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ABSTRACT

Polymer blends are being used in an increasingly wider range of applications in
industry. It is required to understand the surface characteristics of polymers with
emphasis on polymer adhesion because most applications of polymer blends depend on

the critical interactions at the interface between homopolymers in the blend.

The DCB test was performed for measurement of interfacial fracture energy between
two kinds of polymer-polymer systems. In PS/PMMA system, fracture energy was found
to be 12-13 J/m?®. The interfacial fracture energy of PS/PP system was zero due to a large
difference in thermal expansion coefficient. Another measurement for determining
adhesion force between polymer particle and polymer surface were carried out using
atomic force microscope (AFM). We found normalized pull-off forces in a range of 21-
48 mN/m for the PP/PS system and 34-43 mN/m for PS/PMMA system. In last, the effect

of interfacial adhesion on impact property of polymer blend was studied.
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CHAPTER 1

Introduction
1.1 General

A polymer is a chemical compound of a large molecule made of many smaller
repeating units of monomer. Polymers include plastics, thermosets, and rubbers. The use
of polymeric materials is increasing rapidly and they are replacing conventional materials

such as metals, wood, and natural fibers in many applications.

In today’s polymer industry, pure polymers have limited use. In general, a variety of
products are made by combining or blending two or more polymers. Blending two or
more polymers is a widely accepted method for producing new materials because it can
provide a new material having better properties than its components. Nevertheless, most
polymers are inherently incompatible with each other and each component in a blend
exists in its own phase. Consequently, there is an interface between the phases. The
properties of the materials are influenced by the interactions at the interface between the
polymers. These interactions are attributed to the nature of mechanical, chemical, and

electrostatic forces. The strength of the contact interactions is termed of “adhesion”.

As for adhesion, Israelachvili stated that adhesion is defined as the free energy
change, or reversible work done to separate unit areas of two media from contact to
infinity in vacuum [1]. This definition emphasizes on the thermodynamic reversibility
and intermolcecular interactions at interfaces. On the other hand, Wu defines adhesion as
the state in which two dissimilar bodies are held together by intimate interfacial contact

such that mechanical force or work can be transferred across interface [2]. This defintion
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indicates that practical adhesion (experimental adhesion) is determined not only by the
interfacial interactions, but also by the mechanical strength of interfacial zone or the bulk

phases.

Unit area

Fig. 1-1. Work of adhesion. For two identical media (1=2), this work
becomes the work of cohesion W, [1].

Adhesion is a very complex concept, involving several mechanisms governed
simultaneously by chemical and mechanical properties. In spite of a number of studies on
polymer adhesion, fundamental knowledge of adhesion is still lacking. This is because
adhesion embraces a large number of phenomena, which can vary depending on whether
the phenomenon is observed at molecular or macroscopic level in nature. Thus, study of
polymer adhesion is multidisciplinary in nature and requires understanding aspects of
surface chemistry, surface physics, fracture mechanisms, strength of materials, polymer

chemistry, and rheology.

Direct measurement of adhesion force between polymer surfaces or polymer
particle-polymer surface has been reported. Surface energy and surface properties play a
importantly critical role in polymer adhesion. Thus, a precise surface characterization is
required for developing proper polymer blends of desired properties. Atomic Force

Microscopy (AFM) was introduced by Binning et al. in 1986 [3]. AFM is a new

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



experimental technique for the investigation of surface phenomena and properties on the
micron or nanometer scale. The widespread utilization of AFM is due to its ease of use,
the molecular-level information that it provides, and the variety of surfaces that can be
studied in various environments. The first AFM images of polymeric materials were
published in 1988-1991 by Patil et al., Drake et al., and Stocker et al. [4, 5, 6]. Since then,
this emerging new technique has been of a great interest and an attraction. In addition,
the most important advantage of using AFM is that it can directly measure the
interactions (the adhesion force) between a sample surface and a colloidal particle. The
use of AFM to study adhesion and mechanics of polymer surfaces was first reported by

Meyers et al. [7]. AFM is now widely been used to study polymer adhesion.

Fig. 1-2. (a) The MultiMode Scanning Probe Microscope (SPM), (b) Silicon nitride
probe, and (c) Silicon probe used in Atomic Force Microscopy. Cantilever lengths
of probes are 100-200 pm [8] ~

1.2 Objective

The aim of this thesis is to review the current understanding of polymer adhesion and
study the adhesion at the interface in a polymer-polymer system. Most applications of

polymer blends depend on the compatibility and interfacial adhesion between the
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components in the blend. With conventional mechanical tests, adhesion has been
evaluated using the strain energy released by the failure of the interface. These tests are
not suitable to properly determine intrinsic polymer adhesion at the interface; especially
when considering the interfacial adhesion of polymer blends. Thus, our interests in this
study are:

(1) To measure polymer adhesion using a newly developed technique (pull-off
force measurement using atomic force microscopy), which is more
acceptable for interfacial adhesion in polymer blends

(ii)  To compare the results obtained using AFM with interfacial fracture energy
measured by a mechanical test (double cantilever beam test).

(iii) To establish the relation between the interfacial adhesion and mechanical

properties, particularly impact strength in polymer blends.

The organization of the thesis is as follows: Chapter 2 reviews the nature of
interactions, the mechanism of adhesion, and polymer adhesion. In chapter 3, the double
cantilever beam (DCB) test is performed to study the interfacial fracture energy in a
polymer-polymer system. Chapter 4 shows the measurement of polymer adhesion using
atomic force microscopy (AFM). Chapter 5 describes the effect of interfacial adhesion on
the mechanical properties of polymers. In chapter 6, conclusions are shown and future
works are proposed. Chapters 3, 4, and 5 have its own literature survey for that particular

arca.

The first mechanical fracture energy test that will be studied is the DCB test since
there is an abundance of literatures on this subject. The DCB test is well adapted for

measurement of interfacial fracture energy between two solid polymer pairs. It is based
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on a balance between the stored elastic energy in a beam and the energy necessary to
propagate a crack at the interface between the two polymers. The test consists of creating
an initial crack by inserting a razor blade, and then following the propagation of the crack
with time [9]. The driving force for the propagation of crack results primarily from the
stiffness of the beams separated by the razor blade and this driving force decreases as the

crack propagates. A more detailed discussion on this subject is given in Chapter 3.

To study interfacial interactions of polymers, polymer particle-polymer surface
interactions are measured with AFM, which enables measurement the adhesion force at
micron level. The values of work of adhesion determined by the pull-off force
measurement are compared with those calculated by elastic contact theories. More details

and experimental results are given in Chapter 4.

Impact strength is one of the most important mechanical properties of polymer
blends since it determines the utility of these materials. It is generally believed that the
effect of interfacial adhesion between the dispersed particles and the matrix on the impact
strength has been of great interest over last decades. For a constant interfacial adhesion, it
has been widely reported that the impact strength is influenced by morphological
parameters. The effects of the size, size distribution and volume fraction of dispersed
particles on the impact strength of a blend have been studied. The results are presented in

Chapter 5.
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CHAPTER 2

Literature Review
2.1 Introduction

Polymers are being used in an increasingly wider range of applications in industry. A
number of products are made by blending or joining two or more different polymers.
Thus, it is required to understand the surface characteristics of polymers with emphasis
on polymer adhesion because many critical interactions between the polymer and its
environment occur at the surface or interface. In general, adhesion is a phenomenon that
occurs due to the intermolecular forces (physical/chemical) between two materials that
occur at the interface when atoms or molecules at both sides come in contact with each
other. Such intermolecular forces result in the source of the surface energy or intrinsic
adhesion. Adhesion strength is governed by the intrinsic adhesion from the
intermolecular forces. However, when considering polymer adhesion it is important to
recognize that the bulk mechanical properties of the polymer greatly influence interfacial
forces required for adhesion. Therefore, to better understand the adhesion in polymers, it
is required to study both the molecular level interactions that occur at the interface and

the energy dissipation process that occur in the bulk materials adjacent to the interface.

2.2 Polymer Adhesion

Regarding the intrinsic adhesion in polymeric system, it is caused by any one or a
combination of the following mechanisms [1]:
) intermolcecular forces such as van der Waals interactions

(ii))  interdiffusion and entanglement of polymer chains across the interface
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(ii1)  formation of chemical bonds between molecules across the interfaces
In the absence of mechanisms (ii) and (iii), the intrinsic adhesion is given by the
thermodynamic work of adhesion, which depends on the surface energies and the
interfacial energy between the surfaces in contact. To date, there is little knowledge of the
intrinsic adhesion energy because a direct experimental measurement of the intrinsic
adhesion values is difficult to perform. Thus, most values reported are experimentally
measured using a mechanical test. However, the experimental value determined using
mechanical tests is usually greater than the calculated adhesion value, because the tests in

most cases are carried out under conditions very far from thermodynamic reversibility.

A close or intimate contact at a molecular scale between both materials is needed for
interfacial interactions to occur. Good wetting, i.e., well spreading of a material onto
another, is necessary to obtain this close contact. In previous study, the thermodynamic
work of adhesion was approached with wettability [2]. For adhesion between materials in
contact, the formation of the interfacial interactions is due to different nature of forces
such as van der Waals interactions, acid—base interactions, and/or others. More details of

these forces will be reviewed later in this chapter.

For polymer adhesion, good wetting is first required for formation of physical
interfacial interactions. For a system using an adhesive joint, a sufficiently low adhesive
viscosity and sometimes the application of pressure on the joint are necessary to ensure
good wetting. Furthermore, a high substrate roughness, i.e. a substance that contains
more pores, holes, and other irregularities is an important factor that increases the

interfacial strength.
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The adhesion energy is also increased by formation of strong interfacial bonds, such
as acid—base or chemical interactions, which are more energetic compared with van der
Waals interactions. Acid—base interactions require the presence of polar sites (acidic or
basic) on both materials in contact for high adhesion energy. In most previous studies
where adhesion values between a polymeric adhesive and substrates were determined
using a mechanical test, it has demonstrated that the formation of acid-base interactions
includes the use of polar polymers (or polymer grafted with polar groups) and also polar
substrates. Polarity of substrate can be increased by using surface treatments, leading to
an oxidized surface (possibly also by grafting polar molecules onto the substrate surface).
In addition, in some cases, the adhesive is able to exchange chemical (or covalent) bonds
with the substrate, making a stronger interfacial bond. Polar groups such as carboxylic
acid (or anhydride), amine, hydroxyle, epoxyde, isocyanate, and grafted polymer,
copolymer, or monomer (directly polymerized on the substrate) are able to exchange
chemical bonds with the reactive sites of the substrate surface [3]. Many mechanical tests
have shown that there is a dramatic increase in the interfacial strength due to placing a

grafted polymer or copolymer sheet between two bonding adherends.

Interdiffusion is also possible in polymer-polymer adhesion if chains
interpenetration is able to occur from both phases at the interface. This phenomenon is
called the interdiffusion theory of adhesion and occurs only if both polymers are
compatible and their chains are sufficiently mobile. Consequently, interdiffusion leads to
the formation of an interphase, and the properties of this interphase differs from the

properties of bonding materials.
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As mentioned earlier, the term of adhesion is ambiguous since it can be described in
two manners:
6)) The work of adhesion is thermodynamically defined as the free energy
change or reversible work to separate phases 1 and 2 from contact to infinity.
This is simply the only sum of all intermolecular interactions at the interface
(ii) Experimental adhesion (practical adhesion) is measured by the energy

required to break the bond formed between adhering phases.

In practice, therefore, both interfacial forces and mechanical properties of adhering
phases in interfacial zone and in the bulk affect on the mechanical response of the
bonding phases. If adhesion was the work needed for separation, the value would be close
to the surface energies of materials in contact, which are typically 107 to 107 J/m%
However, practical work of separation can be 10 up to 10 greater than this. For this
reason, it seems useful to know the basic aspects of adhesion at both the fundamental and
practical levels; especially when considering polymer adhesion. The various theories of
adhesion will be reviewed and the elastic contact mechanisms, which play an important

role in polymer adhesion, will be also discussed.

2.2.1 Surface and Interfacial Energy

2.2.1.1 Surface Energy and Surface Tension

Surface energy is the free energy change y when the surface area of a medium is
increased by unit area [4]. The free energy change per unit area can be expressed in terms
of the work, Wy, because the surface area of medium is separated into two half-unit

areas from contact, so it becomes:

10
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For solids y; is usually denoted by ¥, and is given in units of energy per unit area: mJ/m?
(1mJ/m* =lerg/cm™). For liquids, v, is usually denoted by v and is given in units of
tension per unit length: mN/m’ which is dimensionally the same as the surface free
energy. As shown below in Fig. 2-1, in a system of a liquid in contact with a vapor such
as air, the molecules of a liquid attract each other. An equal attractive force in all
directions balances the interactions of a molecule in the bulk of a liquid. However, forces

acting on molecules on the surface of a liquid are excessive.

Air

&8 Qﬁ%’i
f’ﬁ”ﬁ;f:i? Siad

Liquid

Fig.2-1. Intermolecular net forces in the liquid in contact with the air

The net effect of this situation causes free energy at the surface and this excess energy is
called as surface free energy. This excess energy exists at the interface of two phases. If
one of the phases is the vapor phase of a liquid being tested the measurement is referred
to as surface tension. If the surface investigated is the interface of two liquids the

measurement is referred to as interfacial tension.

Polar liquids, such as water, have strong intermolecular interactions and thus high

surface tensions. Any factor that decreases the strength of this interaction will lower

11
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surface tension. Thus an increase in the temperature of this system will lower surface

tension. Any contamination, especially by surfactants, will lower surface tension as well.

2.2.1.2 Interfacial Tension: Classical Thermodynamics of Interface

The fundamental equations of interfacial thermodynamics are well explained in
many standard texts. According to Wu [3], the interface is a region of finite thickness is
which the composition and energy vary continuously from one bulk phase to the other. A
net energy is required to create an interface by transporting the matter from the bulk
phase to the interfacial zone. The reversible work required to create a unit interfacial or

surface area is the interfacial or surface tension and given by:

oG
. 2.2
4 ( 3 AJW (2.2)

where y is the interfacial tension, G is the Gibbs free energy of the total system, A is the

interfacial area, T is the temperature, P is the pressure, and 7 is the total number moles of
material in the system. If there are two homogeneous bulk phases a and B separated by an
interfacial zone ¢ of thickness t, the chemical potential of two components (1 and 2) at

equilibrium will be:
w=pl =l = (2.3)

us o=l = p = (2.4)

where uis the chemical potential. The thermodynamic derivations of the Gibbs free

energy are then given by:

12
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dG' = -S8'dT +V'dP + p,dn. + p,dn (2.5)
dG® =—S°dT +V°dP + p,dn’ + w,dnS + ydA (2.6)

where S is the entropy, V is the volume, n is the number of moles of substances, and i is

a or B. Integrating equation (2.5) and (2.6) , we obtain:
G =nlu +nu, .7
G° =ny +nju, +y4 (2.8)

After dividing equation (2.6) by unit area A, we obtain:
fo=r+himy+Lu, (2.9)

where f° =G°/ A is the specific surface free energy and I'=n°/A4 is the surface
concentration. Therefore, surface tension 7 is the excess specific surface free energy, and

it is distinct from the specific surface free energy as we discussed above section. After
subtracting equation (2.6) from the total differential of equation (2.8), we obtain the

Gibbs-Duhem equation.
S?dT -V°dP +n{ du, + nj du, + Ady =0 (2.10)

Moreover, dividing equation (2.10) by unit area A gives the well-known Gibbs

adsorption equation:

S°dT —tdP + T, du, +T,du, +dy =0 @2.11)

13
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where S7 is the surface entropy per unit surface area and t is the interface thickness.

2.2.2 Work of Adhesion and Wettability

When two phases are brought into contact with one another, in general there is
adhesion between their surfaces. Thus Work of adhesion is defined as the free energy
change, or reversible work done, to separate unit areas of two media 1 and 2 from contact

to infinity W3 and is given by [4]:
Wo=n+7v,-7rn (2.12)

where y; and vy, are the surface free energies of phases 1 and 2, respectively, and 7y > is
the interfacial free energy between phases 1 and 2. As mentioned before, the work of
adhesion is the decrease in Gibbs free energy per unit area when an interface is formed
from two individual phases. Thus, the greater the interfacial attraction, the greater the
work of adhesion and the smaller the interfacial free energy between phases 1 and 2 will
be. Therefore, v 1, can be related to the properties of the two individual phases. In the
case of identical media (1=2), the energy is referred to the work of cohesion Wy;. For a
solid-liquid interface, phases 1 and 2 are commonly denoted phases S (solid) and L
(liquid) so that the interfacial free energy between the liquid and the solid may be written

as:

Yoo =Vs+7, Wy (2.13)

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wetting may be quantitatively defined by reference to a liquid drop resting in

equilibrium on a solid surface as shown Fig. 2-2 [5].

T sv

IR e

Fig.2-2. A liquid drop at equilibrium on a solid surface

The tensions at the three phase contact point are indicated such that LV is the
liquid/vapor point, SL is solid/liquid point and SV is the solid/vapor point. Surface
energies of phases and equilibrium contact angle 6 at the three-phase contact point are

related by Young's equation:

Yo =Vs TV oSO (2.14)

Banghan and Razouk [6] define the concept of equilibrium spreading pressure, 7s,

as:

s =ys—ysy = RT LP“ Td(ln P) (2.15)

where P is the vapor pressure, Py is the equilibrium vapor pressure, R is the gas constant,
T is the absolute temperature, and I is the surface concentration of the adsorbed vapor.

Equation (2.13) can be rewritten as:

Vs =Vq TV €080+ (2.6)

15
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A good wetting occurs when the angle of contact (6) between the liquid and the solid is
less than 90°. Complete wetting occurs when the molecular attraction between the liquid
and solid molecules is greater than that between similar liquid molecules. Thus wetting of
a liquid on a solid depends on the surface tension of both substances, and spreading over
the solid surface is affected by the liquid viscosity and solid surface roughness. For

spontaneous wetting to occur:

Ysv 2Vs TV (2.17)

or

Vs 2Vs TV T 7 (2.18)

Neglecting the spreading pressure of the vapor phase of the liquid onto the solid and

using the Young-Dupré equaion , the solid-liquid work of adhesion becomes:

Wy =rs+7y =g =7, (1+cosb) (2.19)

To study the nature of interactions at the interface of two materials, Fowkes [7] first
proposed that the surface free energy of a component, y, could be given by the sum of the
contributions from different types of force components. In previous studies [7-8], surface
free energies and work of adhesion may generally be expressed by the sum of two terms:
the first one representative of London's dispersion interactions (superscript D) and the
second representative of nondispersion forces (superscript ND), which includes Debye
and Keesom dipolar interactions and acid-base interactions. As it has been demonstrated
previously, there are three distinct contributions of force for the total long-range

interaction between polar molecules, collectively known as the van der Waals force:
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these are non-polar dispersion forces (London dispersion forces), dipole-dipole
interactions (Keesom interactions), dipole-induced dipole interactions (Debye

interactions).
y=y" +y" and W, =W, +W,;” (2.20)

2.2.2.1 Dispersion Interactions (Non-Polar system)
For strictly non-polar system, the interaction between materials 1 and 2 in the

medium 3 is mostly given by the following expression [7]:

7o =W =P ) 2.21)

For solids, 7 can be determined by using the contact angle (8) with a nonpolar liquid of

aknown y, , using Young’s equation:

(1+cos8) =2./y> 1 y? (2.22)

For liquids, 7, can be obtained from the contact angle measurement on a known

nonpolar solid, e.g., Teflon with 7 ~ 18 mJ/m* according to following:

(1+cos@)y, =2y ys (2.23)

in which y; is equal to y, if the liquid is nonpolar or when there is no polar contribution

to the surface free energy of the liquid.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.2.2 Non-dispersion Interactions (Polar system)

It is known that interfacial interactions involve van der Waals forces and/or
hydrogen bonds. Thus, non-dispersive interactions are of a polar nature. Polar
interactions include electron-donor/electron-acceptor interactions (Lewis acid-base

interactions). The electron-acceptor parameter of the surface tension of material 1 is
expressed as y;, and the electron-donor parameter of its surface tension as y, . With

these parameters, the surface tension of polar material can be approximately quantified

as:

neEr =20 (2.24)

with a monopolar material, either y; or y, is zero and the term of polar interaction

7{® =0. The interfacial tension between phases 1 and 2 can be then obtained:

7 =20y w7 —Arr —\rir ) (2.25)
Consequently, y;” will be negative when y,>y; and y; <y,, or when y,<y; and
=72

From equation (2.20), the total interfacial tension is given by the sum of two distinct
contributions; dispersive interactions and non-dispersive interactions. Therefore, the total

interfacial tension between phases 1 and 2 can be expressed as:

T2 =(\/;,3—\/E)2+2( v wriys =rivs =rirs ) (2.26)
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Lastly, the total work of adhesion of polar phases 1 and 2 in polar medium 3 can be then

quantified as:

W' =75 =76 —7n + 2[«/7_ (x/yl‘ + s A3 )} +
W Wi s i s 7| 227)

and the complete Young equation is modified for polar systems as follows:

(1+cosOyy, = 27272 +yirs +rir7) (2.28)

In the special case that only London dispersion forces are important across the

interface, the work of adhesion is fully determined because the nondispersive part is
equal to zero. Indeed, y;” and ¥, can be easily determined by wettability experiments as

mentioned earlier. Existence of only London interactions at the interface leads to:
G,orF,, cW,"” (2.29)

where G is the fracture energy of two materials obtained using a mechanical test such as
the Double Cantilever Beam test and F,q is the adhesion force between surfaces in
contact, which will be discussed in the pull-off force measurement using Atomic Force

Microscopy. We will discuss more details in each subsequent chapter.

