CHAPTER 11

THEORY

2.1 Common Types of Copolymers

Polymer made from only one kind onomeric unit, or mer, were normally
considered. Many kinds of polymers.car o kinds of mers. These can be
combined in various ways to obtain interesting”and.offen highly useful materials.

Some of the basic copolymer nomenclas : ble 2.1.1. If three mers-
A, B, and C-are considered, so ‘ ' _ are also named in Table
2.1.1. The connectives copo / lomenclature. will._be defined as below

[Sperling,2001].
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Blend -blend- poly A-block-poly B

Starblock -star-...- block- star-poly A-block-poly B
Networks

Cross-linked -cross- cross-poly A

Interpenetrating -inter- cross-poly A-inter- cross-poly B

AB-crosslinked -cross- poly A-cross-poly B




2.1.1 Unspecified Copolymers

An unspecified sequence arrangement of different monomeric units in a
polymer is represented by
poly(A-co-B)
Thus an unspecified copolymer of styrene and methyl methacrylate is named
Poly[styrene-co-(methyl methacrylate)]

In the old reference literature,-co- was u: o indicate a random copolymer, where

Statistical copol ntial distribution of

the monomeric units obeys tat- embraces a large

proportion of those copolymers t re prepares Dby si eous polymerization of

for most usage. f;.a— '
g A

The arrangement ﬁmm iaa st al c afid B might appear as

-AAB,ﬁB

The statistical arrangex;;ent of mers A and %Js indicated by

ﬂuﬂ'mﬁmwmm
W"W@nmumqﬂmaﬂ

A random copolymer is a statistical copolymer in which the probability of

follows:

2.1.3 Ra

finding a given monomeric unit at any given site in the chain is independent of the
nature of the neighboring units at the position. Stated mathematically, the probability

of finding a sequence ... ABC... of monomeric units B B ey PlLcABE )18
P(...ABC...)=P(A) .P(B).P(C) ... = HP(i) , 1=A,B,C ...



Where P(A), P(B), P(C), and so on, are the unconditional probabilities of the

occurrence of the various monomeric units.
2.14 Alternating Copolymers
In the discussion above, various degrees of randomness were assumed. An

alternating copolymer is just the opposite, comprising two species of monomeric units

distributed in alternating sequence:

2.1.6 Block Copolymers

s EUEANENTNENDT . o

defined as a portion of a polymer moleculé’in which the fiilenomeric units Rave at least
one constitaow acéiﬁrﬂ)g mu%(}g m &'alclaomns. A
block copolyl%er of A and B may be written
...-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-B-B-B-...
Note that the blocks are linked end on end. Since the individual blocks are
usually long enough to considered polymers in their own right, the polymer is named
poly A-block-poly B
An especially important block copolymer is the triblock copolymer of styrene
and butadiene, polystyrene-block-polybutadiene-block-polystyrene



In the older literature, -b- was used for -block-, and -g- was used for -graft-
(below). Only the first poly was indicated. Structure was then written

polystyrene-b-polybutadiene-b-polystyrene
2.1.7 Graft Copolymers

A graft copolymer comprises a backbone species, poly A, and a side-Chain
species, poly B. The side chains com DL of mer that differ from those
comprising the backbone chain. If th \ MErs 2 e, the polymer is said to be

itten in this order:

although many of the s Tepor lie literature are actually
mers” described in the
literature have been shown to nartly g fted, wit homopolymer being
present. To some extent, then, the erm opolymer may also mean, “polymer B
synthesized in the immedia by a reading of the

context can the two meanings be dis

Il
-A-B~B-A-B;2;A-B- Random copa]ymer

~A-B- MBH—%JAA-VI t n?emtﬂgcoﬁymg
Qquﬁiﬁlﬁm SN b

—A—A—?—A—A—A-A—A- Graft copolymer
B-B-B-B-B-B-

Figure 2.1.1 Homopolymer and Copolymer [Cowie,1991]



2.1.8 AB-Cross-linked Copolymer

The polymers of section 2.1.7 are soluble, at least in the ideal case. A
conterminously grafted copolymer has polymer B grafted at both ends, or at various
points along the structure to polymer a, and hence it is a network and not soluble. See
structure(f) in Figure 2.1.3, which is sometimes called a conterminously grafted

copolymer.

