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ABSTRACT 

Compressoon moulded unplast:icised poly 

(vonylchlorode) (uPVC) was swol I en wot:h various organoc 

I oquods at: t:wo temperatures, 60 and 30°C, bot:h temperatures 

beong below t:he glass t:ransit:oon t:emperat:ure of uPVC. 

Loquods were chosen t:o gove a range of solubi I ot:y 

parameters, molecular sizes and abi I ot:y t:o form hydrogen 

bonds. It: was hoped t:o find a PVC-I iquod system which 

behaved somo larly t:o PVC swollen wot:h vonyl chloride monomer 

(VCM). 

The doffusion of t:he organoc I iquods ont:o t:he PVC 

was followed by measuring t:he percentage gaon on mass and 

t:he distance of penet:rat:oon as a funct:oon of t:ime. The 

experimental diffusoon results were analysed by t:he use of 

t:he generalized doffusoon equat:oon which t:akes ont:o account: 

bot:h Fockoan and case II mechanosms. Some agreement: was 

found between experoment:al and t:heoret:ical ly calculated 

I 1 quod uptake. It: is post:ulat:ed t:hat: t:he swel I ing procedure 

produces an advancing front: behond which t:here exists a 

swol I en regoon of organic I oquid and PVC in equo I ibrium wot:h 

t:he concent:rat:oon of I iquod on t:he surface of t:he polymer. 

The experimental probes used t:o invest:igat:e t:his 

swol I en regoon have been t:he glass t:ransot:oon t:emperat:ure 

and t:he rogidit:y modulus. These were determined usong 

Dynamoc Mechanical Thermal Analysos (DMTA). The ab 1 I 1 t:y of 

t:he swe I I 1 ng agent: t:o "soft: en" t:he cryst:a I I 1 ne content: of 

t:he polymer has been doscussed. Dofferent:oal Scannong 

Caloromet:ry (DSC) was also used t:o det:ermone t:he glass 

t:ransot:oon t:emperat:ure for t:he separate swollen regoon and 

for t:he glassy unswol len onner core. 

V 



The experimentally der1ved glass transitions for the 

swollen region were compared with values predicted w1th 

equations based on free volume. Reasonable agreement was 

found. the dev1at1ons be1ng d1scussed 1n terms of swel 1ng 

agent content 1n the swol I en polymer and crystal I 1nity. A 

theoretical model has been employed to calculate the modulus 

of the swollen PVC reg1on wh1 le stilI in contact w1th the 

glassy unswol I en inner core. 
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CHAPTER INTRODUCTION 

Poly (vinylchloride), (PVC) is one of the most 

important thermoplastics. The annual world production is 

approximately 30 ml I I 10n tons and about BOY. of this is 

produced by the suspens1on process. The polymerization 

process Is carried out 1n a pressurised stirred autoclave 

Into WhiCh drops of v1nylchlorlde monomer, (VCM), 

approximately eO ~m diameter are dispersed. The droplets, 

stabilized by a protective colloid, conso I i date on 

polymerization giving a f1nal granular product approximately 

150 ~m in diameter [1-3]. The suspension polymerization of 

VCM IS confined to within the suspended VCM droplet. Each 

droplet can be considered as a smal I mass polymerization 

process. Consequently the mechanism for the formation of 

the particle microstructure is common to the two processes. 

Initiation of commercial suspension polymerization is by 

means of various azo or peroxide type mater1als that 

d€compose to form monomer soluble free rad1cals when heated 

to the desired reaction temperature. PVC IS almost 

completely insoluble 1n VCM and therefore when a grow1ng PVC 

chain reaches a critical size. which Is probably relatively 

few monomer units, 1t Wl I I precipitate. M1ckley et ~[~] 

proposed that the precipitated polymer cha1n when col led 

1 



CHAPTER 1 - INTRODUCTION 

upon icself forms the first and smallest PVC particle known 

as the basic particle or micro-domain approximately eO nm in 

diameter. The particle morphology is described in figure 

1.1. Behrens et al£5], although agreeing with the I ikely 

size of the basic particle, postulated that they are formed 

from a grouping of 5-10 macromolecules. These basic 

particles being highly unstable flocculate to form domains 

or pr1mary nuclei of about O.e ~m In diameter. It is 

thought[~] that the half-1 ife of the basic particles is 

around 3 ms. 

FIGURE 1.1 

Model of uPVC grain morphology 

agglomerate 
5 ~ 

sub-grain 50 ~m 

/ 

primary particle 
1 ~m 

microdomains eO nm 

If the initiation rate is high it 1s possible for 

the growth rate of the basic part1cie to be fast enough to 

stabi I 1ze the basic particle without col I is1ons occurr1ng 

With other such particles. This produces a pr1mary particle 

with no v1sible sub-structure. Once formed, at less than 5~ 

conversion, the number of primary particles remains constant 

with I 1ttle or no secondary nucleation occurring. 

Polymer1zat1on, from 5~ conversion onwards, occurs 



CH~PTER 1 - INTRODUCTION 

almost exclusively 1n the monomer swol I en polymer phase 

producing a uniform growth In the s1ze of the primary 

particle f1rst formed. These primary particles are in some 

manner stabilized from 1n1tial agglomeration. The mechanism 

of stab I I izatlon is unclear but is thought to be electrical 

In nature[6]. At around 57. conversion the primary particles 

flocculate 1nto agglomerates of around 5~m In diameter. 

Suspension PVC particles usually possess a pericellular 

"skin" or "membrane" which extends almost continuously over 

the ent1re outer surface of the particle. This skin forms 

very early on, around less then 57. conversion. It is 

thought[7] the sk1n is formed by the primary particles being 

forced out by centrifugal forces onto the monomer/water 

Interface and being destab1 I 1sed, such that they fuse and 

form a continuous boundary that eventually grows to a 

thickness of about 1 ~m. 

