due to very low
stiffness of the rubbers (much smaller than the stiffness of the spring system of the load
transducer) the displacements obtained are quite large and the predefined maximum load in
the load function is not reached. Four testing areas were selected on every specimen and at
least four different specimens were tested for all the four materials in the study. So in all,
every data point in the graph is an average of ca. 16 test runs. All the tests were carried out at

ambient temperature.
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3.2.4 Dynamic Mechanical Analysis

The rubber samples were cut into strips of 20 X 6 mm and used for DMA testing. A
Q800 series DMA from TA Instruments was used for testing the samples. The testing was
carried out in tension mode. A dynamic frequency sweep was carried out on all the
specimens in the range of 1-80 Hz. The frequency sweep was carried out in strain mode with
a fixed strain of 0.01% on the specimens. All the testing was also carried out at room
temperature to facilitate better comparison with the nanoindentation data. In all, five to six

runs were carried out on all four rubbers for repeatability purposes.
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3.3 Results and Discussion
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Figure 12: Dependence of the hardness of SBR, NR, Neoprene and PDMS rubbers on
indentation depth h, using a conical indenter with a 60° included angle and 5 um diameter
for indentation depths in the range of 0.1-2.5 um

Figure 12 shows the evolution of hardness with indentation depth of all the rubbers studied in
this work. For SBR rubber, the hardness decreases with increasing indentation depth. Similar
results were obtained by Lim and Chaudhri ** and Wrucke and Han © for softer materials
(PDMS) using a pyramidal indenter. Lim and Chaudhri ** attributed this behavior to using
the analytical model meant for a conical indenter indenting an elastic space to a pyramidal
indenter for calculating the hardness values. One more reason given by these authors for the
observed behavior is the incorrect determination of the area function which can have a
significant effect on the hardness values, since hardness is proportional to 1/A(hc). Since the
indenter used in our case is a conical indenter, the first implication proposed by Lim and

Chaudhri is not considered relevant. However, the method of analysis used to obtain the
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values of hardness assume an elastic-plastic behavior during unloading, while the behavior
observed is elastic due to the nature of the materials tested. As such, the values of hardness
obtained using the O-P method can give erroneous results. The hardness values of SBR can

be found in Table 10 in Appendix A.

Hardness is not an intrinsic property of the material and can change depending upon
conditions like surface roughness (for very small indentation depths) or even the storage
conditions of the commercial samples, which could cause oxidation of the top layers of the
samples being tested. Also, hardness by definition is the resistance to permanent deformation
and for elastomers the plastic deformation is negligible. As such, caution should be used
using the hardness values obtained for these materials. Indeed, M.L. Oyen a well-published
scientist in the area of nanoindentation **™ believes that hardness is not a good property to
consider in rubbers, since hardness is the resistance to plastic deformation which is absent or
negligible in rubbers '°. However, the hardness values of the rubbers studied in this work are

reported here to facilitate comparison with the literature.

Figure 12 also shows the hardness of natural rubber (NR) and neoprene rubber as a function
of contact depth and the values are found to be almost constant within error. This behavior
observed is very different to that observed for SBR where the hardness reduces with
indentation depth. The company specified shore hardness for NR is 40A and that of neoprene
rubber is 50A which is at least 1.5 times lower than that of SBR. The reason for this behavior
is currently unknown, since softer materials previously have been shown to exhibit

indentation size effects ® ** when tested with pyramidal indenters. Even though, natural
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rubber and neoprene rubbers were tested with a Vickers indenter in the study of Liam and
Chaudhri !, the hardness of these materials was not evaluated and as such there is no

substantiation for the behavior observed here.

Tatiraju and Han %, evaluated the Marten’s hardness, Hy of fused silica as a function of
indentation depth and observed that the hardness value is almost constant with depth with a
variation of only 3% over the range of depth studied (0-2500 pum) using a conical indenter.
However, the these materials have very different characteristics (fused silica is a very hard
material, while the rubbers used in our case are very soft) and as such, no concrete
conclusions or comparisons can be drawn from the two behaviors, even if we consider Hy

and H (indentation hardness) to be equivalent.

One reason for the increased scatter observed in the case of neoprene rubber is that the
surface of the sample is very inhomogeneous as can be seen in Figure 13. Still, the values
obtained at higher depths are somewhat higher than the values obtained at lower depths. This
observation along with the one for NR highlights the fact that more work needs to be directed
to the area of finding better methods to measure the hardness of softer materials like NR and
neoprene rubber. One possibility is use of imaging techniques for minimizing errors in
determining the initial surface of contact and thus the contact area determination to obtain
more precise values of hardness. The hardness values of NR and neoprene rubber can be

found in Tables 11 and 12, respectively, in Appendix A.
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Figure 13: Surface of the commercial Neoprene rubber sheet obtained from McMaster Carr
(catalog # 85785K22) observed at 20X magnification on the nanoindenter (10X objective
magnification, 2X multiplier and 1X optical zoom)

Figure 12, also shows the evolution of the hardness values of the PDMS rubber with
indentation depth, which was laboratory synthesized, as described in Section 3.2.1. The
hardness for the PDMS sample in our case does not remains almost constant with increasing
indentation depth and the hardness actually increases slightly with indentation depth from
about 1.2-2.5 um which was not observed in previous reports. Wrucke and Han ° conducted
nanoindentation and microindentation on their PDMS samples and observed three orders of
magnitude increase in hardness with decreasing indentation depth over the range of 0.1-100

. 1 also observed a strong indentation size effect for their PDMS samples

um. Zhang et a
within the depth range of 0.2-1 um. A possible explanation for this behavior is the incorrect
determination of the area of contact which strongly affects the hardness values, since H a
1/A(h) as mentioned earlier. A displacement controlled approach was used in this case to

measure the values of hardness and modulus and the effects of stress relaxation also cannot

be ruled out.
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From the above discussion, the indentation size effect results reported for PDMS in the
literature are inconsistent with the results reported in our study. Also as mentioned earlier,
hardness might not be the best property to be reported for rubbers due to their elastic

response. The hardness values of PDMS can be found in Table 13 in Appendix-A.

Figure 14 shows the quasi static modulus of SBR as a function of indentation depth within
the depth range of 0.1-2.5 um. The modulus decreased with increasing indentation depth and
is almost constant within the depth range of 2-2.5 um. This result was similar to that

11 who studied the modulus of blocks of natural rubber,

observed by Lim and Chaudhri
neoprene, and PDMS rubber with different percentages by volume of the curing agent using
a Vickers indenter. The method of analysis used in their study was the Oliver-Pharr (O-P)

analysis which gave the results of increasing modulus with decreasing contact depth.

However, the authors showed that the O-P method used in predicting the values of modulus
for these materials is incorrect since the behavior of indentation of a rigid pyramidal indenter
on an elastic half space is not similar to the elastic loading of a rigid cone or to the loading of
a paraboloid of revolution on the elastic half space. A conical indenter was used in our case
to avoid this complication and still the modulus was observed to decrease with indentation

depth.
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Dokulin and Sokolov *° studied the nanoindentation of two different polyurethanes using
atomic force microscopy (AFM) and suggested that this behavior of the modulus decreasing
with indentation depth in the range of 0-90 nm might be an artifact in the measurements. The
authors suggested that this effect can eliminated by using dull probes and by processing the
load-displacement  data using the Johnson-Kendall-Roberts (JKR) or the
Derjaguin—Muller—Toporov (DMT) models, which take into account the adhesion forces

between the tip and sample.

The authors used tips with diameters of 810 and 1130 nm and applied the adhesion correction
to their data and found the size effect to disappear. The tip diameter in our case was 5000 nm
(5 um), and even then the size effect was observed. The adhesion model correction used by
Dokulin et al. would be helpful to predict whether the size effect in modulus displayed in our
case is related to deficiency in the analysis model used for extracting the data or is indeed a

material behavior.

The modulus of SBR also decreases with indentation depths, and possible reasons for which
might be those mentioned above; and then becomes constant within error and reaches the
bulk value at high indentation depths. The manufacturer specified hardness for SBR is 75A
(shore hardness). Now shore hardness can be converted to Young’s modulus in megapascals

(MPa) using the relation given below %°;

log(E) = 0.02355, — 0.6403

1)
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where, E is the Young’s modulus of the material in MPa and Sa is the shore hardness of the
material. Table 4 below shows the values of Young’s modulus for SBR, NR and neoprene

rubbers calculated using Equation-1.