This is an intimate c 2401 olyme ’7 ety ork form. At least one
of the polymers is polymerize@ ¢10 iinked in the immediate presence of the
other. While ideally the polym erpenictra ¢ molecular level, actual
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According to newnc d the connective
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cated methods and are

-blend-. Many of these bl&ids are
actually on a parallel with b&ks, grafts
Block copolymer may‘also be arranged i”arious star arrangements. In this

n " 1
e P B Y BV O RS T o oot
Then polymer B maybe attac ed to the end of each arm, that mentioned before.

¢ o
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etrating polymer networks.



‘w (a)

(b)

Link ale al bond between two monemericunits, or

Linea\m)lymer ormed by covalent linkinmf mMONOMEricC units.

Chain

Backbone Used in graft copolymer nomenclature to describe the chain onto
Pl Y bnedeihiones I WEI 171D

Side chain “Grafted chain in a grzgt copolymer Y

Vit o ek aAl):
Network ree-dimentional polymer structure, where ( ideally ) all the

chains are connected through cross-links.
Multicomponent General terms describing intimate solutions, blends, or bonded
polymer, combinations of two or more polymers.
multipolymer,and
multi component

molecule




Table 2.1.2 Specailized nomenclature terms (continued)

Copolymer Polymers that are derived from more than one species of
monomer.
Block Portion of a polymer molecule in which the monomeric units

have at least one constitutional or configurational feature
absent from the adjacent portions.
Block copolymer ~ Combination of two or more chains of constitutionally or

configurationally di

features linked in a linear fashion.
Graft copolymer ~ Combination of two f constitutionally or

ne of which serves as a

Polymer blend imate e8Mmbifafion’ Dok polymer chains of

Conterminous | 2}
. ‘4 ::{h, < Jedhda 8
AB-cross-linked ~ Polymer chi ati is lit linked at the same or to
AIJ.-"‘ : ‘
copolymer onfiguratienally different chain or chains;
ond species of polymer.
Interpenetrating i ination of two in network form,
5

polymer network .~ at least one o Which'is synthesizéd and/or cross-linked

Semi-interpenetrating Combmatlon of two polymers one cross-linked and one

B e
A AT Y

Star block coﬁolymer Three or more chains of different constitutional or
configurational feature linked t one end through

a central moiety.

*Also called a pseudo-interpenetrating polymer network. See D. Klempner, K. C.
Frisch, and H. L. Frisch, J. Elastoplastics, 5, 196 [1973]
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Figure 2.1.3 Six basic m)des of linking two or more pa'mer are identified

[Kahovec et al,1997], (a A‘p@lmer 1 consti a_mixture of mutual
solution of two oﬁm Mswﬁmmﬁ?‘]ﬁs (b) A graft
copolymer, constitut% by a backbone of* polymer I with covalently bended side
e oA Lt LA R
on end by coyalent bonds. (d) A semi-inter penetrating polymer network constituted
by an entangled combination of two polymers, one of which is crosslinked, that are
not bonded to each other. (e) An interpenetrating polymer network, abbreviated IPN,
is an entangled combination of two cross-linked polymers that are not bonded to each
other. (f) AB-cross-linked copolymer, constituted by having the polymer II species
linked, at both ends, onto polymer L. The ends may be grafted to different chains or

the same chain. The total product is a network composed of two different polymers.
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2.2 Techniques of free radical polymerization

Free radical polymerization can be accomplished in bulk, suspension, solution,
or emulsion. Ionic and other nonradical polymerizations are usually confined to
solution techniques. Each of the methods has advantages and disadvantages, as
outlined in Table 2.2.1 In addition, work has also been done on solid- and gas-phase

polymerization of vinyl monomers. Because polymers are not volatile, the term gas-

Vﬁnzatlon in which monomer vapors
Table 2.2.1 Free Radical Poli_?,%reclﬂlquwoou

phase polymerization mean, in effect, bulk

diffuse to the polymerization site.