Polymer1zat1on is normally continued to around 

65-957. conversion and because of the 557. Increase in density 

on polymerization a certain contraction of the droplet 

occurs caus1ng some fus1ng of the agglomerates into a 

sub-grain particle. The sub-grain is a polymerised monomer 

droplet which aggregates to form the final morphologically 

recognised particle, the grain, which essentially Is a 

porous network of primary particle aggregates, of around 150 

~m in diameter, 

The dried granular product IS then processed In a 

' 
variety of ways[B]. The processing characteristics of 

suspension PVC are largely determined by the granular 

morphology and molecular weight of the polymer. The smaller 

molecular weight favours ease of processing, but along w1th 
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reduced strength in the fonal product. The polymerlzatoon 

reactoon temperature controls both the chain length and 

degree of syndlotacticity[9-1c]. A porous granular product, 

which favours easy absorption of plasticizer additives, os 

used where flexobi I ity is required in the final product, 

who 1st, graons exhibotong a low porosity are favoured on 

rigid applications. Granular porosoty Is important in 

aiding the removal of remaining unreacted monomer at the end 

of the polymerozatoon[1]. The graons are subsequently 

processed into the final product by a variety of means: from 

the melt, paste, latoces or copolymer. The many possoble 

varlatoons and modifications to the processing of PVC grains 

has been summarised by Matthews[1~]. 

degree of fusoon between the grains 

Knowledge of the 

In the final, 

melt-processed, product is important for the, toughness and 

durabo I ity of PVC, accordingly many methods have been 

developed to assess the degree of fusoon[1~]. Of Importance 

to thos work are the technoques involving solvent testing 

and dynamic analysos. Fusoon in compressed 

unplasticlsed-PVC, (uPVC), is often examoned by Immersing a 

portoon of the polymer in propanone at room temperature 

following standard procedures, (65~505:1966) and (ASTM 

Dc15c-67, reapproved 197c). The test has a number of 

I omitations[1~] and yields only a subject ova analysis as to 

the degree of fusion present in the final product. More 

recently methods have been explored, using thermal analysis, 

by Go lbert and Vyvoda[15] to onvestigate the degree of 

fusion in the polymer. Dynamic mechanocal thermal analysos 

technoques have been employed by Harrlson at al.[16]. They 

onvestogated the extent of fusion on a compression moulded 
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uPVC plaque, as a funct1on of mould1ng temperature, by using 

opt1cal ly clear partially fused plaques annealed at a 

temperature above 1ts glass transition temperature, (Tg), 

and model led the volume recovery with loss of modulus. 

5 



CHAPTER 1 - INTRODUCTION 

1.1 DYNAMIC MECHANICAL THERMAL ANALYSIS OF POLYMERIC 

SYSTEMS 

The technique of dynamic mechan1cal thermal analysis 

of polymeric systems 1s of ever 1ncreasing importance s1nce 

many appl 1cat1ons of polymers 1nvolve the vibration of 

material, for example, as seen in the automobile Industry. 

The dynamic thermal mechanical analysis, carried out at a 

s1ngle frequency, typically at a frequency between 0.1 and 

90 Hz, over a temperature span of ~20 degrees between -1~0 

to 1B0°C yields valuable Information as to the modulus 

behaviour of polymeric materials. Figure 1.2 shows 

idealised modulus-temperature curves for typical I 1near and 

cross- I inked amorphous polymers. The curves show four 

reg1ons of v1scoelastlc behaviour, glassy, transition, 

rubbery and l1near. The I ine extending horizontally from 

the rubbery region would be that exhibited by a I lghtly 

cross-1 inked polymer. Of particular interest to the 

manufacturer IS the temperature at which the transition 

reg1on occurs, as this often describes the upper or lower 

working limit of a polymer. 

6 



CHAPTER 1 - INTRODUCTION 

FIGURE 1. 2 

Idealised modulus-cemperacure curves for cypicai I inear and 

cross-1 1nked amorphous polymers[l7J 

9 

log 

modulus 

1 

5 

glassy 

cransicion 

- - - - ( I i gnc I y cross- I 1 nked) 

rubbery 

I inear 

3+------------------------------
cemperacure/°C 
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CHAPTER 1 - INTRODUCTION 

l.c LIQUID UPTAKE BY PVC 

Interest 1n the I 1qu1d uptake by PVC began as early 

as 195c[1B]. The speed of penetration of the I I quid Into 

the polymer enabled Corbiere et ~[lB] to distinguish three 

classes of I iquids. (1) inert I 1qu1ds producing no effect, 

(c) "disintegrating" I iqulds 1n wh1ch d1ssolut1on proceeded 

without previous visible swel I ing and (3) I lquids which 

' swelled the polymer followed 1n some cases by complete 

diSSOlUtiOn. 

Some of the f1rst Investigations 1nto PVC morphology 
o..nJ 

by I 1qu1d uptake were carr1ed out by II lers[l9]~ Lapcik and 

Valko[cO]. Although no quantitative examination was 

reported, Il lers concluded that the sorption of I iqulds by 

PVC is dependent upon thermal history. Lapcik and Valko 

studied the d1ssolut1on of commercial PVC In cyclohexanone 

at various temperatures between eO and 70 °C and produced 

the apparent activation energy for the swel I ing and 

dissolution processes, by plotting the activation energy of 

swelling and dissolution of PVC in cyclohexanone as a 

function of molecular mass. The activation energy was found 

to reach a I 1m1t1ng value with 1ncreas1ng number average 

molecular weight, Mn . Th1s indicates that the chain ends 

make an Important contribution to the swell1ng and 

dissolution. Lapclk ~~£cl] later calculated the apparent 

F1ck1an d1ffus1on coeff1c1ents for various organic solvents 

in PVC f1 lms produced from emulsion polymerized VCM. They 

found the activation energy for diffusion was dependent on 

the polarity of the solvent molecule. Working concurrently 

Kwe1 and eo-worker-s 1n a ser1es of papers[cc-c6] 

B 
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demonstrated the sim1 larity between the mathematically 

predicted mass uptake, and depth of penetration, of 

propanone 1nto PVC sheeting and that obtained experimentally 

by using a generalized diffusion equation which includes the 

internal stress contribution. 