Table 4: Calculated Young's modulus values of SBR, NR, neoprene rubbers from the Shore
hardness values provided by the manufacturer

Material Shore Calculated Young’s Measured Modulus from
Hardness Modulus (GPa) nanoindentation at 2 pm (GPa)

SBR 75A 0.00307 0.0810
NR 40A 0.00135 0.0054
Neoprene 50A 0.00171 0.0101

Thus, the value for elastic modulus for SBR using the above formula is 0.00307 GPa which
is ca. 26 times lower than the constant value obtained by nanoindentation at an indentation
depth 2 um. The values of nanoindentation hardness used for comparison are those at 2 um
indentation depth as the values at that depth are almost constant and can be considered to be
the bulk modulus values of the material. Since shore hardness is representative of the ability
of a material to respond to a localized force on the surface, care should be taken when
comparing the above value with the modulus values obtained in our case. The modulus

values for SBR can be found in Table 10 in Appendix A.

Figure 14 also shows the dependence of modulus of NR and neoprene rubbers with depth and

the modulus of both these materials reduced with increasing depth. Similar observations have

1

been made for NR and neoprene in the study of Liam and Chaudhri ** using a Vickers
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indenter where the modulus reduces with increasing contact depth within a range of ca. 0-
150 pum. As mentioned in the case of hardness, the insufficiencies in the O-P model have
been suggested as a reason for this behavior. Apart from the adhesion effect between the tip-

sample interface as suggested by Dokulin et al.*®

, a few other things to consider for this
behavior might be effects of crosslink density gradient through the surface and a skin effect

from processing.

The manufacturer provided shore hardness for NR is 40A and that of neoprene is 50A which
gives the values of Young’s modulus to be 0.00135 and 0.00171 GPa respectively according
to Equation 1. These values are ca. four and six times lower than the value of modulus
obtained for NR and neoprene at an indentation depth of 2 pm, where the values obtained are
almost constant. Thus a fairly good agreement is observed between the values of Young’s
modulus calculated from the shore hardness values and the values of modulus of these
materials at higher depths. Also, the modulus values calculated for NR (1.61 MPa) and
neoprene rubber (10.1 MPa) at indentation depths of 2 ym match well to those mentioned by
Lim and Chaudhri ** in their study, which were 2.45 + 0.05 MPa and 8.15 + 0.15 MPa . Also,
the scatter observed in the modulus values of neoprene rubber is higher than that for NR and
this might be due to the higher surface inhomogeneity shown in Figure 13. The modulus

values for NR and neoprene rubber can be found in Tables 11 and 12 in Appendix A.

The final material studied was PDMS rubber and as seen from Figure 14 it also shows a
decrease in elastic modulus with increasing indentation depth. A strong indentation size

effect in the hardness values of the PDMS rubber was observed by Wrucke and Han ° and
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Zhang et al. *®, but no account was provided regarding the modulus of the material studied in
both these cases. The modulus values for the PDMS rubber at an indentation depth of 2 um
was 3.2 MPa, which agreed well with that measured for the PDMS 1:10 (1.50 + 0.05 MPA)
by Lim et al. in their study **. Carrilo et al. # also studied the nanoindentation of PDMS and
have shown that neglecting the adhesion forces at the tip-sample interface can give higher
values for the modulus. The modulus values for the PDMS rubber can be found in Table 13

in Appendix-A.

Charitidis % in his work has shown that the elastic modulus of the PDMS decreases with
increasing indentation depth within a depth range of 0-4 um using an approach in which the
surface of the sample was manually defined instead of being defined by the software. This
prevented negative load values in the load-displacement curve which can occur for soft
materials due to the surface detection problems. The values for modulus calculated by using
both the O-P method and the power-law analysis of the loading data gave similar results in
his work. As such, analysis of the load-displacement curves in our case using the techniques
employed by Charitidis might give better results for the contact area, and in turn for the

hardness and modulus of the softer materials studied in this work.

Overall, the adhesion forces at the tip-sample interface seem critical in evaluating the
modulus of rubbers using nanoindentation. Also, use of dull probes (flat punch) and locating
the precise point of contact is critical for obtaining consistent values of modulus for rubbers.
Use of precise imaging techniques is proposed to address this issue and prove whether the

observed size effect in modulus is real or an artifact. However, a careful assessment of the
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material factors such as surface oxidation and possible gradient in the crosslink density along
with employing the advanced imaging techniques will help us establish whether the material
related factors or instrumentation/analysis limitations dictate the observed behavior of

decreased modulus with increasing contact depth in case of rubbers.

Figure 15 shows the comparison between the storage (E’) and loss (E”) modulus values
obtained by dynamic nanoindentation and conventional DMA for SBR, NR, neoprene, and
PDMS rubbers. The values of E’ for SBR obtained by dynamic nanoindentation are
approximately 2-3 times higher than those obtained by conventional DMA. A possible reason
for the difference between the two measurements is the analytical models used to extract the
values of E” and E” for dynamic nanoindentation and conventional DMA which are different
in both the cases. Also, the mode of deformation used in both studies is different which can

lead to different values in both cases as explained in Section 2.3.

White et al. 2 did not provide a reason as to why the values of E’ obtained by dynamic
nanoindentation were higher than the values obtained by conventional DMA the softer
PDMS samples in their study. Furthermore, they state, “Additionally whether the viscoelastic
properties determined with nanoindentation should match exactly measurements from
traditional rheological techniques is difficult to assess” which reinforces the fact that this

area is in need of additional theoretical or perhaps scaling model work.
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Figure 15: Comparison of E’ and E” values of SBR, NR, Neoprene and, PDMS rubber
measured by dynamic nanoindentation and conventional DMA (tension mode)
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Figure 15 also shows the comparison of the E’ and E” values of NR obtained using dynamic
nanoindentation and conventional DMA. The E’ values from conventional DMA
measurements are ca. 2.5 times lower than those obtained from dynamic nanoindentation at
lower frequencies, while the difference is ca. two times for higher frequencies similar to the

case of SBR.

A good comparison was also obtained between the two with the E’ values obtained by
nanoindentation higher by a factor of ca. 2-3 than the conventional DMA values while the E”
values from both the methods overlapping each other for most of the frequency range used

for the conventional DMA.

The E’ and E” values of PDMS rubber were also studied using dynamic nanoindentation and
conventional DMA and the values compared as shown in Figure 15. The E’ values obtained
by nanoindentation were ca. 2.5-3 times higher than the values of E’ obtained by
conventional DMA while the values of E” obtained by the two methods almost overlap as
observed for the other rubber samples. This observation for PDMS is in agreement with that
of White et al. 2 for the softer of the two PDMS samples studied in their case. But, the values
for E” for the softer PDMS rubber in the case of White are higher than those obtained by
conventional DMA. The PDMS sample in the study of White was tested using a compression
fixture on the conventional DMA, while tension mode is used in this study and the different

modes of strain used in both the cases might be the reason for the observed behavior.

The E’ and E” values for the PDMS samples (aged for different times) measured by Le

Rouzic et al. ° are in good agreement with the values from nanoindentation unlike the trend
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observed for the PDMS samples in case of White et al. 2 The E’ values for the PDMS
samples used in both the studies are in the range of a few megapascals like in our case. As
such, the level of agreement between dynamic nanoindentation and conventional DMA is

also dependent on the conditions of measurement used.
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3.4 Conclusions

Quasi-static and dynamic nanoindentation studies were carried out on four rubbers namely,
SBR, NR, neoprene, and PDMS. SBR demonstrated an indentation size effect where the
hardness values decreased with indentation depth for the range of depth studied. The other
rubbers that were investigated showed no such effect; their hardness was independent of
depth. The possible reason for the indentation size effect being observed for SBR is the
incorrect determination of the surface of contact leading to an incorrect calculation of the
area of contact and thus the values of hardness. Exact evaluation of the area of contact is
critical in the calculation of hardness values, since H is proportional to 1/A(hc). As suggested
in the work of Lim and Chaudhri ™, imaging techniques should be used to precisely measure
the area of contact for rubbers. Hardness is the resistance to plastic deformation, which is
negligible for elastomers, and as such it might not be advisable to report hardness values of
rubbers. Also, the O-P method of analysis assumes elastic plastic theory to determine the

hardness of materials giving incorrect results for rubbers.

The elastic moduli of all the materials decreased with increasing indentation depth as has
been previously reported. According to the work of Dokulin et al. *° and Carrilo et al. °
failure to account for the adhesion forces between the tip and sample interface is one of the
main causes for the modulus in rubbers decreasing with increasing depth. Use of dull probes
(flat punch) would ensure that the stress-strain behavior at the point is in the linear regime as
suggested by Dokolin et al. *° and eliminate the size effect for modulus in soft materials.