Method Advan MIm Disadvantages

Bulk Simple; no gontaz \ c-a " Re caction € otherm difficult to

: ; high viscosity
Suspension Heat readilydispgrsed; Jow - ashi or drying required;
viscosity; pol : n gglomeration may occur;
granular forh and naay be i amination by stabilyzer
directly ok
Solution Heat readily dispetsed,; lmﬁ‘l"l" ) Added cost of solvent; solvent

viscosity; may b
as solution

¢

'y, difficult to remove; possible
i’ Lo <]

“chain transfer with solvent;
ST % e s1ble environmental pollution
Emulsion Heat readily dispersed; | T ie by emulsifier and

as emulsio
polymer

vleculdr weight distribution;
washing'and drying necessary
¢ a Y, for bulk polymer

AUt nENsHEIRS
v P a o
2218 WININFITUUBTIINETNA Y

Bulk qpolymerization is simplest from the standpoint of formulation and
equipment, but it is also the most difficult to control, particularly when the
polymerization reaction is very exothermic. This, coupled with problems of heat
transfer as the monomer-polymer solution increases in viscosity, limits the use of bulk
methods in commercial production, although more efficient bulk processes have been

developed in recent years.
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In cases where polymer is insoluble in its monomer, polymer precipitates and
the viscosity of the medium does not change appreciably. Problems still arise,
however, as a result of free radicals (detectable by Electron Spin Resonance
Spectroscopy) being occluded in the polymer droplet, which can lead to
autoaccleration, that is, a rapid increase in the polymerization rate. In some instances,
particularly with diene monomers, this occlusion effect may lead to formation of

insoluble crosslinked polymer nodules, a phenomenon referred to as popcorn

polymerization. The crosslinked nodule:

considerably more volume than the @Wﬁ ich they are derived, which
W ¥ 7P

may cause fouling and even fra@p’ pol paratus.

The major commercial bu erization are in casting
formulations and low-molecu i ' G

ually of light weight and occupy

adhesives, plasticizers,

tackifiers, and lubricant additi

2.2.2 Suspension

'Y -}"-*‘-, i
noncompatible liquid, usually water;—and v
L A L SRS, ) .
droplets by use of a mor:ﬁmer soluble “initiator. -4. in suspension by
5

continuous agitation and|the-use-of=: stabilizers such as poly(vi alcohol) or methyl
cellulose. If the process ca obfained in the form of

granular beads, which are €asy to handle and can be isolated by filtration or by
spraying into a hea ﬁ } S t heat transfer
is very efficient @ﬂ:ﬂea iﬂﬂMﬁmﬂll . Suspension
polymerization cannot be used for tack 151 ers_such/as elastomer e of the
cxiny YN o o) ) o bl

mechanism, s%spension polymerization is identical to bulk polymerization.

ics and

Suspension methods are utilized in preparing a number of granular polymers,

including polystyrene, poly(vinyl chloride), and poly(methyl methacrylate).
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2.2.3 Solution

Like suspension, solution polymerization allows efficient heat transfer.
Solvent must be chosen carefully, otherwise chain transfer reactions may severely
limit the molecular weight. Apart from the environmental concerns associated with
organic solvents, a major problem in solution polymerization is that it is often difficult
to remove solvent completely from finished polymer. As a result there is considerable

interest in using supercritical carbon dioxi a polymerization solvent. Advantages

are that carbondioxide is nontoxic,

from the polymer.
2.2.4 Emulsion

Developed at Go

polymerization resembles

phase and diffuse into soap mic le§-§iiécﬂl’e'n" {

;fl *

is used up in the polymenzatlon reaeﬁei:;,moy' 10noF ",3 migrates into the micelles to
),%‘ dical combination

when a new radical diffuses, 1 icelle. y one tadical is present in

the micelle prior to termisation, extremely high molecular: weights polymer are

obtainable, genera%j:oo hlélj;tée of practical vﬁﬁe unless co ﬁ ounds called chain

transfer agents are cu %la’tn) lﬁoverall process

is complex, with reﬂlon kinetics dlffemg mgmﬁcantlygom that of bulk or solution
=Y WIANT U NIV A B
Emulgion polymerization is widely used in industry for large-scale
preparations, and is particularly useful for manufacturing water-based (latex) paints or
adhesives in which the emulsified product is used directly. Emulsion polymerization
is also suitable for preparing tacky polymers because the very small particles are

stable and resist agglomeration.
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2.3. Free Radical Initiators

