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SUMMARY

It was found that the molecular properties of pollzmers

such as molecular weight (Iaw) I molecular weight distribution (l'e{D)

and stereoregularity strongly influence the fracture toughness of

poly(nrethylmethacrylate)(PMI4A)inaíraswellasinmethanol.

Dependence of fracture behaviours on these molecular properties

could be understood in terms of the entanglement density'

Narro\n/ ¡4,{D PMMA of various ¡M \¡¡ere prepared by anionic

polymerization and controlled tacticity PMMA by pseudo-anionic

polymerization. A method of measuring the glass transition tem-

peratureofmethanol-equilibratedPMMAwasdevelopedandthe

depression of the glass transition temperature in the presence of

solvent was discussed.

Thefractureenergyandthecrackopeningdisplacement

(coD)inairwereexaminedasafunctionofl4l,r],Thefractureenergy

and the coD increased. rapidly with lM in the region of M!'l ì M. I the

criticat l¡1!rl (approximate 30TOOO for PMMA), and remained constant in

the high IrM range. on.the basis of entanglement concept, a theory

has been proposed to predict the effect of lM on the fracture energy

and a good agreement between theoretical values and experimental

data verified the role of entanglement network in craze stabiliza-

tion. The theory using the crítical I4Vl, Mc, as the main parameter

to calculate the density of entanglement network has shown a marked

improvement over previous reported theory and predicted that if

thenumber-averageW,}!,,isusedinrelationtothefracture

energy, the effect of MWD on the fracture energy can be neglected'

Whilethefractureinairispredominantlyacracking

process, the fracture in methanoÌ is naturally divided into two main

categories: stress-cracking and stress-crazing- The stress relaxa-

tion bchaviour of methanol-equitibrated PMMA exhj-bited an interes-

tingrelationshipwiththefracturebehaviourinmethanol.Samples

I
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of MW , *"" ( the critical MI¡ü of PMMA in the presence of methanol)

showing rubbery behaviour from the stress relaxation curves gave

long craze growth' whereas sampl-es of [M I M". that did not show

rubbery behaviour woul-d fracture via crackíng. This relationship

between stress relaxation behaviour and fracture behaviour implied

the role of entanglements in the breakdown process of PMI-IA in the

presence of methanol.

Theoretical analysis of cracking data of low l4w sanples

in methanol led to the conclusíon that the fracture mechanism was

governed by a viscous flow process. In this process, the molecular

chains slipped by each other leading to the breakage of the secon-

dary bonds. Ti-re analysis has also shown that plasticization at

the crack tip by methanol resulted in the reduction'of crazing

stress and the CODr and that the crack velocity was controlled by

the diffusion rate of methanol. Thus, the enhancement of diffusion

coefficient by stress or temperature facilitated the development of

a longer craze at the crack tiP.

fn the craze predominant regime, there v/ere t\^ro kind,s of

crazes, strong mature craze in high [4V{ samples and weak premature

craze in medium MW samples. Fracture behaviour of medium ¡4W PIUMA

was sensitive to temperature. At low temperature (e.g. T : QoC),

medium l4w showed crazing behaviour whereas at high temperature

(e.g. T = 4OoC), the sample behaved similarly to low l4V.I, i'e'

cracking behaviour. This dependence on temperature of fracture

behaviour was afso understood in terms of entanglement density'

The time dependenÈ stress crazíng and coD were analysed by the

wiltiams-Marshatl theory. The higher l,Iw samples showed less relaxa-

tion of the stress crazing and. a hígher ability of stretching of

craze fibríls. The enhanced stretching ability of craze fibrils

of high ¡,IW samples in the presence of methanol resufted in a large
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coD (-75 !m cf. 2 Um in air) and the enhancement in the ability

of absorbing energy. Due to a large COD, the magnitud'e of the

fracture toughness in methanol could exceed that in air in a range

of craze vefocities larger tha¡¡ a given velociÈy' However' the

relaxation of crazing stress became more rapid and the stretching

ability of craze fibrits reduced as ¡4i{ decreased or ÞÎWD became

broader. The stability of ctaze fibrils which led to a strong

mature craze or a v/eak premature ctaze could be understood by the

magnitude of primordiaf craze thickness (the height of original

bufk material). The thickness of a strong craze (1 Um) was larger

than that of weak craze (50 nm) '

The co-crystallization in blend,s of isotactic PMMA (i-PMMA)

and syndiotactic PMMA (s-PIra¡,lA) was induced by thermal treatment or

by immersion in methanol. The stereocomplexes induced by these two

crystallization processes exhibited different melting points ' This

suggested different crystal structures between thermal induced

crystallites and solvent induced crystallites. The fracture tough-

ness of s-pMMA was enhanced by blending with i-PMl4A. The enhancement

of the fracture toughness was attributed to the formation of

crystalline stereocomplexes at the crack tip. The crystallites

act as pseudo-crosslinks inhibiting chain disentanglement and thus

reinforcing the entanglement network to promote ctaze formation'

The fracture toughness vs. entanglement correlation was

shown to be a more fundamental concept than the fracture toughness

vs. glass transition temperature or the fracture toughness vs. solu-

bility parameter correl-ation of current thinking in predicting the

effects of M{, IMD and stereoregularity on the fracture behaviour

of PMMA.
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CHAPTER 1

INTRODUCTION

Fracture, a well known phenomena in sol'id materials, is

customarily associated wiÈh cracking. The investigation of crack-

ing may have a history as long as the history of materials engi-

neering, but crazing which is another form of fracture was dis-

covered only three decad,es ago. Craze is a distincÈ deformation

inherent to organic polymers and originates from long chain nature

of macromolecules. Fracture processes in polymers can be illustra-

ted by tearing a piece of tissue paper. Under the high hydro-

static tension at the crack tip' voids are formed and, polymer

chains are oriented with the direction of stress forming the craze

fibrils. The formation of voids and craze fibrils are the charac-

teristics of crazíng. If the external

depends on the mol-ecular properties of

stress exceeds a limit which

the polymer, the breakdown of

craze fibril-s will- Iead to void coafescence and cause failure by

subsequent cracking.

The fracture behaviour of polymers has been studied in

depth in recent years. The investigation of the cracking and

crazíng mechanism can be divided into two maj-n streams: fracture in

air and fracture in an active environment. The fracture process in

air is a crack-predominant process whereas fracture process in an

active environment includes two phenomena: stress-cracking and

stress-crazing. The environmental- stress-cracking can be observed

in the fracture behaviour of polyethylene in detergent solution or

poly(methylmethacryJ-ate) (PMM¡-) in benzene. The environ¡nental

stress-crazíng, on the other hand, occurs mainly in amorphous poly-

mers. For example, the crazing of PMMA in methanol shows a 1-ong

craze growth without cracking (i.e. without breakdown of ctaze

fibrils) and the material- can be subjected to a high stress as the
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craze matter is able to absorb energy.

Although there have been a considerabl-e number of studíes

concerned with elucidating the mechanism of fracture process in air

and in environment, fiÈtle attention has been paid to a unified mech-

anism for cracking and, crazing in particular to the search of a main

factor which governs the cracking or the crazing in fracture process.

Most of the previous works have concentrated on the evaluation of

fracture energy in amorphous polymers (1-4), the study of craze mor-

phology and structure (5-7), the environmental effects on cracking

/crazing (8-I0) and theoretical description of micromechanism of craze

fibrils at the crack tip (1I-14).

It is, the basic hypothesis that the bulk properties of

sol-id materials are to be understood in terms of the properties of

the molecules, their arrangement in space and the interactions

between them. Establishment of relationship between the mechanical-

properties (e.9. fracture behaviour) and basic molecular parameters

(molecular weight, molecular weight distribution and stereoregularity),

howevei , has been impeded by scarcity of well-defined samples for

testing hypothesis. Recently narrow molecular weight distribution

(MlD) stereorandom (atactic) polystyrene has become commercialJ-y avail-

able, therefore the effects of molecul-ar weight (ItfirJ) and MWD can be

properly tested. . I¡Ie chose to work instead with another common and.

long-established thermoplastic, PI\4M4. The commercial product has

changed little over the years and is broad IMD stereorandom polymer.

In our laboratories, we have d.eveloped methods of preparing

reasonably narrow IÎWD stereorand.om PMMA as wel-l- as isotactic

and a variety of stereobl-ock polymers. The former enabl-e us to

investigate the effects of MW and MtrriD, the l-atter of chain configu-

ration and in particular the effects of blending isotactic Pl4MÄ

with the normal commerciaf materj-al. The present work aims at

improving the understanding of the mechanism of fracture process
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in air and, in methanol of PMMA on the basis of chain entanglement

concept by investigating the refationship between the mol-ecular

properties a¡¡d the fracture behaviour.

The fracture mechanics approach has proved to be a succ-

essful method for the quantitative study of propagatíon phenomena

(15-17). Using the fracture toughness parameter expressed by the

energy release rate at fracture t 9"t or the corresPond,ing stress

intensity factor (Sfr¡ , K", this approach enables the development

of a quantitative criteria for crack/craze stability and propaga-

tion behaviour. Because of the viscoelastic effects in organíc

polymers, measurement of the Kc as a function of crack/craze velocitY,

v, provides the most acceptable descriptíon of the fracture pro-

cess. Analysis of the data for fracture in this work which is

based on the K vs. v relationship will include the calculation of
c

basíc pararneters of the fracture mechanics approach such as the

crack opening dispÌacement, the craze tength, the fracture energy,

the absorbed energy by craze matter and the time dependent of

fracture process at the tiP.

This thesis is divided into eight chapters. An overview

of the fracture process in amorphous polymers and the application

of fracture mechanics concept is outl-ined in Chapter 2. Synthesis

and characterizati-on of PI'IM-A is described in Chapter 3. fn Chapter

4, to understand physical- properties of the plasticized crack tip,

the glass transition temperature of methanol-equilibrated PMMA

being an approximation of the glass transition temperature of the

plasticized tip is determined. Depression of the glass transition

temperature in the presence of methanol wilI be discussed in the

framework of free volume concept and statistical" thermodynamics

theories. Tn Chapter 5, the fracture mechanics approach and

Zhurkov's modified gþee-fyring theory are applied to the analysís

of the effect of Mù and IMD on the fracture tougLrness. The effect
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of stereoregularity on fracture toughness is investigaÈed by blen-

áing isotactic PMIÍA wiLh syndiotactic-like PMMA, and the associa-

ted physical properties of these blends such as the glass transítion

temperature and. the melting point of crystalline stereocomplexes

are discussed in Chapter 6. A general discussíon and further com-

ments on the ínfluence of the molecular properties on the fracture

toughness are referred in Chapter 7 to support the fracture tough-

ness and the entanglement correlation in predicting the cracking

a¡rd crazing behaviour in potymers' Research topics for further

development are suggested in Chapter 8'



CHAPTER 2

DEVELOP },IENT OF THE UNDERSTANDING OF TTTE

FRACTURE PROCES S IN AMORPHOUS POLY}(ERS AND THE APPLICATION

OF FRÀCTURE I'IECHANICS

2.I Overview of the Fracture Process in Amorphous Polymers

There have been a number of reviews on the cracking and

crazíng behaviours of po1}'rners. The earliest review was written by

Andrews (I8), but the most wide ranging of these subjects concern-

ing the mechanism of fracture process in air and in active environ-

ment, the mechanism of toughness enhancement and fatigue fracture

was contributed, by Rabinowitz and Beardmore (19) ' and by Kambour

(2O). Recently, Kramer (21) hap reviewed the effect of envi-ronment

on the fracture behaviour of polymers rvith the emphasis on the

micromechanics of the cTaze and craze fibril' stability. Because of

the breadth of the subjects, only previous studies on the fracture

behaviour of amorphous polymers forming the background of this work

will be outfined,

2.I.I Fracture Process in Air

Most of the studies in this area have been dealt with the

crack mechanism, the phenomenology of air cracking and the evalua-

tion of the fracture energy as a function of IM, crosslink density

and temperature. Dependence of fracture energy on l4!l has been in-

vestigated for a wide range of broad MWD amorphous polymers. Rob-

ertson (3) established a relationship between fracture energy and'

IrM for narrow l4!{D polystyrene but the MW of sampfes !ó/as in 1ow Mt¡J

range (MW < TOTOOO). Fracturê energy of polycarbonate was reported

by pittman and ward (4). Berry (I) measured the fracture energy

for high MVit pMltÂ (MtI > lOs), Kusy and co-workers (2,22) found a
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sig.rnoid-like relationship between the fracture energy and Mþ,7 for a

wide range of MW (MVil = IOq to 106 ) of broad MV{D PMMA. The fracture

energy in these amorphous polymers has the sane tendency in MIr'l de-

pendence. 1n the l/I!{ range smaller than the critical [4W, M" (Iow ì4W

range), the fracture energy is of the order of surface energy. The

fracture energy increased rapidly ín the range of M!Ù just larger

than M (medium Mlv range) and become constant, at very high ¡M. The
c

fracture energy of high trl[,rtr polymers which is mainly contributed by

the work of plasÈic deformation at the crack tip is about three

decades larger than the surface energy.

The plastic deformation can be prohibited by crossl-inks

and this lead.s naturally to a reduction of the fracture energy.

Berry (23) found that a copol-ymer of I0% ethylene glycol dimetha-

crylate (crosslinking agent) with methyl methacrylate possessed

only 252 to 3OE fracture energy of PMI¡.A. Broutman and Mccarry (24)

obtained simiLar results for crosslinked P!íMA showing that the frac-

ture energy decreases with increasing crosslink density. On the

other hand, the addition of rubber particles to amorphous poly-

mers resulted in an enhancement of impact toughness (2O) - The

fracture energy of rubber-modified PI4MA can be at least two dec-

ades greater than unmodified PMMA. SimilarJ-y, rubber-modified

polystyrene (high impact polystyrene, HTPS) possesses not only

excellent high impact properties in comparison to polystyrene, but

also good ductility. The enhancement of mechanical properties by

the addition of rubber particles largely arises from numerous

stress-induced microcrazing in amorphous matrix occurring between

two rubber Particles (25).

Although only few studies have reported the crack mech-

anism and kinetics of crack propagation the most comprehensive

study of the kinetics of fracture in air of sol-id material-s ranging

from metal-s to polymers \dere contributed by Zhurkorr (26) . He
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adopted a molecular model and proposed that the failure process

is characterised by an activation energy of Rhee-Eyring stress-

biased kinetics, where the height of the energy barrier is reduced

by some function of the applied stress. Zhurkov cal-cufated the

activation energy from fracture data and found this energy is close

to the carbon-carbon bond energy for the polymers. He suggested

that main chain bond rupture is responsible for the failure in

polymers. Marshatl et al. (27) assumed the temperature dependence

of the fracture toughness expressed by stress intensity factor.

K, (see next section) can be described by the Arrhenius equation.

These authors noted that the activation energy is equal to that

of the $ transition of viscoel-astic process in polymers. There

appears to be similarity between Zhurkov's Rhee-Eyring stress-

biased expression and Arrhenius equation, but which is the main

process governing the failure mechanism, main chain rupture pro-

cess or S transition, is stil} not clear. Admittedly, whil-e

Zhurkovt s approach was theoretically developed on a mofecular mod-

eI and successfully applied to a wide range of solids, Marshallrs

et al. unjustified assumption of Arrhenius-type temperature dePen-

dence of the fracture toughness may cast doubt on the role of the

B transition in failure mechanism.

2.I.2 Fracture Process in an Active Environment

The study of environmental stress crack:-ng,/crazing (ESc)

has been largely dealt with the effect of environment on fracture

process and the associated mechanism and morphology. The role of

organic solvents in craze and crack initiation of poly(2,6-dimethyl

-1,4-phenyleneoxide) has been comprehensively studied by Benier and

Kambour (8). According to these authors, the two major hypotheses

for the action of organic agents in craze and crack initiation have

been surface energy reduction and plasticization. They suggested.

f
.s

fl
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the correlation between the cracking or crazirlg behaviour and' the

glass transition temperature of plasticized crack tip, t=n. The

critical strain, ec, which expressed the initiation of cracking or

crazing was foru¡d to have a linear relationshin with T"n- The

cracking behaviour of amorphous polymers showed that the critical

strain increased with T"n and approached zero when t=n t" close to

or below room temperature. Following Benier and Kambourts pioneer

work, a number of studies have been reported for polystyrene by

Boyer and Keskkula (2A) , Kambour et al. (10), for polar polymer

such as PMMA, polyvinylchloride and polysulfone by Vincent and

Raha (9). The correlation of ec vs. t"n (or alternatively ec vs'

the solvent solubility parameter, ô") used by these workers in pre-

dicting the cracking and crazlng of polymers is open to speculation

and this problem will be scrutinized in the light of the present

work (chapter 7). Kramer has recently attempted to classify the

environmental fracture systems depending on whether the environ-

ment (gas or organic solvent) promotes degradation in poLymers,

chain cross-linking or neither (2L) .

Kambour and co-workers' correlation between the fracture

behaviour and a physical quantity (T-- or ô-¡, or Kramer's classi-sg s-

fication of environmental- fracture systems does not encompass the

essence of ESCr because neither of these approaches has been con-

cerned with the influence of molecular properties of polymer in

efucidating the fracture behaviour of pol1.rner. F-ather, in this

conventional- thinking the nature of environment and the action of

environment to polymers have been considered as the controlling

factors in the cracking ot crazj-ng. Although investigation of

the effect of molecufar properties on the fracture toughness

could provide a fundamental approach to understanding of the frac-

ture mechanism, few studies have been reported' The importance of

molecular properties on the fracture behaviour is clearly revealed

t
.L

{

,

I
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by the results of Rudd (29). He investigated the effect of l&{ and,

MWD on time-to-fracture of polystyrene under a constant load in

butanol. Decay of stress with time during craze growth showed

a curve similar to stress rel-axatj.on curve with a longer stress

plateau for higher Mú¡ pol)rmer. The stress plateau may impJ-y the

role of entanglement network in stabilizing craze fibrils at the

crack tip. In his review, Kramer (21) repeatedly referred, to the

ímportance of the chaín entanglement in the fracture mechanism of

poll'mersr but thís proposal has not yet been confirmed. because of

limited experimental data.

2.2 application of Linear Elastic Fracture Mechanics to the

Analysis of Crack and Craze Growth in Polymers

The earliest theory of fracture mechanics was proposed

by Griffith (30) who suggested that the energy required to commence

crack propagation must be larger than the surface energy of the

materiaL. Following Griffith, Orowan (3f) recognised that the

energy required for crack growth is generally much J-arger than the

surface energy and came to Èhe conclusion that the region at the

crack tip was not entirely elasÈic. Griffith's and Orowan's theo-

retical treatments h¡ere further developed by rrwin (32) who derived

equations for the intensity of the stress fiel-d around a crack

expressed by a stress intensity factor (STF). Irwin's approach

was based. on the assumption of linear elasticity and infinitesimal-

strain and thus is referred as l-inear elastic fracture mechanics

(LEFM) .

The following sections wifl outl-ine the basic concept of

LEFM and in particufar the application of this concept to the

analysis of fracture data in polymers.

¡
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2.2.L Linear Elastic Fracture Mechanics

2.2.I.1 Energy Release Rate, G

Considering a cracked body of thickness, B, exposed to

Ioad p (Fig.2.I) the body displaces a dista¡tce, Y. from it's unload-

ed position. The stored energy, Ul, in the body becomes (region

OAD in Fíg.2.2)

U¡ = ÞÈy (2.I)

An increase of load 6p causes an increase in displacement of ôy and

crack wiII propagate from xo to (*o + ôxo). The new stored energy'

ÍJ2t is given by (region OCB)

tJz = ,2(p + ôp) (v + ôy) (2.2')

which requires an external work, U3, to be done on the body (region

ABCD), that is

,{

I

ù-

,l

i

,
i

I

I

[". +] 6vU3 (2.3)

Thus the energy 6u ís released when the crack 9ro\^IS a

distance of ôx- is given bY
o

ôu = uz-ul-ue
= %(v6p - PôY) (2.4)

That corresponds to the region ODC in Fí9.2.2. The energy reJ-ease

rate, G, defined as the energy released per unit area of crack

growth is expressed bY

ôu
eôxo

_1
B

ôp

--0x
o

ovì
ð"1o)

(2.s)
t"

-P

ro initiate fracture in a body,

release rate) , Gc, is required,

a minimum energy (a critical energy

that is

(2.6)c)G.

For the Griffith's criterion, G can be expressed by

Gc

c

2ycl (2.1)
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Fig.2.1 The cracked body.

Relatj-onship between the dispJ_acement
distance, y, and the required load, p.

Eí9.2.2
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where Ycl = surface energy of material

The fracture initia criterion can be written as

Gc

Let C be the compliance of the cracked body

c Y/P

so that, in the case of fixed griPs

P2

-i_f-'in*nirl29 |. Ò*o oxoJ
(2 .8)

(2.e)

(2. ro)

Y = 0, G" becomes

dc
Gc 28 dx

o

and in the case of constant load ôP : O

G (2. r1)
c

The compliancer, C,

if ð.e/dxo is known,

2.2.L.2 The Crack Tip s tress Field and Stress Itltensity

Factor

There are three modes of crack propagation under external

load, Mode I: openingI lrlode II: edge sliding or shearing and Mode

III: tearing. Because the fracture Process investigated in this

work is ¡{ode I propagation, the results are relevant to this mode

only.

using westergaardts complex stress function, Irwin (lz¡

demonstrated that the efastic stress field around the crack of 2xo

length in an infinite sheet for Mode I could be described by

'r2 1 dC
zsÊ d"

o

is a function of specimen geometrical factors,

G wiII be determined from the above equations.
c

T

o

o

Õ

et
0

,

ox

o
v

xy

cos

sin

FY '=-
¿t

/""{ -:-zr

/Tl=-¿r

ô
cos ã [,- 

- "r" u "t" +]

[r * =ir, I =t" TJ
0 30cos t cos ;-

(2.L2a)

(2.r2b)

(2.L2c)

where O is the applied bulk stress, r a¡rd 0 is co-ordinate in polar

dimension of an infestimal volume as shown in Fig'2'3'
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FIG.2.3: The crack tip stress field.

The stress intensity factor (SIF), K, for mode I in an infinite

sheet is defined bY

K = Otñ (2.13)

For fínite bodies' eguation (2.2O) is given by

K = vo/T Q.LA)co

where y is geometrical- correction factor and is a function of the
c-

dimension of the bodY.

In plane strain, the corresponding displacement in x and

y direction are obtained as

u
2K(1+u)

E

2K( t +u )

E

Ç"o'9,t-zu+sin29

Çsinlrr-zv-cos2þ

(2. 15)

(2.L6)u

The relationship between K and G can be found in the calculation of

the energy change when crack propagates an increment of ôxo (:a¡.

It can be exPressed as
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f,"
oGôx ûVdr (2.t71

(2 .18)

(2.Lg',)

o

so that in plane strain G becomes

K2c = _ (1 -'J2)!:

and in plane stress

G= K:
E

For PMMA = 0.33, difference bet\^Ieen Eqs. 2.Lg and 2-19 is about

10a.

Combining Eqs. 2.II and 2.I9 gives

K2=E EP (2.20)
c

where K is the SfF at fracture and corresponds to G .--C C

2.2.I.3 Effect of the Plastic Zone. Modification of LEFM

The elastic stresses acting near the crack tip are extreme-

Iy high and will reach the yiel-d stress, oy, to form plastic zone

ahead of sharp crack tip. Linear elasticity is no Ionger applied

to the plastic zone. By using the concept of effective crack length,

dc
dxo

2

2Bc
Lr

however, Irwin (34) calculated radius,

be

K2
r

ty, o.f the plastic zone to

r <<x (2.2L)
v oy 2ro2

v
so that the effective crack length is now 2 (xo

tic stress distribution is given by

+r)
v

The new elas-

(2.22)o=oc v

where K (x +r)-o yc

rhi's modification using the effective crack length,

2k + r ), enables the application of the LEFM into the ineLastic'o y

region providing that the plastic zone is small in comparison with

e. tcrack length, i.
.v

<< xo (rig.2.4) .
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Dugdale (35) used similar mathematical analysis to yield

A 2r=x
v o

sec _I
lo,

ol
-tÕl

.c¿

(2.23)

where Â is the ctaze length. The critical work done at the crack

tip is given by

G (2.24)
c

From Eqs. 2.2Ot 2.23 and. 2.24, we obtain

rK2c
A (2.25)

ccou

28
c

and

(2.26)
c

The approximatión of 89.2.26 is given by

uozcc (2.27)
c c

v

where E = o /e' and is the yield straín.c'y y

Eq-2.27 is a good approximation for either A ( xo or

A > x , but r.q.2.27 ís only true when A (( x^ (17). Combining Eqs.--O' O

2.25 and 2.27 gives
IT Kc (2.28)8Ê

v

2.2.2 appli cation to Polymers

2.2.2.1 Description of Cracking and Crazinq bv the LEFM

Con.cePt

LEFM have been widely used in the theoretical analysis of

fracture behaviour in metals for some time, but application of this

concept to cracking and crazing in polymers t'!vas initiated by Mar-

shalt et af. (15-16) only ten years ago.

The log K. vs. 1og v (or K. vs- v) díagram is widely used

to describe the fracture behaviour of brittle material-s and the

o

9*'o [n sec Î ol
1r ^o -c l.t o",l c Eou

K2 = uo E =c c

A
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most well-documented data of air cracking in polymers is that for

pIrI,fA (L7,97). Witliams (97) suggested that the general form of

cracking behaviour for PMMA in terms of the SIF, K., and the crack

velocity, v, can be represented by the graph in Fig.2.5. The de-

scription of the cracking behaviour in air can be divided into

three regions: regions AB, BC and CD. In region AB (0.73 ¡O{m-3'l2

-3/2) crack propagatJ-on is stabre, since an increaseS K" S 1.7 MNm -'-) crack ProPa

in I( is required to accelerate the crack. Stable crack proPaga-
c-

tion occurring in region AB is the most conìmon fracture process.

When the crack velocity exceeds 1O-2m =..- 
l, Kc starts to drop

(region BC) and l¡gilfiams (97) attribut-ed this behaviour to the on-

set of thermal effects arising from the plastic work performed at

the crack tip. In region CD, the curve is assumed to rise again

when the crack velocity approaches soni-c speed. Conclusive data

for this last region, ho\^Iever, has not yet been obtained'

The general" breakdown process of polymers in the pre-

sence of an aggressive environment can be divided into two main

categories : predominantly stress-crazi,ng and. predominantly stress

-cracking. For the case of stress cracking, v'Iilliams (33) has

suggested a mod,eI where complete prasticization at the tip leads

to a drop in the load carrying capacity of the material, i.e. a

decrease in the total ctazíng stress distribution at the tip. This

situation can be viewed on the log K. vs. log v schematic diagram

of crack propagation in a cracking solvent (FiS.2.6). The diagram

consists of three regions: Region I, Region II and Region III. Re-

gion t illustrates a drop in K. from the corresponding K" in air

at a given crack velocityr vr due to plasticízation at the tip.

Region IIf shows a non-solvent crack growth (dry crack growth)
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Eíg.2.5 Schematic Kc vs. 1og v diagram of cracking
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where the diffusion rate of the fluid is exceeded by the crack

speed, so that the craze zone fails to be plasticized leaving the

dry tip propagating in the same manner as cracking in air. Region

II is the transition region where the crack velocity, v, is egual

to the diffusion rate of the penetrant and K- becomes sensitive to

v (17,33) .

The three d.istinct regions have been widely observed in

the ESC of inorganic Alasses (17,98) but only portíon (Regions I

and II) of this general behaviour has been reported for polymers

(e.g. ESC of polyethylene in ethanol) (I7). Eig.2.6 can currently

only be regarded. as a schematic díagram of the probable log K. vs.

log v refation for PolYmers.

The log Kc vs. fog v relationship for solvent crazing

in PMMA can be found in Marshall and Vflilliams'work (17) and Mai's

work (99), but the general behaviour of crazíng in solvent expressed

in the log K" vs. 1og v diagram has not been reported'

2.2.2.2 W illiams and Marshal-I's ll-heoretical Treatment of

Crack and Craze Growth

on the basis of LIr{FM concept witliams and Marshall have

proposed a comprehensive theory to describe the time-dependent

crack and craze growth in both an inert and an active environment.

The theory, which has been successfully applied to the analysis of

experimental data for various amorphous polymers, \^/as developed on

a basíc assumption that a time scal-er Tr describing the process at

the crack tip, can be defined as

(2.2e)

where t = the total elapsed "macro" time from the onset of loading

and, v = the crack velocity. For the crack growth, because suff-

ícient time has elapsed for the crack growth to exceed a distance

I_vl
-1-rAt



20

of craze length, A, i.e. L/E - 0' Eq-2.29 þecomes

(2.30)

For the craze growth, crack remains stationary or v = 0, therefore

T t (2.3r)

Furthermore, due to viscoelastic behaviours of polymers

lVilliams and Marshall assumed the time dependence of the crazing

stress, A t and the modulus E, to be of the form
c

(2.32)
c

(2 .33)

Where oo and Eo = the unit time values, m and n : the time factors.

Fractire behaviours of polymers have been treated by the

Williams-Marshall (VtM) theory in four mechanisms

(a) Relaxation controlled crack growth

(b) Flow controlled crack growth

(c) Relaxation controlled craze growth

(d) Flow controlled craze growth.

Derivation of equations describing the above mechanisms in terms of

the SIF and the crack (craze) velocity wilf be outlined in the fol-

lowing section

(a) Relaxation Control-Ied Crack Growth

v
Ã-

I
T

OToo

EToE

-m

-n

This mechanism can be found in crack growth in air or in

sol-vent (Region I in Fig.2.6). Combining Eqs.2.25, 2.2'7,organac

2.30, 2.32 and 2.33 gives

I-m+n
T

lTuE 1co (2.34)80v
o

,.2 (I-m+n) / (m+n¡
^cIT

I ( Euc

and. v

o , 
(1-2m)/(m+n¡ 

o
c

(1+2n) (m+n)
(2. 3s)
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Kc

fn airr In êrid n were determined to be around 0-I and the

vs. v relationshiP becomes

0:lK av'
c

The power term of 0.1 is ín good agreement with the experimental

data of cracking (0.08 to 0-1)

(b) FIow Controlled, Crack Growth

The flow controllèd crack growth is presumed to correspond

with Region II (Fig.2.6) where the crack velocity, v, is equal to

the flow velocity. Williams and Marshall suggested that in the

flow controlled cracking the fluid flows into the dxy ctaze zone

at the front tip, and therefore, d'Arcy's law for flow in a porous

system can be uSed, that is

v = #tg e.36)

where A = the pore area, aP/ax = pressure gradient along the craze

and rì = the fluid viscosity.

Although !'lilliams and Marshall have shown that crack

propagation of high density polyethylene in a detergent environment

obeys d'Arcyts la\nr, theoretical confirmation of Region II mechanism

still awaits a welf-established Kc vs. v relatíonshíp for environ-

mental crack growth behaviour as shown by a schematic diagram in

Fig.2,6, especially the connection between Region II and Region III.

(c) Relaxation Controlled Craze Growth

Using the Dugdale's model of uniform crazing stress dis-

tribution (35), the average crazing stress from time g to time t

can be approximated bY

o (2.37)

Combining Eqs.2.3I, 2.32 and' 2.37 gives
.-moto

ft'dtlc,o
I
tc

oc I-m
(2.38)
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The craze length developing with time is expressed by

K2c
fT K2

" ( r-*)' t
go2

o

(2.3e)
õ2c

Differcntiating Eq.2.39 so that the craze velocíty is given by

TT 2m-1
v (craze) 2m(1-m) 2 

- t (2 .40)
g

(d) Flow Controlled Craze Growth

The craze growth 3t shorter times (initiation step) is

governed by this mechanism. The pore area, A, can be expressed by

A = c u (2.4L)

where c = the material constant depending on void content. Using

8q.2.27 , E,q.2.4L can be written as

K.
A = . 

"o 
(2,42)

c

Substituting d'Arcy's formulation (nq.2.36) gives

v(craze) = # å (r-m) rm+n t""J e.43)
oo

If the pressure drops tinearly from the craze base to the craze

ti,p dP/dx can be expressed bY

2m
1T

4

I

K2c

o2o

v(craze)

If M = n = 0, E9.2.44 can be rewritten as

v (craze)
c

n)

P=Ã-

P
A

dP
d"

E(\
P
:-
A

c
L2n

K2c
OEoo

m+n(1-m) t (2.44)

(2.45)
K2c

oo
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CHAPTER 3

POLYMERIZATION AND POLYMER CHARACTERIZATION

3.1 Tntroduction

Discovery of anionic vinyl pollzmerization can be dated back

as far as in the 1940's' rn his discussion of anionic pollzmerization

of cyclic acids and acidanhydrides, Flory clearly foreshadowed the

possibility of a controlled synthesis (36), but it was not until Szwarc!s

discovery of "Iiving" anionic systems several years later (37) that the

anionic polymerization was realised as an ideal method to produce polYmers

with a certain specific desired Mtil or molecular structure. Using the

"Iiving" polymer,, it was possible to synthesize not only two-phase block

polymers or graft polymers, but also pollzmers of predetermined -lt{W, MWD

and configuration. Vùith the technique of anionic polymerization,

suitabte reaction conditions can yield very narrow MWD or stereoregular

polymers (38). Considerable work on preparing narrow MV'ID PMMA' polystyrene

and poly (q-methystyrene) by an electron transfer reaction of alkali

metal complexes in an ether under high vacuum has been reported (39-42).

The ,'living,' polymer concept, however, does not necessarily

representanionicpollrmerization.Pollrmerizationofmethylmethacrylate

inítiated by alky1 magnesium compounds in tetrahydrofuran (THF)/toluene

mixture is based on a "living" polymer concept but is in fact pseudo-

anionic polymerization (43). According to recent development in our

Iaboratory (44), the conditions of the pser:do-anionic polymerization

which control the M!{ and MWD have not been defined yet, but the

stereoregularity of a poI1'mer chain is known to be dependent on three

variables: temperature; ratio of concentration of solvent mixture

(tetrahydrofuran/Loluene) used as the reaction rnedia and ratio of

concentrations of solvent mixture and monomer'
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The main object, horueyer, was not a detailed analysis of reaction

mechanism, but to scale up the reaction to produce a quantity of 10 to

2Og of polymer for bulk properÈies testing' Polymerizations of narrow

MWD with different MVü polymers were carried out with sodium biphenyl as

initiator. polymers of controlled stereoregularity (742, 100% isotacticity

and 73s" syndiotacticity) were synthesized with t-butyl or phenyl magnesium

compounds as initiator. Details of polymerization technique will be

described in next section.

3-2 Polr¡merization Technigue

3.2.r. siqh Vacuum System

Initiator complexes for the polymerization are quiÈe sensitive

to traces of air'or water and therefore it is necessary to use high vacuum

apparatus to remove all impurities. The atl-glass system consists of a

rotary oit pump and the mercury diffusion pump to reduce the pressure to

IO-4 mm ttg. Liquid nitrogen traps are located between the oil pump'

the diffusion pump and the glass manifolds. The traps are used to condense

any solvent gases during vacuum drying, also to prevent the mercury in

the diffusion pump from entering the manifolds. The separable manifolds

are designed to suit the requirements of each reaction'

All glass assemblies for polymerization are attached to the

manifolds by viton ring greaseless taps or ground glass taps lubricated

by high vacuum silicone grease'

Thehighvacuumsystemswasmainlyusedfordryingofglassware'

degassing, transferring liquids by distillation and preparation of sodíurn

mirrors.

3.2.2. Purification of Reaqents

Tetroh rofuran ) (eoHrAR grade reagent stabílized with

0.1% quinol).

THF was prepared by refluxing over calcium hydride and lithiun

aluminium hydride for 24 hours before transferring to a f'lask containing
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sodium benzophenone. TflI' was refluxed again for anothet 24 hours with

sodium benzophenone to give a fresh blue colour of the complex. In

presence of excess sodium benzophenone, the colour changed to the purple

radical di-anion. The THF was collected and thoroughly degassed before

distitling under high vacuum onto sodium mirrors and benzophenone for

storage.

Sodium mirrors, which act as a drying agent for THF and the

initiator solution, \^tere prepared by the following method. Pieces of

dry sodium metal were placed in one finger and benzophenone in another

finger of a flask (FiS. 3.1). The stopcock between the flask and' the

vacuum system was opened to reduce the pressure and vaporize impurities

(e.g., carbon dioxide, water, etc.) adhering to the wall of the flask.

The sodium was then heated under vacuum with the soft yellow flame of a

hand torch until it melted. The sodium vapor spread quickly and condensed

on the cool waII of the flask to form a mirror, and benzophenone $Ias

subseguently vaporized by heating. Vlhen the THF was distilled in the

blue colour of the sodium benzophenone - TIIF complex appeared instantaneously.

Toluene (BDH' AR grade)

The same purifying procedure was undertaken for toluene.

Methyl methacrylate (MMA) (BDH, AR grade stabilized with

0.le" quinol) .

MMA was washed with IOa (W,/v) caustíc soda solution to remove

quinot and subsequently washed with water until neutral to litmus'

The MMA was then dried with anhydrous magnesium sulphate and transferred

onto fresh calcium hydride. It was stored in a fteezer for at least

24 hours to allow the complete evolution of hydrogen gas. This sample

was further purified by distilling under vacuum onto a sodium mirror

and benzil (1,2 - diphenyl - I,2 - ethandione). This complex gave a

purple colour in MMA. Because sodium benzil is a weak initiator for

MMA, Iong contact must be avoided. A suitable contact time enough to

destroy impurities in MMA without any undesired polymerization would
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high vacuum

BenzoPhenoneSodium

fig.3.I Apparatus for preparation of

sodium benzoPhenone.
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be about 30 minutes. The -14¡tA r{es then clistilled into an impurity-free

flask and stored in a f,reezex.

AIkyI Halides fFluka AG)

phenyl bromide and t-butyt bromide used for the preparation

of Çrignard reagents were refluxed over calcium hydride.

3.2.3 Prepa ration of Initiator Solutions

Sodium Biphenvl Tnitiator

sodium biphenyl complex was used as initiator and purifying

reagent for THF before polymerization' Details of preparation will be

described in Section 3-2.4.