9 
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1.3 VAPOUR UPTAKE BY PVC 

It has become generally accepted [E7] that there are 

two models for interpreting organ1c vapour transport 1n 

glassy polymers: Fickian (case 1) and non-Fickian 

(relaxation or case E). For the system (PVC/VCM), 

Berens[EBJ has investigated the conditions where Ficklan and 

case II diffus1on can dominate. Berens has collected 

sorption and desorption data for VCM in a wide variety of 

PVC res1ns at temperatures from E5 to 110 °C and VCM 

pressures from zero to 700 mmHg. 

diffUSIOn using an emulsion 

consisting of spherical particles 

approximately 0.1 to 1 ~m 

He has shown Fick1an 

polymerized PVC res1n, 

of diameters from 

very narrow size 

d1strlbut1ons: essentially a resin containing uniform 

spheres. When us1ng suspension polymerized PVC res1ns, 

containing gross particles of roughly 100 ~m in diameter, 

which are neither truly spherical nor uniform 1n size, 

Non-Ficklan behaviour was observed. This behaviour was 

attributed to the presence of glassy particles - which arise 

1n the polymerization process and appear as nonporous 

structures. They are believed to arise from excess1ve 

fusing together of pr1mary particles dur1ng polymerization 

to form sol Id PVC regions which may be as large as the gross 

agglomerated part1cles of the res1n, i.e. up to 100 ~m. The 

presence of a few such particles in an otherwise porous 

res1n could wel I account for slow sorption or desorption of 

the last fraction of the total VCM. 

Berens[E7J discusses the theory proposed by Michaels 

et ~~E9J who suggested that the sorption of gases and 

10 



CH~PTER 1 - INTRODUCTION 

crganoc vapours on polymers below the or T9 fcl lows a 

dual-mode sorption model, the total sorption beong ascrobed 

to ccntrobuticns of normal dossoluticn and Langmuoroan 

"he I e-f i I I i ng". ~ sorption osctherm for VCM in PVC under 

these ccndotocns shows a pronounced downward curvature, see 

fogure l.:::J[cB]. Thos situation exosts when the polymer IS 

on its glassy state, in its rubbery regocn normal 

dissolution behaviour occurs. Berens[cB] further suggested 

that the extent of hcle-fi I I ing can be used as a measure of 

the micrcvcid content in the PVC reson. 

Summers[30] re-examined the action of prcpancne on 

PVC suspension resin. He suggested the presence of a 

cross-! onked network where the prcpancne only enters into 

the amorphous region leavong the crystal I ites intact which 

act as cross-links, I omotong the amount by which the PVC 

swells. This work has been carried further by Guerrerc[31] 

who prepared lOY.(w/w) solutions of PVC in varocus solvents 

and prepared PVC gels and studied the network structure, as 

a function of polymer crystal I inity and polymer-solvent 

onteracticn. ~ correlation between gel-forming abi I oty and 

sol ubi I oty parameter was found. 

11 
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FIGURE 1. 3 

The sorpcion of VCM lnco PVC grains ac 30°C[c6J 

concentration 

mg VCM/ g PVC 
100 

dissolution 

so 

0~------~----~~----~------~ 
0·0 0·2 0·4 0·6 0·8 

relac1ve parcial pressure 

le 



CHAPTER 1 - INTRODUCTION 

1.~ SUMMARY OF THE WORK UNDERTAKEN IN THIS STUDY 

The prev1ous two sections describes how organic 

vapours and liqUidS have been used as tools for 

lnvest1gat1ng the morphology of uPVC. All the work 

described has dealt with emulsion or suspension polymerized 

PVC res1ns that have received I ittle or no heat treatment. 

The experiments described in this report deal w1th 

suspension po I ymer I zed resIn of average mo I ar mass. cOO , 000 

g mol-' and of gross particle size upto 100 ~m diameter 

pressed into a sheet at 159 °C for 5 minutes at a pressure 

of .,bOO"~"'""-'-; A certain amount of mod1f1cat1on w1ll have 

occurred in particle structure and vo1d content. At this 

temperature and pressure the pr1mary particles wll I have 

begun to break down. 

The uptake of var1ous I 1quids into PVC plaques has 

been fol I owed us1ng two parameters, total mass uptake per 

unit surface area and depth of penetration. The 

mathematical model[cc-c5] used to follow these parameters 

required the use of a constant equll ibrium concentration of 

I lquid In the swollen polymer. The mechan1cal properties of 

the partial swollen (in some cases fully swollen) polymer 

were Investigated using a Polymer Laboratories Dynamic 

Mechanical Thermal Analysis (FL-DMTA) instrument supplied by 

Polymer Laboratories, The Technology Centre, Ep1nal Way, 

Loughborough, Le1cestersh1re, LEll OQE UK. The Information 

extracted from PL-DMTA consisted of T9 and modulus data and 

was model led to the concentration of liquid 1n the swollen 

polymer. 

1:3 



CHAPTER 2 THEORY 

e.l DEFINITION OF MECHANICAL TERMS 

e.1.e Static terminology 

Amorphous and to some extent partially crystal I ine 

polymeriC materials may be considered to be Isotropic In 

nature. These materiaiScan undergo three elementary forms 

of elastic deformation when subJected to (1) simple tension, 

(e) simple shear and (3) un1form or bulk compression, as 

shown dlagramatical ly in figure e.1[3eJ. 

e.1.e.1 Simple tension 

If Hooke's law is assumed, the tensile stress a is 

proportional to the tens1le stra1n y, The proportionality 

constant is known as the modulus which 1s defined by the 

Young's modulus E for elast1c solids by 

a = EY ce.l> 

e.1.e.e Simple shear 

The base of the sample IS held rigid and a 

1~ 
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FIGURE 2.1 

Different forms of elastiC deformation (1) s1mple tension 

(e) simple shear (3) bulk compression 
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CHAPTER E - THEORY 

transverse force 1s appl 1ed. The shear modulus G IS given 

by the quotient of the shear1ng force per un1t area and the 

shear per un1t d1stance between shear1ng surfaces. 