Certain monomers, notably styrene and methyl methacrylate and some
strained-ring cycloalkenes, undergo polymerization on heating in the absence of any
added free radical initiator. Most monomers, however, require some kind of initiator.
A large number of free radical initiators are available; they may be classified into four
major types: peroxides and hydroperoxide, azo compounds, redox initiators, and

certain compounds that from radicals unde

. ﬂuence of light (photoinitiators).

2

can also promote free radical
=
——

/ . R
2.3.1 Peroxides snd Hydl/ N\

High energy radiation (o-and B-particle :\

peroxide is benzoyl peroxide( ' \dergoes ‘-.1 ormdl b olysis to form benzoyl

7

Ph-—g—-(l)ﬂ)ﬂéga Qﬁﬂﬁ-—%% ’] ﬂ 'j @3.1.1)*
PN INAY,

(* Ph = phenyl. For radical structure such as the benzoyloxy radical, only the unpaired
electron is shown. A more complete representation would include lone pair electrons

and contributing resonance structures.)
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and radical combination (2.3.1.3 and 2.3.1.4). These secondary reactions occur
because of the confining effect of solvent molecules (the cage effect), and as a
result,the concentration of initiator radicals is depleted. Induced decomposition

(2.3.1.5) is another “wastage” reaction.

2Ph- — Ph— Ph (2.3.1.3)

i
Ph—C—Q-+ Ph+ — Ph—

(2.3.1.4)

0 0
I I
Ph—C—O—O—C—Ph PR i

1

+-O—-—C—-Ph £2.3.1.5)
Two other common isiti ; ( - : e (2) and di-z-butyl peroxide

(3). Hydroperoxides such as ¢ JPSIOXIG (4) decompose to form alkoxy and

I
CH,COOCCH,
2

ROOH ¢#—> RO-+ -0 (2.3.1.6)

AUYININTNYNS

Because hyﬂoperoxides contain, an active _hydrogen ator&,, induced

A8 TRV on el

radicals may qlso combine with subsequent formation of oxygen

RG-FARCH} CILCH+ ROOR = RO-FGRECEF-EH.0M 0. a5
R |, R R |, R
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2RO0: — [ROO—OOR] — 2RO- + 0, (2.3.1.8)

The extent to which side reactions occur depends on the structure of the
peroxide, the stability of initially formed radicals, and the reactivity of the monomer.
Ideally, a perdxide initiator should be relatively stable at room temperature but should
decompose rapidly enough at polymer-processing temperatures to ensure a practical

reaction rate. Benzoyl peroxide (half-life 30 minutes at 100 °C) has the advantage that

d, are much less stable,
and initiator wastage occur; > zoyloxy radicals are ¢-
nomer; however, the

t 126 °C).

butoxy radicals, which

y\capu .\'
decomposition temperature j igh (half- .

Decomposition of per: i t be. in 8 at lower temperatures
by the addition of promoters' e, additic of N,N-dimetylaniline to benzoyl
peroxide caused the latter to ! Vd : . mt mperature. Kinetics studied
indicate that the decomposition involves formation ofian unstable ionic intermediate
(2.3.1.9) that reacts further to give @pw 2 . _:_J,_,- radical cation (2.3.1.10).
The radical cation apparg}@ly undergoes reaction: addition to monomer,

s method contzin IO R

7 i
‘um‘wﬁwmmm

Ph—-—N— C——Ph + Ph—£0; (2.3.1.9)
ARIANN I NARINEA Y

™8 g
Ph—*IiI——O-C—Ph — Ph—N(CH,), + Ph—C—0O- (2.3.1.10)
CH,

since polymers formed by
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2.4. Polymer Blends