Grignard Reagents (45)

(a) Tert-buty lmaqnesium Bromide

Grignard reagents lvere prepared in the apparatus shown in

Fig. 3.2. A flat bottomed flask A was charged with oven dried magnesium

turnings (7.0S) and flame dried whil-e being purged with dry nitrogen'

lrlhen the flask had cooled, it was charged with freshly distilled THF (200mI) '

A solution of dry t-butylbromide (27.ag) in dry TIIF (80m1) was introduced

into the reaction vessel through the dropping funnel B while the reaction

mixture was stirred vigorouslY'

After the addition of loml of t-butylbromide solution, the

reaction mixture was heated by hot air to initiate the Grignard reaction'

Because the reaction was highly exothermic, the remainder of the t-butyl-

bromide solution was added dropwise to maintain the reaction at reflux

temperature. when the addition of the t-butylbromide solution was completed,

the reaction mixture \^7as heated under reflux r.ot a further hour and then

cooled to room temperature before filtering through glass sinter funnel'

rf the sorution was filtered when it was still hot, the filtrate wourd contain

a large amou¡rt of magnesium bromide which would effect the initiation

conditions and leads to low molecular weight polymers (46)'

The filtrate was degassed prior to its use in polymerization-
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(b) Diphenvlmagnesir:m

There were two steps in preparation of diphenylmagnesium'

In the first step, the preparation of phenylmagnesium bromide was carried

out similarly to the preparation of t-butylmagnesium bomide but with the

following quantities: magnesium 7.4g, bromobenzene 38.49 and a total of

THF volume of 24Om1 . In the second step' 25Om1 of about -l-M of phenylmagnesium

bromide in THF was added ro 2.2 equivalents (26.4g) of 1,4 - dioxan.

The solution was then allowed to stand tot 48 hours with periodic shaking

before filtering under vacuum to remove the precipitate of' MgBrr'2 dioxan'

Thefiltratevlasfoundtocontain(Ph,Mg)=0.045M(determinedas(Ph)=

0.09M and (er ) = O.OIM) '

Determination of Organo magne sium and Bromide Groups

I

ù-

I

I

,t

t

(c)

Concentration (4s )

The concentration of Br in the initiator solutions was determined

by Vothard's method.

Theconcentrationoforgano-magnesiumgroupwasesÈimatedas

the concentration of base in the sorutions. Hydrochloric acid (0.1M) was

added to a measured quantity of initiator solution in lont aliquots until

the solution was acidic to methyl orange. This solution was then titrated

with o.lM soldium hydroxide solution to neutralize the excess acid' Then

the number of moles of H+ required to destroy R-Mg groups present in

solution could be calculated'

3.2.4. Poh¡mer ization Procedure

Anionic PoI ization

This method was used to produce narrow MWD and controlled

mean MW Polymers.

prior to the addition of solvent to the apparatus (Fig. 3'3)

wascarefullydegassedbyheatingwiththeyellowflameofahandtorch

under vacuum. The purified MMA (:.20m1) was further purified twice with

sodium benzil in a separate purification flask before being distilled into

t'
i[,,

ff

the calibrated monomer ampoule E. This ampoule was then isolated from the
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hish vacL!um

A

Fig.3.3 Apparatus for anionic poI1'rnerization'
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rest of vessel by closing the yalye C and frozen in liquid nitrogen

prior to polymerization-

In second step, sodium biphenyl was prepared in initiator

solution vessel A in a similar way with sodir:m benzopheonone (Section

3.2.2). The purified THF (5OOm1) was then distilled into vessel A

(]0006I capacity), and on contact with sodir¡n biphenyl, the initiator

blue colour developed inrnediately. This solution was degassed twice before

the whole apparatus was isolated from the vacuum system by closing the

valve D.

MW of the product was controlled by concentration of the initiator

(Mw=(monomer)/1 finitiator)) = a value adjusted by experience to give the

desired MI¡ü. The adjustment of the initiator concentration was carried out

by distilling the þresh TIIF from vessel A to vessel B, then the remaining

complex solution was filtered from A to B to a desired concentration'

The concentration of the initiator solution was judged by the darkness of

the solution colour. V,Ihen the adjustment of the concentration had been

completed, the contents of vessel B lvas introduced into a methanol kept

at -78oC. By opening the valve C, the monomer vaporized into the sodium

biphenyl,/TlfF solution. To avoid the condensation of the monomer vapor

onthewall,theconnectingpassagewaskeptwarmbyahoÈairheated

jacket H. on vaporization of the monomer, the initiator blue colour dis-

appeared instantaneously, indicating a rapid initiation step' The solution

was stirred vigorously by a magnetic stirrer. The polymerization was completed

in approximately 30 minutes and the "living" pollzmers were terminated by

the íntroduction of degassed butytchloride'

The polymer solution was poured into an excess of methanoL/waLer

mixture (1:1 VrzV) to precipitate the PMMA. After filtering and washing,

the po1'mer \¡¡as dried in a vacuum oven at 6OoC. The yield was larger than

t

ri

I
I

I

I

90%.
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The above pollmrerization procedure produced l-0 to 2Og of

required MI^¡ PMMA. Ho\¡reyer, because of the Larger size of the poltrmerization

apparatus, the anount of THF was reöluceil to make the apparatus less bulky

at the expense of a broader MlfD (see Section 3'4) '

Pseudo -anionic Polymerization

The polymerization procedure developed by Fisher and Mair (46\

was adopted to scale up the amount of products. This procedure, however,

involved some difficurties such as the irreproducibility and the sensiÈívity

to the minor variation in experimental technique and in the preparation

of initiator solution. The potymerization sometimes gave a very low yield

oflowMVüpollrmersincontrasttotheproductsofFisherandMair.The

main reason is that the type of active centres for potymerization, which

are created at the initiation step, is effected by the experjmental condítions

and/or the initiator preparation. The irreproducibilities in this step

subsequently result in the different nature of product (44)' This problem

is still under investigation in our laboratory'

The following polymerizations r¡rere carried out to prepare highly

syndiotactic and isotactic PMMA'

(a) Polvmerízation of S.73h(73% synd iotacticity)

The most important experimental parameters controlling the

tacticity of PMMA are temperature and mole fractions of monomer, solvents

and Grignard initiator. In this case, the mole ratios were x (MMA/THF)=0'08

and x (Initiator/l¡¡¡e)=0.04. The polymerization apparatus (ris' 3'4) consisted

of two round-bottom flasks of lOOmf (C) and 250m1 (D) ' The purified THF

was first allowed to f10w into D from a burette attached to the vacuum

manifolds. The predetermined volume of a solution of diphenyl magnesium

(phrMg) was dispensed by a calibrated tilt meter mixed with more THF in

flask D. The flask D was isolated from the flask C by closing valve B'

and the known amount of monomer t¡¡as then introduced into C frorn another

burette attached to the manifolds. Finally, the whote reaction apparatus
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Eig-3.4 Apparatus for pseudo-anionic pollzmerization'
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vras separated from the vacuum system and kept under high vacuun by closing

valve A. The apparatus was transferred to a methanol bath 1'¡ = -Z3oC) '

when the temperature of the solvent was in equilibrium with the bath

(äfter 15 minutes), valve B was opened and polymerization commenced by

mixing the monomer with THF/initiaÈor. The apparatus was kept in the

bath at constant temperature iT = -23oC) in 16 hours to complete the

polymerization. Degassed methanol was used to terminate the reaction

and the product was precipitated in an excess of methanol. The yield

was 50%.

(b) polr¡me rization of. f .74 74% isotacticity)

The Grignard compound of t-butylmagnesium bromide was used

as ínitiator. Initiator solution (0.1M in THF) of original weight 10'19

was fed into frask D and then vapoxízeð, all THF to reduce to the dryness

of O.2g. This procedure is described as "ether-free" or "de-etheratedrl

of the iniÈiator solution. According to Allen et aI.(44), the "de-etherated"

initiators have been shown from the NMR spectra to retain co-ordinated

TItr in mole rations (THF),/(t-euMg)>1. The monomer (12'-l-g) was polymerized

without supporting solvents on the dry initiator at -4OoC for 3 hours

The yield was 62e".

(c) Polymeri zaLion of 1.100 (f00% isotacticity)

Prior Èo polymerization, the Grignard compound of t-butyl-

magnesium bromide was de-etherated to dryness and heated gently under high

vacuum, then re-dissolved in toluene to give a desired concentration' This

solution was used to initiate the I.1OO series' The extent of heating and

pumping determines the amount of THF in excess of that co-ordinated in the

[rHnl / [t-euMg]=1 mole ratj'o' The most efficient initiation of isotactic

polymerizarion occurs when ftur] Z [t-eWé.1 is slightly in excess of the

ratio(46).Fromexperience,undertheseconditionsthesolidinitiator

shows a grey colour. Furthermore, it was known that the concentration ratio

of the co-ordinating THF and toluene as checked by gas chlomatography would

effect the MVf of product. A detailed analysis of this effect is still

under investigation.
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The initiator solution was ailded with more toluene in

chamber D (nig. 3.4). Monomer was stored in charnber C before mixing with

the initiator/toluene mixture in D to cornrnence polymerization. The

reaction conditions for differenÈ I.100 are listed in Table 3.1.

TABLE 3.1 Polymerization Conditions for I.100 Series

The products show mono-, bi- and trimodal on gel pemeation

chromatograms, *a "a 
this stage it is still unknown what factors effect

the MW and MV'ID of these polymers.

3.3 Characte rization of Polr¡mers

3. 3.1 Molecular Weiqht and Molecular Weiqht Distribution

Get permeation chromatograph (cPC) is an effective technique

which alLows a rapid determinatíon of the MW and the MuTD of polymers.

Since its introduction (47), it has been widely accepted as a simple and

reproducible method of polymer characterization. The GPC gives directly a

MWD cure from which ratio of weight-average MW, Mr.r and number-average

MWr Mrr expressing the l"Ivü dipersity can be calculated.

The generalized treatment of the GPC may be attributed to

Tung eÈ .1. (48). However, their phenomenological theory including a broad

and multimodal MWD, is too complicated for application into simpler cases.

Many attempts of calibration of the GPC from narrow Ml{D and known MVil

,,standard" pollrmer have been made to develop a "universal" calibration

curve for aII polymer. The most coflìmon methods were suggested by Grubisic

et aI. (49) and by Dawkins (50). Grubisic et aI. suggested that plot of

log ((n)M) vs. v^r where (n) is viscosity, M is molecular weight and V"

Sample MMA

(s)

Toluene

(s)

Initiator
(s)

[*o]
þoruene]

frttiti.tor]
t.t"l

Time

(b)

T

(oc)

YieId
(%)

r. r00 (1)

r. 100 (2 )

r.100(3)

L5 -7

10.0

a.4

7 3.9

74.5

48.8

0. I40

0.140

0.140

o.177

0.1]-0

0. 136

-36.69 x 10

12.6 x 10 -3

-313.5 x 10

4

10

10

-23

-23

-23

20

35

53
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is evolution volume, is universal for a narrow ¡MD as well as for a

broad I4VüD (49). Dawkins proposed a simpler calibration method by
_^,

using the unperturbed end-to-end distancu ,r3,t related with MW by

a constant (50).

plot of log M vs. Ve for narrow MrID (V*' = 1-10 to

1.06) polystyrene using Dawkins' method is shown in Fi9.3.5. The

ploÈ is used as a calibration curve for PMMA samples.

TÀBLE 3.2: Calibration curve for GPC analysis-

Machine

Samples

Temperature

solveht

Solution
concentration

Columns

GPc (vùaters Associates)

Polystyrene (Water Associates)

300C

Dichloromethane

o.2 - o.5z

!-Stygel 1O5nm, 10hnm, fO3nm, lO2nm

M*p 1o<¡ M-p v*
e

*

2,7OO,OOO

45r, oo0

2OO, OO0

r10, 000

35,000

17 ,500

8r500

3r600

2,goo

6.43

5 .65

5.30

5 .04

4.54

4.24

3 .93

3 .56

3.46

8r.25

87 .75

92.OO

98.50

LOA.25

LL2.25

r18 .00

I24.OO

125. 00

.^ Mp = molecular weight at the GPC Peak

= evolution volume in evolution count.**v
e
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Fig.3.5 Calibration curve for GPC analysis.
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Saroples. of synthesized o,r cornrnercial PI4MA were run with the

same conditions as the standard polystyrene samples' The ratio of Mr/Mrt

andMareobtainedfromthefollowingrelations(5r¡
vt

(3.1)

2

V*rr=expoo

X. h../M.l- l-' r

.1 2.
Mv¡ = Mp exp (Z o o)

(3.2)

where oo is the standard deviation in normal distribution and Mn is the MW

at the peak of GPC curve (the geometric mean MW) '

Another simple method has been proposed by BIy (5¿) for mono-

modaldistributiontoevaluatetheratio'Mo/M.,=dwhichobeystherelation

(3.3)

whêre w is the width of the base line cut by two tangents to the point of
o

inflection of the beII shaped distribution, do is the known ratio t"/trt

of a standard sample. Thus w can be calculated if d is known from the GPC'

By combínation Eqs. 3.1 - 3'3, VMn, M* and Mn can be obtained' This

method of ealculation of these parameters is simple and accurate for mono-

modal polymers. The combining method Eqs. 3.I - 3.33 also shows an improve-

mentoveratediouscalculationofconventionalwaygivenby

t h
a a (3.4)

Mn

1ÀIo
do

VT

d

L,
a I I

Mh
M

$7

(3.5)
x h.

II

where h. is the height in the chromatogram of i component and M' is the
I

corresponding MVü obtained from calibration curve. The results of two

methods are shown in Table 3'3'
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TÀBLE 3.3

*Commercial SamPIes

The results obtained from the two methods shows a reasonable agreement.

However, using the calibration curve of standard narrow MV'ID polystyrene

samples, neither of these methods is totally credible because the

properties of polymer solution are dependent on the characteristics of

polymer, especia,lly the chain configuraÈion. These methods are well

established for aÈactic PMMA' but they are not known to any degree of

confidence, "universal" calibration cannot be applied to any polyner

solution of different stereoregularity. It was therefore essential

to check M values by viscometry, particularly in the case of highly
w

tacticity P¡'O4.A.

The following results for M$ID, M\¡¡ and M' were obtained from

the combining method (eqs. 3.I-3.2) and listed in Table 3.4. Because

of the broad MVüD or multimodality, the MW of pseudo-anionic PMMA were

obtained by comparing with GPC of potystyrene stanilard samples' The

gel permeation chromatograms for anionic and pseudo-anionic polYmerized

sanples are shown in Fig- 3.6.

SampIe Conventional Method (nqs. 3.4-3.3) Combining Method (¡qs. 3 .1-3 .3 )

M
w

Mn
Nl h"lvrr n

M
\^¡

Mn vt A'4I^I n
*

MH

*
ItlG

156,000

113, ooo

92,000

59 ,0oo

t_.70

1.91

136,400

90,000

70 ,300

46,3OO

7.94

)..94
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TABLE 3.4 .tvlolecular Weight and .l'lo1ecular lrleight Distribution
*

(L) Anionic Polr/meriz ation

Sample M
w

M/Mw'n

A1

Ala

A2

A3

A4

A4a

A5

A6

A7

A8

A9

A10

550 ,00o

450 ,000

5O0,000

380 ,000

150,000

120,000

97 ,000

84,000

71,000

36 ,000

3t | 000

23,5OO

J..25

I.20

1.25

l_.20

f,.20

L.20

I.20

1,.20

I.20

1.20

L.25

I.25
*

(2) Commercial

Sample M
w

trt /Mw'n

MH (Diakon)

MG (oiakon)

HMW (Potyscience)

MMW (Polyscience)

L¡IW (Polyscience)

149 , o0o

75 ,000

781 ,OOO

22O,OOO

160 , oo0

1.90

1.90

2.10

2.IO

2.ro

(3) Pseudoanionic Polymerization

SampIe MW at peak (tp) MWD Ratio of Area

s.73h

S.73I

r..7 4

r.100(1)

r.100 (2)

r.1oo (3)

Peak I Peak 2 Peak 3

bimodal

monomorfal

trimodal

trimodal

broad
monomodal

bimodal

]-:-l-

1.0 :1.4 :1. I

I.Oz2.2zI.6

L:2

2,'7OO,OOO

2, ooo, ooo

3 , 500 ,000

2,'lOO,Uoo

200 ,000

110,000

400 ,000

400,000

30,000

35,000

r0o ,000

35 ,000

*
Calculated by the combíning method
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C,eI permeation chromatograms of syn-

thesized PMMA. f .74 (Curve 1), I.IOO
(1) (Curve 2), I.100 (2) (Curve 3),
I.100 (3) (Curve 4), S.73h (Curve 5)

and narrow ¡4VlD sample (Curve 6).
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3.3.2 Determination of Vüeigh t - Averaqe ¡4olecu1ar Weiqht

by Viscometry (52)

Relationship of viscosity and concentration, c, can be

expressed, by Huggins' equation,

n

+ = (n) + k' (n) 2c (3.6)

or by Kraemerts equation

1,nn't (n) - kr (n) 2c (3.7)

where fì__ = the specific viscosity, î, = the reduced viscosity, (n) ='sp

the intrinsic viscosity and k', k" = constants with

kt*k"=0.5

Plots of l"n/c vs. c and I'nt1r/c vs- c. will give the same

intercept, (n).'Typica1 plots for sample MG is shown in Fig. 3.7.

Mo1ecular weight can be determined by Mark-Houwink equation,

a*n*

c

(n) (3.8)

-5The constants, Kn and ar are 7.1 x 10 and 0 .72, respectively , for

butanol at 25oC (53), and MVt was weight-average Mlv, Mw, i.e. M = Mr.

The measurements were made with an Ubbelohde viscometer. The experimental

procedure was described in'Appendix 2. The results are shown in Table 3.5

in comparison with the results obtained from GPC.

TABLE 3.5 Comparison of the MtI obtained from GPC and

Viscometry.

*
Calculated from Eqs. 3.1-3.3

Polymer
*

I\4 bv GPC
$T

M
w

by Viscometry

MG

MH

**
Sample I

Sample 2

Sampl.e 3

**

**

75,000

149 , oo0

165 ,000

380 ,0oo

580 ,000

90 r 00o

136 ,400

206,000

342,OOO

609 ,0oo

**
Anionic polymerized samPles
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A good agreement between the resllts f,ro¡n GPC anil. that from viscoruetry

method suggest the combining method [Eqs. 3.1-3.3) is a suitable method

to give a rapid calculatÍon of M*/Mn, M,*u and Mrr.

3.3.3 Determination of StereoregularitY

Chain configuration was determineil by NMR spectrometry (90 MHz,

lH, Brok"r HXSOE Spectrometer) using a 10% solution of polymer in a il. -

dimetliylsulphoxide/dischlorobenzene (1:9) solvent mixture. Boveyrs

nomenclature and assignments (55) were followeil'

There are two kinds of dyads: meso (m) and recamic (r),

x x x

m

(i), syndiotactic (s) and hetero-

Y

Y t

and three kínds of triads: isotactic

tactic (h),
xxxx

triads are given bY

2
í=Irfi]=P

m

h=mr+rm--2P

mtrmm
YYxYY t

i=mm S=ff h=mf

The proportion of isotactic, heterotactic and syndiotactic

xx x

(3.e)

(3.ro)

(.3.11)

(3 .12 )

(1-P )
m m

2 2s=rr=P (1-P )'m

and i+h*s=1

In the extreme cases, isotactic pollzmer forms when P- + l- and syndiotactic

if p + o.
m

However, if the addition of a monomer is affected by the previous

additions, the s'tatistics will obey multi-order Markov chain statistics'

r
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In the simplest câsêr the first order Markov chain general statisti-

cal parameters are given bY,

h (3.13)Pmt 2i+h

h
Prm 2s+h

so that isotactic polymer forms when P*, -> 0 and Prm+ I¡ slmdiotac-

tic j.f P^, * 1and Pr* * O. T'lvo other non-Bernoullian types are

heterotactic when P*, * Pr* I I (both larger than 0.5), and stereo-

block when P*, < 0.5, Prm < O-5; that is Pr* + Pmr < I' In a special

casewhere Pmr * Prm = 1r the chain propagatj-on wiII obey the Ber-

noulIi trial staÈistics. Bovey also classified polymer tlpe (e.g.

syndiotactic-]ike, stereoblock) by calculation of number-average

length of tactic block given bY¡

L + 2s/h (3 . rs)

L + zi/h (3.16)

n r/h (3.17)

where ñ is number-average length of syndiotactic block
t

; is number-average length of isotactic block
m

; is number-average stereoblock length.

Other non-Bernoullian distribution can occur. One which

is very plausible in systems where stereoblock polymers arise, is the

Coleman-Fox multistate growth distribution which cannot be disting-

uished from fj¡st order Markov on triad data (57)'

bhe results of various synthesized and commercial poly-

mers are listed in Table 3.6 and NMR spectra are shown in Fi9.3.8.

; r

n
m
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NMR spectra of PMMA. Commercial-

PMMA (MM{) (Curve 1), anionic poly-
merized narrow ¡4!VD PMMA (Curve 2),
I.100 (Curve 3) and S.73 (Curve 4).
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TABLE 3.6 StereoregularitY

; t

4.902

7.08

4.2

0

3.57

3 .89

n
m

T.2I4

r.25

15.8

oo

r.27

I.37

P+Pmr t:In

1.028

1. r35

0. 301_

1.067

0.988

P
rm

o.204

o.247

0.238

1

0.280

o.257

P
mr

0 824

0.889

0.063

0

o.787

0.731

Dyads fraction

r=s+h/2

0.801

0.85

o.2I

0

o.737

o.74

m=i+h/2

0 .198

0.15

o.79

1.0

o.262

o.26

Triads.fraction

S

0.638

0.73

0.16

0

0.531

0.55

h

o.327

o.24

0.10

0

0 .413

0.38

l-

o.035

0.03

o.74

1.0

0.056

0.07

Samples

*
A

s.73

r-.74

r.100

Commercial

MH

MM$I

È
-J

*A 
= anionic poll¡merlzed samPles
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3.3.4. Deter:nination of the Glass Transition rature T

The glass transition tanrperature TU (Table 3.7) was iletermined

by ilifferential scanning calorimeter (DSC) (Perkin Elmer Model II) - The

specímen was moulded to a thickness of 0.Snun and approximately 15rng was

loaded into the DSC ceII. Heating rate of 20 degreer/min \^las adopted

throughout Èhe measurement. The Tn was determined at C, the midpoint of

A B ofi the tangent of the sloping portion of the curve. (4, B are the

intersections between the upper and lower base lines and the tangent,

Fig. 3.9). It was observed that the cooling rate affected the shape of

the curve, but the T, in the measurement remained unchanged (FiS' 3'9) '

The Tn of each sample $/as measured at least twice with the same cooling

rate (320 degr.g 
^irr-f) 

used for all samples. Prior to the measurement

the instrument was calibrated using lead and indir¡n as standards.

3.4 Concluding Remarks

Some technical difficulties were encountered in the scaling up

of pseudo-anionic polymerization, but the anionic polymerizations were

I
carried out successfully wiÈh a compromising step of reduction of the

amount of THF to ¡nake the apparatus less bulky. The main problem of the

pseudo-anionic pol1'merization was the irreproducible yield and MW of

products and this has been currently investigated in our laboratory'

Especially, the de-etheration procedures which seem to be the main factor

in the polymerization of isotactic PMMA influences the yield and MVü of

product through the concentration ratio of TlfFr/toluene. Hitherto, the

de-etheration procedures have been based on working experience and a

more quantitiaÈive specification is necessary to produce efficient and

reproducible experimental conditions'

comparing with the pseudo-anionic polymerization, the anionic

polymerization requires a more rigid control of high-vacuum and more

ri
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TABLE 3.7 Glass transition ternperature, Tg' from DSC.

(1) Anionic Po1 ymer ized Sænples

(2) Pseudo-anionic Polwner ized Samples

Conunercial Ies

M
$r

1/M* x 10
6

T ( K)
g

580,000

530,000

51o,0oo

380 ,000

165, ooo

160 , oo0

97 r 000

84 ,000

71,000

36,000

31,000

23,500

)..72

1.89

1.96

2.63

6.06

6.25

10.31

11.90

14.08

27.78

32.26

42.55

397 .5

397.5

399.0

398. 5

394.0

393.5

393.0

395.0

390. 5

383 .0

377 .O

357.5

Sample T (K)
s

r.74

r.100 (1)

r.100 (2)

r.100 (3)

s.73h

331

331

310

331

399

Sample T ( K)
s

MH (Diakon)

Mc (Dj akon)

HMW (Polyscience)

MMt,{ (Polyscience)

LMVI (Polyscience)

385

384

376

376

376
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A
.l

a

I Tn

c

d

fig.3.9 Determination of the glass transition tempera-

ture, Tn, at various cooling rates. (a) 32Oa/min,

(b) 80o,/min, (c) 20",/min and (.d) 5",/min'
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purified solyents, but the sirnple preparation of initiators and the

unsophisticated initiation step sufficed to give areproducible reaction-

consequently, the reaction was successfully scaled up, but because of

the bulky polymerization apparatus, the volume of THF had to be reduced'

This reduction 1ed to an unfavourable equilibrium of the propagating

speciesforanarrowMV,IDproducts.Thepropagatingspeciesinanionic

polymerization is a free or paired anion (56), the abrrndance of ethereal

solvent will enhancesolvationof contact ion pairs, producing solvated

ion pairs which because of their reactivity and high concentration play

an important part in propagating mechanism. Although the concentration

of the free ion is smal}, the free ion is more active than the ion pair

and this enabteJ the pol'merization to occur via the free ions'

In the large scale, THF was reduced to the ration 1:25 (14¡44/TI{F

by weight) compared with 1;1OO in small scale pol1'merization (4o,42),

this would give less solvated ion pairs in the reaction and thus caused

a broadening of MI¡]D to *o/*r, = L.2 (cf' the reported value 
"r/tr, 

= 1'06

for small scale polymerization @2)). As an attempt to narrow the MtilD'

few grams of sodium tetraphenylborate was added to encourage the solvated

ion pairs - free ions equilibrium shift to the left thus suppressing the

existance of the reactive free íons and increasing the concentration of

the ion pairs. The attempt, unfortunately, did not achieve its goal due

to the low concentration of the free ion (i.e. the low dissociation

constant), particularly at low temperature - 195K (-78oC)

From the monomodal MWD shown by the GPC, however, it can

be concluded that side reactions can be neglected and that the sodiun

biphenyl initiated a bifunctional propagating mechanism which was weII

maintained during the reaction as long as the solvents and monomer \¡/ere

kept at a maximum purified condition'
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In sumrnary, the two pollanerization methods have proved to

be a supplementary to each other to produce the required molecular

properties of polymers: Èhe MVt, the MVüD and stereoregularity. The

MWD can be controlled by blendìng the narrow MSID of high and low ¡{Vt at

different weight ratio . The pseudo-anionic polymerization initiated

by various Grignard compound provides a wide range of different stereo-

regularity, especially the stereóblock and isotactic pol-ymers' Hovtever,

this process needs to be developed to be able to produce controlled MW

and stereoregularity polymers simultaneously in a more reproducibl-e

ma¡ner.
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CHAPTER 4

GLASS TRANS ITION TEMPERATTIRE AND STRESS

REI,AXATION OF METHANOL EOUILTBPê,TED POLY (MEfHYLMETTIAC RYI,ATE)

4.L Introduction

A knowledge of the glass transition temperature, T"n. of

methanol - equitíbrated PMMA and the diffusion rate of methanol into

pMl,lA is necessary to understand the condition of Èhe bulk polymer in

the vicinity of a solvent plasticized crack tip. Unfortunately,

measurement of the T"n by the normal methods of differential scanning

calorimetry (DSC) or the use of a torsion pendulum do noÈ give repro-

ducible results (SA-SO) because large amounts of solvent wiIl escape

as the temperature is slowly increased to the glass transition temper-

ature

To overcome these difficufties, a stress reJaxation method

of measuring Ts9 \^Ias developed. The test required the immersion of

pMl"lA sampl-e in methanol to produce methanot-equitibrated PMMA. At the

same time, Èhe diffusion coefficient of the mass flux of methanol was

deduced from the weight gain data. Quantitative information on other

aspects of behaviour such as the lM between the entanglement loci, Me,

the glass transition depression in plasticized PMl"fA from the stress

relaxation data are discussed.

4.2 Experimental

4.2.I Preparation of Shee t Polymer

Synthesized ¡rarrow M^lD pol)rmers and commercial polymers l^Iere

moulded in a hydraulic press at 200"C to produce sheet specímens of

thickness I-2mm. Prior to moulding, polymers \¡¡ere vacuum dried at

5O"C for several days. To avoid unnecessary thermal degradation during

moulding, the sheets were rapidly cooled from 200"C to 150"C foflorved

by slow cooling to room temperature over a period of 45 minutes. Us:i-ng
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this cooling program, the residual stresses could be reduced to an

qndetectable amount as observed under crossed polarized light't.

Sheets of low trfi,I polymer tended to crack on cooling. The probl-em h¡as

generally overcome by cooling to 150"C in a hydraulic press and Èhen

transferring the mould to a vacuum oven where the cooling was con-

tinued down to room temperature over a períod of 3 hours. Measure-

ment of the M[,I of the polymer by GPC before and after moulding at

2OOoC reveal-ed no change in I'IVI and IMD.

4.2 -2 Methanol UP take Measurements

The sheet specimens Ì^rere immersed in methanol (LR grade)

bath at a temperature of 2O+l-oC and at successive time intervalst

specimens were removed, quickly wiped with tissue paper and weighed.

After a period of. 3-4 \¿reeks, aII specimens saturated with methanol

and the percentage uptake did noÈ change by more than 0.I% by weight

over a 24 hour Period'.

4.2.3 Stress F-ef axation and Glass Transition Temperature

asurements for Methanol ilibrated

As afready mentioned in Section 4.I, the stress relaxation

method of measuring the t"g of methanol - equilibrated PMMA is the

accurate and simple method. Prior to a d,escription of the method of

measurement, it is \^/ell to point out the shortcomings in other methods.

Krenz et al . (59) heated solvent s!'/ollen f ilm over a hot

plate and determined the T"n by observing the first sagging of the

specimen - an attempt to measure the temperature coinciding with the

abrupt change in elastic modulus at the glass transition ternpera-

ture. The method of Andrews et al. (60) was to measure the tensile

yíeld stress as a ftlnction of temperature and by extrapolating back,

The author is aware that the absence of visibte photoelasticity
is not necessarily an indication of the absence of residual stress,
but alternative more sensitive methods of detecting the residual
Stress are, at the mome¡ltr extremely tedious and open to question.

.k
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d.etermine the temperature at which the yield stress became zeroi this

temperature was assumed to be Tg. The method of Krenz et al. would

give incorrect results with volatile solVents, especially aÈ temper-

atures higher than the boiling point of the solvent and furthermore

the observation of the "first" sagging of specimen is a rather sub-

jective measurement. Andrews' method gave reproducibfe results but

the measurement required a considerable amount of polymer to allow

testing to destruction of numerous specimens.

In this work, however, the stress relaxation measurement

only required a small methanol equilibrated specimen(10x5mm of I.2mm

thickness). The specimen was placed between pÌatens A and B and

immersed in methanol at a temperature controlled by water circulating

in the external jacket (FiS.4.I). The specimen v¡as compressed to a

constant strain 6' (e < 0.05) and the relaxation in theloadrecorded

as a function of time on the Instron recorder. The test was conduc-

ted at temperatures between OoC and 50"C. Change in weight of the

specimen due to loss or gain of methanol did not exceed 5% of the

total equilibrium uptake. This low value is attributed to (a) the

platens covering 954 of the area of the specimen, (b) the short elapsed

time of the exPeriment.

The Tsg is determined as the temperature at which the

stress relaxation curve show the steepest slope. Detaifs of the de-

termination will- be described in Section 4.3.2. The determined glass

transition temperature by the stress relaxation curve for various

polymers has been reported to be close to the glass transition tem-

perature as measured by DSC (6I-62) -

4.3 Results

4.3 1 The Diffusion Coefficient of the Mass Flux of Methanol

in PMI'IA

The weight gain data are presented as a plot of the ratio of
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to lnstron

Fig.4.1 The stress relaxation testing vessel.

c

B

methanol

spectmen

water
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weight gain w1,/w2 (wr = weight gain at time tt tÑz: original weight)
t-

against t2/.0 (1, = thickness of specimen). From Fig.4.2 ít can be

seen that the equilibrium methanol uptake is almost independent of

molecular weight in the range 3OrOO0 f ¡\u S 500,000 and has an aver-

age Wy/W2 vaLue of O.22. It was noticed that specimens of low l¡M

(qo f 84,000) became white at approximately 75% of the equilibríum

uptake of methanol while specimens of higher MW remained translucent.

These unusual features of the absorpÈion of methanol were examined

in more detail in some concurrent work in this laboratory by Williams

(63). The available evid.ence suggested that the whitening of fow MV{l

PMMA (¡4w S 84,OOO) was due to the formation of a methanol rich phase

which scattered r4isible light and thus caused, the specimens to become

opaque. Removal of methanol from these specimens by slow drying gave

a fracture surface* containing a Iarge number of evenly sized

spherical cavities (Fig.4.3) . The suggestíon therefore arises that

the high equilibrium uptake of specimen of W = 23,500 is partly due

to the formation of a methanol rich phase. Further investigations of

the I\4W effect on the formation of the methanol rich phase is being

undertaken.

The diffusion of organic tiquids in glassy polymers can

be described in terms of a Fickian mechanism, or a Case II mechanism

or "anomalous" behaviour lying between the first two extreme cases.

A generalised diffusion equation which embod.ied the three mechanj-sms

was derived by Kwei et aI. (64) - By combining the Fickian and Case

II mecha¡isms, they developed the folfowing equation for the "anoma-

Ious" mechanism.

Ac
Dðt

tPc)âc
ã;

d

A"

* Specimen fractured at room temperature.

(4.r)
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The methanol uptake for narrovr MIVD

PMMA of various ¡,19qt Mv = 23,5OO (O),

l4r, = 31,000 (O) , \u = 361000 (E) ,

¡4w = 71(000 (V), \o = 84,000 (D),

14* = 97,000 (a), ù1w = 380,000 (^),
lç = 550,000 (V) .
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Fig.4.3 Formation of spherical cavities in
fracture surface of pMIrfA after
equilibrated in methanol. 500x.
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Where C is concentration at time t and at distance xi D the diffusion

coefficient and vg velocity of the solvent front in Case II mechanism.

IYansport of methanol in PMMA was reported to obey Case II behaviour

at low temperature and approach a Fickian mecha¡ism when temperature

was increased. to the methanol boiling point (65) . I^Iare and Cohen

(66) have applied Eq.4.l Èo the Pl4l"fA-methanol system al 42oC to in-

Çestigate the effect of specimen thickness on the diffusionat beha-

viour of methanol-. epplic;ition of Eq.4.I enables the diffusion

coefficient, D, to be obtained. and the details of the calculation

will now be discussed.

At long times, Kwei et al. (64) d.erived the following re-

Iationship between the mass M¡ of methanol absorbed per unit surface

area of specimen and time t,

nMr = co(fr+votl (4.2)

where \

' Fp_¿ (4.3)¡'t wz tp -

The density of tire pollrmer, gpr was measured by J-iquid d.isplacement

methanol and found to be equal to I.l8 g cm-3. The surface concentra-

tion, Co, is taken as the equilibrium concentration of methanol in

the swollen PMMA, that is

11 l'qtlco = lilrj"n,rrribri,r* oP G'4)

where (W /Wz)

(Fig. 4.2) .

equilibrium is obtained from equilibrium weight gain

A linear relationship was observed between M¡ and t at

intermediate to long times and from the slope and intercept of this

linear region (Fig.4.4), vp and D were calculated by linear regres-

sion (tabte 4.I) .
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TABLE Relationship between Co, D, vD and MW, I\$ìID.

It can be noted that the magniÈud,e of tD and D do not show

any trend with IraW and MWD' and, are of the order of v^ = lO-7 cm sec- I
D

and D r IO-10cm2 s"c-I. This suggests that the M!ù and [4!ùD do not

have any effect on the methanol díffusity under zero external- stress.

The values of D will be again deduced from data of crack propagation

of PMMÀ in the presence of methanol. Using the values of D listed

in Table 4.1 as reference, the comparison of the value of D obtained

from cracking data with the reference val-ue will provide a basic

informatio.r on the role of the methanol diffusion in the cracking

mechanism of P¡IMA.

4.3.2 Stress Relaxation and Glass Transition Temperature

fypical stress relaxation curves at various temperatures

are shown in Fig.4.5 for a narrow [4WD sample, A4 (Itu = 84,000). The

stress relaxation curves can be superposed to form a master curve

using the time-temperature superposition principle. This procedure

requires the determination of a shift factor a, which can be expressed

4L

q" MWD co (g .*-3) D (cm2 sec-l¡ tD (cm sec- r¡

23 r 500

31,000

36,000

7I,000

84,000

97 ,000

380, 000

550, 000

160,000

22O,OOO

787,OOO

( Ll"îrl)

(M¡lvf )

(H¡4vr)

L.2

I.2
I.2
r.2
I.2
L.2

L.2

L.2

a

2

2

I
I
1

0.703

o.242

o.259

o.257

o.285

o.257

0.306

o.271

0. 309

0.319

o.2I7

4.55

6.40

0.88

1.00

o.72

I.46
1.43

2.42

x

x

x

x

x

x

x

x

1o-t0

1o-10

to- r0

10- t0

1o- l0

10- r0

1O- t0

lo- l0

7.77 x 1o-lo

I.36 x 10 e

2.67 x 10- lo

4.52

5.00

2.O7

r.91
L.77

2.OL

L.57

L.7L

xI0
xl0
x10
xI0
xI0
x l-O

xl0
xI0

-7

7

7

7

7

7

7

-7

5.73 x I0
6.16 x 10

9.75 x lO

-7

7

7
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Fig.4.5 Time dependence of modulus E for
narrow ¡4I^7D PMMA at various ternper-

atures (Sample e4, Mw = 84,000).
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by the following WLF equation (67)

1o9 a,
-"T (r - rr)

(4. s)r
Cz +(T-Tr)

r-t
where c', and ci are positive constants and T.. is the reference tem-

perature.

F;q.4.5 irnplies that' a plot of - (T - trl/Log aT versus

(T - Tr) should give a straight line with the constants cT, cl

evaluated from the slope and intercept, respectively. the shift

factor aT can then be determined from Eq.4.5 at temperature T with

lr = 4]¡2 K as the reference temperature. The values of c{ ana c!

are listed in gable 4.2 and log a, in Table 4.3 for samples AI, 43,

A5, A6 and 47.

rABLE. 4.2 Values of cT ana cf with T, = 4L2 K

Sample Mtt
Tcl r

C2

A1

A3

A5

A6

A7

550 ,000

380, ooo

97 , ooo

84 .000

7t ,000

L7 .77

L4.L4

I8.17
12 .08

7.O5

82.59

79.00

116. 35

93.47

53 .58

TABLE 4.3: Values of the shifÈ factor log a1

I
;;

ii

ù-

I

I

,t

t

Samples

T - 4L2 (K)

-30 -25 -20 -r5 -10 -5 5r010
AI

A3

A5

A6

A7

10. ro

8.66

6.31

5.7r
8.97

1 .69

6.55

4.97

4.4r
6.L7

5.66

4.79

3.17

3.29

4.20

3.93

3.32

2.69

2.3L

2.7 4

2.44

2.05

I.7I
r.45
I.62

I .14

0.96

o.82

o. 68

o.73

-1 .01

-0.84

-0.75
-0. 61

-0.60

-I.9I
-1.59

-L.44
-r.45
-1.r1

-2.72

-2.26
-2 .08

-r.67
-r.54

Average 1o9 a, 7.95 5.96 4.34 3.00 1.85 0.87 -0.16 -L.50 -2.05
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As observed by onogi and co-workers (68-69) for polystyrene

a¡¡d PMMA, there is an obvious trend in ar'if we regard' Sample A7 as

an exception. It is possible the result for A7 may be due to ex-

perimental error, but \,rithout evidence to the contrary, it was de-

cided to include the values fot A: in the calculation of c! ana cf

by taking the mean of the log a, values.