G = as/Ys (E. E) 

E.1.1.3 Sulk compression 

When a hydrostatic pressure -p 1s appl 1ed to a body 

having a volume V0 a change 1n volume IS produced. AV. The 

bulk modulus S can be defined as 

S = -p/(AV/V 0 ) (E.3) 

In Simple shear and tension there IS a change 1n 

shape Without change 1n volume. Sulk compression br1ngs 

about a change 1n volume w1th no change 1n shape. 

modul 1 G. S and E are Interrelated by 

E = 3S(1 - E~) = E(1 + ~)G 

The three 

where ~ 1s Poisson"s ratio and is a character1st1c of the 

mater1al under test. Po1sson"s rat1o varies from 0.5. when 

no volume change occurs. to about O.E. This shows for a 

1ncompress1ble elastic solid. such as rubber. 

modulus IS three t1mes that for shear modulus. 

E.1.E Oynam1c terminology and Interrelations 

the Young"s 

Upon the appl 1cat1on of stress a viscoelastic body 

16 
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develops a sera in WhiCh bUIlds UP slowly. If ehe seress is 

applied in a s1nuso1dal manner, ehe serain also aleernaees 

sinusoidally bue lags in phase behind ehe applied seress. 

The s1euae10n IS I I luseraeed 1n figure c. c. 

A s1nuso1dal seress of frequency (w) is applied eo 

the sample. The stress and strain may be expressed 1n the 

fol !owing equaeions[~~l 

a= apsin we <c.s) 

cc. B) 

where ap and YP 1s t:he stress and sera1n amp I i eude~, 

respece1vely. The stress may be resolved vect:oral ly int:o 

t:wo componenes, one 1n phase wieh t:he seraln and t:he ot:her 

out: of phase, by 90° wit:h ehe strain. If each of t:hese 

components is divided by t:he strain t:he modulus may b~ 

expressed, us1ng complex not:at:1on, as in-phase (or real) and 

cue-of-phase (Imaginary) component:S. This is shown in 

f 1 gure c. ~(a). The complex dynamic modulus Is given by. 

cc.7) 

The seperaee componenes are defined as 

seress ampl1t:ude 
E" = cc. B) 

st:ra1n ampl it:ude 

17 
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FIGURE e.e 

Con~inuous Sinusoidal deforma~ion 

of a v1scoelas~ic body 
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FIGURE c.:3 

The vactorial analysis of dynamic modulus 

and comp I i anca 
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and 

E" = 

CHAPTER 2 - THEORY 

stress amp I itude in phase with strain 

strain ampl 1tude 

stress amplitude 90° out of phase 

stra1n amplitude 

(2.9) 

(2.10) 

The In-phase or storage modulus E' is associated with the 

recoverable stored energy and the 

modulus IS associated w1th 

diSSipated by the material. 

out-of-phase or loss 

the amount of energy 

The damping 1n the system or the energy loss per 

eye I e can be measured from the •• I oss tangent." tan 6. Th 1 s 

IS a measure of the internal friction and is related to the 

complex modul 1 by 

(2.11) 

From flgures2.2 and 2.3 1t can be seen that Instead 

of producing complex modulus data by dividing stress by 

stra1n it is possible to produce strain by stress data. 

This is shown 1n figure 2.3(b). This is termed the complex 

comp I i ance .J•. 

(2.12) 

The storage compl 1ance J' IS the ratio of t.he st.ra1n 1n 

20 
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phase with the stress and JH, the loss compliance Is the 

ratio of the strain 90° out of phase with the stress. 

f1gure 2.3 it can be seen that 

G• = 1/J'" 

From 

(2.13) 

Their 1nd1v1dual components do not however follow the same 

relat1onsh1ps. 

equat 1 ens[ 33]. 

J' = 

r· = 

They are connected by the fol tow1ng 

G' 1/G' 
------= (2.1't) 

1 + tan 2 6 

= (2.15) 
1 + (tan•6)-• 

These equations may be used to calculate G' and GH 

Simply by subst1tut1ng J• and JH 1nto the right hand Sides 

of equations 2.1't and 2.15 for G' and GN respectively. 
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c.c THE GLASS TRANSITION 

c.c.l Def1n1ticn of the glass transition temperature 

When the temperature of an amorphous high molecular 

weight polymer is lowered, a region may be reached where the 

properties of the polymer change from those of a soft, 

flexible rubber tc these cf a hard, br1ttle glass. This 

point is known as the glass transit1cn temperature (T 1 ). At 

this point rotational molecular mot1cn ceases tc occur. The 

thermodynamic and phys1cal properties cf a polymer undergo a 

marked change at this temperature. 

The temperature dependence. at constant pressure, of 

quantities such as the volume and enthalpy, have been wel I 

described 1n the I lterature[~~.~SJ. An example of th1s 1s 

shown In figure c.~. 

property-temperature 

In both cases an Inflection in the 

curve IS observed. The volume 

temperature.relat1onsh1p 1s shown fer an amorphous polymer 

(curve A-D). 

(curve A-B-H). 

A hypothetically pure crystal I 1ne polymer 

In the region C-D the amorphous polymer is a 

glass. The Inflection observed at C is the T1 temperature 

beyond wh1ch the polymer softens and becomes rubber- I 1ke. A 

ccntinu1ng 1ncrease 1n temperature along C-B-A leads tc a 

change cf the rubbery polymer to a viscous I iqu1d. 