Also, defining the point of contact manually as suggested by Charitidis ?* can help reduce the
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errors in determination of the area of contact giving consistent results. Also, the effect of
surface roughness at low indentation depths, gradients in the crosslink density through the
surface, a skin effect, due to manufacturing, and oxidation of the top surface of the rubber
during storage, might contribute to the observed reduction in modulus values with
indentation depth observed for rubbers. As such, a careful study needs to be carried out to
determine the relevant importance of material parameters and instrumental/analysis

limitations while studying the modulus of rubbers by nanoindentation.

The dynamic modulus E’ and E” of the four materials was studied using dynamic
nanoindentation and conventional DMA and the values compared. The E’ values of the four
rubbers studied were ca. 2-3 times lower than the values obtained by dynamic
nanoindentation in agreement to the studies conducted by White for a soft PDMS sample.
However in the studies conducted by Le Rouzic, the two PDMS samples aged for different
time periods showed good agreement between the E’ values obtained by the two methods.
The E” values of all four materials obtained using both the methods by us were very similar
to each other. The level of agreement observed between the E’ and E”’ values on micro and
macro scales depend on conditions of measurements used and it would be interesting to see if
the same level of agreement between the two values is obtained when studying different
types of materials like glassy, crystalline, rubbery, etc. As such, these areas are open for

research in the coming years.
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CHAPTER 4

Nanoindentation Studies on Poly(L-Lactic Acid) Samples as a Function of Crystallinity
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4.1 Introduction

Synthetic polymers (plastics) like polyethylene (PE), polystyrene (PS), polyethylene
terephthalate (PET) and nylons are comparatively cheap, lightweight materials which can be
easily processed or formed into different products that are used extensively in our day-to-day
life. However, this high level of usage has led to problems regarding their disposal. Oil, a
non-renewable resource, is the major precursor for manufacturing these plastics; many of
which are used in packaging applications or to make cheap disposable products with a very
short shelf-life. In addition to this, the durability of these polymers makes it difficult to
dispose of their waste, which ends up in land-fills creating an environmental problem *.
Hence, this generally is the least favorable option for waste-management. Some other options

for waste management of conventional plastics are relatively better and will be discussed

below.

Currently, recycling is one of the most important solutions available to counter the above
mentioned problems. Recycling provides opportunities to reduce oil usage, carbon dioxide
emissions, and the quantities of waste requiring disposal *. But, recycling generally degrades
the properties of the original polymer making it less efficient for a particular use. Also, the
process of recycling of plastic polymers is more difficult than that for metals or glass

materials due to their extremely high molecular weight.

Another method of solving this problem is ‘incineration’ for energy recovery as most
commodity plastics have gross calorific values (GCV) comparable to or higher than that of

coal % It has also been argued by Miller, that petrochemical carbon, which has already had
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one high value use, when used again as a fuel in incineration represents a more eco-efficient
option than burning the oil directly *. Also, one more important aspect to consider in this area
is the potential release of harmful gases and fumes during the incineration process. Thus, this
reutilization method is relatively new and has a long way to go in terms of being a viable

method for disposal of plastic waste management.

Naturally, biodegradable polymers like polylactic acid (PLA), polyglycolic acid (PGA),
poly(p-dioxanone) and poly(hydroxy butyrate) (PHB) are getting a lot of interest these days.
The biggest advantage of these polymers is that they can be easily degraded by known
chemical reactions and can be readily disposed. These materials can be composted via
aerobic waste-management systems, to generate carbon and nutrient rich compost for the
soil. Certain biodegradable polymers are also suitable for anaerobic digestors where,
biowastes can be converted to methane, which can be used to drive generators for energy

production .

Previously, most of the biodegradable polymers produced were used in medical applications.
Advances and extensive research in this field have led to new and innovative techniques for
synthesizing and processing these materials opening up new areas of application. Hence, they
can be potentially used for day-to-day applications replacing typical commodity plastics.
Also, the advances in composites-technology have opened up new doors for these
biodegradable materials to be used in high performance applications too. But, the biggest

disadvantages for bio-plastics are that they are comparatively more costly (2-5 €/kg) than
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regular petrochemical based plastic polymers (1.2 €/kg) *, and the technology is relatively

new, so that not much data or literature is available as opposed to regular thermoplastics.

PLLA is the result of polymerization of L-lactide which is one of the enantiomers of lactic
acid. L-lactic acid is a low-cost fermentation product of agricultural and food by-products
containing polysaccharides °. PLLA has a melting point of 175-178 (°C) and a glass
transition temperature of 60° C °. In this study, the mechanical properties of poly(L-lactic
acid) (PLLA) are studied as a function of the crystallinity of the material achieved under
different annealing conditions. The crystallinity of melt pressed PLLA films rose from 35%
when annealed at 100° C for 15 min to 65% when annealed at the same temperature for 60
hours. Nanoindentation was used to study the quasi-static properties of PLLA such as
modulus and hardness on a micro scale. Dynamic nanoindentation was used to study the
dynamic mechanical properties of PLLA on a micro-scale while conventional DMA
measurements are used to study the dynamic properties on a macro scale. Differential

scanning calorimetry (DSC) was used to predict the crystallinity of all the samples.
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4.2 Materials and Methods
4.2.1 Materials

The PLLA sample used in the study had an intrinsic viscosity [n] of 26.8 mL/g measured in
chloroform at 25°C using an Ubelholdde viscometer. The viscosity average molecular weight
M,, for the PLLA was found out to be 172, 000 g/mol using the Mark-Houwink equation

given in Equation 1

[7] = K M,°
1)
where, [n] = intrinsic viscosity (dl/g), M, = viscosity average molecular weight (g/mol) and K
and a are constants which depend upon the particular polymer-solvent system. For the
polymer-solvent system in our case the K and a values used were 0.00133 ml/g and 0.79

respectively .

The PLLA pellets were melt-pressed in a compound press at a temperature of 200°C in
between two metal plates using a pressure of 2,500 psi for 2 min. Care was taken to use
Teflon sheets in between the metal plates so as to prevent the molten polymer from sticking
to them. After the metal plates were removed from the press, the sample was allowed to cool
at ambient temperature to relieve any residual stresses in the polymer from the pressure
applied while pressing the films. After preparing the PLLA films, they were annealed in an
oven for 15 min, 60 min and 60 hours at 100°C. For making the quenched sample, the metal

plates were immersed in ice for 5 mins after removing them from the melt press. All the films
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annealed at different temperatures and the quenched PLLA films were cut into coupons of 10
mm X 10 mm for nanoindentation testing and were cut into strips of 30 mm X 10 mm for

conventional DMA testing.

4.2.2 Differential Scanning Calorimetry
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Temperature ({'C]

Figure 16: DSC curves of the four different samples of PLLA exposed to different thermal
conditions used in the study using a heating rate of 30°C/min
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Figure 16 shows the DSC curves of the four different samples used in the study. The
PLLA8.5 was heated from 10°C to 200°C, PLLA35 was heated from 50°C to 180°C,
PLLA41 from 50°C to 190°C and PLLAG5 from 30°C to 185°C at heating rates of 30°C/min
and the transitions observed are shown in the curves above. The DSC curves for all four
samples are only shown for the temperature range of 120°-180°C as no cold crystallization
was observed for the samples. The original DSC scans of the four PLLA samples are shown

in Appendix B.

As can be seen for samples PLLA35 and PLLA41, two peaks are observed in the DSC curve.
The two peaks might represent two different crystal populations in the material. When the
sample is annealed for an extended period of time (60 hours) at 100°C, the two peaks
observed for samples B and C coalesce into a single peak with a shoulder. Using the heat of
fusion, AH; for 100% crystalline PLLA to be 93.4 J/g &, the crystallinities for the all the
PLLA samples are calculated and tabulated in Table 5. The formula used to calculate the

crystallinities of the samples is given in Equation 2.