A polymer blend is a mixture of at least two polymers or copolymers [Utracki,
1990]. The first polymer blend performed is not exactly known, but the first patent of
polymer blend which was a blend between natural rubber and gutta percha was done
in 1846 whereas the first patent on thermoplastic polymer blends, which was a blend

of polyvinyl chloride (PVC) and acrylonitrile rubber (NBR), was performed in 1942

bl:n

of ble

[Utrachi, 1990]. The main purpose of lymers is to design new properties

of polymeric material that differ he pure polymers with out

synthesizeing a new polymer many benefits such as no

requiring more money, time an ew polymer.

polymers in the molten state under n thi |
_..-"'.r“'-' --“"'I -“'f "?.‘Fﬂ" -

choice for the preparatlo:lof polymer “blends in a cc i ale because of its

simplicity, speed of mix gf nd the advar of” M foreign components
are amllable for laboratory-

scale mixing such as brabendgler mixer, electncall heated two-roll mill, extruder,

““"’“‘e‘ﬁ UYAINEN ‘i Ne1N?
oo AR T A

degradation. %he secondary, melt mixing is difficult to mix in some pairs of polymers

(e.g. solvents) in the resultl ends. A

due to difference in the melt viscosity of the components. Beside, the cost of the
equipment is another disadvantage of melt mixing. Finally, This method only works
well with large amounts of material, e.g. at least 50 grams is required for even
laboratory-size mixing equipment. If mixing of quantities of less than 1 g is required,

melt mixing is usually not feasible.
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2.4.1.2 Solvent Casting

This method is done by dissolving polymers into a suitable solvent.
Solution of polymer blend is then cast on a glass plate into thin films and the removal
of solvent from films is performed by evaporating at ambient or elevated temperature.
Solvent casting is the simplest mixing method available and is widely practiced in
academic studies. Finally, this method is suitable and easy for very small quantities of

experimental polymers.

The most severs@wu g is the influence of the

s ite of the fact that the

solvent and the casting hlsto

most of the solvent can be r A ¢ast film, th e of the film depends

strongly on the solvent and t astmg is best done in
thin films, normally not exce 1,1990], with slow
solvent removal to avoid -and( e gradients during the removal

of solvent.

To remove trace t sting polymer films, the
condition of high temperature is 1nvaq@_n" d protection of the polymer in
case of degradation is essential, Flo‘mﬁ‘g:&"ﬁeﬁt g3 e typically used. In
the vacuums condition d thus allows the

solvents to evaporate moré_gasi

result in the bubble in the final films produced.

2413Freﬁl%d%‘| ’g ‘V]EJ‘V]%WEJ’] ﬂ‘j
e AR SR EC S R T

removed froa1 the frozen solution by sublimation at a very low temperature and

pressure. Dilute solutions must be used and the solution volume must be kept low for

good heat transfer.

An advantage of this method is that resulting blend will be independent
of the solvent, if the solution is single phase before freezing and the freezing occurs

rapidly. However there are many limitations of this method. Freezing drying seems to
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work best with solvents having high symmetry, i.e. benzene, dioxane, naphthalene,
etc. The powdery form of the blend after solvent removal is usually not very useful
and further shaping must be performed. Freeze drying does require a good vacuum

system for low-boiling solvents and it is not a fast blending method.

2.4.1.4 Emulsions

The handling of polymers as emulsion has as many advantages as the

use of solvent casting. Films can iXxing requires neither expensive

equipment nor high temperature..} c polymers are not always

available or easy to make. While-emulsion pogmeﬂQghly advanced, it is not

applicable to all monomers7 /

2.4.1.5 Mixing via i

—

I
Generally, there aj two morphologies of poly , amorphous and

crystalline. The form r is a ﬂ ta ﬁ ﬁ(wﬁ] ﬁ-ﬁ plete lack of
order among the ﬁ]-n sit iere polymer
molecules are onentgé or aligned. Becausg polymers for.all practical purposes never

ohieve IOGETREPRN T FTEN AFHIES F@obhis

amorphous afid semicrystalline.