TABLE 4.4: Mean value log aT versus -(T - Tr) Iog a,

withT =4L2Kt

(T - rr) (K) Iog a, -(t - Tr),/los a,

-30

;25

-20

-r5
-I0
-5

0

5

10

15

7 .95

5.96

4.34

3.00

I.85
0.87

-o.76
-I.50
-2.50

3.77

4.L9

4.6r
5.00

5.40

5.75

6.58

6.67

7.32

The plot of -(T - Tr),/1og a, vs. (T - Tr) gave a straight line (FiS.

4.6) from which Èhe constant c{ ana "f t"t" found, by tinear regression

to be 13.35 and 8I.31, respectively-

The master curves (Iog-1og plots of modufus E vs. reduced

time t/ar) are shown in Fig.4.7 for narrow ¡MD PIIMA of various M{

and Fig.4.8 for commercial PMMA. Considering the master curve of

narrohr ¡4W Pt\t¡.44, a glassy zorle, a transition zone and a rubbery zone

for high I4!r7 (Mw > 7I,O0O) are observed. A flow zone is observed in

the curve of low I.4I¡l (M, S 36,000) PMMA. The techrnique was unable to

d.etect a flow zor,e for high lllal because the test became inappropriate

as the temperature approached the methanol boiling point (f6:O+.56oC).
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narrow ¡4WD PI'!IMA.

- 40 -20 -10 0 10 20

T-T,
rig.4.6 plot of - (I-TrI/Iog a* vs. (T-Tr) for

I

t
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Stress relaxation master curves of
narrow I4I^ID PMMA with the reference
temperature, Tr = 4L2 K.

Ivç = 550,000 (l) , M, = 3B0rOOO (2) ,

Ir4rn = 94,OO0 (3) , Ivç = 94,000 (4) ,

Ivk = 71,000 (5) , M, = 36,000 (6),
IÇ = 31,000 (7) and \ = 23,500 (g).

i

I
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Fig.4 .8

Þö

Stress relaxation master curves of
broad MÍrlD commercial PI4I"IÀ with the

reference temperature, l, = 4L2 K.

Sample HMW(1), sample Ml4l^I(2) and

sample LMI^¡(3) .
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The glass transition temperature of methanol equilibrated

, v¡as determined by plotting the ÈangenÈ of the stress relax-sg

ation curves at each temperature and defining the T"n as the temper-

ature where the slope of the tangent reaches a maximum (FiS.4.9) .

The Trnrs determined by this method are shown in rable 4.5.

TABLE 4.5: The glass transition temperatures, Ts9,

of metha¡rol-equilibrated narrow I{vlD PMMA

of various I"Ivü.

SampIe 04" Tsg (K)

A1

A2

A5

A6

A7

A8

A9

A10

550,000

380,000

97 ,000

84,000

71,000

36 r 000

3l r 00o

23,5OO

303

303

303

300

303

298

29A

293

. The T of hiqh MlV specimens are in good agreement with-sg

the zero-yield stress method adopted, by Andrews et aI. (60), provid-

ing the Tsg are compared at the same equilibrium methanol absorption

concentration.

4.4 Discussion

4.4.L The Glass Transition Temperature T of Narrow
s

MVüD PMMA.

Before embarking on the discussion of the glass transition

temperature of methanol-equilibrated PMMA, it is of interest to con-

sider the effect of ¡M on the ton ot the narrow I4!r7D PMMA (containing

OZ methanol) and to compare the results with published data. Follow-
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ing the original work of Fox and Flory (70), the M,f dependencê T___rog

is expressed by the following empirical equation

Tog T (-)
og K M-logn

where Tog
(-) = glass transition temperature, T

(containing Oå methanot) of infinite ¡4Il{, Tog
s

K = constant K for dry pol1tmer.
ogg

According to Bueche (7L) ' the consÈant Kn is proportional

to the free vofume created by the chain end.s. Further development

of molecular nature of Kn was contributed by Turner (72). fhis prob-

lem will be reviewed and discussed' in Section 4-4.3-2-

The experimental data fitted a straight line (Fig-4.f0)

and using linear tegression, Ko9 = 6.5 x IOs and Ton(æ) = 399-34 K-

Values ot *on and Ton(æ) reported by the other workers are listed

in Table 4.6.

TABI.iE 4. 6 : Values of Kon and Ton (-) for PMMA

* Extrapolated value

For a wide range of common polymers, Boyer (73) has found

that a non-linear relationship exists between Kon and ton (-) and

that Èhe T (-) increases with K- - Although there has been no-og'--' og

rigorous theoretical treatment to provide an insight into this re-

J-atíonshlp. there have been various attempted empirical interpreÈa-

tions. Boyer suggested that Kqn might be proportional to ITog(-)]n

g

T

(4.6)

of dry polymer

of dry Pol1'mer and

ron x lO-s T ( æ) (K)
og ¡4!ìID Syndiotactic

diad
fraction

Source Reference

2.I
2.9

3.3

3.4

4.3*
6.4

387

387

399

433r,

399

Broad

S¿
Mn

= L.2

Atactic
o.75

o.82

I
0.80

Bulk polymer

irradiated
1t

tt

Bulk polymer

(7 4)

(7s)

(72)

(7s)

This work
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Fig.4.I0 PIot of the glass transition temper-
ature vs. \i-t (a) narrohr I4[/ID PMMA

(O% methanol) (Tog) and (b) methanoL

-equilibrated narrow IrMD pMMÀ (Tsg) .
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v/here n = 2 to 4, but was unwilling to comment on the significance

of n.

It is reasonable to suggest that the unusually high value

of K in this work, 6.4xt0s with T^-(-) = 399 K, corresponds to-- -og og

high power of n in the *on t". Tog(-) relationship, whereas Thompson's

result (75) for irradiated PMMa of the same syndiotacticity,

K = 3.4xIOs and T_ (-) : 398 K (Table 4.6), correspond,s to lowog og

pov¡er of n. The high value of n for our specimens may be due to

the narrohr MdD. Because of the empirical nature of Boyer's Kon vs.

T (-) relationship, however, the influence of I4WD on the value of
og

n, at this moment, can not be clarified.

Ar¡other, explanation of the high value of Oon can be based

on Cowie's treatment QA¡. Cowie found that a plot of tog t". Xs,

the number of mainchain segment , gave a straight line at lower

values of x^, i.e. *= ( xsi, where xsi is a characteristic value of
s

Xs. If an asymtote indicated by ton(-) ' is drawn through the data

at high values of x", i.e. *, ) *"i, cowie found that the value aÈ

the point at intersection, xsi, hzas related. to Ton(-) by

Tog(-) = alog*si+b (4.7)

where ê.b = constants (fig.4.1I).

The characteristic ¡4I^I , M. *, for the narro\¡/ IMD PMMA. in

this work is compared to the corresponding results for poly(cr-¡nethyl

styrene) (lcx,l,lS¡ and other P¡'IMA (74 ,76) .

From Table 4.7, high vafues of Mi correspond to high

values of T_ and K . Aqain. because of the empirical nature ofog og

the T vs. M. (or x=r) relationship, the molecular propertiesogr
represented by M. which effect the value of *on are still not

revealed.

Mi corresponds to the characteristic nwnber of main chain segment,
x=1 . For PMMA and Po,l4Sr each monomer unit consists of two segments,
tËãrefore m, = x"t \/2 r where \ i= ltÍV of monomer.

,t
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Fig.4.11 Plot of the glass Èransition tem-

perature, Tog, vs. the number of
mainchain segment,, x"r for various
PI"ü{A. This work (f), Cowie's data
(761 (^) and Beever and hrhiters
data 0a¡ (y) .
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TABLE 4.7: Relationship of *o, .tU M. according to Cowie (16)

4.4.2 Calculation of Molecular Weight between Entangle-

ment Loci

The effect of absorbed solvent on the l4l¡ü between entan-

crlement loci, M r or the critical ÀM, M^ is an importanÈ factor to- -- --' --e C

predict the solvent cracXing or crazíng behaviour of polymers. As

witl be discussed in later Chapters, a criterion for cracking or

crazing of pollmers developed on the basis of the entanglement den-

sity requires determination of M". In this Section, a method of M.

calculation is proposed and the value of M.", the critical ¡{VÙ of

plasticized PI\4MA' will be estimated-

The crítical lM of entanglement M" defined from zero shear

viscosity, fìo, measurements (77) is understood to indicate the onset

of chain entanglement. The ratio of M.,/M. varies from 2 in polysty-

rene and PMMe of Mr¡¡ ì 2oo,ooo to 6 in PMI4A of M, = 45,2OO (68'69) .

Nov¡, the value of t"" for solvent-eguilibrated pol1'mers can be

related to Mo. of non-solvent containing polYmers and the volume

fraction of polymet 0n ¡y the empiricaf reration

M=M/ö--sc oc' 'p

Although the equation can simply show how M". varies with

ô as a first approximation, the equation has been found to be'p

correct only over a limited range of 0n and it will be more direct

to calculate M- from the height of the rubbery plateau modulus Eo,,.--- -è eN

Polymer T (-) (K)
og

M.
l_

Ko9 x lOs Reference

Pqlfs

PMMA,

PMMA

PMMA

440

385

387

899

4.7

2.4

2.L

6.5

35 ,4Oo

2L,34O

28,000

50,000

(76]-

(76)

(7 4)

this work
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Kamei and Onogi (78) have used this approach to investigate the con-

centration d,ependence of M"" for concentrated solutions of polysty-

rene.

Using a similar method of calculation to that employed in

the estimation of permanent crosslinks in rubbers, the height of

the rubbery platea" u3* can be related to the average MW, M", be-

tween entanglement loci bY

3c¡-N (4.8)

where gN = . constant near unity, pp = the density of polymer and

R = the gas constant (67). In methanoL, Pn t" replaced by 9"5'

where g= = the density of methanol-equilibrated polymers and

lV = the weight râtio of original polymer to methanol-equilibrated
p

polymer. Substituting the fol1owing stress relaxation data obtained

from the rubbery region of narrow I\4WD PMMÀ (high ¡aw) sl., = 3-72 x 106
eN

dyne cm-2 at T = 316 K.tld pswp = 0.89 g cm 3 (see Appendix 2) into

8q.4.6, we obtain

M = 19,000
e

In thÍs case, as M" was determined in the high M!'f range'

it was found that Mr",/M" = 2 (68-69) ot M". = 38,000. The correspon-

ding value for narrot/ìI I{!ùD P¡4M4, Mo" i" reported to be 27,5OO to

3l,5OO by various workers (77) and accordingly it can be seen that

the presence of solvent has the effect of increasing the IrM between

entanglement loci.

The value of M.. has been calculated from Eq.4.8 using

the modulus corresponding to the height of the rubbery plateau

(FiS.4.7). It can also be seen from Fi9.4.7 that the master curves

of high ¡4W PMMA join in the glass transition zone. As the MI¡t de-

creases to values smaller than M"", the curves shift to lower times

on log(t/a,I) scale and the rubbery zone disappears. However, this

is not unique to solvent-PM¡,I[ system, sÍmilar phenomena were also

P RT,/Mpe
o

E
eN
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observed by onogí et al. (68-69) for polystyrene and PMMA.

While the nàrrow tMD PMMA sho$t the existence of the rubbery

zone in the stress relaxation curves in the range of MIr{, ¡q^¡ S 7Ir000

(Fig.4.7), the minimum ¡M possessing the rubbery zone in broad l"llttD

conmercial PMMA is limited at higher I,Ihl , i.e. sample MMIV of

M-- = 22O,OOO (Fig,4.8), compared. with M* = 7I,0OO of narrol^r MVíD PI{MA.
w

Further examination of the master curve of MI4W reveals that although

the methanol uptake in this sample at equílibrium is close to narrow

t'{wD PMMA of high }aI¡l (wJwz = o,22, Fig.4.2), the height Eo* of the

rubbery zone for I4lM is lower than that for narroht MI^ID PMMA. From

Eíg.4.8, U3* for MMnf is 7.94 x IOs dyne cm-2, and thus M". is calcu-

Iated to be equal,to l-78r0OO for this commercial PMIulA sample. The

high value of l{=. implies that in the presence of solvent the entan-

glement density is so low that the entanglement networks cannot be

formed in lrllM so easily as in narrow lillrtD samples '

The existence of the rubbery zone, i'e. the capacity of

forming the entanglement networks, playing a crucial role in under-

standing fracture process, will be discussed in relating to cracking

and crazing behaviours in later Chapters.

4.4.3 The Glass Transition Temperature T of Methanol

Equi librated PMMA

4.4.3.I The Effect of TemPeratur e on the Free Vofume

Before commencing the discussion of the t"n ot methanof-

eguilibrated PMMA, it is worthwhile introducing the concept of iso-

free volume to facifitate the evaluation of some parameter relevant

to the solvent-induced depression of Tn. This iso-volume concept

was initially used by Fox and Flory (70) to explain l'1!rl dependence of

Tn for polystyrene.,Later, Doolittl-e (19) devetoped the empirícal

relation between viscosity, ¡, and fractional free volume, f,

sg
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lnn A+B/f (4. e)

where f

and ArB constants

(v - vo) /vo

v specific real volume of liquid

specific occupied volume of liquidvo

Using the Doo1ittle eguation, one can modify the VüLF

theory of time-temperature superposition and express the shift factor

aT as

(-B/2.303 fr) (r - rr)
(4.10)log a,

fr/af + (r - tr)

!,¡here f = fractional free volume at T-- and O- = free volume tempera--trt

ture coefficient.' comparison of Eq-4-10 with F,q.4.5 yields

c\ = -B/2.303 fr ana cä = fr/ar. The effect of temperature on the

fractional free volume, f, is expressed by

(T - T9) = of (T - To) r ì Tg (4.1r)

where fn = the fractionaf free volume at Tn, To = the zero=free-volume

temperature known as the Vogel temperature and Crf = the free volume

coefficient. From the previous results of cl4[2 = 13. Z2 and' c|tz = 91.3]

(at Tr = 4L2 K) (Section 4.3.2), tn = t"9 = 303 K (Section 4.3.2) and by

assuming B = 1, the following values were obtained

of 4.oO x IO-a deg-l

Å

fl

f +cl-Stf.

f nz = 0.0325

T = 231K
o

f - 0.032
s

The calculated val-ue of fn.a t=n = 3O3 K is fairly consistent with

the universal valu. fg = 0.026. The value of Cl, , although determined

from mean data on a range of methanol-equitibrated narro\¡¡ ¡MD poly-

mers, has the same magnitude reported by Masuda et al. (69) for

narrow MI^ID PMMA and thus suggests that the presence of methanol
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does not affect the magnitude of f and, ctf In other words, the sol-
s

venÈ translationally shifts the curve of f vs. T for dry PMIIA to the

left hand side by a distance of (tog - t"g) where ton t" the glass

tranèition temperature of dry eMI4a (FiS'4'J-2)

4.4.3.2 The Depre ssion of the Gfass Transition Temperature -

,
ù

¡

,t

tl.

t
I

I

I

I

Free Volume ViewpoÍnt-

According to the Simha-Boyer theory (80), the Tg and the

Èemperature coefficient ß of Tn are refated by the following equa-

tion

(ß[ -, ßs)

TI
0.113

I

(ß
L

ß)g (4.L21

where

Aß [,tJt#l

is an equation which is obeyed by all glass forming liquids. A1-

though the "universal" value of 0.1I3 is open Èo criticism and mod-

ification (8I-82), it has been found that for the majority of linear

polymers, this refation is tolerably. wetl obeyed, (83-84). It is of

interest to compare the constant 0.113 with that calculated from the

experimental data. BY definition

^ß

where V is the specific volume at T
s

liquid glass

v
g

and will be equal to the ín-

Å,

F

ct-t

verse of the density g" of methanol-equilibrated PMMA (9" = l-.09,

see Appendix 2). By utilizing of.= 4 x lO-a deg-r,,n= 3O3K and

v = I/I.O9, the calculated. constant for Eq.4.I2 is O.LI2. rhis
s

value is in agreement with Simha-Boyer's constant of 0.I13 and sug-

gests Eq.4.f2 can al-so be applied to the Plrl}llA-methanol system.

Theplotofther"northemethanol-equilibratedPMMA

vs. M I is shown together with the T in Fig.4.Ig. The data are
n'--aog

fitted to the Fox-Flory (FF) equation to give

T M
nTsg sg

(-) -K sg
(4.13)
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The physical meaning of Kog (eq.¿.o) utu *"g (Eq.4.13) witl

be referred later, but at this stage the analysis is restricted

to an appreciation of why the addition of methanol to PMMA causes

a reduction in the slope Kg (FiS.4.10). Qualitatively, *"g .tU *on

can be understood by employing the concept of the flex energy, ÀE,

a parameter of chain stiffness' proposed by Gibbs and Di Marzio (85)'

It was shown that AE,/kT, is equal to a constant and therefore

T (4.14)

where k = Boltzmann's constant. This idea was related to the pack-

ing capability of the macromolecule chain (86). Polymers with

stiffer chain backbones (high Tr) have fess efficient packing

capabilitythanthatofpoll'merswithflexiblechainbackbone(low

T ). The flex energy, aE, can be related to the steric hindrance
çI

r..tor (87) , o r = <12>"/.t'"r'; ßi"%= imperturbed end-to-end

-^,distance of the chain , /-i"'; = the end-to-end distance at the state

of free rotation), the higher Orr the more restricÈed the molecule

chain and the larger is Af. Comparing the tn of two given lM, say

Ml and M! , gives,nn
I

Ko9
M2n

c Ag
kg

+

rl't

fl 1

),1
Í2o9o9T

I1
and K

or

Combining F,q.4.14 gives

and

T T2
sg sg sg

M2n

Kog

Ksg

".AT og

".AT sg

(4.I5a)

(4.1sb)

(4.I6a)
a

K "cATog og cc

cK ..ATSg Sg

,t

I

ù-

,l
i
t

i
h¡here ui = number-average MW of sample i

(4.16b)



a2

= T of sample i
I

= flex energy of drY Polymer (0% solvent) and solvent-

{

i)'-
i

Tg

ÂnÂEo'

dTdq

s

equilibrated polymer' respectively'

Conseguently, the lower vafue of *=n compared with Kon suggests that

the dífference in the flex energy A (ÀEr) between high and low MIV in

methanol is smaller than the corresponding difference A (AEo) in ab-

sence of methanol. In other words, methanol improves the mobility

of the long chain molecules to all-ow an increase in the packing

capability close to that in the short chain mol-ecules.

In quantitative terms, the decrease in fn due to the pre-

sence of methanol can be explained by the combination of FF eguation

(nq.¿.0) and Kelley-Bueche (KB) equatÍon (88) (FiS.4.13). The KB

equation predicts the depression of Tn by an addition of diluent on

the assumption that the free volumes of porymer and diluent are addi-

tive. The eguation is exPressed as

*=g = {,ononrnn * oaoar¿gl/(opop + c)¿dod)} t4-L7)

where the subscripts d and p identify the difuent and po]1'mer, and

Q is the volume fraction.

T is exPressed bYps

T = T = T (-)-K-M:l V.6)-p9 -og og- og n

can be substituted into Eq.4.l3 to give

aórp'p og
onOn * oaO¿

I

cxóT (-)+cl-óp'p og o
sg

and by comparison with Eq.4-13, we obtain

ononron{-) * o¿oaTag

ctnôn + oaôa

aórp'p og

T (4.18)

(4.Ie)

ctnOn + 0a0a

Tsg

Ksg c)¿p * o,aôaó'p

and

(-)

(4.20)



83

Tog( *

1

øp
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equations. The upper curve represents the curve

of infinity lrf{. Difference in (To9 (-)- ' Tog) for
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UsuaIIy, in the application of KB equatíon, the Èemperature

coefficient of expansion of diluent, Od, is considered an adjustable

parameter to fit the theoretical curve with experimental data (71) '

However, using the results from the stress relaxatíon tests, one can

evaluate OU and use this value to determine theoretical values of

T(-)(nq.4.r9)andK^-(8q.4.2o).Thecalculationofcx,.isde-sg *"- --sg - ct

scribed below.

From stress relaxation results, the free volume fraction

is expressed bY

E_ (r - ro) (4.1r)

(Section 4.4.3.I). Bywhere q,

assuming that the, free volume is additive in plasticized polymer,

Kelly and Bueche (88) suggested that the free volume fraction of

plasticized polymer can be expressed by

f - o.o25 + üp(T - rnn)un * ou(r - Tna)va (4.2L\

Equating F;q.A.Ll with Eq.4.2I and substituting Ôp = o'76

(from absorption data), Tdg = 106 K (89-90) and assuming T = tpg =

400 K, Od was calculated to be 6 x lO-a deg-I. This value was sub-

stituted into Eqs.4.Ig and 4.20 to give T"n(*) .nd Ksg (Table 4.8).

TABLE 4.8: Values of r"n (-) and ratj'o *on/a=n

with crn = 4x1O-a deg-l and ctu = 6xIO-q deg-l

Experimental Theoretical

T 1co) (K) 303 300
s9

K/rog' sg
r.83 L.52

In contrast to previous studies (7I) where the temperature

coefficient of diluent, OUr vrâs adjusted so that the theoretical

values fitted the experimental data, 0,U of this work was determined

directly from the results of the stress-relaxation test ([iq.4.1I) and

of

f 0,^ = 4 x lo-u d.g 1 and To = 231 K
p



from the KeIIy and Bueche's assumption of additive free volume (fq.

4.2L) The calculation of t"n(-) and ron/K"g fto* oU and' Gp gave

results in good agreement with the experimental values. This im-

pties that the Tn dePression and MW d.epend.ence of Tn can be predic-

ted by the combination of the FF and KB equations (ns.4.18).

Furthermore, Bueche (7r) has re-expressed the FF equation

in terms of the free volume contributed by chain ends. As the ¡4htr

decreases the number of chain ends in a unit vofume increase causing

a depression of Tg(*) by an amount of [Tg(*) - tn]. If each end con-

tributes 0 cm3 of free volume, the number of chain ends per ctn3

volume, 2ppNA,/M, contribute 0(2ppNA,/M), that is

, 0 (2pPNA,/M)

Rearranging the FF equation'

T9 (-)

Comparing Eqs.4.23 and 4.24, K

Kg

Aß (tn (-) - tn)

According to Turner (72) , however, for M^I larger than M"

where entanglement networks exist. an entanglement wil-l reduce free

volume by an amo¡nÈ 01. Therefore, as the l4!rl decreases. the free

volume is increased by the formation of chain ends and by the "re-

lease" of entanglements. That is, 0 cannot be considered as the

free volume contributed by the chain ends only, but as the total free

volume of the contribution from the chain ends, 202, and from the

release of entanglement, 01. Thus for Ì4 > M- the free volume is given

by

0 - 0t + 2Az (4.26)

Because the magnitude of 0 1 and 02 are of order o.f

85

-T I
K/MI

(4.23',)

(4.24)

(4.2s)

s
is expressed by

N e/Lg9n

IO-2 nm3 and 10

(including PMI4A

A

-4 ,r*3, respectively, for most amorphous polymers

(12)), Oon .tU *"n .t. not greatly influenced by the
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free volume, 20t, contributed by the chain ends. Consequently, the

lower *rn .o*n red. to *on t" mostly attributed to the reduction of

0 1 and it is plausible to assume the value 02 of 8 x lO-4 nm3 (72)

for PMIvIå. to be the same in methanol equilibrated PMMA. The values

of 0 ¡ can be calculated bY using

Kog
6.4 x I0 5

3.5 x losKsg

Density of methanol equilibrated PMMA ps l.O9 g cm-3

Aß 4 x IO 4 x o.92 3.6 x lO-a

and 0z = 8x1O-+nm3

The results are listed in Tab1e 4.9.

TABLE 4.9: Values of 0 ¡ for PMMA and methanol

- equilibrated PMlt{A

PMMA PMMA + MEOH

or(nm3 ) 2.30 x 1o-2 l-75 x ro-2

The above results were calculated from the data of narrow

MWD PMMA showing a constant equilibrium uptake, i.e. polymers in the

range 35,OOO I M,n S 550'OOO- The data of sample AI0' M\¡r = 23,500

was discounted because of the abnormally J-arge uptake of methanol.

The resufts in Table 4.9 show that there is a reduction in the free

volume of the po11'mer chain in the presence of solvent.

on the whoLe, the free volume concept has changed the de-

pression of T and the l"If'I dependence of T- via the combinatíon of the--s-g
FF and the KB equations. The smaller value ot *=n compared with Kon

is attributed by the reduction of free volume in Presence of meth-

anol. Atthough the free vol-ume concept h¡as successfully applied to

understand the problems, there are some deficiencies that need to be

pointed out. Firstly, the KB equation is in agreement with experimen-
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ta1 results only at low solvent equilibrium concentrations. Andrews

et aI. (60) have reported a considerable deviation from the theoret-

ical curve at higher solvent uptake in various alcohols. These

workers asserted that the theoretical curve would not fit the exper-

imental- data in the region of Ôn < 0.9. However, it is difficult to

determine from their data the value of 0n at which the experimental

curve deviates from the theoreticaf curve because the temperature

coefficients o- and o were not determined. The effect of different-clp

values of ct - and. o on the curvature of the KB theoretical plot are'clp

shown in Fig.4.L4. The Tg at the equilibrium uptake ot Ôn = 0.76 in

this work is in agreement with the theoretical curve employing the

values o, = 6 x lO-adeg-t and ü- = 4 x lo-adeg-r (see calcufated-*---- --d , p

results in Table 4.8). The calculation of the Tn dePression involv-

ing higher uptake of methanol must be treated with caution. Second-

Ly, in contrast to the smooth Tg plot for the KB equation' Kovacs

and co-workers (95) found that for some polymer-diluent systems ' a

discontinuity occurred in the T vs- $ plot-
s

The inability of the KB equation to accurately describe

the T behaviour at higher solvent uptake and. to explain the discon-
s

tinuity in T_ vs. Q plot is probably due to the deficiency in the free-s
volume concept. The free volume concept has been recently criticised

because it fails to include the important, intra- and intermofecular

forces arising from porymer-porymer, polymer-difuent and dífuent-

diluent interactions (96) .

4.4.3. 3 The Depr ession of the Glass Transition Temperature.

Thermodyn amic Viewpoint

Besides the free vol-ume concept, the Tn has afso been dis-

cussed in terms of the configurational- entropy of the polymer chains.

This concept was initially developecl by Gibbs and, DiMarzio (85,91) to

predict the I4W dependent Tg and the Tn depression in the presence of

a plasticízer. Based on Gibbs and DiMarzio's idea of the glass tran-
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sition temperature and the configurational entropy relationship,

chow (92) has proposed a simpler theory of the Tn dePression by

usj¡g the Bragg-V{illiams approximation (93) to calculaÈe the con-

figurational entropy. It is also noted that the configurational

entropy is also the central part of the Flory-Huggins (FH) theory

for concentrated polymer solutions. The configurational entropy

resulted from the FH theory can be related' to the Tn in the same way

as done bY Chow (92) -

Although the experimental data are timited to one solvent

(methanol) at one equilibrium uptake, it is of interest to compare

the experimental results of the Tn dePression with the theoretical

values of Gibbs and Di¡{arzio (GD) theory, Chow's theory and FH theory'

Furthermore, the effect of other factors such as the size and, MVil of

penetrants, on the T- depression is discussed to give an insight into
s

the difference between these theories '

Before embarking on the discussion, it is worthwhile to

review the background of the theories. According to the Gibbs-

DiMarzio theory (85). there is a loss of configurational entropy at

the glass transition expressed bY

S = S - s (4.27)
c 'liquid "glass

The relation between S^ and the heat capacity at constant tempera-

ture cp IS

s (r) l\ % (r) d .Q,n r (4,2e)
c

Acp

I
is the difference in heat capacity between the supercooled,

I
where

Iiquid and g1ass. Chow developed his own theory on the assumption

that the entropy of the polymer S-. -^- (O,T) and' that of the plasti-
grass

cized polvmer S - (N,T) were equal to zero. Chow derived the fol-
g-Lass

Iowing equation
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I
ts liquid (N, T) S liquid (0, T) l (4 .29)

Using the Bragg-VÛitliams approximation (93) I Chow calcula-

ted the possible configuration of the diluent molecules randomly

distributed, in lattice sites and these evaluate the energy in Eq-4-22

to give

Acp

Þ ty(l - y) 1,n(1 - Y) +Y l,n Ylc
(4. 30)

(4.31)

and y is exPressed bY

Vu 0d

%4
where Vrr, Vd = the molar volumes of monomer unit and d,iluent' resPec.-

tively, 0d = the volume fraction of the diluent and z = the lattice

coordinate number.

ß is exPressed bY'c

ßc = z V^rr^cpp (4.32)

where R = gas constant and mr, = mass of monomer unit and' ACn =

*nÀ"nn (^p = mass of poJ-ymer), the excess transition isobaric specif-

ic heat of PoIYmer.

The depression of the glass transition of PMMA by methanol

can be evaluated from Eq-4.30 in terms ot t"r/ton bY substituting

the following values: mu = IOO-L2 S mol-!, uo = 106'51' cm3mol-l,

Z = 2, ACp = O.O7 cal g td"g I (S¡,94), Öd = 0.24 anð, VU = 40.56 cm3

mol-I. The results for two extreme I\M, Mv¡ = 5001000 and M*:31,000

are shown in Table 4.I0.

The difference in entropy of Eq.4.27 can be expressed by

the Flory-Huggins (FH) theory of the entrÓpy of mixing'

S Iiquid (N,T) - s liquid = As^i* : RtNn.0n0n + Nul,nÓu] (4.33)(0, T)

Y

where Np and Nd are the number of moles of polymer and diluent,

pectively. Combining Eqs - 4-29 and 4'33 gives

res-
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lNpln0p + uu.Q,nÔul (4.34)

Valuesoft"n/Tonfromtheaboveequation(SeeAppendix3

for detailed calculation) are compared with Chow's equation (eS'4'30) '

DiMarzio-Gibbs (DG) theory and the experimental results in Table 4.I0

TABLE 4.10: Theoretical and experimental values

of T /sg og
.a 0n = 0.76T

M
w

Experimental Chow DG FH

500,000

3r r o0o

0.763

0. 790

o.680 0.600 0.757

0.680 0.600 0.757

From Table 4.10r the theoretical value of the modified FH

theory shows a better agreement with the experimental results than

tl1e Chow and DG theoriesr but neither theory reveals the M!'I depen-

dent nature of the glass transition depression. The theoretical

value derived from the DG theory is based on the assumption that a

methanol molecule occupies one latti"" =it., therefore if Èhe meth-

anol molecule is assumed to occupy more than one sitet the theoret-

ical value would have a larger value and be closer to the experimen-

tal result. However, from the magnitude of the Mhl or molar volume,

the DG theory assumed that a styrene molecule unit occupies two

Iattice sites (lifhl = IOO g mol-1) and therefore it is more logical

to consider one tattice site for every methanof molecule (MÌ¡il = 32'O4

g mot-l¡. The DG theory could show the general trend of the value

T /r with the vol-ume fraction Q; but the theoretical value de-
sg' og

rived from the theory does not reveal a good agreement with exper-

imental data. Furthermore, the MW d.ependent factor does not exist

ín the theory because it was developed. on the assumption of infinite

molecular weight.

R
= Acp
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Chow's and modified FH theories are essentially the same

in nature; the only difference between the two lies in the manner

of evaluating the configuration of arrangement. Cho!,/ used the Bragg-

Wil1iams approximation to calculate the possibfe configurations of

solvent molecules on polymer lattice sites whereas the FH theory is

concerned with the possible configurations of polymer molecules on

the polymer-solvent mixture lattice sítes. Although Chow suggested

the Bragg-Williams approximation is most suitable approach to esti-

maÈe the enÈropy of mixing in polymer-diluent system (¡q.4.27) , tLh¡e

derived equation (fq.4.30) is still dependent on a coordination

number Z. This number is known to be dependent on the nature of

the diluent in a polymer-diluent system (85,91). Furthermore, the

calculated results are no closer to the experimental values Èhan

that from our modified FH theorY.

As previously stated, the two equation (Chow's Eq.4.30 and

FHf s Eq.4.34) do not take into account the effect of Ir4W because in

the evaluation of the entropy of mixing by either the Bragg-V'lilliams

approximation or the FH thgory it is implied that the process

reaches a state of thermodynamic equilibrium whereas glass transi-

tion phenomena are known to possess some kinetic characters. Sub-

stitution of the li[V in the range of 3l-,000 S M\¡¡ Í 500,000 did not

change the value of T_ _/t^_ by the third decimal place (Appendix 3) .sg og

Again, as an attempt to reveal the lM dependence introd,uction of

chain end effect into Eq.IO of Chow's paper (92) defining the

number of lattice sites (NLS) did not give any substantial change

in T /f as shown in the following argument. According to Chow
sg og

NLS = ZmnNOn/i"t (Eq.IO in (92) )

where m = mass of polymer
p

Ne = Avogadrots number

n = number of monomer units

M = MW of polymer
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If the chain ends are taken into account

NI,S (nz + 2)
*n*o

M

because y¡l )) 21 therefore

NLS = zmnNonr/M

Therefore, according to this approach, the effect of chain ends,

ile. the effecÈ of IrúI, is almost negligible.

However, the thermodynamic approaches usedìin Chowts

theory, the modified FH theory and the GD theory reveals a predic-

tion, which the KB free volume theory failed to establish, that is,

the size of solvent molecules affects the Tn dePression. If the

volume fraction'and the density of solvent are held constant the

Iarger the size of the solvent molecule, the less Tn is depressed.

The T_ depression at constant Q = O.76 calculated by Chow's, the-S-P

FH and the DG theory (with the DG theory, the theoreticaL values

vüere taken from Eíg.2 in Ref. (9I) assuming that the flex energy

of sorvent molecules is egual to that of porymer morecules) with

different sizes of plasticizet molecules are listed in Table 4.11

and shown in Fig.4.I5. The size is described by the ratio of' \I/YU,

where V- = Èhe molar volume of methanol molecule and V = the molar
ct

volume of a given Plasticizer

TABLE A.Ll¿ The effect of the size of solvent molecule

V/VU on the glass transition depresstot t"n/ton

Size (v/Va) r /t (chow)sg og
T /'lsg' og

(DG) r/rsg og
(FH)

1

2

5

10

0 .680

o.149

0.85 0

0.908

o. 600

o.692

o.788

0 .885

o.757

0. 870

o.946

o.912



E)
ol-
E)

l-o

1

0.9

0.8

0.7

0

Fig.4 . 15

0$

94

48
v/vo

Effect of the molecular size of plasticizer on the
glass temperature depression. (a) Flory-Ifuggins
theory, (b) Chow's theory and (c) DiÌ.tarzio- Gibbs

theory.

12

o- -\a
o

a- b
^a-v

o

A

o
I

A

A
A
I



95

The effect of the size of penetrant molecule on the glass

transition depression can be seen not only in alcohol-equilibrated

polymer (60) but in the self-plasticization phenomena of polymer by

oligomer or by blending high Mt{ sample with low I'llf sample where

oligomer or low MVil sample acts as plasticizer. Nevertheless' a sys-

tematic experíment is reguired to clarify hoW the tn t" depr.essed

and which theory ís most applicable.
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CHAPTER 5

},IOI,ECULAR V{EI GHT AND MOLECULAR WEIGHT DISTRIBUTION

EFFECT ON FRACTURE TOUGHNESS IN AIR AND IN METHANOL

5.1 Introduction

The log K. vs. log v diagrams of cracking in air, cracking

and crazing in methanol will- be established for various Mtlü samples

of narrow MIdD PMM¿, and broad tjlwD PMMA. The effect of M!'I and MWD on

the fracture toughness and the related analysis of fracture data will

be discussed in this ChaPter.

The discussion of experimental data is divided into two

parts (a) the fracture process in air and, (b) the fracture process

in methanol. In each part, quantitative expressions are derived to

describe the fracture toughness and the associated fracture mechanism

in terms of the entanglement density. The analysis of the cracking

data in air will invofve calculation of the crack opening displace-

ment (COÐ) as a function of I4W and re-examination of the MW dependence

of the fracture energy in comparison with data of previous reports.

A theory for the relationship between the fracture energy and the

number of entangfements is proposed to pred,ict the effect of Ml'l and

I'ÍWD on the fracture energy in air. Data for fracture in methanol

will be discussed. in two parts (a) stress-cracking and (b) stress-

crazlng. Zhurkov's modified Rhee-Eyring theory will be used to cal-

culate the potentiaf energy of the cracking process. The LEFM concept

wiII be also applied to the analysis of cracking and crazing in meth-

anol to provide arr understanding of the geometry of the craze' the

energy absorbed by craze, and the time dependence of ctazing behaviour.

prior to the description of experimental procedures and

discussion of results, a model of crack growbh is proposed attempting

to develop quantitative expressions between the crack tip velocity'

v. and the strain rate' å, of craze fibril-s along the craze.
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5.2 A Mode1 of Crack Growth

The Dugdale mod,el of uníform stress distribution along the

crack tip craze (35) has been applied successfully to the fracture

of stressed polymers (IOO-102) . The mod,el has been d.eveloped fur-

ther by Rice (103) and Ried,el (ro4) to describe a distribution of

plastic strain, i.e. the ctaze displacement profile within the

craze zone. To provide more information about the character at the

cxaze zone, an equaÈion shall be derived for the strain rate in the

zone as a function of the crack growth rate with the aid of a simple

geometrical model (EiS-5-I) .

consider a craze zone of triangular geometry with a half-

opening displacement of .c and Iength (a - xo) at time t. At time

(t + dt) , .0 increases a distance of dl and the craze length (a - xe)

increases da. Crack propagatíon occurs at a constant displacement,

l,o, and applied load relaxes with tíme. Considering the two similar

triangles ACO, BCD, we obtain

|'" - "olL _ r" l_l (s. r)oI a )

and AtC'D giveSimilarly, the triangles AC'O

9, + ð,9, =
a+da-x

o
9" (s.2)

(s .3)

o a*da

From Eqs. (5.1) and (5.2), we obtain

9" + ð.9" a+da-x a-x
o

a+da
becomes

o

By assuming da d.0 s 0, equation (s.3)

xod.cT a(a - xo)
(s .4)

where ð.9"/9" is the strain of the craze fibril .