2.2.3 Mechanism of Adhesion
The mechanism of adhesion is still not completely understood and many studies have
been done in order to better understand and analyze it. Among many of the studies, tests

have been carried out by measuring strength of adhesive joints, although the methods are
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not well suited to theoretical analysis for adhesion mechanism due to indeterminate
effects from rheological energy losses in the adhesive and substrate, and other
geometrical or loading factors. Therefore, other contributions to the measured values

must be subtracted to obtain values of adhesion of adhesive joints.

Table 2-1. Comparison between cohesive fracture energy G and surface
tension y for some materials [3]

Material G/2, erg/cm® y,erg/cm’
Poly (methyl methacrylate) 2x10° 41.1
Polystyrene 7x10° 40.7
Oligomeric polystryrene

(MW~3000) 40 40.7
Steel 1x10° 2300

The bonding of an adhesive to a surface is the net effect of mechanical, physical and
chemical forces involved. Thus, it is not possible to separate these forces from one
another and several theories have been proposed to describe the fundamentals of
adhesion. Presently, four main mechanisms are used to describe the involving
mechanical, physical and chemical forces involved: (i) mechanical interlocking, caused
by the mechanical anchoring of the adhesive in the pores and the uneven parts of the
surface; (ii) electrostatic theory developed by Derjaguin on the occurrence of an electrical
double layer at the interface between two materials; (iii) other adhesion mechanisms
dealing with intermolecular and chemical bonding forces that occur at the interfaces of
heterogeneous systems. The chemical adhesion mechanism is explained for the case of
the intermolecular forces by the adsorption theory, and in the case of chemical

interactions by the chemisorption theory; and (iv) the interdiffusion theory which only

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



applies to the bonding of polymers. In next sections, the four theories of adhesion are

briefly reviewed.

2.2.3.1 Mechanical Interlocking

The mechanical interlocking theory of adhesion proposes that good adhesion occurs
only when an adhesive penetrates into the pores, holes and other irregularities of the
adhered surface of a substrate, and locks mechanically to the substrate. Moreover, the
adhesive has to have the right rheological properties to penetrate pore or holes as well as
wet on the substrate for better adhesion. In previous work, it was shown that a liquid
adhesive placed on a rough substrate spontaneously penetrated into the pores by
capillarity. However, it is not the only applicable adhesion mechanism because smooth

surface brought into contact can also result in a good adhesion as well.

Adhesive

Fig.2-3. A schematic diagram of mechanical interlocking [10]

To find the relation of mechanical interlocking to adhesion, pretreatment methods
applied on surfaces were used and it was determined whether or not they enhance
adhesion [9]. These pretreatments resulted in microroughness on the surface, and the
bond strength and durability are improved through mechanical interlocking provided by
the surface roughness. Beyond mechanical interlocking, enhancement of the adhesive

joint strength due to the roughness on the surface may also be attributed to other factors
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such as formation of a larger surface, improved kinetics of wetting and increased plastic

deformation of the adhesive [11].

2.2.3.2 Adsorption
The adsorption theory proposes that adhesion results from intimate intermolecular
contact between two materials and involves surface forces that develop between the

atoms of the two surfaces.

This theory describes the most important mechanism in achieving adhesion [12]. In
this theory, intrinsic adhesion forces are attributed to the surface forces that occur at the
adhesive- adherend interface, which result from the variety of forces such as non-polar
dispersion forces (London dispersion forces), dipole-dipole intefactions (Keesom
interactions), and dipole-induced dipole interactions (Debye interactions), which are all
generally considered as van der Waals forces. According to Fowkes [5], the calculated
attractive forces between two surfaces are significantly higher than the experimentally
measured strength of adhesive joints, and this discrepancy between theoretical and
experimental strength values is attributed to air voids, defects or other geometric

irregularities that may cause stress concentrations during loading of the adhesive joint.

In addition, acid-base interactions and hydrogen bonds, generally considered a type
of acid-base interaction, also contribute to intrinsic adhesion forces. A study [13]
experimentally demonstrated that, due to acid-base interaction, dipole interactions do not
contribute measurably to the enthalpies of molecular interactions, so the intrinsic
adhesion forces are now considered to be from two contributions, dispersive and acid-

base interactions. To obtain good adsorption, intimate contact is required such that van
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der Waals interaction or the acid-base interaction or both occur, hence good wetting is

necessary

2.2.3.3 Chemical Bonding Theory

The chemical bonding mechanism proposes that primary chemical bonds may form
across the interface. Although chemical bonding at the interface is difficult to detect,
because of the thinness of the interface, it is strong and makes a significant contribution
to the intrinsic adhesion in some cases. For example, primary chemical bonding has
energies ranging between 60-1100 kJ/mol, which are considerably higher than the bond
energies from hydrogen bonds of 0.08-5 kJ/mol [14]. In addition, a dramatic increase of
the adhesive bond strength can occur due to small amounts (0.001-0.1 mole fraction) of
appropriate reactive functional groups incorporated into polymer [3]. At such a low
amounts, polymer bulk properties and wettablility are generally unchanged and the
effectiveness of functional groups in enhancing adhesion is quite specific with respect to

surface chemical composition.

2.2.3.4 Electrostatic Theory

The electrostatic attraction theory of adhesion developed by Derjaguin is based on
the occurrence of an electrical double layer at the interface between the adherend of two
materials. Due to the difference of electronegativities between two materials in contact,
there is a transfer of electrons across the interface creating positive and negative charges
that attract one another. For example, when an organic polymer is brought into contact
with metal, electrons are transferred from metal into the polymer, creating an attracting

electrical double layer (EDL).
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However, there are three major controversies related to the electrostatic attraction
theory [15]:
@A) The electrostatic double layer can be identified only after separating the
adhesive bond.
(i)  Its effect on the adhesion forces is overconsidered.

(iii)  Overlapping between electrostatic and acceptor-donor interaction.

Since polymers are insulators, it seems difficult to apply electrostatic attraction
theory to most adhesive joints involving polymer materials, but it is widely used for

charged polymer particles that contact pieces to be coated in coating or panting industry.

2.2.3.5 Diffusion Theory

The diffusion theory attributes the adhesion of polymeric materials to the inter-
penetration of chains at the interface. This type of adhesion occurs when both materials
are soluble and miscible in each other. Therefore, molecules from one material can cross
into the other material at the interface. Solubility matching between two materials in
contact is extremely important for good adhesive bonding. As a result, if the solubility
parameters between the two materials are close to each other, interdiffusion occurs. To

obtain adhesion by interdiffusion, two criteria are required as following [10]:

(1) The adherend in contact must be mutually soluble and compatible

(ii) Sufficient temperature is necessary for macromolecules to be mobile

Parameters affecting the diffusion phenomenon are contact time, bonding
temperature, molecular weight of the polymers, physical form (liquid, solid), and so on.

To describe the interdiffusion phenomenon of polymers, it was shown by Vasinen [16]
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that the adhesion of polyisobutylene under a constant welding pressure is a function of

temperature and contact time.

B A B
._>
Interface
4_
—_— >0

t=0

A

Fig.2-4. A schematic diagram of interdiffusion across the interface [10]

The average interpenetration depth, y, of one phase into another is expressed as:

_E 1/2
oc expl —— |t 2.30
X p(sz) (2.30)

where E is the diffusion activation energy, t is the contact time, R is the molar gas
constant, and T is the bonding temperature. In general diffusion theory is applicable when
the above criteria are satisfied, so interdiffusion of entire macromolecules across the

interface is unlikely to occur between incompatible polymers.

2.2.4 Polymer Particle-Surface Adhesion

As mentioned in previous chapter, AFM has stimulated the study on the adhesion
between two solid surfaces. In the pull-off force measurement using AFM, some elastic
contact mechanics described the effect of elastic properties in polymeric materials are

used to calculate the adhesion energy. The popular elastic contact theory is Johnson-

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kendall-Roberts (JKR) equation [17]. van der Waals forces play very important roles in
phenomena involving adhesion forces. In this section, we review the elastic contact

theories and van der Waals forces between surfaces.

2.2.4.1 Elastic Contact Mechanics [18]

In order to understand the dependence of the contact radius and the force on the
penetration depth, it is required to make some assumptions. In past years, several
different theories of such phenomena have been developed to take in account the contact

mechanics of a solid particle on surface. These theories are briefly explained below.

(i) Hertz Model

Hertz firstly proposed a model for mechanics of contact between a spherical body
and a planar surface. [19] Hertz theory dates back to 1881 and it does not take into
account either surface forces and adhesion. The geometry of the deformation would
resemble that shown in Fig. 2-5a and 2-5b. The tip is considered as a smooth elastic
sphere, while the sample is a rigid flat surface. The following equations summarize the

relationships from the Hertz model:

F =0, (2.31)
a= (EKEJW, (2.32)
a, =0, (2.33)

5= %2 = Kia (2.34)
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and

P(x) =

(2.35)

3Kavl—x? 3Fy1-x
27R 2ma’

in which F,, is the pull-off force, P is the load applied to a particle normal to the plane of

the surface, R is the radius of the particle, a is the radius of contact after deformation, a,

is the contact radius at zero load, & is the deformation of the spherical tip, x = y/a

where y is distance from the center of the contact circle, and K is the elastic modulus for

the particle-substrate system which is given by:

—0v? 1=p?
i—i(l 7+ “’] (2.36)

K 4| E E

i

In Equation (2.36), E,E,, v and v, are the Young modulus and the Poisson ratios of the

flat surface sample, and of the tip or the particle on the tip.

| |

B it
+

Fig. 2-5. Geometry of a contact between a rigid particle and compliant substrate
(a) and a compliant particle and a rigid substrate (b) [18]

The Hertz theory is applicable to systems with very low surface forces and where

high loads are applied to the particle. Tip and sample deformations can be simply
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obtained without consideration of surface forces on the system. However, surface forces
must be included in most AFM measurements of particle-surface adhesion. In this

environment, one of three following theories has to be used.

(i) Dejaquin-Miiller-Toporov (DMT) Model

In Dejaquin-Miiller-Toporov (DMT) theory [20] the elastic sphere is deformed
according to Hertz theory, but additionally the theory includes surface forces in both the
particle-surface contact area and just outside the contact region, and the external load F as
well. If an external load is applied, the area of contact increases. If a negative load is
applied, the contact area diminishes until it becomes zero. The equations describing the

DMT model are as following:

F_, =2mRW, (2.37)
R 1/3
a= (E(P + 27zRW)) : (2.38)
R 1/3
a, = (E(erRW)) , (2.39)
2
5= f’R—, (2.40)

and

P(x)=

(2.41)

3Ka1-x? _ 3F1-x2
27R 2

2ma

where W is the work of adhesion. Other terms are the same as in the Hertz model.
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The DMT theory has been well applied for systems with low surface forces and
small tip or particle radii. Both the Hertz and DMT theories assume that there is no
adhesion hysteresis during loading and unloading processes. This, however, is a
physically unrealistic for many elastic systems. Thus other formulations of more complex

models have been developed for elastic contact mechanics.

(iii) Johnson-Kendall-Roberts (JKR) Model

Johnson-Kendall-Roberts (JKR) theory [17] has been most widely applied to elastic
contact mechanics. In JKR theory, it neglects long-range forces outside the contact area
and considers only short-range forces inside the contact region. The equations describing

the DMT model are as following:

3
Fog =5, (2.42)

1/3
a=[%(P+3;:RW+J6::RWP+(3;:RW)2 )j . (243)

R 1/3

a, =(—(67rRW)) , (2.44)
K
2

5=9._2 | (2.45)
R 3V R

and

3Kavl-x*  [3kW 1
27R 2ma \J1—x?

P(x) =

(2.46)
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The JKR model includes the hysteresis in that a neck links the tip and the surface
during unloading, as shown in Fig. 2-6. The contact is abruptly ruptured at negative

loads, and the contact radius has reduced to a, = 0.63a, when separation takes place;

a, is the radius of the contact area at separation.

Fig. 2-6. Schematic of the formation of a neck between the
particle and surface in the JKR theory [18]

The JKR theory is well adapted for systems with high surface energies, large particle
radius and low stiffness of materials. One problem in the JKR theory is that it predicts an
infinite stress x =1, where indicates the distance from the center of the contact is equal to
the radius of contact after deformation, at the edge of the contact area. This results from
only considering forces inside the contact area, and the assumption in the theory that the

attractive forces act over an infinitesimally small range.

(iv) Maugis Model

Maugis theory [21] is the most accurate theory in that it applies to all particle-surface

systems, from large rigid spheres with high surface energies to small compliant materials
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with low surface energies. The full range of material properties is determined by a
dimensionless parameter A in equation (2.47), and it is used to make a decision whether

DMT or JKR model is more suitable for a certain system. A is given by:

P 1/3
4= 206 (RZZ ) (2.47)
z, \ m

in which z, is the equilibrium separation. A large value of A characterizes large particle

radii, and compliant materials with high surface free energies. Small values of 4 indicate

small particle radii and rigid materials with low surface free energies. Thus the adhesion
force F,, becomes 27RW for A —0 (DMT model) and %IZ'RW for 1> o (JKR

model).

2.2.4.2 van der Waals Forces between Surfaces

As explained in previous section, van der Waals forces play very important roles in
phenomena involving adhesion forces, and it must be taken in account when we consider
long-range interactions between two macroscopic bodies since they are always present.
Thus, it is necessary to look into the van der Waals forces when considering polymer

adhesion.

First, an interatomic van der Waals pair potential in a body is given as w=—-C/r°,
and the interaction energies between two bodies such as particles can be obtained from
the integrating the energies of all the atoms in one body with all the atoms in the other.

The work done by the attractive forces in bringing the two particles from infinity to a
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given separation distance is the Gibbs free energy, AG, due to van der Waals interaction

energies and it is given by [22]

AG=-| j%&dm (2.48)

",

where dV and dV,are differential volume elements of V,andV,:pand p,are the
molecular number densities: C is a coefficient in the atom-atom pair potential. With an

assumption of that Cp,p, is a constant, the Gibbs free energies, for instance, in the case

of planar surfaces of thickness ¢, and &, separated by a distance, h, in vacuum is given by

S

[+ (6,48, —(+8) -(h+8,)7]  (249)
127

AG=V, =-

in which
4, =7*Cp,p, (2.50)

4,, is the Hamaker constant for bodies 1 and 2. For & << 0,,0, , equation (2.49) can be

rewritten as:

A
V, =2 _ [J/m? 2.51

where V, is the attractive potential [22]. In general the Hamaker constants are in the rage

of 10721~107"].

From equation (2.1) and (2.20), the work of adhesion due to the dispersion force (van

der Waals force) for materials 1 and 2 can be expressed as:
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Wy =2rvs (2.52)

where y“is the surface tension of each material due to dispersion interaction energies.

Table 2-2. van der Waals interaction free energies between boides with different
geometries [4]. A is the Hamaker constant defined as 4 = 7’Cp, p,, where p, and p, are

the number of atoms per unit volume in the two bodies and C is the coefficient in the
atom-atom pair potential.

Two spheres
Two atoms 4 RR,

- _ 6 wW=———— <
w=-C/lr 6D (R, +R,)

Atom-Surface Sphere-Surface

-4
w=-nCp/6D’ w="42R
6D
Two cylinders Two surfaces
w — AL R/R, -4 "
= w= er unit area
1242D%* (R, + R,) 1220 "

The attraction potential for the given materials is given by:

A12

V, =12 2.53
4 12md? (2:53)

where 4, is the Hamaker constant for the two given materials that are being separated to

produce two new surfaces from contact, and d is the intermolecular distance, usually in
the range of 0.2~0.3 nanometer. The work of adhesion can be expressed as the change of
the Gibbs free energies and then it can be given by the attraction potential energies as

well.
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A 1/2
Wi =V, = = 2i7?) (2.54)

In addition, the equation (2.54) can be rewritten to obtain the Hamaker constant for two

materials in vacuum using their surface tensions.

1/
4y, =24md* (s )" (2.55)

Several van der Waals interaction energies between macroscopic bodies with different

geometries are shown in Table 2-2.
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CHAPTER 3

The Double Cantilever Beam Test

3.1 Introduction

Production of improved materials by the blending of polymers is commercially
important and combining attractive properties of different polymers has been widely
pursued in the industry. However, most polymer blends are thermodynamically
incompatible because of the small entropy of mixing in mixtures of long-chain
molecules. In addition, the interfaces of incompatible polymers are usually narrow so that
there is little chain entanglement, in which is a prerequisite for strength in polymer
systems. Many polymer blend applications depend on the adhesion between the
component polymers. Although adhesion between different polymers is important in
determining the mechanical properties of polymer mixtures, adhesion between polymers
is not so obviously and easily measurable, especially on the micron or sub-micron scales

seen in polymer blends.

Adhesion refers to the state in which two dissimilar bodies are held together by
intimate interfacial contact such that mechanical force or work can be transferred across
the interface [1]. The interfacial forces between the two phases may come from van der
Waals forces, chemical bonding, or electrostatic forces. The mechanical strength of the
system is determined not only by the interfacial forces but also by the mechanical
properties of the interfacial zone and the two bulk phases [2]. In studies of bonding
strength of bulk materials, it has always been shown that the strain energy released by

interfacial failure is greater than the energy required to create two new surfaces.
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This discrepancy may be explained by the fact that interfacial fracture occurs under
conditions very far from thermodynamic reversibility. The propagation of a pre-existing
interfacial crack results in substantial energy dissipation, and leads to large values of the
interfacial fracture energy. Therefore, understanding the energy of polymer interfaces
relies on identifying the mechanisms of energy dissipation active during crack
propagation. In this chapter, the double cantilever beam test (DCB test) has been used to
study the adhesion at the interface between polymers due to simply and easily
performance of tests. Adhesion of glassy and semi-crystalline polymers to other similar
polymers is investigated using the DCB test. The objectives of this study are (i) to
investigate the fracture energy between similar and dissimilar polymers and (ii)

determine the importance of various affecting factors on the interfacial adhesion.

3.2 Fracture Energy
3.2.1 Mechanical Properties of Polymer Interface

First, it is important to note that there are a number of different modes by which an
interface will fail, and the energy dissipation measured in any fracture test will depend on
which mode of failure dominates. It is common to focus upon three modes of loading a
solid body with a crack. These are illustrated in figure 3-1. The fracture mode I, opening
mode, where the crack faces are displaced in a direction normal to the fracture plane. In
Mode 11, sliding or shearing mode, the motion of the crack faces is that of shear along the
fracture plane. In Mode III, tearing mode, the crack surface moves relative to one

another, i.e. scissors mode.
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(a) (b) ©)
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Fig. 3-1. Three basic fracture modes; (a) Opening mode, (b) Sliding mode, and (c) Tearing

In general the fracture energy will depend on the ratios of each of these modes in the
actual lading situation. Pure mode I fracture is usually the smallest value, as well as the
most important both in practical terms and theoretical understanding. The fracture energy

for pure mode I fracture is referred to as G, and it is a major part of mechanical fracture

tests. Stress intensity factors, Ky, Ky, or Ky are used to express the criterion for crack
propagation for each loading mode respectively and to determine critical lengths given an
applied stress or a critical stress values given a crack length. In a mathematical
expression, it is expressed as a function of the applied stress and the function depends on
specimen configuration and loading mode. In previous work [3], it has been indicated
that the interface crack is different from a crack in a bulk material and the direction of
crack propagation at interface is determined by a mixture of both mode I and mode II
with opening conditions. This is different from a crack in bulk material which normally
grows in such a direction that it experiences a pure opening mode, which means that Ky; is
equal to zero. Therefore, it is necessary with interfacial failure to consider the effects of

varying the ratio of mode I to mode II loading on crack propagation.
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To understand the fracture behavior of polymers, the Griffith fracture theory has
been applied on [4]. In this theory, fracture produces a new surface and the increase in
energy required to create the new surface must be balanced by a decrease in elastically
stored energy. Also, Griffith suggests that the large discrepancy between the measured
strength of materials and the value based on theoretical considerations is attributed to the
elastically stored energy concentrated in vicinity of small cracks. Fracture then occurs

because of the spreading of cracks that originate in pre-existing flaws.