2.5.1 The Amorphous State

Some polymers do not crystallize at all. Therefore they remain in an
amorphous state throughout the solidification. The amorphous state is characteristic of
those polymers in the solid state that, for reasons of structure, exhibit no tendency

toward crystallinity. In the amorphous state, the polymer resembles as a glass.
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2.5.2 Glass Transition Temperature

One of the most important characteristics of the amorphous state is the
behavior of a polymer during its transition from solid to liquid. If an amorphous glass
is heated, the kinetic energy of the molecules increases. Motion is still restricted,
however, to short-range vibrations and rotations so long as the polymer retains its

glasslike structure. As temperature is increased further, there comes x, a point where a

decided change takes place, the polymsw its glasslike properties and assumes

those more commonly identified wi emperature at which this takes
place is called the glass trans1tlo$rature s continued, the polymer
will eventually lose its elastofrﬁ_r rtles=and WWable liquid. The glass
transition temperature is W tus ich the polymer softens

; rigid or flexible. For
example, ordmary polyeth‘gene about -Q °C and a melting

temperature of about +139 °C¢-At room temperat it forms a leathery product as a

::;liactors thaﬁrﬁ Ef 'Fga ?’11%1} ﬂ@‘wﬁq ﬂcﬁ"a‘g and packing
] a\ﬂﬂim UAIINYIAY

2.6 Meltmg henomena

The melting of polymers may be observed by any of several experiments. For
linear or branched polymer, the melting causes the samples to become liquid and
flows. First of all, simple liquid behavior may not be immediately apparent because of
the polymer has high viscosity. If the polymer is cross-linked, it may not flow at all. It

must also be noted that amorphous polymers soften at their glass transition
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temperature, which is emphatically not a melting temperature. If the sample does not

contain colorants, it is usually hazy in the crystalline state because of the difference in
refractive index between the amorphous and crystalline portions. On melting, the

sample becomes clear or more transparent.

2.7 Thermal Properties

The existence of a polymeric system & id glassy liquid, a mobile liquid, a

m1crocrystallme solid or a liquid crystal v ' depends on the temperature
icrocrystalline state to a
liquid crystalline or isotropi equilibrium melting

temperature.

In various kind of th fer to the melting of

crystal form with the higheSt T other at easily attained
temperatures and pressures ng of one form and

crystallization of the other.

2.8 Polymer Toughtening
(A

2.8.1 Definition ¢ f-_--,;::-’:':—"_"'.'” """""" -

T .

The mechanical propemes of polymers are greatly affected by temperature and
strain rate, and th oﬁm :Eg[lﬂ]l changes with
increasing tempera m n :;otlni m le) in Figure

2.8.1. At low temperatures the load risés a prox1maa linear w1thﬁqflaeasing

congaion ®) e bEI D)S hid LS T2

[Ward et al ,1993].

anner
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(a)

(b) (c)

Lood

Figure 2.8.1.1 Load-extensio
—

peratures showing different re a) Brittle fracture, (b)

ductile failure, (c) neckin wing | eneous deformation

At higher temperatiires -point it ‘ ed ¢ e load falls before
failure, sometimes with the ¢ e ilure, but still at quite

low strains (typically 10-20% " 55‘&;"' mper. der certain conditions,

strain hardening occurs, the nec g ensues. The extensions
in this case are generally very la U00%. Finally, at even higher
temperatures, homogenegﬁ defo 7 arge extension at
break. In an amorphous f:c mer this Tubber cC above the glass

transition temperature so theﬁres

4000

F =~

NYNT VYN
JNAINYNAE

1000 T :
0 10 20 30 40
Notch. imp. str. (izod) (kJ/m?)

Figure 2.8.1.2 Young’s modulus (MPa) of HIPS and PS
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For polymers the situation is clearly more complicated than that for the brittle-
ductile transition in metals, as there are in general four regions of behaviour and not
two. It is of considerable value to discuss the factors which influence the brittle-
ductile transition, and then to consider further factors which are involved in the
observation of necking and cold-drawing.