According to Morgan and ward (10I), the real craze shape

is not a distinct triangle, therefore in practice the straight edge

AC is replaced by a curved edge AC'. The increase in craze length

in time dt becomes da' instead of da (Fig.s.I) and the ratio d'a/da'

is assumed to be

a9"

da
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da/da' = 0, (s.s)
g

where o is a constant- Using Eq'5'5, Eg'5'4 can be rewritten as
s

d¿- = ,*o , o da,
L a(a - xo) -S

The straín rate, ê, is obtained by dividing Eq'5'6 by dt

(s.6)

d.0
Xo da'C[ -=--sdte .Cdt

xo
a(a - xo)

c,
cl (s.7)

a(a - xo)

where v is the crack tiP velocitY'

Eq.5.7 can be developed for the strain rates at the front

tip, the craze base* and the intermediate region between the tip and

the base

Apptication I: Relationship of é and v at the front tip

(a = xo)

Fraoture in air is a typical example of this case where the

crack is predominant in the breakdown process. Because a 3 xot

Eqs. 5.6 and 5.7 become

d.0_T -Ë u'' (s.8)

whereA=a-x , is the craze length' and
o

(s. e)

Based. on young and Beaumont's assumption that (I05) at a period of

time t, the bulk original material increases from zero strain to the

yield strain, ey, while the crack propagates a distance of À. fnte-

grating Eq.5.8 gives
A

v

ct

c[o

^

ve

i."
d,tT da'

dg
A

o

* Boundary between crack and, craze matter'

(s.10)
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teE d9./9, = de (e is strain), Eg.5.l0 becomes

^
c[g
A

da'
f.

Ydt

¡

ù

0

or e gv

where e = 0.035 to 0.038 (971105). Replacing
v

8q.5.9 gives

=d (s .11)

ct by e_- and rewritingg-y

a>>x (s. 14 )o

?"
t,

¡

!

I

i

e (s.12)

Fracture mechanics relates the craze length, Â, with the

CODr uc, and the yie1d, Ey, by the following expression (Chapter 2)

A = I' tt (2.2e)8ty

Substituting this equation into Eq.5.L2 gives

e (s.13)

The above equation gives exactly the same result as that derived by

Young and Beautmont (105) and is close to Williams' result (97) based

on viscoelastic analYsis víz-,

e v
t"

where the constanL 8/tt (rq-5.13) was replaced by r.

saito (106) determineu on = 2, buÌL unfortunaÈely this is

much higher than the experimental- values of 0.035 to 0.038 as repor-

ted by Williams (91) and Young and Beautmont (I05) '

application II: Relationship of ê and v at the craze base

of a long ÇTaze (a >> xo)

Eq.5.7 can be written as the following for a >> x

^2Ly
uc

9
fi

,3

v

1T

e-
ey xo

2
a

v

Application III: Relationship of e and v in the region

between the base and the tiP.

This region is a general case where xo is replaced by x

i¡r Eq.5.7 to give
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vrhere x is the position of a particular craze fibril in the region

of craze matter. From Eqs.5.t3-5.15, the strain rate of the craze

fibrils at a constant v is shown in fig.5.2 arb as a function of

time, t, and craze length, A.

5.3 Experimental

5 .3.1 Materials

Specimen sheets of narrow I4WD PMMA and commercial PMl"fA

polymer hrere prepared as described in Chapter 4. Sheets of dimen-

sion 6x6x1.2mm were used throughout the fracture test.

Blends:

Blending of high and, Iow Mvir of narrow I4vi¡D PMMA at diff-

erent ratios is an appropriate way to adjust the l"Í/'ID. The compo-

nents were dissolved in dichloromethane at a desired weight ratio

and then precipitated in petroleum ether. Thereafter, the blend

sheets were prepared in a manner described in Chapter 4. The compo-

nents of the blends are high [4Vit -Ala (]4r = 450'000) and fow l4vil

A9 (Itd = 31,OOO). The low MlrI component was deliberately chosen

as the MW close to the critical MVI, It = 30,000 (70). Polymers of

MVÍ in this region, as will- be seen later, shotnr a much lower fraqture

tougtrness than that of high [M samples.

The ¡4T/lf of the blends can be calculated from the following

formula , f.or weight average MW, M,

I

I
,l

t

M
lit

q''

In.w.l^tt I--twl-
I

for number average ¡M, qt

and !V= is the weight fraction of component i.
t-

'Iwo blends, BI

(AIa: A9 = 9:1, by weight) and B3 (Ala: A9 = 7:3, by weight) vrere
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pos ition of the craze t¡p

a
fig.5.2b Profile of the straín ratef ë, varies with

time as the front típ propagate at velocity, v'
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prepared. Gel permeation chromatogram of Èhe blends was shown in

Fig.5.3 and Table 5.I shows the l4Írl and l4WD of the components and

the blends.

TABLE 5.1: Mlrl and MhtD of blends

Component* Blend

M
1ì¡

Mn

T4 /M!{' n

AIA

450,000

375,000

L-2

A9

31 ,000

25 ,800

L.2

B1

408,100

159, ooo

2.6

B3

324,3OO

74 , I00

4-4

* syndiotactic-like polymers (642 syndiotactic triads)

5.3.2 Fracture Touqhness Measurements

The test specimen configuration used, in this work was

double torsion (pt) geometry, an arrangement that has an advantage

that the crack is not prone to wandering, and therefore has been

widety used in fracture testing of metals as well as polymers

(Fis.5.4). A pre-crack was introduced into the middle of one

edge of the specímen by sawing a V-notch and forcing a razor blade

into Èhe notch to produce a sharp tip. The single edge-cracked

specimen was supported on two parallel rollers and the load applied

to the specimen via the cross bar of an Instron machine. The crack

is encouraged to propagate along the axis of the specimen by pre-

scribing a shallow groove on the bottom face of specimen I (Fig.5.4)'

The whole specimen could be immersed in a constant temperature bath

of methanol.

The load relaxation (constant displacement) method was the

main technique used in this work to evaluate the fracture toughness-

A foad in the range of 0.5 to I.2 kg was applied' to the pre-cracked

specimen. It was found that with a specimen of 1.0 mm to 1.3 mm

thickness, a load smaffer than 0.5 kg cannot initiate crack propaga-

I
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I

I
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ti
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tion and a load larger than I.2 kg causes the formation of multi-

cracks especially in methanol. The specimen was loaded to a certain

value in the range of O.5 to 1.2 kg and then allowed to relax. This

relaxation was attributed to plastic flow around the foading points'

After approximatety 15 minutes relaxing time the load become con-

stant, indicating that the plastic flow had terminated. This

constant value was taken as the initial load, P.. Methanol was

introduced into the bath to fulty immerse the specimen. The temper-

ature of methanol was controlled to within +IoC over the range of 0

to 40oC.

For experiments conducted in air, the elimination of the

plastic flow, i,.. the relaxation of the load P to a constant value,

requires a stepwise increase of the l-oad. The specimen was loaded

to an initial value of 0.5 kg and loaded, to relax until the load P

become constant. Then P was increased by 0.05 kg and, again al-lowed

to relax. The same procedure was rePeated with 0.05 kg increments'

until a crack commences.

The srF at fracture, Kc, was determined utilizing the

general compliance method (33)

-,2 P2 dcK; = ñ- E ù= 
(5.16)

co

r^rhere g = specimen compliance, B. = crack width (i.e. plate thick-

ness, B, minus the centre groove). The compliance of the specimen

in the DT geometrY is given bY

(nì

o = | (r + u) r *_¡ + c (s.r7)
I u w. ea --oJ -o

v¡here Co = the compliance at xo = Or .C = distance bet\^¡een loading

points, Wt = plate width and U = Poisson constant (FiS.5'4)' By

differentiating g with respect to xo and substituting dç,/dxo into

8q.5.I6, Kc at fracture is given bY

K2 E r"z(1--+u)g? (5.18)--c Wt B" 83
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Note that for DT geometry, K" is independent of the crack

lengthr xo. Because the depth of the centre groove is small compared

with the plate thickness, B" = B' Eg.5.I8 becomes

(1 +u) L2
Kc

W. B4t

3P2 (s.re)

or K" = on"

is a geometrical facÈor expressed b1z

(s.20)

where Ag
9" 3 (r+'J)

(s .2r)
BZ wt

The linear relationship between the compliance, C, and the crack

length, x , is shown experimentally in Fi9.5.5.
o

The crack (craze) velocityr v, was determined by measuring

the time elapsed for the crack to travel between prescribed 2mm

incremental marks on the top surface. The corresponding average P

can be found. directly from the Instron recorder.

The crack velocity, v¡ could also be calculated from the

rate of load relaxation dP/dL, the initial value of load and the

initial crack Iength (107). Ho\,vever, it was often more convenient to

find v by direct observation of Èhe fr.ont tip propagation than from

the de/dt method. At v = fO-6 m sec I it t." especially difficult

to determine dP/dt as the change in slope approaches zero.

Loading the DI specimen in air produced the satisfactory

propagation of a single crack but in methanol multi-cracks could

be formed from the concentrated loading points. To avoid this

problem, the metha¡ol level was adjusted such that the bottom of

centre pre-crack just touched the methanol whife the loading points

were still in the air. An adequate suppJ-y of methanol was directed

to the vicinity of the pre-crack tip by a pipette to start crack

propagation.

Ag
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Specimen configuration used in the presence of methanol

was the protected geometry (FiS.5.6\, i.e. two sides of specimen

h¡ere protected by silícone grease. Methanol entered the crack from

the end but not the sides of the specimen and hlas termed by Marshall

et al. as end flow (16). This configuration basically simplified

the crazing kinetics by eliminating the complicating effects of

methanol entering from the sides -

' Although Èhe range of measurable crack velocities was

limited to the range of 10-6 to 1O-3m sec-lthis was sufficient to

cover the stable crack propagation region (region AB in Fig.2.5).

This range of velocities also included two Regions of behaviour

(Regions I and II) for the cracking in methanof (FiS.2.6) -

The major specific advantage of the DT geometrlz in the

context of this study where polymerization of narrow I4hlD PMMA was

tedious and difficuft was that it was economical of material.

hlhereas most other testing methods capable of measuring K. and v

yield only single point data (16), the DT method was capable of

providing from one specimen, values of Ka over a range of veJoci-

ties.

Prior to discussing the main problem of the effect of l'f9il

and }itlr]D on the fracture toughness, it is necessary to determine if

the cooling rate of specimens during preparation effects the magni-

tude of K . The sample chosen for this test was a medium range Mhl
c

commercial PMMA. sample MH of M* = 1491000, t /t, = I.90. As shown

in Fig.5.7, no obvious trend. of the effect of the cooling rate could

be detected. The scatter band of 10e" can be attributed to the normal

scatter associated with fracture testing.
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5.4 Results and Discussion

Molecular Weiqht and Molecular lfeight Distribution Dependence

of the Fracture Process in Air

5.4.L A General Survey of Fracture Data in eir

The MW dependence of the fracÈure toughness shown in log

K_ vs. log v diagrams for a series of commercial HIIIW, MI{hl, LMbl andc-
narrohr lull^lD AIa, A4a, A7¡ A9 are illustrated in Figs.5.8 and 5.9. The

plots of log K_ vs. log v approximately conform to a linear relation-c

ship in the range of experimental velocitie" (10-s to 10-6 m sec-l¡.

Srnalfer values of the slope and higher values of K_ (at a particular

v) indicate a higher tougtrness.

A comparison of K" for various l4hl must be made at a part-

icular crack velocity on the log K. vs. v curve. An approximate

value of v that alLows determination of K. for all specimens is

v = 5.62 x 10 s m.e"-1(1og v = -4.25). The following Tabte shows

values of K- at tog (vrlm sec-l) = -4.25 and values of slope of the
g.

Ioq K vs. log v straight line.-c

TABLE 5.I: The slope of the log Kc vs. 1og v curves and. the
K" values at v = 5.62 x lO-s m =u.-l (1og v = -4.25)
for commercial and. narrow ¡{!r]D PMl"lA at 2OoC.

Sample M
h/

M*/), Slope Kc (¡lw m
-3/2

)

HMVÍ

MMVÍ

LMW

AIA
A4a
A7
A9

B1
B3

787,00O
22O,OOO
180, 00o

450,000
120,000
71,000
3I,0OO

408,0o0
324,3OO

2.I
2.I
2.L

L.2
I.2
r.2
r.2

2
4

6
4

0
o
o

o7
ol
10

o.10
0.I0
o.I2
0. t8

0. I0
0.I0

L.I22
L.L22
0 .87r

T.T22
0. 933
o. 501
o.234

1.3I8
0. 955
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The log K" vs. 1og v data for HMI¡í , M}ltiü and Ala are consis-

tent with Young and Beautmont's results (105) and Williams and

co-workèrsr results (16-17) for commercial PMMA (stated by these

authors as being high Mvü PMMA). Moreover, the effect of MW on K"

shown in Table 5.1 is obvious 
-Kc 

decreases with l4trl in both broad

M!{D commercial and narro\^t MI¡üD PMMA. The !4h¡ dependence of K" will

be discussed in detail in Sections 5.4.2 anê' 5.4.3.

The effect on fracture toughness of adding low MW PMMA to

high lM PMtr4A can be observed. from log K" vs. 1og v diagram of blends

SI and B3 (FiS.5.10). Addition of 10% lovr Mlrl sample to high ¡4V'I sample

(blend Bl) does not reduce the fracture toughness of high MVf component

whereas addition of 30% low !,M leads to a decrease in Kc compared with

that of the high MII'I component. The reduction of K" by addition of l"ow

l4l{ sample can be seen as the effect of }4WD broadening and/or decrease

in l4w on the fracture toughness. These effects will be discussed

in the following Section.

The log K" vs. log v data will be analysed. in the following

Section using a LEFM approach to estimate the crack opening displace-

ment (COD) and the fracture energy. On the basis of an entanglement

concept, a model for plastic deformation and craze formation during

.the fracture process is suggested in an attempt to explain the

molecular relationship between I{W and fracture energy.

5.4.2 The Crack OPen inq Displacement (cOo), u and,c'

the Fracture Energy' Yc

Rewriting F,q.2.2.7, the SIFr K. can be expressed by (see

Chapter 2)

Kc /ue ncy (v) (s.22)
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Fig.S.lo The 1og K" vs. Iog v diagram of
cracking in air (T=2OoC) for blends.
Blend el (e) , Blend B3 (tr) . Cr¡rve (1) :

high MIlü component Ala, curve(2): low
MIaI component 49.
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where E(v) is the modulus as a function of v (97'105). The fracture

energy Y. is exPressed bY

G. = 2.(" = KT/!' .V) = r.O. (5.23)

' The modulus E(v) of PMMA aE 25oc was determined experimen-

tally as a function of the strain rate é by williams (97) -

E(ê) = 1655 + 2744 (ê¡ o'tos I ¡&.Im-z (5.24)

According to the result of Section 5.2 the strain raÈe, ó, and the

crack velocíty, v, are related by the equation

v (s.r3)
u

c

In air, E = 0.035 and u. = !.73 x IO-5 m (g7l so that

é = t.2BxIO3v (5.2s)

Substituting Eq.5.25 into Eq.5.24, we obtain

r(v) = [0.655 + 6.00 v0'l0s] x lo3 ¡4{m-2 (5.26)

It is seen from the above equation that the mod,ulus E is not very

sensitive to v a¡d the average value of E in the experimental range

of velocities IO 6 m sec l<., < IO-a m ""c-l can be taken as

3OOO l4¡m 2.

The COD, u", can also be calculated if the yield stress is

known (nq.5.22). Feller and Kee (I08) found from experiment that

the crazing stress, Ac, in air (25'C) for polystyrene is independent

of MhI down to values approaching the critical- lM, uc. The constant

o Ímplies a constant yield strain in this range of It'fW (¡4Í,I > Mc) ,c-

.8¿-,lT
¿2
v

ù

f,'
å'j

fl

because o relates to eO by Õ =Ee. Thevaluesofucy can be
c c

calculated for various PlulMA from Eq.5.22 wí|.l;. ey = 0.035 (97rI05).

The calcutated results o¡ Yc and u" are listed in Table 5.2.
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TABLE 5.2: The fracture energy, Y.,

PMMA as a function of M!{

and the CODr u.r of

[at log (v/msec-l) = -4.251

Sample M
w

M/Mw'n fog (Y",/,rrn-2 ¡ u x to6 (m) log u"c

AIa*
A4a*
A7 :k

A9*

H¡4hI**
M¡4w**
LIUhI**

B1
B3

450,000
120,000
71,000
31,00o

787,OOO
22O,OOO
18 0, 000

408,00o
324,3OO

L.2
L.2
L-2
L.2

2.I
2.L
2.r

2.6
4.4

2.33
2.I7
1.63
o.97

2.26
2.26
2.LO

2.40
2.I8

4.O7
2.82
0.8r
0. r8

-5.39
-s.55
-6.09
-6.79

3.45
3 .48
2.4L

-5.46
-5.46
-5.62

* Syndiotactic:Iike
** Syndiotactic-like

(642 syndiotactic triads)
(55% syndiotactic triads)

!ùeidmann and oött (109) obtained r" by direct measurement

for broad MIrID atactic PMl,lA of various lM. The results are listed

beIow.

TABLE 5.3: trfeidmann ana dö]l's data of the CoD of atactic

PMMA At Kc = 0.63 ¡o¡m-3/2 (ro9) .

M
w

u x l-06(m) Ioq u-c-

110, o00
12o, ooo
163, o0o
490,000
850, 000

2,2OO,OOO
I,000,000

L.2
r.3
1.9
2.5
2.6
2.8
2.9

-5.92
-5.88
-5.72
-5 .60
-5 .58
-5.55
-5.54

A plot of log uc vs. log M* is shown in Fig.S.II where it

is observed that the values of u" in this work are slightty higher

than I¡leidmann and Döl-l's. this is attributed to the fact that uc

rt K = I ¡,n¡*-3/2 (corresponding to 10g (vrlmsec-l )c

= -[.25), whereas Weidmann and Doflrs uc were measured at Kc = 0.65
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¡c.trn-3/2. The K" dependence of the cOD, u.r l,r/âs observed by Israel

et al. (110), u. increases with K. and reaches a limit at Kc =

I t*{*-3l2.

5.4.3 Theoretical Treatment

As mentioned in Chapter 2, the fracture energy Yc

comprises the surface energy expended in creaÈÍng new surfaces by

cleavage t t,'Cl a¡rd the energy expended in localized plastic deforma-

tion at the crack tiP, Y That is
c2

Yc= +Y (5 .27 a)
Cz

Similarly' as Gc u o (pq.S.23) , the CODrucrcan be expressed b!cc

,t

I

À-

I

t
11

I
I

I

I

I

Y.,

where u

exist,

component,

'. = t", * t"r. (5'27b)

and u' .ott.tpond to Y and ] , respectively.cl - -cZ - 'cl 'C2

In the range of MlV, ¡a I Mc , plastic deformation does not

and the main contribution ao Yc is from the surface energy

that is

I

Y" ,'

v vCl
for MSM-c (s.28)

c

Based on the criterion Lor ctaze stability derived by Haward et aI.

(11I) , Kramer (112) developed quanÈitative expressions for Y", and

u- . For the cracking of PMMA in air, using o. = OS ¡'mm-3/2 1tOo,cl
IO9) the formula of G" and u" for PMMA according to Kramer's com-

putation are obtained as the following

u 0. 2I0 ,Ìt
w

nm (5.29a)
C1

and

2\c1
0.0I36

t-
M"

w
Jm-2

2

or

Ycl o. oo68 ¡,rL' Jm (s.29b)
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The fracture energy increases rapidly from value t", tt

most amorphous polymers such as polysÈyrene (3), Polycarbonate (4)

and PMMA (2,22) when the MW surpasses the critical MhI, Mc,to the

range of medium I'M. This rapid increase is attributed to the

energy required for plastic d,eformation, \cz (ns-5 -27a). Thus' the

experimental daÈa of the relationship of the free energy and MVil for

amorphous polymers (2-4, 22) imply that only in the polymers of, Il9¡

larger than M" does the plastic deformation take place at the crack

tip causing a larger fracture energy than Y"r'

On the basis of the experimental observation mentioned

above, it is plausible to assume that

(a) only molecules of I4!V larger than M. are able.to

participate in plasÈic deformation,

(b) the resull-ing craze zone consists of numerous craze

fibrils which are spanned under stress and stabilized by the entan-

glement netr¿orks.

In addition to the experimental evidence established by the

fracture energy vs. [fW relationship, these assumptÍons are also

justified by the work of FeIIers and Kee (108) on the magnitude of

the crazing stress and Wellinghoff and Baer (7) on the microscopic

observation of craze formation in polystyrene of various MW- These

workers came to the same conclusion that crazes essentially do not

form if the l'{V'I is below M-. It is also noted that assumptions (a)

are related by the criticaÌ l"Ifùr M.r that is a l'lW larger

is a pre-requísite for the establishment of an entanglement

To derive an eguation for the li,l!ù dependence of the fracture

energy , \ c, it is necessary to describe these above assumptions in

quantitative Èerms. The assumption (a) can be expressed by the

¡

\-

,l
I
,L

t

t

t
I

and (b)

than Mc

network.
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weight fraction S of molecules having ¡4in¡ larger than M.. Fig.5.I2

shows the weight distribution curve of a pol)'mer where the ratio S

is equal to the area of regíon II to the total area und.er the

curve. The assumption (a) is similar to Kusy and Turnerrs (2), but

the characteristic l4!rl which marks the boUndary between regÍon I

and regíon II (Fis.s.L2) is predetermined as Mc rather than an

adjustable l,!W adopted by Kusy and Turner to fit the experimental

data¿ This point will be discussed in detail in the next Section.

From the GpC results of the narrovl MWD and conmercial PMI4A

it was fou¡rd that the IMD obeys a logarithmic normal weight distribu-

tion described by the following distribution function (Chapter 3)

exp [- (.Q,nM - l,nMo) 2] / 2oïl
w(Î,nM)

/ñ

and
Mr, = rp "*p FO2J2) (5 .31)

Mu, = Mn exP ( o74 (5.32)

"r/*r, 
= exp oi (5.33)

where óo = the standard deviation of the distribution and Mn = the

peak ll]t4 of the distribution curve (113). Thus, the ratio S can be

expressed as

r_

(s.30)

(5.34)

oD

S w (.Î,n¡,t) d .Q,n¡,1 w (.Q,n¡l) d .Q,n¡¿

where
c

L
The entanglement networks of assumption (b) can be described

quantitatively by the entanglement density. The density was origi-

nal1y developed for the case of permanent crosslinks in vulcanized

rubber (1I4) and is expressed as

w(.Q,nM) d lntul I

,on*o

MceN (s.3s)
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where N is the density of entanglement and M is the ¡4!v. Although
e

the entanglement network and the permanent crosslinks are different

in naturer Eg.5.35 can be applied to the calculatíon of the number

of the entanglements (or pseudo-crosslinks) in non-crosslinked

pollrmers (I15) . Lf. polydispersity is taken into account, the

average density of entanglement, Ñ., is expressed by

f,
where W(M) is a weight distribution function

Because

f.
w(r{) dM t (s.37)

and by definitiòn

N=
,onro

Mc

r Mr

[' - +,l v,(M) dM
e

(s .36)

(s .38)

(5 .40)

I
M

Mn

ñe

fi "rrr
dM

Eq.5.31 becomes

,Pn*o
I

I\,1 I

-tMIn/
(s .3e)

c

defined bv M , N is ind.ependent of the MWD.e-
The average density of entanglements at infinite MW is

20N'p A
Mc

Thus, 8q.5.39 can be rewritten as

I
M

Mn

It is important to note from this equation that providing the ¡M is

N(e
æ)

Ne (s.4r)
N (-)

No\^r, if the energy expended for plastic d.eformatíon, \"2,

of the infinite MVI polymer is defined as Y (-) , then according to

assumptíon (a) the plastic deformation work contributed by the

mofecules with Mr, > Ivl" of a polymer having number-average MI/f ' M

is described by

y: = y(-) S (5.42)
'C2

e



Similarly, u is given by
c2

AIso, using assumPtion

entanglement density, \

Yc

and
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(b) which takes into account the effect of

is given by
C2

Ne
N

y (-) s :-s-
N (-)

e

Y

e

r",
"2 ñ" {-)

(s.43)

Jm-2 (5.45a)

nm ( s .4sb)

=fand

u = u(-) S
C2

(s.44)
(*)

where u(oo) = the cOD at infinite l4ç,t'

Hencer the fracture energyr "(ar and the COD' u", become

N

Ne

0.0068 4 * t,-,

tgc = 0.210 uã + u1*¡

S

S

The second Èerm on the RHS of Eq.5.45a can be calculated

by substituting values of Y (-) of, 2 x lO2 .fm-z or 3 x IO2 Jm-2

(suitable values obtained from a wíde range of reported d'ata falls

in the range l-.1 x 102 to 4.9 x IO2 Jm 2 for PMMA (L-2,22'LI6-ll8)).

similarlyr u" of Eq.5.45b can be estimated by using u(-) = 4.09 x I0

(this work) . The calculated values of Yc and, u. with trl"r/Mn = I 'are

listed in Tables 5.4 and 5.5 (see Appendix 4 for calculation) '

6 m

TABLE 5.4 : Calculated vafues ot Yc with Çu'

Y(*) = 3 x fo2 Jm-2

Mn loo M (Jm-2 )Yc¡ v (.rm-2 ¡c2 Yc (¡m 2
) log Yc

30,000
35, 000
40, 000
70,ooo

r0o, ooo
200,000

I,000,000

4
4
4
4
5

5

6

.48

.54

.60

.a4

.00

.30

.00

I.2
r.3
L.4
I.B
2.L
3.0
6.8

0
42.8
75

L7L.4
2LO
255
29L

r.2
44.L
76.4

L13.2
2L2.I
258
297.8

0 .08
L.64
I .88
2.24
2.33
2.4L
2.47
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TABLE 5.5 Calculated values of u. with

u(-) = 4.o9 x 10 6m

T4 /M!ln = I and,

M loqMn-n u x 106 (m)
cl u x to6 (m)

C2
u x 106 (m) locr u-cc

30r 000
35 r 000
40,000
7 0, 000

100,000

4.48
4.54
4.60
4.78
5 .00

0.039
o.o42
0.045
0.058
0.068

0
0.584
I.O22
2.337
2.863

0 .039
o.626
r.067
2.395
2 -93L

-7 .40
-6.20
-s.97
-5.62
-5 .53

. From these above tables, it can be seen that for Mr, tt M"

the contribution of Yc, to the total value of Yc is only few percent

of y_ . Similar conments can be applied to the CODr u.. Comparison
'C2

of theoreticalr,exPerimental and published data are shown in Figs.

5.13 and 5.L4 for commercial , narrow IMD and blends of pù¡,1a. It is

seen that the theoretical curves (Y(-) =2 x IO2 Jm-2) are in

excellent agreement with experimental data. It is further noted

that, Kusy and. Turner proposed a theory for the fracture energy and

Mtrl relationship based on the Schulz type MVù distribution function

(2). A comparison of Kusy and furnerts curve and. theoretical curves

of this work is shown in Fi9.5.15. Details of Kusy and Turner

theory is discussed in the next Section.

It can be seen from a plot of the fracture energy against

the number-average IUhl , Mn, that a very broad l{t/lD (e.9. Mw,/Mn = 4)

has'only a slight effect on the y" (fi-9.5.I6). That is, as the M[rlD

becomes much broader it is pred,icted that there will be only a

slight decrease ' tt Yc in the medium MW range -

This prediction is supported by a master Io9 Yc vs. M'

curve (commercial, synthesized narrow ¡MD PMMA and blends) compiled

from experimental data of PMMA of various I4WD (FiS.5.14). As a

test on this pred.iction, a corresponding plot of 1o9 Yc vs- 1og M"
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is illustrated in Fig.5.17. It is obvious thaÈ no sÍngle correla-

tion exists beÈween 1og Y" and Mr.

Furthermore, it, is of interest to compare the theoretical

values with the experimental values obtained by Pittman and lrlard

for polycarbonate (4 ). The criÈical Irfhlr M"r is known to be 4'800

(II9) and therefore it can be assumed that the fracture energy at

M = 4r8OO is derived solely from a contribution of v where
n 'c¡

pittman and vüard's d.ata indicate a value of 2y", = O-05 kJ m 2.

To calculate theoretical values of \cz (nq.S.43) 
' it is necessary

to determine y(æ). In Pittman and Ward's experiment, aII specimens

had low l"IW and the value of Y (-) for infinite I4!\J could not be

determined. Hol^Iever, it is possible to calculate this value from

the SIFr K1r at crack initiation and this has been determined by

parvin and williams (r2o) to be 2-2 MN ^-3/z- Thus G(oo) = 2 y(æ)

is determined by G(-) = K|/E where E = 2350 ¡'tr{ m-2 (r21) ' That is

G(-) = 2'06k¡m2

Using Eqs.5 .27a, 5.43 and G"

can be estimated from

2\ , the theoretical val-ues of G-
'C' C

As mentioned. abovet

can be neglected, i.

Gc

Gc
0.05 + 2.06

ifM n is used to calculate the G" the MI¡lD effect

e S = I and Eq.5.45a is rewritten as

[t ffj s kr m-2 (s.45a)

o.05 + 2.06 kJm2 (s .4sb)

The theoretical curve from Eq.5.45b shows an excellent

agreement with pittman and, lVard's data (Fig.s.I8). fn their paper

(4), pittman and ward posed two questions (a) Does the fracture

energy depend ott Iç, or M.or and (b) Why does the fracture energy

depend strongly on lvM in the region of lvt!{ just larger than M"? The

model suggested in this work provides answers to both of these

questions. Firstly, because the effect of Ì4tD can be neglected in
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the 1og y" (or log G.) vs. Iog M' curve, the number-average MlrI , M.rrr

is the most suitable mean MVII to relate to the fracture energy.

Secondly, the drastic increase in the entanglement number when the

MW increases from M. to the medium l,Itln¡ range, is responsible for the

strong dependence of the fracture energy on l4W.

In brief, it is suggested that a relationship exists

between the fracture toughness and MIV based on the density of

entanglements. The proposed theory has clearly pointed out the

important facF, that when the fracture energy is expressed in terms

of M , the effect of MWD is negligible.
n

Recently, the entanglement network model has been utilized

by Bersted (II9) to interpret the tensile and impact strengÈh of

amorphous polymers. The agreement of the model with the experimen-

tal results feads to a conclusion similar to our theory in that a

higher entanglement density will involve more molecular chains

capable of supporting the stress. Feller and Huang (115) have

proposed that the craze is a series of microvoids surrouna.a fy

entanglements and defined that probability of craze formation is

probability of finding a microvoid surrounded by entanglements. The

probability shows a sigmoidal dependence on M!{, becomes zero at

M < M and reaches a limit at high lM.\c

Matveyev et al. (J-22) related Èhe "durable time" of high

density polyethylene (obtained from a creep test) with l4Vl and l4VilD

and discussed the results in terms of the number of tie chains, i.e.

the number of molecular chains in the amorphous phase connecting

crystalline phases. The experimental- results suggest that the tie

chain concept is analogous to the entanglement concept but further

investigations are required to examine the effect of the MW and MWD

and so understand the role of the tie chains in fracture process.
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5.4.4 Criticism of Kusy and Turnerrs Theoretical. Treatment (2)

A model of consid.erable relevance to this work is that

proposed by Kusy and, furner (2). It represents the first attempt

to establish the refationship between the fracture energy and, M!,t.

Kusy and furner assumed that in the range of l,lVf I Mc, the fracture

energy, Yc, is equal to the constant surface energYr Ycl, and in the

range of I4!f > M" the fracture energy t \", is egual to the sum of

(y., * ",("r.), h¡here t., t" the plastic deformation work contributed

by molecules having MVil larger than a characteristic ¡,tW, I\t. fn

contrast to our model-, this characteristic MW, \<t, is an adjustable

parameter. Using the arguments previously developed (Section 5.4.3),

the weight distribution curve of a polymer is divided into two

regions, the region of MW t \a, is the only region describing the mole-

cules able to contribute to the plastic deformation. Kusy and, Turner

have chosen the Schulz-type distribution function, which is very

similar to the logarithmic normal distribution function (1I3), as

a suitabl-e function to describe the MViID of their polymérs. The

Schulz-type distribution function is expressed by

ks+1

w(M)

For k" = 1r

thl rçr exp
k.l
-t\rJ

(s .46)

(s.47)

(s.48)

*r/*. = (k= + r) /ks

I^'here k= is a parameter which characterizes the distribution.

The plastic deformation work Ycz is given by

Y(-) S

and

'(cz

s = f w(r{)dM
J*'

S becomes

exp(-M*y'M,.,) [t . ff]

where

c (s.4e)



L37.

f.or k" = 2t

Yc

and

S=exP

Then the fracture energy is expressed by

[-,*ro.] ['.#] ['.+]

yc , + y (-) "* [-'r.rz'"] [t . H]

ycr + y(-) "*n[- ,\.r/r"] [t . #

(s . s0)

r k"=I (5.51)

Yc= tk==2

(s . s2)

where Y is the surface energy. The variation of k- from I to 2
'cl s

which corresponds to the variation of the MWD from 2 to l-5 (Eq.

5.47) has little effect otr Yc. In our model, the characteristic l"II¡tr

is assumed to bä fixed at critical IrÍW, M.r while Kusy and. Turner's

Iç, i= an adjustable parameter. The arbitrary selection of \a,

by Kusy and Turner is the focus of the present criticism.

Firstly, the parameter o\a, i= ill-defined' and lacks

physical significance. Kusy and Turner realised that the cTaze

could be regarded as an extended network of polymer molecules

because in the medium lM range (q., = 40,000 to 100,000 for Pl"lMA)

full extension of a molecule chain is smaller by a factor of three

than the magnitud,e of the COD (2,123). In the framework of their

treatment, the relationship of Mff to entanglements was not ex-

plicitly established. Tll fit the theoretical curve to the exper-

imental data for PMMA, Kusy and Turner adjusted the value of M*t

to IOOTOOO, a value much larger than M. (Mc = 30,000) (Fig.5.I9).

For the case of the fracture energy in poJ-ystyrene, l\t is required

to be as large as 500r00O to fit the theoretical curve compared to

M. = 7O,OOO (I08). Therefore, although there is an implied notion

that the entanglement network is a factor invol-ved in craze infor-

matíon at the crack tip, the relationship between M*t and M", or

the physical significance of M¡1r was not established in Kusy and

+
2Mirl

-t

M., J
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Turner's theorY.

Secondly, Kusy and furner's model suggests that a step

change 't1 yc, that is an abrupt change from y. = Ycr to

ya = y"rr occurs .t I\<f when the polymer is monodisperse. Ho\¡Iever,

this suggestion is both contradictory and. misleading. From the

viewpoint of our model; there cannot be an abrupt change at ¡'kT as

Kusy and. Turner suggested; the entanglement d,ensity decreases

sigmoídalIy from high l.M range to Mc and so does the y". These

authors, however, d.id admit in their paper that the suggestion that

there exists a unique boundary which determines an all-or-nothing

contribution of Y"rr is an oversimplification. Examining the exper-

imental curve of log Y" t=. fog M' relationship (Figs.s.I3-5.14) the

sigmoid-like curve has a downturn in MW around M = I00r000 and an

upturn in IrIW around Mc = 301000. Kusy and Turner have d'efined

Iv1<t ." the I4W corresponding to the plastic deformation. However'

from our point of view if the D4KT has any physical significance at

all, it may possibly designa te the onset of complete plastic defor-

mation where y- begins to approach the limiting value' Y(-). Complete'c

plastic deformation is associated with the formation of parabolic

markings ' (Fig .5.20) and. crazing interfetrence colours on fracture

surface of specimen subjected to unstable crack propagation

(v = 10 2 msec-r¡. It was observed that there was a lower density

of parabolic markings and weaker interference col-ours in polymer of

M < Mft (e.g. narrow l"IvlD PMMA of ¡q^¡ = 711000) and these effects com-

pletely disappeared at lullrl close to M" (e.g. Darro\,it t"iwo p;Ma of

Mt" = 3l,OOO). The disappearance of the parabolic markings and

interference colours suggests that plastic deformation has not

occurred at the tip and the craze layer is too thin to be detected

by interference fringes (20) .

On the whole, because Kusy and T\frnerrs theory failed. to

quantitatively include the entanglemenl- concepÈ, it could not explain

;
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Fig.5.20 The parabolic markings created by

nucleation under stress in narrow

l,4V'rD PMMA "f lvl" ) 84,000. rnterfer-
ence colours were observed indica-
ting the presence of crazed mater-
ial.200x.
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(a) Èhe upturn in the log y" vs. log M' curve occurring around the

vicinity of M" and (b) the strong aup";-ra.nce of fracture energy on

M{ as observed in amorphous polyrmers such as PMMA (2), polystyrene

(3) and polycarbonate (4). The result was that Kusy and Turner

found it necessary to position the characteristic I,IW, Mft, at a

hÍgher MI{ than M. (FiS.s.19) to reduce the relative area expressing

the weight fraction of molecules capable of forming entanglement

networks. Accordingly, the theoretical values t., t.t. reduced. to

fit the experimental data but it was a procedure without physical

basis and. at the expense of M*1 fossessing an ambiguous identity.

5.4.5 Conclusions

The following conclusions can be drawn from the above

experimental results and discussion

(f) The DT geometry provides a simple and. economical

method to determine the SIF, Kc, as a function of the crack

velocity, v.

(2) The log K. vs. fog v relationship is the most accept-

able quantitative description of the effect of Mlrl and l4I{D on the

fracture toughness.

(3) An equation was derived to establish the relationship

between the fracture energ", Yc, and IulVü on the assumption that (a)

only polymer molecules having ¡4!û ) M" at" capable of participating in

plastic deformation at the crack tip, and (b) resulting cîaze fibrils

are stabilized by entanglement networks.

(4) The IrMD has little effect or y" provided Y. i"

expressed in terms of Mrr.

(5) The entanglement networks account for a drastic increase

'tt Yc of poJ-ymers in the medium MIaI range.

(6) Kusy arrd Turner's theory l-acks physical meaning

through the use of the il-l-defined and adjustable parameter ¡4-T.
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Molecular !Íei t, Molecular Weigh t Distribution and Temper-
þ-

ature DePendenc e of the Fracture Process in Methanol.

5.4.6 A General Survey of Fracture Data in Methanol-

Vùhile the fracture process in air shows a crack predominant

breakdown mechanism, the fracture process in methanol shows two

distinct mechanisms that are strongly Ínfluenced by the ¡41^I 

- 
rapid

crack propagation in low }4!rl samples and long craze growth in high MW

samples. Nevertheless, because the fracture behaviour in air or in

methanol involves the stabilization of craze fibrils during crack or

cxaze growth, Èhe fracture process in air or in methanol can be

understood through a common point 
- 

chain entanglement As wiLl

be seen later in the experimental results, the role of the entangle-

ment networks again is a key factor in understanding the effect of

I!M, I,IWD and temperature on fracture toughness-

The !4Vl effect on the 1og K. vs. Iog v behaviour in methanol

at 2OoC is shown in fig.5.2L for narrow ¡'it¡lD PMMA. It can be seen

from this figure that the log K" vs. Iog v diagram naturally divides

into three Regimes: Regime I, Transition Regime and Regime II.