In a perfectly crystal I 1ne polymer, al I the chains 

would be Incorporated 1n reg1ons of three-dimensional order, 

called crystal I ites and no glass transition would be 

observed, because of the absence of disordered cha1ns in the 

polymer. The crystal l1ne polymer, 

(Tm0 ) and become a viscous I iqu1d. 

cc 

on heat1ng would melt 

In pract1ce perfectly 
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FIGURE 2.'t 

Change of specific volume (v) of a 

polymer with temperature 
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crysta I I 1 ne polymers are not encountered and 1nstead 

polymers may contain varying proportions of amorphous and 

crysta I I i ne reg1ons. These exhibit both T9 and Tm 

corresponding to the disordered and ordered portions and 

would follow a curve similar to F-E-G-B-A. The Tm for a 

semi-crystal I lne would be lower than Tm0 due to crystal 

defects and a range of chain lengths. The rate of cooling 

an amorphous polymer is important. This is shown in figure 

2.5, where more than one glass type may be formed from the 

same melt 1f different cooling rates are used. It Is 

Immediately apparent that T9 

thermal history. 

is 

FIGURE 2.5 

1n part dependent upon 

volume-temperature relationship for a 

typ1cal amorphous polymer 

speclf1c 

volume 

V 

glass A 

glass B 

e't 
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rate of coo I 1 ng 

of material 

A >> B 
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The transition from a glass to a rubber-1 lke state 

1s accompanied by marked changes in the specifiC volume, the 

modulus, the heat capacity, the refract1ve Index and other 

physical properties of the polymer. S1nce no d1scont1nu1ty 

Is observed when the entropy or volume of the polymer is 

measured as a function of temperature the glass transition 

is not a first-order trans1t1on, in a thermodynamic sense. 

If the f1rst derivative of the property-temperature curve IS 

measured, a change 1n the v1c1nity of T9 is found: for this 

reason it is sometimes called a second-order transition. 

Rehage and Borchard[36], however, have shown that the rate 

of the experiment can affect the T9 , thus, show1ng the T9 

not to be a true second order trans1t1on and 1s not a d1v1de 

between equ1 I 1br1um thermodynamic states. 

On a molecular level the T9 is widely interpreted as 

the temperature above wh1ch the polymer has ac'1••1red 

sufficient thermal energy for conformational changes to 

occur. These are explained as rotation of the bonds 1n the 

backbone of the molecule. Smal 1-scale mot1on along the 

backbone does occur within the glassy state, as shown by 

sub-T9 transltlons[37-39). These transitions are subJect to 

severe restrictions and occurs on a much more I imited scale 

than above T 9 • 

The phenomenon of the T9 cannot be explained by a 

s1ngle theoretical treatment which enJoys widespread 

agreement. The two most popular treatments give either a 

kinet1c or a thermodynamic explanation. Neither explanation 

has proved wholly successful and it seems likely that the 

1nterpretat1on I ies somewhere 1n between. 
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E.E.E Konetoc theories 

One quantofyong method is the kinetic free volume 

theory. Unfortunately the conce~t of free volume is 

difficult to define in a ~recise manner. In an a~~roxomate 

way it is possible to re~resent the segments of a polymer 

chain by rigid bodoes and the free volume as the holes 

present between these segments as a result of the 

oneffocient ~ackong of the rigod bodoes. This idea was 

demonstrated by Somha and Boyer[~O] and os shown on figure 

E.6. Below T9 the free volume reaches a constant value 

whoch is too smal I to allow the large-scale conformatoonal 

rearrangements of the chaon backbones associated with T9 to 

occur. Above T9 , however, the free volume oncreases and 

becomes sufflcoently large to allow such motions to occur. 

These odeas are borne out in the fol lowong equations 

f = f 9 + a~( T-T9 ) T > T9 

(E.16) 

f = fg T < T9 

where the fractional free volume (f) reaches a constant 

value, f 9 , at T9 and increases I onearly above T 9 woth the 

coefflcoent of ex~ansion a~ in the regoon of the T9 • If the 

thermal ex~ansion coefficoents immediately above and below 

T9 are given by 

ar = 1/V9 (dV/dT)r and a 9 = 1/V9 (dV/dT) 9 (E.17) 

E6 
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FIGURE 2.6 

Varia~ton of spectftc volume wi~h ~empera~ure 

specific 
volume 

V 

0 

from Stmha and 8oyer[~OJ 

Tg ~empera~ure (K) 

~hen ~he volume expansion of free volume in ~he regton of T9 

is given by ar - a 9 = a~. 
Oool ~~~le[~1.~2J used ~he concep~ of free-volume 1n 

hts empirtcal rela~lonship be~ween viscosl~y and volume 

whtch proved successful 1n ~rea~ing smal I molecular I tqutds. 

In ~hts equa~ton A and 8 are cons~an~s and ~ 1s ~he 

VISCOSi~y Of ~he liquid. 

(V- V~) 

In~ = In A + 8-------- (2.18) 

Where V IS ~he spectfic volume of ~he polymer and is ~he sum 

of ~he unoccupied and occupted volumes, Vo and V~. When ~he 

frac~tonal free volume f ts defined as V~/V, equa~ion 2.18 

can be rewrt~~en as: 
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In ~ = In A + 8(1/f - 1) (2.19) 

If Tg is used as the reference po1nt, the viscosity of a 

I 1quid at a temperature T (T > Tg) IS given by 

In (~/~g) = 8(1/f - 1/fg) (2.20) 

where ~g and fg represent the viscosity and fractional free 

volume at Tg. 

2.20 yields. 

Substitution of equat1on 2.16 into equation 

In (~/~g) = 
T - Tg 

8/fg[--------------------] 
fg/a~ + ( T - Tg ) 

(2.21) 

Equation 2.21 is of the same form as the empirical 

relationship developed by W1l I 1ams Landel and Ferry[~3] 

(WLF) found to be ~u•table for describing mechanical and 

electrical behaviour in the region from Tg to (Tg + 100). 

For many polymers particularly amorphous polymers, the 

fol I owing expression has proved valId. 

-17.~~ (T 
In (~ /~g) = (2.22) 

51. 5 + (T Tg) 

Rewr1t1ng equation 2.21 1n terms of logs and assum1ng that 

the value of 8 is unity as found for s1mple I 1quids, one 

obta1ns. 

( T - Tg) 
log ( ~~~g ) = (2.23) 

2.303fg ( fglag + ( T - Tg )) 
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By comparing equations 2.22 and 2.23 values for f 9 (0.025) 

and a~ (~.Bxlo-• K-•), which were thought at one t1me to be 

universal constants, may be found. It has since been shown 

experimentally that a~ does vary between polymers, yielding 

a range of values for the fractional free volume 1n the 

glassy state 1n the range 0.015 to 0.036 It IS clear that 

the WLF equation predicts that T9 represents an !so-free 

volume state. While this concept is not strictly true it 1s 

nevertheless of wide ut1 I 1ty. 