0 Crystallinity = —L ¥ 100
- - ..'fIHf

)
where, AHs = heat of fusion of the sample and AH{ = heat of fusion for 100% crystalline
sample. The AH¢ values for both the peaks observed in samples B and C are added to

calculate the overall crystallinities for those samples.
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Table 5: Crystallinities of PLLA samples with different thermal histories

PLLA
Sample Conditions % Crystallinity
PLLAS8.5 Quenched 8.5
PLLA35 Annealed at 100°C for 15 mins 35
PLLA41 Annealed at 100°C for 60 mins 41
PLLAG5 Annealed at 100°C for 60 hours 65

4.2.3 Optical Microscopy

Polarized microscopy was carried out on the four PLLA samples using a Nikon SMZ-1000
zoom stereo microscope to predict the size of the spherulites developed in the samples during
crystallization. The PLLA films were cut into square sections and viewed under the
microscope at 100X magnification. PLLA8.5 had the least amount of crystallinity and no
spherulites were developed in the sample due to the quenching of the film. PLLA35 had 35%
crystallinity and spherulitic growth was observed in the sample as can be seen from Figure
20. The average size of the spherulite in the sample is ca. 20 um. The crystallinity of
PLLA41 is very similar to that of PLLA35 and as such the size of the spherulites in the
sample are also similar to that in PLLA35. The folding of chains in the lamellae causes
birefringence giving rise to Maltese cross patterns in PLLA35 and PLLA41 samples. Since,
the size of the spherulites in these samples are similar, the properties of these two samples

are also similar as explained later in the discussion section.
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PLLAS8.5 PLLA35 PLLA41

Figure 17: Polarized micrographs showing the morphology of the PLLA samples

The PLLA65 sample was prepared by annealing the PLLA film for 60 hours at 100°C. Due
to such a prolonged annealing time, the film was very rough and had wrinkles on it. As such
it was very difficult to observe the spherulites developed in the sample. However, studies by
Tsuji and Ikada ° have shown that size of the spherulites in PLLA have increased when the
annealing time was increased, while the temperature was kept constant at 140°C. Even
though very short annealing times were used in their case, the trend would be expected to be
the same and the size of the spherulites developed in PLLAG5 should be larger than those in

PLLAS35 and PLLA41 samples.
4.2.4 Quasi-static Nanoindentation

The nanoindentation experiments were performed at room temperature on a Hysitron
Triboindenter® system with a Berkovich indenter tip. The radius of the tip used was 100 nm.
As described in Section 2.2.2, the range of loads used was from 500 puN to 2500 uN and the
sample was tested for its properties with steps of 250 uN. A square indentation grid of 3X3

was chosen (9 points) in which the first load was 500 uN and the last one was 2500 uN (refer
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to Figure 8, Section 2.2.2). So essentially, every area chosen on a particular sample was
tested for these nine loads. In order to achieve consistency, three different locations were
chosen on each specimen to carry out this grid type of testing to obtain sufficient data for

reliability and repeatability.

As in the case of pressed a-PS films, the number of specimens tested for each sample was
high, since the films were prepared in the lab and factors such as variability in film thickness,
bubbles in the melt-pressed films, and roughness of the samples. The overall values of
modulus and hardness indicated for each load are representative of ca. 15 different runs. The

error bars on the graphs indicate standard error.

4.2.5 Dynamic Nanoindentation

The dynamic nanoindentation experiments were performed at room temperature on a
Hysitron Triboindenter® system with a Berkovich indenter tip. The radius of the tip used
was 100 nm. A frequency sweep was carried out on all the samples in the range of 10-220
Hz. A constant load of ca. 1100 uN with load amplitude of ca. 25 puN was used for samples
PLLAS35 and PLLA41, while a load of ca. 9500 uN with a load amplitude of ca. 60 uN was
used for samples PLLA8.5 and PLLAG5 to negate the effect of roughness on the values of
the modulus. The contact depth, h. obtained for PLLAB8.5 under these conditions was in the
range of 1050-1600 nm, it was in the range of 500-650 nm for PLLAS35, it was in the range
of 260-400 nm for PLLA41 and, it was around 850-1200 nm for PLLAG5. Four testing areas

were selected on every specimen and at least four different specimens were tested for all the
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four materials in the study. So, in all every data point in the graph is an average of ca. 16 test

runs. All the tests were carried out at ambient temperature.

4.2.6 Dynamic Mechanical Analysis

As mentioned earlier all the samples were cut into strips of 40 X 10 mm and used for DMA
testing. A Q800 series DMA from TA Instruments was used for testing the samples. The
testing was carried out in tension mode. A frequency sweep in the range of 1-80 Hz was
carried out on all the specimens. The frequency sweep was carried out in strain mode with a
fixed strain of 0.1% on the specimens. All the testing was carried out at room temperature to
facilitate better comparison with the nanoindentation data. In all, five to six runs were carried

out on all four materials for repeatability purposes.
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4.3 Results and Discussion
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Figure 18: Dependence of the hardness of PLLA samples subjected to various heat
treatments on resultant contact depth, h. using a Berkovich indenter for applied loads in the

range of 500-2500 PN (1) represents the standard error in the values of hardness

Various studies have been carried out in the literature concerning nanoindentation of PLLA
copolymers 8, blends *° and, composites ****. Saiz-Arroyo et al. ** carried out microhardness
studies of PLLA samples immersed in a simulated body fluid (SBF) for different time
intervals. The studies of Saiz-Arroyo showed decreased crystallinity in the PLLA samples
immersed for longer periods in the SBF. As such, the study of modulus and hardness of
PLLA as a function of crystallinity is important. Also, a very small volume of test material is
required for nanoindentation testing making it a very important method to study the
mechanical properties of samples used in in-vivo studies. This method is advantageous while

studying the properties of biodegradable materials used in ageing or long term degradation
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studies, since the same sample can be tested multiple times due to the small loads and sample

areas used in nanoindentation.

Figure 18 shows the variation in the hardness values with contact depth for the four different
PLLA samples. The hardness increases with increase in crystallinity of the samples since it
becomes more difficult to deform a material with a highly organized chain structure.
PLLAS8.5 with the lowest crystallinity (almost amorphous) had the least error in the values of
hardness of all the samples and showed an indentation size effect which is commonly
observed for amorphous polymers *°. However, higher errors in the values of hardness are
observed as the crystallinity of the PLLA samples increased. The errors in the PLLAG5 films
are the highest as this sample film was very brittle and difficult to test. Prolonged annealing
made the film rough and it developed wrinkles. Care had to be taken to make sure that the
sample film did not crack or fall apart while making test specimens and mounting them on

the testing stage of the nanoindenter.

Overall, a reduction in the hardness with contact depth was observed for all samples. The
PLLAS8.5 sample showed an indentation size effect for its hardness as observed for
amorphous polymers in the literature and it appears that the effect was reduced as the
crystallinity of the samples increased due to the higher errors for the three semi-crystalline
samples. Similar observation was made by Briscoe et al. ** for ultra-high molecular weight
polyethylene (UHMWPE), which showed no indentation size effect. The hardness values
obtained in our case for PLLAGS are ca. two times higher than those obtained in the study of

Lee et al. ® with comparable crystallinity (ca. 70%) for range of depths between 100-300 nm
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and the reason for this might be the higher roughness of our samples. Hardness is related to
the plastic deformation and can change depending upon the factors like surface treatments,
thermal history and roughness of the sample surface. Also, the molecular weight of the PLLA
samples in the case of Lee et al. ® were not been reported and could also be a reason for the
observed behavior. The hardness values of the four PLLA samples can be found in Tables

14, 15, 16 and 17 respectively in Appendix A.

3.50 ¢

325 -
3.00 -
275 ©
250 -

2.25 —
2.00 —
1.75 —
1.50 —
1.25 —
1.00 —
0.75 —
0.50 —
0.25 —
0.00 Br—ben i i b o e e e e bl

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Contact Depth, h; (nm)

-2-PLLA8.5 -e-PLLAA1 —<PLLAB65S —<-PLLA35

Modulus (GPa)

Figure 19: Dependence of the modulus of PLLA samples subjected to various heat
treatments on resultant contact depth, h. using a Berkovich indenter for applied loads in the

range of 500-2500 N () represents the standard error in the values of modulus

Figure 19 shows the modulus of PLLA films studied as a function of the contact depths
obtained for our PLLA samples. The modulus of PLLA increased significantly with

crystallinity. As explained earlier, the sample PLLA8.5 was quenched to minimize the
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formation of crystals in the material. Due to the very low crystallinity, the modulus of this

sample was the lowest and had contact depths between ca. 573-885 nm for the selected loads.

For the samples, PLLA35 and PLLA41 which were annealed at 100°C for 15 min and 60 min
respectively, the crystallinity increased to ca. 35% and 41% respectively. Polymer crystals
can be considered to be fillers in an amorphous matrix. Thus, the samples PLLA35 and
PLLAA41 have a higher modulus than PLLAS8.5 for contact depths ranging from 310-710 nm
and 291-650 nm. Since, the crystallinities of samples PLLA35 and PLLA41 are almost the

same, their modulus values are also similar within error.