Regime I (84,000 < Mw Í 550,000) is a mature craze growth

regime where a mature ctaze growth is defined as a fully developed

craze (the morphology and scanning electron microscope (sEM) photo-

graphs will be discussed later). In this Regime, the log K. vs. log v

relationship is found to be linear where the high fracture toughness

is characterised by a slow initial propagating velocity, vi, and a

small slope of the 1o9 K" vs. 1og v straight line.

- Regime II (231000 I M* Í 36,000) is a crack propagation

regime. The plot of log K" vs. Iog v consists of two parts: (a) a

limiting part of infinite slope characterised by the limiting

velocity,

reducedr v

vo, and (b) a sloping part where v ( v . As the ì4!v is

!

I

t

I

I

o will increase and the effect of M^l on the sloping part
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l

Fig.5 .2I The effect of MW on fracture toughness in
methanol (F20'C) expressing in log K. vs.
log v diagram for narrow MWD PMMA.

(a) Regime I, Al (!1, = 550,000, E), A3

(M* = 3801000, L) , A4 (M, = 150,000, o),
A5 (M, = 971000, 

^) 
and A6 (M* = 84,000, O).

(b) Transition Regime, A7 (M* = 71,000,V ).
(crdre) Regime II, A8 (36,000, V ) ,

A9 (M,o = 3I,000,0) and AIO (M, = 23,500, l).
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becomes dramatic.

polymer of MI¡I -- 7L,O0O which exhibits Transition Regime

behaviour shows premature c?aze growth. From sEM photographs,

this Regime is a transition phase between the matur e c1aze growth

Regime f and the crack propagation Regime II'

study of the cracking or crazing surface by sEM* suggests

the nature of the fracture morphology is in agreement with Èhe

proposed characters of the Regimes in the Io9 K. vs. log v d,iagrams.

The fracture surface of polymers in Regime I show honeycomb-like

(Figs.5.22a,b) or tunnel-like ctaze matter (Fig.5.23) throughout the

fracture surface, whereas the fracture surface of the polYmers having

Iow Mrt (M = 23t5OO to 36,000) of Regime II show a súrface devoid of'w

features (FiS.5.24). Furthermore, it is interesting to note that

one can observe a morphological transition zone between Regime I

and Regime If that corresponds to the Transition Regime (M, = 71'000) '

The sEM photograph of sample A7 (Ml¡v = 7Ir000) shows a mixing of

smooth area and "white" area (Fig.5.25). Vthile the smooth area is

typically cracking region, the "white" area is actual:--y ctaze forma-

tion region, the size of the craze is about one tenth of that of the

mature craze in Regime I (Fis.5.23). This implies the fact that

deficiency of entanglement network support causes the premature

breakdown of craze fibrils before the void can expand., also leading

to a sudden separation of the log Kc vs. Iog v curve from Regime I

when M decreases from 84r000 to 7fr000.
w

The commercial samPles H¡M, Mtlht and LI4I^] show different

behaviour in log K. vs. log v diagram (FiS.5.26). Examination of

the fracture surfaces by SEM suggests that the fracture toughness

* The fracture surface was easily damaged by eJ-ectron beam. even at
fow voltage and beam intensity. Therefore, a quick operation was

required and sometimes slightly out-of-focus photographs were un-
avoidable over the time period required to take the photograph.
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Honeycomb-like fracture surface of
stress-crazíng in methanol of
narrow MVID PMMA (M, = 550,000 at
TE20oC). (a) 500x (b) 3000x.
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Fig.5.23 TunneI-like fracture surface of
stress-crazing in methanol of nar-

row MViID PMMA (Mw = 84,000 at T=20oc),

500x.
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îj.g.5.24 Fracture surface of stress-cracking
in methanol of narrow ¡4!VD PMMA

M- = 36,000 at l=2OoCt 500x.
VT





Fig. 5.25

148

Fracture surface of stress-crazing in
methanol of narrow tq!{ PMMA (M, =

71,000 at T=20oC). (a) "hlhite" pattern
is premature craze formation, 5OOx.

(b) Enlarged area of premature craze,

3000x.
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behaviour of HMVI , Ml,lVt and Ll4hl , respectively, belong to Regime Ir

Tra¡sition Regime and Regime II (H¡4I,{ showed honeycomb-like fracture

surfaces, MMhl showed. a mixing of crack and craze surfaces and LIr{V't

showed a mirror-like surface). )

dition of fow l4W polymer (M { M.) to high Mhl polymer

to produce a controlled MWD blend provided information on the

effect of MWD and the effect of a 1ow MhI component on fracture

toughness. Fig.5.27 shows the 1og K" vs. log v diagram of blend,s

Bl and I}3 where the crack was started at the same initial SIF,

Ki. The log Kc vs. Iog v behaviour of blend BI is similar to

that of the high MW component, that is lOE (by weight) of low MW

component has negligíble effect. In contrast, when the amount of

the low MIV component is increased to 3O3 (blend 83) a steeper slope

in the log K. vs. log v straight line suggest a lower tougLrriess

compared with Bl-. Examination of the fracture surface shows that

BI has a honeycomb craze pattern (similar to fig.5.22arb) , whereas

30% of low l4W in 83 is sufficient to create a weak craze by promo-

ting a rapid coalescence of voids to result in a tunnel-like

feature (FiS.5.28a,b) .

The fracture morphology, however, only portrays the

aftermath of the fracture process, therefore it cannot provide a

fufl understanding of the effect of l4W on the breakdown mechanism

via crack propagation or craze growth. In a similar manner to the

fracture process in air, the breakdown mechanism in methanol can

be understood by adopting the concept of the entanglement networks.

Based on the entanglement density, a quantitative criterion can be

developed. to understand how the MW infl-uences the crack propagation

or the craze growth in the presence of methanol.

,/ Table 5.6 illustrates the interesting relationship between

the cracking or crazing behaviour and the existence of rubbery zone

in the stress rel-axation curves of methanol equilibrated PMMA.
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nig.S.äe Fracture surface of blend 83 in meth-

ano] at T=2OoC, 500x.
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TABI.E 5.6: Relationship between fracture behaviour and the

existence of the rubbery zone of commerciaL and,

narrow MWD PMMA in the presence of methanol.

M
w

M/Mwn
Behaviour on

1og K. vs. log v
diagram

Rubbery zone

> 84,000
71,000

f 36,000

787 ,000
22O,OOO
160,000

L.2
L.2
I.2

2

2

2

1
1
I

Regime I
Transition Regime
Regime If

Regime I
Transítion Regime
Regrme Il

Present
+

Absent

Present
+

Absent

As mentioned in Chapter 4, the presence of a rubbery zone

implies the existence of entanglements. Table 5.6 clearly suggests

that craze growth (Regime I) in methanol will only occur when en-

tanglements exist and that cracks will propagate (Regime If) when

the density of entanglements become zero (i.e. the rubbery zone is

absent). Furthermore, the Transition Regime corresponds to the

borderline of the presence and absence of the rubbery zone in the

stress relaxation curve. This relationship confirms the important

role of the entanglement network in determining whether the break-

down mechanism via crack propagation or craze growth. Rewriting

Eq.5.35 for the density of entanglements of a plasticized polymer,

we obtain

N Ne (-) I (s. s3)
e

fn contrast to dry polymer (0% absorbed solvent) where the critj-cal

M!ìl , Mc, is a I4^fD independent quantity, in the presence of methanol

the broader ¡4WD gives a higher M". (Chapter 4). The effect of MWD

on the magnitud.e of M". foreshadows the influence of lr{WD on crack-

ing and crazing behaviours of PIvIMA in methanol . That is, while

the Transition Regime occurs at Mw = 7:-.1000 for narrow MI^ID P¡.4M4, it

,l

ù

I

l"

{l

'''

t
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I

I
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occurs .t ¡4n, =-22O.OOO (MM'l) for broad M!{D samples. In other words,

in the presence of methanol, crazing and high fracture toughness

occurs above a higher limiting MlrI for broad IMD PI4MA than for narrow

MI^¡D PMMA.

Another distinguishing feature of the tr{W effect on fracture

toughness in the three Regimes can be seen from the 1og K. vs. 1og v

curves of various initial SrF, Ki (FiS.5.29), the 1og K. vs. 1og v

curves of craze growth Regimes (Regime I and Transition Regime) show

a dependence of K1 , i.e. different log K" vs. 1og v curves \^/ere

initiated with different K1 (Fi9s.5.29-5.3f) . Consequently, for

the case of crack growth (in methanol or in air). comparison of

fracture toughness of various lullil can be simply made from the magni-

tude of K" at a particular v. However, for the case of craze gro\dtht

the fracÈure toughness of materials must be compared from 1og Kc vs.

1og v curves of the same initial SIF, Ki. Generally, the fracture

toughness can be based on two criteria (a) the initial vel-ocity¡ v1r

corresponding to Ki and (b) the magnitude of the slope of log Kc vs.

log v straight line. Mate.rial possessing high fracture toughness,

i.e. absorbing more energy, will show a slow initial velocity, v1r

and small slope of the log Kc vs. Iog v curve. For example, v1 and

the slope of the log K" vs. Iog v straight line has the val-ue of

O.L2 for HMW and 0.16 for Ml'lW (Fi9s.5.30 and 5.31). Consequently,

the mature craze of Regime I that is characterized by a slow

initial velocity and smaLl slope of the 1og x" vs. Iog v straight

Iine contains stronger craze matter capable of absorbing more

energy tha¡ the premature craze of Regime II. The Ki dependence

of log K" vs. log v relationship wil-I be discussed in Section

5.4.8.3.

An interesting phenomena that helps to distinguish a

craze from a crack is craze healing. It was noticed that after the

I
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Fig.5.29 Schematic log K. vs. tog v diagram at varíous initíal
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test specimens v¡ere taken out of the methanol bathr the crazed spec-

imens healed overnight and those specimens contaíning cracks did not

heal. By healing, it is meant that the craze no longer reflects

light. A simple test was carried out to verify this observaÈion.

A crack was forced to propagate in air and the cracked specimen was

immersed in a methanol- bath so that methanof was introduced into

the crack. After the specimen was taken out of the bath and left

overnight healing was not observed. Although the healing mechanism

in the presence of a solvent has not fully developed, Kambour (20)

believed that craze healing was caused by the residual- methanol

evaporating from craze to generate a contractile force within the

ctaze matter that eventually closes the opposing forces.

The temperature dependence of craze growth or crack propa-

gation provides further insight into the fracÈure process. The

temperature influences the equilibrium uptake of methanol and thus

the magnitude of the critical M!{ of methanol equilibrated PMMA

(Chapter 4¡. Because the cracking or crazing behaviour is dependent

on the density of entanglements, i.e. the magnitude of the critical

¡.,fÍf (pq.5.35), the temperature will show a profound effect on fracture

behaviour of PMMA.

Figs.5.32 and 5.33 show the fracture behaviour in the tem-

perature range of 0 to 40oC for Ll4lal , Ml,fl¡l and HIVIW pol)¡mers. The

effect of IM on the fracture toughness becomes more pronounced at

elevated temperature, while the crack propagation h¡as observed as

a predominant breakdown process in LI¡IW in this range of temperature,

sample lrfl,Í{ showed crazing at 0"C and rapid cracking at 40oC (FiS.5.33) .

This interesting fracture behaviour is again attributed to tempera-

ture dependence of the entanglement density. As the critical Mtr{ of

plasticized polymer, Msc, increases with amount of solvent uptake

(i.e. with increasing equilibrating temperature), the number of

entanglements (Eq.5.34) wilf reduce with temperature. As illustrated
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Plot of log K" vs. Iog v for Ll4lrl at
various temperatures, (a) T=0oC.

(b) T:10oC, (c) F2OoCt (d) T=30oC

(tr) and T=40oC (0) .
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Plots of log K_ vs. log v for HM¡l

and Mì4ÍV at various temperatures.

sample MMIaI (a) T=0"C, (b) T=30oCr

(c) F40oC. Sample FIIVM (r) T=OeCr

(2) F2ooc.
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in nig .5.34, the number of the entanglements becomes very sensitive

in the medium range, i.e. region of the I{VJ just larger than M". The

stress relaxatíon curve of methanol equilibrated MI{I¡] at 20oC (Chap-

ter 4, Fig.4.8) indicated the borderline of entangfem.ent existence.

Therefore, at higher equilibration temperature (e.9. 35 to 40oc) it

assumed that the magnitude of I1". increases to a value higher than

the ¡4W of MMlrl sample leading to zero entanglement d.ensity at the

plasticized crack tip, and consequently a rapid cracking in the

fracture test at elevated temperature. In fact, the fracture mor-

phology of MIM at 40oC observed by SEM was a smooth surface typical

of cracking-predominant behaviour.

sample HI"IW of high MW PMI4a shows little effect of temper-

ature on its fracture toughness as the d,ensity of entanglement

becomes less sensitive with MI{ at high MW range. The sample becomes

tougher at lower temperature because of less plasticization, i.e.

higher crazíng stress oc. At high temperature (T = 40oC), however,

instead of a rapid crack propagation as in MMI¡I or a long craze growth,

homogeneous whitening of 2 mm diameter appeared at the initiation

step and then arrested. Although the number of the entanglements is

hardly infl-uenced by temperature at high MW region, incapability of

su-bsequent craze development required further investigation, for

example, the direct measurement of the crazing stress profile would

hetp to improve the und.erstanding of this phenomena.

The least complicated fracture behaviour among three com-

mercial samples is shown by sample LMtrù. The smooth fracture surface

and non-healing behaviour of the crack confirm that the fracture test

of LMW in methanol at T : 0 to 40oC occurred. via a cracking mechanism

rather than a crazing mechanism.

The behaviour of cracks and crazes is different in many

aspects and requires separate treatment of data. The following

d.iscussion will be divided in two parts; Section 5.4-7 is concerned

I
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Fig.5.34 Schematic diagram shows variation in the entanglement

density with temperature. The shaded area is the

medium Mll region.
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with the cracking behaviour in Regime II and Section 5.4.8 deal-s

with the crazing behaviour of Regime I and the Transition Regime.

5.4.7 Crackinq Behaviour of low Molecul-ar V'Ie ioh t

Poly (methy lmethacrylate) in methanol (Reqime If)

The fracture toughness of low l4!f (FiS.5.2I and 5.32)

shows a strong dependence on luIW and temperature, and, it suggests

that the log K. vs. log v diagram can be divided into two sections:

(a) a vertical section specifíed by the limiting velocity, vo and

(b) a stoping section at v ( vo. The similar effect of MV\l and tem-

perature on the fracture toughrness can be observed in (a) increase

in the limiting velocity, vo, and (b) decrease in K" at a given

v ( v^ in the sloping part, when the ItM decreases or the temperature
I

increases. The experimentaf data suggest an equivalence between the

effect of l4Vrl and thaÈ of temperature in the cracking mechanism, buÈ

this requires further justification from polymers tested in various

environments to esÈablish the principle.

Nevertheless, the temperature dependent 1og K. vs. log v

relation can be analysed in terms of zhurkov's theory to provide an

understanding of the breakdown process via the magnitude of the

activation energy (Section 5.4.7.L). Furthermore, application of

LEFM to the analysis of experimental data gives an insight into the

important variables such as the COD and, the craze J-ength in the

presence of solvent (Section 5.4.7.2). The diffusion coefficient

which can be deduced from the cracking data will be compared with

the experimental values of the diffusion coefficient of methanol to

clarify the effect of the raÈe of diffusion on the cracking mechan-

ism. Because crack propagation is diffusion controlled, by comparing

the stress and temperature dependence of the diffusion coefficient

and that of the craze length, it is interesting to see how the rate

of diffusion will effect the geometry of the crack tip (Section

5.4.7.3). Last1y, the WM theory wilf be applied to cfarify the
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time-dependent deformation process at the crack tip and the nature

of the limiting velocity, vo (Section 5.4.7.4)-

5.4.7 .r ture Dependence from the Viewpoint of

Zhurkov's theorY

Zhurkov (26) carried out a rigorous study of the fracture

kinetics of solids including metals and polymers and found that a

wide range of materials followed as stress-biased Rhee-Eyríng equa-

tion

t to exp (5.54a)

where t = the time to failure measured from the moment of loading,

to = the limiting time, Uo = the activation energy, and Yf = constant

(26,l-24). The örack velocity, v' is inversely proportional to the

fracture time, t, and therefore

Yio.
(s.s4b)v exp-o

RT

whe rev = the limiting crack velocity. According to zhurkov (26)
o

and also Schönert et al. (I25) vo can be expressed by

), kr

Uov=

vo h

uo - YFG.

RT

(5.54c)

(s.ss)

where À = average increase of crack length during the separation of

a pair of atoms, h = Planckts constant and k = Boltzmannts constant,

thus Eq.5.54b becomes

)Jcr
_exp_

h
v=

The energy release rate, Ga, is rel-ated. to o. bY Gc o u andcc

Eq.5.55 can be rewritten as

Àkr
v=

h
(5.s6)

where y, = yi/u.. This equation has been applied successfully to

the fracture process in air for glass by Schönert et al. (125), Kies

and Cf ark (L26) , for P}4I4A by Atkins et aI . (I27) and for polystyrene

by Mai and Atkíns (128). Rewriting Eq.5.56 by substituting G" = rf;/n,
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we obtain

or

Àkr

h

uo - Y" ß2c/E)

RT
v=

v=

(5.s7)

U \ Eß?/E')v exp-o
( s .58)

RT

. As can be seen from Fi9.5.32¡ the log Kc vs. log v curves

for Ll&rl at various temperatures approach a limiÈing velocitY to,

characterized by a vertical part of the curve. By applying Eq.5.58,

the activation energy, Uo, and the constant, "'(r, can be evaluated.

Eq.5.5 8 can be rewritten in the following expression

(

v
RT Í,n o (s.se)

v

This equation suggests that RT [n vo,/v vs . +it" will give

a straight line (FiS.s.35) where Uo is the intersection and YF is

the slope. Modulus E is calculated according to Eq.5.26. The

results are shown in Table 5.7.

TABI,E 5.7: The calculated values of Uo and Y, at T = 0 to 4OoC

for the cracking process in methanol.

-^( F
Uo

2
Kc

E

* Dimensions of Y. is changed from m2 mol- 1 to m2

Avogadro's numberr No, Y,. (rn2 mol-l¡ = YF (*')
by using

NA.

As shown in Table 5.7, the activation energy, Uo, of

crack propagation in the presence of methanol varies from 18.2 Eo

11.4 kJ mol-1 as the temperature increases from O to 4OoC. The

values of V^ are of the order of secondary bond energies and sug-
o

gests that the breakdown does not occur by the rupture of the main-

T('C) uo (k.l moll l) yF (m2 mor-l) Y; (*2) x ro2r

0

10

20 Lo 40

I8.2
15.3

LL.4

866

I912

2870

I.4I
3.19

4.78
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chain but rather by the rupture of intermolecular secondary bonds.

The temperature dependence of the activatíon energy also suggests

the breakdown mechanism is governed by viscous flow processes (121).

The magnitude of Uo is five to ten times smaller than that reported

by Atkins et al. (L27\ and Marshall et aI. (27) for the stable

crack propagation of PMMA (v < IO r m "..-l¡ in air.

Furthermore, the magnitude of Y" for the cracking of PMI4A

in methanol is larger by two decades (Table 5.7) than the Y" for

the cracking of PMMA in air (Yf = 8.9 x 1023 mz) (L27), and for

the cracking of polystyrene and glass-fi11ed polystyrene (YU,

I x IO-23 to 6 x IO-23 m2) (128). According to Zhurkov (26) , the

YF t"t yi) describes the strength of solids and is senstive to the

molecular orientation of the solids. Zhurkov believed that Ya

was inversely proportional- to the fracture resistance of materials.

In this sense, the Y, values obviously suggests that PMMA is more

prone to cracking in methanol than in air. This prediction can

also be observed in 1og Kc vs. Iog v diagram where values of K" in

methanol- cracking are always lower than K^ in air cracking at a

given crack velocity, v.

Howeverr Zhurkovts suggestion lacks theoretical background

and molecular significance. On the other hand, Kies and Clark (126)

suggested that

yF = ßx2 (s.60)

where ß = the fraction of the fracture energy required in breaking

bonds to create surfaces and À = the spacing distance for the inter-

molecular bond (À = 0.7 nm). As defined in Chapter 2, the energy

release rate at fracture, Gc, is twice the totaf of the plastic

deformation energy, \cz and the surface energyr Yct, that is

G=2yc 'c
2(Ycr * \"r)
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2y

therefore

and $.

egual to

ct

Evaluation of the product G"ß reguires calculation of c

The values of B can be calcuLated from Eq.5.60 and G^ is

K2/E where K" is the

K. in the sloping Part of the

average value obtained from values of

log K_ vs. los v diagram (Fi9.5.32) .

The results are shown in table 5.8

TABLE 5.8: Values of G g and G"ßc'

T("C) Gc
(,ln-2 ¡ ßxlo3 ""ß 

(,rm-2 ¡ (cc-ccß) (¡n-2)

0

t0
20 Eo 40

30

T4

11

2.94

6.5r
9.75

0. 075

0.091

0. 107

29.92

13.91

10.88

The G ß values are around O.O9 ,fm-2 and are of the order
c

of magnitude of the surface energy of PMMA,/methanol (2\ct = 0.04

Jm-2) (I2g). This agreement suggests that the van der llaals bonds

are broken to create the new surface rather than by mainchain rup-

ture. The remaining energy, i.e. the difference between G. and

G.ß, is expended by plastic deformation and void formation. com-

paring with atkins et al.'s data in air (L27), the remaining energy

of the fracture process in methanol is over ten times smal-ler and

suggests that there is less craze formation in the presence of

methanol than in air. on the other hand, as shown in Table 5.8,

the remaining energy (cc - Gcß) decreases with increasing tempera-

ture, i.e. less craze matter is formed at el-evated. temperature.

Consequently, Iess energy is absorbed by the craze and the material

becomes more vulnerable when exposed to stress.
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From fracture mechanics, Kc can be expressed by

Ecy

gives

Kc ,G (5.221

(s.6r)

Substituting Eq.5.22 ínbo Eq.5.59

nt Î,n þ
V

uo - Y' Æ"1, *"

Because the yield strain t €--t is independ.ent of strain
v

rate, if the COD, ur, is assumed to be constant at a given tempera-

ture then the product u^E-- is also a constant. Thus, plot nt.Q,ncy

vo./v vs. K. will give a straight line with the intersection Uo and

slope -yF 4{ (Fig.5.36). values of uo and Æ& are shown in

Tab1e 5.9.

TABLE 5'.9: Calculated values of E and uo from 8q.5.61

T( oC)
YP

s/2(m

tEcey
L

(m't) ¡ro (k,tmoI- l) gro (kJmol- l)

(from Eq.5.59)

0

10

20 to 40

9.75 x 10

11.24 x I0
II.45 x 10

-2

-2

-2

1.12 x 10

5.88 x I0
4.0O x l0

-l+

-5
25.8

19.I
14.3

L8.2

15 .3

11.4

The U^ val-ues determined from Eq.5.6l are approximately
o

2Ot larger than those determined by Eq.5.Sg. AlÈhough these values

can be considered reasonably close to each other, the larger values

of Uo from Eq.5.6f point to an obvious inadequacy of a constant COD

assumption.

In air, I{illiams (97) estimated. the value of u" to be

2.56 x 1O-5 m and e, to be 0.035 in the range of crack velocity

lO-Smsec-'S., S 10 t* sec-l so that /v-e--:3.0 x IO-u m%. It is'cy

plausible that the corresponainS {Ç in methanol (rable 5.9) is

smaller than in air. The result is either uc or ey or both decrease

in magnitude when the polymer is immersed in methanol.
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The above analysis based on the Zhurkov modified Rhee-

Eyring toughness-biased expression has provided useful information

on the activation energy, uo. Howevetr¡ the application of this

expression to the experimental data did not yield reliable values

tor fiJ- because the assumption of a constant u" at a particular(.;y

temperature vras not justified. Hitherto, it has been believed that

the COD, usr for the cracking in air is a constant independent of

Kçr but the recent work of Israel et aI. (I1O) has suggested that

the COD for air cracking increases with K. and reaches a limit at

K" = I ¡ry m-3/2. The magnitude of K. may have the same,effect on

the coD of the methanol cracking as in air, and the possible K.

dependence of the values of u. in meÈhanol will be d,iscussed from

the LEFlvl viewpoint in the following Section-

5.4.7 .2 Tempera ture DePe ndence of Crack Propagation from

the Fracture Mechanics viewPoint

The deficiency in the analysis of experimental data using

the Zhurkov theory (Section 5.4.7.I) can be overcome by employing
I

LEFM concepts. At the crack tip, the critical crazing stress, 6c,

(Oc = Eey) is responsible for the load-carrying capacity of the

material. In an aggressive environment, the craze at the tip,

because of its porous nature, allows the fluid to diffuse through

and eventually plasticize the craze fibrils. This process creates

a drop in the critical stress from the value in air O. to ClO. I

$/here q, is the red.uction factor for plasticization and cx, < I (33).

Because the bulk modulus E ís not influenced by the environment,

the drop of the critical stress to CLO. is equivalent to the drop of

the yield strain from the value in air ey to cÌey. In air, the SIF,

K ís qiven byc'

K = /"e E $.22)c cy
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In the aggressive environment, K. becomes

K" = ñ"." E 'E F.62)

where u- and e are the cOD and the yield strain in air, respectivelycc
(33). The reduction factof,r or can be calculated by Èaking the ratio

of K. in air and K. in methanol at a given velocity.

Young and Beautmont (105) suggested that the value of

r@ in air is insensitive to temperature and therefore the reduc-

tion factor, q,, can be evaluated from

KArR (F2o'C)
c E (T=20oC)

KM"oH (T) ue Ecy (r)

or
K (T=20oC) g (T=20oC)

AIR (s.63)*¡0.o" (T) E (r) {a

The LHS of 8q.5.63 can be evaluated from experimental

data at a particular velocity (Fig.5.37). For example, at v = 3.16

x IO-q msec t (tog v =-3.5), toglKarn(T=20"c)/*r"o"(a=ooc) f = o.47,

from Witliams' data (g7) þ(f=2OoC) = 3.5 GNm-2 and E(T=OoC) : 4 GNm 2

Thus ct is cafculated to be 0.090. Using the same method of calcula-

tion, the values of ct at various temperatures are l-isted in Tab1e

5.r0.

TABLE 5.fO: Effect of temperature of the reduction factor, G,

at v = 3,16x10-a msec I (1og v.=-3.5)

T("C) rog (Kar/**.o") 1os IE ( r=2 0) /E (r) ] ct CT

(from
Zhurkovts
theory. )

0

10

20

30 to 40

o.41

0.70

0 .85

1.00

0.06

0.03

0

-0.04

0.090

0.035

0.020

0.012

0.I3
0.03

0.03

0.03
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Also listed in Table 5.I0 are the values of cr based on

Zhurkov's theory, calculated as the ratio of /ul{ in methanolcy
(Table 5.9) and in air. As seen in Table 5.10, calculated values

from zhurkovts theory are in reasonable agreement with those from

LEFM theory. However, while the values of ct from Zhurkov's theory

remain constant from IOoC to 40oC, the values calculated by the LEFM

show a systematic decrease with increasing temperature. Obviously,

this indicates that as the temperature increases more methanol is

absorbed (the volume fraction of absorbed methanol increases from

0.15 to 0.33 as temperature increases from OoC to 40oC (60)) and

the more plasticization will occur at the crack tip. As already

mentionedr o is,also the reduction factor of the yield strain,

therefore the yield strain is reduced wíth increasing absorbed sol-

vent. The effect of solvent on the reduction in yield strain was

confirmed by Kamei and onogi's experiments on the mixture of poly-

styrene and solvent at various ratios (78).

The vafues of o,, for example at T = 20oC, can be obtained

directJ-y from experiment by measuring the yield stress of methanol

equitibrated Ll49ü at 20oC. The yield stress' which is the crazíng

stress it *-"ro=copic sense r câD be d.etermined by simple tensile

test wiÈh a "dog-bone" shape specimen. Because the magnitude of the

yield stress is dependent on the strain rate, the measurements were

made at predetermined rate of movement of the machine crosshead.

This rate was chosen in the range of 50 cm sec I to 20 cm s"c- I so

that the average strain rate, F, would be of the order of l-O- I to

1O-2 "."-t*. The tensile tests of methanol equilibrated LIM at the

velocities of crosshead travel will give an approximation of the

* ã was calculated by ti = 9.,n(9./9,o)/Lt-, where [o= original length of
2cm, .0 = f inal length and At = 60 sec.
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stretching of craze fibrils when the crack tip propagates at the

velocities lO-qmse.- I S v { 1O-3 msec I lcorresponding to the

strain rate of the fíbril 10 I "".-r 
< e < IO 2 se"-l from 8q.5.25).

The yield stress was determined to be I.7 MNm z and 3.1 MNm 2 at

crosshead velocities of 20 cm sec I and 50 cm ".c-1, respectively.

The value of o in air was reported. to be 65 ¡Nm-2 (1OO), thereforec

experimental values of o, vary from 0.026 to 0.047 compared with the

theoretical value of 0.020 (Tabl-e 5.I0), confirming the reasonable

magnitude of calculated vafue of q, at T = 2ooc.

The decrease in fracture toughness in environmental stress-

cracking is attributed not only by a d.rop in O. but also by a reduc-

tion in u_. The reduction factor, ct, therefore is contributed byc,
the reduction of the crazing stress and the COD. Values of cL as

shovrn by experimental data decrease with the front tip velocitli.

For example, at T = 20oC we obtain

q = o. o2o at 10g (v,/msec- 1) = -l . 5 (K"=0. rrz ¡o¡*-3/2)

and. 0 = o. oo8 at 10g (v,/msec- r) - -4 .5 (K.=o. o68N¡en-3/2)

Obviously, the smaller value of cr : O.OO8 at log(v,/msec-l)

- -4.5 compared with o = O.O2O at log(vrlnsec-l) = -1 .5 indicate that

the reduction factort a,t originates from two facto the COD and

the crazing stress (the yield strain). In brief, in air cracking,

the product of the COD and the yield strain is expressed by

t"ty

and in methanol cracking,

(orru") (oreo)

or

0= dc[eu
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= the yield strain reduction factor

= the COD reduction factor.

where cI
e

CIu

and

The results for other temperatures are listed. in Table 5.11.

TABLE 5.I1: Effect of temperature on the reduction factors o,,

oe, oo and the craze length, À, at v=3.t4xlO-s

msec (logr v = -4.5)

T( oC) 0=0e0u
*

ct
e

q,
u u" (Um) ilg; r,,"r

0

t0
20

30 to 40

0.090

o.o22

0.008

0. 005

0. o90

0. o35

o.020

o.oT2

I
0.63

o.4L

0.43

2.56

1.61

1.05

1 .10

320

600

590

102 0

* From Table 5.10 where c! = 0e

** [ = 28 um in air (97)

The above results have- shown the temperature dependence

of q, is similar to that of o^. In other words, the effect of-u e

plasticization gives a smafler COD with increasing amount of solvent

uptake at the crack tip (í.e. increasing temperature). At T = IOoC

the CoD still remains unchanged (or, = 1), whereas at T = 20 to 40oC

the COD reduces to less than haLf value at 1og(v,/msec-l¡ = -3.5.

The effect of the SIF, Kc, on the magnitude of the COD,

ü"r ênd the craze length, À, at a constant temperature can be seen

ín Table 5.r2.

The relationship of K. vs. uc shows a straight line on a

log-1og plot (Fig.5.38) a¡¡d was found, that

uc 56.4 Kl'3s (um)

(um)

c

c c

(fl0) found this rel-ationship for air cracking

2.t\

t

15.9 K

at T = 20oC

at T = 10"Cu

whereas Israel et af.

to be
UcKc c
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TABLE 5.L22 Effect of the SIF, Kc, on the reduction factors o,

Oe, 0r, and the craze length, Â, aÈ T=20oC.

K" (lAlm-3/2
) ct

uc[=cx
e

0 0
u

u (w)
^ 

(um)

0. 1I2

0. 100

0.079

0.063

0.050

0.020

o. 017

0.0r4
0. 009

o. o07

o.o2

o.o2

o.o2

o -o2

o.o2

I
0 .87

0.69

o.46

0.34

2.56

2.23

L.17

L.I4
0 .87

143 6

L250

993

662

488

The temperature and the SIF, Kc, dependence of the craze

Iength shown in Tables 5.1-1 and 5.12 reveal an interesting observa-

tion that the craze length increases with increasing temperature

and SIF, K . The results can be understood in terms of the diffu--c

sion rate of methanol at various temperatures and stress at the

crack tip. This probtem wiII be discussed in the next Sectíon.

5.4.7.3 Effects of Temperature and the SII' , on the

Diffusion Behaviour of Methanol.

The basic factor which governs the plasticization and frac-

ture mechanism in the aggressive environment is the diffusion of

solvent molecules into butk material at the crack tip. The plasti-

cization of the crack tip of low MW PMMA is the only reason for a

rapid crack propagation at low SIF, K., compared with the air crack-

ing at the same velocity (Fis.s.37). Afso, the faster diffusion

rate at higher temperature results in the higher Iimiting velocity

ro (FiS. 5 .32) .

According to the mechanism suggested by Brown and co-workers

(130-132), the penetrant acts as a wed.ge to open'the crack by jumping

a distance J into a cavity srnal-ler than itself 
- 

the cavity then

expands under stress. This is an early stage of the craze nucleaÈion

and they have concluded that the rate of diffusion of penetrant into

I

ù-

I

I

t

t
f

I

i
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the bulk material determines the velocity of crack propagation. Thus,

( s .64)v= AD
,f

,ì

I

ù-

¡

t
ri

,
i,

I

I

i

where A = related to the surface coverage varies from zero to unity

D = the diffusion coefficient

J = the jump distance of a liquid molecule.

Because methanol wets PMMA completely, A is assumed to be unity

representing full surface coverage of methanol on the PMMA surface

(133), so that

(s.6s)

Thus, Eq.5.56 can be rewritten as

Yio. - uo

RT

and

vo
(s.67)

Dv= J

Do
v = T"*p (s.66)

Do

J

T

À,

fl

where

factor

Yi = Yro",

(130).

the activation volume and D = the pre-exponential
o

Brown (130) has suggested. that the jump distancer Jr can

be estimated from the activation volume, where the product of J and

the molecular cross-sectional- area of the liquid mol-ecul-e equals the

activatíon volume. The mol-ecular cross-sectional area calculated

from

molecular cross-sectional area
(mo1ar volume)

NO. (lenSth of the molecule)

is 0.2O9 nr# for methanol and. therefore the diffusion coefficient at

zero stress can be calculated from

D (Oc=O) Do exp - l""l
l*rJ

(s.68)

The calculated results are listed in Tabl-e 5.13, together with
I

values of Yr and J at various temperatures. As previously stated,

the COD, uc, was assumed to have the val-ue in air of 2.56 }-[n. Values
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of yF and Uo were the results discussed in Section 5.4.7.1 (tabl-e 5.9).

TABLE 5.13: Estimation of the diffusion coefficient at zero

stress (oc=O) from solvent-cracking data of LMrl .

T(oc) Yu (m2 ) xro2l vr=vru. (m3 ) xro27 J (nm) Do (cm2 ru.- r¡ D (cm2 ru.- r)

0

IO

20

40

T.4L

3.19

4.78

4.18

3 .6r
8.I7

L2.24

12.24

17 .3

39. t
58.6

58 .6

4.3x10

2.7xlO

5 .9x10

1.0x10

-8

-7

-7

b

1.3xI0
4. IxI0
5 .3x10

1.2x10

-u
-10

-9

-8

The calculated values of the diffusion coefficient, D¡

obtained from data for methanol stress-cracking of Ll"M and listed

in Table 5.13 increase with temperature. The calculated val-ues

show excellent agreement with experimentaf data. For example, D

has experimental values in the order of 10 10.*' 
".c- 

t at T=2O.C

(section 4.3.L, Table 4.1) and of 1O-8 cm2 ""c-l aL F.42oC (66),

compared with the calculated values of 5.3xIO-9 .m2 ".c-l and

1.2xIO 8 .*2 "..-l 
(table 5.13), respectively, obtained from data

for methanol stress-cracking of LMW.

In Section 5.4.7.I, the magnitude and temperature depen-

dence of Uo suggests that the breakdown process is governed by a

viscous flow process where secondary bond. rupture occurs. Now, the

agreement between the experimental values of D and the values of D

calculated by Eq.5.65, reveaf the other important point that the

rate of solvent diffusion into bulk polymer is the basic factor con-

trolling the breakdown mechanism (¡q.5 .66) .

Furthermore, the enhancement by stress of the diffusion

coefficient D can be estimated from

r

I

I

I

tt

-uo* Yr ß2c/E)
DoD= exp

RT
(s.68)
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The effect of the SIF, Kc on the magnitude of D in methanol- at F20oC

is shown in Table 5.I4.

TABLE 5.14: The effect of K on the diffusion coefficientc

at T = 2OoC.

The results clearly indicate a strong K" dependence of

the diffusion coefficient, D. The value of D increased two decades

from 5.3x10 e .*2 "."-l to 3.6x10-7

from O to O. ttz twm-3/2.

"*' "ua-l when K increased

The diffusion coefficient, D, and the craze length, A,

have the simiLar dependence on the temperature and the SIF, a" 
-they both increase with increasing temperature or Kc. This similar-

ity confirms the role of the diffusion rate of so1vent into bulk

material at the crack tip as the controlling factor in environment

cracking mechanism. That is, the enhancement of the diffusion

coefficient by temperature or by Kc will- Iead to an increase in the

size of plasticized zone, namely an increase in the craze length, A.

K. (MNm-3/2
) or, ¡ (nm) Do (cm2sec- r 

) D (cm2sec- I 
)

0.1r2

0.100

o.o79

0.063

0.05

0

I I7.3
0.87 15

0.069 rI. 9

0.46 7 .9

o,34 5. 9

( rable

5.9x10 7

5. txIO 7

q.OxtO-?

2.7xIO-7
2. OxIO 7

5.13 r )

3.6x10 7

1.3x10 7

3. OxlO I

9.2x1o s

4.2xLO s

5.3x10 s
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5 .4 .7 .4 Analy sis based on wil-Iiams-Marshall (I,JM) theory.

The WM theory developed from the LEFM has provided ex-

pressions for the time dependence of viscoefastic deformation at the

crack tip (chapter 2, Eqs.2.32-2.35). The values of m and n in

gqs.2.32, 2.33 are important factors for a quantitative understan-

ding of the deformation process. In air, m and n were found to be

approximaÈely 0.1. The environment, n remains unchanged because

viscoelastic effects of bufk materiaf embodied in modulus E are not

affected, but the value of m will increase by plasticization of the

crack tip. Before embarking on the calculation of m, however, it

is necéssary to determine if the !{M theory for relaxatíon control-led

crack growth is applicabte to the present experimental data. To

this end, it requires to justify the assumption for the crack growth

L/-C = v/L (8q.2.30) from experimental data in air and in methanol.