2.2.3 Thermodynamic theories 

The glassy state of a polymer has already been 

described on a molecular level as a I 1qu1d wh1ch IS frozen 

locked immobile state. The amount of disorder 1nto a 

present IS dependent on the rate at which the glassy state 

1s approached. It is proposed that 1f the melt 1s cooled at 

a inf1n1tely slow rate then a trans1t1on can be achieved 

WhiCh may be Interpreted 1n terms of theoretical 

thermodynamics. 

By exam1n1ng thermodynamiC data for materials that 

produced a glassy state upon cool 1ng Kauzmann[~~J 

demonstrated that the extrapolated entropy of a supercooled 

l1qu1d at absolute zero was less than the entropy shown in 

the crystal I 1ne state. This was held to be impossible. If 

the extrapolated entropy curve was drawn so that equi I ibr1um 

was ach1eved the curve would have to curve round sharply to 

remain above the values for the crystal. This 1dea has been 

formal 1zed d1agrammat1cal ly by Rehage[36J, as shown 

f1gure 2.7. He described the 1ntersect1on of the entropy 
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versus ~empera~ure plo~s for ~he equi I lbrium ~ransl~1on 

~empera~ure. 

FIGURE 2.7 

The var1a~1on of configura~ional en~ropy wi~h 

~empera~ure for a glass form1ng I I quid 
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Glbbs and 01Marzlo[~5-~8] have considered ~he T 9 ~o 

be a ~rue equi llbrlum. They d1d acknowledge ~hough ~ha~ 

k1ne~1c effec~s are 1nev1~ably encoun~ered when measuring 

T9 • The1r ~heory 1s based on a la~~1ce ~rea~men~ s1m1 lar ~o 

one used by Flory[~9] and Huggins[S0-52] for polymer 

solu~1ons. The observed T9 of a polymer can be shown ~o 

decrease[53] 1f ~he polymer 1s held, af~er rap1d cool 1ng, a~ 

sub T9 ~empera~ures for a sufflc1en~ly long ~lme. G1bbs and 
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DiMarzio cons1dered this by def1n1ng a new transition 

temperature T 2 at wh1ch the conf1gurat1onal entropy of the 

system is zero. Th1s temperature can be considered to be 

the I imiting value of T9 which would be obtained If 

Infinitely long t1me experiments were employed. The 

experimentally detectable T9 IS a time dependent relaxation 

process the observed T9 value being a function of the time 

scale of the measurement. The temperature T 2 is considered 

to be a true second order transition temperature. The main 

term used by Glbbs-DIMarzio 1n calculating the 

conf1gurat1onal entropy of a system 1s the energy barrier 

between one conformation of the ma1n chain and another. The 

energy associated with this hindered rotat1on IS very high 

at temperatures JUSt above T 2 and hence a slow response 

would be expected to the appl icat1on of any external force. 

Ev1dence for the ex1stence of T 2 is shown by the fact that 

d1electr1c and viscoelast1c relaxation t1mes fal I towards 

T 2 • The temperature T 2 IS not an experimentally measurable 

quant1ty but IS calculated to I le approximately 50 K below 

the experimental T9 • The ma1n weaknesses of this theory are 

(a) a chain of zero stiffness would have a T9 of 0 K and (b) 

that the T9 would be independent of any Intermolecular 

1nteract1ons. The Adam-Gibbs(S~J theory Is an attempt to 

un1te both the kinet1c approach used 1n the WLF equation and 

the equ1 I lbrium treatment of Gibbs-DIMarzlo. The 

Adams-Gibbs theory IS based on a molecular k1netlc theory. 

They relate the temperature dependence of the size of a 

reg1on wh1ch Is shown as a volume large enough to allow 

rearrangement to take place Without affecting a neighbouring 

reg1on. The volume of th1s reg1on by def1n1t1on wl I I 
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decrease woth temperature and wo I I equal the volume of the 

smallest unot that can undergo a transition to a new 

confoguratoon. This regoon os termed the "co-operatively 

rearranging region" (CRR). The temperature dependency of 

such a regoon leads to an expressoon for the co-operatove 

transitoon probabi I oty w(T). The final expressoon of the 

Adam-Gibbs theory is of a soml lar form to the WLF equation. 

-log [W(To)/W(T)J = c,(T- T0 ) / [c 2 + (T- T0 )) (c.c~) 

Where 

and 

The temperature T0 os the WLF reference temperature, T 2 is 

as defoned in the Glbbs-OiMarzoo theory, Se IS the 

macroscopic configurational entropy for the smallest region, 

6Cp is the change on specific heat capacoty between the melt 

and the glass at T9 and 6~ os the heoght of the potential 

energy barroer per monomer unit for a co-operative 

rearrangement. 

If T0 , the reference temperature, is chosen such 

that ot represents the glass transition the values of c, and 

c 2 closely approxomate to the WLF constants. Also the 

dofference between T9 and T2 os 55 K. These two facts seem 

to point towards the molecular konetic theory of Adams and 

Gibbs resolving the differences between the konetoc and 

thermodynamic T9 theories. 
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c.c.~ Factors affecting Ts values 

Free volume, thermodynamic and kinetiC theor1es can 

be used to explain the differences 1n the T9 temperature for 

a w1de var1ety of polymeric systems. The ma1n factors 

1nfiuenc1ng changes in T9 may be separated 1nto two parts 

Intramolecular and Intermolecular effects. 