In general the growth of a crack is associated with an amount of work done, di¥ , on
the system by external forces and a change dU in the elastically stored energy U. The
difference between these quantities is then the energy available for the creation of new

surfaces. The condition for growth of a crack by a length dcis given by [5]:
—_— 2y — 3.1

where ¥ is the surface tension and dA is the associated increase of surface. If there is no

change in the overall extension A when the crack propagates, then dW =0 and

du dA
- — 2y— 3.2
( dc )A 4 dc (3-2)

In above equations, the elastically stored energy decreases and so —(dU/dc), is

essentially a positive quantity.

The DCB (Double Cantilever Beam) test has been widely used for the measurement

of the adhesion at interface between two solid polymers. It is based on a balance between
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the stored elastic energy in a beam and the energy necessary to propagate a crack at the
interface between the two polymers. In principle, the test consists of creating an initial
crack by inserting a razor blade, and then following the propagation of the crack with
time. The driving force for the propagation of crack results primarily from the stiffness of
the beams separated by the razor blade and this driving force decreases as the crack
propagates [6]. As the razor blade is inserted at interface of two jointed beams, the crack
propagates to length ‘a’. This results in creation of two new surfaces (each of area A),
and release of elastic energy stored in the beams. This released elastic energy, G,
available for unit increase n crack length, which is called the ‘strain energy release rate’
(the ‘rate’ refers to ‘release of energy per unit area’ and not ‘release of energy per unit

time’) is given by following equation:

G

_dw _dU _ _l_[dW B dU] 63)

" dA dA B| dc  dec

where B is the thickness of the beams. It is assumed that fracture occurs when G reaches

a critical value G.. The equivalent equation (3.1) is then:

G>G (3.4)

[+

and G is equal to 2 ¥ in the Grffith equation. The value of G for a homogeneous

material, the strain energy release rate, is given by [6]:

342
o3 ErA

= 3.5
16 at (3-5)
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where, E = Young’s modulus of the beam; h = thickness of the beam; A= wedge
thickness and a = crack length. An important assumption in this test is that adherends
should not deform plastically. This is generally not a problem when using beams are
thick and stiff enough or when the adherends are bonded to a rigid substrate. The
decreasing effective cleavage load results in the crack stopping at some equilibrium
value, which itself is dependent upon the system conditions. One of the disadvantages of
the DCB test is that the cracks may not be easy to view or may propagate unevenly across
the specimen width with non-reproductive value of crack length. This test is widely
employed to compare different interfacial treatments and, in particular, many studies
have been done to show improvement of polymer interfaces reinforced with block

copolymers.

Polymer beams T

<4+—— Razor blade

Crack length i*_ﬂ

Fig. 3.2. Schematic of the DCB fracture test

In general glassy polymers are tough. For example the fracture energy of high
molecular weight polystyrene is known as around 1000J/m”; four orders of magnitude
greater than the value of the surface energy. This significant high energy indicates that
mechanisms are available during fracture that can dissipate large amounts of energy as a
crack propagates. As the molecular weight of the polystyrene decreases, the fracture

energy of the polystyrene also dramatically decreases until a molecular weight that
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corresponds quite closely to the critical molecular weight for entanglement. The fracture

energy has fallen to around 1J/m”. The relationship between the fracture energy and
entanglement arises because a major mechanism of energy dissipation in the fracture of a
glassy polymer such as polystyrene is crazing [7], the microscopic mechanisms of which
rely on the polymers being entangled. Thus, the nature of toughness is due to
entanglement in bulk glassy polymers. Similarly, the toughness of a polymer interface is

determined by the degree of entanglement across the interface.

The study of the fracture energy of the interface between two incompatible polymers
using the DCB test was firstly done by Brown [2]. He studied the fracture energy of
Polystrylene/Polymethylmethacrylate (PS/PMMA) system and the effect of placing a thin
layer of a PS-PMMA diblock copolymer on the interface. He found that the toughness at
PS/PMMA interface is surprisingly high with G of about 200 J/m’. This value is
substantially greater than the intrinsic work of adhesion in that there are additional loss
mechanisms during the fracture of interface. In addition, he observed that the crazes grow
down into PS from the interface and the crack tended to follow one such craze and then

jump back to the interface.

PMMA PS Crazes

Direction of crack propagation

Fig. 3-3. Failure of the PS/PMMA interface by the phenomenon of crazing [8]
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Both PS and PMMA are glassy polymers that fail by crazing but PS has relatively lower
craze stress. High fracture energy results from that crazes grow away from the interface
into the PS which has lower crazing resistance. In another work [8], Brown found these
crazes could be suppressed by the use of an asymmetric fracture toughness test that tends
to push the principal tensile stress into the more craze-resistant material. This was simply

done by adhering lower craze stress material to a rigid substrate to prevent. In a system of
the PS adhered onto a rigid substrate, he found a G, of 5 to 10J/m”. For this reason, the
asymmetry caused by bonding the sample to a stiff substrate affects significantly on the

fracture toughness at the interface.

According to Brown [7, 8], if the interface has sufficient integrity to induce crazing
between glassy polymers, the fracture energy is proportional to the ratio of the square of

the areal density of entangled chains (X) to the crazing stress (o, ).

2
G w2 (3.6)
o

cr

This is confirmed by the study of the interface reinforced with block copolymer chains.
In his work, the enhancement of adhesion depends on the density of the copolymers at the
interface and on the length of each copolymer block. With these two variables, interfacial

failure can occur by one of three modes:
() Chain pullout, in which the entangled chain is pulled out from the bulk

(i)  Chain scission, in which a C-C bond breaks in the entangled chain instead of

being pulled out from the bulk
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(iii)  Crazing, in which it begins with the formation of microvoids and fibrils with

plastic deformation at the interface before complete interfacial failure.

Above equation is valid only if all interfaces between glassy polymers that have
sufficient integrity to induce crazing. Otherwise, mostly likely the interfaces fail through

a scission mechanism.

Helfand et al. [9] have theoretically explained the incompatible interface between
two immiscible polymers of infinite molecular weight and described the diffusion of one
polymer into another by solving the diffusion equation of a random walk in a potential
field due to the presence of an incompatible monomer. In their study, the interfacial

profile is characterized by an interfacial width w, given by:

3 2 1/2
w <|2G +by) 37)
! 12y '

Where b is the statistical segment length of a polymer and y is the Flory-Huggins
interaction parameter. In addition, they yield a complex, but tractable expression for the

interfacial tension of polymer pair:

Y o_ 22| B+ Bs l(ﬂA_ﬁB)z :
k—T—[z(pApB) f[ TS B ag J (3.8)

where p,is the density of the polymer i and the parameter [, is obtained from the

statistical segment length of polymer b; by:

B =(gpibi J (3.9)
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3.3 Experimental Procedure

3.3.1 DCB test
Fracture energy of Polystrylene/Polymethylmethacrylate (PS/PMMA) system and

Polystyrene/Polypropylene (PS/PP) system was investigated with different thickness of
specimens and different jointing temperature using the DCB test. The fracture energy of
the PS/PMMA interface was investigated by using the DCB test. Fracture energy release
rate, Gi, was measured using the DCB test applying the following equation. [6]

G - 3NE W E,h 5 ER'C: +E,hC;
’ 8a* (E\BC; + E,hC})?

(3.10)

where Ci=1+0.64h/qa, hjand h, are the thickness, E; and E; are the elastic modulii of
two polymers, A is the thickness of the razor blade and a is the crack length. This
equation is used for PS/PMMA system that is freestanding. In the system where one of
the beams is adhered onto a rigid substrate, the G is given by the following equation [3]

_ 3NKRE
© 16a*(1+0.64h/a)*

(3.11)

where h and E are the thickness and elastic modulus of the unadhered beam respectively.
This equation is employed to obtain the G, of PP/PS system where PP was bonded to
rigid aluminum substrates. The crack length was measured 24hrs after the razor blade
was inserted. Once a crack is observed to advance, the loading on the specimens was
stopped and the crack was allowed to advance at constant displacement until the stress at
the crack tip is reduced enough to prevent further cracking. In practice, most of the

growth process was completed after 15 min. Although the crack will continue growing
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slowly even after several hours probably due to a polymer chain creep relaxation
phenomena. For the precise measurement of crack length, the optical microscope (model:
zeiss microscope) was used. The G, values obtained from each of the 10-15 crack length
measurements with different thickness of polymer beams were calculated by using
equations (3.10) and (3.11). In order to relate the interface structure to mechanical
strength, we have worked for fracture energy release rates of PS/PMMA and PS/PP
interface as a function of jointing temperature and the contact time between the polymers

using the DCB test, respectively.

3.3.2 Sample Preparation

Polystyrene/Polymethylmethacralate (PS/PMMA) and Polystyrene/Polypropylene
(PS/PP) systems were studied where both polymers in each system are incompatible.
Pellets of the polystyrene (PS) and Polymethylmethacrylate (PMMA) were stored in a
vacuum oven at 80°C overnight to remove volatiles inside the pellets. After that, the PS
and PMMA pellets were hot-pressed into 6.5 cmx 6.5 cm plate using a Carver Model C
laboratory press under a pressure of 0.5 ton using aluminum molds with covered Teflon
sheets. The molding temperature was used for PS was 200°C and that for PMMA was
210°C. For different thicknesses of polymers beams, various thickness molds were used.
After molding, the sheets of PS and PMMA were cut into beams 6.5cmx 1.5 ¢cm using an
electric saw and then the edges of beams were smoothed using sand paper. For
PS/PMMA system, the prepared beams of PS and PMMA were put in an oven at 80°C
until they were heated up to the same temperature. Therefore, moisture on the surface of
the beams was removed. The PS beams were placed onto beams of PMMA when they

were still hot and then two polymer beams were assembled under very slight pressure in
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the laboratory press with a prescribed annealing temperature and annealing time. For
temperature dependence of G four different temperatures between 100°C and 130°C
were used to anneal and bond PS/PMMA samples. Annealing temperature of 100°C was
used to see whether some motion of the molecule at the interface could be observed at
temperature just below glass transition temperature of PS and PMMA, Tg The effect of
annealing time was also observed because it could affect the stability of fracture energy.
After the two polymer beams were bonded to each other; the specimens were cooled in

air at room temperature.

For PS/PP system, the procedure of specimen preparation was the same as that for
the PS/PMMA system. However, PP pellets were pressed at 160°C. PP pellets were
preheated to soften for 3min, and pressed under 0.5 ton for 7min to fill the aluminum
molds. After molding, the PP beams were placed in a vacuum oven at 150°C for 1hr. PS
beams were also heated up to 110°C and then the PP layer was placed onto PS to be
bonded. The sample was annealed for a predetermined amount of time at a prescribed
temperature and it was cooled down to room temperature. For PS/PP system, one side of
PP beam was glued to a tape-covered aluminum plate to make PP layers stiff. A razor
blade was perpendicularly inserted at the interface and driven forward to propagate a
crack. With both PS/PMMA and PS/PP systems, crack propagation tests were performed

to obtain fracture energy.

To see the effect of block copolymer on the fracture energy at the PS/PMMA
interface, PS-b-PMMA diblock copolymer was used. Solutions of diblock copolymer/
CH,Cl, (Methyl chloride) were used with different weight concentration (5 wt. %, 8 wt.

%, and 10 wt. %) to prepare the copolymer layers with different thicknesses. Solutions

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



were spin-coated on the surface of both the PMMA and the PS beams by using the spin
caster WS-200-4T2 (Laurel Tech. Corp.) at 2000 RPM for 2 minutes. Both PS and
PMMA beams covered by diblock copolymer layer were then dried in oven at 80°C to
evaporate the solvent. After that, two polymer beams were bonded as described in

preparation of PS/PMMA samples.

Table 3.1. Polymers used in the DCB test

s Melt Flow
Polymer Supplier GlasigﬁnSItlon Mvc\)/leic;iar Density Index
(Abbreviation)  (Product No.) T P- ™ © gg/;mol) (kg/m’) (MFI,
g W’ g/10min)
Polypropylene Exxon o
(PP) (PP1042) -23°C - 900 1.9
Polystyrene Dow o
(PS) (Styron 666D) 105°C 160,000 1050 8.0
Poly- Atoglas
methylmethacralate  (Plexiglas 108°C - 1192 1.6
(PMMA) V826)

3.4 Results and Discussions

3.4.1 Fracture Energy of PS/PS and PS/PMMA

For the PS/PP system, crack propagation occurred quickly immediately after the
razor blade was inserted at the interface and the fracture toughness energy was shown to
be zero most times. It is taken account that the crystallinity in polypropylene, which
characterizes its ductility and toughness, makes it difficult for these semicrystalline
polymers to adhere with other polymers. Moreover, this is emphasized when the second
component in contact is a glassy polymer such as polystyrene, which will have a
drastically different thermal expansion. Therefore, large differences in thermal expansion

and the creation of residual stresses result in the weak interface between semicrystalline
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PP and amorphous PS. To promote the interfacial adhesion of semicrystalline
PP/amorphous PS, both diblock copolymers and graft copolymers formed through in situ

reaction can significantly enhance the interlayer adhesion.

£
3104 —a \ ,,,,,,,,,,, ‘- ,,,,,,,,,,,,,,
. A
O N o
54 . m1mm beam ‘
€ 2mm beam |
0 : ! A 3mm beam 1

Relative crack length (a/h)

Fig. 3-4. Gc of PS/PMMA samples with different beam thicknesses at
120 °C for 1hr

For the PS/PMMA system, this test was carried out manually. Usually, the crack
obtained looks semicircular. In a case where the shape of crack was not uniform; an
average crack length was calculated. It was hard to make the insertion of the razor blade
into the interface with a very slow constant speed when the test is performed manually.
Although some errors of derivation were quantified in the manual test, the repeatable
fracture energies of PS/PMMA system were able to obtain with same procedure. We
found the average of strength of 12.8 + 2.6 J/m?* with varying thickness of polymer
beams, which is significantly lower than the fracture strength of pure polystyrene or
polymethylmethacralate and higher than the surface energy of the polymers. In
comparison to a freestanding result of 60~100 J/m? by Brown [8] and a difference by a

factor of 5~8 was observed. However, there are several differences in the preparation of
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samples and in polymers used with different molecular weight that may explain this
difference in comparison to previous work. On the other hand, the value of strength
obtained from above experiment is similar to the experimental fracture energy of 18 J/m>

by Brown et al. [10]

3.4.2 Temperature Dependence of G, of PS-PMMA Interface

The G, of PS-PMMA samples were measured at four different temperatures between
100°C and 130°C. Each specimen was annealed at four different temperatures for 1hr and
it was shown that interfacial fracture energy is independent of temperature with an
average 12.8 £ 2.6 J/m? except for the case of 100°C annealing temperature. For the case
of 100°C annealing temperature the values of interfacial fracture energy shows 0.69 +
0.37 J/m” and the scatter of crack lengths was observed. This indicates that the samples
had insufficient adhesion at the interface, meaning that interfacial entanglement is not
sufficient. Therefore, the interfacial region is narrow so that it is easy to pull out an
unentangled polymer layer from another. As shown previously, interaction parameter
determines interfacial thickness and G; is related to the square of interfacial thickness. In

fact, the temperature dependence on y can be given by [11]:
A
Z(T)=?+B (3.12)

where A and B are experimentally determined constants. From equation (3.7), the
interfacial width is inversely proportional to the root of the Flory-Huggins interaction
parameter. Further, the critical fracture energy can have the relationship with the

interfacial width as following [12]:
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G. cw, (3.13)

Therefore, we can write the relation between G and temperature as following:

1
G (T) ~ m (3.14)

As result, in the case where A/T >>B, G, varies linearly with temperature whereas, in
case where A/T <<B, G is independent of temperature. From the above results we would
then predict little or no change in y, i.e., it is independent in the range of temperature
between 110°C and 130°C. In previous work y has been recently measured for a PS-
PMMA diblock system as a function of temperature within this temperature range by

Russel et al. [13] as:

3.902

+0.0284 (3.15)
T

2(T) =

where T is the temperature in degrees Kelvin.

20

15 +

ol =En ‘
100°C 110°C 120°C 130°C
Temperature
Fig. 3-5. G, of PS/PMMA samples annealed at four different
temperatures between 100 and 130 °C for lhr
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The interaction parameter, y, only changes by 0.1% for the temperature range of
110~130°C. This change can be acceptable within the experimental value of 12.8 + 2.6

J/m?>.

3.4.3 Effect of Annealing Time on PS/PMMA Interface

The interfacial fracture energy continues to increase with annealing time. The
continued increase of the interfacial strength is caused by the interdiffusion of molecular
segments. To study the effect of annealing time on PS/PMMA interface, samples with
different annealing times (2min, Smin, 10min, 30 min, and 60 min) were prepared at a
fixed temperature 120°C. Each sample, we measured the crack length up to 10 times and
the crack length was averaged, and the fracture energy was calculated from equation
(3.10). A correlation between the annealing time and the interface depth for PMMA was

observed by Vasenin [14] and an interfacial width is predicted to grow with a

1""* dependence:
w, o112 (3.16)

Fig. 3-6. shows that the fracture energy increased with increasing annealing time from 2
to up to 30 minutes. However, it was observed that fracture energy did not significantly
increase on annealing samples more than 30 minutes, and it was even found to be slightly

less at 60 minutes than at 30 minutes.

If the interface of PS/PMMA system is assumed to fail by the scission mechanism,

the fracture energy has a relationship with the characteristic number of entanglements,

N,, . The characteristic number of entanglements that provide physical links between
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polymers in contact is inversely proportional to their spacing, and the entanglements are

limited by the interfacial width, w, , such that:

N =

ent

(3.17)

5”5

where Z is the mean entanglement length scale for the polymer pair [12].

0 2 4 6 8 10

Annealing time t"2 [min"/?]

Fig. 3-6. G, of PS/PMMA samples annealed for different times at the
fixed temperature 120°C

As a result, we assume that the fracture energy proportionally increases to the square root
of the annealing time. From above results, it seems to be approximately adapted in an
initial stage within standard deviation rages. The bond strength continuously rises with
annealing time after the interfacial contact is completed. However, the fracture energy
does not continue to significantly increase with contact time after 30 minutes, and it may
explain why the interfacial adhesion of PS/PMMA reaches critical fracture energy after
an annealing time of 30 minutes. For more accurate result for effect of annealing time on

interfacial strength, the more experiments with other factors are required.
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3.4.4 Effect of Surface Roughness on PS/PMMA Interface

As explained in previous chapter (2.2.3), adhesion increases generally with
increasing surface roughness, especially for the bond strength of adhesive to a substrate.
Roughness tends to lower the contact angle when the intrinsic angle 0, is less than 90°, or

increase it when the intrinsic angle is greater than 90° [1].

To prepare a rougher surface, the surface on the side of polymer beam was pretreated
by using the grinder with a sand paper (Grit 240) at 200 RPM for 30 seconds. On the
other hand, the polymer samples were prepared by using a silicon wafer during hot-
pressing for a smoother surface. For the more precise comparison of different pre-
treatment on the surface of specimen in contact, the surface topography was investigated
by using the Atomic Force Microscopy (AFM). To determine roughness of polymer
surface, three images of each beam were scanned in a scan size of 25x25 um. The
roughness of surface was calculated by using the root mean square (RMS) roughness
[15], and the smoother surface has an around 9-12 nm roughness and the rougher surface

has over 2um.

40

30 1

Gce (J/Im2)
8

10 |

Rough Surface  Smooth Surface

Fig. 3-7. Comparison Gc of PS/PMMA samples annealed at temperature
120°C between pre-treated surfaces using sand paper and silicon wafer
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As shown above Figure 3.7, the fracture energy increases from higher surface
roughness due to pre-treatment on the surface of polymer beams using the sand paper.
However, the mechanical interlocking mechanism only increases the bond strength, and
rougher surface may also cause the increase of viscoelastic and plastic dissipation of
energy. Although the surface roughness increases the fracture energy of PS/PMMA
system, it also affects large data scatter due to inconstant contact area between polymer

beams.

3.4.5 Contributions of Diblock Copolymer on Adhesion of PS/PMMA

A-B block copolymers are known to act as interfacial agents between incompatible
polymers A and B [16-19]. They reinforce the interface with each block dissolved in the
relevant homopolymers [20-23]. Thus, it has indicated that a thin layer of block

copolymer considerably improve the adhesion between incompatible polymers.