Ductile and brittle behaviour are most simply defined from the stress-strain
curve. Brittle behaviour is designated when the specimen fails at its maximum load, at
comparatively low strains (say < 10%) wh ﬁctﬂe behaviour shows a peak load

followed by failure at a lower stress (

(b))
The distinction betweex% d duc %s also manifested in two

other ways: (1) the energy dissipated-ir ra th
surface. The energy dissipated jse i /. fant consi

e nature of the fracture
Npractlcal applications,
and forms the basis of the Chafpy.4i . i

strain curve, so that impag

energy for a standard specimef.

_,.1_,-',.4 ]

more than empirical. 3\ LT 15

2.8.2 Crazing

A craze is initiated Whén an zgjhed ténsile stress cagse microvoids to

nucleate t points §F g s dorkeniatignd in) i palymel

flaws, cracks. dust p{ymcles molecular heterogeneities, gtc. The microvoids develop

e FRTIR AT UENAVN AR Blom-

true crack sifice they become stabilised by fibrils of plastically deformed, oriented

by scratches,

polymeric material spanning the craze. The resulting localised yielded region
therefore consists of an interpenetrating system of voids and polymer fibrils and is
known as a craze. Unlike a crack, it is capable of transmitting loads across its faces.
However, when cracks do initiate and grow they do so by means of the breakdown of

the fibrillar structure in a craze. This typically results in slow cavity expansion
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followed by crack extension through the craze, and finally crack propagation preceded

by a craze or crazes at the crack tip through the remainder of the material.

The importance of crazing is that it is frequently a precti?gor to brittle fracture.
This is because, althgugh considerable plastic Momnaﬁon and= local energy
adsorption are inQolved in  Craze initiation < growth and breakdown, this
micromechanism is often hlghly localised and confmed teaa very small voiume of the
material. Héwevey, it should be recogmsed that 1f stable crazes can be friitiated in a
comparatively' large volume of the polymer, i.e. a multiple defonnation mechanism,
then such multiple crazing may lead to a tough, and possibly even a ductile, material
response in connection with polymers tested under plane-stress conditions at elevated
temperatures near the Tg but, more importantly, multiple crazing is a major

mechanism in some tough multiphase polymers.
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Crazing, like the formation of shear bands or zones, involves localised or

inhomogeneous plastic deformation of the material-which arises from strain softening.
However, whereas shear yielding occurs essentially at constant volume, crazing is a
cavitation process and hence occurs with an increase in volume. Craze initiation
therefore usually requires the presence of a dilatational component to the stress tensor

and may be inhibited by applying hydrostatic pressure but enhanced by the presence

of triaxial tensile stresses. The latter stress state exists ahead of flaws in relatively

thick specimens in plane strain. Also, under such conditions crazing is additionally

favoured since the applied tensile tﬁ_g)_s\u\ e / shear yielding is high, due to
: ; . >l !

the constraint, whilst the caw&volved lﬁg

constraint and so enables the

relieves the planestrain

formation more readily.

— -
fracture energy, Gy, or stress~inten$!$ac§ " Kiee
LS AN R
il

polystyrene as a function of temperature are illustrated w¥2 As may be seen,
both the crazing stress Qﬁ the-vield stiess 1 -

|
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latter parameter rises moré rapidly and, e : teEPeratures, is usually

considerably greater than the dglzz.iing stress. Thu;’_; except at high temperatures near
the glass transitio r Ejsd'l]sﬂ ﬁm’ttle fracture
mode will be themnﬂ:gﬁﬂmmm low temperatures, high
strain-rates, ag essive liquid environmcrﬁs s_discus \ ﬁf -strain
stress stateas a@ﬂlﬂrﬁ&ﬁ:ﬁﬁtﬁnﬂﬂﬁn tﬂg the

stresses necegsary for shear yielding and crazing are relatively low and approach one

another and hence both extensive shear yielding and crazing leading to a ductile

fracture mode may be observed, as was mentioned above.
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Fig. 2.8.2.2 Relatipnshigbeifvedn yicid siress, crazing