c.c.~.l Intramolecular effects 

The most Important factor affecting the T9 is the 

cha1n stiffness or fiex1bi I ity of the poiymer[55J. Long 

cha1n al 1phat1c groups, ether I inkages and SI loxane groups 

bu1 Id fiex1bi I 1ty 1nto the main cha1n of the polymer and 

I ewer T 9 • If one considers a vinyl type polymer (CH 2 CHX)n 

the s1ze of the side group X has a profound Influence on T9 • 

For instance 1ncreas1ng X from hydrogen to a methyl group 

increases T9 by over a hundred degree. If X IS a phenyl 

group T9 is ra1sed over two hundred degrees above that of 

the or1ginal poly(ethylene). Adding such rigid groups has 

the effect of decreasing chain flexib1 I 1ty thus ra1s1ng T9 • 

Alternatively, the flex1bi I 1ty of the group, not ItS SIZe, 

can determ1ne T9 • Thus it is possible to lower the T9 by 

cons1der1ng X to be an alkyl group changing from methyl to 

ethyl when it is possible to lower T9 by some fifteen 

degrees. The expected r1se in T9 due to the size increase 

of the pendant group is outweighed by the increase 1n 

flex1b1 I 1ty brought about by the pendant group. The 

Glbbs-DIMarzlo[56J theory can be used to explain the 

subst 1 tuent s 1 ze 1 n terms of the "'f I ex energy••. The flex 
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energy (t) is the energy difference between the potential 

energy m1n1mum of the located bond and the potential min1ma 

of the remaining possible orientations which the polymer 

cha1n may orientate 1tself. As the s1ze of the s1de group 

increases so does the steric hindrance and hence the flex 

energy. 

A second factor Important 1n determining the value 

Generally as symmetry increases of T9 IS backbone symmetry. 

the T9 decreases. Th1s effect 1s illustrated by the 

following two pa1rs of polymers: poly(propyiene) 

(Tg = -l0°C) and poiy(lsobutylene) (Tg = -70°C), and 

poly(vlnyl chloride) (T 9 = 88°C), and po i y (V i ny I 1 dene 

chior1de) (T 9 = -190C). Despite the extra side group the 

.. symmetr 1 ea I polymers, poly(lsobutylene) and 

poly(vlnyl 1dene chloride), have lower T9 values. 

A th1rd factor influencing the value of T9 is the 

chain microstructure. When two chemically different 

monomers are polymerized together to form a random, 

amorphous copolymer the T9 of the copolymer I i es somewhere 

between the respective T9 's of the homopolymers. The 

Gibbs-DIMarzlo[56] theory can be ut1 I 1sed to demonstrate the 

calculation of T9 of a random copolymer. The Gibbs-DiMarzio 

model 1s characterized by two parameters: the hole-formation 

energy, u 0 and the flex energy. The parameter u 0 describes 

the intermolecular energy contributions and t describes the 

Intramolecular energy contr1but1ons. According to the 

theory, is found that u 0 IS directly proportional to T 2 

and that t/kT 2 1s a constant. for al I polymers. Rewriting 

th1s rat1o 1n terms of T9 1t has been shown that t/kT 9 

possesses a .. un i versa I •• va I ue of 2. 26 for a I I amorphous 
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po I ymer-s[ 55]. The flex ener-gy of a r-andom copolymer-

composed of A and B monomer- units is goven by 

(c.cs> 

wher-e XA and X8 ar-e the mole fr-actions of monomer- unots A 

and B. Subst 1 tut·i ng the ··un i ver-sa I"" va I ue of 

c = c.c5kTg <c.c5) 

on equatoon c.cs leads to 

(c.c7) 

whoch os of the same for-m as the empir-ocal equatoon found by 

Wood[ 57] 

<c.cB> 

wher-e W; ar-e the weight fr-actions of the comonomer-s A and B 

and kA and k 8 ar-e constants char-acter-istic of A and B 

r-espectovely. When equatoon c.cB is r-ear-r-anged in ter-ms of 

T 9 , the Gor-don and Talyor-[SB] equatoon is der-oved. 

Tg = 
TgA + (kTgA - TgA)We 

1 - (1 - k)W 8 

In der-oving thos equatoon they assumed that 

:35 
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copolymer the partial spec1f1c volumes of the components are 

constant and equivalent to the specific volumes of the two 

homopolymers. They also assumed that the thermal expansion 

coefficients of the rubbery and glassy states are the same 

1n the copolymer as 1n the respective homopolymers. 

In equatiOn C,C9 IS 

( ae / Pe )r ( ae / Pe )g 
= 

Hence k 

<c.30> 

The term a;/P; 1s the specific thermal expansiv1ty of 

component and W9 is the weight fraction of repeat un1t 8 

1n the copolymer. 

In addition to copolymer composition, geometrical 

and steriC ISOmeriSm determine the chain Stiffness and thUS 

the value of T9 • For Instance the cls and trans 1somers of 

polybutad1ene exhibit T9 's of -108°C and -l6°C respectively. 

Poly(vinyl chloride) and poly(vinyl 1dene chloride) may both 

ex 1st in three different forms, isotactic syndiotact1c and 

atactic. It has been found that ster1c isomerism has no 

effect on the T9 of poiy(vlnyl chloride) but greatly affects 

the T9 of poly(vinyl idene chloride). The isotact1c form of 

poly(vinyl idene chloride) is generally considered as having 

the lower T9 • Th1s clearly, also, can be rationalized on 

the bas1s of the Glbbs-DiMarzio theory. 

c.c.~.c Intermolecular effects 

Intermolecular effects can mainly, but not wholly, 

be explained us1ng the free volume theory. 

36 
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may be affected by the polarity or cohes1ve energy density 

of the polymer. ThiS 1s easily explained using the 

following series as an 

< T s = -10°C ) • poly ( vinyl 

example: 

chloride) 

poly(propylene) 

(T9 = BB°C) and 

poly(acrylon1tr1 le) (T 9 = 101°C). The s1ze of the pendant 

group in each polymer is roughly the same size. Then 

accord1ng to free volume theories the T9 's should be about 

the same. Infect the difference in T9 in the extremes of 

the ser1es is over 100 degrees. This difference can be 

explained in terms of polarity. As the polymer polarity 

1ncreases so does the T9 • Bueche[55] has Interpreted th1s 

observation 1n terms of the reduced expansion of a polymer 

with strong Intermolecular attractions. Upon heat1ng, the 

required fractional free volume for T9 to occur 1s achieved 

at higher temperatures. 