The interface between 2mm beams of PS and PMMA was modified by a spin coated
layer of the PS-b-PMMA copolymer with two different molecular weights (25K and 50K
g/mol). This PS/PMMA beam with a diblock copolymer layer at the interface was
annealed at 120°C for lhr under a slight pressure in order to maintain the beams in
contact. Fig. 3-8 shows the fracture energy ratio of the modified PS/PMMA interface
over the unmodified interface, which was measured by the DCB test. The fracture
energies for the interface modified by the diblock copolymer were found over 4 times
higher than those for the unmodified interface. In addition, it was found that the diblock
copolymer molecular weight influences on the interfacial fracture energy. Brown [10] has
shown that the maximum interfacial fracture energy depends on the diblock molecular

weight as long as the molecular weight is less than 80K. Brown has also revealed that the
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toughness of PS/PMMA interface is increased by up to a factor of 50 when high
molecular weight of diblock copolymer (over 80K) was used to enhance the interfacial
strength [19]. The fracture energy value for reinforced interface was close to the cohesive
fracture energies of PS and PMMA. However, the fracture energies were not
tremendously increased compared to the values obtained by Brown due to the use of
lower diblock molecular weight (25K and 50K). When 25 K molecular weight diblock
copolymer was used to modify the interface between PS and PMMA, fracture energy
increased with increasing the concentration of copolymer in CH,Cl, solution. In other
words, the toughness is improved as the thickness of copolymer layer is increased. This
suggests that block copolymer can be used for a simple method to reinforce and saturate

the interface between incompatible polymers.

025K
[ 50K |__

Fracture energy ratio over
unmodified interface
n

5% 8% 10%
Concentration of PS-b-PMMA

Fig. 3-8. Fracture energy ratio of the modified PS/PMMA interface
over the unmodified interface at the fixed temperature 120°C for 1hr.

On the other hand, the fracture energy was not significantly increased with the
concentration of copolymer solution when 50 K molecular weight diblock copolymer was
used. The only small difference of fracture energies was found within standard deviation

rages between 8 wt.% and 10 wt.%. This implies the fracture energy reaches to a
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maximum value at a certain value of thickness. The effect of diblock copolymer on the
interfacial fracture energy was briefly investigated in this section. To better understand
the effect of thickness of copolymer layer, it is required to measure a precise thickness of

copolymer using an adequate apparatus such as the ellipsometry.

3.5 Conclusions

In attempting to understand adhesion of amorphous and semicrystalline polymers,
several contributions should be taken into account. Difference in thermal properties
between amorphous and semicrystalline polymers results in residual stresses at the
interface, and leads to poor interfacial adhesion. PS/PP system was used to study the
adhesion of amorphous-semicrystalline polymers using the double cantilever beam
(DCB) test. Most times, the interfacial fracturg energy of PS/PP system was zero due to a
large difference in thermal property. To enhance the adhesion of glassy polymer to
semicrystalline polymer, addition of a diblock copolymer or the formation of a

copolymer through in situ reaction at the interface will be applied.

Adhesion of another polymer system, PS/PMMA, was measured using DCB test as
well. In the test, a thumbnail shaped crack was created at the interface, and the crack
generally propagated as the razor blade was inserted at the interface and it mostly stopped
growing about 15 minutes after the razor blade was wedged between the bonding
polymer beams. To consider various factors affecting the adhesion of PS/PMMA system,
different bonding conditions such as the thickness of specimen, annealing temperature,

annealing time, and surface roughness of the specimen were used.
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First, different samples do not significantly change the bond strength and the relative
crack length (a/#) in which a is the crack length and h is the thickness of bonding
polymer beams. The value a/h was mostly found to be in the range between 4.5~6. In
addition, fracture energy has shown to about 12-13 J/m® with different thickness of
samples. Secondly, fracture energy does not have significant temperature dependence
when the bonding polymers are above their glass transition temperatures. Between the
range of temperature 110°C and 130°C, the Flory-Huggins interaction parameter, y, has
almost no change so that the critical fracture energy is independent of the range of
temperature. The change seen with different annealing temperature is acceptable within
the experimental standard deviations. The interfacial fracture energy tends to
proportionally increase with the square root of the annealing time at lower time after
polymer beams are bonded. Up to 30 minutes annealing time after polymer beams were
bonded, the fracture energy significantly increases, but it reached at a maximum after 30
minutes. From previous work, interfacial width is predicted to grow with ¢"/* dependence
and this may be adapted in the PS/PMMA system up to 30 minutes. Meanwhile, the
adhesion of PS/PMMA increases with increasing surface roughness. However, the
mechanical interlocking mechanism is not only a reason for the increase of bond strength.
In fact, mechanical interlocking is not an adhesion mechanism at the molecular level; it is
merely a means of affecting the contact area on surfaces. To find the effect of diblock
copolymer on the interfacial fracture energy was investigated using different molecular
weights and different concentrations (thickness) of copolymer. The fracture energy for
the interface modified by the diblock copolymer was increased over 4 times higher than

those for the unmodified interface. This suggests that the block copolymer can be used
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for a simple method to reinforce and saturate the interface between incompatible
polymers. In this DCB test, the fracture energy was not found in PS/PP system. When a
flaw was once initiated, a crack was propagated quickly under a small driving force.
Thus, we did not determine interfacial fracture energy under this low strength by using
the DCB test. In addition, sensitivity in bonding conditions, pre-existing flaws and
invisible defects in samples led to significant errors in values determined using the DCB
test. For these reasons, a new adhesion measurement using Atomic Force Microscopy

(AFM) will be studied in the next chapter.
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CHAPTER 4

Study of Polymer Adhesion Using Atomic Force Microscopy
4.1 Introduction

Polymers are being used in an increasingly wider range of applications in industry.
A good understanding of the surface characteristics of polymers is required because many
critical interactions between a polymer and its environment occur at the surface. For
instance, an important aspect of a polymer used in a medical device is often at the
interface between the body and the device. The interaction between the polymer and its
environment depends in large part on surface composition and structure. Since surface
composition and topography play an important role in ultimate polymer properties,
precise surface characterization can be a key part in developing new materials and in
understanding problems and behavior in existing materials. However, most of the studies
characterizing surface properties of polymers, such as surface tension and adhesion force,
over the last few decades have been performed by conventional macroscopic mechanical
tests. As discussed in the previous chapters, these conventional techniques are usually
applicable only to macroscopic bodies, and unfortunately are not suitable for micro or
nanoscale characterization. Thus, the experimental values from the conventional tests do
not necessarily represent intrinsic surface properties. Recently, Atomic Force Microscopy
(AFM) has been used to characterize polymer surfaces with its high-resolution surface
mapping capabilities. In addition, AFM can be employed to directly measure adhesion
force between individual polymer particle and other particles and between individual

polymer particles and polymer surfaces, so that mechanics of polymer surfaces can be
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investigated [1]. Therefore, understanding the fundamentals of polymer particle-surface

interactions using AFM is becoming increasingly important.

In this chapter, we will briefly introduce the basics of AFM technique and review the
polymer particle-surface adhesion. The pull-off force using AFM will be measured to
determine polymer-polymer adhesion. In addition, the investigation of the surface

properties of polymer using AFM will be discussed.

4.2 Background

4.2.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) has been applied to the investigation of surface
phenomena at the micron or nanometer scale. It can be used to image surfaces and to
study the interaction and adhesion of particles. The widespread utilization of AFM is due
to its ease of use, the molecular-level information that it provides, and the variety of
surfaces that can be studied in various environments. In an AFM, a very fine tip
(radius~30nm) positioned on the end of a flexible cantilever moves over the surface of
the sample in a direction perpendicular to the longest axis of the cantilever. The tip and
cantilever are displaced vertically upon encountering a surface morphology. A laser
beam, which is bounced off the rear of the cantilever, detects this displacement. The
sample, which is supported on a piezoelectric displacement system, is moved up and
down to maintain the deflection of the cantilever at a constant value. The z-displacement
of the sample can thus be displayed as a function of x- and y- positions to provide a
morphological image of the sample. At the same time, the laser beam can be used to

detect lateral (torsional) movements of the tip and cantilever, as the sample is rastered.
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These movements are a convolution of morphological effects and tip-sample friction.
Therefore, by monitoring both vertical and lateral tip movements, the surface
morphology and friction coefficient can be simultaneously mapped across a sample

surface.

Mirror ® Laser Diode

Photodiode .
detector

antilever & Tip

. Deféctor :
Electronics

ple & Sample holder

] '(fﬁiltm_jlier ;

Electronics

S CPU&
Monitors

A Piezoelectric
\T/ scanner

Fig. 4-1. A basic schematic of AFM; Feedback loop maintains a constant defection between
the cantilever and the sample or a constant oscillation amplitude of the cantilever

Another important type of measurement is the “Force Curve”. In this measurement,
the tip moves up and down over a single location, i.e. moving in and out of contact with
the sample. During these cycles the deflection of the cantilever is monitored, providing
an indication of the tip-sample interaction forces as a function of separation. As the tip is
withdrawn from the surface, tip-sample adhesion leads to a minimum in the force curve
before the tip jumps back away from the surface. A particular strength of AFM is its
ability to operate in liquid environments. In this case, the effects of a liquid medium on

the interaction between two surfaces of samples can be observed.
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4.2.1.1 Contact Mode

A common operation mode in AFM is the contact mode where the tip scans the
sample in close contact with the surface. The force on the tip is repulsive with a mean
value of 10 ® N [2]. This force is set by pushing the cantilever against the sample surface
with a piezoelectric actuator. In contact mode, the deflection of the cantilever is sensed
and compared to a constant value of deflection in a DC feedback amplifier. If the
measured deflection is different from the desired constant value, the feedback amplifier
applies a voltage to the piezoelectric actuator to move up or down the sample. As a result,
the cantilever restores itself to the desired value of deflection. The voltage that the
feedback amplifier applies to the piezoelectric actuator is a measure of the height of the
sample surface. It is displayed as a function of the in-plane position of the sample. Under
ambient conditions, sample surfaces are covered by a layer of adsorbed gases consisting
primarily of water vapor and nitrogen. When the probe touches this contaminant layer,
the formation of a neck that links the probe and the surface occurs and the cantilever is
pulled by surface tension toward the sample surface. The magnitude of the force depends
on the probe geometry, but is typically on the order of 100 nN. Due to this capillary
force, operating AFM is often carried out in a liquid. There are many advantages to
operate AFM with the sample and cantilever immersed in a liquid. These advantages
include the elimination of capillary force, the reduction of Van der Waals force, the effect
of vibration and the ability to study important processes at liquid solid interfaces.
Interfacial forces and morphology variation at the liquid/solid interface can also be
investigated as a function of the solvent quality, the ionic strength, and pH [2]. However

there are also some disadvantages to working in a liquid. For instance, leaks can be a
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problem. More fundamental problems such as sample damage on hydrated and vulnerable

biological samples can also happen.

4.2.1.2 Tapping Mode

Tapping mode allows high-resolution topographic imaging of sample surfaces that
are easily damaged, or difficult to image by other AFM techniques. Tapping mode
overcomes problems associated with friction, adhesion, electrostatic forces, and other
difficulties experienced in conventional AFM scanning modes by alternately placing the
tip in contact with the surface and then lifting the tip off the surface to avoid dragging the
tip across the surface. Tapping mode imaging is performed by oscillating the cantilever
tip at or near the cantilever's resonant frequency using a piezoelectric actuator. The
piezoelectric actuator makes the cantilever oscillate with a high amplitude (typically
greater than 20nm) when the tip is not in contact with the surface. The oscillating tip is
then moved toward the surface until it begins to lightly touch, or tap the surface. During
scanning, the vertically oscillating tip alternately contacts the surface and lifts off,
generally at a frequency of 50,000 to 500,000 cycles per second [3]. As the oscillating
cantilever begins to intermittently contact the surface, the cantilever oscillation is
necessarily reduced due to energy loss caused by the tip contacting the surface. The
reduction in oscillation amplitude is used to identify and measure surface features.
During tapping mode operation, the cantilever oscillation amplitude is maintained
constant by a feedback loop. When the tip passes over a bump in the surface, the
cantilever has less room to oscillate and the amplitude of oscillation decreases. The
oscillation amplitude of the tip is measured by the detector and input to the feedback

electronics. The feedback loop then controls the tip-sample separation to maintain a
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constant amplitude and force between the tip and the sample. When the tip contacts the
surface, the high frequency (50k - 500k Hz) makes the surfaces stiff (viscoelastic), and
the tip-sample adhesion force is greatly reduced [3]. Tapping mode prevents the tip from
sticking to the surface and causing damage during scanning. Unlike contact mode, when
the tip contacts the surface, it has sufficient oscillation amplitude to overcome the tip-
sample adhesion force. Another advantage of the Tapping mode imaging is its large and
linear operating range. This makes the vertical feedback system highly stable and ensures

reproducible sample measurements.

4.2.1.3 Force-Distance Curve

AFM can also be used to measure the vertical force that the tip applies to the surface.
With this technique, the long-range attractive or repulsive forces between the probe tip
and the sample surface can be determined, explaining chemical and mechanical
properties like adhesion and elasticity. Force-curves (Force vs. Distance curve) typically
show the deflection of the AFM cantilever as the fixed end of the cantilever is brought

vertically towards and then away from the sample surface.

Intimate contact

Long-rage forces

Normal Forces

Jump-in contae

D Pull-off point

Distance

Fig. 4-2. The force-distance curve and different regimes of the tip-surface contact: A: Jump-in
contact (contact repulsive mode), B: Loading part (force modulation mode), C: Attrition
(contact attraction mode). D: Pull-off point (adhesion), E: Dynamic, non-contact mode; F:
Maximum loading, the indentation point [4]
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The deflection of the cantilever is measured and plotted at many points as the z-axis
scanner extends the cantilever towards and then retracts it away from the surface. Similar
measurements can be made with oscillating probe systems like tapping mode and non-
contact AFM. This type of work for oscillation probe system is just beginning.
Measurements of cantilever amplitude and cantilever phase versus separation can provide
more information about the details of magnetic and electric fields over surfaces and also

about viscoelastic properties of sample surfaces [4].

4.2.2 Colloid Probe AFM

Colloid probe is a probe with a colloid particle in the place of a conventional tip. A
colloid can be placed at the apex of a cantilever. A most important advantage of using
colloid probe in AFM is that it can directly measure the interactions (the adhesion force)
between a sample surface and the colloidal particle. In general deflection of the cantilever
and distance between the sample and the probe are measured. The results are then
converted an interaction force. In previous sections, we looked upon the elastic contact
mechanics and long-range interactions by van der Waals forces between two bodies. We

now apply these theories to colloid probe in AFM.

Previous work [2] showed that the net force, which is the sum of interactions

between the tip and the surface is divided to three contributions: (1) surface force, F, ., (2)
force due to the sample deformations, F,, and (3) the deflection force of cantilever, F, as
shown in Figure 4-3. Interaction force, F; , is the sum of surface forces, F, and the sample

deformation force, F,. The surface and deformation forces are of the same order of

magnitude. The interaction forces are balanced by the cantilever bending force, F,. For
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the interactions of a spherical particle in contact with a solid surface, both of the long-

range interactions and the adhesion force from solid-body contact must be considered.

OO0
OIS ITS OISO

Fig.4-3. The interaction force F=F+F; is a sun of many
interactions, where F; is the surface force and F, is the sample
deformation. The interaction force is balanced by force F, [2].

As we already discussed in chapter 2, the long-range interactions can be described by
DLVO theory, while JKR (Johnson-Kendall-Roberts) theory is applied to take into
account the elastic contact mechanics. DLVO and JKR are regarded as different and
separate theories. However, it can be assumed that the shortest distance, which is
commonly an intermolecular distance at equilibrium, is obtained from the distance where
the DLVO interaction is equal to the JKR adhesion work [5]. To express interaction
forces in terms of van der Waals interaction energies, a useful approximation, the
Derjaguin approximation is usually applied. Based on the Derjaguin approximation, the

interaction force F (h) between two spheres at a short distance h is given by [6]:

V7,
=27—L2
r1+r2

F(h)

(4.1)

sphere plane

where W(h)piane 1s the interaction energy per unit area of two planes at a surface

separation distance h when two radii », and », are much larger than surface distance h. If
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it is assumed that », is much larger, i.e. ,>>r,, which can occur in the case of a sphere

near a plane surface, the interaction force can be expressed as:

F(h)._,  =27RW(h) 4.2)

sphere plane

The attractive potential energies can be regarded as the work of adhesion where a particle
is in contact with a plane surface as mentioned earlier. As a result, a simple
thermodynamic model can be used to predict the ratio of the adhesion forces for different

functional groups. The adhesion force can be written as:
F~RWi3, (4.3)

where R is the radius of a spherical particle on a AFM cantilever and W3, is the free
energy change on separating unit area of two materials 1 and 2 in medium 3 as shown in

chapter 2.

Wi =73 +7s — "0 4.4)

where y,, is the interfacial energy between materials 1 and 2. Here, in this experiment,
material 1 is a plane polymer surface (sample); material 2 is a polymer particle (tip); and
medium 3 is the air. We can estimate 3= %; »3=%; and yo=n+pn-2n ;Q)l/2 using the

combination relation [7]. Therefore, equation (4.4) can be written as:

F=47R(n )" 4.5)

Since many of polymers are compressible in nature, and they deform elastically at

contact, Johnson-Kendall-Roberts (JKR) theory has been well applied to describe the
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adhesion energy for polymer contacts. From section (2.2.4), we know that the radius of
contact area decreases from a to 0.63 a at which point the spheres spontaneously
separate from contact, and the adhesion force is approximately 75% of the adhesion force
in Dejaquin-Miiller-Toporov (DMT) model in which two particles in contact are
completely rigid. Thus, the force required to separate a sphere and flat surface of polymer

is given by:

FF =32R(y,y,)" (4.6)

This force can be calculated from the force required to pull the particle on the cantilever
off the surface in the force measurement by AFM. This force is referred to as pull-off

force and is calculated from Hooke’s law,
F =kAz 4.7

where Kk is the spring constant of the AFM cantilever and Az is the maximum deflection
of cantilever that occurs when lifting the particle off from the surface. Thus, the surface
energy of material can be estimated using AFM by measuring its adhesion force with

another material of a known surface energy by means of equation (4.6).

4.3 Experimental Procedure

4.3.1 Materials and Sample Preparation

To study the polymer particle-surface adhesion using AFM, two different polymer-
polymer systems were used. First, the system of a Polypropylene (PP) particle on the
Polystyrene (PS) surface was used and then a Polystyrene particle on

Polymethylmethacrylate (PMMA) surface was investigated.
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To prepare thin PS and PMMA films, solutions of PS/ CH,Cl, (Methylene chloride)
and PMMA/ CH,Cl, with different weight concentration (0.2 wt. %, 0.5 wt. %, 0.8 wt.
%, 1 wt. %, and 2 wt. %) were used. The solutions were spin-coated using the spin caster
WS-200-4T2 (Laurel Tech. Corp.) at 2000 RPM onto silicon wafers cleaned with ethanol
and chloroform. After spin casting for 1 minute, films were dried overnight in a vacuum

oven at 90 C to evaporate the remaining solvent.

To make PP particles in a diameter of about 10 um, two immiscible polymers (PP
and PS) were mixed to create a blend. Pure PS and PP pellets were obtained from
industry (see Table 4-1). Prior to their use, the PS and PP pellets were placed in the
vacuum oven at 80 C overnight to remove volatiles inside the pellets. The blend of PS/PP
with a weight ratio of 80/20 wt. %, and total sample mass of 1.5g, was mixed in the
Alberta Polymer Asymmetric Minimixer (APAM, see Fig. 4-4.) at 200°C and 10RPM for

10 minutes.

Fig. 4-4. Alberta Polymer Asymmetric Minimixer (APAM)

Due to interfacial tension between two immiscible polymers, some spherical PP particles

with a diameter around 10 um were obtained as shown in Fig. 4-5. After mixing of PS/PP
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pellets, the blend of PS/PP was cooled down at ambient condition for 3 min. A sample of
the blend was then diluted in CH,Cl, (methyl chloride) solvent in order to dissolve the PS
phase to isolate PP particles. To isolate PP particles from PS matrix, a syringe driven
filter unit (Pore size: 0.22um; Millipore) was used. As seen in the SEM micrograph of PP
particles in the filter (see Fig. 4-5), they were most likely to be embedded in pores of the
filter. This made it difficult to find particles using an optical microscope (the Zeiss

microscope) for attaching the particles to AFM cantilevers.

Fig. 4-5. (a)A SEM micrographs of morphology of PP/PS (20/80 wt. %) blend, (b) PP
particle obtained from the solution of PP/ C¢Hy(CHs),, (c) A SEM micrograph of
isolated PP particles using the syringe driven filter & (d) A picture of the filter surface
using the Zeiss optical microscope
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Another method was attempted to make spherical PP particles by means of
dissolving PP pellets in C¢H4(CHj3), (Xylene) and then evaporating the solvent. In this
case, 0.2 wt. % PP was dissolved in Xylene at 145°C for 2~3 hours. After evaporating the

Xylene solvent at room temperature, beads of PP were left on the substrate. However, it
was found that the surface of PP particles was too rough to regard them as perfectly
spherical particles. For this reason, we used spherical PP particles from Equistar
Chemicals, LP. (Houston, TX) and spherical PS particles from Bangs Laboratory, Inc.

(Fishers, IN) in this study.

