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ABSTRACT
STUDIES ON POLYMER ALLOYING
USING REACTIVE EXTRUSION
By
Dimitrios Christos Argyropoulos

Polysaccharides and functionalized synthetic polymers have been blended by
reactive extrusion processing to prepare filled composites or polymer alloys.
The effect of various reaction parameters on the morphology, interfacial adhe-
sion, and properties of the resulting materials was studied. In the first part of
the work, high amylose starch filled SMA (random styrene maleic anhydride
copolymer) composites were prepared. The maleic anhydride (MA) functional-
ity provided for better adhesion to the starch granules. An acceptable reduc-
tion of the tensile strength, a retention of the Izod impact strength and an
increase of the modulus was generally observed compared to the base resin. In
the second part of the work, cellulose acetate (CA) alloys with SMA were pre-
pared. In the presence of catalyst, CA-SMA graft copolymer was generated in
situ by reaction of the anhydride groups on the SMA with the hydroxyls on
CA, and interfacial adhesion was improved. Reduction of the dispersed phase
size was the main morphological result of the compatibilization. The tensile
strength, elongation and Izod impact strength of the blends were significantly

improved. The maximum tensile strength observed was ~11,000 psi.
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Chapter 1

INTRODUCTION

The interest in using renewable resources to make polymeric materials has
intensified in recent years. The main reasons for this interest are [Narayan

(1991)1:

* Environmental concerns, requiring polymeric materials to be environmen-
tally compatible.

* Alternate feedstocks to non-renewable imported petroleum feedstocks.

* The need to find new industrial uses for the nation’s abundant agricultural

feedstocks.

Natural biopolymers (specially polysaccharides, like starch and cellulose) and
their derivatives are being considered as a replacement (partially or in full)
for synthetic polymers derived from petroleum in many applications. Legisla-
tion, in the form of the 1990 Farm Bill is seeking to expedite the development

and market penetration of industrial products that use agricultural materials.

This thesis is devoted to the study of combining natural polymers, starch and
cellulosics, with synthetic polymers, to create new composite materials and

polymer alloys.




Terminology

Some of the terms used in this text have been used with different meaning in
the literature. The following is the description of these terms as used in this

text.

* Polymer blend: A general term used for the mixture of two or more poly-
mers. Polymer blends are often referred to by the word “polyblends”.

* Miscible blend: When a mixture of polymers forms a single, thermodynami-
cally compatible phase.

* Immiscible-incompatible blend: Phase separation with no or minimal inter-
facial contact, generally resulting in poor mechanical properties.

* Immiscible-compatibilized blend: The term “compatibility” is often used syn-
onymously with miscibility. However, compatibility is also used when the
blend of two or more materials has a desired or beneficial characteristic. This
is how we will use it in the thesis. Generally, an immiscible but compatibilized
polymer blend offers a unique combination or enhancement of the resultant
blend properties, due to strong interfacial adhesion.

¢ Polymer alloy: Many times the terms “alloy” and “blend” are used inter-
changeably. According to the definition adopted here, the term <“alloy”
describes an immiscible but compatibilized blend.

¢ Polymer composite: A combination of a polymer with a reinforcing element
or a filler. Normally the components can be physically identified, there is an
interface between them, each component retain it’s identity, and does not dis-

solve or merge completely into the other(s).



The problem and the solution

Most polymer pairs are not miscible (although many more miscible polymer
pairs have been identified in the last few years) [Paul (1978a)]. For many pur-
poses miscibility 1n polymer blends is neither a requirement nor desirable,
since immiscible but compatibilized blends usually offer a synergistic combi-
nation of important characteristics of both blend components. However, adhe-
sion between the components is necessary to obtain this synergistic
enhancement in properties. Adhesion is also a very important factor in the

case of composites.

The mixing of a natural polymer with a synthetic one results in a two phase
morphology with high interfacial tension and poor adhesion between the com-
ponents. This results in an incompatible blend or a composite with poor adhe-
sion between the matrix and the reinforcing element or the filler. In both cases

the resultant material has poor mechanical properties.

There are two ways of improving adhesion between the phases:

* Use of a compatibilizing agent. This can be a material which interacts/reacts
with both components, or is miscible in both phases. Block and graft copoly-
mers of the form A-B are common compatibilizers which have been used to
reduce interfacial tension between A-rich and B-rich phases.

* Modification of the components (surface modification or molecular level
modification). This consists of incorporating segments capable of specific inter-
actions and/or chemical reactions with the other phase, resulting in the

desired adhesion.



Reactive extrusion process

Extrusion is the process traditionally used to melt, homogenize and pump
polymers through certain dies, but it is also the most common way of mixing
two thermoplastics, or a thermoplastic with a filler or a reinforcing element. If
a reaction occurs during the extrusion, then the process is called reactive
extrusion. It would be advantageous and beneficial if the formation of the com-
patibilizer (block or graft copolymer), through a reaction between the compo-
nents, occurs during the mixing step in the extruder. Thus, reactive extrusion
offers a continuous, low cost and high speed process to mix two materials with

in situ compatibilization.

The work and the thesis

The work is divided into two parts (sections). In the first part, the use of high
amylose starch as a filler in a synthetic polymer matrix has been examined.
Starch has been combined with thermoplastics in different ways. However,
not much work has been reported on the use of starch in its particulate solid
form. Although there are no measurements or calculations in the literature for
the mechanical properties of starch, it is reported [Griffin (1985)] that dry
starch granules are stronger than many synthetic polymers. This suggests
that they can be a used successfully as a rigid particulate filler. Also, the phys-
ical integrity of the granules is not expected to change, because the theoretical
glass transition temperature of starch is higher than its decomposition tem-
perature (unless plasticized). The fine particle size and narrow particle size
distribution of some starches (like maize starch), together with the lower price

and density compared to other spherical fillers (like glass spheres), are major
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advantages. In addition, starch is very inexpensive as compared to synthetic

polymers, and will contribute to the overall reduction of the composite’s cost.

In the second part, cellulose acetate (CA - polymer derived from the chemical
modification of cellulose) alloys with synthetic polymers was the focus of the
study. CA is a thermoplastic, but its processing and extrusion rates are slow. It
requires a plasticizer for processing, which reduces the tensile strength and
stiffness of the material. CA is also relatively expensive in comparison to
many synthetic thermoplastics. The objective was to blend CA with a syn-
thetic polymer, to form a CA alloy (immiscible but compatibilized blend) which

had improved properties, was easily processible and required no plasticizer.

For both sets of experiments, the synthetic polymers used were commercially
available styrene maleic anhydride copolymers (SMA’s). Maleic anhydride
(MA) is a commonly used functionality for polymer modification in order to
promote adhesion, because of its ability to react with hydroxyl or amino
groups [Tsubokawa et al. (1991)]. In our case MA is expected to react with the

hydroxyl of starch or cellulose acetate through an esterification reaction.

A twin-screw extruder was used for mixing the natural and synthetic poly-
mers, with in situ reactive compatibilization as the main objective. Table 1

summarizes the two parts of the thesis work.



Table 1: The sets of experiments.
Natural Synthetic
polymer polymer
Set1 | Starch Filler SMA  Matrix No catalyst
<30% 270% is needed
Lower cost for reaction
Set2 | CA Blend component | SMA  Blend component | Catalyst
70% 30% is needed
Lower cost for reaction

The thesis is divided into seven chapters. In chapter 2, basic knowledge about

polymer blends, compatibilization, filled plastics and reactive extrusion is

given. Selected previous works related to the above topics is presented. Infor-

mation about the materials used (starch, CA and SMA), the reaction mecha-

nism, and the catalysts used is given in chapter 3. Chapter 4 describes the

experiments conducted and the techniques used for materials characteriza-

tion. The results are presented and discussed in chapter 5 for the first set of

experiments and in chapter 6 for the second set. Chapters 5 and 6 are divided

into two parts: the first part refers to the morphology of the composites or

blends, and the second part refers to the mechanical properties. Conclusions

and recommendations are presented in chapter 7.




Chapter 2

BACKGROUND -
LITERATURE REVIEW

POLYMER BLENDS

There has been a tremendous scientific and commercial development in the
area of polymer blends during the last ten years. Among the reasons for this
development are the following [Meier (1991)]:

* Invention of new classes of materials (thermoplastic elastomers).

* Better processibility (ABS/PC, PPO/PS).

* Impact resistance (HIPS, ABS, rubber-modified epoxies).

* Better mechanical properties (polymeric plasticizers/PVC).

* Solvent resistance (PC/PBT), oxidative resistance (unsaturated elastomers/
EPDM), flame resistance (ABS/PVC).

* Lower cost (PPO/PS).

* 7-10 years are needed for the development of a new polymer, but only 2-4

years for a new blend.

In general, two component polymer mixtures can be described by the following
equation [Kienzle (1988)]:

P=P]_Cl +P202+IP1P2 (1)

7
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where P is a property value of the blend, P, and Pj are the property values of

the components, C; and Cj are the concentrations of the components and I is
an interaction coefficient. If I equals zero there is an additive result, and the
property of the blend is the weighted arithmetic average of the constituents
properties. For incompatible blends, I has most of the times a negative value,
which basically is the result of poor interfacial adhesion. For polymer alloys,
however, the compatibilization achieved results in positive values of I, which
means that the properties of the polymer combination are better than the
weighted arithmetic average of the constituents’ properties. Figure 1
describes graphically the above effects of the interaction coefficient.

Alloy (/> 0)

Additive result (/ = 0)

Property

Incompatible blend (/ < 0)

T
0 50 100

Concentration of polymer 1, %

Figure 1: Property relationship in polymer blends.



Basic thermodynamics

The behavior of mixtures at equilibrium is governed by the expression [Paul et

al. (1988)]:
AGp = AH i - T AS i @)

where AG,;y is the free energy of mixing, AH ;, the enthalpy of mixing, T the
temperature and AS|,;, the entropy of mixing. For miscibility, AG;, must be

negative and also satisfy the requirement:

52
i TP
which ensures stability against phase segregation. ¢; is the volume fraction of

component i and P the pressure. According to Boltzman law for the entropy of

mixing [Olabisi (1979)]:
ASpix =k InQ (4)

where % is a constant and Q is the total number of ways of arranging N; and
Ny molecules on a regular lattice comprising N = N + Nj cells. Applying the
above law for polymers yields the Flory-Higgins expression:

ASix = - k# (N1 1In¢; + N3 Indg) (%)

Because of the small number of moles of each polymer in the blend (as a result
of their large molecular weights (MWs)), AS ;. is very small. It can not, there-
fore, contribute substantially to a negative free energy of mixing, and makes
the enthalpy of mixing (AH;,) the key for determining miscibility. The
enthalpy of mixing can be modeled by the expression [Paul and Barlow (1982),
Meier (1991)]:
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AH iy = V 61 02 3y - 82)° (6)

where V'is the volume and §; and §; are the Hildebrand solubility parameters.
Note that in this approximation AH;, is always positive (endothermic mix-
ing), which results in a positive AGp;, since AS;, is very small. This is why
miscibility in polymer blends is limited to a rare occurrence. Specific interac-
tions, like hydrogen bonding or intramolecular repulsion effects can also lead
to miscibility by resulting in a negative AH,;, [Paul (1991)]. SMA and styrene
acrylonitrile (SAN) copolymers, for example, are miscible when the MA and
AN contents do not differ too much, because of an exothermic interaction

between the MA and AN units [Kim et al. (1989)].

Blend preparation

The objective of mixing is to bring the components in close proximity by facili-
tating the relaxation of any non-equilibrium gradients. This is generally aided
by heat, solvents, or both.

Melt mixing is the most common commercial method for preparing polymers
blends, primarily because of economics. It offers simplicity, speed and does not
require the use of solvents. Limitations of melt mixing are the potential for
degradation due to the high temperature, the difficulty of mixing materials
with large difference in melt viscosity, the difficulty in cleaning the machinery
and the cost of the equipment. Brabender mixers, extruders and two-roll mills
are commonly used for laboratory-scale mixing. Extruders and Banbury mix-

ers are the devices mainly used in the industry.
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Other methods for blend preparation are casting from common solvents,

freeze drying, emulsion mixing and mixing via reaction. All these methods,

however, are mainly used for laboratory-scale mixing [Shaw (1985b)].

Miscibility determination

The easiest way for establishing miscibility of a polymer blend is by simple
optical examination, since a single phase results in a transparent material.
Immiscibility usually results in a translucent or opaque material. However, an
immiscible blend may appear transparent if the refractive indices are
matched, or if the size of the dispersed phase becomes smaller than the wave-
length of light (no scattering) [Meier (1991)]. It is also possible for a miscible
amorphous phase containing a crystalline phase to reduce transparency by

scattering the light [Paul et al. (1988)].

Methods based on glass transitions are commonly used for determining misci-
bility. Miscible blends have a single glass transition, whereas two-phase
blends have two T's, each one characteristic of the respective phases. The T,
of miscible systems appears somewhere between the Tgs of the components,
and usually depends on the composition. Empirical equations have been pro-
posed for predicting the Tg-composition dependence. One of these (applying
for several miscible blends) is the simple Fox relationship [MacKnight et al.
(1978)]:

g g B2

Dynamic mechanical tests can be conducted, for determining if a polymer

blend has one or two T's. These are very sensitive (possibility of detecting 1%
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of a non-miscible component), but it requires relatively complex equipment

and the transitions must be separated by more than 20°C to distinguish them
graphically. Thermal methods like differential scanning calorimetry (DSC)
and differential thermal analysis can also be used for miscibility determina-
tion. They are quick, easy and require very small amounts of materials (~ 5
mg), but typically more than 10-20% of the second phase needs to be present
in order to be detected. Also, if the size of the dispersed phase domain is very
small (somewhere below 100 A) it can not be detected by DSC [Meier (1991)].

Electron microscopy is another technique which can be used for determining
miscibility, since the appearance of two phases would clearly show that the
components are not miscible. Transmission electron microscopy (TEM) has the
ability to detect very small phase sizes (resolution 0.2 nm). Disadvantages are
the expensive equipment and the requirement of sectioning the sample. Poor
contrast between the phases can also create problems, but it can be enhanced
either by selective chemical reactions (e.g. staining with OsO4 or RuO,) [Saw-
yer and Grubb (1987)], or by annealing under the electron beam [Thomas and
Talmon (1978)]. Scanning electron microscopy (SEM) can also be used for
detecting a second phase, although its resolution is somewhat lower than that
of TEM (3-6 nm). Again, expensive equipment is required, but the procedure is
easier since microtomy is not needed. Electron microscopy is discussed in

more details in chapter 3 [Shaw (1985a); Flegler et al. (1990), Meier (1991)].
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Blend morphology

Immiscible i)olymer blends can be organized into a variety of morphologies.
These morphologies may consist of a continuous phase (matrix), and a dis-
persed phase. The dispersed phase can be in the form of spheres, fibrils or
platelets with varying aspect ratios. In this case the matrix phase dominates
the properties of the blend. Another distinct morphology consists of both
phases being simultaneously continuous and thereby forming an interpene-
trating network (IPN) of phases. The type of morphology depends upon sev-
eral factors, the most important being the composition and the viscosities of
each component. Figure 2 shows the effect of those two parameters on the
morphology of the blend. The component which is in higher proportion or is

less viscous tends to form the continuous phase [Paul (1991)].