(a) The time scale, T, of cracking in air and. -i.n methanol

As shown in Figs.5.39a,b and in Fig.5.40 for air and meth-

anol cracking, the crack velocity, v, can be related to time, t,

by

v (s.6e)

v¡here va and 0 are constants. Substituting 8q.5.69 into F'q.2.29,

we obtain

rCItt

r v ( u ì_¿l_tr ^ l.".J
-L/ç¿
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Fig.5 . 39a Plot of log v vs. 1og t of cracking
in air (T=20oC) for narrow MrlD PMMA,

Ala (M", = 450,000, e ) , A2a (M, =

120,000,O), A7 (M" = 7I'000,4)
and Aa (M, = 311000, a) . The

slope f) is -1.
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Plot of 1og v vs. log t of cracking
in air (T:20'C) for commeïcial PMMA,'

HMW (A,Y,T), MMVù (A,V,O) ANd

LMI{ ( O, O ) . The slope f) is -1.
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Plot of log v vs. 1og t of crackíng
in methanol for L¡M (T=2OoC) . ófr"

slope Q is -1.5. Symbols represent
various initial SIF, K..



ï
Oo
Ø

E

\-/

o)
o

-2

^-3

4

5

-6
431 2

log(tzsec)

T-20b
vV

Y¡V ô w
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At 2OoC in air, the following values were obtained

o -1

A 28 Um

and 4.5xI0-3' *"".-l

Substitutíng these values into 8q.5.70 gives

1ì
ÇJ

frt-t-.
[2.8xr0 "

I

+

[*
I =v
T

r86

+

- ( r,zQ+l) Ivl
vr-L/n )

2.8x10-s

(s.70)

(s.71)

-tt

+

ti
I =v
T

=v
4 .Sxl-O- 3

At 2OoC in methanol, the following values were obtained

for the sloping part of 1o9 K" vs. log v curve

-1.5o

A

^

488 ym (at v = 6x1O-6 *"".-t¡

1250 ¡-rm (at v = 3.16x10-f *"..-l¡

O.10 msec-rand vt

I =v
T

I
4.88xIO h

v

4.88xtO-a

That is

+II (5 .7 2a)
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I
I.25x1O 3

+3 =v
l.25x1O-3

I =v
T

(s .7 2b)

forv=3.16x10-*msec-l

The second term on the RHS of 5.72arb can be neglected

with an error of fess than 0.6? and therefore Will-iams and l,larshall 's

formulae of stress-cracking (Eqs.2.34,2.35) are applicable for the

analysis of experimental data of the crack propagation in methanol

(restricted to the sloping part of log Kc vs. log v curve) and in

air.

(b) Estimation of the time factor, m, of the crazíng

stress

The experimental time factor, m, can be determined from

F.q.2.35. This equation can be rewritten in the following form

- (m-n) /2 (I-m+n)
. K" = cv'-'- (5.73)

where

c F]

(m+n) /2 (l-m+n) (1-2m) /2 (L-m+n) (1+2n) /2(I-m+n)
o(u"Eo)

c

The relaxation of the load with time during the fracture

test in methanol has the following form (Fig.5.41)

P o t-o's

Converting P into K" by using Kc = AgP (en is geometrical factor of

specimen), the relaxation of K_ with time at 20oC is expressed by

K 0.25t- 0'30 ¡0{m-3,/2 (s.74)

Also, the CODI u"r is a function of K. (fable 5.L2) and a graphical

plot indicates a relationship of the form (FiS.5.3g).

K" 0.055 u MNm
0-72

c

or

cu 56.4 Kl'3e Ì-tm

-3/2 (a=20oC) (s.7s)
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Relaxation of the load P with time

at two different initial P, for the
cracking of LIM in methanol. The

slope is -0.3.
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Combining Eqs.5.74 and 5.75 gives

uc 8.32 l--o¿+2 um (s .76)

Substituting 8q.5.76 into Eq.5.73, we obtain

Cv (m+n) /2(I-m+n) -l-t

or Kti = 
".r(m+n)/2(r-m+n)c (s.77)

where i = O.42 (1-2m)/2(l-m+n). this equation indicates that because

of the factor t-i, the slope part of the 1og K" vs. tog v curve is

not a straight line as expected. However, plot of log (K.ti) vs.

log v would give a linear relationship with the slope of (m+n)/2(t-m+n).

The time factor, m' for o" can be calculated by the follow-

ing method. Fiçstly, using a trial value of m (n = 0.1), a plot of
1log (r_tt¡ vs. log v can be drawn (ES.5.77). The value of the slope

(m+n) /2(L-m+n), found from the straight line of 1og (r.ti) vs. tog v

can be used to calculate the value of m. The correct value of m is

the value where trial m value is equal or close to calculated m.

The suitabte trial value of m for.åc}< propagation at 2OoC

is 0.1-8 and this value gives a slope of 0.I4 (FiS.5.42). The calcu-

lated value of m from (m+n)/2(I-m+n) = 0.14, is found to be 0.16.

Hence, it is reasonable to accept 0.18 as the value of m at 20"C.

This trial method. is sensitive to the chosen trial value, for exam-

ple, if m is arbitrarily chosen at 0.3r Èhen the calculated value

will become 0.2.

At .FlOoC, using the following data

0.35 t-o¿s l"[,Im
-3/2

-3/2

Kc

Kc

K

u

0.063 uc

5 . 55 t- 0.2s

MNm

and umc,

m v¡as determined to be 0.15 by the trial method.

The increase in the value of m with temperature (higher

solvent uptake) implies that the stress will reLax more rapidly
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with higher degrees of plasticization. .

(c) The nature of the limiting crack velocity,

of temperature and l"lW

As stated in Chaptetr 2, except for the fracture process in

inorganic glassr the transition from Region II to Region III of

environmental stress cracking (Fig.2.6) has not previously been ex-

perimentally confirmed for polymers. Neverthel-ess, it is observed

in Fig.5.43 that there exists a connection between the vertícal part

of tog K_ vs. log v curve in methanol and the 1og K- vs. loq v straight-- --J --c

Iíne in air (cf. Fig.2.6). To confirm the transition from Region Ir

to Region III (Region fII corresponds to log K" vs. 1og v curve in

air) requires geometry other than DT geometry. this geometry yields

undesirable multicracks at high K" in methanol.

$filliams and Marshall (f7) suggested that the cracking

mechanism in Region fI is governed by d'Arcyrs law that describes

the liquid flow in a porous system. It is of interest to determine

if the J-imiting velocityr vor obeys the d'Arcy's 1aw. If this law

is obeyed, vo is given by

(s .78)

where the pore area, A, is expressed by

tå:]

Effect

(2.4L)

( s .7e)

A
2\vo

P
A

A=cu c

ð,Plet dr

where P= the pressure at the front tip. Eq.5.78 becomes

substituting A= It'8e
v

vo

(Eq.2.28)

cuc
v

o I2t) Tuc

v becomeso

cucP
i2n ¡'

into Eq .5.79,

:b
(5. B0)

The first term on the RHS of Eq.s.go can be considered as a constant,
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because c, P are constants and the viscosity, ì'l , of methanol does

not show a large change in the range of the temperature OoC S T S 40oC.

Therefore vo dePends only on the yield strain, €y. Unfortunately,

the theoretical value of vo expressed by d'Arcy's Law (8q.5.78)

introduces a contradiction with the experimental data. From the

cracking data of Ll4!,1 in methanolr vo increases with temperature

whereas dtArcyts faw predict a decreasing vo due to the decrease in

e-- with temperature (higher degree of plasticization).
v

' Consequently, in contrast to Williams and Marshallrs

viewpoint, the evidence from this work suggests that the limiting

velocity, vor is governed by the diffusion of liquid into bulk

maÈerial at the crack tip rather than by the flow of liquid through

the dry craze porous sYstem.

It is observed. from the plot of the limiting velocityr vo

versus temperature, that a linear relationship exists over a range

of temperature from O to 40oC (Fig.5.44). However, this limiting

velocity cannot be simply expressed as vo = ÀkT,/h (eS.5.54c) . This

expression predicÈs successfully the limiting velocity in air by

considering the bond rupture occurring in one vibration of the bond

(frequency = kT,/h). At room temperature, the bond frequency is

approximately tO 13 cycles per second and the bond length is of the

order of LO lo *, so that vo = 103 *t."-l for most solids (26) . It

has been established by Zhurkov's group that it is chemical, or

primary bonds that break under stress in the failure mechanism in

air of polymers. However, from the magnitude of the activation

energy calculated previously, the breaking of intermolecufar bonds

must be the main mechanism of the breakdown process in methanol. In

other words, chain molecules rearrange their molecular conformation

to slip past one another under stress. In this case the rel-axation

of chain molecules caused by the molecul-ar rearrangement plays an

important role in the determination of the limiting velocity. In
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more simple terms, a period of time of the order of the relaxation

time, Trr is required to break an intermolecul-ar bond, that is

vo T
(s .8r)

t̂

The relaxation timer Trr can be written in the following general

form

h

ieJT exp (s.82)
t KT

where U, = the potential energy of the rel-axation process (134-135) 
'

and can be assumed as the sum of the activation energy of the floW

process, Uo, a¡d the barrier energy, Ubrof the chain rearrangement.

To fit the experimental values of vo ( tO-t to I0- r msec- l¡ , the

potential energy U, must be in the range of 10 kT < Ur < 100 kT

(i.e. 25 kJ mol-l . ur. 250 kJ mol-l at T = 3OO K), so that the

relaxation time, Tr, required to break the intermolecular bond of

spacing distance À = IO l0 m has the magnitude of 1O-7 to lO-s sec

(Eq.s .82) .

The ¡4Vi¡ dependence of vo is another factor to support the

relationship between vo and, T, (Bq.S.8I). rt was found that (FiS.

s .4s)

v_ = to u M-3 (5.g3)
o

and therefore

IO-21 M3 (s.84)Tt

The dependence on lvl!{ of 'r, is similar to that of maximum rel-axation

time, T*r of glassy polymers such as polystyrene (136) and

poly(o-methystyrene) (137), that is

T o ¡f3'4
m

Although the above argument does not give a rigorous

theoretical analysis of the nature of the limiting velocity' this

I

I

I

I'
I

t
t
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semi-quantitative treatment may initiate alternative thinking

rather than the drArcy's law in improving the understanding of the

limiting velocity in solvent stress-cracking-

5 .4. I Crazing Behaviour of Hiqh Molecular Weight and

Medium Molecular We iqht Poly(methy Imethacrvlate )in

uéthanol ime I and Transition r_me

As mentioned in Section 5.4.6, one of the aspects which

distinguishes craze from crack behaviour is the dependence of the

initial SIF, Ki, of the log K. vs. log v stress-crazing curves.

Further to this observation, the initial sIF, Ki, and, the initial

velocity, vrr in the log Kc vs. Iog v diagram of stress-crazing have

a linear relationship on a lo9-1og plot with the slope of 0.5, i.e.

Ki o l,rioo (Figs.5.30 and 5.3f). Another characteristic of the

1o9 K" vs. 1og v relationship shown in these Figures is that the

slope of log K" vs. log v straight line was observed to be unchanged

at variou= Ki. The Ki índependence of the slope will be clarified

in Section 5 . 4. 8. 1 .

The application of WM theory to craze growth needs justi-

fication, because the derivation of the WM theory is concerned with

a crack with a small craze zone at the tip. To extend the theory

to long crazes, a model for long craze growth is proposed and a

theory based on the modef is developed. The absorbed energy by

ctaze matter and the COD, u., of the craze will be calculated by

the developed theory, Section 5.4.6.2.

The relationship of K, and v. (Ki o tio't ) at the craze

initiation step, the time dependence of the crazing stress and the

coD, and the craze propagation step (post-initiation step) will

be discussed in the framework of the VIM theory to give further

insight into the crazíng behaviour of PMMA in methanol, section

5.4.8.3.

)
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5.4.8.1 The Relationship between the Slope of loq vs.

loq v Straiqh t line and the lnitial SIF, K
a

It was found from experiments that the compliance y/e and

the craze (or crack) length, a, for the major part of crack propa-

gation or cra'ze growth has a linear relationship

= Ba+C (s.8s)

where a ís craze (or crack) Iength, B and C are constants. niffer-

entiating the above equation wíth respect to t, we have

Bv (s .86)

Again, differentiating 8q.5.86 with respect to t

dvn* dr

L
P

dPl
-tdrJ

v
P2

"]= ¡[ P + it

dv
dP

B

d

v
2

P

v

P 2
i ts(t)12

H(t) = B

+

dP

dg (t)
dt

ð,2P

*ã

t:22y ldPi* [u.J

apì
-tdrJ

(s .87 )

Dividing both sides by dPrldt, we have

J- --a-dt2'P
d2p 2

[å'.]"1 (s.88)
P dP/ð,r

The relaxation of the applied load, P' during crack or

ctaze propagation can be expressed in the fortn

p = p. S(r) (5.99)

Where P, is the initial applied l-oad corresponding to Kt and g (t) is

a function of tíme. Combining fqs.5.88 and 5.89 gives

dv

r

2

ds (t)
dtwhere H(t) noting that

(s . eo)
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dv = vd (Lnv)

dp = Pd (lnp)

dv
dPor v d .0n v

Pd (!nr¡
8q.5.90 may be rewritten in the form

¿ {¡11t¡

8q.5.t5, ÞI is described by
I

v
Pi = Bai+C

where a, = initial crack length.

The load P is related with K. by

K = AP'c I

Substituting Eqs. 5.93 and 5.20 into 8q.5.92, we obtain

and

or

(s . el)

(s.e2)

(5.e3)

(s.20)

(5.e4)
dIo9r"_
dlogv

B v g(t)
(Bai + C) H(t)

It is appropriate now to investigate the nature of the

function S(t). The time function g(t) can be assumed to be

9(t) = t-q (s.95)

From experimental observation, v decreases with time, that

ir åË 
< o and using Eq.5.90, we have

H(r) < 0

or

dP 2lqPj'<o (s.e6)-d. *F¡at;

Substituting Eq.5.95 into 8q.5.96, the inequality will be satisfied

only when

q<I
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This prediction is verified by the relaxation of the l-oad

P with time having the form P = Pi t-Q, and q varies from O.O8 for

Htirw to O.14 for Ml4w (FiS. 5 .46) . substituting Eq.5 .95 into Eq.5 .94

gives

1t=on 
*. = + r, t1-9 (5.97)d log v (Bai + c)(1 - S)

This equation clearly states that the slope (d log f.,/d IoS v) is

independent of Kr. This prediction is supported by a family of

parallel straight lines for craze growth of HMW and MI.'IW (Figs.5.30,

s.31) .

It is further noted that the slope is a time-dependent

function' that is

u= tln * * (r) tr-qdlogv

Therefore, over a wide range of velocities log Kc vs. Iog v curve

cannot be considered as a straight line. For example, for cracking

in air, in the range of 10-6 msec I < r, < IO l rns..-I, several

authors have found that the slope decreases with decreasing vel-ocity

(17,105).

5.4.8.2 A mod,el of Lonq Craze Growth.

In LEFI{ theory, the SfF, Kc, was determined as

(2.27)

Also from geometrical analysis, K" is expressed by

K = A_P (5 .20)cg

In crack propagation, these expressions are identical. However, for

the case of a long craze, the equality of the above equations

requires justification. A theory will be developed to re-examine

the SIF, K-r for the l-ong craze growth. The derived theoretical- K-'-c' c

wilt be compared with K" = Onn from geometrical analysis.

K2 = ou Ecc
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Relaxation of the load P with time
at two different initiaL P, for
crazing of HM!{ and Mlulrr in methanoL.

HMIII (A) ' (slope =0.08) and Mlr&rl (O)

(slope = 0.14).
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(a) Theory

The total energy release rate G, is the sum of two compo-

nents (a) the energy absorbed by craze fibrils, GA, and (b) the

energy required to propagate the crack tiPr G". That is

G. = 
"o 

* 
"n 

(5.98)

which can be represented bY

----lur'D-:
+

G"+GoG
T

Kc

The SIFI K"r cafculated by the geometrical analysis

Gr bY

xi = crr (5.9e)

AP
s

is related to

The derivation of K" is based on the ,following assumptions:

(a) For convenience, craze matter is divided into bundles

of unít area (Fig.5.47) where each bundle has experienced the same

stress history during craze growth'

(b) Craze matter is in the rubbery state.

In assumption (a), strictly speaking, the same stress

history of craze bundle requires the same strain rate. However,

according to the results from tensile test of methanol-equilibrated

HMhl, as the strain rate increases from 1O-3 sec-l to I sec I lthree

decades) , the yield stress only increases from 7 l&i m-2 to 15 ¡0{ m-2

Therefore, assumption (a) is plausible for a small range of crack

(craze) velocitíes (strain rate of craze fibrils is proportional

to crack or craze velocitiesr Eg.5.t3) over two or three decades.

The glass transition temperature of methanol-equilibrated P¡4M4, T"g,
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h ....

F.i1.5.47

a aa.aaa . .. ...3
2 I

Craze matter is divided into
bundles. Each bundle being of
hridth corresponding to a unit
along propagation direction.
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is close to room temperature (Chapter 4) and it is reasonabl-e to

assume craze matter is in rubbery state [assumption (b) ] .

Nowr the craze starts to develop by converting the bulk

material into craze bundl-e I (Ist step in Fi9.5.48). As the tip

propagates a unit length' the bulk material at the tip will convert

into craze bundle 2 and craze bundle I moves to the second step (2nd

step in Fig.5.48). Ctaze development then is a process of repeating

the stress history of the preceding craze fibril untif the front tip

is arrested. Hence the energy absorbed per unit area by the craze

matter as the tip propagates at nth step is the work expressed by

the area under the stress vs. extension curve (nth step in Fi9.5.48).

This area also represents the work done by bundle I during the time

of craze development from the fst to the nth step.

In brief, the energy absorbed by craze fibrils per unit

are, G-, at time t is equal to the work done by the first craze
A

bundle of one unit area from t=0 to t. This conclusion enables one

to estimate G, by examining the work done by the firsÈ unit of craze.
A

The work done by a unit volume of material" in rubbery state can be

expressed by

vü
À

N. Rr f (^e) (s. 100)

and (s.r01)Àe
,.

Ç

where f(Àe) is a function of extension ratio, À", Lo

Iength and .8, is the length at time t (114) .

The stress is defined bY

_ df (Àe)
N RT 

-:=-edÀ
e

is the original

(s.102)o
dwa
':-i-
d^

e

The work done by bulk material at the front tip having the

volume V and primoldial thickness do't is wo V. Therefore the energy

* Thickness of the original bulk material at the craze tip.
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absorbed by the cYaze per unit area is expressed by

G (s . r03)
A

If the stress distribution along the craze is assumed to

obey Dugdale's model, the crazing stress can be described by

Õ" = Ne RT ao (5.104)

where aO is a stress constant depending on the inherent character

of material. Eqs.5.100 and 5.103 become

we =NRT À (s.1os)
e

a
o

and G
A

Ne RT .o À. do (s.106)

The extension ratio of the first bundle of craze fibrils

is given by

^
(s.107)

that is

G
A

ñ
e

RTa u (s.108)
c

Combining Eq.5.104 and Eq.5.106 gives

G
A c

(s. roe)

The release energy rate, Gp, of the crack propagation is gíven by

Gp = ocp ucp (5.110)

where o"p i= the crazing stress at the front tip and t.p is the COD

of the crack propgation in Regime II.

. By combination of 8qs.5.98, 5.99, 5.108 ànd 5-110, we

obtain
Ñ"nt-oEr"*Eocpucp

E(oc uc + o.p t.p)

oa d!v

c=Ou

e

e

uc
do

K2c
(s. rrl)
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Ifou >>ocp ucp, then the SIFr K" calculated by geometrical analysiscc
AP

s
becomesKc

K2c = EO u (s. 112)

(5. I13a)

(s.1r3b)

cc

Gou

Conseguently, the application of LEFM to long craze growth

is justified when the range of propagating velocities is small (ran-

ging from 2 Eo 3 decades). Vliltiams and Marshall (17) have noted

that for a long craze where the ratio of craze length and. crack

length is about ten; the use of K. = o.o. E leads to only a factor

of 2 ín error.

As discussed in Section 5.4.3, the CoDr u", is a function

of l4W expressed by

N
e

uc u +u (-)cr c
N (-)

e

For Mv¡ > 80,000, u can be approximated as
c

N
eu=u (-)

c c

Ne Eou

ñ" {-)

Hencer Eg. 5.IL2 becomes

Kc
æ)

cc

e
a

o Euc
(-) (s. r14)

N (-)
e

where R, Tt aor E and u"(-) are constants.

As mentioned in Section 5.4.2, the crazing stress, ac, in

ainis independent of MId down to values approaching the critical MW,

Mc. However, Eg.5.104 has shown that the crazing stress o. in the

presence of methanol depends on the entanglement density, Ñe, i.e

on the MW. Because the crazing stress corresponds to the yield

stress in a tensile test for a good approximation, the ItfV{ dependence

(-)N

2

e

N

of Õ ^ can be understood by the yield stress of methanol equilibratedc
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PMIvIA samples. For example, at the same strain rate (-lO-4 
"""-l¡,

the tensile testing of methanol equilibrated HIM and LIII,V at 20oC

gave the yield stress of 15 $O{m-2 and 2 ì/t'lm-2 for HMhf and Llvllrl ,

respectively. Similar to the crazing stress, ac, Eq.5-ll4 showed

thaÈ the SIF, Kc, is linearly proporÈiona1 to the entanglement

density, Ñ.. Comparison of the calculated values and theoretical

values of K. (fq.S.lf4) will be discussed in terms of the absorbed

energy, GA' in Part (b) of this Section.

The effect of temperature on the yield stress and on the

SIF can be attributed to the same effect on the entanglement densíty,

Ñ . AÈ hiqher temperatures, more methanol is absorbed to plasticize
e

the crack tip and this leads to a reduction in the entanglement
,

density. Andrews et aI. (60) reported a decrease in the yield stress

with increasing temperature. Also, the transition of crazing behaviour

at T = OoC to cracking behaviour at T = 40oC in medium MVit MW (FiS.5.33)

inplies that at T = 4OoC the entanglement density Ñ. reduces to zero

due to heavy plasticization at the crack típ.

(b) APP1ication:

The abosrbed energy, G
A , and the COD uc , of cÍaze growth

So calculate the abosrbed. energy, GA, it is necessary to

determine G, and G" (fq.S.98), that is

% = "r-Gn
The values of G, can be estimated from log Kc vs. log v diagram

because

Gr

The value of G" can be estimated from Eq.5.110 where the crazing

stress at the front tip, Ocp (f Oc by Dugdaters model), in methanol

at 2O"C was determined to be 7 ¡,tr{m-2 by Graham et al . (102) for high

MW PMMA and from tensile testing it was found that o"n I o.

= 2 ¡4Nm-2 for medium l4W (sample MMI,í). The COD of crack propagation,

2
K"

E
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ucp, in Section 5.4.7 can be used to estimate Gp. According to pre-

vious results for the u.n (rabfe 5.11) in the range of velocitÍes

lo-6 msec- I < v < 10 s *t"c- 1, the value of u can be taken as 0.87 Um,cP

that is

Gp u
cP cP

(z x 106) (0.87 x ro-6)

6.1 J m-2

for high IvIIal sample (e.9. Hutlr) and

"n
(2 x 106) (0.87 x 1o-6¡

1.7 J m 2

o

for medium MVI sample (e.9. M¡'['ü) .

The cafculated values of

TABLE 5.15

cA are listed in table 5.15

Calculated values of GO at the initial StF,

K, = 0.794 tINm-2 [B = 35OO Wm-2] .I

Sample M
w

v (msec- l) Gp (,¡m-2 ) co (,rm 2)

A3

A4

A6

A7

H¡4Vq

M}M

380, ooo

l5o, ooo

84,000

7r,500

787 , ooo

22O,OOO

6.7
L.2
3.5

xIO-6
xfO-6
xIO-7

6.2xlO-5
I.7x1O 6

9.oxIO 7

4.6x10 6

2. OxlO-6
6.5x10- 7

6.3xlO 5

6.4x10
I. lxl0

5

b

6.4xfO-6

6.1
6.1
6.1

6.r
6.1
6.1

6.1
6.1
6.r

L.7

6.1
6.r

r.7

I80
126

98

178
1I3

86

I07
72
56

L2

153
42

88
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The above calculation shows that most of the work done on

the specimen by the apptied load is absorbed by ctaze and only a

few percent of the total energy is released to propagate the tip

(Gp). Comparison of the GO of different samples at the same propa-

gating velocity has shown that hígh l,l!V samples (e.9. A3 and HMW)

have higher absorbed energy Go than that of low lM samples (e.9.

samples A7 and M¡4W). The decrease in GO with velocity is attributed

to the refaxation of O. and u" with time. This problem will be dis-

cussed in Section 5.4.8.3.

A comparison of the theoretical values (uq-S.f14) and

experimental values (Tabfe 5.15) can be made by taking the ratio

of Gols)/co(ß) of sample o and sample ß- Eq.5.II4 gives

2
cA(0)

(s.11s)
cA(ß) ñe

(ß)

The entanglement densitYr N"r in methanol can be cafculated

ñ. {o)

by

M
SC

Ne
N (-) I

e
(s.53)

- (c[) ,/c- ( ß)A¿\

Mn

where M = 38,000 for narrow ¡4[vD PMMA and M-^ = I78r000 for commercial""-- - --sc sc

PMMA (Chapter 4) in methanol at T = 20oC-

Table 5.16 shows the theoretical and experimental ratio of

absorbed energy of samples c and. $, GA(ct,)/GA(ß) .

TABLE 5.16: Theoretical and experimental values of ratio G

Sample crlSampl-e ß Theoretical values
(nq. s . r15)

Experimental values
at v = 6x1O-5 *sec- I

A4/ez

A6/A3

A7 /A3

l4¡M/H¡4Vü

o. 58

o.37

o.27

0. r1

0.90

0.60

0. 07

0.55
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Except for the ratio of absorbed energy of A7/A3, the

experimental vafues are generally higher than the theoretical. The

dífference between the two values shown in the above Table suggests

that in contrast to cracking in air, the cal-culation of the entangle-

ment density rnay not be based simply on

co) (s.s3)

Since this equation only includes the effect of the critical IrM on

the entanglement density in the equilibrium state. Rather' it is

likely that in the presence of methanof, the craze fibrils have

enhanced stretching ability (see calculation of u" in next para-

graph) and thus require longer time to reach their breaking point

compared with the craze in air. In this case, the disentanglement

process is a strongly time-dependent process in which the entangle-

ment density is not only influenced by the amount of absorbed solvent

but also by time-dependent disentanglement process under stress.

Further study on the relation of the disentanglement kinetics under

stress and the fracture toughness is necessary to provide a more

comprehensive understanding of crazing behaviour.

The COD of craze growth can be estimated by Ge = o" t"

(nq. s .109) ,

determined o

if the value of o. is known. Graham et aI. (1O2)

to be 7 ¡,ßlm 2 at the arrest of the craze. Assuming

-2) is still valíd at low velocities
c

that this value (oc 7 MNm

(v = Io 7 *"e.-l) then the CoDr u", can be estimated (Tab1e 5.17).

TABLE 5.L7 z The COD for craze growth in methanol at T = 20"C

ando =7IûrIm-2c

Sampfe M
w

v (msec- I 
) u" = co/Õ. (Um)

A3

A6

HMW

380, 000

84, O00

787 ,0O0

3.5xfO-7

6.5x1O 7

]. IxIO-6

14 .8

8.8

6.8

Ne N(e
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Compared to the COD for cracking in air (r. 2.56 Um) the

calculated values of u" for crazíng in methanol illustrate the enhanced

stretching ability of plasticized craze fibrils. ft is noticed from

the magnitude of the COD that the high ìaVü and narrow MV\¡D samples

show higher stretching abílity than the low MW and broad MhtD samples.

Another important point that must be remembered is that the above

results can be considered as the "final" value of the COD because at

v 3 10 7 msec I th" craze growth is practically arrested. Similar

to the crazing stress, the CODr u., i" I time depend.ent quantity.

The COD increases with time to reach a fínaL value when the craze

is arrested. ThÍs problen wifl be discussed in the next Section.

5.4.8.3 Analysís based on Linear Elastic Fracture

Mechanics (Williams-Marshall Theory)

Further examination and analysis of the initial SfF, Kir

dependence of the 1og f. vs. log v rel-ationship will be discussed

within the framework of the LEFM concept (VüM theory) in two parts.

The first parÈ is the analysis of the linear relationship between

log f. and v. of the craze initiation step. The time-depend.ence of

the crazing stress, the COD and the analysis of the craze propaga-

tion step (post-initial step) will be considered in the second part.

(a) FIov¡ Controlled Craze Growth Mechanism

The l-inear relatíonship between log K, and log v. of the

craze initiation step is shown by Figs.5.30, 5.31 and can be

expressed in the form of

K, o ',r9o (5. 116)1I

Will-iams and Marshall (17) argued that in the early stages

of craze growth (i.e. the initiation step), the craze mechanism will

obey a flow controlfed mechanism. Eq.2.44 expressing the theoretical

rel-ationship between v 1= vr) and K" (= Ki) can be rewritten as

I

I

I

t,

'l
t,

f'

I

I

I

ù

t'
i{i,

fl
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and the material constant' cr is defined as

c

ness.

L2v

2do

(s.117)

(s.118)

!

¡
I

¡t
I

¡,

i,

ì

I

where .C__ is the void spacing and do is the primordial craze thick-
v

The agreement between the experimental and theoretical

equations (nqs,5.116 and 5.f17) ob,,'iously suggests that the inítiation

step of craze growth obeys Williams and trîarshall's flow controlled

mechanism. Furthermore, plots of Xf vs. vi(FiS.5.49) yields straight

lines with slope of l.6x1O5 ¡4..1 
2 s m-4 and 7.5x103 ¡4N2 s m a being the

value of (I2 A î oo Eo) /P cl = Q4 L I oo Eo do) /P 9"ll for Hlult/,l and

Mt.,1¡4, respectively. The void spacing, l.rr vrâs calculated by Williams

and Marshall (L7) to be 25 nmr and this value was verified by Kambour

and Holik's work (138). Other factors (^, n, oo, no and P) are con-

stants, therefore the difference in the slope is attributed by the

primordial craze thickness, do. Kramer et al. (I39) have measured

do to be I ¡rm for high ¡4!\r PMMA in methanol . From the values of the

slope, assuming the do : I ltrn for HIIW, do of MMV'I is determined to be

47 nm. The low magrnitude of do for MI4ViI is close to the primordial

thickness of polystyrene in n-heptane (weak craze) and indicates that

the craze fibril is more susceptible to breakdown than the c1 aze

fibrils of high primordial thickness (139) .

It was also observed from the experimental data that a

larger K. is required in methanol than is required in air in the

range of velocities v > lo-s m sec-l. For example, at v = IO-sm sec-l

for sample HMIV, K, = I I,¡ì m-3/2 (1og K" = O) (Fig.5.8 ) for cracking

in air and K. = L.26 ¡nq m-3/2 (Iog K. = 0.1) for crazlng in methanol

(FiS.5.30). It would have been desirable to have more data for the

+
,Ë''

$

I

¡

¿t^
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A plot showing the relationship
between the initial- SfF, Ki, and

the initial velocity, vi. (a) HMW,
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crazllg in methanol to confirm the trend at v ) l-O-s m sec l.

Unfortunately, attempts to induce higher velocities in the DT

geometry led to the development of mufticracks. The same phenomena

was observed in a wid.e range of vel-ocities by Mai (99) for PMMA in

ethanol- and carbon tetrachloride. Re-examining Mairs data in 1og K"

vs. 1og v relationship, the graph divides into two parts of different

slope. At v < IO s m sec t the slope of log K. vs. Iog v straight

line is 0.5 and at v ) IO-5 m sec-l the slope reduces to O.O7 (FiS.

5.50). A larger K. for crazing in ethanol than for cracking in air

is observed at Iog(v/m r."-l) > -5.5. Mai attempted to relate the

Iarger K" in ethanol crazíng with void formation' but the expfanation

Iacks support (99). Using *3 = o. t" E, however, the change in slope

of lr{ai's data and the high SrF in ethanol can be clarified.

Mai's data of the log Kc vs. log v relationship (Fi9.5.50)'

in fact, corresponds to the craze initiation step of this work. The

slope of 0.5 at log(v,/m sec-l) < -5-5 irnplies that the flow controlled

mechanism is obeyed in this region. An increase in K" leads to an

increase in u- until the magnitude of u- reaches a limit where thecc
slope of the log K" vs. 1og v curve changes from 0.5 to 0.07. The

second part of the curve having slope of 0.O7 is parallel with the

Io9 K. vs. Iog v curve in air. The relationship between Kc and v

in this part of the curve which is analogous to that of cracking

in air, depends only on the modulus E(v) because o- is a constant

and u_ has reached a limiting value (105).
c

To fit Mai's data for craze growth of PMMA in ethanol, a

limiting val-ue of u. of 9o um at K = I.26 ¡o¡ m-3/2 was selected.

The theoretical log K. vs. log v curve having the slope of 0.5 for

1K.
L

< r.26 ¡os m-3l2 a¡d o.o7 for K > L.26 mq m-3/2 was drawn.
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(b) Time Dependent Crazing Stress and COD.

ReIaxa tion Controfled Craze Growth Mechanism.

fn Section 5.4.8.2, it was shown that

Go E ( s .112)

decreases with time as craze developes (Fig.5.46)

AgP), that is,

K = K_ r-q (5.119)-c o

where K^ = constant. The COD, uc, increases with time under the
o

load due to the high ability of stretching of craze fibrils,

u- = ro ak (5-r2o)
c

where time factors q and k are positive constants.

Hence, on combination of Eqs.2.32' 2-33, 5-LI2, 5.119,

5.L2O, we obtain

t k-m-nt (5.121)

that is

2q -k+m+n (s.L22)

the time factor n of modulus E is not influenced by the environment

and has the value of o.L (L7 ), whereas k, m and q are functions of

the molecular properties of polymers and the nature of environment.

According to WM theory (17), at longer times, the kinetics

of. craze growth conforms to a rel-axation controlled craze groWth

mechanism. Transition from a flow controfl-ed mechanism at shorter

times (craze initiation step) to refaxation controlled mechanism at

longer time (propagation step) can be seen in the change of the

slope of the log A vs. log t curves (FiS.5.51). Average crazíng

stress for the relaxation controfled mechanism was described as

KZ 3 ocucE

The applied load, P,

and so does the SfF, K(Kcc

OUEooo
-2q

K2o
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l-m (2.38)

(5.t.24)

Assuming that no stress singularity exists at the tip,

the craze length can be shown to be given by

(2.25)

The expression for the SIF, K2 = oc uc E, as d.iscussed in

Section 5.4.8.2, proved to be a reasonable relationship for a long

craze length, whereas E'q.2.25 is only true for a crack with small-

craze zone (Chapter 2). As a first approximation, by introducing a

correction factor, E, the craze length can be assumed to be of the

form

A (s.123)

The introduction of the correction factor, t, will be justified

later by experimental data.

Replacinq o byc- 8q.5.123 becomes

Kå

oTc^ 
= ä

,rz

oc

,ß

ãE

o. of E.q.2.38,

A

and the ctaze velocity, v, is given by

d^v dt

E å $ tr-*r'.'*c

K2
2m (1-m), Ei äo

2m (l-m)' E i O2

.2m-2q-Lt

t 2m-1 (s.12s)

Taking ínto account the rel-axation of the SIF, K (nq.S.1l-9),'c

Eq.5.125 becomes

Kå
(s.126)

o

PIot of 1og v vs. 1og t gave a simular straight line independent of

the initial SIF, K,r for commercial Hl4I/l, MMW,and, narrow lvMD PMlvlA as

predicted by Eq.5.L26 (Fi9s.5.52 a,b,c) . The slope (= 2m-2q-t)

varies from -0.75 to -0.80.

v=
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Fig.5.52 Plot of 1og v -vs. tog t for commer-

cial PMMA and narrow IvIWD PMMA.
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Taking the slope for log v vs. 1og t straight line as-0.8,

the time factor (2n-2q-L) becomes

2m-2q-L = -0.8 (5,127)

then the values of m and k can be estimated. For HltlVil , for example,

q = o.08 (FiS.5.46) and n = 0.f (L7)' m and k can be estímated from

Eqs.5.I22 anð, 5.127 to be

m = 0.18

and

k = O.I2

' Similarly, for Ml4!f (Fi9.5.46) q = 0.I4, we obtain

, * = o.24

anct

k = 0.06

These values are quite reasonable in terms of l,f¡fl dependence.

The larger m value and the smafler k value in lower M¡l PMMA (sample

MMA) reveals a more rapid relaxation of the stress due to plastici-

zation and a reduced stretching ability of craze fibrils und,er stress.

It is also noted that the slope of 1og A vs. 1og t (Fi9.5.5I) und.er

relaxation controlled. mechanism (longer times region) is of the

order of O.25. From Eqs.5.II9 and, 5.L24, the craze length. , and

time are related by

a * ,2m-2q (5.128)

SubsÈituting the calculated val-ues of m and q into

(2m-2q), the calculated val-ue of (2m-2q) are fourd to be 0.2 and

this is in good agreement with the experimental- value 0.25 (FiS.5.5I).

Ivloreover, the slope of log K. vs. log v straight line can

be related to time-depend.ent factors by

d log Ks 9-:"g-I
dlogtdlogv

dlogr" /
d r"s L/ (s.r2e)
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$rhere d 1o9 K^/d. Iog t = -q (from nq.5.If9) and d Log v/d log t = (2m

-2q-I) (from 8q.5.126) . Hence '
dlogK" q

ã 1õõT = ,m-'rq-l (s'130)

Using values of q and m obtained. previously, the value of

d ì-og X^/d Log v is estimated to be 0.10 for HMI,Í (cf. experimental

value ofr O.I2) and 0.I7 for MIvll¡I (cf . experimental value of 0.16).

Rewriting 8q.5.125 in logarithmic form, we obtain
2

Ioq K'c 'c tog(r, t1-2*) + % Log
o

'n 2m(I-mz) Ç
(s .131)

The introduction of the correction factor, E, in Eq.5.123 is just-

ified only when the experimental data has a l-inear relationship in

Iog K" vs. log(r, t1-2*) plot. Taking m = 0.2o for high ¡M pMMA and

m = 0.25 mediu¡n Mf'l (calculated values of m were 0.18 and O.24 for

HMW and Mlr{Iril, respectively), plots of log Kc vs. log(., tI-2*) for

samples HItllrI, MMI/I AND MH* show a linear relationship with a straight

Iine of the slope of 0.5 although there is considerable scatter of

data (Figs.5.53a,b,c) .