Table 4-1. Properties of used polymers in this study

Polymer Supplier Molecular Glass Transition Densi Elastic Mean
( Abb(;e};iation) (Pro dlzllc):t No.) Weight Temp. ( g/cm?)/ Modulus Diameter
(M, g/mol) (Tg.°C) (MPa) (pm)
Pol len Equistar
° y%"lﬁ’)y 1€ Chemicals, LP. - - 0.909 - 10-12
(FP800-00)
Polystyrene  Bangs Lab. Inc. i i i
(PS) (PSO6N) 1.062 5.5
Polystyrene Dow o
(PS) (Styron 666D) 160,000 100°C 1.050 2916 -
Polymethyl
Methacrylate Atoglas 114°C 1.19 3086 -

(PMMA) (Plexiglas V826)

4.3.2 Surface Imaging and Pull-off Force Measurements

The topography and the roughness of polymer film were investigated directly by
Nanoscope 1II Multimode AFM (Digital Instruments) in the tapping mode. Scan size of
PS and PMMA films was 10x10 pm and 5x5 pm respectively. The scan rates were in the

range of 0.8~1.5 Hz. A single crystal silicon probe, which has a spring constant and a
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drive frequency of 40 N/m and 458 KHz, respectively, was used to scan polymer

surfaces.

For pull-off force measurements, a silicon nitride probe with triangular cantilevers
(Digital Instruments) was employed. A polymer particle was glued using the epoxy glue
on a cantilever with spring constant of 0.58 N/m. In the above polymer particle-surface
systems, pull-off force measurements were performed using Nanoscope III Multimode
AFM under ambient conditions. To determine the pull-off forces of polymer particle-
polymer surface for the system of a PP particle on the PS surface and the system of a PS
particle on the PMMA surface, up to 100 force measurements were carried out for each
system. Basically the contact point was adjusted after every five times of force
measurement. It is evident that multiple contact points were used for pull-off force

measurements.

Fig. 4-6. SEM images of polymer particles on the AFM cantilever glued by
epoxy glue a) PP particle (R=5pm) & b) PS particle (R=2.75um)

The ramp sizes (distance of piezoelectric movement in the direction normal to the

surface) and the loading range were slightly varied during the measurements. Thus, the
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measured pull-off forces were investigated as a function of the applied load. Since cast
polymer solutions of different concentrations were used to make thin film, film of
different thickness was obtained. The thickness of each film was measured by scratching
method using AFM, and the effect of polymer film thickness on the measured pull-off
forces was investigated. Since the roughness of surfaces in contact plays an important
role in determining the adhesion force, the effect of roughness dependency was examined
to better understand the influence of nanoscale roughness on adhesion between polymer

surfaces

4.4 Results and Discussions

4.4.1 Determination of Polymer Film Thickness

Accurate determination of cast film thickness plays an important role in many areas
of surface science. The thickness of cast film was measured to establish a relationship
with the pull-off forces. For thin films which are relatively soft compared to the substrate,
for instance, polymer films on silicon wafer, thickness was determined by scratching the
films and performing AFM imaging of the scratch. Each film made by spin casting was
scratched by a sharp blade with circumspection so that there was no damage to the silicon

wafer substrates. The scratch depths were then measured at different sections of the film.

Films, when cast from the same conditions, produce comparable film thicknesses.
The variation of thickness of PS and PMMA film cast with solutions of different
concentration is shown in Figure 4-8. Film thickness increases linearly from 15 to 240

nm as concentration increases from 0.2 wt.% to 2 wt.%.
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Fig. 4-7. Image of the scratch and its cross-section of PS film from 0.2 wt.-% solution. The
average film thickness is 14.1nm.

350
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B PMMA film [nm]
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Thickness of PS film [nm]

02% 05% 0.8% 1.0% 2.0%
Wt.-% of PS & PMMA in CH.ClI;

Fig. 4-8. Variation of thickness of the PS and PMMA films with concentration of cast
solution. The film thickness increases with concentration.
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We also see that there is a greater variation of the film thickness within the film as the
concentration of cast solution increases. This may result from the higher viscosity with
increasing concentration of cast solutions so that a decrease in film thickness is seen as
we move radially outward from the center of the samples. Since the scratches were
performed manually. Some experimental errors were expected in measurement. The
thickness of all sample films was also measured using Tencor Alpha-step 200 Stylus
Profiler in the Nanofab laboratory. These results were comparable with those obtained

from AFM imaging.

Table 4-2. Thicknesses of polymer film measured by; first row: scratching method using
AFM; second row: Alpha-step 200 Profiler.

0.2 wt.-% 0.5 wt.-% 0.8 wt.-% 1 wt.-% 2 wt-%
PS [nm] 14.4+1 54.4£6.5 94.1+13.2 124.3+11.9 226.2+24.2
17.0+£2.3 59.0+3.7 92.0+5.8 114.0+£5.8 232.5+10.5
PMMA [nm] 15.2+2.4 44 .317.1 76.9£9.6 113.5%11.7 232.5+12.5
17.0£2.4 37.5£2.5 68.8+2.2 110.0+3.5 228.8+4.1

4.4.2 Distribution of Measured Pull-off Force

To study polymer particle-surface adhesion, two systems of a polymer particle on a
polymer surface were investigated using AFM in the force mode. Scan rates for force
measurement were varied over a small range from 1.1-1.9 Hz to reduce
loading/unloading hysteris. The ramp size was in the range of 1250-2500 nm. The pull-
off forces were measured with various maximum applied loading. In the PP/PS system, a
small increase in pull-off force was found with increasing the load over the investigated
load rage of 10-400 nN as seen in Fig. 4-10. In case of the PS/PMMA system, the pull-off

force did not changed significantly with the load in the rage of 10-350 nN. With the PP
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particle, it can be demonstrated that the lighter loading leads to an incomplete contact
although there is no clear reason for this. As a result, it could cause inconsistent contact
area between the particle and the surface and hence errors in the force measurement. On
the other hand, the contact area is not expected to increase substantially with increasing
the loading force between the PS particle and the PMMA surface due to the rigidity of

both materials.

The measured pull-off forces for a PP particle on the PS surface and a PS particle on
the PMMA surface are shown in Fig. 4-9. The measured pull-off forces for two systems
are found to be in the range of 70-280 nN and 60-180 nN, respectively. The measured
pull-off forces for the PP particle-PS surface system increased with concentration of PS
solutions used for film preparation (i.e. greater film thickness). In particular, the pull-off
force increased up to 280 nN in the range of 124 nm and 226 nm thickness of PS film. A
similar trend was found in the system of PS particle on PMMA surface. However, the
measured pull-off forces for a PS particle on PMMA surface did not increase
significantly over PMMA film thickness range of 15nm and 233 nm. Nevertheless it was
observed that the pull-off force increased with the thickness of the cast film. It is evident
that the thickness of substrate film influences the adhesion force between polymer
particle and polymer surface. In order to see the effect of film thickness on the adhesion

forces, T-tests were carried out. The results will be presented in the next section.

A challenge in interpreting the results of adhesion force measurement is that the
adhesion values obtained are scattered over a range with a deviation of about 10 % up to
15 %. Although the measurements were done with identical experimental conditions,

sometimes different pull-off force values were obtained.
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Fig. 4-9. Cumulative distribution versus pull-off force of Polymer particle-surface (a) a PP
particle on the PS surface (b) a PS particle on the PMMA surface
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This poses challenge to obtain quantitative adhesion data via AFM force measurement.
Many factors must be considered, and one factor is asperities on the PP or PS particles
and the roughness of polymer films. The surface roughness is at least partially
responsible for the significant disparities in measured adhesion forces of polymer
particle-polymer surface. In a previous study [8], Biggs et al. showed that the measured
adhesion force of a PS particle on a PS surface is approximately 100 times smaller than
the predicted values. The Rabinovich model shows that the size, shape, distribution and
mechanical properties of asperities on surfaces affect the actual contact area, which is
directly correlated to adhesion forces. More details about the effect of nanoroughness on

the pull-off forces will be discussed in the next section

4.4.3 Determination of Surface Energy of Polymer Using AFM

As we discussed in JKR model, the pull-off force can be expressed as surface
energies by means of equation (4.6). We determined surface energies of polymers used in
this study, The surface energy of polystyrene was obtained from the pull-off force
measurements between the PS particle (R=2.75um) and a PS thin film made from the
solution of 2 wt.-% PS in CH,Cl,. The normalized pull-off forces for PS-PS system were
measured to be 507 mN/m. The surface energy of PS was then calculated to be 5.3+0.8
mJ/m®. These normalized pull-off forces are similar to the values from previous work
(35.942 mN/m), also determined using AFM [9]. With this surface energy for the
polystyrene, surface energies for each polymer were estimated by equation (4.6).

Calculated surface energies from pull-off force data for polymer samples are shown in

Table 4-3.

&3
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Table 4-3. Surface energies of polymers determined by pull-off force measurements and
Literature values

. Surface energy by current work Literature values [19]
Material [mJ/m?] [m)/m?]
Polystyrene 5.3+ 0.8 40.7
Polypropylene 2.0+0.3 293
Poly
(methyl methacrylate) 3.2£0.5 411

4.4.3.1 Discrepancies in Adhesion Measurement

As shown in Table 4-3, a difference of almost one order of magnitude between
calculated values from the measured pull-off forces in this study and literature values
from traditional methods (i.e. contact angle measurement) was observed. This deviation
may possibly be attributed to using larger probes for pull-off force measurements. In
general, using a larger spherical probe particle attached to the cantilever is likely to have
a rougher surface. This will reduce actual particle-surface contact area, and therefore,
significantly influence the measured pull-off forces. From previous work [10], surface
energies of polymers determined by the pull-off force measurements using a unmodified
sharp tip (R=70 nm) have been compared with those derived from contact angle
measurements. The two methods yielded close vales. On the other hand, the pull-off force
for PS-PS system using a PS bead is shown to be approximately 100 times smaller than
the literature value [8]. This finding indicates that the surface asperities have greater
effect in the system of larger particles in contact with a nanoscale rough surface. In
addition, multiple contacts during measurements may induce plastic deformation of

surface asperities.
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Contamination of the polymer particle and surface by adsorbates or dust is a problem
in the pull-off force measurements [22]. All force measurements should be carried out
with a cleaned probe and surface. However, probe and surface samples are usually
contaminated during measurements. Moreover, as shown by the SEM micrograph of a PP
particle on the AFM cantilever (Fig. 4-6), the particle was already partially contaminated
by dust particles during sample preparation. Surface contamination of a particle and
surfaces occurs during the probe preparation, sample storage and experiment. As a result,
the pull-off forces were initially high due to necking between dusts on the particle and the
surface, whereas the forces were usually lower after samples were cleaned via UV-
radiation exposure. This demonstrates that the contamination on surfaces has an effect on

the adhesion forces and should be minimized.

4.4.4 The Effect of Film Thickness on Pull-off Force of Polymers

As mentioned previously, the measured pull-off force increases with increasing the
thickness of film. However, the results do not agree with an analytical approach by the
JKR theory. For a spherical particle-flat surface interaction, the pull-off force is
proportional to the radius of the particle and independent of the film thickness in the JKR
theory. Although the JKR theory has been mostly used to calculate the adhesion energy
from the pull-off force in a polymeric particle-surface system in previous studies, there
are some issues in using the JKR equation. It is assumed in the theory that the adhesion
energy is a constant over the contact area and does not change with either the time of
contact or the load applied between the contact surfaces. This assumption is

controversial and sometimes not true. When the adhesion energy changes with both the
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load and the loading time, the JKR curves between load and contact area do not coincide

for loading and unloading [11,12,13].
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Fig. 4-11. Graph of the normalized pull-off force (by the radius of the polymer
particle) versus film thickness (# value is the normalized pull-off force for PS/PMMA
system from a previous study [9])

Recently, Yang [14] has analytically shown that the pull-off force is independent of
the film thickness for the system of rigid sphere-thin film under assumption of the contact
radius much larger than the film thickness. The contact radius is proportional to 1/3
power of the sphere radius and the square root of the film thickness when the sphere is
detached from the film. In a conical indenter system, however, the pull-off force depends
on the film thickness. For a friction condition between a film and a substrate, the pull-off
force is proportional to the square root of the film thickness, while it is proportional to
3/4 power of the thickness for the fully contact condition between them. Unfortunately,
we have not investigated the contact area when the polymer particle was loaded on the
surface. Consequently, the ratio of the contact radius to the film thickness was not

precisely determined in this study. Thus, it is not apparent whether this analytical
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approach can be applied to the polymeric systems since the polymer particles used might
also deform. The contact interface between the rigid indenter and the thin film is assumed
to be frictionless in the Yang’s analysis. The dependence of the film thickness on the
pull-off force is not clearly understood. A better approach should consider the effect of
sticky contact between a polymer particle-polymer surface system.
4.4.4.1 T-test of Pull-off Force Results

In order to ensure the effect of film thickness on pull-off force, an attempt was made
to compare statistically pull-off force results between different film thicknesses. An
independent two-sample t-test was performed using statistical software, MINITAB
(Minitab Inc.) From t-tests in PS/PMMA system (see Appendix I for t-test results), we
found there is no data difference of pull-off force results (p-value > 0.05) between cases
for 95 % confidence when 114 nm and 233 nm thickness PMMA film were used. As a
result, the pull-off force in PS/PMMA system is slightly increased and then reaches a
critical value in the range of 114 nm and 233 nm thickness of PMMA film. In the case of
the PP/PS system, it is evident that pull-off force increases in the range of 14 nm and 226

nm of PS film with 95 % confidence.

4.4.5 The Effect of Surface Roughness on Pull-off Force of Polymers

Nanoscale surface roughness significantly affects the adhesion forces between
surfaces. Since the size, shape, distribution and mechanical properties of asperities on
surfaces affect the actual contact area, the adhesion forces are directly affected. Rumpf
[15] proposed the effect of nanoscale surface roughness on the adhesion forces. However,
the radius of the asperity, r, is not easily measured in practice. Rabinovich et al. [16]

modified the Rumpf model to determine the adhesion forces with root-mean-square
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roughness (rms) instead, which can be easily measured. The modified Rumpf model is

then expressed as:

AR 1 1
- = + . (4.8)
ad ~ 6H2 |1+ R/(1.48rms) (1+1.48rms/ H,)

where A is the Hamaker constant, R is the radius of the contacting particle and r is the

radius of the asperity, and H,is the distance of closest approach between surfaces in

contact, approximately 0.3 nm. In this model, the first term in the bracket represents the
interaction of the particle in contact with the asperities on the surface whereas the second
term in the bracket expresses the “non-contact” force between the adhering particle and
flat surface that are separated by a distance equal to the radius of the asperity. However,
the roughness of the experimental surfaces is not adequately described by the geometry
proposed in the Rumpf model. For this reason, Rabinovich et al. have proposed a new
model that more accurately describes the geometry of roughness on the surface. The

proposed model is expressed as:

Foo- AR 1 + 1 (4.9)
2 2

ad  6H; |, S8R(rms,) 58R(rms,) [, 1.82rms

e (1+ 1)1+ 2

2 A H,

The first roughness to be defined, rms, , is associated with the longer peak-to-peak
distance, A, , which is the width of the asperities. The second, rms, , occurs on all samples

and has a peak-to-peak distance, 4, , of approximately 250 nm. This equation is based on

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘the van der Waals interactions and the modified Rumpf model with the improved

geometrical consideration.

As we discussed in the previous section, a difference of one order of magnitude
between the calculated surface energies (or the work of adhesion) from measured pull-off
forces and literature values was observed. This could be due to the nanoscale roughness
of the surface on the adhesion force. In other studies, it has been demonstrated that the
asperities on a substrate comparable in size to a particle in contact can increase or reduce
the actual contact area. [15,16,17,18,23,24,25] In this section, we compare the measured
pull-off forces to that predicted by Rabinovich model in order to investigate the effect of

the nanoscale roughness of the sample surfaces on the adhesion forces.

4.4.5.1 Surface Roughness Analysis for Polymer Surfaces

To determine the surface roughness of polymer films, three images of PS and
PMMA films were scanned by AFM at a scan size of 10x10 um and 5x5 pm,
respectively. The roughness of surface was calculated using the root mean square (RMS)

roughness given by:

Z(Zx - Zave)2
N

RMS(R,) = \/ (4.10)

where Z, is the current Z value, Z,, is the average of the Z values (Z-axis representing

topographical feature height), and N is the number of points within the given area [17].

Since each film was prepared by spin-casting, the surface roughness was less than 1 nm
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in all polymer films. From surface roughness profiles obtained using AFM, the

parameters of rms, and A, were zero in all polymer surfaces.

o
o
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Fig. 4-12. A surface roughness profile of PS film with about 230 nm thickness; in all
polymer films used in this study, the parameters of rms, and 4, can be regarded as
zero. (Height data scale: 10 nm)

The second root mean square roughness, rms, , was obtained from the analysis of all
images of each film. It varied from 0.3 to 0.6 nm, which is very close to that of silicon
wafer, 0.17nm [18]. It was expected that the roughness of the surface should be
proportional to the thickness of the deposited film. However, the RMS did not increase
with thickness of the film. Since PS and PMMA are amorphous polymers, the roughness
of the polymer film prepared by spin-casting did not depend on the thickness of polymer
film. The RMS was inconsistent due to partial contamination on the surface. The second
peak-to-peak distance, 4,, is taken as approximately 250nm according to Rabinovich’s

work.

4.4.5.2 Comparison of Measured Pull-off Forces to Rabinovich Model
Comparison of measured pull-off forces to the modified Rumpf model and

Rabinovich model is shown in Fig. 4-13. To calculate the adhesion forces by two models,
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Hamaker constants for the polymers used were found from literature [19]. From the
graph, we see that the modified Rumpf model underestimates the pull-off forces in the
systems investigated in this study. It should be noted that the Rumpf model predicts a
decrease of more than two orders of magnitude in spite of only 1 nm increase of RMS in
the current systems. This is because the first term, the contact term, in equation (4.8)
dominates. On the other hand, the experimental values are found to be close to the values
calculated by Rabinovich model except for the cases of a PP particle on the PS film made
from 0.2 and 0.5 wt.% solutions. While the contact term proportionally dominates the
adhesion force calculation with increasing RMS roughness in the Rumpf model,
Rabinovich defines two scales of RMS roughness in geometry of the surface and thus,
does not have the same limitation. As a result, Rabinovich’s prediction provides closer

values to our measured values than those calculated by the Rumpf model.

o Pull-off forces of PP/PS
! o Pull-off forces of PS/PMMA
| ceignmem RAbiNOViCh model for PS/ PMMA
: Rabinovich modelfor PP/PS
== = == Rumpf modelfor PS/PMMA {
w w = RUMpf modelfor PP/PS I

1000
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Calculated Pull-off force by
Rabinovich model [nN]
o
o
s
/
o

o
!
[
)
y

RMS [nm]

Fig. 4-13. Comparison of measured pull-off forces with values predicted by the
modified Rumpf model and the Rabinovich model. The surface roughness affects the
dramatic decrease.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This result proves that the secondary roughness plays a significant role in controlling the
adhesion force, especially where the radius of a particle in contact is much larger than the
surface roughness. In this investigation, we assume that the van der Waals forces nearly
dominate the polymer particle-surface interactions because all the samples are nonpolar
polymers. Therefore, Rabinovich model is used to predict the adhesion force. However,
we still note a discrepancy between the theoretical and measured values. A reason for the
discrepancy is that the local deformation of the particle or the surfaces of polymer is
ignored. A precise Hamaker constant is also required to determine adhesion forces in
Rabinovich model. Frank et al. [20] have revealed that the physical properties of spin-
cast polymer films can differ substantially from those of corresponding bulk materials
and the Hamaker constant derived from the refractive index value of thin polymer films is
lower than that of bulk materials from the literature. In addition, the roughness of the
particle surface was not investigated. Several studies have reported that asperities on a
compliant particle will flatten out during the force measurement with high loads [21]. It is
not clear that this would happen in our systems since plastic deformation was not
confirmed. However, we suspect that plastic deformation at nanoscale does occur. To
better analyze the adhesion forces, plastic deformation should be also considered since it

causes an inconsistent contact area between a particle and surface.

In spite of some defects, the Rabinovich model gives a more accurate value
compared to the nearly 5-10 times overestimation of adhering by other models such as
the JKR model. It will be demonstrated that a significant decrease of the adhesion force
over a factor of five was experimentally observed due to surface roughness as small as

1nm.
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4.5 Conclusions

Polymers are widely used in many applications in industry. Atomic force microscopy
has been recently developed for the technology of surface analysis and has provided
abilities for the study of surfaces and their interactions at the nanometer level. Recently
many experimental techniques to characterize properties of polymer have been improved
by using AFM, since surface composition and topography play an important role in
properties of the polymer. The contact mode in AFM where the tip scans the sample in
close contact with the surface is the common mode used in AFM while the tapping mode
has been developed for high-resolution topographic imaging of sample surfaces that are
easily damaged, such as polymer thin films. AFM force-distance curve analysis can help

characterize the properties of polymer surfaces.