(uw

Continuous
phase of B

Viscosity ratio A/B
[

Continuous
phase of A

]
1
Volume ratio A/B

Figure 2: Effect of composition and viscosity on phase morphology.
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In the case where there is only one continuous phase, it is interesting to dis-

cuss how mixing is proceeding. Under the appropriate flow fields, droplets of
the dispersed phase break-up as shown in Figure 3. Taylor was the first one to
study the breakup of a single Newtonian liquid drop in a Newtonian liquid
matrix under uniform and steady shear field [Taylor (1934)]. Of course in the
case of polymer mixing the system is quite different from Taylor’s, in many
ways:

¢ The drop and the matrix are both viscoelastic.

¢ The strain field is much more complex.

¢ Since the properties of the materials change with the temperature, it is pos-
sible that they are not the same during the whole mixing process.

However, Taylor’s analysis can provide a basis for analyzing dispersion.

Taylor showed theoretically that breakup occurs when the apparent deforma-
tion D of the droplet has the value 0.5. So a condition for breakup is:

_L-B

b L+B

= 0.5 (8

stress

satellite droplets

stress

Increasing shear rate ——»

Figure 3: Droplet breakup.
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where L is the major axis (length) and B is the minor axis (breadth) of the

deformed droplet. Taylor also defined a dimensionless group E, given by:

192 + 16

E =R g6

) 9

where R is a ratio of viscous to interfacial forces and k is the viscosity ratio:

aGn..r n
R=_™m and k=9 (10,11)
Y n_

G is the shear rate, r is the droplet radius, y is the interfacial tension, ng, is
the matrix viscosity and mg is the droplet viscosity. When the viscous forces
tending to elongate and disrupt the droplet are greater than the interfacial
forces tending to keep it in one piece, then breakup occurs. At this point, the
theoretical value of E (for Taylor’s system) also is 0.5. Therefore, the criterion
for droplet breakup becomes:

Gnue 19k +16

12
Yy 16k+16 (12)

where a is the diameter of the droplet. The left side of the above equation is
the Weber number (We, the ratio of viscous to interfacial forces) [Han (1981),
Wu (1987)].

Another interesting phenomenon is the morphology occurring after converg-
ing (extensional) flow of a blend having a continuous and a dispersed phase
(droplets). The shear and elongational viscosities of the two components and
the interfacial tension are the main parameters which will determine if the
dispersed phase will remain in droplet form or will be deformed into fibrils

[(Han (1981)].
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COMPATIBILIZATION

As was mentioned before, simple blending of immiscible blends does not gen-
erally give a material with desired characteristics, because of the high interfa-
cial tension typically existing between the two phases. The result of this is
[Paul (1978b)]:

* Poor interfacial adhesion.

¢ Difficulty of attaining the desired degree of dispersion.

* Instability against gross segregation or stratification during later processing
or use.

* Poor mechanical properties.

The general routes followed for altering this interfacial situation and compati-
bilizing the blend where cited in chapter 1. At this point more details will be

given, and some selected examples will be briefly discussed.

®: A unit
. Block
@: B unit opolyrner
Interface
copolymer
Phase B

Figure 4: Ideal location of a block or graft copolymer at the interface between
two polymer phases.
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The first way of improving interfacial adhesion is by using a compatibilizing

agent. This can be a block or graft copolymer which, if properly selected, will
preferentially locate at the interface between the phases A and B, as shown in
Figure 4. The compatibilizer can be an A-B copolymer, or any other copolymer
where one of the arms is miscible or adhered to one of the phases, and the

other arm is miscible or adhered to the other phase.

The system polystyrene (PS)/polyethylene (PE) is an example where the addi-
tion of a copolymer leads to improved properties. Better impact strength has
been observed when a graft copolymer of PS and low-density polyethylene
(LDPE) was added to a blend of the homopolymer [Barentsen et al. (1974)].
The copolymer was prepared by Friedel-Crafts alkylation of the aromatic
rings of polystyrene with the olefinic groups in LDPE. Addition of a PS-LDPE
copolymer prepared by a radiation technique also resulted in improved yield
strength and elongation at break [Locke and Paul (1973)]. Another example is
the compatibilization of CA/polyacrylonitrile (PAN) blends using a graft of
PAN onto CA [Paul (1978b)].

For most PS-polyolefin systems, however, copolymers other than these of A-B
type have been used, like hydrogenated butadiene-b-styrene [Fayt et al.
(1986)] or a triblock copolymer with styrene end blocks and ethylene-butene-1
in between [Barlow and Paul (1984)]. It is also possible to use a copolymer of
the A-C type, C being soluble in one of the phases. Styrene-b-methyl meth-
acrylate (MMA) has, for example, been used as compatibilizer in a blend were
one phase is a blend of high impact polystyrene (HIPS) and polyphenylene
oxide (PPO) and the other is polyvinylidene fluoride (PVDF), since polymethyl
methacrylate (PMMA) is soluble in PVDF [Fayt et al. (1987)].
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In all the above examples, no reaction is expected between the compatibilizer

added and the blend components. If a reaction occurs between the copolymer
and the homopolymer(s), it will improve adhesion (the adhesive strength
resulting from chemical bonding is about 35 times greater than that resulting
from van der Waals attraction [Wu (1978)]). In order for a reaction to occur,
the components of the blend need to be functionalized, i.e. specific segments
need to be incorporated on the polymer chain, that can react with the copoly-
mer. When the adhesion between two materials is due to the reaction between
one of the materials and a functional group contained in the other, then the
adhesive strength is given by the expression [Wu (1978)]:

f=aCb (13)
where f is the adhesive strength, C is the concentration of the functional
group, and a and b are positive constants. The value of b has been found to be
about 0.6.

Many reactive copolymers have been used as compatibilizers for polymer
blends. Most of them contain anhydride or carboxyl functionalities, and the
majority of blends employ polyamide as one of the components [Xanthos
(1988)]. A graft copolymer of MA and polypropylene (PP) is used as a reactive
compatibilizer for nylon 6/PP blends, due to the relatively fast reaction
between ‘the anhydride and the terminal -NHy group [Ide and Hasegawa
(1974)]. PE modified with carboxyl or anhydride groups either by copolymer-
ization or grafting is employed as compatibilizer of PE/polyamide blends [Sub-
ramanian and Mehra (1987)]. SMA and styrene glycidyl methacrylate were
used as in situ reactive compatibilizers of PS/nylon 6,6 blends [Chang and
Hwu (1991)]). Compounds other than block or graft copolymers are also used
as coupling agents for reactive compatibilization of PS/PE blends [Ballegooie
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and Rudin (1988)].

Functionalization of the blend components can also lead to adhesion through
other specific interactions between the functionality incorporated and the
copolymer, or directly between the functionality and the other blend compo-
nent. The latter eliminates the addition of the copolymer, and is another way

of improving adhesion in polymer blends [Xanthos (1988)].

Compatibilization is also possible through a copolymer formed in situ when
mixing two polymers (or functionalized polymers). This is faster, easier and
more economical than the two-step procedure of making a copolymer and then
adding it to the blend. HIPS and acrylonitrile-butadiene-styrene (ABS) are
classical examples of in situ compatibilization through free radical reactions
[Manson and Sperling (1976)]. Functionalization of one or both components of
a blends has many times as a goal an in situ compatibilization reaction. Reac-
tive PS and reactive PE, functionalized with oxazoline and carboxylic acid
respectively, have been found to give the desired reaction during melt mixing
[Baker and Saleem (1987)]. The incorporation of carboxyl groups to ethylene-
propylene rubbers which are mixed with nylon 6,6 resulted in much lower
interfacial tension [Wu (1987)]. Functionalization of PP with acrylic acid also
helped the compatibilization of PP/polyethylene terephthalate (PET) blends
[Xanthos et al. (1990)]. MA grafted PPO was blended with nylon 6,6 by
another research group, and improvement of blend ductility was observed
[Campbell et al. (1990)]. Even more preferable would be the in situ functional-
ization of a blend component and its reaction with the other component to pro-
vide the desired compatibilization. An example of this from the area of

composites, is the functionalization of PP with MA and reaction of the func-
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tionalized material with wood fibers in a one step mixing process {Moha-

nakrishnan et al. (1991)].

In general many compatibilizing techniques have been developed (and many
others are under investigation), providing the market with commercial alloys

designed to meet precise user needs [Toensmeier (1988)].

FILLED POLYMERS

According to the definition given in the first chapter, when the physical integ-
rity of a material which is mixed with a polymer remains the same after mix-
ing, then this combination is called a composite. The polymer becomes the
matrix, and the material added is considered a filler or a reinforcement
(depending on its aspect ratio and the effect it has on the composite’s proper-
ties). Most of the times, the materials added are inorganics like clay, mica, sil-
ica particles, glass spheres or fibers, carbon fibers etc. There are also, however,
organic materials which have been used as fillers or reinforcements of a poly-
mer matrix. These are either natural like wood flour, cotton, cellulose fibers,
sisal, jute and hemp, or synthetic like polyacrylonitrile, nylon, aramid and
polyester fibers, and rubber dust [Walker (1987)].

As was mentioned in chapter 1, one of the natural materials which has been
combined with plastics is starch. Most of the times, however, starch was plas-
ticized or modified before the mixing process (a common modification of starch
is synthesis of starch graft copolymers from starch and monomers using

mainly free-radical initiation [Fanta and Bagley (1977)]). For example, cross-
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linked starch xanthate was mixed with polyvinyl chloride (PVC) and plasti-

cizer [Westhoff et al. (1974)], a graft copolymer of starch and PS was synthe-
sized and then mixed with PS homopolymer [Bagley et al. (1977)], cross-linked
starch xanthate was incorporated into rubber to provide reinforcement [Doane
(1978)], and starch was gelatinized with water and then mixed with polyethyl-
ene-acrylic acid copolymer [Otey et al. (1980)]. When, however, starch was
blended in its original form with PVC and plasticizer, quite lower tensile
strength was generally observed even for low starch content [Westhoff et al.
(1974)]. On the other hand, remarkable retention of the tensile strength was
reported for thermoplastic polyurethane elastomers extended with up to 35%
starch. This is attributed to chemical bonding through a mechanochemical
action [Griffin (1985)].

There are not many reports, however, on the use of starch in its original gran-
ular form. It is also not clear what happens to the properties of a starch filled
synthetic polymer when the adhesion between the starch granules and the
polymer is improved. It is possible that the results will be similar to those
observed for polymers filled with other spherical fillers, like glass spheres. The
effect of varying contents of rigid starch particles and levels of adhesion to a
functionalized thermoplastic, on the morphology and properties of the result-
ant composites, and comparison with other filled polymer systems, is one part

of the work included in this thesis.

The basic reasons for incorporating a rigid particle into a synthetic polymer
are:
* Toughening by means of mechanisms such as crack front pinning.

¢ Reduction of cost.
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* Increase of stiffness.

* Reduction of exothermic temperature rise and coefficient of thermal expan-

sion, and increase in thermal conductivity [Young (1986)].

For rigid-particulate filled systems, matrix-filler adhesion can have a signifi-
cant effect on the properties of the composite. Like in the case of polymer
blends, the adhesion can be improved by modifying the matrix or the filler
(basically at the surface), or by using a coupling agent (which is also usually
applied on the surface of the filler).

An example of matrix modification is the compatibilization of PE/clay compos-
ites by in situ grafting MA on the PE in the presence of a peroxide. Reaction of
the anhydride group with the filler surface resulted in the desired adhesion
[Gaylord et al. (1980)]. Also, MA grafted ethylene propylene rubber (EPDM)
resulted in encapsulation of the filler in a PE/EPDM/filler system. The fillers
were oxidized silicon powder or calcium carbonate treated with silane cou-
pling agents [Scott et al. (1987)]. There are also examples of filler surface mod-
ification. PMMA grafts were grown on the surface of glass beads, and then the
beads were used as a filler of PMMA homopolymer [Eastmond and Mucciari-
ello (1982)]. Anhydride groups were introduced onto inorganic ultrafine parti-
cles such as silica, titanium oxide and ferrite, and then polymers having
hydroxyl and amino groups were grafted onto these surfaces with ester and
amide bond, respectively [Tsubokawa and Kogure (1991)]. Different coupling
agents have also been used for directly improving matrix-filler adhesion. A
pre-treatment with silane coupling agent was used for glass beads filling an
epoxy [Broutman and Sahu (1971)], PS [Abate and Heikens (1983)], or PC
[Dekkers and Heikens (1984)] matrix. An elastomeric adduct was also used for
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coating glass beads filling an epoxy matrix [Amdouni et al. (1990)].

Invariably, the addition of rigid particles into a polymer matrix results in
increase of the modulus. The tensile and impact strengths, however, are nor-
mally less than those of the pure matrix. The property which (for thermoset-
ting polymers) is observed to improve by the inclusion of a rigid filler, is the
materials toughness, expressed in terms of fracture energy. It has been pro-
posed, that the reason for this improvement is a crack pinning process [Young
(1986)]. However, the deformation mechanism of the matrix (crazing or shear
yielding) may also play a significant role on the properties of filled composites.
More details of what has been observed for particulate filled polymers will be
given in chapter 5, so that they can be directly compared to the results of this

work.

REACTIVE EXTRUSION

Reactive extrusion is the use of the extruder as a continuous flow reactor. In
reactive extrusion a chemical reaction takes place simultaneously with the
processing and shaping of a material. Many benefits are the result of this com-
bination [Tzoganakis (1989)]:

* Processes such as polymerization or chemical modification of existing poly-
mers, can done continuously, and together with shaping of the product.

* Mixing and compatibilization of polymers can be achieved in one step.

* Reactive agents can be introduced at optimum points in the reaction
sequence, and homogenization of the ingredients achieved. Various liquid or

gaseous reactants can also be introduced at specific points.
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¢ There is good control over the temperature, the residence time distribution

(RTD) and the extent of the reaction.

* Heat and mass transfer problems arising from the viscosity increase during
polymerization, can be handled much easier than in a batch process.

* Lower residence times, compared to those required in batch processes, can
help avoiding degradation.

* The use of a solvent is eliminated, resulting in dramatic cost reduction in

raw materials and solvent recovery equipment.

Due to the high temperatures required, however, degradation can be a prob-
lem for thermally unstable materials. Also, the process can not be used for

reactions needing very high residence times.

Different types of reaction can be performed in an extruder [Brown an
Orlando (1988)]:

* Bulk polymerization reactions (both condensation and addition).