The sample film PLLA65 was annealed at 100°C for 60 hours. The modulus for sample
PLLAG65 was considerably higher than that for the other samples due to the rise in
crystallinity from ca. 41% in sample PLLAA41 to ca. 65% in sample PLLAGS. The range of
contact depths observed for PLLAG5 was from 180-395 nm for the applied loads. The trend
observed here is an increase in modulus due to increased crystallinity as is generally

observed for polymers.

The modulus values obtained in our case for sample PLLAG65 compare very well to the
values obtained in the study of Lee et al. ® with comparable crystallinity (ca. 70%) for range
of depths between 100-300 nm. The values of modulus for the four PLLA samples can be

found in Tables 14, 15, 16 and 17 in Appendix A.
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Figure 20: Comparison of E’ and E” values of the PLLA samples subjected to various heat
treatments measured by dynamic nanoindentation and conventional DMA (tension mode)

Dynamic nanoindentation studies were also carried out on the four PLLA samples and the
values of E” and E” obtained are compared to those obtained from conventional DMA testing
as shown in Figure 20. A fairly good agreement between the E’ values is observed from the

dynamic nanoindentation and conventional DMA measurements, with the values from the
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nanoindentation almost two times higher than those from conventional DMA. The E” values
of all the samples, but PLLAS.5 sample match very well for both the methods, while the E”

values for the sample PLLAB8.5 are slightly lower for the conventional DMA measurements.

There are reports available in the literature showing that the viscoelastic properties of both

16 1

amorphous *® and semi-crystalline *" polymers tested by dynamic nanoindentation and
conventional DMA techniques agree fairly well with each other, but the reason for this
agreement is currently unknown as both the techniques use different analytical models to
calculate the values of E’ and E” and also the mode of deformation used is different in both
cases as explained in Section 2.3. However, based on the observed results, dynamic
nanoindentation is a very good tool to capture the viscoelastic behavior of polymeric samples

on smaller length scales.

Overall, the crystallinity of PLLA increased considerably when annealed at 100°C for 60
hours compared to annealing at 100°C for 15 and 60 min. The increase in crystallinity was
almost 1.5 times when the annealing time increased from 60 min to 60 hours. However, the
sample film with the highest crystallinity was very brittle and difficult to handle and test on
the nanoindenter. The PLLA films annealed for longer times showed higher modulus values,
both static and dynamic and also higher hardness values than the films with lower
crystallinity and shorter annealing times. Also, the E’ and E” values of the four PLLA
samples measured by dynamic nanoindentation agreed very well with those measured by

conventional DMA.
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4.4 Conclusions

PLLA is a semi-crystalline aliphatic polyester obtained from the polymerization of L-lactic
acid, which can be obtained from agricultural products. The material is of prime importance
in the field of biomedical engineering due to its biodegradability. However, the cost of the
material is relatively high compared to other thermoplastics obtained from petroleum sources
for general purpose use. Advances in composites technology have opened new avenues for
the class of bio-degradable plastics. In this study, PLLA sample with M, = 172,000 g/mol
was used to make melt pressed films which were subjected to different heat treatments.
Nanoindentation studies were carried out on these samples and the static modulus, dynamic

modulus, and hardness of the films was studied as a function of crystallinity.

One of the films was quenched in ice while the other films were annealed at 100° C for 15
min, 60 min and 60 hours respectively. From the DSC curves, the quenched PLLA film was
nearly amorphous with around 8% crystallinity, while the crystallinity for the annealed films
increased from ca. 35% to ca. 41% to ca. 65% for annealing times of 15 min, 60 min and 60
hours respectively. The size of the spherulites was determined for the PLLA samples via
polarized microscopy and it was found that the PLLAS8.5 sample had no spherulitic formation
due to the sample being quenched in ice. Also, the size of the spherulites for the PLLA35 and
PLLAA41 was almost the same and in the range of ca. 20 um. The size of the spherulites could
not be determined for the PLLAG5 sample as the sample surface was very rough and had

wrinkles on it due to the prolonged annealing time, however it is expected that the size of the

117



spherulites would be bigger than the PLLA35 and PLLA41 samples based on the studies

found in the literature.

The modulus and the hardness values showed an increasing trend with crystallinity. The
PLLA film with 8% crystallinity showed an indentation size effect similar to those observed
for amorphous polymers in the literature, while the size effect was reduced as the
crystallinity increased in PLLA. Similar behavior was observed in the study conducted by
Briscoe et al. where amorphous polystyrene samples showed a reduced hardness with
increasing indentation depth, while the hardness for the UHMWPE samples was constant

within the range of depths tested.

The modulus values of the sample with 65% crystallinity studied in our case compared well
with the literature values for 70% crystallinity PLLA samples studied by Lee et al. 8
however the hardness values obtained in our case are higher than those obtained for
comparable range of depths. The reason for this is that hardness is related to the plastic
deformation in the sample and can change depending upon thermal history, and surface

treatments and roughness of the material.

The E’ and E” values of all PLLA samples measure by dynamic nanoindentation and
conventional DMA agreed well, with the E’ values from nanoindentation values higher than
those from conventional DMA by a factor of two. This trend was in agreement with the
literature where a good level of agreement between the E’ and E” values was observed for
both amorphous and crystalline materials, however the theoretical framework connecting the

properties on both length scales is lacking since both methods use different analytical models
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to extract the dynamic properties and also the mode of deformation used are different. One
important thing to note was that the PLLA film with ca. 65% crystallinity was very brittle
and fractured easily making it difficult to study on the nanoindenter. Also, the roughness of
the samples was a cause of concern during nanoindentation studies and numerous runs had to

be made on the samples to obtain constant values for the mechanical properties studied.

Finally, this study is a good starting point for opening up various avenues to study the
mechanical properties of PLLA as a function of crystallinity using nanoindentation. Areas
that can be looked into are the degradation studies of PLLA, composites of PLLA, and
copolymers of PLLA with other biodegradable polymers among others. Nanoindentation is a
testing method which uses very small volumes of material and low loads. Due to the
comparatively low loads used in the testing, the area of the indents formed is on the order of
a few square microns. As such, this technique is nearly non-destructive and is useful for
testing samples that were formerly in vivo. Also, testing can be carried out repeatedly on the
same sample subjected to degradation studies as the sample is not destroyed by the test

method.
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Conclusions and Future Work
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5.1 Conclusions

Quasi-static nanoindentation was used to study the hardness and modulus of glassy
amorphous polymers (a-PS, HIPS, ABS), rubbers (SBR, NR, neoprene, PDMS), and
crystalline polymers (PLLAS8.5, PLLA35, PLLA41 and PLLAG5). The hardness values
decreased with increasing contact depth for the amorphous polymers for low contact depths
for applied loads of 50-250 uN, while the values became constant for the higher contact
depths for applied loads of 500-2500 uN. Some combination of the effects of Frank elasticity
! the strain gradient plasticity model (Nix and Gao ?) as used by Tjerlung et al. 3, and the
difference in microstructure between the surface and the bulk explain the indentation size

effect in a-PS.

Similar effects were also observed for HIPS and ABS which, are morphologically similar
(rubber toughened PS and multi-phase), but the errors in the values of hardness were higher
for these materials than a-PS, due to the presence of multiple phases. Moreover, whether the
location specific testing which might lead to the testing being carried out in glassy rich
domains is one of the reasons for the observed increase in error is not yet clear. More detailed
studies for these materials involving advanced in-situ imaging techniques and numerical
simulations to predict the behavior of these materials under stress at smaller length scales
would give us more ideas regarding the observed behavior. The observed behavior is most
likely a combination of instrument/analysis limitations and material properties. Isolating or

eliminating the errors due to instrument/analysis limitations is very important so that the
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indentation size effect and the reduction of modulus with increasing indentation depth

(explained later in the section) can be studied as a function of material properties.

The hardness of SBR reduced with increasing indentation depth with the hardness values
almost constant at higher depths. Such a behavior was not observed for NR or neoprene
whose manufacturer specified Shore-A hardness values were 1.5 times lower than that for
SBR. The hardness values for these materials showed no dependence of depth and a high

scatter was observed in the reported values.