AFM can also be used to determine adhesion forces between polymer surfaces. The
measured pull-off force can be used to provide a local estimate of surface energy of
materials. Two systems of polymer particle-polymer surface have been investigated to
determine the adhesion force by means of the pull-off force measurement using AFM.
The results show a range of adhesion forces between 70-280 nN for the PP/PS system
and 60-180 nN for the PS/PMMA system. However the results are scattered over a range
of values in both systems. This could occur due to various factors such as maximum
applied load, loading/unloading cycle, sample contamination, and asperities on the
sample surfaces. Thus, more systematic work is needed to fully reproduce the results. It is
also found that the measured pull-off force increases with increasing polymer
concentration of the cast solution (i.e. film thickness). Therefore, the thickness of the

polymer film may affect polymer particle-polymer surface interactions. At present, we
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can not clearly explain the dependence. We found a difference of almost one order of
magnitude for the values of the measurement pull-off force when compared with the
calculated values by JKR model. Once again, this discrepancy depends on surface
roughness (relative to the curvature of the tip), tip shape uniformity, and other factors.
For this reason, the effect of roughness of the sample surfaces on the adhesion force has
been considered using the Rabinovich model. Unlike the JKR model, the Rabinovich
model matches closely with the measured pull-off forces. It is evident that the surface
roughness influences the adhesion force due to the reduction of actual contact area.
Therefore, surface roughness should be taken into account when interpreting the adhesion

force.

Compared the work of adhesion measured from the pull-off force with the fracture
energy in PS/PMMA system, 10°~10* orders of magnitude were observed. A dependency
is mainly attributed to the mechanism of entanglement at the interface when the DCB test
was used to determine the intrinsic adhesion. This indicates that a direct measurement
using AFM is a very attractive technique for determination of the intrinsic adhesion,
especially at microscopic or sub-microscopic levels. AFM technique provides a

promising approach for studying polymer surfaces and adhesion.
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CHAPTER S

Influence of Interfacial Adhesion on Impact Properties of Polymers

5.1 Introduction

Blending two or more polymers or copolymers is a widely accepted method for
producing new materials in industry. Such a process often provides a new material having
better properties than its constituents due to desirable combination of characteristics, e.g.,
impact strength. Impact strength is one of the most important mechanical properties of
polymer blends since it determines to a large extent, the utility of these materials in
consumer applications. In general, the interfacial adhesion between the dispersed
particles and the matrix plays an important role in the toughening of polymers. The effect
of interfacial adhesion on the impact strength has been of great interest because low
adhesion at the interface due to high interfacial tension may lead to poor mechanical
properties. For a constant interfacial adhesion, it has been shown that the impact strength
is influenced by morphological parameters. It has been found that several characteristics
of a polymer blend such as the size of dispersed particles, the size distribution and

volume fraction of dispersed particles influence the impact properties of a blend [1].

In this chapter, we will investigate the morphology of a polystyrene/polypropylene
blend with different weight ratio compositions and the influence of interfacial adhesion
between the dispersed phase particles and the matrix phase on the mechanical properties
of the blends, especially impact strength, and the change of the properties experienced

upon the addition of a compatibilizer into the polymer blend. In addition, the effect of
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particle size and the interparticle distance of the minor phase blended with the

compatibilizer in the matrix phase will also be presented.

5.2 Toughened Polymers

Glassy polymers, such as polystyrene have properties which are suitable for many
applications but they mostly tend to be brittle particularly when notched or subjected to
high strain-rate impact loading. For this reason, toughened polymers have been
developed in which a glassy polymer matrix is toughened by means of blending with a
second rubbery phase which is dispersed as particles in the glassy matrix. The particles
are usually spherical and the second phase is above its glass transition polymer, 7, (i.e.,
rubbery polymer). This can lead to a significant enhancement in the mechanical behavior

of the polymer.

A well-known example is high impact polystyrene (HIPS), in which the addition of a
small amount of co-polymerized polybutadiene provides a considerable improvement in
elongation to failure. In general, the failure mechanism for such polystyrene is crazing.
This crazing involves the absorption of energy, and most methods of toughening brittle
polymers involve modifying the polymers to obtain high levels of crazing or shear
yielding. This is done by addition of spherical rubber particles that have a Young’s
modulus about 3 orders of magnitude lower than that of the matrix glassy polymer [2].
This causes a stress concentration near the equators of the particles while mechanical
deformation occurs. This stress concentration leads to crazing around every particle and
consequently stress distributes over a large volume of material rather than just at the

crack tip. Thus, the polymer can absorb a large amount of energy during deformation.
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It has been reported that there are many factors that influence the molecular and
morphological structures of the rubber-toughened polystyrene. The most important
characteristics of these two phase blends are molecular weight of the matrix, phase
volume ratio, particle size, size distribution, interfacial bonding, and rubber crosslinking
density. In general, the impact strength of the rubber/PS blend increases with increasing
rubber phase volume, but good adhesion between the rubber particles and the PS matrix
is critical. If the interfacial adhesion between the rubber particles and the PS is weak, it
leads to formation of voids at the interface and to initiation of cracks [3,4]. In studies on
toughening PS, it has been reported that rubber particles of 1 to 3 pm in diameter and
strong interfacial adhesion are required for effective toughening [5,6]. More recently,
many studies have shown that toughening of PS is effective with bimodal rubber particle
size population if most particles are below 1um [7,8]. Moore studied rubber-reinforced
polystyrenes prepared by graft copolymerization using various butadiene polymers and
copolymers, and concluded that a particle size of over 2 um with a polybutadiene
molecular weight of over 110,000 was required to obtain significant reinforcement [9]. In
the other work, it was found that the optimum rubber particle size for toughening PS was
influenced by the interfacial adhesion, with the best results obtained for 0.2 um particles
of acrylonitrile— butadiene rubber [10]. As a result, it shows there are conflicting results
in the literature with respect to particle sizes, particle distribution, and the importance of
interfacial adhesion. Nevertheless, though the previous experimental results in the
literature seem to be inconsistent due to various factors, three conditions are agreed upon

to be essential to produce a toughened polymer [11]:
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(1) The glass transition temperature of the elastomeric component should be
well below the test temperature. To have good impact strength at room
temperature, the rubber should have a T, at least 20-40°C lower, to
compensate for the high rate of deformation in an impact test.

(11) The elastomeric material must form a dispersed phase in the brittle polymer.

(iii)  There must be good adhesion between the two phases.

As mentioned earlier, combination of different polymers into multiphase systems has
been performed to produce new attractive materials. Despite enhanced performance of
blends of different polymers in industry, the advantage is not evident if there is weak
interfacial adhesion and poor stability of the dispersed phase. The incompatibility
between two components in blends leads to a sharp and weak interface giving poor
mechanical properties. In addition, high interface tension and low adhesion between two
phases give poor stress transfer across the interface in that a fracture path may
preferentially follow the weak interface between the polymer phases. This poor
interfacial adhesion can be modified by the addition of compatibilizers which can
significantly improve the mechanical properties of the blends. Adhesion can be
improved by increasing the similarity in solubility behaviour of the two components by
using a copolymer for one or both of the polymers. For the blends of PS/PP, polystyrene-
block-poly(ethylene-butylene)-block-polystyrene (SEBS) or ethylene vinyl acetate (EVA)
can be used as the compatibilizers to enhance phase adhesion. As seen in Fig. 5-1, SEBS
is a thermoplastic triblock copolymer composed of a rigid segment, polystyrene, and a
compliant rubbery segment, poly(ethylene-butylene) (PEB) in chemical structure. Thus,

SEBS adheres to both PS and PP components of the blend due to the affinity of the end
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blocks with PS component and the expected affinity of the EB (ethylene-butylene)

midblock with PP [12].

(CH2-CH)X-[(CH2-CHz—CHz-CHz)m-(CHz-lCH)n]y(CHZ—CH)Z
CH2-CHs

Fig. 5-1. Structure of poly(styrene)-block-poly(ethylene-butylene)-block-poly(styrene)
(SEBS). The polymer used in this work contains 30% of PS and 70 % of PEB copolymer

In the case of using EVA as a compatibilizer, both affinity and polarity concepts are
important. In general, free radicals have a tendency to gain or loss electrons, and hence
they have the character of being electrophilic or nucleophilic. A free radical electrophilic
reaction is caused by electron withdrawal, whereas a free radical nucleophilic reaction is
caused by electron release. An electrophilic radical will then add to a monomer
containing an electron releasing group, while a nucleophilic radical acts reversely. In
EVA copolymer, the vinyl acetate group tends to withdraw electrons, while in
polystyrene the phenyl group tends to release electrons. The transition states for addition

to the opposite monomers are thus stabilized [13].

o+ o—
-CH,-CH + CH,=CH —»-CH>-CH----.CH,—CH

| |
@ CH,CO0 CH;CO0

Fig. 5-2. Free radical reaction in polystyrene and vinyl acetate group. The phenyl group
releases the electrons and the vinyl acetate group withdraws the electrons.

Impact strength is one of the most important mechanical properties of polymer

blends and it has generated great interest since it determines the utility of these materials.
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Impact testing is generally performed with a swinging or a dropping weight. The
objective of these tests is to measure the amount of energy transferred or lost from the
striking body. For bodies without flaws or notches, the transferred energy consists of
energy to initiate a crack and energy to propagate a crack. The two common swinging
weight impact test methods are the Charpy and 1zod methods which have been widely
used to measure in past. In these methods, a notched bar or an unnotched is impacted by a
striker-pendulum released from a standard height. The difference between the starting
height of the weight and the height that the pendulum swings past the impact is a measure
of the amount of energy absorbed by the impact. The shorter the after-swing, the greater
the energy absorbed by the specimen and hence the greater impact resistance or
toughness. The absorbed energy is expressed per unit cross section area of specimen.
Recently the drop-weight method has been preferred for impact testing of materials
because a greater range of testing parameters is possible and the results are more readily

analyzed. A typical drop-weight testing apparatus is shown in Fig. 5-3.

A ra
Wi N
- < Electromagnet
< 2 Weights
< Tup
L
Load cells
// .
/Spemmen

Fig. 5-3. Drop weight impact tester
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Drop-weight testing has important advantages compared to other impact tests. [14]

@) It is applicable for molded samples, molded parts, etc.

(i) It is unidirectional with no preferential direction of failure. Failures originate
at the weakest point in the sample and propagate from there.

(iii)  Samples do not have to shatter to be considered failures. Failure can be
defined by deformation, crack initiation, or complete fracture, depending on
the requirements.

In this drop-weight impact test, impact energy depends on the mass and the drop
height, and impact velocity. The mass may remain consistent while the drop tower
heights are changed slightly to obtain different impact energies and different impact
velocity values. On the other hand, the mass may be changed and the drop tower height
kept constant to obtain different impact energy values at a constant impact speed. Thus,
drop-weight impact test is carried out either under conditions where the impact energy is
far in excess of that required to penetrate the specimen or at low levels of impact energy

so that damage resistance and the possible initiation of a crack can be observed.

5.3 Experiments

5.3.1 Materials and Blends Preparation
The polymers used in this study were a matrix of polystyrene (MFI 8.0 g/10min)

provided by Dow Chemical Co. (styron 666D) and a minor phase of polypropylene (MFI

1.6 g/10min) supplied by ATOFINA Petrochemicals, Inc. (ATOFINA polypropylene)

The blends of PS and PP were prepared by melt extrusion in a 25mm-diameter Mega
twin-screw extruder (Coperion Corp., Model: ZSK-25) at 100 rpm with different weight

compositions. The total feed rate of materials was 3.0kg/h and each feed rate of PS and
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PP were changed to obtain the required blend composition. Mixing speed was also
investigated in the range of 100-250 rpm with a fixed weight ratio (80/20) of PS/PP blend
in order to vary the PP particle size. The temperatures of barrels 1~9 in the extruder were
room temperature for barrel 1, 180°C for barrel 2, and 200°C for barrel 3~9, respectively
and the die pressure for all runs was between 120~160 psi. The blends were then
immediately quenched in a water bath and subsequently pelletized. The pelletized blends

were dried in a vacuum oven overnight at 80 C to remove remaining volatiles inside the

pellets. To investigate the effect of compatibilizer, polystyrene-block-poly(ethylene-
butylene)-block-polystyrene (SEBS), triblock copolymer containing 30 % styrene content
was used in this study. The SEBS supplied by Shell Chemical Company (CAP-75G) was
mixed into PS/PP (80/20) blend with different compositions (6.7 % wt.%, 12.5% wt.%,
and 17.6 % wt.%) in the twin extruder at the same processing conditions as when
prepared for binary blends of PS/PP. For impact testing, 6.7 % wt.%, 12.5% wt.%, and

17.6 % wt.% SEBS were used to prepare the compatibilized PS/PP blend specimens.

Table 5-1. Properties of used polymers in this study

Glass Melt Flow
Polymer Supplier Molecular weight Density Tem Index
(Abbreviation) (Product No.) (M,,, g/mol) (kg/m’) (T og) (MFI,
£ g/10min)
Polypropylene Atofina 942 (25°C)*
(PP) (Atofina PP) 60,000 817 200°C Y 23 1.6
Polystyrene Dow 1050 (25°C )*
(PS) (Styron 666D) 160,000 1035 200cy 1% 8.0
Styrene-ethylene/ Shell
butylenes-styrene (CAP-75G) 75,000 920(200C )° - -
(SEBS)
a. Provided by supplier
b. Calculated according to Van Krevelen [38]
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After preparing binary PS/PP blends and ternary PS/PP/SEBS blends, the pelletized
blends were moulded with Teflon sheets using a Carver Model C laboratory press under 2
tons of loading pressure using an aluminum mold into 10cm x 10cm plate with a
thickness of 3 mm. This plate was trimmed to prepare specimens for impact testing. The
molding temperature was 200°C and the preheated time of 7 min and the annealing time

of 5 minutes were applied.

5.3.2 Impact Test

Impact strength of unnotched samples was measured using a drop weight impact
tester, model Instron Dynatup-8250. The samples were impacted at 3.0 m/s at room
temperature. The hammer mass of 1.813 kg was used to generate the maximum load up
to 1.557kN, respectively. The time of range of 15 msec was recorded the load histroy.
Five samples were tested in each case at identical experimental conditions and their

average impact energies were calculated.

In this drop weight impact test, load-time or load-displacement curves are used to
investigate the impact properties. The initial peak in load-time curves corresponds to the

crack initiation. The trace beyond the maximum load corresponds to crack propagation.

The area under the load-time curve, det , is called the impulse, where P is the load.
Displacement using the load measurement can be obtained based on Newton’s 2™ Law:
mg — P(t) = ma(t) (5.1

where g is the acceleration due to gravity, m is the mass of falling weight, and a is the

acceleration of falling weight. Using equation (5.1), we can have
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a(r) = g—%P(t) 52)

t

v(t) = j a(f)dt (5.3)
0
t

x(t)= [v()at (5.4)
0

Thus, total absorbed impact energy is calculated by the integration of the product of load
and velocity with respect to time. The total energy absorbed during impact is given by
then [22]:

y

E= ijdz (5.5)
to

where fy is the time of initial impact, usually considered as 0, and # is the time for
completion of penetration. The impact energy consists of the initiation energy, E; and the
propagation energy, E,. In this study, this total absorbed energy during impact is

employed to compare to the impact property of each polymer blend.

5.3.3 Analysis of Interfacial Adhesion

Unfortunately, there is no satisfactory method to measure the interfacial adhesion
between the matrix phase and the dispersed phase particles. Thus, the relative
measurement of PS surface/PP particle interfacial adhesion was carried out using Atomic
Force Microscopy in a previous chapter. The varying degree of interfacial adhesion

between two phases in the blend can be obtained by changing the level of compatibilizer
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due to the modification of the interface. To investigate the influence of compatibilizer for
the interfacial adhesion in PS/PP blend, the PS surface was modified by spin-coating a
layer of copolymer with thickness approximately the radius of gyration, R,. A dilute
copolymer solution was employed to make a thin film on the PS surface. The work of
adhesion calculated by the pull-off force measurement using AFM was then compared to
that of uncompatiblized PS/PP system. This data was used to investigate the effect of

interfacial adhesion on the increase in impact properties in compatiblized PS/PP blends.

5.3.4 Scanning Electron Microscopy (SEM) and Images Analysis

To analyze the morphology of blends, particle sizes and interparticle distances, the
specimens were cryogenically fractured and attached to an SEM sample holder using
carbon tape. They were then carbon coated with a sputtering machine and imaged in a
scanning electron microscope (SEM, Hitachi S2700). Images with 300 up to 400 PP
particles were taken for each system and investigated by using SigmaScan Pro5, an image
analysis program (SPSS Inc.), to obtain average particle sizes. To measure the diameters
of the dispersed phase, this study was followed by a method in previous works [16,17].
The particle size of the dispersed phase was measured with SigmaScan Pro5 software.
The area of each particle was determined and the equivalent diameter was obtained by

assuming that the particle cross-section was circular in shape, i.e.:

D,, = \/g (5.6)

This equivalent diameter (D,,) was used to obtain the number average diameter (D,) and

volume average diameter (D,):
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D, =izl (5.7)
n
C 4
ZDeq,i
D, =it : (5.8)
zDeq,i
i=1

where n is the number of particles. More than 300 particles were used to determine the

average diameter of each blend. The polydispersity of particle was determined as D,/D,.

The shape factor of the particles was also calculated. It was determined from47z x 4/ P2,
where A4 is drop area and P is drop perimeter. A perfect circle has a shape factor of 1.00
and a line has a shape factor of 0.00. The shape factor for dispersed particles obtained
from the SEM micrographs was close to 0.86, suggesting that the particles were regarded
as spherical shape. The uncertainty on the average diameter measurements by this
method is £10% [16]. These number average diameter (D,) and volume average diameter

(Dy) are used as average particle size throughout this study.

5.3.5 Transmission Electron Microscopy

Samples for PS/PP (80/20) blend with different concentrations of the compatibilizer
were cut by an ultramicrotome at room temperature, and the surfaces obtained were
investigated using transmission electron microscopy (TEM) and atomic force microscopy
(AFM). The cross section of the blends with a thickness 60~80 nm was imaged using a

Hitachi H-7000 TEM.
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5.4 Results and Discussions

5.4.1 Morphology study of Polymer Blends

When two incompatible polymers are blended during melt extrusion, one phase is
mechanically dispersed inside the other. In other words, one component forms the
discrete phase in the other component forming the continuous phase. Therefore, the two
incompatible polymers remain separated and form a two-phase system. The discrete
phase size is influenced by composition, viscosity ratio and elasticity ratio of the
individual components, shear stress, and the interfacial tension between the components
[15,16,18]. A characteristic of most immiscible polymer blends is that they spontaneously
separate into phases of different compositions. The morphology and the adhesion
between components significantly affect the useful physical and mechanical properties of
the blends. For uncompatibilized blends such as PS/PP blends, the final particle size
increases with the dispersed phase content due to increased coalescence. The particle size

distribution also becomes wider at high concentrations of the dispersed phase [19].

In first, SEM analysis was carried out with cryogenically fractured specimens. The
micrographs of each sample are shown in Fig. 5-4. All micrographs show a high
incompatibility between two polymer phases. As shown, a sharp interfacial boundary still
exists even in all cases. In addition, the discrete particle sizes tend to increase with
increasing dispersed phase content due to coalescence and eventually a co-continuous
phase is detected for PS/PP (50/50) blend. More irregularly shaped holes and a particle
size distribution are also shown as the dispersed phase increases. It is obvious that the
domain size of particles (PP) is smallest when the dispersed phase content is least.

Coalescence occurs during processing at higher contents of the dispersed phase, resulting
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in the larger particle size [18]. Void holes in the matrix are found in all of PS/PP blends

indicating a poor adhesion between two phases.

On the other hand, Fig. 5-5 shows a reduction in the size of PP particles and a better
distribution of the particles in PS matrix by adding a 6.7% wt.% of SEBS to the PS/PP
blends, when compared to uncompatibilized blends. In incompatible PS/PP blends, a two-
phase morphology with dispersed PP particles in the PS matrix is detected due to high
interfacial tension and coalescence. However, rough fracture surfaces deformation, and
much finer dispersion are observed in the micrograph of compatibilized PS/PP blends.

The analysis of particle size and particles distribution will be present in the next section.