. The correctionrfactor \^ras found from the intersection to

be Ç = 20 using oo = 65 M.t m-2. Thus, the craze length derived from

LEFM can be modified as a fírst approximation for the long craze

growth as

A ,o*

(s .132 )

Admittedly, the calculatj-on of Â for a long craze requires

a rigorous theoretical treatment but the introd.uction of the

correction factor, f, is a convenient way of showing the deviation

from the craze length of a short craze.

o
8

Kå

o.
2

5n Kc

202 c

* In methanol, fracture behaviour of MH is similar to Ml4W (Regime fI)



Fig. 5 .53

222

Plot of fracture toughness vs. craze

velocity in terms of 1og K" vs,. Iog (.rt-2m) .

Fig.5.53a: sample HIM (m = 0.2) . Eí9.5.53b:

sample [1I4I¡I (m = O.25). Fig.5.53c: sample MH

(m = 0.25) .
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5.4.9 Conclusions

The fracture mechanism of PMMA has been studied in relation

to the l"lçV, IvlÍ{D and temperature in methanol and the following conclu-

sions can be drawn.

(1) At room temperature (T=20'c), the log K. vs. Iog v

diagrams describing the fracture toughness of PMMA in a wide range

of l{t{ naturally divide into three distinct regimes: Regíme I, Tran-

sition Regime and Regime If. Regime I is mature craze regime of PM¡44

having l,Itr{ Ìarger than the critical IUlf, Mc. Transition Regime is a

vreak craze regime of premature craze development. Regime II is a

crack predominant regime of PMI4A having MhI smaller than M".

(2) A relationship was established between the stress

relaxation curves of methanol equilibrated PMMA and the fracture

behaviour in methanol expressed by the log Kc vs. fog v diagram.

This relationship suggests that entanglement density plays a crucial

role in determining whether the breakdown mechanism occurs via rapid

crack propagation or slow craze growth. Craze formation promoted

by high entanglement density enhances the ability to absorb enerçly,

i.e. high fracture toughness.

(3) The fracture behaviour of medium range l4W is sensitive

to temperature. At low temperature (T:O'C), the polymer shows a

strong craze of sfow ctaze development. At high temperature (T'=40oC),

the polymer shows rapid crack propagation. This fact can also be

understood by the reduction of entanglement density as the tempera-

ture is increased and more so]vent is absorbed.

(4) The crack predominant Regime II was satisfactorily

treated by Zhurkov's and fracture mechanics (LEFM) approaches. The

calcul-ated results of the activation energy of the cracking process

estabfíshed that the crack mechanism is governed by a viscous flow

process where the slippage of chain molecules over each other

results in the secondary bond breakage.
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(5) From the T,¡IFM treatment. the COD, uc and the craze

lengÈh, A, of the cracking in methanol (Regime II) sho\,\¡ a dependence

on the SIF, Kc, and temperature. The craze length at the crack tip

increases with K" and temperature. The diffusion coefficient, Dr

also shows the same dependence on Kc and temperature, i.e. D

increases with K" and temperature. This coincidence suggests that

the crack mechanism is controlled by diffusional behaviour of

methanol at the crack tip and the enhancement of D by Kc and/or

temperature gives rise to a larger plasticized craze zone.

(6) fn contrast to crack pred,ominant regime (Regime II),

craze growth in Regime r shows a dependence on the initial SIF, Ki,

in the Ìog K. vs. log vi diagrams. At the same K' the strong

craze (negime f) is characterized by a slower initial velocity and

a smaller slope in log Kc vs. Iog v straight fine than those of the

weak craze (Transition Regime).

(7) The craze growth of Regime I and Transition Regime

obeys WiIIiams and Marshall's theory of flow controlled mechanism

at shorter times (initiation step) and relaxation controlfed mechanism

at longer times (propagation step).

(8) A model for the craze growth v\¡as proposed and has

proved that K2 = O u- E for Long craze growth, where K^ is calculated-cccc

from geometrical- ana]ysis (*. On"). Equation of short craze length
2

(A = ä f 
I was modified for long craze length by introducing the

correction factor E(^ = E å F, .
c

(9) A higher SfF, Kc, in methanol is required than in air

at v ) IO-s m .".-1. This is due to the fact that in methanof craze

fibrils produce a much larger COD, üc, than the u" in air (K3 = oc uc E).

' (10) Primordial craze thickness of a mature (strong) craze

in Regime f (-f '¡rn) is larger than that of a premature (weak) craze

of Transition Regime ( -50 nm).
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CHAPTER 6

EFF'ECT OF STEREOREGULARTTY ON THE PHYSTCAL PROPERTIES

AND FRACTURE TOUGHNESS OF ISO- AND SYNDIO_TACTIC

POLY (METHY LMETHACRYLATB) BLENDS

6.1 Introduction

Progress in organic synthesis and constant development of

catalysts for polymerization has encouraged the synthesís of a con-

siderable number of new polymers during the past two decades. Never-

theless, due to thermodlmamíc constraints Very few polymers can form

homogeneous mixtures. Miscibility rarely occurs in mixtures of

polymers or even mixtures of polymers of the same chemical structure

but different tacticity. Unlike metal alloys, the study of polymer

"alloys" or polymer blends is still at an early stage of investiga-

tion. Although the numbers of blends are limited, from the technical

point of view, new and usefuf polymer blends can provide novel-

properties to fulfilÌ the demand of ever increasing technology. From

the fundamental point of view, the relationship between molecular

properties of the polymer blends and their bulk properties introd,uces

a wide range of interesting and challenging research problems.

Blends of iso- and syndio-tactic PMMA (í/s - PMMA) are not an exceP-

tion.

Some of the earliest experiments dealing with the inter-

actÍon between isotactic PMMA (i - P¡1MA) .rl; syndiotactic P}4I4A

(s - PMI4A) were performed by Fox et al. (140). They reported that

gelation occurred by mixing solutions of i-PMI4A and s-PMMA; similar

results were reported later by Fleischer and, co-workers (L4I-L42).

This gelation process can be explained by the formation of stereo-

compl-exes of irls-eMva. Liquori et aI . (I43) determined the struc-

ture of the gel by X-ray diffraction and concluded that the geì-
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consisted of stereocomplex crystallites formed in the ratio of one

i-PMMA molecule to two s-Pl"lMA molecul-es (i/s = L/2 ratío). From the

X-ray diffractogran, it was shown that the crystal structure of the

stereocomplex was quite distinct from that of the individual con-

stituents. The authors proposed a model in which extended s-PMMA

chains fit cross-ways into the helical groove of the i-PMMA molecuLes.

Although the occurrence of the gelation was discovered and the gel

structure determined, Èhe miscibility of i-PMMe and s-PMMA had not

been investigated until- Feitsma et al. (144)'reported a broad single

Tn irnnlying the miscibility of the two polymers.

The miscibility of i-ptu¡¡a and s-PMMA and their abílity to
\

co-crystallize under suitable conditions suggests two interesting

questions: (a) Does the addition of i-PMì¿IA to s-PMMA affect the

fracture toughness? (b) V'Ihat are the physical properties of the

irls-PMMA blend such as the glass transition temperature, Tg, and.

the nelting point, Tm, of the stereocomplexes? Investigation of the

effect of stereoregularity on bulk properties of PMI4A in the present

work wilf be performed to ans\^ter these questions. The following

paragraph wil-l outline the development in the understanding of

i,/s-PMIaA blends.

There have been a large number of reporÈs since the

pioneering study of the structure of irls-PlaMa blend of Liquori et

aI. (143). However, the studies were confined to the determination

of the crystal structure of the stereocompl-ex and the effect of

solvent on stereocomplex formation. In fact, a wide range of tech-

niques such as viscometrY,turbídimetry and high resolution NMR have

been used to attempt to determine the controversial ratio of i-PMMA

and s-PMMA in the stereocomplex structure. T}:re raÌu:o L/2 (i/s) was

observed by most workers (I43tL45-J-49) r but other ratios of L/I, L/L.5

or even 2/I have also been detected (150-153). Studies on the effect
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of solvent on the stereocomplex co-crystallization were mostly coÈ-

tributed by ChaIIa and co-workers (154-155). They classified three

types of solvents: Type A' strongly complexíng solventt Type B,

weakly complexing soJ-vent and Type C' non-complexing solvent' Pyrlik

et al. (156), on the other hand, have reported stereocomplex forma-

tion occurs even in very conqentrated solutions of i-PMMA and

s-pMMA in O-xylene. Feitsma et aI. (L44) have taken a furÈher step

and formed the stereocomplex in the solid state by annealing the

blend at 140oc. Recently, vorenkamp et al. (I57) determined the

ratio i/s Eo be L/2 and suggested that this value is the predominant

ratio regardless of the med,ia (solid state or solution) and the

history of crystallization process -

The crystallization processes described above, however,

!Íere confined to solution crystallization and thermal ind,uced crys-

tallization (TINC). Another method of achieving crystallinity is

by solvent-induced crystallization (SINC). Generally, SINC is con-

sidered as a process in which sorid amorphous polymer is crystallized

by immersion in a liquid. The diffusion of liquid into the amorphous

polymers enhances the movement of chain segments and allows a suit-

able juxtaposition of the segments for crystaflization to occur.

Although this method has been known for sems ¡ins (158-159) and a

number of studies have dealt with several aspects of SINC in

poty(ethylene terephthalate) (160-162) and polycarbonate (163-164),

little work has been done on solvent induced cecrysÈallization and

especially the SINC of i/s-PM¡aA blend.

In Chapter 5, the study of the dependence of fracture

toughness on Mlil of syndiotactic-Iike PMlvlA in air and in methanol has

improved the basic understanding of the fracture mechanism. No\^¡,

the co-crystallization between i-PMMA and s-PMMA suggests a new

approach to modify s-PMMA by blending with i-PMMA. The co-crystalli-

zation of i-PMl4A and s-PMMA may give improved physical þroperties in

I

h-

t

!
t
I

i

l"r
i'r



228

particular, an improvement in fracture toughness compared to that of

the single components.

this chapter is mainly intended to focus attention on the

TINC, SINC and fracture toughness of i/s-eMMa blend of various i/s

weight ratios of Í-PMMA and s-PMMA in the Presence of methanol-. the

melting point of crystallites, Tm, in the two crystallization pro-

cesses (tfNC and SINC) and the glass transition temperature, Tn, of

the blends obtained, from DSC and wide angle X-ray are discussed. It

will be shown that the fracture toughness of i/s-PMMA bfends in

methanol can be understood on the basis of the co-crystallization

of the blends. To distinguish the co-crystallization of i/s-PMI4A

from normal SINC (SINC of individual polymers), and to further

understand the crystallization effect on the fracture toughness '

the results of SINC and the fracture toughness of typical homogen-

eous blends of PMMA and poly(vinytidenefluoride) (PVFz) are compared

with those of í/s-PMMA blends.

6.2 Materials and Experiments

6.2.I Materials

The component polymers used for the blends are syndiotactic-

Iike narrow IvIWD PMMA synthesized by an anionic mechanism at low

temperatures, isotactic or stereobfock PMIulA synthesized by a

pseudo-anionic mechanism using organo-magnesium initiators (ChaPter

3) and commercial- atactic PMMA prepared by a radical mechanism at

high temperature. The sÈereoregularity of these components are

listed in Tabfe 3.5.

The blends of i-Pl"ÎMA and s-PM.[4À, were prepared by dissol-

ving two samples at the required weight ratio in dichloromethane.

The mixture \^¡as stirred at room temperature for at least 3 hours

a¡rd subsequently precipitated in petroleum ether. The blend in

powder form was dried, overnight in a vacuum oven at 50oC- The

I

specimen sheets for fracture toughness or d,ynamj-c mechanical
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measurements were produced by pressing at I50"C in a hydraulic

moulder using the procedure described previously. Compositions of

the blends are listed in Table 6.1

, TABLE 6.I: Compositions of i/s-PMMA blends*

It was not appropriate to use every blend in each of the

following investigations and therefore for the purposes of clarífi-

cation the blends used in each section and their pertinent charac-

teristics will be listed at the beginning of each discussion. The

s-PMMA components in the above table are syndiotactic-like rather

than highly syndiotacÈic. However, to distinguish from i-PMMA com-

ponent, they are simply named s-PMMA.

6.2.2 Experimental

Crystallization was induced by two method thermal induced

crystallization (ffNC) and solvent induced crystallization (SINC).

Thermal induced crystallization involved heating sheet

specimens of O.Imm thickness at I40 I 2oC in a hydraulic moulder

press for 24 hours.

Solvent induced crystallization involved immersing sheet

specimens in methanol at a crystallization temperature of T", = 20oC

or 40"C untif the sample reached a constant weight. The absorbed

s-PMMA (slmdiotactic triads) i-PMMA (isotactic triad.s)

MM^l

LMhI

A4a

s.73 h

s.73 h

s.73 g,

(55+"¡

( ss%)

(64?.)

(7 3s")

(732')

(738)

+ f.74
+ r.100
+ 1:100

+ r.100
+ f.74
+ I.14

(7 4%l

(100%)

( 10o%)

(100u )

(7 4%)

(7 4z)

* See Table 3.4 for detail-s of MV and MWD and. Table 3.6 for tacticity.
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methanol was removed by PumPing at 40oC ín a vacuum oven for 7 d'ays.

However, infrared spectra of "dríed" crystalLized specimens indi-

cated the presence of residual methanol. AS was discovered laterr

the residual methanol produced endotherm peaks in DSC thermodiagrams.

To avoid this problem, a Precipitated powder form of the bl-end was

used. Ehe porous nature of the precipitated powder allowed absorbed,

methanol to be removed more easily by the above drying procedure.

To allow the endotherm to be positively identified as the melÈing

point of crystallites, the precipitated. powder form of amorphous

MM1lü (syndiotactic component in blends) was immersed in methanof in

the same conditions as the blend samples. After immersion' Mì4W was

dried and examined by DSC. This sample was amorphous and because

the DSC thermodiagram did not reveal the presence of peaks, it

coû1d be concluded that the sample was free of methanol.

The glass transition temperature, Tg, and melting temper-

ature, Tm, were measured by a Perkin-Efmer DSC II at a heating rate

of 2o"c per minute. The position of the maximum of the melting

endotherm was taken as Tm. The presence of crystallites was also

d.etected by wide angte X-ray scattering (WAXS) using Fe-filtered

cobalt radiation.

Dynamic mechanical measurements were performed on

3.I x 0.9 x O.f cm bars using a torsion pendulum at a frequency of

-L Hz over a temperature range 20 ta I4OoC. The storage shear

modulus G', the loss shear modulus, G", and' loss tangent tan ô are

calculated by the equations shown in Appendix 5.

6.3 Resul-ts and Discussion

6.3. 1 Thermal Induced Crystaflization ( TTNC)

The effect of trM and tacticity of s-PMl"tA on crystatlinity

of TINC in i,/s-pMì.44 blend was investigated with the following blends

(I) M[4W + r.74

(2) s.73h+r.14
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(3) s.73¿+r.74

The molecular properties (¡4!'l, trMD and tacticity) were

Iisted in detail in Chapter 3, but for clarity, these properties are

briefly repeated in the following tab1e.

SampIe MVI I'{wD or number
of GPC peaks

Tacticity

MI4!V

s.73 h

S.73 ,Q,

r-.7 4

22O,OOO

2 ,7 OO ,OOO
2O0,000

3 o, 000

2 ,0oo,0oo
Ir0,0oo

35 ,000

2.L

bimodal

approx. 2.5

trimodal

558 syndio

733 syndio

73% slmdio

744 íso

The weight ratio of i-PMMA and s-PMivtA was defiberately

chosen to be 5O/5O so that crystallization, if it did occur, could

take place in a reasonabfe annealing time (L44,I57).

The effect of tacticity of s-PMMA components on crystall-

ization is shown by X-ray diffractograms (Figs.6.1-6.3). fn Figs.

6.I and 6.2, the diffractograms show the development of crystall-

inity. ín blends (S.73 h + r.74) and (S.73 9' + t.74), whereas the

diffractogram of blend (l,l¡'il^l + I.74) (Fig.6.3) remains a broad peak

typical of an amorphous polymer after 24 hours annealing. The

existence of a crystaLline phase in the annealed blends (S.73 h +

f.l|) and (S.73 9" + I.74) is also supported by the presence of a

melting endotherm ín the DSC thermograms (Fíg'6.4) at the same

melting point T*: I85oC as reported by Feistma et al. (I44). It is

of interest to note that while the melting temperature (Tm = 185'C)

was not influenced by the lM of the s-PMMA component in blends

(S.73 h + I.74) and (S.73 9" + t.74), the peak area of the melting
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Fig. 6. 1 X-ray diffraction intensity, .f r vs. diffraction angle 20.

Development of crystalJ-ization by thermally induced crys-
talfization at T., = l_4OoC in blend (S.73h + f .74)
(i/s = 5O/5O), (I) zero hours, (2) 24 hours
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X-ray diffraction intensity, I, vs. diffraction angle 20.

Development of crystallization by thermally induced crys-
tallization at T.r=140oC in blend (S.73.q, + r..74) (i/s = 50/50),
(1) 5 hours. (2) 24 hours.
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28 ( degrees )
Fig.6.3 x-ray diffraction density, r, vs. diffraction angle 20.

Blend (¡rr-w + r-74) (í/s = 5o/5o)_ subjected to 24 hours
annealing.
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endotherm of the latter is almost twice as large as that of the for-

mer.

The above observations clearly reveal the effect of tac-

ticity and MW on the crystallization process. Firstly, the higher

tacticity of the components resufted. in less imperfection ín the

crystal structure of the stereocomplexes. Taking into account the

work of Feistma et al. (L44) on the TINC of the i/s-pMMA blends of

high tacticity components (> 90e" iso- and syndio-triads) where the

crystallinity is indicated by peaks in'ah" x-ray diffractograms,

the imperfection, as shown by the breath of the crystalline peak,

becomes higher for blends containing low tacticity components

(Figs.6.I-6.2)., Crystallization cannot be induced when the tactic-

ity is less than a certain limit [e.9. blend (MIUW + f .74)]. In

this work, the limit was about 55% syndiotactic triads (MMVq) and

74% isotactic triads. Secondly, the effect of l4W on the percentage

cr:ystallinity, as shown by the area of the end.otherm peaks of

blends (S.73 h + f .'74) and, (S.73 9. + I.74) (FiS.6.4) , suggests that

the fow lrllrl component (S.73.q,) possesses a higher mobility so all-ow-

ing a more rapid co-crystallization with i-PMMA. This suggestion,

however, requires further investigation to ascertain the role of the

M!{ in the kinetics of stereocompl-ex formation by TINC.

The mobility of molecular chains can also be enhanced by

the diffusion of a liquid into the bulk material-. The solvent

effect on the sÈereocomplex formation of i/s-PMIaA blends wiII be

considered in the next Sectíon.

6.3.2 Sofvent Tnduced Crystallization (STNC)

The following blends were used for SINC

(I) M¡M + r.74

(2) s.73h+r,I0O*

(3) PMMA (samPle MMW) + PV¡¡2't*

* Sample r.100 (1) in table 3.4 (chapter 3).
¡t* PVFz is a product of Kureha Chemical- Ltd. and blend was prod.uced

by hot rolling at 200"C.
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Sample I\,1
w

IMD or number
of GPC peaks

Tacticity

Ml"M

s.73 h

r.100*

f.74

PVFz **

22O |OOO

2,7OO,OOO
2o0,000

3 ,500, 000
400,000
I00,000

2,00o,000
lI0 ,000

35, Oo0

unknown

2.L

bimodal

trimodal

trimodal

unknown

55? syndio

73å syndio

100% Íso

74+. íso

unknown

Methanol can induce crystallization in the amorphous

btend (M¡$t + I.74) of low tacticity components. As noted in the

previous Section, because of low syndiotacticity in the s-PMMA com-

ponent (M¡4W), crystallization in this blend could not be induced

thermally. This implies that the mobility of the chain segments

is an important factor in the formation of crystallites by stereo-

association. From Table 3.6 (Chapter 3), the ratio of the number-

average length of slmdiotactic block and that of isotactic block

is ñr,/Ç = 7.O8/L.25 = 5.66 for S.73 and 3.89/L.37 = 2.84 for Mtvlw.

Consequently, TINC requires a longer syndiotactic block than SINC

for the association of i-PMMA and s-PMMA. The longer tactic

block will compensate for the restriction caused by inter- and

intra-molecular forces among polymer molecules during thermal

crystallization.

Figs.6.5 a¡d 6.6 show the X-ray diffractograrns of a

family of blends of various weight ratios of i-PIt4I4A and s-PMMA of

the blend (MM,{ + T-74) for T^_ = 2O"C and 40"C. The diffractograms

* Sample I.I0o (f) in Table 3.4 (Chapter 3)-
¡t* pVF2 is a product of Kureha Chemical Ltd. and blend was prod.uced

by hot rolling at 2O0oC.
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22 18 14 10

2ø ( degrees )
X-ray diffractodiagrams showing methanol induced crystallization
for bfend (M¡4I,r + r.74). (I) i/s = 50/50, (2) i/s = 40/60,

(3) i/s = 3O/7o, (4) í/s = 2O/8O and (5) i/s = IO/9o.
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22 18 14

2 g ( degrees )
X-raydiffractogramsshowingmethanolinduce,dcrystallization
(r., 4OoC) for blend (l'{¡[/ü + 1.7 4) . ( 1) í/s = 50/50 , (2) i/s

= 40/60, (3) r/s = 3O/1O, (4) i/s = 2O/8O, (5) i/3 = t0l90 and

(6) í/s = O/rcO (l'llM onlY) .
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reveal the presence of two major crystalline peaks positioned at the

same angle as those from TINC treatment (FiS.6.I). The crystallites

induced by methanol hrere identified as crystalline stereocomplexes

as the diffraction angles of the crystalline peaks (at 13o and I8")

are identical with that of crystallites induced by acetone (t1pe a

solvent) (FiS.6.7) .

It is further noted that the location of the two major

crystalline peaks are índependent of the blend ratio and T.r; also

the crystalline peaks become more distinct at higher T", (Tcr = 40oC).

A higher T., would mean a higher uptake of methanol- thus giving a

Iarger depression of Tn (Chapter 4). Therefore, the polymer

molecules become more mobife encouraging the association of i-PMl4A

and s-PMMA.

For the blend of higher tacticityr e.9. blend (S.73 h +

I.lOO), the diffractograJns show sharper crystalline peaks at

T., = 2OoC and 4O'C (Figs.6.8-6.9). The X-ray diffractogram for

crystalline i-PMMA I.IOO (induced by SINC in methanol at T., = 20oC)

shows a different pattern from that of the i/s-PMlulA crystalline

stereocomplexes (FiS.6.10), Identical diffractograms for i,/s-PMl'lA

stereocomplexes and i-PIaMA crystallites were obtained by Buter et

aI . (154) where irls-Plali{A stereocomPlexes were crystallized from

dimethylformamide (OUf¡ solution and i-PMl4A was crystallized from

heptanone solution.

The effect of solvent in SINC of stereocompfexes involves

two factorsi (a) the polarity of solvent and (b) the solvating

power of the solvent where the solvenÈ is known as a "good," or

,'poor" solvent for the polymer. High]y polar solvents cfassified

by Challa's group (154-155) as Type A (i.e- strongly complexing

solvents) promote the helical conformation of i-PI4l"1A by the inter-

action between the polar ester group on the polymer chain and the

polar solvent molecules. Such interaction encourages the forma-
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X-ray diffractograms showing ac"torre induced. crystallization
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X-ray diffractograns showing methanoL induced crystalrizaÈion
(t., 20"C) for blend (5.74h + I.100) . (1) i/s = 3O/7O,
(2) í/s = 2O/8O and (3) i/s = LO/go.

26

Fig.6.8





244

/ì
¡

=a

fit

v

4

20 16 12

20 (degrees )
Fig.6.IO X-ray diffractogram showing methanol induced crystallization

I24

(T = 2OoC) for i-PMMA.-cr

rì

¡t



245

tion of i-PMMA helices in which the polar ester groups point outward

from the helices and non-polar O,-CH3 $roups are subjected to hydro-

phobíc bonding in the centre of the helices (165). The chain seg-

ments of s-pMl"iA lie across the helices and the formation of stereo-

complexes is facilitated. Acetone is a tlzpical solvent of Type A.

I5rpe B are classified as non-pol-ar solvents or weakly complexing

solvents and. exanples are toluene and benzene. Type C are strongly

solvating solvents, i.e. non-complexing solvents and dichloromethane

is a tlzpical examPle

Although ChaIIa group's classification is well established

at room temperature, some of fype A sofvents SUch as acetone become

a Type C solvent at elevated temperature. Acetone possesses two

opposing actions: solvating power (good solvent) and the ability

to encourage complexing between i- and s-PMMA. While acetone dis-

solves atactic PMMA and syndiotactic-like PM¡44 (e.g. s-PMMA used in

this work) , irls-pMlaA blends (i/s = 5o/5o to IO/9O weight ratio)

only swe1l in this solvent. The swelling reveals the nature of

the two different actions of acetone on the blends. As a good sol-

vent, acetone penetrates easily into the bulk but as a highly

polar solvent, acetone at the same tíme facilitates the formation

of Stereocomplexes. Consequently, in a similar manner to the

swelling of cross-linked rubber in a good solvent' the crystalline

stereocomplexes behave like pseudo-crosslinks connecting the

Swollen amorphous phase. The solvating po\4/er is increased and.

become more predominant than complexing power at e]evated tempera-

tures and thus acetone behaves as a lype C solvent dissolving irls-Pl{-}aA

at T = 50"C.

By contrast, methanol, as a non-solvating solvent (poor

solvent) , slightly sv/ells without dissolving the blend, but at the

same tj.me due to its high polarity, methanol promotes ca-crystalLiza-

tion.
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AÈ high temperatures (t., 40"C), the co-crystallization

is enhanced by more absorbed methanol and this Ieads to a higher

percentage crystallinity of stereocomplexes.

ft is interesting to note that the sheet of i/s-PlaMA blend

did no.b become opaque after $INC or TINC. Obviously, the blends

wílÌ not crystallize in the normal manner to give spherulites as in

the SINC of poly(ethylene terephthalate) (L62) - Rather, the trans-

lucence of the specimen after'crystallization suggests that the

crystallites are smaller than the visible light wavelength (400 to

780 nm) and this couLd be' referred as microcrystalline.

T\c understand the d.ifference between the co-crystallization

of i/s-Pl4I4A ste.reocomPlexes and the uni-crystallization of PVF2 in

(p¡4MA + PVF2) blend, the sINC of the (PMMA + PVFz) blend was carried

out in both nethanol and acetone. The blend (PMMA + PVFz) and i,/s-PMMA

blend both show SINC but the main difference between the two blends,

as shown by X-ray diffraction, is the co-crystallization of irls-eMMA

stereoconipl-exes and, the uni-crystallization of PVFz in the (PMMA +

pVFz) blend. Comparing with i/s-PMMA blends, the X-ray diffracto-

grams of the (PMMA + PVFz) blend gave quite different results (Fig.

6.11). Curve (1) in Fig.6.1I shows a broad amorphous peak of the

blend before SINC treatment (the blend was prepared at 200oC in a

hot rolfer). In methanol, as shown in Curve (2) , the original

¿Ìmorphous blend developed into two phases, a crystalline PV\ phase

and an amorphous PMMA phase (shown by the broad peak on the right of

the curve). In acetone, the crystalline peaks of PVF2 become more

distinct and the broad amorPhous peak of PIilMA disappears (Curve 3).

The cr)¡stall-ine peaks in Curve 2 and Curve 3 have been identified as

the crystalÌine peaks of PVF2 by comparing with the diffractograms of

the crystal-tine PVF2 only.

The above observations suggests that, in contrast to i/s-

pMMA blend where two components co-crystal-l_ize to form stereocompl-exes.
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the PI{MA component is not involved in the SINC in the (p¡'lUa + PVFz)

blend. In methanol, the presence of amorphous PMMA phase suppresses

the crystallization of PVFz as shown by a broad crystal-line peak in

Curve (2). Hohrever, in acetone, this solvent dissolved PMMA,

facilitating the crystallízation of PVFz.

6.3.3 Gtass Transition Temperature Melting Tempera-tg'

turer T*r and Dynamic Mechanical Properties

The following blends were used ín this investigation

,
l'

I

I

I

.i

',

I

ù-

¡

t

t

il

tìIr

(r)

(2)

(3)

(4)

M¡4W + r .74

s.73 h + r.I00*

s.73 9" + r.74

A4a + I.I00r'*

Sample M
w

luMD or number
of GPC peaks

Tacticíty

M¡4W

s.73 h

.s.73 f,

A4a

r.14

r . I00*

r.100**

22O IOOO

2,7OO,OOO
2O0,000

30, ooo

12o,0oo

2 , ooo, ooo
1I0, O00
35,000

3,500, o00
4oo, o0o
100,000

2,'7OO,OOO
400,000

2.L

binodal

approx . 2.5

L.2

trimodal

trimodal

bimodal

55% syndio

738 syndio

73% syndio

643 syndj-o

743 iso

100% iso

I00% iso

6.3.3.1 Glass Transition Temperature

While the X-ray diffractogra¡ns have convincingly proved

the formation of crystalline stereocomplexes as a result of TINC or

* Sampfe I.100
** Sample I.100

(1) in Table
(3) in Table

3 .4.
3.4.
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SfNC, it was considered necessary to provide suppÒrting formation

from T and T measurements.sm
Broadening of the glass transition temperature was observed

for alf blends (Figs.6.I2arbrc) . The broadening was also observed

by Feistma et aI. (I44) by DSC, and by Krause and Roman (166) by

dilatometry of solution crystallized i/s-PMMA bfend of high Èacticíty

components. Feistma et al-. stated that the broadening originated

from the distribution of the non-complex polymer (i.e. amorphous

phase) , but did not suggest why the amorphous blends of i/s-PI,lI,lA

possess a broad Tg in contrast with a sharp Tn exhibited by other

pollzmer blend.s, for example (pu¡¡a + PVF2) (167-168) and poly(ethyl

rnethacrylate) +, PVFz (169) . The exisÈence of a single broad Tg or a

single sharp T_- for blends poses the following question: Is the
s

normal macroscopic techniques of observation of Tg adequate to de-

termine polymer-polymer compatabiJ-iÈy? To answer this question,

Kaplan (170) has proposed that there is a maximum domain size in

which only one component can exíst and yield a single distinct Tn.

On the basis of examining a wide range of blends ranging from single

phase to obvious two phase structures, Kaplan found a value of 15 nm

is the domain size required to yield a sharp sin9le Tn. At 15 nm to

I00 nm domain size range, a broad Tn is observed and above IOO nm

two distinct T_'s are formed (170). Consequently, the amorphous
s

phase of í/s-PlaI{A bl-end is on the borderline of miscibility.

Bfauer and Bletso (I7l) reported that i-PMMA is not mis-

cible with so-called 'rheterotactic" PMMA* because they observed from

dilatometry and storage shear modulus, G' , measurements the presence

of two distinct Tn 's. Despite the fact that the tacticity of their

* It is presumed that the polymer described by Blauer and Bl-etso as
'rheterotactic" PMlulA would almost certainly be atactic. A nethod
of synthesis of highly heterotactíc PMMA has not been reported.

ri
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Fig.6.l-2 Broadening of the glass transition
temperature in irls-P¡alaA blends.
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polymers \^/as not revealed, these authorst observation does suggest

that there may exist PMI4A polymer of sufficiently random tacticity

that does not allow miscibiLity and this is an area that requires

further investigation.

6.3.3.2 Meltíng Temperature, T*, of 9-terocomplex

Crystallites.

The results of Tm measurements are summarízed in Table 6.2.

TABI,E 6.2 : Melting Temperature of stereo complex crystallites

induced .t T., = 2O"C and 40"C by methanol induced

crystallization .

The melting points of the blends with exception for blend

(S.ZS h + T.100) of i/s = IO/9O have the foJ-lowing characteristics

(Figs.6.13a,b-6.16) .

(a) T* and endotherm area of DSC thermodiagram increases

with T., of the S]NC process.

(b) Trn is al-most independent of the weight ratios irls and

tacticity of components at a particular T.r.

(c) T* of stereocomplexes produced by SINC is lower than

T^ of stereocomplexes produced by TINC (T* = 185oC).

Increase in the T* and endotherm area with the T., of

srNC processes [Point (a) ] implies that crystal-lites induced by srNC

* Blend (s.73 h + I.I00) of. i/s = LO/9o
for both T = 2O"C and 40"C.cr

Blend Tm ( "C)
(SrNCr/methanol Tcr=20oC)

Tm ( "C)
(SINc,/methanol Tcr=4OoC)

Mr4Vt + I.74
A4a + r.I00
s.73 h + r.100

145 to 150

140 to 150

15O to 160*

160 to 165

160 to 165

160 to 165*

shows an exceptional T* = L80oC
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252

The melting endotherm of methanol

induced crystallization blend (M¡,II¡I

+ L.74) at T_-- = 2OoC (FiS.6.13a)-cr
and T", : 40"C (FiS.6.I3b). (1)

i/s = 5O/5O, (2) i/s = 40/60,

(3) í/s = 3O/7O, (4) i/s = 2O/8O and

(5) i/s = IO/9o.
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Fig. 6. t4

253

The metting endotherm of methanol

induced crystallization for blend

(e4a + r.100) ut r", = 2ooc (Fig.

6.I4a) and at Tcr = 40"C (Fig.6.IAb).

(1) í/s = so/s}, (2) L/s = 4Q/6o,

(3) i/2 = 3o/7O and (4) i/s = 20/80.
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254

The melting ndotherm of methanol

induced crystaltization for blend

(S.?3h + r.100) .a t", = 2O"C (FiS.

6.15a) and at Tcr : 40"C (FiS.6.15b) -

(r) i/s = 5O/5o, (2) í/s = 40/60,

(3) i/s = 3O/7O, (4) t/s = 2O/8O and

(5) í/s = Lo/9O.
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have a larger si-ze and./or a less imperfect crystal structure. This

was confirmed by taking the pre-crystallized sample at T., = 20oC and.

re-immersing in methanol at Tr, = 40oC. fhe DSC thermodiagram of

this sample shows a larger endotherm area and. a sj-ngle T^ = J-65oC,

that is, the endotherm has shifted from T* : 150"C (for T", = 20"C)

to Tm = 165oC (for T", = 4OoC). Increasing T., from 20"C to 40oC

has apparently enhanced chain mobility by lowering the Tnr thus en-

couraging the stereoassociation of longer tactic block and causing

higher crystallinity.

fn the NMR study of the formation and structure of the

stereocomplex formed. in solution, SpËvácËf and Schneider (150) have

drawn the same conclusion that during heating the thermal stability

of the associatLd segments (i.e. the melting point of stereocompJ-exes)

increases with the length of associated sequences. Motreover, the

observation in Point (b) suggests that the microcrystalline charac-

ter of the stereocomplexes produced by SINC have a structure indepen-

dent of the tacticity of the whole molecular chain, provided that

tactic segments involving stereoassociatíon have an average length

Iarger than a limiting value. this limiÈing value v/as not determined

in this work because atactic PMMA of random tactícity was not

avaifable.

Although the T* is not influenced by the tacticity of

components'of each blend, the tacticity does effect the percentage

crystal.linity of stereocomplexes. The higher tacticity components

sho\^¡ a larger area of endotherm peak in the DSC thermodiagrams than

that of stereocomplexes in i/s-PMMA composed of lower tacticity com-

ponents. Figs.6.I7a and 6.17b show the area of the endotherm peaks

in the DSC thermod,iagrams for the high tacticity blend (S.73 h +

I.100) and low tacticity blend (MI\M + f.74) -t T", = 2O"C and 40oC.

These plots clearly reveal the higher crystallinity of (S.73 h + I.100)

í

t

t
rh

fl
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for all i/s ratios. Moreover, the percentage crystallinity expressed

by the magnitude of the endotherm area has a maximum at i/s ratios

from 50,/50 Eo 30/10 of low tacticity blends (M,la + f.74) and

(e4a + I.100) (Figs.6.L6-6.L7a,b). This range covers all the con-

troversial values of. í/s (L/L, VL.5 and L/2) reported by various

workers (see Section 6.1). Ho\^¡ever, the maximum area of the endo-

therm for bl-end (S.73 h + I.1OO) composed of high tacticity compo-

nents occurs at i/s = 3O/7O (= I/2) (Figs.6.l7a,b). Re-examining

the X-ray diffractograms reveals Èhat blend (S.73 h + I.lOO) showed

more distinct crystalline peaks than those for blend (M-tvIW + I.74),

implying that the lower tacticity blend yields a more imperfect

crystal structu¡e. Therefore, the í,/s ratio o1. I/2 for irls-PMMa

btends can be considered as a necessary ratio to yield the highest

percentage crystallinity of a well--defíned crystal- structure. In

other words, Èo achieve stereocomplexes of high degree of perfec-

tion it is necessary to use high tacticity components with the

ratio i/s : L/2.

In contrast to the difference in T^ of SINC -a t", = 20"C

and T__ = 40oC where the T_ is mainly concerned with the geometricalctm
factor, i.e. the size of stereocomplex, the difference between Tm

of TINC and that of SINC [Point (c) ] reflects different internal

structure of the crystallites. This suggestion can be supported by

the foll-owing experiment. Therrnally-crystallized bl-end (S.73 ,Q, +

f.74) (See Section ò.3.1) was post-treated by immersing in methanol

at T -- = 40oC (SINC). The specimen was then dried in a vacuum ovencr
for 7 days at T = 40oC. Fig.6.f8 shows the DSC thermocliagrams of

the blend before and after methanol treatment. The thermodiagram

after treatment reveals the presence of two other peaks at T = l-60"C

and I40oC while the endotherm of crystallites of TINC remains at

Tm = I85oC. The endotherm at T = I60"C is obviously the melting

point of stereocomplexes by SINC and the peak at T = I40oC is pre-
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Fig.6. 17

258

Endotherm peak area vs. percentage

of s-PIVMA in blend methanof induced

crystallization ta t., = 2OoC (fig.

6.17a) and T., : 40oC (FiS.6.L7b).
(Curve J-) Bl-end (S.73h + I .l-00) and

(Curve 2) blend (M-[\^7 + f .74).
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sumed to be the endotherm of the residual methanol. The residual

methanol could be eliminated by using a specimen in powder form. as

previously mentioned (sec.6.2.2), but when the powder form was

initially treated by TINC at T = I40oc the powder partly melted

into sheet form under heat. Methanol trapped in the sheet form can

be difficult to completely remove by vacuum oven treatment.

The appearance of the sINC endotherm in addition to the

existing TINC endotherm is evidence that the morphology of solvent-

crystalli zeð. í/s-pMI4A differs from that of thermally crystallized

i,/s-pl{¡4A. In contrast to the increase of T* by T", in Slltg [Point

(a) L the higher T^ of thermal--induced. stereocomplexes as compared

Èo that of solvent-induced stereocompfexes does not mean the stereo-

association of a longer tactic block, because the chain segments

are much more restricted in bulk than in the presence of solvent.