Similar behavior as that of NR and neoprene was also observed for PDMS which is contrary
to that found in the literature, where the hardness of PDMS was found to decrease by two
orders of magnitude from 0.1-100 um by Wrucke and Han *. The main reason for the
scattered values in NR, neoprene and PDMS is probably due to the determination of area of
contact due to surface detection errors. This can directly affect the hardness values, since
hardness is inversely proportional to the area of contact. For neoprene the inhomogeneity of
the surface might also be a reason for the high scatter in values of hardness observed there.
Also, the O-P method used to calculate the hardness values assumes an elastic-plastic
behavior during unloading while the behavior observed for elastomers is elastic due to the
nature of the material. Hardness is defined as resistance to plastic deformation and negligible
plastic deformation is observed in rubbers and as such it may not be a good idea to report the

hardness values of rubbers.

The hardness values of the four PLLA samples also reduced with increasing contact depth.

The indentation size effect for PLLA appeared to reduce as crystallinity of the samples
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increased because the PLLA samples with higher crystallinity had higher standard errors in
their values and the curves for their hardness values appeared almost flat within error. The
behavior of PLLAB8.5 with only 8.5% crystallinity was similar to that of a-PS. The increased
roughness of the samples produced during annealing led to higher errors in values of
hardness for the samples with higher crystallinity. Wrinkles were visible on the samples and

the PLLAG5 samples was brittle and difficult to handle.

The moduli of all the polymers studied, be it amorphous glassy, rubbers, or semi-crystalline,
reduced with increasing indentation contact depth or indentation depth. a-PS showed a
decrease in modulus for a range of contact depths from 46-430 nm and the values at higher
contact depths matched those found for a-PS in the literature. This observation was in
accordance with various reports in the literature which show that modulus of polystyrene
decrease with indentation depth (contact depth, in our case). Alderighi et al. ® and Dokulin et
al. ® observed the effect at very low depths of 4-9 nm and 0-90 nm respectively. This
behavior was attributed to the presence of voids etc. in the microstructure or neglecting the
adhesion at the tip-sample interface or the use of sharper tips which cause the stress-strain

behavior of the material under the indenter to cross into the non-linear regime, respectively.

However, the near surface properties of polymers (depths < 100 nm) are different than those
of the bulk as reported in some of the reports in the literature " ® °. This factor was not
mentioned in the reports of Alderighi et al. ° and Dokulin et al. ® and as such, the effect of
reduced modulus of polymers with indentation depths less than 100 nm should be studied by

considering the instrumental/analysis limitations mentioned by Dokulin et al. ® and the
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difference in the material properties at the surface and the bulk to give us a clear idea of the

observed behavior.

The modulus of the other two multi-phase glassy materials HIPS and ABS also decreased
with increasing contact depth for the range of depths from 57-366 nm and 184-358 nm for
HIPS and ABS respectively and the values remained constant for higher depths. Also, the
error in the values of modulus was higher than that for a-PS. The values of modulus for both
these materials at higher contact depths matched well with the range of modulus values found

for commercial HIPS and ABS in the literature.

The values of modulus of all the rubbers studied decreased with increasing indentation depth.
Studies in the literature have shown that failure to account for the adhesion forces ° and
incorrect determination of the surface of contact are the main reasons for the observed
behavior as mentioned above. Also, the presence of an oxide layer on the top surface of the
commercial materials during storage or skin effects during manufacturing may also lead to
higher modulus values at the surface than the bulk. Hence, it is advisable to carry out surface
analysis of rubber samples before testing to detect the presence of surface oxide layers in the

future studies.

Similarly, the modulus of the crystalline PLLA samples reduced with increasing indentation
depth. The error in the values was higher as the crystallinity increased due to the increased

surface roughness and presence of higher number of surface imperfections.
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The dynamic properties of all the materials were measured by dynamic nanoindentation and
a good level of agreement was observed between the properties obtained, when compared
with those obtained from conventional DMA. Various studies have been carried out in the
literature comparing the viscoelastic properties of polymers using dynamic nanoindentation
and conventional DMA and a good agreement between the storage, E’ and loss modulus, E”

10,1112 " semi-crystalline materials ** and

is observed in the literature for glassy materials
rubbers *® 2. However, there is no theoretical framework or reasoning available in the
literature that explains this behavior and as such this area is open to research. The models of
analysis and modes of deformation used in dynamic nanoindentation and conventional DMA
are different, and as such, there is no conclusive evidence in the literature regarding the
acceptable level of agreement between the values obtained from both the methods. However,
the level of agreement observed in our case can be considered acceptable since both the

values have the same order or magnitude, but the level of agreement can be improved by

fine-tuning the methods used for testing the materials.

In this study, the E’ and E” values measured by dynamic nanoindentation for glassy materials
(a-PS, HIPS, ABS), rubbery materials (SBR, NR, neoprene, PDMS), and the semi-crystalline
materials (PLLA) all agreed fairly well with those measured by conventional DMA methods
with the E’ values measured by nanoindentation ca. 2-3 times higher than those measure by
conventional DMA with the E” values from both methods almost overlapping. Since the

quasi-static modulus values at the depths at which dynamic nanoindentation is carried out are
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higher than the bulk modulus values, it makes sense that the values of E’ from dynamic

nanoindentation are higher than those from conventional DMA.

Table 14: Table summarizing the comparison between the E’ values obtained by dynamic
nanoindentation and conventional DMA from the literature. Blue indicates materials studied
by White et al. *°, Red indicates materials studied by Odegard et al. ** and Purple indicates
the materials studied by Le Rouzic et al. *?

' "
Material Mode E'vsncoma ™ E' pma | Difference
DMA NanoDMA
£ poxy Tension Contact N Factorof 2
PMMA 1-point bending Contact Mo Negligible
Silica filled crosslinked Tension Contact Mo Negligible
PDMS
PDMS (Syigard 184, Compression Contact Yes Factor of 2
10:1)
Modified 3-point bending Contact MNone
bismaleimide TS
(5260
TP polyarlysulfone }-point bending Contact Yes 3
polymer (B3.20
TP polyimide (LaRC-5) | 3-point bending Contact Mo Negligible
HDPE (p =0.9671 3-point bending Contact No Negligible
SUB (negative epouy Tension Contact Yes Factorof 1.5
photoresist)
PDMS-1 (¢, = 1500h, Tension Contact e MNone
11000 h)
POMS-2 (L, > 3 years) Compression Contact Mone

From Table 14, no trend is seen for whether the values from dynamic nanoindentation should
be higher, lower or in close agreement since different studies have shown different results for
different materials. Instrument compliance and individual test methods used can be important
factors that might influence the results. Also, the type of the instrument used and the

surrounding conditions can introduce variations in the data obtained. All these factors are
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considered since an excellent agreement between the E’ values by both methods were
observed for an amorphous glassy material, PMMA and a crystalline material, HDPE from

two different studies in the literature.
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5.2 Future Work

Below are the few suggestions for future work in the area of improving our understanding in

the area of nanoindentation of polymeric materials.

e Use of advanced imaging techniques to image and capture the indentation behavior of
polymers when under load for measurement of contact area of multi-phase materials.

e Numerical simulations to predict the response of rubber modified polymers under
indenter load for accurate measurement of the contact area and comparing the results
with the actual experimental observation.

e Use of modulus mapping technique to predict the differences in modulus in different
sections of a test sample.

e AFM analysis for quantifying the roughness of the samples and XPS analysis for
detection of oxidation of the surface (especially for rubbers).

e Carry out comparison of viscoelastic properties of polymeric materials on a wide
spectrum of materials with different morphologies and develop a theory regarding the
agreement of the viscoelastic properties of polymers on multiple length scales using

dynamic nanoindentation and conventional dynamic mechanical analysis techniques.
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Appendix A

Table 7: Hardness and modulus of a-PS as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

| Atactic Polystyrene (a-P§) |

Load |Mean Hardness|Std. Dev.|Std. Error |Mean Modulus |Std. Dev. |Std. Error | Meanhe |Std. Dev. | Std. Error
(uN) (GPa) (GPa) [nm)

50 1.65 0.25 0.13 815 047 0.24 46 11 6
75 1.53 0.27 0.14 7.93 032 0.16 68 13 7
100 142 0.33 0.17 7.78 0.40 0.20 84 16 8
125 1.39 0.19 0.10 7.61 0.37 0.19 89 31 16
150 1.26 0.15 0.08 7.44 0.60 0.30 a8 19 10
175 1.08 0.13 0.07 7.17 0.70 0.35 108 25 13
200 1.03 0.16 0.08 6.86 0.77 0.39 121 17 9
225 0.96 0.17 0.09 6.57 0.79 0.40 138 11 6
250 0.89 0.18 0.09 6.28 0.70 035 154 16 8
500 0.63 0.03 0.01 515 0.38 0.19 247 24 12
750 0.59 0.02 0.01 491 0.51 0.26 291 25 13
1000 0.56 0.03 0.01 462 0.23 012 336 21 10
1250 0.55 0.02 0.01 433 0.27 0.14 381 26 13
1500 0.55 0.02 0.01 4.00 0.51 0.26 436 35 17
1750 0.54 0.01 0.01 372 0.52 0.26 481 45 23
2000 0.52 0.03 0.01 3.74 0.44 022 538 49 25
2250 0.51 0.01 0.01 3.73 041 021 582 59 29
2500 048 0.01 0.01 3.54 0.35 0.18 622 70 35