For the PS/PP (50/50) blend, the co-continuous morphology of the PS/PP/SEBS
blends is quite different from that of the uncompatibilized PP/PS blend. A new irregular
phase forms, which tends to envelop small PP particles, and areas of co-continuity are
also found but on a much finer scale when compared to uncompatibilized PS/PP blend.
Not only the reduction of interfacial tension but also the distribution of SEBS in PS and
PP phases changes the viscosity ratio and influences the morphology development. The
fracture surface exhibits a level of plastic deformation, the presence of stretched and
broken fibrils of material, which suggests the blend should have a higher strain and
toughness. In micrographs of fracture surfaces of compatibilized PS/PP (70/30), we see
very small irregular particles embedded strongly in the matrix. Unlike the fracture path in
uncompatibilized PS/PP blends follows the phase boundary, in the compatibilized blends

perspicuous fractures are mostly observed in PS matrix.
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X‘%
Fig. 5-4. Morphology of PS/PP blends with different weight ratios. (a) 50/50, (b) 70/30,
(c) 80/20, (d) 90/10 PS/PP blends

Fig. 5-5. Morphology of PS/PP blends with addition of 6.7% wt.% SEBS as a
compatibilizer (a) 50/50, (b) 70/30, (c) 80/20, (d) 90/10 PS/PP blends
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(b)

Fig. 5-6. The enlarged micrographs of PS/PP blends with addition of 6.7% wt.%
SEBS (a) 50/50, (b) 70/30, (c) 80/20, (d) 90/10 PS/PP blends. The dispersed PP
particles connected to the matrix PS are observed in circles.
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micrometers

(d)

Fig. 5-6 (cont’d). The enlarged micrographs of PS/PP blends with addition of 6.7%
wt.% SEBS (a) 50/50, (b) 70/30, (c) 80/20, (d) 90/10 PS/PP blends. The dispersed
PP particles connected to the matrix PS are observed in circles. .
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Furthermore, the phase structure of uncompatibilzed blends is coarser compared with
compatibilized blends. This means the presence of a compatibilizer led to a finer structure.
The fracture surface also shows a pattern that infers different fracture propagation due to
the incorporated copolymer. Reduction of particle size and better dispersion of particles
were found in the compatibilized PS/PP (90/10) blend. The fibrils connecting the matrix
and the dispersed particles, were not clearly observed by the compatibilizer in all PS/PP
blends containing SEBS. In some cases, the fibrils connecting the matrix and the
dispersed particles were found in the high magnification SEM micrographs of 90/10
PS/PP blend. Noolandi [20] has theoretically revealed that this copolymer is placed at the
interfacial area between phases in a polymer blend, increasing the adhesive strengths. On
the other hand, micelles were also observed in all blends with the addition of SEBS. This

indicates that the rest of the copolymers tend to form micelles in the matrix phase PS.

To investigate the effect of SEBS content on morphology modification of PS/PP
blends, different concentrations (1 wt.%, 2wt.%, Swt.%, 6.7 wt.%, 12.5 wt.%, and 17.6
wt.%) of SEBS were used in PS/PP blends with the fixed weight ratio 80/20.
Micrographs of compatibilized blends are shown in Fig. 5-7. As the content of SEBS
increases in the blend, the dispersion of particles increases and their size is decreased.
This finding demonstrates a better interfacial adhesion and emulsification is obtained by
increasing SEBS content. The decrease in size of the dispersed PP particles as well as a
new irregular reticulate morphology was observed in compatibilized blends. This
behavior was evident as the content of compatibilizer increased in the blends. This
suggests that critical amount of a compatibilizer is located at the PS/PP interface, and

after saturation of the interface, the rest of the compatibilizer, SEBS in this study, is
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distributed in homopolymers, mainly in PS. Such modified morphology also has been
found by Sciamanna et al. [25]. They have studied the effect of addition of different
compositions of several types of styrene-butadiene-styrene (SBS) triblock copolymers,
with different content of styrene, to a fixed weight ratio of PS/PP blend. They have stated
that styrene content in the SBS and hydrogenation are important factors to improve the
interfacial adhesion of PS/PP blends. The SBS envelops PP particles and connects them

into complex PP/SEBS aggregates with a reticulate morphology.

Similar to the SBS copolymer, SEBS consists of the two rigid PS blocks attached by
the flexible PEB block. Thus, the styrene block is compatible with PS and the EB block is
compatible with PP by an interface layer that enhances the compatibility between PS and
PP components. In other words, SEBS can reduce the interfacial tension and improve
interfacial adhesion between PS and PP phases. In some cases, SEBS fibrils connecting
PP and PS phases were found in high magnification SEM micrographs; however, they
cannot clearly distinguish the SEBS phase in the blend. The formation of micelles in the
matrix phase PS was also observed. In fact, SEBS is more likely to form micelles or

mesophases in the blend as the content increases.
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Fig. 5-7. Morphology of PS/PP (80/20) blend containing (a) 1 wt.% (b) 2 wt.% (c) 5 wt.% (d)
6.7 wt.% (e) 12.5 wt.% and (f) 17.6 wt.% of SEBS. The fibrils connecting the matrix and
the dispersed particles, was observed in PS/PP blend with addition of 1 wt.% and 2
wt.% SEBS.
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5.4.2 Mechanical Compatibilization of Polymer Blends

In general, blending of a brittle high-modulus polymer with a ductile polymer with
proper interfacial adhesion leads to improvements in mechanical properties (i.e. tensile
and impact behavior). However, blending of PS/PP leads to brittle blends since they are
thermodynamically immiscible [4, 21]. For this reason, although PS and PP are two
important commercial polymers, only a few studies have been done to achieve the most

advantageous combination of their properties [21].

In this study, unnotched impact strength of binary PS/PP blends was investigated
using a drop weight impact tester, Dynatup-8250. The load-time curves recorded for each
composition blend were shown in Fig. 5-8, Fig. 5-9, and Fig. 5-10. As seen in Fig. 5-8,
load-time curves for homopolymer PS and PS/PP blend are nearly triangular shaped with
no propagation. This indicates pure PS and PS/PP blend are brittle because the applied
impact energy is quickly transferred over the specimens, and not absorbed to resist crack
propagation. Therefore, all of the specimens were easily broken. As the PP content
increased, the maximum load which can be regarded as an indication of a material
stiffness slightly decreased, whereas time to the maximum load increased. This indicates
that stiffness reduction in conjunction with a small increase of ductility in PS/PP blends
with increasing PP content. However, due to a poor interfacial adhesion the impact
absorption was not enhanced significantly in the range of 100/0 and 70/30 PS/PP
composition. On the other hand, for PS/PP (50/50) blend, the impact energy absorption is
larger by about 150 % than that of homopolymer PS due to the co-continuous
morphology. A reason for this result is that the ductile PP phase forms cylinder shaped

rods instead of spherical particles in the blend and resists breaking.
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Fig. 5-8. Load-time trace for uncompatibilized PS/PP blends

Table 5-2. The average values of impact test results for uncompatibilized PS/PP blends

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The weight ratio of PS/PP

100/0 90/10 80/20 70/30 50/50
Impact energy [J] 8.267 8.266 8.267 8.268 8.285
Energy to max load [J] 1.273 1.374 1.329 1.300 1.995
Total absorbed energy [J] 1.377 1.479 1.436 1.515 2.077
Maximum load [KN] 0.453 0.436 0.359 0.326 0.352
Time to max load [msec] 1.716 2.039 2.324 2.534 3.166
Total time [msec] 1.950 2.405 2.669 3.225 3.932
Deflection at max load [mm)] 5.040 5.984 6.823 7.457 9.133
Total deflection [mm)] 5.689 6.995 7.783 9.331 11.157
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Fig. 5-9. Load-time trace for compatibilized PS/PP blends

Table 5-3. The average values of impact test results for compatibilized PS/PP blends

4

6

Time [msec]

10

The weight ratio of PS/PP
90/10 80/20 70/30 50/50
Impact energy [J] 8.280 8.275 8.275 8.264
Energy to max load [J] 1.797 1.643 1.229 2.623
Total absorbed energy [J] 2.826 1.962 1.967 3.780
Maximum load [KN] 0.473 0.366 0.312 0.267
Time to max load [msec] 2.339 2.584 2.702 5.069
Total time [msec] 3.876 3.283 3.917 9.094
Deflection at max load [mm] 6.756 7.508 7.924 14.360
Total deflection [mm] 10.708 9.405 11.168 23.644
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concentrations of SEBS

Table 5-4. The average values of impact test results for compatibilized PS/PP blends

Concentration of SEBS in PS/PP(80/20) blend

0 wt.% 6.7 wt.% 125 wt% | 17.6 wt.%
Impact energy [J] 8.267 8.275 8.278 8.272
Energy to max load [J] 1.329 1.643 1.253 1.684
Total absorbed energy [J] 1.436 1.962 2.072 3.332
Maximum load [KN] 0.359 0.366 0.325 0.417
Time to max load [msec] 2.324 2.584 2.193 2.447
Total time [msec] 2.669 3.283 4.040 5.711
Deflection at max load [mm] 6.823 7.508 6.388 7.101
Total deflection [mm] 7.783 9.405 11.419 15.141
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This cylinder shaped phase acts like fibers in the PS matrix and makes it tougher and

resistant to an impact in the direction of the cylinder shaped phase.

As explained above, PS/PP blends are brittle and the adhesion between the phases is
very weak due to their immiscibility. As a result, stress applied to the blend will not be
transferred to the dispersed phase and, therefore, mechanical properties are lower than
those predicted by the weighted average of the properties of the individual components
[23]. To make these brittle blends into useful polymeric materials with a combination of
desirable properties of each component, we need an appropriate modification of the
interfacial adhesion. For this reason, block copolymers with blocks having the same or
similar chemical compositions to the blend components as the compatibilizer are used to

enhance the interfacial adhesion.

In Fig. 5-11, the absorbed impact energy between compatibilized and
uncompatibilized PS/PP blends is compared with PP content. As seen in Fig. 5-11, SEBS
acting as a compatibilizer obviously improved the impact property in all PS/PP blends.
The impact energy increase was about 30 % up to 90 % depending on blend composition.
This can be explained using a direct evidence of ligaments of the SEBS triblock
copolymer connecting both phases in Fig. 5-6. This improved interfacial adhesion
enables the applied stress to be transferred over the dispersed phase. Such stress transfer
made it possible for dispersed PP particles to absorb additional energy and dissipate it
contributing to better impact properties. The time to maximum load and deflection at
maximum load were increased by addition of compatibilizer whereas maximum load was
slightly reduced. The enhanced ductility can be also attributed to the butadiene in the

SEBS and the size reduction of the PP particles in the blends. Such an improvement of
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impact properties by addition of block copolymer for PS/PP blends agrees to the previous
studies where stryrene-butadiene-stryrene triblock (SBS) copolymer was used in PS/PP

blends [24,25,26].

50

—&— PS/PP/SEBS(6.7 wt.%)

»
=
v

—a— PS/PP

g
=

N
=
T

Absorbed impact energy [J]

o
=}

10 20 30 40 50
PP Content

o

Fig. 5-11. Comparison of the absorbed impact energy between compatibilized and
uncompatibilized PS/PP blends. The impact property is improved by the reduction
of particle size and the interface modification.

Compatibilized PS/PP (50/50) blend exhibited significantly increased absorbed
impact energy due to high PP of dispersed phase concentration, since PP has
mechanically a ductile behavior. Unlike uncompatibilized blends, reduction of loading
stress can be attributed to PP particles because the modification of interface between two
phases enhances the efficiency of stress transfer from the PS matrix to the PP dispersed
phase. However, a larger impact absorption was obtained in PS/PP (90/10) blend than in
PS/PP (70/30) and (80/20) blends. A main reason for the improved impact behavior in
compatibilized PS/PP (90/10) blend is the reduction of particle size and the very good

dispersion of particles. Baker et al. [9] have demonstrated the improvement of impact
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properties is not only a result of interfacial adhesion itself but also a result of particle size
reduction. The influence of the size of the dispersed phase on the mechanical properties
of polystyrene blends has been studied by van der Sanden [28]. He stated that the
interparticle distance between the dispersed phase particles plays a significant role in
determining whether a blend of PS with another polymer will have a brittle fracture or
ductile fracture. If the value of interpartile distance is larger than the critical interparticle
distance, brittle fracture of the ligament will occur. If brittle fracture cannot occur,
complete deformation of the ligament will take place, eventually leading to fully ductile
macroscopic fracture behaviour. The influence of particle size and interparticle distance

in compatibilized blends will be more discussed in more detail in next section.

To see the effect of SEBS content on mechanical compatibilization, various
concentrations (6.7 wt.%, 12.5 wt.%, and 17.6 wt.%) were used on the PS/PP blend with
the fixed weight ratio 80/20. As seen previously in Fig. 5-7, the fracture surface was
reticulated, and in consequence a new phase formed when SEBS was in excess of the
interfacial saturation concentration. Fig. 5-12 is verifies the assumed compatibilization
effect on the impact property of PS/PP blend. A linear improvement in impact property
was expected with increasing compatibilizer content and the measured absorbed impact
energy was expected to approach a certain value at a critical concentration.However,
there was not a great difference between the absorbed impact energy of blends containing
6.7 wt.% and 12.5 wt.% of SEBS; In different way, it still increased even after exceeding
12.5 wt.% of SEBS. Although the values of the impact absorption are not greatly
different between 6.7 wt.% and 12.5 wt.% of SEBS , the load-time (or the load-

defelection) showed a slightly different trend. There was an increase of total deflection
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and a reduction of deflection at maximum load for PS/PP (80/20) blend containing 12.5
wt.% SEBS compared to the blend with 6.7 wt.% SEBS. This indicates that the PS/PP
blend changes to have more ductile behaviors at higher concentration. It is found that
total deflection increase is in accordance with increasing SEBS content meaning the
blend becomes tougher through addition of compatibilizer. On the other hand, large
deviation values were found in the blend with 12.5 wt.% SEBS. This results from
micelles formed in the matrix PS decreasing mechanical properties of the blend. At 17.6
wt.% of SEBS, the deflection at maximum load is slightly higher than at 12.5 wt.% since
the styrene content in copolymer increases the overall styrene content in the blend and

results in the blend rigidity.

H
T

Absorbed impact energy [J]

)
i

0% of SEBS 6.7% of 12.5% of 17.6% of
SEBS SEBS SEBS

Fig. 5-12. Comparison of the absorbed impact energy as a function of SEBS
content. The impact property is improved by the increase of interfacial adhesion and
the dispersion of excessive compatibilizer in the bulk polymer.

5.4.3. Analysis of Particle Size and Interfacial Adhesion

5.4.3.1 Interfacial Adhesion

To investigate the influence of compatibilizer for the interfacial adhesion in PS/PP

blend, two PS surfaces with thickness of about 124 nm and 226 nm, respectively, were
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modified by spin-coating a layer of SEBS using a dilute solution (0.2 wt.% in CH,Cl,).
The work of adhesion calculated by the pull-off force measurement using AFM was then
compared to that of PS/PP system. In compatibilized blends, only a critical amount of
SEBS is located at the interface between PS and PP phases; we assume that copolymer
with thickness approximately the radius of gyration, Ry (=16nm) [29] will be located at

the interface.

In the pull-off force measurements, it was found that the pull-off forces were 392.6
nN and 369.4 nN for a PP particle on the SEBS/PS double layer film. A dependency was
found in about 20 nN between when using a PS film with 124nm thickness and the other
film with 226nm thickness. These values are significantly higher than values determined
from the PS/PP system. Although other factors affecting for the increase of the pull-off
force still remain, this test suggests the copolymer, SEBS improves the interfacial

adhesion in the PS/PP system.

Fig. 5-13. (a) Height image of 124 nm thickness PS film (b) Height image of PS
film covered by a SEBS layer (scan size: 10 pmx10 pm, and data scale: (a) 10 nm
and (b) 50 nm)
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Fig. 5-14. Pull-oft force vs. applied loading torce between a PP particle and the PS
surface. (<: 124 nm thickness PS film with a SEBS layer; [I: 226 nm thickness PS
film with a SEBS layer; O: 226 nm thickness PS film; A: 124 nm thickness PS film)

5.4.3.2 Effect of Particle Size on Impact Property in PS/PP Blends

As discussed in the section (5.4.2), PP particle size and the dispersion of particles in
the PS matrix are influenced by addition of SEBS. Fig. 5-15 compares the number
average diameter (D,) and polydispersity (D,/D,) of PP particle with different blend
compositions. PP particle size decreased by addition of 6.7 wt.% of SEBS in all blends.
The decrease particle size is due to increasing of interfacial adhesion and reduction of
interfacial tension [10,16,30,31,32,33,34] . It is also due to the coalescence suppression
of the blend in the presence of copolymer [18]. In previous section, we found impact
absorption in PS/PP (90/10) blend is larger than in PS/PP (70/30) and (80/20) blends. The
number average diameter (D,) is 0.63 pum, and the interparticle distance is 0.49 pm in
PS/PP (90/10) blend, which is calculated from Wu’s percolation model [1]. This
interparticle distance value is very close to 0.46pm in (80/20) PS/PP blend, and less than

0.21 pm in (70/30) PS/PP blend; hence, particle size more importantly affects on impact
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property in our investigating PS/PP blends. Compared to the other blends, impact
absorption is 1.4 times higher in PS/PP (90/10) blend. Thus, this suggests that impact
improvement is efficiently achieved at about 0.6 pm of particle size in the compatibilized

PS/PP blends.
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Fig. 5-15. (a) Number average diameter and (b) Polydispersity of PP
particle with different blend compositions. The block copolymer (SEBS)
used has a molecular weight of 75,000 g/mol.
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An estimation of the interfacial area occupied per modifier molecule at the critical
concentration is done by following Matos et al. [17]. From previous work, Horak et al.
[26] calculated that approximately 2.5 wt.% of SBS copolymer was localized in the
interface layer by small angle X- ray scattering (SAXS). On the other hand, Santana and
Miiller [27] reported the morphology and the size of the dispersed PP particles in the
PS/PP blend when PS was a matrix did not change with the addition of 2 wt.%
copolymer. This resulted in no improvement of the tensile and impact properties. The
estimation of the interfacial area occupied per molecule can be obtained directly from the

emulsification curve data (critical concentration).
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Fig. 5-16. Dependence of the dispersed PP particle size for PS/PP
(80/20) blend as a function of the wt.% of SEBS

Fig. 5-16 shows the emulsification curve for PS/PP (80/20) blend after addition of
triblock copolymer SEBS. The number and volume average diameters of PP decrease
with increasing SEBS content sharply when the weight percentage of SEBS is less than
2 % of the blend. Particle size reaches an equilibrium size (D, =0.95 pm and D, = 1.4

um) when the copolymer content is more than 2 wt.%. Thus, it is inferred that there are a
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saturation of copolymer at the interface and formation of micelles in the homopolymer

phases at higher copolymer concentration [35].

If we take 2 wt.% as the critical concentration in the emulsification curve, the
number of molecules required to saturate the interface is 8.67 nm’ per molecule (more
detail calculation is presented in Appendix II). This indicates that the saturation
concentration for SEBS with M= 68,000 g/mol at the interface is 0.12 molecule/nm”.
Matos et al. showed the higher the molecular weight of copolymer, the higher the area
values [17]. In their work, a value of 13 nm* was obtained for an ethylene-propylene
rubber dispersed in a polystyrene matrix compatibilized by a SEBS copolymer. After
exceeding the critical concentration of the compatibilizer, the excessive copolymer
dispersed in the bulk polymers contributes further to the toughness of materials. Impact
absorption improvement in PS/PP blend with 17.6 wt.% SEBS can be considered to be

due to the dispersion of the excessive compatibilizer in the blend.

5.5 Conclusions

The influence of interfacial adhesion on impact property of polymer blends was
studied in this chapter. Before the impact test, the morphology of PS/PP blend was
analyzed by the different weight ratios, the addition of compatibilizer, and the content of
compatibilizer. The SEM micrographs of uncompatibilized PS/PP blend showed a two-
phase morphology with sharp interface, which provides evidence for poor adhesion
between the matrix phase (PS) and the dispersed phase particles (PP). This shows PS and
PP are immiscible. Compatibilization of PS/PP blend was performed by addition of
SEBS triblock copolymer to enhance the interfacial adhesion. The copolymer addition

leads to a better distribution and a reduction in the size of the dispersed PP particles in the
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blend. A new irregular phase, which tends to envelop small PP particles, formed. The
presence of copolymer improves interfacial adhesion and diminishes the coalescence of
PP particles. As compatibilizer content increased, excessive copolymer has a tendency to
form a mesophase (a reticulate morphology) in the blend in addition to locating at the
interface. In some cases, direct evidence of the fibril of SEBS copolymer connecting PS
matrix to PP particles was found by means of high magnification SEM micrographs;

however, they cannot clearly distinguish the SEBS phase in the blend.