* Graft reactions of a molten polymer with a monomer or mixture of mono-
mers.

¢ Interchain reactions of two (or more) polymers, forming a copolymer. They
are usually used for compatibilization of the polymer blend. Most of the com-
patibilization reactions described earlier in this chapter are conducted in an
extruder.

* Polymer functionalization or functional group modification reactions.

¢ Coupling reactions of a homopolymer resulting to an increase of the MW by
chain extension or branching.

¢ Controlled degradation (basically MW reduction).
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Heterogeneous polymerization and concentration, combined devolatilization-

reaction and compatibilization of recycled plastic mixtures during extrusion,
are some of the areas where reactive extrusion is expected to be useful in the

near future [Kowalski (1990)].

The extruders commercially available are single or twin-screw. The twin-
screw extruders can be intermeshing (fully or partially) or non-intermeshing,
co-rotating or counter-rotating [Rauwendaal (1986)]. All these types have
been used for reactive extrusion processes. However, co-rotating intermeshing
twin screw extruders have been found to be suitable for most applications

[Tzoganakis (1989)].



Chapter 3

MATERIALS

STARCH

The natural polymer which was used as a filler for the first set of experiments,
is starch. Starch is a granular mixture of two different high polymers: amylose
and amylopectin. Both are homopolymers of a-D-glucopyranosyl units, except
that amylose is a liner polymer where the units are linked with an a-D-(1—4)
bond, and amylopectin is a branched polymer having both a-D-(1—4) and o-
D-(1—6) bonds (Figure 5). The amount of amylose contained in starch
depends on the source (plant) starch is coming from. Most native starches con-
tain 20-30% by weight of amylose [Young (1984)]. The starch used in our
experiments is coming from amylomaize (a variety of hybrid corn). It was sup-
plied by National Starch and Chemical Corporation (Hylon VII), and the amy-
lose content was 70-75%. Due to the high amylose content, we will refer to it
as amylose instead of starch. It should be mentioned that high amylose starch
is the material of choice for obtaining thermoplastic properties (after plastici-
zation or modification), for example, for film forming. Amylopectin, which is
highly branched, makes processing and film forming difficult. However, when
starch is used as a filler, the high amylose content is not expected to affect the
properties.

26
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Figure 6 is an SEM picture of the amylose particles. Starches coming from dif-

ferent plants have different shapes. It can be noticed, that in this case the par-
ticles are almost spherical (the aspect ratio is very close to 1). Average particle
diameters, also depend on the origin of the starch. Potato starch, for example,
has particles with average diameters about 50 pm, whilst for rice starch the
average diameters are about 5-6 pm [Griffin (1985)]. Figure 7 presents the
amylose particle size distribution, based on measurements of 200 particles

directly from SEM micrographs. The calculations were based on the form:

D=L+B

. (14)

were D is the calculated diameter, L is the major axis (length) and D is the

minor axis (breadth).

Figure 6: SEM picture of amylose granules.
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The weight average diameter (D) is 7.4 um, the number average diameter

(D,) is 6.9 pm, and the sample standard deviation (o, ;) is 2.0 pm?. The distri-
bution is showing one peak (some starches, such as potato and wheat show
double-peaked distributions [Griffin (1985)]), all the particles are between 2
and 13 um and 91% of the particles are between 4 and 10 pm.

We can, therefore, say that amylose particles are almost spherical, have very
fine particle size and a narrow particle size distribution. Particle size distribu-
tions of fillers provided by the mineral industry is quite different, showing
particles from an upper limit because of a sieve classification, to very fine dust
due to brittle fracture. There are many advantages in using amylose as a
potentially successful filler. These are:

¢ Natural origin (use of renewable resources).

* Much lower cost than the synthetic polymers.

* Fine particle size.

* Narrow particle size distribution.

¢ Strength of the particles (as will be also shown in chapter 5).

* Lower cost than other spherical fillers like glass spheres (cost of solid glass
spheres ranges from 28¢ to $2.05/1b [Hagarman (1991)], cost of high amylose
starch is about 27¢/1b, but cost of maize starch can be 6¢/1b).

* Lower density than other spherical fillers like glass spheres (the density of
glass is about 2.5 g/cm3, whilst the density of starch is close to 1.5 g/cm3 at
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equilibrium moisture and about 1.2 g/cm3 at 1% moisture level [Griffin

(1985)]).

CELLULOSE ACETATE

Cellulose acetate was one of the blend components used in the second set of
experiments. It is derived from the chemical modification of cellulose, a natu-
rally occurring polymer. Cellulose (Figure 8a) is a polysaccharide (as starch),
consisting of B-D-glucopyranosyl units. Because of strong hydrogen bonding
with the hydroxyl groups, cellulose is not a thermoplastic (like starch, it’s the-
oretical melting point is above the decomposition temperature). In order to
convert cellulose to a material which can be molded, some of the hydroxyl
groups need to be replaced. If all hydroxyl groups are replaced by acetate
groups, this modification leads to cellulose triacetate. Partial replacement by
acetate groups leads to the so called cellulose acetate (CA). The number of ace-
tate groups per anhydroglucose unit is called degree of substitution (DS). So,
the DS for cellulose triacetate is 3. A CA with DS of 2.5 is represented in Fig-
ure 8b).
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CA’s processibility is generally poor, so, most of the times it is used with plas-

ticizers. It has good clarity, excellent colorability, high gloss and quite high
toughness and hardness. It is, however, quite expensive compared to many of
the newer thermoplastics, although this might change in the future since CA
comes from a renewable resource (cellulose), whilst the other thermoplastics
depend on the cost of petrochemical feedstocks. Another disadvantage of CA is
it’s affinity for moisture [Dick (1987)]. The addition of an inexpensive, hydro-
phobic, synthetic thermoplastic polymer as a blend component in the CA
phase, could eliminate the need for a plasticizer, reduce cost, increase stiffness
and potentially increase strength and reduce moisture adsorption (depending
on the morphology of the blend). It was, therefore, of interest to study blend-
ing CA with a synthetic hydrophobic polymer. It was also of interest to see
how the properties are affected, and how they can be improved though com-

patibilization.

The CA was provided by Courtaulds. It was in the form of a white powder, con-
sisting basically of particles around 100-400 pm (Figure 9) (D, = 250 um, D, =
230 um, and ©,.; = 80 um). Some much smaller particles however are also
present. Data for CA is given in Table 2.




Figure 9: SEM picture of CA particles.

Table 2: Data for CA.

Degree of substitution: 2.45
Molecular weight:
M, =140,000
M, =170,000
Glass transition temperature: Tg = 187°C
Melting temperature: T, =232°C

Plasticized CA provided by Courtaulds (Dexel) having 33% diethyl phthalate

(DEP) as a plasticizer, has also been used for some experiments.
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STYRENE MALEIC ANHYDRIDE COPOLYMER

Commercially available styrene maleic anhydride copolymer (SMA) (Figure
10) was used as a matrix for the first set of experiments, and as a blend com-
ponent for the second set. SMA is a thermoplastic copolymer manufactured by
continuous free-radical polymerization of styrene and maleic anhydride (MA).
The MA is randomly incorporated into the polystyrene (PS) backbone, and
acts as a chain stiffener resulting in increasing the glass transition to approx-
imately 114°C. This modification, has other advantages when SMA is mixed
with other materials, because of the possible interaction or reaction of the MA
functionality with these materials. The highly polar MA group can for exam-
ple result in excellent adhesion with glass [Francis and Wambach (1988)], or it
can also react with hydroxyl or amino groups. The reason for the MA modifica-
tions mentioned in chapter 2 (for compatibilization of polymer blends or
improved matrix-filler adhesion) was the expectation for such an interaction
of reaction. Possible reaction (or hydrogen bonding) of the anhydride function-
ality with the hydroxyl of amylose or CA, was also the reason SMA was

selected for our experiments.
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Figure 10: Styrene maleic anhydride copolymer.
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The SMA’s used were provided by ARCO Chemical Company. Three grades

with different MA content were basically used. They will be called SMA-4,
SMA-8 and SMA-14 respectively, the number corresponding to the weight % of
MA. Data for these SMAs are given in Table 3. A rubber modified SMA (ARCO
Chemical Company, Dylark 250) which will be called SMA-R has also been

used.

Polystyrene (PS) supplied by Dow Chemical USA was used as a matrix for

some of the experiments of the first set.

Table 3: Data for SMA.

Trade  Maleic Molecular Density  Melt Vicat
name anhydride weight (g/em®)  flow softening
content (%) (g/10 min) point (°C)
SMA-4 Dylark 4 Not 1.08 “L” 15 112
132 available “N™ 1.9
SMA-8 Dylark 8 M, =200,000 1.08 “> 17 118
232 M, = 100,000 “N™: 1.8
SMA-14  Dylark 14 M, =180,000 1.10 “L” 1.9 130
332 M, = 90,000 “N”. NA

Figure 11 represents the possible grafting reaction between CA and SMA. The
free hydroxyl groups on the CA react with the anhydride functionality on the
SMA backbone, to form half esters. A similar reaction can occur between the
hydroxyl of amylose and the anhydride of SMA. However, in this case, only
hydrogen bonding (hydroxyl-anhydride) is probably occurring.
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CATALYST

A catalyst was added, when this was found necessary. Potassium chloride
(KCl, Mallinckrodt) was previously found to work as a catalyst for the CA-
SMA reaction [Neu (1989)]. This was not however the case for our experi-
ments. Poly(2-vinylpyridine) (MW: 200,000, Polysciences) and Poly(4-vinylpy-
ridine-co-styrene) (styrene content 10%, Aldrich Chemical Company) were
also tried without the desired results. The only catalyst which was found to
work was 4-dimethylaminopyridine (DMAP, Aldrich Chemical Company) (Fig-
ure 12). DMAP, a colorless, crystalline solid with a melting point of 114°C and
a boiling point of 162°C at 50 torr, is a good catalyst for many types of reac-
tions, and it is many times used on an industrial scale. DMAP is also available
supported on an insoluble polymer with the name POLYDMAP polymer
(Reilly Industries) [Goe et al. (1990)].

Figure 12: 4-dimethylaminopyridine.



Chapter 4

PROCESSING
AND CHARACTERIZATION

The experimental protocols followed was basically the same for both sets of
experiments. It consists of two parts. The first is the preparation of the CA
blends or amylose composites, and the second is the materials characteriza-

tion. A schematic of the protocol followed is given in Figure 13.

BLENDS OR COMPOSITES PREPARATION

Grinding

The extruder where the materials were mixed had only one feeder. It was
therefore necessary to first prepare a homogeneous dry mixture of the materi-
als, and then pour this mixture in the feeder. As was discussed in the previous
chapter, the particles of amylose and CA had dimensions 5-10 um and 100-400
pum respectively. SMA, PS and Dexel were, however, supplied in pellet form,

with pellet dimensions 2-4 mm.
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The problem, therefore, was how to homogeneously mix the pellets and the

much smaller CA or amylose particles. Besides, even if this was possible, the
pellets would advance faster than the particles in the screw feeder used, so

again the mixture fed in the extruder would not be homogeneous.

For the above reasons, grinding of the materials provided in pellet form was
found necessary. A Wiley mill was used for this purpose. This is a special type
of mill made of stainless steel, which can effectively grind hard materials. A
sieve is used to control the size of the ground material. A sieve with 0.5 mm
holes was appropriate for mixing the material with CA. However, the process
with this sieve was very slow, and for this reason a sieve of 1 mm was used.
Most of the particles after grinding were 0.6-1 mm, but there were also some
very fine particles present, because of brittle fracture. An SEM picture of
SMA-8 particles after grinding is shown in Figure 14. Care should be taken
during this step so that the material does not get contaminated by impurities
of the mill, since such impurities might act as initiators of degradation during

further processing.

In the case where Dexel was mixed with SMA, both materials were in pellet
form. It was, therefore, acceptable to mix them without pre-grinding. How-
ever, when catalyst was added, homogeneous mixing of the very low amount of
catalyst particles with the pellets was impossible (the catalyst particles had
dimensions close to those of CA). Therefore, even in this case the materials
were ground. Further, Dexel needs to be dried before extrusion, and drying the

ground material was much faster and easier than drying the pellets.
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Figure 14: SMA-8 Wiley milled using a 1 mm sieve.

However, this step will not be necessary if a second feeder is available, and

this would be the case if the process was carried out in an industrial scale.

Drying

For CA and ground Dexel, drying was needed before extrusion. This was con-
ducted in a ventilated oven at 70°C for 5 hours. The thickness of the material’s

layer on the tray was always less than 5 cm.

As will be explained in chapter 5, amylose was not dried before extrusion.
There was only one experiment where dry amylose was used. It is, however,
very difficult to dry amylose using a ventilated oven, this is why for this exper-

iment amylose was dried in a vacuum oven (~-30 in Hg) at 70°C for 12 hours
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(thickness of material’s layer on the tray ~5 cm).

Extrusion

Extrusion was the main step of the experiments. It was where the materials

were mixed, and in situ compatibilization reaction occurred.

The extruder used was a Baker-Perkins co-rotating intermeshing (closely self-
wiping) twin-screw extruder. This extruder is shown in Figure 15, while Fig-
ure 16 is a representation of the screws. The diameter of each screw was 3 cm,
the distance from the feeding point to the end of the screws was 38 cm and the
length of each screw was 42 cm. There were two feed ports on the barrel, two
barrel valves and a venting port. The materials were fed at the first feed port,
and the other ports and valves where kept closed. The material was coming
out of a die having two 3 mm holes. Each screw had two sets of six paddles,
and a Camel back discharge screw at the end. The temperature was measured
at three points on the barrel, at one point on the die, and at four points inside
the barrel (melt temperature), defining zone 1, zone 2, zone 3, and the dis-
charge. Four manually adjusted valves were controlling the flow rate of the
cooling water used to cool the barrel. There was no cooling water supply for
the die. Four valves turning the supply of cooling water to the barrel on and

off, controlled the temperature of zones 1-3.
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Figure 16: Co-rotating intermeshing (closely self-wiping) twin-screws.

The extruder was cleaned before and after each run. One way to clean the
extruder is with a wire brush by opening the barrel (while hot). This, however,
is not only difficult, but also not reliable since many points under the screws
can not be reached, and impurities are not totally removed. The extruder was
cleaned by running PS through it. When PS coming out of the extruder was
crystal clear, it was assumed that no other material (or impurity) except PS
was in the extruder. Our material was run directly after the PS run. Obvi-
ously, in this way at the beginning the extrudate was a mixture of our mate-
rial and PS. This material was not collected for further testing. In order to
have enough material for further processing the dry mixture fed in the
extruder was 1600 g. At the point where our material started coming out of
the extruder the extrudate (crystal clear PS) was becoming opaque. From this
point the material was collected and weighted. When the weight of this mate-
rial was 250-300 g, almost all the PS had been pushed out, and the extrudate
was pure enough to be collected for further testing. Collection of the material

was stopped when the load (torque) of the extruder, which was kept constant
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during extrusion (maximum *8%), started decreasing. Although there was

still material left in the extruder, this material had been subjected to an
extended residence time, which was not desirable. Usually this material was
about 150-200 g. Therefore, from the initial 1600 g fed, about 1100-1200 g

were collected. This was sufficient for the characterization work.