Table 8: Hardness and modulus of HIPS as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

| High Impact Polystyrene (HIPS)
Load |Mean Hardness| Std. Dev. |Std. Error | Mean Modulus|Std. Dev. |Std. Error Meanhe |Std. Dev. | Std. Error|
(1M} [GPa) [GPa) {nm)
50 1.14 033 0.17 6.82 0.70 0.35 57 18 9
75 0.96 037 0.19 6.61 0.87 0.44 74 16 8
100 0.91 023 012 6.56 0.73 0.37 81 11 6
125 0.84 0.29 0.15 6.27 0.69 0.35 97 16 8
150 0.68 0.15 0.08 6.03 045 023 111 21 11
175 0.61 0.16 0.08 592 043 022 134 17 9
200 0.59 0.08 0.04 5.70 0.64 0.32 145 4
225 048 021 0.11 561 047 0.24 168 12 6
250 0.51 0.09 0.05 529 0.58 0.29 189 13 7
500 0.46 0.06 0.03 441 0.33 0.17 200 18 9
750 0.49 0.15 0.08 435 0.73 0.37 247 44 22
1000 0.49 0.05 0.02 4.15 0.14 0.07 297 21 11
1250 042 0.05 0.02 3.62 041 0.20 357 12 6
1500 041 0.05 0.03 3.51 0.49 025 411 30 15
1750 0.38 0.05 0.02 3.34 0.55 027 451 28 14
2000 043 0.10 0.05 3.54 0.81 0.40 475 57 28
2250 0.38 0.09 0.04 325 0.70 0.35 519 46 23
2500 0.39 0.05 0.02 323 0.71 0.35 555 38 19
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Table 9: Hardness and modulus of ABS as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

Acrylonitrile Butadiene Styrene (ABS)

Load |Mean Hardness|Std. Dev.|Std. Error |Mean Modulus | Std. Dev. |Std. Error| Mean he  |Std. Dev. | Std. Error
(1M} [GPa) [GPa) {nm)

50 0.54 0.16 0.08 4.09 0.56 0.28 184 18 9
75 043 0.13 0.07 3.83 0.18 0.09 197 11 6
100 0.34 0.08 0.04 3.54 0.37 0.19 214 24 12
125 0.29 0.09 0.05 3.25 0.26 0.13 224 19 10
150 0.28 0.11 0.06 3.18 0.19 0.09 241 13 7
175 0.26 0.1 0.05 33 0.38 0.19 267 17 9
200 021 0.05 0.03 3.17 0.27 0.13 291 5
225 0.17 0.12 0.06 3.05 021 0.1 317 29 15
250 0.19 0.07 0.04 286 047 0.23 304 17 g
500 0.16 0.04 0.02 212 0.25 0.14 358 31 18
750 0.15 0.05 0.03 1.89 0.54 031 457 67 39
1000 0.13 0.05 0.02 1.77 0.53 031 572 81 46
1250 012 0.05 0.03 1.72 0.54 031 642 91 33
1500 0.11 0.05 0.03 1.61 0.49 0.29 726 122 70
1750 0.11 0.06 0.03 1.58 0.51 0.29 787 137 79
2000 0.11 0.06 0.03 1.54 048 0.28 870 169 a8
2250 0.11 0.06 0.03 1.57 0.54 031 917 173 100
2500 0.11 0.06 0.03 1.50 0.58 0.33 982 190 110
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Table 10: Hardness and modulus of SBR as a function of indentation depth during quasi-
static nanoindentation along with the errors

Styrene Butadiene Rubber (SBR)

Depth [Mean Hardness | Std. Dev. | Std. Error|Mean Modulus| Std. Dev. | Std. Error
[nm} [GFa) [GPa)
100 0.0250 0.0120 0.0060 0.2740 0.1000 0.0500
200 0.0210 0.0080 0.0040 0.2690 0.0600 0.0300
300 0.0190 0.0060 0.0030 0.2380 0.0400 0.0200
400 0.0182 0.0040 0.0020 0.2180 0.0400 0.0200
500 0.0161 0.0060 0.0030 0.2010 0.0200 0.0100
600 0.0142 0.0042 0.0021 0.1870 0.0800 0.0400
700 0.0121 0.0062 0.0031 0.1610 0.0600 0.0300
800 0.0101 0.0048 0.0024 0.1580 0.0400 0.0200
a00 0.0089 0.0038 0.0019 0.1460 0.0600 0.0300
1000 0.0093 0.0044 0.0022 0.1390 0.0400 0.0200
1100 0.0084 0.0044 0.0022 0.1270 0.0400 0.0200
1200 0.0079 0.0036 0.0018 0.1160 0.0200 0.0100
1300 0.0081 0.0028 0.0014 0.1140 0.0600 0.0300
1400 0.0076 0.0060 0.0030 0.1090 0.0200 0.0100
1500 0.0070 0.0032 0.0016 0.1020 0.0800 0.0400
1600 0.0064 0.0040 0.0020 0.0980 0.0600 0.0300
1700 0.0059 0.0024 0.0012 0.0940 0.0420 0.0210
1800 0.0061 0.0046 0.0023 0.0890 0.0400 0.0200
1900 0.0057 0.0042 0.0021 0.0860 0.0200 0.0100
2000 0.0054 0.0036 0.0018 0.0810 0.0380 0.0190
2100 0.0050 0.0026 0.0013 0.0790 0.0200 0.0100
2200 0.0046 0.0040 0.0020 0.0760 0.0400 0.0200
2300 0.0049 0.0066 0.0033 0.0710 0.0200 0.0100
2400 0.0044 0.0030 0.0015 0.0780 0.0400 0.0200
2500 0.0039 0.0034 0.0017 0.0740 0.0400 0.0200
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Table 11: Hardness and modulus of NR as a function of indentation depth during quasi-
static nanoindentation along with the errors

Natural Rubber (NR)

Depth |Mean Hardness| Std. Dev. | Std. Error| Mean Modulus| Std. Dev. | Std. Error
[nm) [GFa) [GFa)
100 0.0022 0.0002 0.0001 0274 0.100 0.050
200 0.0021 0.0005 0.0002 0.269 0.060 0.030
300 0.0022 0.0002 0.0001 0.238 0.040 0.020
400 0.0022 0.0005 0.0002 0218 0.040 0.020
500 0.0019 0.0003 0.0002 0.201 0.020 0.010
600 0.0023 0.0003 0.0002 0187 0.080 0.040
700 0.0024 0.0002 0.0001 0.161 0.060 0.030
800 0.0023 0.0003 0.0002 0.158 0.040 0.020
900 0.0021 0.0003 0.0001 0.146 0.060 0.030
1000 0.0021 0.0005 0.0002 0.139 0.040 0.020
1100 0.0021 0.0003 0.0002 0.127 0.040 0.020
1200 0.0023 0.0007 0.0004 0.116 0.020 0.010
1300 0.0022 0.0002 0.0001 0.114 0.060 0.030
1400 0.0021 0.0004 0.0002 0.109 0.020 0.010
1500 0.0023 0.0004 0.0002 0.102 0.080 0.040
1600 0.0021 0.0004 0.0002 0.098 0.060 0.030
1700 0.0023 0.0002 0.0001 0.094 0.042 0.021
1800 0.0022 0.0002 0.0001 0.089 0.040 0.020
1900 0.0024 0.0003 0.0001 0.086 0.020 0.010
2000 0.0024 0.0003 0.0002 0.081 0.038 0.019
2100 0.0024 0.0002 0.0001 0.079 0.020 0.010
2200 0.0024 0.0002 0.0001 0.076 0.040 0.020
2300 0.0025 0.0003 0.0002 0.071 0.020 0.010
2400 0.0026 0.0004 0.0002 0.078 0.040 0.020
2500 0.0026 0.0001 0.0001 0.074 0.040 0.020
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Table 12: Hardness and modulus of neoprene as a function of indentation depth during
quasi-static nanoindentation along with the errors