. ! - ‘z:’f: ;
nucleation strgSs ift polystyrene

and microvoid

Unfortunately, the initiation, nd breakdown of isolated crazes not

only result in most of the-gla ing-in a brittle manner

but is often the dominant]; sechanism when ‘which are generally
thought of as being tough tile - 0 the'test conditions listed

ge trans1t10n may he induced which obviously has

e °°"s”"ﬁﬁﬁﬁm TIwENg
In the foll wing sections genefal features ©Ff the microstiict

micromechNl o cugh W[ e doslbro 4, Abpe o e foe rocss

involving cr&e initiation, growth and breakdown and the influence of polymer

above. Thus, a ductile/b

structure will then be discussed.
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2.8.3 Cavitation

A toughening mechanism developed and proposed independently by [Kinloch
et al,1983] and by [Pearson and Yee,1983] is now generally recognized as the most
consistent in terms of the experimental data and observations generated in recent
years. Based on the concept of both rubber particle cavitation and matrix shear
yielding, it is of interest to discuss this mechanism in some detail.

Many investigations have demonstrqte/i a positive correlation between
toughness and the extent of plastie deformation/ on fracture surfaces. Such a
simple correlation has therefore suggested a mechafiism'based on yielding and plastic
shear flow of the matrix ihe o “
modified epoxies. Since gy

usually been found to acco

ource of ‘energy absorption in rubber

nced plastic deformation in the matrix has

néorporation of rubber particles. it is clearly

5 L 4

necessary to focus attention gniti n' the=particles and in particular the stress
—-— ol

distribution which exists afound'th .her:" loc_\bted in the vicinity of a stressed crack
F i

tip.

i H"J_
- p :
S o d ek v.ﬁ'.-':,," L]

Figure 2.8.3.1 Cavitation Phenomena in Rubber
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First considered this effect by studying the case of an isolated spherical
particle embedded in an isotropic elastic matrix which is subjected to a uniform
uniaxial tensile stress remote from the particle [Goodier ,1933]. He found that, for a
rubbery particle possessing a considerably lower shear modulus than the matrix, a
maximum stress concentration of 1.9 occurred in the equatorial regions of the particle.
Allowing for further factors such as particle-particle interaction, which would

inevitably occur in practical systems, together with a triaxial as opposed to a uniaxial

stress state, which particles would inevi jected to, a stress concentration
factor of approximately 1.6 would
Now the interactions be ; i the tip of a loaded crack

- e ——
and the triaxiality associated i _ arti , the presence of the
crack tip stress field could ion of two important

processes.

QW?@W«N%T}WHW&H

T~ =’ Glassy or crystalline block
-7 ~e~~—~  Block copolymer junction

Figure 2.8.3.2 Polymer junction interphase
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Initially, the development of a triaxial stress would gradually promote dilation
of the matrix [Collyer,1994]. This, together with triaxial stresses inherent in the
rubber particles owing to differential thermal contraction effects resulting from the
initial cure process, would provide the conditions necessary for cavitation of the
rubber particles. It is this cavitation process, rather than crazing of the epoxy matrix,
which can be considered responsible for the stress whitening effects frequently
observed with rubber modified epoxies.

In addition, the increasing presen stress concentrations around the rubber
particles during loading would pr | Wf i and growth of shear vield

deformation zones in the matrix: v of particles which would
= ————

clearly exist, the degree of tantially greater than

would otherwise have occuried r, since the particles
ain localized in the
vicinity of the crack tip. |
It is reasonable to I shear yielding processes

ition, once initiated,
rubber particle cavitation would g ..u:: ATICe yielding in the matrix.

This would be partly attributablé %_—_‘ reased Stiéss concentration which would

nced by the matrix in
the interparticle regions, aQ in tu CSS andElus promote further

extensive shear yielding. Crack 22 blunting wou@, as a result, increase extensively

resulting in the mﬁ % ﬁ‘ﬁ"% E,J ‘H W zE.je"a[ ﬁ‘%ack tip. Thus

toughness would befgonsiderably enhanced as indeed has frequently been found in

o AR AINIUNRIINYINY
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