The temperature controllers keep the barrel temperature close to the set point
(this is where the heating devices are). It is, however, the melt temperature
(measured by the thermocouples in the barrel) which is more important for
our experiments, and this is usually different than the barrel temperature.
For this reason, the set point temperature was set in such a way as to main-
tain the desired melt temperature. Care was also taken to ensure that the flow
rate of the cooling water was low enough to decrease the barrel temperature
only 2-3 degrees below the set point. For this purpose the valves had to be only
1/24 turn open. The variation of the melt temperature was +3°C among the
different runs, and +2-3°C for the same run. The extrusion conditions are
shown in Table 4. The feed rate was manually controlled so that the load is
close to 102%, which means that the extruder was run close to it’s high torque
limits. and, for the temperatures selected, the volumetric flow rate was as
high as possible. The variation of the load was +7% among the different runs,

and +5-8% for the same run.
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Table 4: Extrusion conditions.

Temperature Set 1 Set 2
Desired(°C) 180 195 235*

Set point Melt Set point Melt Set point Melt
Zone 1(°C) 150 ~125 165 ~136 180 ~146
Zone 2 (°C) 159 ~180 174 ~195 210 ~232
Zone 3 (°C) 195 ~181 210 ~196 250 ~235
Discharge (°C) 180 ~184 195 ~198 235 ~236
Screw speed: 200 rpm (revolutions per minute)
Discharge pressure: 1-5 atm (1-2 atm in most of the cases)
Load (torque): ~102%
* Dexel was extruded at 200°C

A water tank was used to cool the materials directly after extrusion, so that
they can be continuously pelletized. It should, however, be noted that
although water cooling facilitates the process by allowing continuous pelleti-
zation, it might result in water absorption by the material. This is why the

material was dried before re-extrusion or injection.

In the cases where the material was to be passed through the extruder again,
it was ground after pelletization, and dried (in a ventilated oven, at 70°C, for 5
hours. The thickness of the material’s layer on the tray was always less than 5
cm). Grinding was necessary, in order to reduce the size of some big pieces,
because it increases the torque of the extruder higher than the instrument
specifications. Grinding also facilitated drying. Grinding was also necessary if
the material was to be mixed with catalyst. The Wiley mill and a sieve of 2
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mm was used, except when the material was mixed with catalyst, where a

sieve of 1 mm was used.

MATERIALS CHARACTERIZATION

Preparation for injection molding

The materials had to be pelletized so that they can be molded to a specimen
shape. Die swelling for the material was coming out of the die was observed.
This increases the diameter of the extrudate significantly (sometimes up to 2
cm). If the pelletization was continuous, the pelletizer was pulling the extru-
date. This resulted in a diameter thin enough to be pelletized. In cases where
a continuous process was not possible (for example when the flow rate of the
extrudate was not high enough to match the minimum speed of the pelletizer),
the extrudates were pulled manually, so that they are thin enough to be fed
later in the pelletizer.

After pelletization, and before injection, the materials were ground (Wiley
milled) with a sieve of 2 mm and dried (same conditions as before re-extru-
sion). Grinding reduced the size of big pieces which could cause problems dur-
ing injection, and helped dry the material better. As will be explained in
chapter 5, the grinding process does not affect the properties of the material.

Injection molding

A New Britain (model 75) injection molder was used for molding the materials
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into ASTM D638 type I specimens. The injection molding conditions are

shown in Table 5 (zone 1 is the one closer to the nozzle).

Table 5: Injection molding conditions.

Temperature Set 1 Set 2
Nozzle (°C) 200 210* 240
Zone 1(°C) 200 210* 240
Zone 2 (°C) 180 190* 215
Stroke length (in): 13/8

Holding time (s) 8

Cooling time (s) 35

* When SMA-14 was the matrix

A release agent was sprayed on the mold before every injection session, or
every two runs (different run means different sample). Before and after each
run, PS was used to clean the injection molder. Each sample was about 1050-
1150 g, and each injection consumed approximately 20 g (the density of the
materials run was not much different). This means that about 50-55 speci-
mens were collected every time. The first specimens were obviously a mixture
of PS and our material. As the injection proceeded, more PS free specimens
were obtained. The specimens obtained close to the end of the run were the
ones used for testing. The amount of material which was left in the injection
molder at the point when the feeder was empty was enough for about 8 speci-
mens. In order to get this material out, PS was fed. The cooling time was high
enough to allow solidification and some shrinkage of the material. This
allowed the injected part to be pushed out of the mold. However, the cooling
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time should not be very high, because the part close to the nozzle should be

kept soft enough to allow separation of the injected part from the rest of the
material. In addition, lower cooling time means less residence time of the rest

of the material in the injection molder, and this reduces degradation (if any).

Compression molding

Compression molding was also evaluated for specimen preparation. An ASTM
D638 type V specimen mold was used for this purpose. Both compression and
injection molding have advantages and disadvantages. The advantage of
injection molding is that it is a continuous process which produces many
homogeneous specimens quickly. Lot of material is required to purge the injec-
tion molder from the material previously run. Also, there is an orientation in
the direction of injection which might make the properties measured to be dif-

ferent than the transverse properties.

Compression molding does not generate such an orientation, and does not
require much material, but it is a much slower (batch) process. The major dis-
advantage is the general lack of homogeneity of the specimens produced and
alteration of the blend morphology. This is specially true for polymer blends.
Degradation can also result from this annealing of the sample. In the case of
CA-SMA blends, compression molding temperatures higher than the T, of CA
generally resulted in degradation of the material. Also, since SMA was melt-
ing faster, the gap between the pellets was basically filled by SMA (specially
for compression molding temperatures lower than CA’s Tg) and the relative
transparency of this phase was making the lack of homogeneity quite obvious.

The above reasons made us select injection molding as the specimen prepara-
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tion method of choice.

Tensile and Izod impact tests

All specimens where conditioned prior to test for at least 40 h. All mechanical

tests where conducted at room temperature.

Tensile tests for strength, elongation and Young’s modulus were conducted
with constant strain rates in a UTS testing machine (ASTM D638). An
extensometer was used for measuring the modulus. The testing speed was 0.2
%/min for the modulus measurement and 2 %/min for breaking the specimen.

At least five specimens were tested from each sample.

The injection molded specimens were also used for Izod impact test. The
arrows in Figure 17 indicate the points where the specimens were cut (using a
saw) for preparing a specimen with length 2.4 in, width 0.5 in and thickness
0.125 in. A TMI notch cutter and impact tester were used for notching and
testing the specimens according to ASTM D256A. Care was taken so that the
notch (the most sensitive part of the specimen) is as free of defects as possible.

At least 10 specimens were tested from each sample.

Using a notch cutter, instead of injecting the material into a mold already hav-
ing a notch, is generally preferred. This is because the flow lines of such an
injection might result in a different morphology around the notch compared to

the rest of the specimen.
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Figure 17: ASTM D638 type I specimen (actual size). The points where it was
cut and notched for ASTM D256A (Izod) impact test are also indicated.

Transmission electron microscopy (TEM)

TEM was one of the main tools used for studying blend morphology. It was
also the most difficult step, mainly because of the sectioning required before
looking at the samples under the microscope. For successful sectioning what is
basically required is practice and patience. Some tips, however, are given

below.

First each sample was cut (using a small saw) to dimensions approximately
4x6x10 mm, and it was polished using a file, so that it is stable when clamped
on the chock (sample holder). If the sample was not large enough to be cut to

such dimensions (for example for extracted samples - see chapter 6), it was
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embedded in epoxy resin and then the resin was polymerized at 65°C for 2

days. A silicon rubber embedding mold giving blocks approximately 3x5x10
was used for this purpose, and the procedure was the generally used proce-

dure for embedding biological specimens.

One of the 4x6 sides of the block was then trimmed to a trapezoid using a
razor blade (which means that the sectioning orientation must be decided
before cutting the sample). The razor blade was always new and cleaned with
ethanol before trimming. Both the shape and the dimensions of the trapezoid
are important. The dimensions (and shape) found to be more efficient for the
samples sectioned are shown in Figure 18a. Figure 18 also shows the trim-
ming process. A bigger trapezoid was first prepared (from 18b to 18c). Some-
times it was found necessary to cut horizontally to top of this truncated
pyramid, in order to prepare a fresh surface (specially if this surface was the
result of polishing). Then, this trapezoid was trimmed to a smaller one. It is
better that this step is completed at once with four precise and stable cuts.
Most probably only practice can help at this point. The height of the resulting
truncated pyramid was usually about 0.2 mm (and it was generally sharper
than the bigger one). It is better that for the last cutting steps a new razor
blade is used. A razor blade having nicks, might leave metal particles on the
sample, which might later cause chips on the diamond knife used for section-
ing. After the trapezoid was prepared, usually the bottom of the block was cut,
to reduce its length and make it approximately 2 mm longer than the sample

holder. The longer the block, the more the vibrations during sectioning.
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Figure 18: Block trimming (not on scale).
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Some of the sectioning was conducted using a glass knife, and others using a 3

mm MICRO STAR diamond knife (from Micro Engineering). A good diamond
knife certainly helps reducing the artifacts generated by a glass knife, like
compression, chattering and knife marks (see chapter 6). A mistake, however,
could easily result in a chip on the extremely sharp (~50 A) and brittle edge of
the diamond knife, which would generate knife marks during sectioning. For
someone with no sectioning experience it is, therefore, strongly recommended

to practice with a glass knife at least for 10 times before using a diamond

knife.

All sectioning was conducted at room temperature. An angle of 4° and a mod-
erate speed were used. Both the knife and the sample were cleaned using
pressurized air before sectioning. The water level in the boat is important for
successful sectioning. It should be right below the point where a black reflec-
tion starts appearing on the water near the edge of the knife. It is strongly rec-
ommended to always use the same part on the diamond knife until it becomes
dull, and not to jump back and forth. It is also recommended to use a dull part
of the knife (if any) for preparing the surface, and then move to a sharper part

for getting the sections which will be examined.

The thickness of the sections can be estimated by their color. Sections 60-90
nm are silver, sections 90-150 nm are gold, and as the thickness is increasing
the color becomes purple, green and blue. Variations to the color of the sample
is mainly caused by vibrations. Any activities or conditions which could cause
vibration during sectioning (even talking in front of the knife) should be
avoided. Many times curling of the sections was observed. This was mainly

happening when the section was quite thick. Reduction of the thickness was,
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therefore, required in these cases. Xylene was not found to stretch the sections

of the CA-SMA blends.

Gold sections were found to give the best contrast under the transmission
electron microscope (TEM) (for silver section the contrast was sometimes not
enough). Gold sections were therefore placed in the middle of the boat, and
were collected by placing a grid on the top of them (the sections were.adhering
to the grid). The diamond knife was cleaned (rinsed with water, ethanol and
water, and dried with pressurized air) directly after sectioning, before remov-
ing the water from the boat (since the sections of our material could easily

adhere on the dry diamond).

The sections were then examined under a JEOL 100CX TEM. 100 kV were
used. Objective apertures were also inserted in most of the cases for improving
contrast. No carbon coating of the section was found necessary. Care was,
however, taken when converging the beam, since a very condensed beam was
destroying the sample. Also, no staining was found necessary, since quite high
contrast between the CA and SMA phases was resulting after exposing the
samples under the electron beam for a short period of time (usually for 10-20
seconds). This contrast can be attributed to mass thickness contrast developed
due to loss of material from the CA phase (which was appearing lighter) under
the electron beam, whereas the SMA phase (darker) didn’t seem like being sig-
nificantly affected [Thomas and Talmon (1978)].
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Scanning electron microscopy (SEM)

SEM was also found very useful for examining the composites or blends mor-
phology, and specially the adhesion between the phases. A JEOL 35CF scan-
ning electron microscope (SEM) was used. Small pieces of the samples
(usually cut with a small saw from the one side, and polished) were first
mounted on a stub. Carbon paint was applied all around the samples, in order
to improve conductivity. Then the samples were sputter coated with gold for 3
minutes (a gold layer of ~21A was applied). 10 kV were used for most of the
cases (15 kV resulted in charging problems). Objective aperture 2, condenser
lens 600, working distance 15 or 20 and no gamma were the other conditions

used.

Other tests

The extent of the reaction between the CA-SMA phases was quantified using a
extraction technique. Small pieces of the samples were Soxhlet extracted with
toluene for 48 h. Toluene is a good solvent for SMA and a non-solvent for CA.
The residue from the extraction was dried for two days at room temperature,
vacuum dried at 80°C for 20 h, and then analyzed using a Perkin-Elmer CHN
analyzer and Fourier transform infrared (FTIR). The moisture content was
also measured and was used for correcting the elemental analysis results.
Since SMA is soluble in toluene, appearance of SMA in the residue after
extraction suggests that this SMA is covalently linked to CA. The SMA con-
tent could be identified by FTIR (if higher than the detection limits of the
method), and quantified (using elemental analysis) from the C content of the
residue (comparison with the C content of CA and SMA). A number could,
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therefore, be calculated for the extent of the reaction. The problem is that good

separation (extraction) is required, and in the case of immiscible polymer
blends, good separation depends on the morphology of the sample. This will be
explained in more details in chapter 6. Gel permeation chromatography was

also conducted for some samples.






Chapter 5

AMYLOSE COMPOSITES

Amylose and SMA-8 where found to react to a limited extent in solution in the
absence of a catalyst [Argyropoulos et al. (1991)]. When catalyst was added
both the grafting rate and the grafting degree were greatly increased. Among
the factors affecting the reaction, water was found to play an important role.
Addition of water resulted in an increase of the reaction rate. It is possible
that water functions as a co-catalyst in the esterification process. Because of
the potential enhancement of the reaction rate by water, it was decided not to
dry the amylose granules before mixing them with the synthetic polymers in
the extruder. All the results reported below correspond, therefore, to amylose
having an initial equilibrium moisture of approximately 12% (unless other-
wise specified). It is, however, by no means suggested that the reaction mecha-

nism in solution is the same as that occurring in the melt state.

MORPHOLOGY

In order to study the role of MA, amylose/PS composites were also prepared.
Figures 19 and 20 show a fracture surface of an amylose/PS 15/85 extrudate
(all compositions are by weight). It is seen that there is no adhesion between

the amylose particles and PS and that the propagation of the crack front was

59
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around the amylose granules. This was the case for all amylose/PS samples

examined, both after extrusion (Figures 19 and 20) and after injection molding
(Figure 21). There was also no significant change to the dimensions or the
shape of the particles.