The appearance of the SINC endotherm impties that solvent aids fur-

ther association of the tactic chain segrnent which have been pre-

viously restricted by intra- and inter-molecular interactions during

TINC. Vorenkamp et al. (157) reported an identical T* for solution

-crystallized (either from diluted. or concentrated mixtures) and

thermally-crystallízeð, i/s-PMMA stereocomplexes. The above evidence

of two distinct T* of TINC and SINC, however, has confirmed that the

crystallites produced by SINC do not belong to the same structural

category as assigned by these authors.

6.3.3.3 Dvnamic Mechanical Properties

To gain a further understanding of the crystalline stereo-

complexes, dynamic mechanical measurements were performed on the

moúfded blend (s.73 h + I.IOO). After SINC in methanol.a t., = Ao"c,

the specimen \^/as dried in a vacuum oven at 40oC for several days

prior to testing.

A general increase in modulus due to crystallization is

shown in Fig.6.19. Although the difference between the amorphous
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state and crystatlized state is clearfy revealed in pJ-ot of log Gl

vs. T (Fig.6.19), only a short rubbery zone is observed. in the

curve (Curve 2) for the crystallized. state. The rubbery zone ís

confined between the glass transition zone and the melting zone of

stereocomplexes (T^ = I50oC) and mostly hidden by the broadening of

the T_ of i/s-PMMA bl-end. The rubbery plateau is observed at
s

log(G'/u*-2) = 7.5 Eo 7.7 for blends of high crystallinity (í/s

= 40/60 and 3O/7O) (Fig.6.20a) and almost disappears for bl-ends of

low crystaltinity (i/s = 2O/8O and I0l90) (Fig.6.z0b).

An advantage of using dynamic mechanical measurments is

that it provides a method of measuring the crystallinity of stereo-

complexes. Other common methods such as density X-ray diffraction

encounter some difficulties because firstly, the d.ensity of a I00%

crystalline sample is required in the density method and this is

unknown, and secondly, the broad crystalline peaks in X-ray diffrac-

togram do not all-ow estimation of the percentage crystallinity with

reasonable accuracy. However, from the study of polyethylene,

Nielsen (I72-L73) was able to relate the val-ue of the rubbery shear

modulus, G, to the degree of crystallinity, w., and suggested. that

this emperical relationship could apply to other semj--crystalline

polymers. The relationship is expressed by (173)

log (G/t'lm-2) = 5.163 + 4.77 w" (6.1)

where the shear modulus, G, is defined as

çz = c? * e? rc.z)

In the rubbery region, we have

G
2
I

2
^ll

n N 
^tt-(J

and hence

(6.3)



Fig. 6.20

263

Storage shear modulus, Gt, and loss
tangent, tan ô, vs. temperature for
blend (S.73h + I.100) (methanol

induced crystallization rt T., = 40"C).

Fig.6.2Oaz (l) i/s = 40/60 and,

(2) i/s = 3o/1O. Fig .6.2ob: (3) i/s
= 2O/8O and. (4) i/s = LO/go.
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For blend (S.73 h + I.I00) of i/s = 3O/7O tt T", = AO"Ct

log(G' /N^-2) = 7.6 (Fis.6.2oa) and thus the crystatlinity is calcu-

lated to be 358 (Sqs.6.1,6.3). Using this value a reference and

comparing the area of the endotherm peaks obtained previously the

percentage crystallinity of other irls ratios and blends can be

calculated (tables 6.3a'b)

TABLE 6.3A: Percentage crystallinity of i/s-p¡¡¡¡le bl-ends

(methanol induced. crystallization at T__- = 40oC)

BIend
so/so 40/60 3o/7o 2o/eo Lo/go

(s.73 h + r.100)

(A.4a + r.100)

(Mr4W + r..74)

27 27 35 30 I4

33 33 3I 22

26 24 25 I6 II

TABLE 6.3b: PercenÈage crystallinity of irls-PMlaA bl-ends

(methanol induced crystallinity at T_-- = 20"C).

i/s
Bfend so/so 40/60 3o/1o 2o/8o Lo/go

(s.73 h + r.l-oo)

(4.4a + I.100)

(MMVí + f .74)

I6 24 27 20 11

24 24 l8 L7

I9 L7 20 L7 IO

The percentage of crystallinity by SINC in methanol for

blend (S.73 h + I.100) .t T., = 40"C ís comparable to that obtained

by solutíon crystallization in DMF (L'74).
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6.3.4 Fracture Behaviour

The following blends were used in this investigation

(I) M¡4W + r.74

(2) A.4a + r.loo*

(3) LMw + r.loo**

The fracture tests were carried out in methanol at T = 2OoC

or 3OoC with the sheet specimen. The sheets were prepared by the

procedures previously described (Chapters 4 and 5). These blends

were amorphous after moulding into sheets.

The s-PMMA components of the blends were deliberately

chosen in the medium [M range and ]-ow I4W range, because f::om the

results of Chapter 5 these samples showed rapid crack propagation

at T = 35oC or 40"C. fhe addition of i-PMMA to the s-P¡,1M4 presents

the possibiJ-ity of modifying the fracture toughness.

The fracture toughness of bl-ends (¡,Il"lW + f .]4) and, (a.¿a

+ f.10O) described by the 1o9 K. vs. Iog v diagrams is shown in

Figs.6.2I-6.22. There is an obvious enhancement of the fracture

* Sample I.100
** Sample r.]00

(Table 3.4)
(Table 3.4

SampIe M
w

¡4WD or number
of GPC peaks

Tacticity Fracture Behaviour
at T=20oC at T=40oC

MMW

A.4a

LMVI

r.7 4

r. I00*

r.100**

22O,OOO

120,000

160,00o

2 , 0oo, 000
II0,,000

35 ,000

2,7OO,OOO
400, 00o

35,000

2

I

2

I

2

I

trimodal

bÍmodal

approx - 2.5

55? syndio

64% syndio

558 syndio

742 iso

100% iso

I00% iso

Craze Crack

Craze Crack

Crack Crack

(3)

(2)
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toughness of thê blend compared with the toughness of the s-PMùlA

component (MMW or A.4a). It can be seen from the 1og Kc vs. log v

diagram of the corresponding s-Plt{MA component that the slope of the

log K. vs. log v straight line and the initial velocity, vi' are

larger than for the blend. For example, for the blend (MMW + f.74)

the slope of 1og K. vs. fog v straight line have a value of 0.07

(cf. 0.16 for MIM) and bl-ends of i/s: 3O/7O ot 2O/8O has values

of v. about one decade smalfer than that of MMVI (FiS.6.2L). The
I

same phenomena can also be observed for blend (4.4a + I.100).

Consequently, a smaller slope and a slower initial velocity implíes

that the blend has an increased toughness in the presence of meth-

anol compared to the single s-PMI4A component. Examination of the

cçaze initiation step of the blends revealed a visik¡Ie whitening

at the crack tip 
- 

a phenomena al-so observed in high l.{I,l syndio-

tactic-Iike PMMA (Chapter 5), whereas the single s-PMMA component

vüas ah^¡ays sÈarted by a singfe crack. Under the optical microscope,

this whitened area is revealed as a multicraze zone from which a

single craze subsequently develops in the craze propagatioh step.

The enhancement of the torighness by adding i-PMMÀ becomes

more pronounced at higher testing temperatures. The s-PMMA compo-

nent (MM!V or A.4a) shows a rapid crack propagation at T : 40oCr

whereas the corresponding blends behave similarly to high I4IaI

syndiotactic-like PMI4A (e.9. HIVIW) of high fracture toughness, i.e.

a whitened zone appears and then is arrested after growing 2 mm.

These observations were recorded from the i/s ratios from 5O/5O lo

2O/8O for (MlM + r.74) and from 5O/5O to 3O/7O for (4.4a -F I.I00).

The experimental evidence suggests that by blending with

i-PMMÀ, the fracture toughness of MIvIVìI or A.4a is increased to the

level of very high IrM syndiotactic-like PI{MA. There exist two poss-

ibilities for the enhancement of the toughness: (a) the effect of

high ¡aW i-PMMA, and (b) the SINC at the crack tip by methanol.
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The high Mlrl of the isotactic component is unlikely on its own to

induce the increased toughness and, the following experiment confírms

this proposal. The fracture toughness resul-ts obtained from the blend

(LI{W + 1.100) * (irls = 40/60) composed of low MhI components reveals

a sLow craze growth and simiLar log K" vs. Iog v data at T = 2O"C

and 40oC to those of blends (MMW + f.14) and (4.4a + I.I00) at the

same i,/s ratio. Thus, the SINC at the crack tip can be considered

as a sole mechanism for the toughness enhancement. However, before

discussing the details of the proposed mechanism it is necessary to

consider the evidence for the existence of'crystallites at the tip.

Various direct methods vrere considered. such as X-ray diffraction

or electron diffraction. Not only is it difficult to examine the

very small volume at the tip by these methods but SEùl studies have

al-ready shown (Chapter 5) thaÈ rapid degrad.atj.on of the polymer

occurs under an electron beam.

. The following alternative method, was adopted. A sheet

specimen for fracture test was subjected to SINC in methanol at

T", = 40oc. The specimen was then dried in vacuum at 40 to 50"C

for several days before testing. This pre-crystallized sheet of

irls-p¡¿Ua bl-end was tested in methanol at the same exper-imentaL con-

ditions (i.e. at the same Ki, and temperature) with amorphous irls-PMI4A

blend. As expected, the amorphous and pre-crystallized i/s-PI,lI4A of

the same i,/s ratio gave identical 1og Kc vs. log v resufts.

Admittedlyr one would like to have more positive evidense

of the existence of crystallinity at the tip but without proof to

the contrary, the mechanism involving SINC at the crack tip appears

to be the most satisfactory. Any increase in solvent diffusivity

near the tip caused by the high hydrostatic tension or increasing

LIrSrl shows rapid crack propagation from T = 0 to 40oC (Chapter 5)
and I.I00 has M-, = 351000.

VJ

*
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temperature would encourage the S]NC at the tip. The crystalline

stereocomplexes formed by SINC will act as pseudo-crossl-inks by

Iinking chain segments together reducing the slippage of molecule

chains and thus stabilizing craze formatiolr-

A simifa:: phenomena can be observed in the 1og K. vs. log v

relationship of amorphous blend (PMMA + PVF2) (FiS.6.23) in methanol.

The ability of SINC by methanol of PVF2 (¡'iS.6.11) suggests that

the existence of crystafline PVF2 phase at the tip will enhance the

fracture toughness of the blend- As the amount of PVF2 increases,

a higher crystall-inity wíll be achieved and this wil-l result in a

higher fracture toughness. The toughness enhancement can be observed

in Fig.6.23 where hígher amount PVFz in the blend shows a slower

initial velocity, Vi, and smaller slope in the log K. vs. log v

straight fine. It is interesting to obtain the data for the blend

of PVF2 rich blend. Unfortunately, the ratio of PVF ,/pUUa = 3O/7O

is the lirniting ratio for the DT geometry, the ratio with higher

PVF2 content did not show fracture under this geometry d.ue to soft-

ness. Moreover, the application of LEFM to the blend of higher P\rI¡2

content must be exercised with great care.

Further supporting evidence for the effect of crystalliza-

tion on the enhancement of the fracture toughness can be observed

in natural rubber (TS = -80"C) (le¡. Strained-induced crystalliza-

tion is a weff-knovrn phenomenon in natural rubber. The specimen

was extended at a given strain to induce crystallites at -26"C and

tested at temperature below the glass transition temperature (tn

-80"C) to measure the fracture stress. By this methodr And.rews

(18) has found that specimens exhibit brittleness for zero pre-

extension but yield and ductility above 2OOz pre-extension.

Finally, it is of interest to note that the toughaess

enhancement by crystallization contrasts with the ESC in nylons by

zínc chloride and other inorganic salt solution (175) . In this
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system, the formation of a complex between the amide group of nylon

and the solvated metal halide destroys the intermolecul-ar hydrogen

bonding network replacing it with intramolecular hydrogen bonding.

The deficiency in intermol-ecular forces causes the complexed nylon

to become more suscePtible to ESC.

6.4 Conclusions

The foffowing conclusions can be drawn.

(1) Higher tacticity components of irls-PMMA blends are

required to produce crystallinity by TINC than is required by SINC.

(2) The highest percentage crystallinity (35u) is pro-

duced by SINC from blends of hígh tacticity components with i/s

ratio of L/2. 
,

(3) The different T* of the crystallites from SINC at

different crystallization temperature, Tcr, is attributed to the

size of Èhe stereocomplexes, vrhereas the hígher T* of crystallites

from TINC as compared to T* of crystallites from SINC indicates a

difference in the internal crystal structure of the stereocomplexes

induced by the two processes.

(4) Addition of i-PMI'lA to s-PMl"lA results in a new

approach of modifying s-PMMA. The blend has a higher fracture

toughness than the s-PMMA componenÈ in the presence of methanol.

The enhancement of the fracture toughness is attributed. to the SINC

at the crack tip which produces crystallized stereocompJ-exes stab-

ilizing craze formation.
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CHAPTER 7

FURTHER COMMENTS ON THE EFFECT OF MOLECULAR I¡IEIGHT

MOLECULAR WETGHT DISTRTBUTION AND STEREO REGULARTTY ON

FRACTUFE BEHAVIOUR

The prime aim of predicting the effect of poll'mer molec-

ular properties on fracture behaviour and modifying the fracture

toughness of PMI4A has been satisfactorily achieved in this work.

The fracture toughness vs. entanglements refationship is the key

factor in understanding the mechanism of cracking and crazing in

PMMA.

Current thinking is that the fracture tougÏmess can be

well correlated with the glass transition temperature of the plas-

ticized crack tip, Ts9, or $tith the solvent sol-ubility parameter,

ôs. The fracture toughness and Tsg (or ô") apparently shows a good

relationship for most of amorphous polymer in various organic li-

guids, but it fails to interpret the l,lVü, MWD and stereoregularity

effects on the fracture toughness.

The inÈention is to clarify the cleficiency of the'fracture

toughness vs. t"g (or ô") correlation and to make further comments

on the fracture toughness vs. entanglements correfation with

Supporting experimeutal evidence from a scanning electron micro-

scopy (snu¡ morphology study of the fracture of high ¡M PMMA in good

solvents and i/s-PMI4A blends.

The first well-documented study on the rofe of organic

Iiquids in the crack/craze initiation of amorphous polymers can be

attributed to Benier and Karnbour (B). These authors investigated

the effect of a wide range of organic liquids on stress-cracking

or stress-crazing of poly(2r6-dimethyl-I'4-phenylene oxide) and
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suggested two useful correlat-ions exist between the critical- strain*,

g vs. T or e vs. ô_ to predict the cracking or crazing behaviours.csgcs
Benier and Kambour (8) found that the two correlations ec vs. t"n

and e vs. $- are equivalent. The critical strain, e^t increases----. -C -S - C

linearly with Tun and shows a minimum at ô" having a value close to

P
the polymer solubility parameter (i.e. at lôn6

Following Benier and Kambour, several other aUthors have related

fracture mechanics parameter (e.g. K") with ô" for PMMA (I29),

polystyrene and gtass-filled polystyrene (128). Similarly to

e vs. ô correlation, the fracture toughness vs. ô^ correlation-c-ss

also shows a minimum of the fracture toughness at l0- - 0^l 3 O.
' p sl

The critical strain, e"r wês a criterion for craze ini-

tiation which had been proposed for testing on ,trrrrot.fr"a specimens

for some time before the LEFM concept \¡/as applied to polymers.

However, because of variations in the inherent flaw sizes, there

exists large scattering of the final craze length and. the proPaga-

tion velocities impeding accurate measurement of e". Furthermore,

in contrast to the SIFr K"r the critical strait Ê., does not

represent the toughness of materials. Therefore, it is preferable

to use K- rather than e- to indicate the cracking or crazing beha-cc
viour in correlation with Trn or ô".

It is tedíous Èo measure the t=g of a solvent equilibrated

pol1'mer fitm (see Chapter 4) and the fracture toughness vs. ô-

* The critical strain, En, is obtained by bending a rectangular sheet
specimen on a three-point jig. The jig is then placed in a sel-ected
solvent and after a fixed time the separation of the craze boun-
d.aries is measured. The critical strain can be determined from the
initial maximum strain and the Iength between two craze boundaries.
Strictly speaking, e" is not a measure of fracture toughness but
rather a quantity below which neither crack nor cYaze can be ini-
tiated. In this sense, although there is no direct theoretical
relationship between fracture toughness and t., the two quantities
express the common characteristics 

- 
the resistance of material

to fracture.
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correlation is a simple alternative expression of the fracture

toughness vs. Trn correlation. The equivalence of the two correla-

tions relies on the fact that as the sofvent sofubility parameter,

ô", approaches the polYmer solubility parameter, ôn' the more

solvent will be absorbed and the larger the depression of the glass

transition temperature. However, whil-e the fracture toughness vs.

T correlation apPears as a universal represent-ation for both
sg

polar and non-polar liguids, the fracture toughness vs. ô" corre-

Iation needs modificaÈion for the case of polar liquids. Vincent

and Raha (9) suggested a more effective representation for stress-

ctazíng and stress-cracking of the polymer by considering both the

capacity of each liquid to hydrogen bond and the solubility para-

meter. These authors have applied the t\^/o-parameter'representation

(the hydrogen bonding parameter and the solubility parameter) to

predict the crack íng/erazlng behaviours of PI\'IMA, pofyvinjfchlorid,e

and polysulphones.

Although there have been many attempts aÈ improving these

physical parameter correlations, none of these approaches including

the so-call-ed "indisputable" Ts9 correlation (a phrase used by

Kramer (21) ) can explain the effect of M{ and temperature on the

fracture toughness, and the enhancement of the toughness by blending

i-PMMA with s-PMI4A. Prior to pointing out the deficiency of these

approaches, it is important to understand the physical significance

of the solubility Parameter.

Hildebrand (176) defined, the solubility parameter of

sol-vent, ô",
t4

ô f^"rì
Iu,JS

AS

(7. r)
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h¡here Asv = the energy of vaporization of solvent

= the molar volume of sol-vent ,

AE,,

-: 
= the energy of vaporization per unit volume or thev

s
cohesive energy density.

Hildebrand's equation can be applied to polymers where the solubil-

ity parameter, ôp, is the solubility parameter of each segment of

the polymer chain. The square of the difference lô^ - ô--l isr s p'

proportional to the enthalpy of interaction between one polymer

segment and one solvent molecule (52). In the Flory-Huggins theory,

the square of I O" - ôn I is related to XH by

VSY = - (ô- - ô-)' lr.r¡,.H RT . _S _p.

where X" = the enthalpy term of Flory's polymer segment-solvent

interaction Parameter, X (52).

The hydrogen bonding parameter as suggested Uy Vir,..nt and,

Raha (9) in their two-parameter representation is independent of

polymer chain length. Consequently, while the solubility parameter

and the hydrogen bonding parameter are by definition independent of

MW and stereoregularity, the crazing in high l4v¡ PMMA and the crack-

ing in low M[rl PMMA occurring in the same experimenta] conditions,

clearly indicates the failure of these approaches in predicting the

fracture behaviour in organic liquids.

The "indisputable" Tn correlation also becomes uncertain

in the light of this work. ft was known from Chapter 4 that the

T__ of methanol eguilibrated l-ow M,I PMMA is 5 to lO"C lower than
s9

Èhat of methanol equilibrated high l'ûl PMMA. However, according to

Benier and Kambour's Trn correlation, this small difference in T"n

is not expected to give a large drop in fracture toughness as

observed from experiments (chapter 5). The fracture toughness vs.

T

t-.

v
I

t'

tl

s
correlation also fails to account for the large decrease Ín the
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fracÈure tougtrress of MI4Vil in methanol when the testing temperature,

Ttest, increased from 30"C to 40oC (Fi9.5.33). Increasing the

T-^,- from 30oC to 40oC will resuft in an approximate ten degreeEest

decrease in T__ (60), but this does not coincide with a large dropsg

in the fracture toughness in the Tsg correration, Furthermore, as

known from the fracture data of the i/s-PMMA bl-ends (Chapter 6,

blend (M¡{W + I.74) for example) the fracture toughness in methanoL

(Ttest = 20oC) is larger than that of the s-pMMA component (M.}4VJ)

although a¡e Ts9 of blend and, MMW are cfose to each other.

The conventional approaches face a dilemna in attempting

to explain the effect of Mlrl , IvlhlD and stereoregularity on the frac-

ture toughness because these approaches consider plasticization of

polymers and subsequent depression of the glass transition temper-

ature as the onJ-y phenomena occurring at the crack tip ahd fail_ed

to develop a satisfactory molecufar mechanism involving the molec-

ular properties of polymers.

As discussed in previous Chapters, fracture behaviour of

PIUMA can best be explained by the fracture touglrress vs. entangle-

ment correl-ation by taking into account (a) the entanglement density

as a function of lvlW, (b) the disentanglement of polymer chains by

solvent under high stress, and (c) the reinforcement of entangl-ement

networks by crystallites. The reduction of entanglement density

caused by absorbed solvent is attributed to an increase in the MVitr

between entanglement foci, M". In a good solvent, in particular,

the dissol-ution at the tip region results in an infinite M" (zero

entanglement density) ancl this will- encourage a rapid disentangle-

ment process at the crack tip leading to a rapid crack growth. This

fracture behaviour can be understood by the following fracture test,

in good solvents of high i\M PMMA (HM{) and by t-he study of fracture

morphology.
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In methanol, high l"lw PMMA such as HMV has a long craze

growth and shown a honeycomb craze fracture surface (Fi9.5.22). In

a good solvent (e.9. butyl acetate or THF), on the other hand., HMW

fractured with a rapid crack propagation in a manner analogous to

the cracking of low l"l!'1 PMl"lA in methanol and the fracture morphology

of HMViI in a good solvent has a mirror-like surface (similar to

Fig.5.24 of Lyßtl / methanol). The similarity between the fracture

mechanism of HI'$tl/'ÍHI' and LMV\t/methanol suggests that there is no

contribution from entanglemenÈ networks at the crack tip of Hl{t¡t in

good solvent during cracking. By dissolving the bul-k material at

the crack tip, the good solvent facilitates rapid disentanglement

under stress leading to the de-stabilization of the craze.

The effects of the de-stabilization of the craze by soL-

vent can be observed from another examination of the fracture sur-

face of HtrM cracked/crazed. in a mixture of iso-propanol and

nethylethylketone (lGK) (1:I by volume). PMMA and iso-propanol/l,EK

mixture (1:1) has a LCST at T = 25oC (53)r so above this temperature'

the polymer-solvent system is miscible in all proportions and below

this temperature, phase separation will occur. By changing the

temperature, the solvating po\,{er of the mixture can be varied to

become a good solvent for the polymer at temperature above 25oC

or a poor solvent at temperature much lower than 25"C. That is, if

the temperature is far above 25oC the solvent mixture diffusing into

bulk PMITIA dissolves the tip zone. The dissofution of bulk material

at the crack tip causes the collapse of the entanglement networks

and thus allows rapid crack propagation. This cracking behaviour

was observed at T = 40"C exactly in the same manner as in THF.

The fracture surface is compJ-eteIy featureless surface under SEM.

On the other hand, if the temperature is below 25"C, diffusion of

the sofvent mixture only partly disentangl-es the network and the
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remaining entangfements enable the formation of stable craze. Figs.

7.I-7.2 show the fracture surface at T = 2O"C and T = 5oC with the

appearance of a "white" craze pattern that is reminiscent of the

fracture surface from Ml,lV'I,/methanol at T = 20"C (fig.5.25). It is

further noted that at T = 5oC the decay of applied was much sl-ower

than with an initial velocityr V.: - L0-2 msec I compared to

v. - 10 4 
^"."-l at T = 4OoC.

a

In contrast, the stereocomplex formation in irls-p¡{¡4a

blend can be regarded as reinforcement of the entanglement, network.

As a good solvent, acetone is a cracking agent to PMMA and a

featureLess fracture surface of a LMIaI sample is shown in fig.7.3

as evidence. Hor^¡ever, as a strongly compJ-exing solvent, acetone

promotes the co-crystallization in i/s-PITAMA. The crystallites act

as pseudo-crosslínks preventing rapid disentanglement and thus pro-

moting the craze formation (FiS.7.4) . The amount of crystallinity

induced ín the same blend by toluene (a weakly complexing solvent)

is not sufficient to support craze formation, therefore the fracture

morphology in this solvent show typical smooth cracking surface

(Fie.7 .s) .

Further to the experimental observations in Chapter 5, the

abve results concerned with the effect of organic liquids on the

fracture mechanism in high ¡"{t^7 PM}44 and in irls-PM}aA bl-end again

confirm that the fracture toughness of materials is direclty rela-

ted to the craze formation which strongly depends on the number of

entanglements existing in the bulk as well as in the craze fibrils.

Therefore the fracture toughness or the critical strain is fund,amen-

tally correlated wíth the entanglements rather than with the glass

transition temperature or the solubility parameter of the conven-

tional- concept. The following charts present a sunìnary of Chapter

5¡ Chapter 6 and this Chapter.



Fig.7.1

F'i,g.7.2
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t'White" craze pattern appears on
fracture surface of HM{ in iso-
propanol-MEK mixture at l=2OoC.
500x.

:McTe craze formation is observed on
fracture surface of HI\¿IW in iso-propanol
-MEK mixture at T=5"Cr 500x.





Fig.7 . 3
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Mirror*like fracture surface of LIIW

in acetone at T=20oC, l_00x,



L



îis.7.4
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Fracture surface of (Lì4vl + I.I00)
blend (i/s = 40/60) in acetone at

T=20"C. (a) lOOx (b) 500x.
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Fig.7.5
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Fracture surface of (L¡M + I-I00)

blend (í/s=AO/6O) in toluene at T=20oC'

IOOx.
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IN ATR

uc alone is a function
of the entang_Iement

density N.
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Over the last few decades there has been a constant

endeavour to improve the und.erstanding of the nature of entanglement

coupling. The development of theories concerning this subject has

been extensively reviewed by Ferry (67) and by Graessly (L77).

Because the main theme of this work has dealt with the entanglement

concept, it is worthwhile to examine alternative d.escriptions of

this concept before closing this Chapter. Hitherto, polymer entan-

glement networks have been customarily regarded as a system of

rope-Iike entangled knots (Ioops, kinks etc.) at a number of points

along the molecule chain. This model has been successfully used to

explain the transition of the MW dependence of viscosity, ¡, in

+

+

+

+

+

FRACTURE

K2=c

TOUGHNESS
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pol]rmer melts or solutions from n c'M (for M a t ) to ¡ 'r ¡'13'$ (for

M > Mc) I Bueche (7f¡ has argued that the critical trM, Mc, character-

izes the onset of entangled behaviour where the high }tlil dependence

of viscosity in the range of M > M" is due to the draqgíng of one

molecule by another leading to enhanced friction at the coupling

points. While the rope-like entangling of chains has provided a

satisfactory explanation for many polymer rheological properties,

the nature of entanglement coupling is still open to speculation.

The coupling has been arbitrarily regarded as a temporary coupling,

a local kink or a long-range contour loop. This ill-defined nature

of entanglement coupling leads to the more general concept for an

"entangled" system in Which movement of a given polymer is con-

strained by the topological effect at the points of entanglement

or intersection of adjacent chains.

De Gennes (178) proposed that the motíon of polymer

molecules in a concentrated solution coufd be regarded as a snake-

like (reptative) movement in a tube constraint. The tube is

defined by the locus of the constraint imposed on motion of a

given polymer chain by the other chains. using this model, Klein

(I79) concluded that for semidilute and concentrated solutions the

critical point at M = M" which represents the onset of entanglement

in Buechets description is the transition point from a free movement

of polymer chains to constraint reptative movement of polymer chains.

Bueche t s classical picture of the transition from 1 cE M dependence

to higher I'IW dependence, n o M3{ at the critical M!{, M. (= 2 M"),

can no\^r be replaced by a more realistic view where the entanglelnent

effect spreads atong the length of the molecule, resulting in the

reptative movement of the whofe polymer chain. Although de Genne

theoretically predicted rì ". M3 (180) for the high Mt,{ range which

is not in precise agreement with dependence of viscosity on l4V,l , his
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revolutionary model of the reptative movement of polymer chain,

being probably the best model for describing the nature of entangle-

ment rrcoupling" r rnây foreshadow a leap forward in the development of

the molecular theory of polymer tn.ofogy (I8I) -

The treatment of the entanglement in this work is undoubt-

edly stilt in the framework of classical tl-rinking. The central

poÍnt of the treatment lies in the relationship between the fracture

toughness and the entanglement density (the disentanglement process).

However, in the light of de Genners reptative model, the entangle-

ment density Ñ. and the characteristic lilbl , Me or M", still play

crucial roles in determining the dimension of the constraint, tube

for the reptative polymer chains. It is customary to consider craze

fibrils as an extended entanglement network, stabilizing the craze

by t'hookingil together at entanglement loci. If de Gennets repta-

tive,model is fully verified by experiments, the new concept of

entanglement may pose the question as to whether the restricted

reptative movement is the main mechanism of the stabilization of the

craze fibril. Hohtever, any attempt to answer this question awaits

basic informatíon on the existence of the reptative movement of

chain molecules in polymer melts and solutions.



288

CHAPTER 8

RESEARCH TOPICS FOR FURTHER DEVELOPMENT

The mechanism of cracking and crazing in polymers requires

an understanding of the stabilization and the failure processes of

c1.aze fibrils on the microscopic fevel. The study of the effect of

molecular properties on the fracture toughness of PI'IMA ín this work

has cle,arly pointed out the important role of the entanglement con-

cept on the molecular aspects of the fracture mechanism' Holvever,

there are some matters that arose during the investigation t'hat

would make fitting topics for further research'

(r) Application of particle scattering, X-ray diffraction

or holographic interferometry to the observation of the front tip

region to improve the understanding of the craze structure' For

example, determination of the stress profile of crazing stress

which could be done by holographic interferometry woufd aid the

appreciation of the short ctaze growth behaviour in high MW PI\4MA

and irls-PMMA at high temperature in methanol'

(2)Therheologicalpropertiesofpolymermeltsorsol-

vent-equil-ibrated polymers under tensil-e stress is a key factor in

understanding the mechanism of craze stabilization. A macroscopic

test on the elongation of sofvent-equilibrated polymer rod sampl-e

could provide basic information on the fracture process of the

craze fibrils.

(3) The kinetics of disentanglement and the kinetics of

crystallization under stress directly infl-uence craze stabíIization

and therefore the fracture toughness of material. A kinetic study

would increase our knowledge of the craze formation and the propaga-

tion velocitY of the tiP.
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- Some further problems that were noticed during the project

but are of a more indirect nature are listed below:

(1) Study of the limit of the application of LEFM concept

to the fracture process of polymers.

(21 cavitation which occurs when PMl"lA is immersed in

methanol. It has been suggested that phase inversion is a possible

cause but this needs to be substantiated'

(3)ThebroadT,ofi,/s-PM}aAbfendsrevealedthesemicom-

patible nature of the blend. To what degree of tactic randomness

in atactic pMMA wiII show an incompatible blend with i-PMI4A and how

the incompatibility wilt a ffect the fracture toughness.

(4') The study of the physical properties and the fracture

toughness of irls-pl"04A blends has shown that the btend has distinct

properties from its constituents. It woufd be interesting to

extend this study to the case of stereoblock PMMA of iso- and

syndio-tactic bfocks where the competition between the crystalliza-

tion of iso-iso, syndio-iso and syndio-syndio could be oþserved.

This possibility, however, still requÍres a well-controlled method

of sample preParation.
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APPENDTX 1

Viscometry Measurement

The Ubbel-ohde type viscometer has a distinct ad.vantage

over others in that measurement is independent of the amount of

solution in the viscometer. The flow time is kept long (more than

lOO sec) to minimize the error in timing the flow. The time coun-

ter is accurately controlled by two-light beatn, set at an upper

Iimit and at a lower limit. This viscometer allows the measurement

at a series of concentrations to be easily made by successive dilu-

tion.

The measurements were mad.e at a constant temperature of

24.94 t 0.02oC. AII solvents and solutions introduced into the

viscometer \^¡ere fittered through a sintered glass filter in order

to avoid blockage of the viscometer capillary. After measurement

of one solution was finished the viscometer \^¡as washed with solvent

and then acetone before drying by a water pump.

At every concentration, at least three runs vlere made and

the results shown are average values.

Viscometric runs of MG sample

I.

*.

p

t c(g/IOOcc) Ln nr/c /cn sp

l-l-5.499
r2I.234
r20.280
119.59s
119.066
118.670
1r8.353

o
0.2I8
0.182
0.156
0.13 6
O .I2I
0.109

o.2223
o.2228
o.2232
o.2236
o.2238
o.2239

o.2277
o.227 4
o.227 2

o .227 0
o.2268
o.2266

f

À-

,¡
¡

I

t

t
i

!

I

i



Plot of 9.n t)r/c vs. c gives
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Intercept =

Slope =

o.2256

-0 . 0152 I

¡-.

Pfot of n"p/. vs. c Aives

Intercept

Slope

o.2256

o .oo97 62

Hence' (n) = 0.2256 and kr + kr' = 0.49
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APPENDTX 2

Methanol-Equi librated PMMå Density

and Mo1ecular Weiqht between Entanglement Loci

The relationship between polymer density, Pn, and methanol

equílibrated polymer density, P"' are

m +m-
Ps = ff (,'2.1)

pd

where m is the mass at equilibrium absorption and V is the volume.

The subscripts d and p identify the diluent and polymer, respective-

Iy. Rewriting rlq.A2.I gives

p (A2.2)

(A2.4)

S

where p is the densíty, gn = t.I8 and 9d =,0.80 for methanol . At

equilibrium uptake (T = 20oC), Wt/Wz = O.22, that is

wp m +m-pd
(A2. 3)

100 0.82
LOO + 22

Combining Eqs. 42.2 and 42.3 gives

m m+ m_
d

wp mp + m-d m_
d

s

p

100
100 22a-
1.18 ' O.80

0.89

The !4W between entanglement loci, Me, is expressed by

3gN (vrpps) RT

Eto
"eN

3xIxO. 89x8 . 3I4x1O7x3t6

p

+
I:Ip

Pp

M
e

3.7 2xLO6
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Me f9,000

\^rhere ps = I.09 (aE Wt/Wz : O.22)
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APPENDIX 3

Calculation of the Depression in the

Glass Transition Temperature

A3.I T /Tsg'
from Chow's equation (8q.4.30)

og

^(

mAcupP
2xL.987

10O.12x0.07

o.415

ZR
ßc

o.567

Substituting Y and ß. values into Eq,4.3O gives

Tsg
Tog

0.680

A3.2 T /rsg'
from FH equation (8q.4.34)

oq

From the absorption data at T = 20oC the weight gain lrl¡ at

equilibrium to the original weight of polymer lrÏz is WtrlVüz = O.22

(i.e. 0n = o-76 and 0d = 0-24). r,et the original weight, wl, be

I g, then the weight of methanol will be 0.229. Substituting into

Eq.4.34 by using l4f¡l of methanol, Md = 32-04 g mo1-r, ACn = lx^Cnn

= 0.O7 cal deg-r, we obtain

ffi .cn o. t+ * ! Ln 0.761.987
o.o7

where M = MÍil of PMÌ'IA. Hence,

T
,Sg

Tog
0.757 for M = 500'000 and 30,000
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APPENDIX 4

Calculation of the Fracture Enerqy,

var ious Molecufar Weight Distributions

The energY Y is expressed by
c2

Y", at

\",

where ](æ) = 3xfo2 J m-2

by

t-

where

and Mc = 30,000. The factor S is given

Y (-) (A4.1)

(A4.2\

(A4 .3)

s

I w(0nM)d.tnM
M

c

ç (1,n M)

expl -(.Ln M - .Q,n Mo) z7¡z o2rl

z/tr o
D

For PMMAr the energY ] is of the form
Cl

Y",

TABLE A4.I:

= 0.0068 M%
l^t

W/Mn = 2, oo = 0.832

Mx103M*nw 10 3 M*xro 3 s (r-Mc,/Mn) Y" r Icz Y log Ycc
(Jm-z ) (Jm-2 ) (Jm-2 )

40
70

200
I000

80
140
400

2000

98.
282.

141I .

58.2
r57 .8
254. O

300.0

60.1
l_60.3
258.3
309 .6

I.18
2.20
2.4I
2.49

56.4 0.776
9 0.923
o 0.996
0 1.0

o.25
0. s7
0.85
o.97

I.9
2.5
4.3
9.6

TABLE A4.2¿ M/Mwn =4ra D
= I.L77

M x1O3n ¡4¡rO3 tç*ro3 5 (r-u",2\) Y", I"z Yc log YcItI m ç r¡ 
(Jm-2) (Jn-2) (,rm-2¡

40
'10

200
I000

160
2AO
800

4000

80
I40
400

2000

o.797
o. 905
0.986
1.0

o.25
o.57
0.85
o.97

59.8
L54.7
25r.4
300.0

62.5
r58.3
257.5
3r3 .6

I.78
2.20
2.4L
2.49

2.7
3.6
6.1

13 .6



297

APPENDIX 5

Derivation of Stor Shear lr{odulus

Loss Shear Modulus and Loss Tangent

The equation of motion of free oscillation torsion pendulum

IS

rS*r(c'+ic")y+RG\,'y = o (A5.I)

where I = moment of inertia, y = angle of twist, Gr = shear modulus

of the suspension wire, G' = storage shear modulus, G" = loss shear

modulus.

The constant, K,,involving geometric factors is expressed

by'

K É"t-
L6t (4s.2)

(45.5a)

(As . sb)

(A5. sc)

where b = width, h = thickness and .0 = Iength of specimen, p = shape

factor.

The constant R, g"o*åtri. factor of the suspension vrire,

is given by

4fir
29"

(As.3)
w

where r = radius of the wire and.C, = length of the wire.

The solution of Eq. 45.1 is

y = v exp (irrr - p)t (45.4)

where trl = angular frequency of oscill-atíons and g = attenuation

factor.

From Eqs.As.I and 45.4, we obtain

R

G'

p

A

r (o2 - p2) /r - a c*/r

2 I pu/K

Lu/2tr

logarithmic decrement.

and.

where
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If the sample is removed from the pend.ulum it will oscilL-

ate aL a freguencY given bY

2

oü)

where P = period of one osciflation when the sample is removed.or

R G\Á¡

I (As.6)

(As.7)

(45.8a)

(As .8b)

(45.8c)

Eq.A5.6 gives

G
w

4n2f.

RÉor

Combining Eqs. A5.Sarb,c and 45.7 we obtain

^a\t #,[ '-[*]' [*]"]
4nrA

lg
2KPr

and loss tangent, tan ö, is expressed as

tan ô
G.

Î̂t / [' [+]'-þ-,"1']



(r)

(2)

(3)

(4)

(s)

(6)

(7)

(8)

(e)

( 10)

( 11)

(12 )

(13)

(14)

(rs)
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