To see the effect of modification an interfacial adhesion and the reduction of
dispersed particle size on the impact properties of the blend, the unnotched impact
strength of uncompatibilized and compatibilized PS/PP blend was compared using a drop
weight impact tester, Dynatup-8250. It was found that using SEBS as a compatibilizer
obviously improved the impact properties in all PS/PP blends. The increase of impact
absorption changed with the blend composition, and the increase was about 30 % up to
90 %. Increase of total deflection and reduction of deflection at maximum load was
observed in compatibilized PS/PP blend. This indicates that the PS/PP blend changes to
have more ductile behavior through addition of compatibilizer, meaning that stress
applied to the blend can be more easily transferred to the dispersed phase due to
improvement in interfacial adhesion. A larger impact absorption was obtained in
compatibilized PS/PP (90/10) blend than in PS/PP (70/30) and (80/20) blends. The main
reasons for the improved impact behavior in compatibilized PS/PP (90/10) blend are the
reduction of particle size and very good dispersion of particles. Various concentrations
(6.7 wt.%, 12.5 wt.%, and 17.6 wt.%) were used in the PS/PP blend with fixed weight

ratio 80/20 to see the effect of SEBS content. With increasing SEBS concentration, total
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deflection was increased and deflection at maximum load was decreased. This result is
attributed to the excessive copolymer dispersed in the bulk polymers further toughening

the materials and also modifying the interface.

A relative measurement using AFM pull-off force measurement for PP particle on a
SEBS/PS double layer film was carried out to prove whether SEBS as a compatibilizer
improve interfacial adhesion between PS and PP phases. In the pull-off force
measurements, it was found that the pull-off forces were 392.6 nN and 369.4 nN for a PP
particle on the SEBS/PS double layer film, which are significantly higher than values
determined from the PS/PP system. This suggests the copolymer improves the interfacial

adhesion in the PS/PP system.

The improvement of interfacial adhesion is also related to the reduction of dispersed
phase particles. PP particle size in all PS/PP blends with addition of SEBS was
determined by the number average diameter (D,) and the volume average diameter (D,).
PP particle size decreased by addition of 6.7 wt.% of SEBS in all blends. Maximum
impact improvement was achieved at about 0.6 um of particle size and 0.4 pm of
interparticle distance in our PS/PP blends. An estimation of the interfacial area occupied
per modifier molecule at the critical concentration was done by following previous work.
When we take 2 wt.% as the critical concentration in the emulsification curve, the
number of molecules required to saturate the interface is 8.67 nm* per molecule, meaning
that the saturation concentration for SEBS with M,= 68,000 g/mol at the interface is 0.12

molecule/ nm*.
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CHAPTER O

Conclusions and Future Work
6.1 General Conclusions

Two different adhesion measurements were studied this thesis to measure the
adhesion in polymer-polymer systems. One is a widely used mechanical test, the DCB
test, for the adhesion measurement which determines the strength of an adhesive joint.
The other method is using a new developed technique which is referred to “pull-off force
measurement” using atomic force microscopy. Most previous research has been
performed using conventional mechanical tests. These conventional techniques are
usually applicable only to macroscopic bodies, and they can not properly determine
intrinsic adhesion because those values are obtained from the strain energy released by

failure of the interface.

In chapter 3, PS/PP system was used to study the adhesion of amorphous-
semicrystalline polymers using the double cantilever beam (DCB) test. Adhesion of
another polymer system, PS/PMMA, was also measured using DCB test. Most times, the
interfacial fracture energy of PS/PP system was zero due to a large difference in thermal
expansion coefficent. In PS/PMMA system, fracture energy was found to be about 12-13
J/m?. We also found fracture energy does not depend significantly on temperature when
the polymers bonded are above their glass transition temperatures. In the temperature
range of 110°C to 130°C, the Flory-Huggins interaction parameter, y, is almost constant
so that the critical fracture energy is independent in the temperature range investigated.

The fracture energy was found to proportionally increase with the square root of the
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annealing time at lower time after polymer beams were bonded. Up to 30 minutes
annealing time, the fracture energy significantly increases, but it reached at a maximum
30 minutes. The fracture energy for the interface modified by the diblock copolymer (PS-
b-PMMA) was found to be over 4 times higher than those for the unmodified interface.
Hence, block copolymer can be used to reinforce the interface between incompatible
polymers. Despite the simplicity of the DCB test, we were not able to find the fracture
energy in PS/PP system; in fact, the DCB test cannot be applied to all materials to

measure interfacial strength. This is shortening of in using the DCB test.

Another method to measure adhesion was pull-off force measurement using AFM,
which is more relevant for interfacial adhesion in polymer blends in chapter 4. In most
previous works, polymer adhesion was determined using sharp tips with polymer
surfaces. However, we used colloidal probes (polymer particles) since polymer particle-
polymer surface system is geometrically closer to adhesion between polymer matrix and
polymer drops in polymer blends. Two systems of polymer particle-surface have been
investigated to determine the adhesion force using the pull-off force measurement. We
found pull-off forces in a range of 70-280 nN for the PP/PS system and 60-180 nN for the
PS/PMMA system. The pull-off force value for the PS/PMMA system is similar to 112.8
nN measured by Feldman et al [1]. However, a difference of almost one order of
magnitude for the values of the measurement pull-off force was found when compared
with the calculated values by JKR model. This discrepancy is attributed to surface
roughness (relative to the curvature of the tip), tip shape uniformity, and other factors.
For this reason, the effect of roughness of the sample surfaces on the adhesion force has

been incorporated using the Rabinovich model. The Rabinovich prediction provides
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values closer to experiment than those calculated by the JKR model. Nevertheless, we
still found a discrepancy between the theoretical and measured values. A reason for this
is that the local deformation of the particle or the surfaces of polymer is ignored. In
addition, the Hamaker constants obtained from bulk materials were used for calculating
the Rabinovich model. In previous work by Feldman et al. [1], the Hamaker constant
measured by the refractive index value for thin polymer films is lower than that of bulk
materials from the literature. Thus, a precise Hamaker constant is also required to

determine adhesion forces in Rabinovich model.

On the other hand, we noted that the measured pull-off force increases with
increasing polymer film thickness in this thesis. In most previous studies, the effect of
film thickness on the adhesion force was ignored for polymer particle-polymer surface
geometry. However, a variation of thickness of polymer film obtained using different
weight concentration solutions was around 200 nm. For deformable polymer particles, a
variation in thickness of polymer film might affect the deformation of polymer particle
during contact with polymer surface since film is not as stiff as the silicon substrate.
When we used a PP particle, the measured pull-off force increased with increasing the
film thickness. On the other hand, the measured pull-off force did not have a significant

dependence of film thickness when a rigid PS particle was used.

The effect of interfacial adhesion on impact property of polymer blends was studied
in chapter 5. The SEM micrographs of PS/PP blend showed a two-phase morphology
with sharp interface, which provides evidence for poor adhesion between the matrix
phase (PS) and the dispersed phase particles (PP). Due to a weak interfacial adhesion,

mechanical properties of PS/PP blend are generally poor. To improve the mechanical
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properties, SEBS acting as a compatibilizer was employed in different blend composition
PS/PP blends. Unnotched impact test obviously showed the improvement of the impact
property in all PS/PP blends. This results in the increase of interfacial adhesion between
polymer components in the blends and the reduction of dispersed particle size due to a

compatibilizer.

A relative measurement using AFM pull-off force measurement for PP particle on a
SEBS/PS double layer film was carried out to prove whether SEBS as a compatibilizer
improve interfacial adhesion between PS and PP phases. The measured pull-off force
values were significantly higher than values determined from the PS/PP system. We
modified two PS surfaces with thickness of about 124 nm and 226 nm using a dilute
SEBS solution (0.2 wt.% in CH,Cl,), and found that the pull-off forces were 392.6 nN
and 369.4 nN. These values are significantly higher than 132.5 nN and 237.8 nN obtained
in chapter 4. Thus, we found SEBS enhances interfacial adhesion between PS and PP

phases.

The improvement of interfacial adhesion is also related to the reduction of dispersed
phase particles. PP particle size decreased by addition of 6.7 wt.% of SEBS in all blends.
Impact improvement was efficiently achieved at about 0.63 pm particle size and 0.49 um
interparticle distance in our PS/PP blends. An estimation of the interfacial area occupied
per modifier molecule at the critical concentration was done using the emulsification
curve. When we take 2 wt.% as the critical concentration in the emulsification curve, the
area occupied per a compatibilizer molecule at the interface is 2.02 nm* per molecule

with M= 68,000 g/mol.
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6.2 Future Work

6.2.1 Investigation of Effect of Molecular Weight on Polymer Adhesion

As discussed in chapter 3, the fracture energy depends on the degree of entanglement
across the interface between polymers. In general, a narrow region of overlap forms when
two polymers are bonded together. In this transition region (an interphase typically has a
thickness of 1-5nm), long polymer chains of each type become entangled. In a number of
previous studies, the effect of molecular weight on the fracture energy resulting from the
degree of entanglement was studied. Dai et al. [2] have showed how polymer facture
behavior depends on the number-average molecular weight M, They observed a
transition from chain pullout to chain scission mechanism at a critical molecular weight
in PS/PMMA system. An investigation using the AFM pull-off force measurement with
various molecular weights of PS/PMMA pairs will give an understanding about the
dependence of molecular weight on the critical fracture energy and the determination of
the critical entanglement molecular weight for the case of a polymer particle adhering to
polymer films. It will also find which fracture mechanism will operate between glassy

polymer pairs according to the molecular weight.

6.2.2 Measurement of Nanomechanical Properties of Polymer Surfaces Using AFM
In the pull-off force measurement for polymer-polymer systems, we used spin-cast
polymer films in this thesis. Frank et al. [3] revealed that the physical and mechanical
properties of thin films can differ substantially from those of corresponding bulk
materials. Thus, it is required to measure material properties, i.e. shear modulus and
Poisson ratio, for thin polymer films. Contact mode AFM can be used for measuring the

nanomechanical properties of polymer films. Lemoine et al. [4] measured nanohardness
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and nanowear characterization of polymeric materials from surface indentation with a
very stiffness tip (k=7.66 N/m) using AFM in contact mode. AFM probing thin polymer
films with very stiff tip such as a diamond indenter can be applied to measure the
properties of spin-cast thin polymer films, and this will allow us to calculate accurate

values calculated in elastic contact theories.

6.2.3 The Effect of Different Compatibilizers on Interfacial Adhesion

In this thesis, we have studied the improvement of interfacial adhesion in PS/PP
blend using SEBS as a compatibilizer with different contents. Other factors besides the
content of SEBS are important that allow the styrene-butadiene-styrene triblock
copolymer to as a better compatibilizer to modify PS/PP interface. Hordk et al. [5]
showed the compatibilization of PS/PP (80/20) blend with different structure types of
SBS copolymer, di-, tri-, and pentablock. Sciamanna et al. [6] studied the effect of
different types of SBS copolymer with different molecular weights and styrene content
on the compatibilization of PS/PP (80/20) blend. We will study the effect of different
types of compatibilizer on the improvement of interfacial adhesion in PS/PP blend to gain

insight about how to achieve better properties of PS/PP blend.

6.2.4 Experimental Improvement

6.2.4.1 The Automated DCB Test

A major problem with the DCB test was lack of standardization from the manual
test, which leads to scattered data. To reduce the uncertainty involved during the manual
test, the automated DCB test was be performed using the automated test apparatus such
as an Instron Universal Testing Machine [7] . The razor blade should be inserted at the

lowest speed possible to minimize any deformation of polymer beams during the DCB
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test. It is critical that a razor blade is driven downward into the interface at a constant
speed as slowly as possible. The test result is very sensitive to the measurement of the
crack lengths, which can be influenced by a loading speed of the razor blade insertion
into the interface. Thus, minimization of uncertainty in the test is extremely important.
Such an automated test apparatus will consist of following units, (i) the razor blade
holder; (ii) the sample holder; (iii) a video recording unit. In addition, a visual analysis
for the crack at the interface using a VCR to record the crack propagation will be useful

to find time-dependence of crack propagation.

6.2.4.2 Improvement in Polymer Particles Preparation

In some polymers, spherically shaped particles (powder) are always not
commercially available. Due to the immiscibility of most polymer blend, a minor phase
forms dispersed spherical particles in a matrix phase with a sharp interface at low minor
phase concentrations, (< 20%). Using a polymer particle from polymer blend instead of
particles obtained from industry should be more acceptable and suitable to measure the
interfacial adhesion between phases consisted of the blend. As mentioned in sample
preparation in chapter 4, we attempted to obtain PP particles from the immiscible PS/PP
blend because the sharp interface between the two phases in the blend would enable
themselves to be easily separated. A sample of the blend was then diluted in CH,Cl,
(methyl chloride) solvent in order to dissolve the PS phase to isolate PP particles. The
droplets of the solution were evaporated on the glass substrate in the oven but it was still
difficult to pick PP particles up due to remaining PS and solvent on surface. To isolate PP
particles from PS matrix, a syringe driven filter unit (Pore size: 0.22pm; Millipore) was

also used. However, PP particles were most likely to be embedded in pores of the filter.
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This caused that it was difficult to find particles using an optical microscope (the zeiss
microscope) for attaching themselves on the AFM cantilever tip. Thus, a better procedure

is required for the isolation of dispersed phase particles from the matrix phase.

6.2.4.3 Improvement for Accuracy in Film Thickness Measurement

In the experiment performed in Chapter 4, we have studied the effect of thickness of
polymer film on the pull-off force. First, thickness was determined by scratching the
films and performing AFM imaging of the scratch. Although the scratch was performed
with circumspection in order to not damage the silicon wafer substrates, there might be
an indentation of the substrate due to a manual scratching. To eliminate a possibility of
indentation on the surface of silicon wafer, silicon nitride probes with triangular
cantilevers was employed. A cantilever with spring constant of 0.58 N/m of the probe
was used for scratching PS and PMMA films. To form scratches on the polymer films,
the tip was repeatedly scanned back and forth over the same line with high loading
forces. However, the scratches on PS and PMMA films were not clearly found due to the
lack of stiffness of the tip. Therefore, to better determine the thickness of polymer film
using scratch method, a stiffer tip is suggested to make a scratch while at the same time is
ensuring this damage to the substrate. This can be a better method to determine more
precise thickness of polymer film, and we can find a better correlation between the pull-

off force and the film thickness.

6.2.4.4 Improvement in Specimen Preparation for Impact Test
To prepare specimens of polymer blends for impact testing, the pelletized blends
were moulded with an aluminum mold using Carver Model C laboratory press under a

high loading pressure to make a uniform thickness of specimens. However, a small
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variation of specimen thickness occurred due to the overflow of excessive molten

polymer pellets outward the mold. A small increase in specimen thickness is found as

outward from the center of the samples. This might lead to a scattered data of the

absorbed impact energy since impact absorption depends on specimen thickness. To

avoid a variation in specimen thickness, we may want to measure the appropriate amount

of polymers to put in the mold or modify the mold by making paths for flow excessive

polymer out the mold.
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APPENDIX I

Comparing Two Means of Measured Adhesion Forces

In Chapter 4, we determined if the difference in measured adhesion force values

measured between polymer particle and each different thickness polymer film are

statistically significant. To compare two measured pull-off forces, student t-test was

performed with 95% confidence using statistical software, MINITAB (Minitab Inc.) [1,2]

(I) For the system for PS particle on PMMA surface

Two-Sample T-Test and Cl: 0.2% PMMA, 0.5% PMMA

Two-sample T for 0.2% PMMA vs 0.5% PMMA
N Mean StDev SE Mean

0.2% PMMA 89 ©91.9 12.8 1.4
0.5% PMMA 87 96.3 13.8 1.5

Difference = mu (0.2% PMMA) - mu (0.5% PMMA)

Estimate for difference: -4.42666

95% CI for difference: (-8.38691, -0.46642)

T-Test of difference = 0 (vs not =): T-Value = -2.21
DF = 174

Both use Pooled StDev = 13.3089

Two-Sample T-Test and Cl: 0.5% PMMA, 0.8% PMMA

Two-sample T for 0.5% PMMA vs 0.8% PMMA
N Mean Stbev SE Mean

0.5% PMMA 87 96.3 13.8 1.5
0.8% PMMA 79 104.8 10.8 1.2

Difference = mu (0.5% PMMA) - mu (0.8% PMMA)

Estimate for difference: -8.45687

95% CI for difference: (-12.28088, -4.63285)

T-Test of difference = 0 (vs not =): T-Value = -4.37
DF = 164

Both use Pooled StDev = 12.4616

P-Value =

P-Value =

0.029

0.000
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Two-Sample T-Test and Ci: 0.8% PMMA, 1% PMMA

Two-sample T for 0.8% PMMA vs 1% PMMA

N Mean StDev SE Mean

0.8% PMMA 79 104.8 10.8 1.2

1% PMMA 86 112.6 13.6 1.5

Difference = mu (0.8% PMMA) - mu (1% PMMA)

Estimate for difference: -7.84054

95% CI for difference: (-11.63412, -4.04695)

T-Test of difference = 0 (vs not =): T-Value = -4.08 P-Value = 0.000
DF = 163

Both use Pooled StDev = 12.3278

Two-Sample T-Test and Cl: 1% PMMA, 2% PMMA

Two-sample T for 0.8% PMMA vs 1% PMMA

Sample N Mean StDev SE Mean
% PMMA 86 112.6 14.5 1.6
% PMMA 84 116.4 10.7 1.2
Difference = mu (1) - mu (2)
Estimate for difference: -3.80000
97.5% CI for difference: (-8.22872, 0.62872)
T-Test of difference = 0 (vs not =): T-Value = -1.94 P-Value = 0.054
DF = 168

Both use Pooled StDev = 12.7648

(ID) For the system for PP particle on PS surface

Two-Sample T-Test and Cl: 0.2% PS, 0.5% PS

Two-sample T for 0.2% PS vs 0.5% PS

Sample N Mean StDev SE Mean

0.2% PS 84 105.1 17.3 1.9

0.5% PS 106 110.2 14.2 1.4

Difference = mu (1) - mu (2)

Estimate for difference: -5.09000

95% CI for difference: (-9.00817, -0.57183)

T-Test of difference = 0 (vs not =): T-Value = -2.22 P-Value = 0.027
DF = 188

Both use Pooled StDev = 15.6793
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Two-Sample T-Test and Cl: 0.5% PS, 0.8% PS

Two-sample T for 0.5% PS vs 0.8% PS

N Mean StDev SE Mean
0.5% PS 106 110.2 14.3 1.4
0.8% PS 93 145.061 9.33 0.97
Difference = mu (0.5% PS) - mu (0.8% PS)
Estimate for difference: -35.4115
95% CI for difference: (-38.8384, -31.9845)
T-Test of difference = 0 (vs not =): T-Value = -20.38 P-Value = 0.000
DF = 197

Both use Pooled StDev = 12.2305

Two-Sample T-Test and CI: 0.8% PS, 1% PS

Two-sample T for 0.8% PS vs 1% PS

N Mean StDev SE Mean
0.8% PS 93 145.61 9.33 0.97
1% PS 86 154.7 29.3 3.2

Difference = mu (0.8% PS) - mu (1% PS)

Estimate for difference: -9.12923

95% CI for difference: (-15.45263, -2.80584)

T-Test of difference = 0 (vs not =): T-Value = -2.85 P-Value = 0.005
DF = 177

Both use Pooled StDev = 21.4184

Two-Sample T-Test and Cl: 1% PS, 2% PS

Two-sample T for 1% PS vs 2% PS

N Mean StDev SE Mean

1% PS 86 154.7 29.3 3.2

2% PS 118 237.8 26.1 2.4

Difference = mu (1% PS) - mu (2% PS)

Estimate for difference: -83.0941

95% CI for difference: (-90.7827, -75.4055)

T-Test of difference = 0 (vs not =): T-Value = -21.31 P-Value = 0.000
DF = 202

Both use Pooled StDev = 27.5020
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Here, if the p-value is less than a ( =0.05), we reject our null hypothesis (difference
of means between two data results is zero). The p-value has such a small value, which
means there is strong evidence that the mean difference in the pull-off forces is not zero.
However, it was found that there is no data difference between the measured pull-off
force values for PS Particle on 114nm thickness (1 wt.%) PMMA film and those for PS

particle on 230 nm thickness (2 wt.%) PMMA film. .
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APPENDIX 11

Saturation Concentration

An estimation of the critical concentration of copolymer at interface is obtained form
the data of the emulsification curve [1]. This critical concentration appears to scale with

the interfacial area. The total area occupied by the dispersed phase particles is:

A=nx4nR’ (III.1)

where R is the radius of the dispersed phase particle, and #» is the number of particles of

the minor phase, which can be obtained from following equation:

n= Va

(I .2)
ﬂ R3
3

where V, is the volume of the dispersed phase. The number of molecules of interfacial

modifier can be estimated as followed:

N=mN,_ IM (I .3)

Al0 n

where m is the mass of interfacial modifier, N is the Avogado number.

A0

For PS/PP (80/20 wt.%) blend, we obtained the diameter of dispersed phase
particles, 0.94 pm at critical concentration of interfacial modifier, 2 wt.%, from
emulsification curve. At 200°C, the density of PS and PP is 1.02 g/cm’® and 0.82 g/cm’,

respectively, calculated according Van Krevelen [2]. The density of SEBS is estimated
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by using the arithmetic average of PS and PEB, 0.92 g/em’. As a result, the interfacial

concentration occupied by SEBS with M; = 68,000 g/mol is:

A _3VM, _ 8.67 nm%/molecule (11T .4)
N  mRN

A0
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