Starch particles have a reasonably long lifetime for temperatures below 265°C
[Griffin (1985)]. Thermogravimetric analysis proved that below that tempera-
ture the starch we used (amylose) is stable. A sharp pyrolysis started at about
280°C. The Ty is certainly above that temperature. By an extrapolation of Ty
data of plasticized amylose, the T, of pure amylose was estimated to be

approximately 330°C [Nakamura and Tobolsky (1967)].

Fégure 19: SEM picture of amylose/PS 15/85 after extrusion. No matrix/filler

adhesion.
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Figure 20: SEM picture of amylose/PS 15/85 after extrusion. No matrix/filler
adhesion.

Figure 21: SEM picture of amylose/PS 15/85 after injection (Izod impact frac-
ture surface). No matrix/filler adhesion.
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Figure 22 shows a particle after extrusion with SMA-8. In contrast with PS it

can be seen that there is excellent adhesion between the amylose granule and
the matrix. A typical electron micrograph of the amylose/SMA-8 15/85 extru-
dates obtained is shown in Figure 23, where only the top of the particles can
be seen. This is an interesting phenomenon. PS and SMA deform by crazing.
The above observation implies that in the case of composites with good adhe-
sion, any crazes formed that transformed to a crack were near the poles of the
particles. A similar behavior was observed for PS filled with glass beads [Dek-
kers and Heikens (1983a)].

Figure 22: SEM picture of amylose/SMA-8 15/85 after extrusion. Good inter-
facial adhesion.






Figure 23: SEM picture of amylose/SMA-8 15/85 after extrusion. Good inter-
facial adhesion.

It was easier to see the particles when 30% or 45% amylose was used (Figures
24 and 25 respectively), since in this case the crazes had to travel around more
particles. Similar morphology was observed for the case of SMA-4 (Figure 26)
and SMA-14 (Figure 27), and also when vacuum dried amylose was used
(approximately 2% moisture) (Figure 28). It is possible that the adhesion
between SMA and amylose is due to a grafting reaction between the hydroxyl
and anhydride groups. A different type of interaction (e.g. hydrogen bonding),

however, should not be excluded.



Figure 24: SEM picture of amylose/SMA-8 30/70 after extrusion. Good inter-
facial adhesion.

Figure 25: SEM picture of amylose/SMA-8 45/55 after extrusion. Good inter-
facial adhesion.



Figure 26: SEM picture of amylose/SMA-4 15/85 after extrusion. Good inter-
facial adhesion.

Figure 27: SEM picture of amylose/SMA-14 15/85 after extrusion. Good inter-
facial adhesion.
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Figure 28: SEM picture of amylose/SMA-8 15/85 after extrusion (amylose
was vacuum oven dried before it was mixed with SMA-8). Good interfacial
esion.

Another interesting point is that the amylose granules didn’t break, which
means that they are stronger than SMA. There were very few examples (as in
Figure 29) where maybe the relative position of the particles together with
good adhesion resulted in a broken amylose granule. A central void contained
in the granule is also evident in Figure 29. Because of this void which is typi-
cal for all maize starch granules having equilibrium moisture or less, maize

starch behaves as a strong hollow-sphere filler [Griffin (1985)].
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Figure 29: SEM picture of amylose/SMA-8 15/85 after extrusion. One of the
few amylose granules which broke.

A TEM examination of the composites was also tried. It was, however, almost
impossible to section the amylose phase (although a diamond knife was used).
TEM pictures of amylose/SMA-8 composites are shown in Figure 30. Basically
holes are appearing in the place where amylose was, and amylose is appearing
as dark areas near the edge of the holes. It can, however, be noticed that there
are no obvious changes to the general shape and size of the particles. Figure
31 is a high magnification TEM picture where one part of the amylose
remained as a section. The reason for this was the very small size of the amy-
lose phase (either a small particle, or a particle sectioned near the pole). The
interesting point is that although there are some holes appearing, these holes
are not formed at the interface, but inside the amylose part, which means that

there is good adhesion between the two phases.
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Figure 31: TEM picture of amylose/SMA-8 15/85 after extrusion. The lighter

part is amylose, and the darker part is S|
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The effect of water on the morphology of the amylose/SMA blends should also

be mentioned. Figure 32 shows a fracture surface of an amylose/SMA-8 36/64
compression molded specimen, where the amylose contained initially 33%
moisture (the granules were mixed with water before extrusion). The arrows
indicate the amylose regions. Amylose is not in granular form any more and

breaks when the specimen is fractured. The water functioned as a plastici

and destroyed the physical integrity of the amylose grain. A fracture surface
of a amylose/SMA-8 20/80 compression molded specimen soaked in water for
31 days is shown in Figure 33. The water absorbed by the amylose also softens
the particles and makes them unable to resist the crack propagation effec-

tively.

Figure 32: SEM picture of an amylose/SMA-8 36/64 compression molded
specimen (fracture in tension). Amylose had before extrusion 33% moisture.
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Figure 33: SEM picture of an amylose/SMA-8 20/80 compression molded
specimen, soaked in water for 31 days (fracture in tension).

MECHANICAL PROPERTIES

Table 6 shows the mechanical properties of the amylose composites. Typical
stress-strain curves for most of the compositions, are shown in Figures 34 and
35. Brittle failure was observed for all composites. A slight change of the mod-

ulus indicating crazing is seen only for the material where PS is the matrix.
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Figure 34: Stress-strain curves of amylose composites.
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Figure 35: Stress-strain curves of amylose composites.
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In Figure 36 the relative Young’s modulus (modulus of the composite/modulus

of the matrix) is plotted as a function of the MA level (Figure 36a) and the
amylose content (Figure 36b). It is obvious that the modulus increases with
increasing amylose content. This is always the case when high modulus parti-

cles are added to a low-modulus polymeric matrix [Young (1986)].

An equation for predicting the modulus of filled systems is that of Ishai and
Cohen (for uniform boundary displacement) [Ishai and Cohen (1967)]:

v E

=1+ f m= =2 (15)
m /3 E
- 0

m-1 f

Pﬁl@
o o

where E, E, and Ep are the composite, matrix and filler moduli, and v¢is the

volume fraction.
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Figure 36: Relative Young’s modulus (composite/matrix) as a function of the
MA level (a) and the amylose content (b).
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A number can be calculated for the modulus of the amylose particles, so that

the above equation (for uniform boundary displacement) best fits the above
data. This number is 6.6 GPa when SMA-4 is the matrix and 8.1 GPa when
SMA-8 is the matrix. The difference between the two numbers suggests that
such calculations can only give an estimate of the magnitude of the amylose

modulus (Young’s modulus for SMA-8 is 3.0 GPa and for glass is 70 GPa).

According to Figure 36a better adhesion (provided by a higher MA content)
also helps to increase the modulus. This is not the case for glass-bead-filled
polymers [Dekkers and Heikens (1983b)], where the modulus is hardly
affected by the degree of interfacial adhesion. The reason for this might be due
to the difference between the moduli of glass and amylose. The modulus of
glass is 20 times higher than the modulus of PS, and that may be the reason
as to why the particle/matrix adhesion has a negligible effect. It seems that
this effect can not be neglected in the case of amylose which has a modulus

much closer to that of the matrix.

Figure 37 presents the tensile strengths of the amylose filled composites. It
can be seen that the tensile strength of the composite is always lower than the
strength of the matrix, decreases with increase in weight fraction of the filler
and appears to be unaffected by the level of adhesion. These results are gener-
ally in agreement with the literature. In the case of particulate-filled brittle
thermosets [Sahu and Broutman (1972), Hojo et al. (1974), Leidner and
Woodhams (1974)], when there is no particle/matrix adhesion there is a
decrease of the ultimate strength with increase of the particle content. In the
case of good adhesion a retention of the matrix strength is observed, while

moderate adhesion data fall between the upper and lower bounds. There is
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also a decrease in strength as the average size of the particles increases. In

the case of particulate-filled brittle thermoplastics [Dekkers and Heikens
(1983b), Lavengood et al. (1973)] (deforming by crazing), the composite’s
strength decreases with the filler content, even with excellent adhesion. This

suggests that adhesion can not effectively control craze formation and growth.
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Figure 37: Tensile strength of the composites containing 15% amylose and of
their corresponding matrixes (a), and relative tensile strength (composite/
matrix) as a function of the MA level (b) and the amylose content (c).
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The relative I1zod impact energies as a function of the MA level and the filler

content are shown in Figure 38. For particulate-filled brittle polymers, the
impact strengths are normally less than those of the pure matrix, and strong
particle/matrix adhesion gives the highest impact strengths [Young (1986)]. In
agreement with literature, better adhesion between amylose and SMA
resulted in improvement of the impact strength, although the difference
between the values is not significant when compared to the standard devia-
tions. It should, however, be noted that for excellent adhesion (SMA-14) or
good adhesion and high amylose content (amylose/SMA-8 30/70) the impact
strength is almost equal or even higher than that of the base resin. A general

retention of the impact strength can therefore be claimed.

The main advantage of particulate-filled polymers is their higher toughness
compared to the matrix, expressed as an increase of the fracture energy
[Broutman and Sahu (1971), Spanoudakis and Young (1984)] (although con-
flicting results have been reported as to whether good or poor adhesion results
in the toughest material [Phillips and Harris (1977)]). The increase of the frac-
ture energy is not reflected to the impact energy, which according to Broutman
and Sahu [Broutman and Sahu (1971)] decreases with increasing filler con-
tent. The reason for this is that impact tests are rather high strain rate flex-
ural tests and can not be considered as measuring the actual toughness of the
material [Phillips and Harris (1977)]. The retention of the impact strength
observed for some of the amylose-filled samples can, therefore, be considered
as a suggestion that the toughness of these materials is higher than thaf of
the base resin. Significant toughening should not, however, be expected.
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Good distribution of the amylose particles in the matrix is essential for opti-

mum properties. Shortening of the mixing time reduced tensile strength. The
minimum value was obtained when amylose was mixed with the matrix in the
injection molder only (without pre-extrusion). Inadequate mixing results in
incorporation of particles which become dangerous flaws. Better distribution

is favored by particle /matrix adhesion.

All the above data concerning the mechanical properties of the composites are
based on testing of injection molded specimens. Grinding of the samples
before injection, doesn’t seem to be affecting the mechanical properties. For
amylose/SMA-8 15/85 composites, the difference between the average mechan-
ical properties of specimens molded from ground and non ground materials
was 0.5%, 0.6%, 1.0% and 2.9% for tensile strength, elongation, modulus and
Izod impact strength respectively.

When amylose/SMA-8 15/85 (injection molded) specimens were prepared
using dry amylose granules instead of those containing the normal 12% mois-
ture, the tensile strength was 6% higher (but still lower than that of the
matrix). This suggests that the properties of the particle affect the tensile

strength, and not the adhesion. Further investigation is needed.



Chapter 6

CELLULOSE ACETATE BLENDS

MORPHOLOGY

CA/SMA blends - No catalyst

Figure 39 is a fracture surface (all fractures were at room temperature) of a
CA/SMA-8 70/30 blend (all the compositions are by weight). It is obvious that
there are two phases (the materials are certainly not miscible), and that there
is no adhesion between the two phases (incompatible blend). The continuous
phase is CA and SMA-8 is the dispersed phase (in droplet form). The dimen-
sions of these droplets are in the order of a few microns. As was expected
(since both materials were in melt condition), the mixing in the extruder was
dispersive (dispersive is the mixing which reduces the size of particles and
optimizes their distribution). In contrast, the mixing in the case of amylose/
SMA composites was distributive (increase of the randomness of the spatial

distribution, without reduction of the size) [Cheremisinoff (1987)].

The morphology observed in the CA/SMA system is quite common in the cases
where there is high interfacial tension between the two components. The
smooth surface of SMA-8 and the absolute lack of adhesion is also visible in
the higher magnification electron micrograph of Figure 40.
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Figure 39: SEM picture of CA/SMA-8 70/30 after extrusion (fracture perpen-
dicular to the flow direction).

Figure 40: SEM picture of CA/SMA-8 70/30 after extrusion (fracture perpen-
dicular to the flow direction).
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The morphology of the CA/SMA-8 70/30 blend is also clearly visible in the

TEM picture (Figure 41). The darker regions are the SMA-8 phase and the
lighter regions are the CA phase. There are some bigger and some smaller
droplets. The smaller droplets can be satellite droplets formed during the
breakup (see Figure 3). It can also be noticed that the SMA-8 phase appears
as an ellipse, although in the SEM picture it is more spherical. This is basi-
cally an artifact of the sectioning procedure (compression). These samples
were sectioned using a glass knife. There are also some knife marks appear-
ing, certifying that the longer axis of the ellipse is normal to the direction of
the knife. If a diamond knife was used, the knife marks would most probably
be eliminated, and the compression reduced. There is also some separation of
the phases called debonding (generation of holes at the interface), because of

the lack of interfacial adhesion.

TEM pictures in Figures 42 and 43 show what happens when the above blend
is passed through the extruder one or two more times. It can be noticed, that
the morphology of the blend has not considerably changed. There is a better
dispersion of the SMA-8 phase (improvement of the homogeneity of the drop-
let dimensions), but it is not significant. A more detailed study and discussion
of the droplet dimensions for various runs (including the above), is presented

later in this chapter.



Figure 41: TEM picture of CA/SMA-8 70/30 after extrusion (sectioning per-
pendicular to the flow direction).
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Figure 42: TEM picture of CA/SMA-8 70/30 after two extrusion passes (sec-
tioning perpendicular to the flow direction).



Figure 43: TEM picture of CA/SMA-8 70/30 after three extrusion passes (sec-
tioning perpendicular to the flow direction).

All the above micrographs were perpendicular to the flow direction. A TEM
picture of a sample sectioned parallel to the flow direction, is shown in Figure
44. Some knife marks indicate the direction of sectioning (east-northeast to
west-southwest or the reverse). Some of the SMA-8 droplets are in spherical
form, but there are also some bigger droplets, elongated parallel to the extru-
sion direction. This would not be visible if the picture was taken perpendicular
to the flow direction. There are also some droplets, right before or right after
breakup (dumbbell shaped droplets or droplets with an elongated part). So,
after the first extrusion, the distribution can progress to a morphology closer
to equilibrium.

Figure 39 shows that there are some appendages sticking out many SMA

droplets. This is due to fracture of the narrow part of a dumbbell or of an elon-
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gated part of the droplets (similar to those shown in Figure 44), and should

not be mistaken as adhesion of the SMA droplets to the matrix.

Figure 44: TEM picture of CA/SMA-8 70/30 after extrusion (sectioning paral-
lel to the flow direction).