Neoprene Rubber

Depth Mean Hardness| Std. Dev. |Std. Error|Mean Modulus| Std. Dev. | Sid. Error
[nm]) [GPa) [GPa)
100 0.0042 0.0014 0.0007 0.0495 0.0134 0.0067
200 0.0036 0.0011 0.0003 0.0421 0.0112 0.0036
300 0.0044 0.0008 0.0004 0.0368 0.0088 0.0044
400 0.0048 0.0003 0.0002 0.0318 0.0068 0.0034
500 0.0046 0.0009 0.0005 0.0293 0.0118 0.0039
600 0.0043 0.0007 0.0003 0.0268 0.0084 0.0042
700 0.0042 0.0004 0.0002 0.0226 0.0048 0.0024
800 0.0039 0.0004 0.0002 0.0229 0.0088 0.0044
200 0.0046 0.0005 0.0003 0.0195 0.0062 0.0031
1000 0.0036 0.0008 0.0004 0.0178 0.0056 0.0028
1100 0.0034 0.0006 0.0003 0.0161 0.0094 0.0047
1200 0.0039 0.0006 0.0003 0.0164 0.0048 0.0024
1300 0.0031 0.0003 0.0002 0.0181 0.0072 0.0036
1400 0.0036 0.0005 0.0002 00173 0.0042 0.0021
1500 0.0041 0.0003 0.0002 0.0136 0.0054 0.0027
1600 0.0044 0.0004 0.0002 00154 0.0038 0.0019
1700 0.0047 0.0004 0.0002 0.0132 0.0028 0.0014
1800 0.0041 0.0005 0.0002 00121 0.0046 0.0023
1900 0.0039 0.0007 0.0004 0.0113 0.0052 0.0026
2000 0.0047 0.0004 0.0002 0.0101 0.0056 00028
2100 0.0046 0.0004 0.0002 0.0104 0.0018 0.0009
2200 0.0048 0.0004 0.0002 0.0094 0.0062 0.0031
2300 0.0033 0.0003 0.0002 0.0101 0.0050 0.0025
2400 0.0049 0.0002 0.0001 0.0096 0.0010 0.0005
2500 0.0051 0.0006 0.0003 0.0094 0.0038 0.0019
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Table 13: Hardness and modulus of PDMS as a function of indentation depth during quasi-

static nanoindentation along with the errors

Polydimethyl Siloxane (PDMS)
Depth Mean Hardness | Std. Dev. | 5td. Error | Mean Modulus| Std. Dev. | Std. Error
[nm) IGPa) [GPa)
100 0.0017 0.0002 0.00010 0.0280 0.0100 0.0030
200 0.0013 0.0005 0.00023 0.0123 0.0046 0.0023
300 0.0011 0.0002 0.00008 0.0071 0.0026 0.0013
400 0.0009 0.0005 0.00024 0.0052 0.0060 0.0030
500 0.0009 0.0003 0.00015 0.0039 0.0020 0.0010
600 0.0011 0.0003 0.00016 0.0041 0.0016 0.0008
700 0.0012 0.0002 0.00012 0.0029 0.0020 0.0010
800 0.0013 0.0003 0.00016 0.0053 0.0030 0.0015
200 0.0011 0.0003 0.00013 0.0028 0.0040 0.0020
1000 0.0012 0.0005 0.00023 0.0036 0.0016 0.0008
1100 0.0013 0.0003 0.00015 0.0036 0.0018 0.0009
1200 0.0010 0.0005 0.00027 0.0028 0.0020 0.0010
1300 0.0014 0.0002 0.00011 00035 0.0022 0.0011
1400 0.0014 0.0004 0.00021 0.0033 0.0032 0.0016
1500 0.0014 0.0004 0.00022 0.0030 0.0022 0.0011
1600 0.0016 0.0004 0.00022 0.0032 00018 0.0009
1700 0.0016 0.0002 0.00011 0.0033 0.0022 0.0011
1800 0.0015 0.0002 0.00008 0.0032 0.0026 0.0013
1900 0.0016 0.0003 0.00015 0.0033 0.0002 0.0001
2000 0.0017 0.0003 0.00016 0.0032 0.0002 0.0001
2100 0.0019 0.0002 0.00012 0.0031 0.0002 0.0001
2200 0.0018 0.0002 0.00012 0.0033 0.0022 0.0011
2300 0.0019 0.0003 0.00015 0.0032 00018 0.0009
2400 0.0019 0.0004 0.00020 0.0037 0.0032 0.0016
2500 0.0020 0.0001 0.00005 0.0035 0.0026 0.0013
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Table 14: Hardness and modulus of PLLA8.5 as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

PLLAB.5

Load |Mean Hardness| Std. Dev. | Std. Error|Mean Modulus | Std. Dev. | Std. Error| Mean he | Std. Dev.| Std. Error
[uM) (GPa) [GFa) [nm)

500 0.172 0.012 0.007 0.65 0.09 0.05 573 75 43
750 0.144 0.010 0.006 0.54 0.12 0.07 622 57 33
1000 0.129 0.015 0.009 0.49 0.14 0.08 661 32 18
1250 0.116 0.017 0.010 0.44 0.15 0.09 691 44 25
1500 0.095 0.023 0.013 0.36 0.13 0.08 724 106 61
1750 0.073 0.018 0.011 031 0.13 0.07 759 23 13
2000 0.065 0.010 0.006 0.28 0.09 0.05 805 62 36
2230 0.052 0.003 0.002 0.23 0.06 0.03 852 11

2500 0.053 0.009 0.005 0.23 0.08 0.04 885 21 12

Table 15: Hardness and modulus of PLLA35 as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

PLLA3S
Load | Mean Hardness| Std. Dev.|Std. Error |Mean Modulus | Std. Dev. |Std. Error Mean he | Std. Dev.| Std. Error
[N} (GPa) [GPa) (nm)
500 0535 0011 0.006 192 0.05 0.03 310 45 26
750 0.466 0.012 0.007 158 021 0.12 366 34 20
1000 0.401 0.026 0.015 144 0.04 0.02 427 61 35
1250 0330 0.065 0.037 123 0.09 0.05 489 87 50
1500 0335 0.060 0.035 125 0.07 0.04 523 24 14
1750 0297 0.068 0.039 125 0.24 0.14 587 12 7
2000 0256 0.147 0.085 099 035 0.20 634 39 23
2250 0.209 0.123 0.071 0.84 0.28 0.16 668 51 29
2500 0.191 0.131 0.076 0.76 0.34 0.20 710 72 42
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Table 16: Hardness and modulus of PLLA41 as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

PLLA41
Load | Mean Hardness|Std. Dev. | Std. Error|Mean Modulus | Std. Dev. [Std. Error Mean he | Std. Dev. |Std. Error
(1) [GFa) [GFa) (nm)
500 0.570 0.210 0.121 1.86 0.40 023 291 89 51
750 0.554 0.100 0.057 1.64 0.05 0.03 333 46 27
1000 0448 0.100 0.058 141 029 0.17 378 37 21
1250 0.444 0.136 0.078 1.45 0.14 0.08 421 111 64
1500 0.466 0.154 0.089 145 033 0.19 456 24 14
1750 0431 0.089 0.051 1.40 0.04 0.02 517 55 32
2000 0378 0.067 0.039 1.19 0.09 0.05 565 103 59
2250 0321 0.056 0.033 1.06 017 0.10 614 39 23
2500 0326 0.050 0.029 1.10 013 0.07 650 68 39

Table 17: Hardness and modulus of PLLAG5 as a function of resultant contact depths (hc)
obtained at various loads during quasi-static nanoindentation along with the errors

| PLLAG5

Load | Mean Hardness| Std. Dev. | Std. Error|Mean Modulus | Std. Dev. | Std. Error| Mean he | Std. Dev.| Std. Error
[T} [GPa) [GPa) [nm)

500 0.986 0.134 0.077 3.04 0.39 0.23 180 76 44
750 0.949 0180 0.104 299 045 0.26 220 81 47
1000 0.929 0.205 0.118 287 0.37 021 256 111 64
1250 0.904 0.080 0.046 281 0.25 0.14 275 34 20
1500 0.896 0210 0.121 269 031 0.18 299 61 35
1750 0.863 0.132 0.076 2.74 0.21 0.12 324 52 30
2000 0.823 0.139 0.081 264 021 0.12 341 53 31
2250 0.847 0.107 0.062 269 0.06 0.03 369 23 13
2500 0.827 0.176 0.102 2.63 0.10 0.06 395 39 23
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APPENDIX B
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Figoure 21: Original DSC scan for PLLA8.5 on a Perkin Elmer DSC with a heating rate of
307c/min
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