The morphology of the CA/SMA-14 70/30 blend (the SMA phase contains 14%
MA) is shown in Figures 45 and 46. There is again no adhesion between the
phases (incompatible blend), and the SMA-14 phase is in droplet form with
dimensions close to those of SMA-8. This time, however, the use of a diamond

knife for sectioning, reduced compression and eliminated debonding.



Figure 45: SEM picture of CA/SMA-14 70/30 after extrusion (fracture perpen-
dicular to the flow direction).

Figure 46: TEM Elctute of CA/SMA-14 70/30 after extrusion (sectioning per-
pendicular to the flow direction).
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Figure 47 is an SEM pictures of a fracture surface of a CA/SMA-8 70/30 injec-

tion molded specimen after tensile test. The injection process (el ional

flow), together with lack of interfacial adhesion, resulted in transformation of
the droplets into fibers. This fibrillation is more obvious in Figure 48, where

the injection molded specimen is examined parallel to the flow direction.

Figure 49 shows a CA/SMA-8 30/70 blend (reverse blend composition). SMA-8
is the continuous phase and CA is the dispersed phase, and there is no interfa-
cial adhesion. In this case, however, the dispersed phase (CA) is not in droplet

form, but is fibrillar.

Figure 47: SEM picture of CA/SMA-8 70/30 injection molded speci (frac-
ture in tension, surface perpendicular to the flow direction).




Figure 48: SEM picture of CA/SMA-8 70/30 injection molded specimen (frac-
ture parallel to the flow direction).

Figure 49: SEM picture of CA/SMA-8 30/70 after extrusion (fracture perpen-
dicular to the flow direction).
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The reason for this is the viscosity difference between the two phases. At the

extrusion temperature used, CA is more viscous than SMA-8. In the case of
polymer systems (in uniform shear flow), breakup of the dispersed phase
occurs as shown in Figure 3 usually when the viscosity ratio 2 (chapter 2,
equation 11) is between 0.14 and 0.65 [Han (1981)]. When, % is less than 0.14
or more than 3.8, usually no breakup occurs, but just deformation from a
spherical to an ellipsoid form. When, however & is between 0.7 and 2.2, defor-
mation generally occurs in a way similar to that shown in Figure 40. There is

basically a fibril formed, which may break.

Figure 50: Droplet deformation in uniform shear flow for viscosity ratio
between 0.7 and 2.2.

stress

stress

Increasing shear rate ——»

Application of the above theory to our system, suggests that in the case where
SMA-8 is the dispersed phase, the viscosity ratio (dispersed phase versus con-
tinuous phase) should be from 0.14 to 0.65, and in the case where CA is the
dispersed phase, it should be from 0.7 to 2.2. This means that (for having both

of the above true) for the temperature used:
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n
045 < SMA-8
ca

<0.65 (16)

Addition of potential catalysts

As was mentioned in chapter 3, KCl is one of the potential catalysts which was
tried before DMAP. Figure 51 shows the morphology of the blend when 1% of
KCl is added to the CA/SMA-8 30/70 mixture (1 part of KCI with 100 parts of
CA/SMA-8). The morphology is similar to that of Figure 49, and there is no
adhesion between the phases. This indicates that the addition of KCI does not

promote adhesion.

Figure 51: SEM picture of CA/SMA-8/KCI 30/70/1 after extrusion (fracture
perpendicular to the flow direction).
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A similar lack of adhesion is seen in Figure 52, where 1% of KCl is extruded

with a 50/50 mixture of CA and SMA-8. In this case, SMA-8 is still the contin-
uous phase, although there is 50% CA (and co-continuity would be possible).

The reason for this, is that the lower viscosity of SMA-8 (as was mentioned
above) shifts the morphology from co-continuity to continuous phase of SMA-8
(see also Figure 2).

No adhesion was observed in the case of a 30/70 CA/SMA-8 blend, even when
2% KCI was used and the residence time was increased (screw speed was 15
rpm) (Figure 53). Also, the lower shear rate.(because of the lower screw speed)
resulted in worse dispersion of the SMA-8 phase (bigger droplets or other for-

mations).

Figure 52: SEM ﬁ)icture of CA/SMA-8/KCI1 50/50/1 after extrusion (fracture
perpendicular to the flow direction).
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Figure 53: SEM picture of CA/SMA-8/KC] 30/70/2 after extrusion (screw
speed 15 rpm, fracture perpendicular to the flow direction).

The dispersion of the catalyst in the system is important. In the case of a solu-
tion reaction where all components including the catalyst are soluble, this is
not a problem. However, in the case of melt reactions, good dispersion is possi-
ble only if the material is melting or evaporating during processing. KCI's
melting point is 770°C. There is, therefore, only distributive mixing of the cat-
alyst particles in the system, which means that reaction between the compo-
nents of the blend can occur only at the interface of the catalyst and the blend.
One of these KCl particles is shown in Figure 54. The morphology near the
KCl particle/blend interface is similar to that of the rest of the blend, indicat-

ing that no reaction is occurring.
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Figure 54: SEM picture of a KCI particle in a CA/SMA-8/KCI 50/50/1 system
after extrusion (fracture perpendicular to the flow direction).

For the blends of Dexel and SMA-8 (Figures 55 and 56), poly(4-vinylpyridine-
co-styrene) and poly(2-vinylpyridine) were used as potential catalyst respec-
tively. No adhesion was observed (many smooth surfaces). The interesting
point is that there was co-continuity although the Dexel content was 70%.
This indicates, again, that at this temperature SMA-8 is less viscous than

Dexel.



Figure 55: SEM picture of Dexel/SMA-8/poly(4-vinylpyridine-co-styrene) 70/
3?/0.5 aﬁ;er extrusion (fracture between parallel and perpendicular to the flow
irection).

Figure 56: SEM picture of Dexel/SMA-8/poly(2-vinylpyridine) 70/30/2 after
extrusion (fracture perpendicular to the flow direction).
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Morphology after reaction

DMAP was the only material which was found to work as a catalyst for our
system. When 0.1% DMAP was added to a CA/SMA-8 70/30 blend which had
already been passed through the extruder twice (see Figure 42), the morphol-
ogy of Figure 57 was obtained. In this system, there is a much better disper-
sion of the SMA-8 phase (reduction of the droplet size), as compared to the CA/
SMA-8 70/30 blend after three extrusion passes (Figure 43), and there is no
debonding during sectioning.

o [ ]
DeQeto
PR FY )
Figure 57: TEM picture of CA/SMA-8/DMAP 70/30/0.1 after three extrusion

passes, the catalyst added before the third extrusion (sectioning perpendicular
to the flow direction).
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The criterion for droplet breakup of a Newtonian drop in a Newtonian matrix

in uniform and steady shear field is given by equation 12 (chapter 2). For the
more complex mixing during reactive extrusion of polymers, a similar equa-

tion based on experimental data has been proposed [Wu (1987)]:

G
Nne > 4R 1084 an

where G is the shear rate, 1, the matrix viscosity, a the droplet diameter, y
the interfacial tension, and & the viscosity ratio (the dispersed phase viscosity
Nq versus the matrix viscosity Ng). The plus sign is for 2 > 1 and the minus
sign for £ < 1. The left side of the equation is again the Weber number, i.e. the

ratio of viscous forces (Gn,,) to interfacial forces (ya).

The difference between the systems of Figures 43 and 47 is only the addition
of catalyst. G was the same (same screw speed), and if we assume that the
addition of the catalyst didn’t change the viscosities of the two phases, then
according to the above equation the reduction of the droplet diameter, was
only due the reduction of the interfacial tension. This reduction of the interfa-
cial tension was obviously due to a reaction between the two phases resulting
from the addition of catalyst. Therefore, this time the addition of the catalyst

was successful.

Figure 58 is an SEM picture of a fracture surface of the above system. Some
small spherical particles can be noticed which are exhibiting adhesion with
the matrix. For the majority of the particles, however, the crack didn’t propa-
gate around the particles, but went through and broke them. The droplets,
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therefore, appear on the micrograph as circles being almost at the same plane

with the matrix. This phenomenon is certainly the result of good adhesion
between the two phases. The adhesion is due to a reaction catalyzed by DMAP,
and formation of CA-SMA graft copolymer (the hydroxyl groups on the CA
react with the anhydride groups on the SMA to form a half ester). This mor-
phology is more visible at the higher magnification picture of Figure 59. On
the left of this picture there is a particle where the crack propagated around
it, but there is obvious adhesion with the matrix. On the right there is a circle
which corresponds to a particle which broke (the crack went through). Figure
60 is another picture of a particle showing similar adhesion. This picture is
interesting because it is close the magnification limits of the SEM (the picture
was taken at a magnification of 60,000).

Figure 58: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after three extrusion
passes, the catalyst added before the third extrusion (fracture perpendicular
to the flow direction).
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Figure 59: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after three extrusion
passes, the catalyst added before the third extrusion (fracture perpendicular
to the flow direction).

Figure 60: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after three extrusion
passes, the catalyst added before the third extrusion (fracture perpendicular
to the flow direction).
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Figures 61 and 62 are micrographs of the same system after extraction of the

fractured surface with toluene. Toluene is a solvent for SMA-8 and a non sol-
vent for CA. It extracted the SMA-8 phase from the surface and made the mor-
phology more clear. The difference between the two pictures is that the first
one is fractured perpendicular to the flow direction, and the second is frac-
tured parallel to the flow direction. The dispersed phase, therefore, is very
close to being spherical (since it appears almost circular in both directions). It
was appearing as an ellipse in Figure 37 because of compression during sec-

tioning with a glass knife.

Figure 61: SEM picture of extracted CA/SMA-8/DMAP 70/30/0.1 after three
extrusion passes, the catalyst added before the third extrusion (fracture per-
pendicular to the flow direction).



Figure 62: SEM picture of extracted CA/SMA-8/DMAP 70/30/0.1 after three
extrusion passes, the catalyst added before the third extrusion (fracture paral-
lel to the flow direction).

A similar morphology is observed when even less amount of catalyst (0.05%) is
added after only the first extrusion of a CA/SMA-8 70/30 blend (Figure 63).
The size of the dispersed phase is almost the same as compared to that of CA/
SMA-8/DMAP 70/30/0.1 after three extrusion passes, where the catalyst was
added before the third extrusion (Figure 57) (there is, however, less compres-
sion and no knife marks because of the use of a diamond knife). The SEM pic-
ture of Figure 64 is also similar to that of Figure 58. The morphology didn’t
significantly change when the alloy of Figures 63 and 64 (CA/SMA-8/DMAP
70/30/0.05 after two extrusion passes, where the catalyst was added before the

second extrusion) was extruded one more time (Figures 65 and 66).
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Figure 65: TEM picture of CA/SMA-8/DMAP 70/30/0.05 after three extrusion
passes, the catalyst added before the second extrusion (sectioning perpendicu-
lar to the flow direction).

Figure 66: SEM picture of CA/SMA-8/DMAP 70/30/0.05 after three extrusion
asses, the catalyst added before the second extrusion (sectioning perpendicu-
ar to the flow direction).
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When 0.1% catalyst was added before the first extrusion, the morphology

observed was that of Figure 67. There was actually co-continuity of the two
phases, a morphology totally different from that of Figure 41 (CA/SMA-8 70/
30). This difference certainly implies that a reaction took place. Figures 68
and 69 are SEM pictures of this system. It is not very easy to distinguish the
two phases. On the TEM picture, however, it can be noticed that there are
small SMA-8 droplets encapsulated in the CA phase (the opposite is not
observed to any great extent, because of the higher viscosity of CA). These
droplets can also be noticed in one of the two phases of Figures 68 and 69,
which means that this phase is CA. No separation can be observed at the
interphase, which indicates that a reaction took place. It should be noted that
in the case of CA adhesion can not be the result of other interactions (like

hydrogen bonding) since no adhesion is observed when catalyst is not added.

Figure 67: TEM picture of CA/SMA-8/DMAP 70/30/0.1 after extrusion (sec-
tioning perpendicular to the flow direction).



Figure 68: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after extrusion (frac-
ture perpendicular to the flow direction).

Figure 69: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after extrusion (frac-
ture perpendicular to the flow direction).
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The morphology of this system is more obvious in Figures 70 and 71, where

after fracture, the SMA-8 phase has been extracted with toluene. There is co-

continuity oriented in the direction of flow.

This co-continuity, however, is something which was not expected. According
to Figure 2 (chapter 2), the volume ratio and the viscosity ratio are the param-
eters determining which phase will be continuous or if there will be co-conti-
nuity. The reaction and adhesion is expected to reduce the size of the
dispersed phase (what was observed earlier). It is not expected to result in co-
continuity. An explanation for the above morphology is that this morphology is

not in equilibrium. This will be shown later.

Figure 70: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after extrusion and
extraction (fracture perpendicular to the flow direction).



Figure 71: SEM picture of CA/SMA-8/DMAP 70/30/0.1 after extrusion and
extraction (fracture parallel to the flow direction).

Figure 72 is a TEM picture of CA/SMA-8/DMAP 70/30/0.05 after extrusion. It
can be observed that in this case CA is the continuous phase. SMA-8,however,
which is the dispersed phase, is not in droplet form, and there are points
showing that at the moment of solidification the SMA-8 phase was breaking
up. This means that it is not still equilibrium. When this material was
extruded one more time, the morphology shown in Figure 73 resulted. It can
be noticed that many small droplets were formed. Still the morphology is not
in equilibrium, but it is certainly closer to equilibrium than the one of Figure
72. A similar phenomenon should be expected if the material of Figure 67 is
extruded one more time. Figure 74 shows the morphology which resulted
when 0.01% of catalyst was used. In this case droplets are observed smaller
than those of Figures 41, 42 and 43, which means that even with this small

amount of catalyst, a reaction took place.






Figure 72: TEM picture of CA/SMA-8/DMAP 70/30/0.05 after extrusion (sec-
tioning perpendicular to the flow direction).

Figures 73 and 74 indicate that in equilibrium, SMA-8 is in droplet form, and
that the more the catalyst used (the more the reaction and adhesion), the
longer it takes for the morphology to reach equilibrium. An explanation for

this, can be the following:

Both mixing and reaction are taking place in the extruder. The reaction, how-
ever, affects the mixing. When more catalyst is added, the reaction starts
early in the extruder and results in a network morphology similar to that of
Figure 67. Then the stress applied by the extruder is basically absorbed as
deforming this network, instead of breaking up some existing droplets. When,
however, less catalyst is added, there is some droplet formation (similar to
that observed when no catalyst is added) and then there is breakup of those
droplets.



Figure 73: TEM picture of CA/SMA-8/DMAP 70/30/0.05 after two extrusion
passes, the catalyst added before the first extrusion (sectioning perpendicular
to the flow direction).

Figure 74: TEM picture of CA/SMA-8/DMAP 70/30/0.01 after extrusion (sec-
tioning perpendicular to the flow direction).
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Figures 75, 76 and 77 are SEM pictures of the samples of Figures 72, 73 and

74 respectively. Not significant gap can be observed between the phases, and
many small SMA-8 droplets which broke can be noticed. The fact that the
crack went through, indicates not only that there is good adhesion between
the phases, but also that the CA phase is stronger than the SMA-8 phase. If
the opposite was true, a phenomenon similar to that observed with the amy-

lose particles (see chapter 5) would occur.

Figure 75: SEM picture of CA/SMA-8/DMAP 70/30/0.05 after extrusion (frac-
ture perpendicular to the flow direction).
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Figure 76: SEM picture of CA/SMA-8/DMAP 70/30/0.05 after two extrusion
passes, the catalyst added before the first extrusion (fracture perpendicular to
the flow direction).

Figure 77: SEM picture of CA/SMA-8/DMAP 70/30/0.01 after extrusion (frac-
ture perpendicular to the flow direction).
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One important point about the reaction should be added. Good dispersion of

the catalyst is obviously important, specially when the amount of catalyst
added is as low as 0.01%. When the catalyst added, however, remains a solid
during extrusion and is just dispersed in the blend, even if the catalyst is
working, the reaction will be limited. DMAP has a melting and boiling point
lower than the extrusion temperature. This means that in the extruder it is

melting and then evaporating, which certainly helps the reaction.

Another point is that the more the reaction the more the degradation of the
CA phase. This was observed as a brown color for the samples with 0.1 or
0.05% catalyst (when no catalyst is added the color is close to white). Very
light change of the color was, however, observed for all the samples where
0.01% of catalyst was added. This color became only slightly darker after the

injection of the material.

Figures 78 and 79 are SEM pictures of an injection molded specimen of CA/
SMA-8/DMAP 70/30/0.05 after tensile test. It can be noticed that there is an
orientation in the direction of injection, and that there are some points of no
adhesion. During injection, there is elongational flow which results in this ori-
entation, but also there is some mlxmg which results in the creation of new
interfaces of the two components. There is, however, not enough time for a
reaction to occur at these points, and probably not enough catalyst since some

of the catalyst might have evaporated during extrusion.
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Figure 78: SEM picture of CA/SMA-8/DMAP 70/30/0.05 after injection (frac-
ture in tension, surface perpendicular to.the flow direction).

Figure 79: SEM picture of CA/SMA-8/DMAP 70/30/0.05 after injection (frac-
ture in tension, surface parallel to the flow direction).



115
Figure 80 is an SEM picture of a CA/SMA-8/DMAP 70/30/0.01 injection

molded specimen after tensile test, which also shows some lack of adhesion.
Also there are some big SMA parts, which probably occurred by incorporation
of smaller particles. So, although elongation helps in better longitudinal prop-
erties, the lack of adhesion and the appearance of bigger parts of the dispersed
phase does not help.

Figure 80: SEM picture of CA/SMA-8/DMAP 70/30/0.01 after injection (frac-
ture in tension, surface perpendicular to the flow direction).

Figure 81 is a TEM picture of CA/SMA-14/DMAP 70/30/0.01 extrudate. It can
be noticed that the higher MA content (lower value for y) resulted in better
dispersion compared to Figure 74. This was also the finest dispersion
observed. According to equation 17 (this chapter), another parameter affecting
the droplet diameter is the viscosity ratio k. The left side of equation 17 has a

minimum when £ is equal to 1. This means that at this viscosity ratio and if



116
the other parameters are the same, the minimum dispersed phase size can be

observed. According to Table 3 (chapter 3), at 230°C (condition “L”) which is
very close to the extrusion temperatures, the viscosity of SMA-14 is lower
than the viscosity of SMA-8. Therefore, since the viscosity of CA is higher than
the viscosity of SMA-8, k for SMA-8 is closer to 1 compared to 2 for SMA-14.
This means that in the case of SMA-14 the viscosity ratio does not help the
reduction of the dispersed phase size. The grafting reaction, therefore, contrib-
uted even more than what can be observed from the droplet diameter. Figure
82 is an SEM picture of the above sample, showing the very fine dispersion of
the SMA-14 phase.
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Figure 81: TEM picture of CA/SMA-14/DMAP 70/30/0.01 after extrusion (sec-
tioning perpendicular to the flow direction).



Figure 82: SEM picture of CA/SMA-14/DMAP 70/30/0.01 after extrusion
(fracture perpendicular to the flow direction).

Figure 83 shows the morphology of a CA/SMA-R/DMAP 70/30/0.01 extrudate.
The black parts in the darker SMA phase are the rubber. The softness of the
rubber makes sectioning difficult, and this is why holes are appearing near
the black parts. It can be noticed that the presence of the rubber didn't allow
complete breakup of the SMA-R phase into droplets (in contrast to the blends
of SMA-8 and SMA-14 with the same amount of catalyst). Good interfacial
adhesion is shown in the SEM picture of Figure 84.
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Figure 83: TEM picture of CA/SMA-R/DMAP 70/30/0.01 after extrusion (sec-
tioning perpendicular to the flow direction).

Figure 84: SEM picture of CA/SMA-R/DMAP 70/30/0.01 after extrusion (frac-
ture perpendicular to the flow direction).
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As was mentioned in chapter 4, a method based on extraction was used to

quantify the extent of the reaction. Good separation, however, was required.
Figure 85 shows TEM pictures of blends extruded, pelletized, extracted with
toluene, embedded in epoxy and sectioned. For those pictures, the darker
areas are SMA-8, the lighter areas are CA, the intermediate darkness areas
are the epoxy, and some white areas are holes. The goal of these experiments
was to check if the above method can be used for quantifying the extent of the
reaction, and if a layer of SMA can be observed around the CA phase, indicat-
ing a reaction. The extrudate of CA/SMA-8/KCI 30/70/2 (screw speed 15 rpm,
Figure 53) was extracted with toluene as a control representing no adhesion
(Figure 85a). It was selected because SMA-8 was the continuous phase. If CA
was the continuous phase, extraction of the dispersed SMA-8 phase would not
be possible. No dark layer is obvious at the interface. There is, however, some
SMA-8 which was not extracted because it was surrounded by CA. This SMA-
8 fraction is not extractable but is not grafted onto CA. Elemental analysis
and FTIR (the techniques used to establish grafting) would, therefore, have

led to wrong conclusion about grafting.

Figures 85bcd are extrudates of CA/SMA-8/DMAP 70/30/0.1. For Figure 85b,
the sample was sectioned near the surface of the extracted particle, where cir-
culation of the solvent was easy (also because of the continuity of the SMA-8
phase). For Figures 85cd, sectioning was close to the middle of the particle. It
is obvious that in the middle of the particle where circulation of the solvent
was more difficult, more SMA-8 was left unextracted. This is even more obvi-
ous in Figure 85d where CA starts becoming the continuous phase (the latter
does not allow penetration of the epoxy resin, this is why the holes are appear-

ing). The amount of material extracted, is, therefore, highly dependent on the
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morphology of the sample, and it is obvious that for the above extraction, ele-

mental analysis and FTIR would result in wrong conclusions. As was shown
earlier in this chapter, there was a reaction for the sample of Figures 85bcd. A
interfacial layer of SMA-8 can, however, hardly be claimed for Figure 85b,
where there was good extraction. This can be an indication that even for this
sample, the extent of the reaction is very low (maybe less than 1%). Such a low
extent, can, however, be considered enough if it gives the desired adhesion and
morphology change. More reaction also results in more degradation, which

means that there is an optimum to obtain good mechanical properties.

Gel permeation chromatography was also used to find out the extent of degra-
dation when a brown sample color was observed. The samples with 0.05% cat-
alyst were examined. No significant decrease of the MW was observed,

compared to the CA/SMA-8 70/30 blend.
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gure 85: TEM pictures of (a): CA/SMA/KCI 30/70/2 (screw speed 15 rpm),
(b), (c) and (d): (gA/SMA 8/DMAP 70/30/0.1, after extrusion, pelletization,
extraction and epoxy embeddi
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Dispersed phase size

From the TEM pictures, the weight average, number average, and sample
standard deviation of the dispersed phase size were measured for the blends
where droplets were observed. The formulas of page 27 were used. At least
100 droplets were measured from each sample. Equation 14 (chapter 3) was
used for calculating the observed diameter of the droplet, directly from the
TEM pictures (sectioning perpendicular to the flow direction). The droplets,
however, were not obviously sectioned always in the centre. For this reason a
correction factor of 4/r [Wu (1985)] was used for estimating the true diameter

from the observed diameter.

Table 7 shows the results of these calculations, whilst Figures 86, 87 and 88

show the size distributions.
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For the first three samples (blends of CA/SMA-8 70/30 extruded one, two and

three times), the more the extrusion passes, the smaller the standard devia-
tion and the weight average diameter (which is expected). There is not much
difference between the second and third run, which means that the third is
close to equilibrium. The number average diameter however is increasing, and
this is because some small droplets (maybe satellite droplets) observed basi-
cally for the first run are eliminated (probably incorporated with others dur-
ing the second and third extrusion pass). Also, for the first sample some
droplets are elongated in the direction of flow, but they appear smaller when
the sample is sectioned perpendicular to the flow direction.

When catalyst was added, reduction of the diameters and the standard devia-
tion was always observed. As was noticed earlier, the finest dispersion (0.72
um) is observed for the CA/SMA-14/DMAP 70/30/0.01 blend, due to the pres-
ence of 14% MA in the SMA phase. For SMA-8 the smallest diameter (1.02 pm

weight average) was observed when 0.1% of catalyst was added.

MECHANICAL PROPERTIES

The effect of reaction, adhesion and morphology change on the mechanical
properties of the CA blends will be discussed in this part. Table 8 shows the
tensile strength, elongation, modulus and Izod impact strength of these

blends. Typical stress-strain curves for most of the materials are shown in Fig-

ures 89, 90 and 91.
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Figure 89: Stress-strain curves for CA blends.
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Figure 90: Stress-strain curves for CA blends.
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The tensile strengths are compared in Figure 92. In Figure 92a, the tensile

strength of Dexel (commercial grade CA having 33% plasticizer) is also
included, so that it can be compared with the strength of the materials having

approximately the same amount of SMA instead of the plasticizer.

The tensile strength of Dexel is lower than the strength of SMA-8. When CA
was blended with SMA-8, the strength was much lower than that of SMA-8
and that of plasticized CA, because of the incompatibility of the two compo-
nents of the blend (poor interfacial adhesion). When, however, catalyst was
added, there was great improvement of the tensile strength, which in the case
of 0.01% catalyst was close to 11,000 psi. The role of the grafting reaction in
compatibilizing the blend was, therefore, very important. The high strength of
the compatibilized material is attributed to the strength of the CA phase. This
strength can not be observed if plasticizer is added, and can not be observed if
SMA-8 is only blended with CA (because of incompatibility). The compatibili-
zation of the blend (through a grafting reaction), so that the high strength of
CA can be maintained, was one of the main goals of this work. It can also be
noticed that higher tensile strength is observed for 0.01% catalyst content,
compared to 0.05%. The reason for this can be due to the finer dispersion of
the first case (Figure 74 compared to Figure 72), but also the degradation
observed when 0.05% of catalyst was used.

Figure 92b shows the effect of different processing history on the tensile
strength. Alloy B is alloy A extruded one more time. Although a finer disper-
sion was observed for alloy B (Figure 73 compared to Figure 72), the tensile
strength was lower. This most probably was an effect of degradation (although

the degradation was not much higher, possibly because some amount of cata-
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lyst evaporated during the first extrusion). A retention, however, of the high

tensile strength (compared to the blend), can be claimed. Alloy C was pre-
pared by extruding the CA/SMA-8 70/30 blend one more time with 0.05% cata-
lyst. In this case, although better dispersion was observed, the tensile
strength is only slightly higher than that of the blend. Increased degradation
(maybe because of the continuity of the CA phase before the addition of cata-
lyst) was most probably the reason for the low tensile strength. The tensile
strength was even lower for alloy D (alloy C extruded one more time).

In Figure 92c the tensile strengths of blends having different SMAs are com-
pall'ed. There was an increase in strength for all materials where catalyst was
added (even when the dispersed phase was SMA-R, which has lower strength
than the other SMAs). Although SMA-14 gave the finest dispersion (Figure
81), the highest strength was observed with SMA-8. It is possible that there is
an optimum size of the dispersed phase which gives the best strength. The
above results suggest that the dispersed phase size of Figure 74 is closer to

this optimum.
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Blend: CA/SMA-8.
Alloy A: 0.05% catalyst CA/SMA-8.
Alloy B: 0.05% catalyst CA/SMA-8, extruded twice, the catalyst added before the 1% extrusion.
Alloy C: 0.05% catalyst CA/SMA-8, extruded twice, the catalyst added before the 2" extrusion.
Alloy D: 0.05% catalyst CA/SMA-8, extruded three times, the catalyst added before the 2" extrusion.

Figure 92: Tensile strength comparisons for the CA/SMA blends.
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Figure 92: (cont'd).

In Figure 93, the elongations at break are compared. According to Figures 89,
90 and 91, brittle fracture was observed for all CA/SMA combinations (no
yield point). For this reason the elongation results were in general similar to
those of the tensile strength. Much higher elongation was observed when cata-
lyst was added. The elongation of the compatibilized blends was lower than

that of Dexel and SMA-R, but this was thing expected b of the

effect of the plasticizer and the rubber respectively. The presence of the rubber
in the CA/SMA-R compatibilized blend also resulted in a relatively higher
elongation (closer to that of CA/SMA-8 with 0.01% catalyst).



136

12
(a)
10
R
5 8
)
et
=
)
s 6
=
2
)
S 4
=
=
= }
2
[ |
0 |}
Dexel SMA-8 Blend 0.01% 0.05%
CA/SMA-8 catalyst catalyst
CA/SMA-8 CA/SMA-8
5
(b)
€ 47
£ ........
]
Y]
E T CT—
-
<
S
: 2 RS S RRRUIIUTRPIRTUURN APRITR
(%]
[=1]
=
2
=y
0

Blend Alloy A Alloy B Alloy C Alloy D

Blend: CA/SMA-8.

Alloy A: 0.05% catalyst CA/SMA-8.

Alloy B: 0.05% catalyst CA/SMA-8, extruded twice, the catalyst added before the 1* extrusion.
Alloy C: 0.05% catalyst CA/SMA-8, extruded twice, the catalyst added before the 2" extrusion.
Alloy D: 0.05% catalyst CA/SMA -8, extruded three times, the catalyst added before the 2" extrusion.

Figure 93: Elongation comparisons for the CA/SMA blends.
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Figure 93: (cont'd).

Figure 94 compares the tensile modulus (Young’s modulus) results. It can be
noticed that, because of the stiffness of the CA phase, the modulus of the
blends is higher than the modulus of Dexel and the modulus of the different
SMAs. There is not, however, much difference between the moduli of the com-
patibilized and non compatibilized blends, which means that the adhesion or
morphology change does not affect the modulus (as long as CA is the continu-
ous phase). The use of SMA-R, instead of SMA-8 or SMA-14 which have
higher modulus, could not be observed as a difference to the modulus of the
compatibilized blend.
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Figure 94: Tensile modulus comparisons for the CA/SMA blends.
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Figure 94: (cont'd).

In Figure 95, the Izod impact strengths of the materials are compared. In gen-
eral, the relations are similar to those of the elongation. There is usually an
optimum for the dispersed phase size which gives the highest impact strength.
The results suggest that the dispersion being close to the optimum is that of
the CA/SMA-8 blend with 0.01% catalyst, since this is the sample with the
highest impact strength. It can also be noticed (Figure 95a) that the impact
strength of this sample is close to the impact strength of Dexel. A crack pin-
ning mechanism was observed for most of the compatibilized blends, and this

is where the relatively high impact strength should be attributed.
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Figure 95: Izod impact strength comparisons for the CA/SMA blends.
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Figure 95: (cont’d).

In Table 9 of the appendix, the tensile and Izod impact strengths of most of the
commercially available unfilled-unreinforced materials are given. From the
materials developed during this work, the one having the best mechanical
properties is the CA/SMA-8/DMAP 70/30/0.01 blend, with a tensile strength of
10,980 psi and impact strength of 1.89 ft Ib/in of notch. Very few of the materi-
als of Table 9 have such good properties. Tensile strengths close to this value
are basically observed in the area of composites. The impact strength observed
for this composition can also be considered high for a material having such a

high tensile strength.
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Chapter 7

CONCLUSIONS
AND RECOMMENDATIONS

Amylose composites

Twin-screw extrusion is an efficient method for distributing amylose granules
in a thermoplastic matrix. The granules were not affected by the high-shear
conditions of the mixing procedure (no significant changes to the size and
shape of the granules were observed). According to SEM pictures, co-extrusion
of amylose with SMA resulted in the desired matrix-filler adhesion. This was
not the case when PS was used instead of SMA, which suggests that the rea-
son for the adhesion was the MA functionality. This adhesion can be attrib-
uted to a reaction between the MA of SMA and the hydroxyl group of amylose.
However, non covalent hydrogen bonded interactions between the hydroxyl
groups of amylose and the anhydride groups of SMA is also possible. There
were very few examples (and only with good adhesion) were the amylose gran-
ules broke when fracturing the resulting composites, which means that they
are generally stronger than the matrix. They can, therefore, be considered a
rigid particulate filler. The effect of water on the morphology of the materials
was also observed. Water was found to destroy the granule structure and

weaken the amylose phase.
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No dramatic changes of the properties were observed. Compared to the base

resin, the amylose composites were stiffer. This was expected because of the
higher modulus of the granules. The modulus of amylose was estimated as
being two to three times higher than the modulus of the matrix. An acceptable
reduction of the tensile strength was also observed and a general retention of
the impact strength (when the composites were compared to the base resin).
The mechanical properties of composites with the same amylose content but
with different MA level in the matrix (different level of adhesion) were also
compared. The adhesion did not affect the tensile strength, but helped to
increase the modulus (maybe because of the relatively small difference

between the moduli of the matrix and the filler).

In general a retention of the properties can be claimed when the composites
are compared to the base resin. These properties are only slightly affected by
better matrix-filler adhesion. The reduction of the cost and the use of renew-
able resources are, however, advantages, which will probably be considered

even more important in the near future.

Cellulose acetate blends

The case of CA was quite different compared to that of amylose. No interfacial
adhesion was observed when CA was blended with SMA, a classical example
of an incompatible blend. Many differences where, however, observed when a
suitable catalyst was added, which suggests that a grafting reaction took
place during the mixing of the materials in the extruder. This reaction
occurred between the anhydride functionality of SMA and the hydroxyl group
of CA, resulting in a half ester.
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Lower interfacial tension, better adhesion, and different blend morphology

were the results of reaction. Comparison of the equilibrium morphologies of
the blends, showed that reduction of the dispersed phase size (SMA) was the
main morphological characteristic of the reactive extrusion processing step.
The finest dispersion (0.7 um weight average) was observed with SMA-14, due
to the higher MA content which resulted in more grafting reaction and lower
interfacial tension. Better dispersion than the above should be expected for
higher MA content, higher shear rate or different viscosities. It should, how-
ever, be noted that finer dispersion does not necessarily mean better proper-
ties. The amount of catalyst was found to affect the processing time needed for
approaching the equilibrium morphology. Equilibrium was approached earlier

when lower amount of catalyst was added.

There was generally a significant improvement of the mechanical properties
by the addition of catalyst. Only the modulus was not affected by the reaction.
The tensile strength, elongation and Izod impact strength were much higher
for the compatibilized blends compared to the non-compatibilized ones. The
best tensile strength was observed for the CA/SMA-8/DMAP 70/30/0.01 blend
(~ 11,000 psi). Relatively high 1zod impact strength was also observed for this
material (1.89 ft Ib/in of notch), basically due to a crack pinning mechanism.

Such high tensile strengths (~ 11,000 psi) are basically observed in the area of
composites. Good impact strength was also observed, and these properties
were achieved with no fiber reinforcement. The addition of 30% SMA

improved the processibility (elimination of plasticizer), and lowered costs.

The high tensile strength of the compatibilized materials is due to the
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strength of the continuous CA phase. This strength can not be obtained if a

plasticizer is used. If CA is blended with SMA without the addition of a cata-
lyst, the enhanced tensile strength observed can not be obtained because of
the incompatibility of the blend (no interfacial adhesion). Reactive compatibi-
lization of the CA/SMA blends was developed in situ, when mixing the two

materials in a continuous and high speed process.
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APPENDIX

Table 9: Tensile and Izod impact strength of unfilled-unreinforced commer-
cially) available plastics (from Modern Plastics Encyclopedia ‘92, McGraw-Hill,
1991).

Tensile strength Izod impact strength
at break (103 psi) (&t Ib/in of notch)

(1/8 in thick specim.)
Acrylonitrile-butadiene-styrene (ABS) 2.5-8.0 14-12
High impact 4.4-63 6.0-9.3
ABS/PVC 4.3-6.6* 6.0-10.5
ABS/PC 5.8-9.3 4.1-12.0
Acetal 9.5-12.0%
Impact modified 7.5-9.4
Copolymer 8.8-10.4*
Impact modified 3.0-8.0*
Acrylic 8.0-11.5
Impact modified 5.0-9.0
Polymethyl methacrylate (PMMA) 7.0-10.5
Methyl methacrylate (MMA)-styrene copolymer 8.1-10.1
Acrylonitrile 9.0
Allyl diglycol carbonate 5.0-6.0
Cellulosic
Ethyl cellulose (EC) 2.0-8.0 0.4
Cellulose acetate (CA) 1.9-9.0 1.0-8.5
Cellulose acetate-butyrate (CAB) 2.6-6.9 1.0-10.9
Cellulose acetate-propionate (CAP) 2.0-7.8 0.5-No break
Cellulose nitrate 7.0-8.0 5-7
Epoxy 4.0-13.0 0.2-1.0
Flexibilized 2.0-10.0 2.3-5.0
Ethylene vinyl alcohol (EVOH) 5.4-13.7 1.0-1.7

*: Tensile yield strength (it is higher than the tensile strength at break for this material,
or it is the only available).
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Table 9: (cont’d).

Tensile strength Izod impact strength
at break (10° psi) (ft Ib/in of notch)

(1/8 in thick specim.)
Fluoroplastics

Polychlorotrifluoroethylene (PCTFE) 4.5-6.0 2.5-6

Polytetrafluoroethylene (PTFE) 2.0-5.0 3

Polyfuoroalkoxy (PFA) fluoroplastic 4.0-4.3 No break

Fluorinated ethylene-propylene (FEP) 2.7-3.1 No break

Polyvinylidene fluoride (PVDF) 2.9-8.3* 2.5-80

Modified PE-polytetra fluoroethylene (TFE) 6.5 No break

PE-polymonochlorotrifluoroethylene (CTFE) 6.0-7.0 No break

Ionomer 2.5-5.4 7-No break
Ketones
Polyaryletherketone 13.5 1.6
Polyetherether ketone (PEEK) 10.2-15.0 1.6
Phenolic 5.0-9.0 0.2-0.4
Polyamide (PA)

Nylon 6 6.0-24.0 0.6-3.0**
Toughened 6.5%* 16.4**
Copolymers and rubber modified compounds 6.3-11.0** 1.8-No break**
With molybdenum disulfide 11.5 0.9

Nylon 6,6 8.5-13.7** 0.5-1.5**
Toughened 7.0-11.0** 12.0**-19
Rubber modified compounds 7.5%* 3-No break**
Nylon 6,6-6 copolymer 7.4-12.4** 0.7+*

Nylon 6,9 8.5** 1.1**

Nylon 6,10 7.1-8.5* 0.9-2.3

Nylon 6,12 6.5-8.8** 1.0-1.9**
Toughened 5.5%* 12.5**

Nylon 11 8.0**-9.5 1.8**-No break

Nylon 12 5.1-10.0** 1.0-No break

Aromatic polyamide (transparent) 7.6-14.0** 0.8-3.5**

Polyamide-imide (PAI) 16.2-22.0 1.2-2.7
Polybutylene (PB) 3.8-4.4 No break
Polycarbonate (PC) 9.1-10.5 12-16

Polyester copolymer 9.5-11.3 1.5-10

Impact modified PC/polyester 7.6-8.5 2-18

Polydicyclopentadiene 5.3-6.0 5.0-9.0
Polyester, thermoplastic

Polybutylene terephthalate (PBT) 8.2 0.7-1.0

PCTA 5.9-9.0* 1.5-No break

Polyethylene terephthalate (PET) 7.0-10.5 0.2-0.7

PETG 6.3-7.1* 1.7-No break

Polyester/PC, high impact 4.5-9.0 12-19

Wholly aromatic (liquid crystal) 15.9-27.0 0.6-10

or it is the only available).

**: Dry, as molded (approximately 0.2% moisture content).

*: Tensile yield strength (it is higher than the tensile strength at break for this material,
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Table 9: (cont’d).

Tensile strength Izod impact strength
at break (10° psi) (ft 1b/in of notch)
(1/8 in thick specim.)
Polyester, thermosetting
Rigid 0.6-13.0 0.2-0.4
Flexible 0.5-3.0 >7
Polyetherimide (PEI) 15.2* 1.0-1.2
Polyethylene (PE)
Low-density polyethylene (LDPE) and medium-density polyethylene (MDPE)
Branched 1.2-4.6 No break
Linear copolymer 1.9-4.0 1.0-No break
Ethylene-vinyl acetate (EVA) 1.2-6.0* No break
Ethylene-ethyl acrylate 1.6-2.1 No break
High-density polyethylene (HDPE) 3.8-4.8* 0.4-4.0
Copolymers 2.5-6.5 0.3-6.0
Ultra high MW 5.6-7.0 No break
Cross-linked 1.6-4.6 1-20
Polyimide (PI)
Thermoplastic 10.5-17.1 1.5
Thermoset 4.3-22.9 0.6-15
Polymethylpentene (PMT) 2.0-4.7* 2-3
Polyphenylene oxide (PPO), modified 6.8-9.6 3-6
Impact modified 7.0-8.0 6-8
Polyphenylene sulfide (PPS) 7.0-12.5 <0.5
Polyphthalamide (PPA) 15.1* 1.0
Extra tough 10.8* 20
Polypropylene (PP) 4.5-6.0 04-14
Copolymer 4.0-5.5 1.1-14.0
Impact modified 3.5-5.0 2.2-No break
Polyallomer 3.0-3.8 1.7-3.8
Polystyrene (PS) 5.2-8.2 0.3-0.5
Rubber modified 1.9-6.2 0.9-7.0
Styrene-acrylonitrile (SAN) 9.9-12.0* 0.4-0.6
Olefin rubber modified 5.6-6.0* 13-15
Acrylic-styrene-acrylonitrile (ASA) 5.2-5.6* 9-11
ASA/PVC 6.3-6.7* 17-20
ASA/PC 6.6-6.8* 13
Styrene maleic anhydride (SMA) 5.2-8.1* 0.4-2.0
Impact modified 4.5-6.0* 2.5-6
SMA/PC 6.6-8.0* 10-12
Copolymers, high heat-resistant 7.1-8.1 0.4-0.6
Impact modified 4.6-5.8 1.5-4.0
PC blend 6.8-8.0 10-12
Styrene MMA 8.1-9.7 0.2-0.3
*: Tensile yield strength (it is higher than the tensile strength at break for this material,
or it is the only available).
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Table 9: (cont’d).
Tensile strength Izod impact strength
at break (10 psi) (ft Ib/in of notch)
(1/8 in thick specim.)
Polyurethane (PU)
Thermoset, liquid 0.2-10.0 25-Flexible
Thermoset, unsaturated 10.0-11.0 0.4
Thermoplastic 7.8-11.0* 1.5-1.8
PVDC copolymers 3.5-5.0 0.4-1.0
Barrier film resins 2.8-4.9 0.3-1.0
Silicone
Silicone/nylon 6,6 10.1-12.5 0.8-0.9
Silicone/nylon 12 5.2-7.4 0.6-0.7
Silicone epoxy 0.5-8.0 0.3
Sulfone
Polysulfone 10.2* 1.2
Polyarylsulfone 10.4-12.0* 1.6-12
Polyethersulphone (PES) 9.8-13.8 1.4-No break
Polyphenylsulfone 10.1 13
Modified Polysulfone 7.2-7.4* 7-No break
Thermoplastic elastomers (TPE)
Polyolefin, low and medium hardness 0.6-2.5 No break
Polyolefin, high hardness 1.6-4.0* 5.0-16.0
Co-polyester 1.8-6.0 2.1-No break
Polyester 1.0-6.8 2.5-No break
Polyether-amide 2.0-7.0 4.3-No break
Styrene-butadiene or styrene-isoprene 3.7-4.4* No break
Styrene-ethylene and/or butylene 0.6-3.0 No break
Silicone/PA 5.2-12.5 0.6-No break
Silicone/polyester 5.0 No break
Silicone/polyolefin 0.5-1.0 No break
Silicon/PS ethylene butadiene-styrene 1.0-3.3 No break
Silicone/PU 2.1-6.5 No break
Elastomeric alloys 0.6-4.0 No break
Vinyl
Polyvinyl chloride (PVC), rigid 5.9-7.5 0.4-22
PVC, flexible 1.5-3.5 Wide range
Vinyl formal 10.0-12.0 0.8-1.4
Chlorinated polyvinyl chloride (CPVC) 6.8-9.0 1.0-5.6
Vinyl butyral, flexible 0.5-3.0 Wide range
PVC/acrylic 6.4-7.0 1-12
*: Tensile yield strength (it is higher than the tensile strength at break for this material,
or it is the only available).
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