The effect of cross- I inking on the T9 of polymers 

has been rev1ewed by Nlelson[59-61]. In considering 

cross- I Ink i ng two effects must be considered (a) 

cross- I ink1ng itself and (b) the complicating factor of the 

cross- I 1nk produc1ng a copolymer effect[56]. The chem1cal 

compos1t1on of the polymer changes as the extent of 

cross-1 inking increases. Hence the copolymer effect can 

e1ther ra1se or lower T9 • Thermodynamic treatments explain 

the effect of cross- I 1nk1ng on T9 in terms of the decreased 

configurational entropy ava1 I able to the chain. In 

cross-! inking a polymer the free volume is reduced so the 

required fractional free volume necessary for the glass 

transit1on to occur 1s atta1ned at higher temperatures. 

It has been shown, for many polymers, that the T9 

var1es 1n an Inverse fashion with respect to a change in 

37 
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molecular weight. Th1s relationship is explained directly 

from free volume theory[61]. If the argument that the chain 

ends contribute more free volume than the main chain bonds 

IS used. an Increase 1n the molecular weight leads to a 

decrease in the number of chain ends per unit volume. ThiS 

gives a decrease 1n the fractional free volume giving a 

corresponding r1se in T9 • It has been shown[SS.Bc-6~] that 

equat1on c.31 can describe the change in T9 w1th molecular 

weight. 

(c.31) 

where Mn IS the number average molecular weight. T9 w IS the 

asymptotiC value of T9 at 1nf1nite molecular weight. The 

constant c has a characteristic value for the polymer. 

The free volume theory f1nds ready appl •cation in 

predicting the effect on T9 of d1 luents or plasticizers. 

From equation c.16 the free volume of a polymer system 

reduces to a near constant value below the T9 of the polymer 

and Increases I •nearly above T9 according to the product of 

the thermal expans•on coefficient and the temperature 

difference above T9 • W1th the presence of diluent the free 

volume 1s Increased according to equat1on c.3c. 

(c.3c) 

where subscripts p and d refer to polymer and d1 luent 

respectively. and V is the volume fraction. 

the mixture the free volume 

36 
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f = fgp (2.33) 

and replac1ng Vd with 1- Vp equation 2.33 becomes 

Tg = 
apVpT 9 p+ad( 1 - Vp )Tsd 

apVp+ad( 1 - Vp ) 
(2.3~) 

Th1s is essentially another form of the Gordon and Taylor 

equatiOn derived in equation 2.2~. 

It is seen that plasticizers or diluents lower T9 by 

1ntroduc1ng free volume Into the system, the final T9 be1ng 

between that of the plastiCizer or diluent and that of the 

polymer. 

A theoretical treatment of the plasticizer effect 

has been developed by Bueche(SSJ. He rewrote the Gordon and 

Talyor equatiOn calculating k using volume coefficients of 

expans1on for the respective polymer 

components, as follows 

k = constant = 

and plastiCizer 

(2.35) 

The constant k was found to have values between 1 and 3. 

The subscripts and g denote I 1quid and glass respectively. 

They refer to the volume coeffiCient of expans1on above and 

below T9 respectively. Us1ng Bueche's form of the Gordon 

Taylor equatiOn 

T9 p + ( kT 9 s Tgp )Vs 
Tg = (2.36) 

1 + ( k - 1 )Vs 
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and r-ear-r-ang1ng 

= (2.37) 
1 - Vp( 1 - 1/k ) 

wher-e is the volume fr-action of polymer-. Van 

Kr-evelen[65J has sur-veyed the avai I able data and shown that 

an aver-age for-k would be 2.5. Hence the T9 of any mixtur-e 

may be calculated so long as the T9 of the plasticizer- or

dl luent together- with the composition IS known. 

'tO 
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c.3 POLYMER-SOLVENT INTERACTIONS 

2.3.1 The solubi I icy parameter 

The degree of swel I i ng w 1 I I depend on the 

interactions between the polymer-polymer Intermolecular 

for-ces, due to cross-linking, crystal I inity or strong 

hydrogen bonding, and the strength of polymer-swel I 1ng agent 

1nteract1ons. Max i mum swe I I I ng 1 n I i ght I y cross- I i nked 

polymers wi I I occur when the free energy of m1x1ng 

AG = AH - TAS (c.3B) 

is negative, 

AS, the entropy of m1xing, 1s generally considered 

to be positive, therefore, maximum swel I ing occurs w1th a 

I 1m1C1ng positive value of AH, the enthalpy of mlx1ng. 

H1 ldebrand[66] 1n correlating cohesive energy to solubi I ity, 

cohes1ve energy be1ng defined as the 1ncrease 1n internal 

energy per mole of substance el 1m1nat•ng al I Intermolecular 

forces, proposed the term solub1l icy parameter, 6 and 

def1ned it as being the square root of the cohesive energy 

d1v1ded by molar volume 1.e the cohesive energy density 

(CED). The cohes1ve energy of a spec1es is defined as the 

1ncrease 1n Internal energy per mole if all the 

intermolecular forces are discounted. According to 

H• ldebrand[66], the enthalpy of m1x1ng can be calculated by 

AH = v 1 v 2 (6 1 - 6 2 ) 2 (2.3~) 

'tl 
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where v is the volume fraction and the subscripts 1 and 2 

refer to swel I ing agent and polymer respectively. Equat1on 

2.39 predicts, 6H = 0, and hence max1mum swel I 1ng when 

6, = 6 •. 

2.3.2 The thermodynamic Interaction parameter 

The most obvious feature of a polymer-solvent system 

(as compared with a mixture of smai I molecules) is the 

disparity in size between the two components. The first 

attempts to theoretical iy treat the compatibi I ity of a 

polymer with a I 1qu1d were made by Flory and Hugglns[67,6BJ. 

Both chose a Simple lattice representation for the polymer 

solut1on and calculated the entropy change on a statistical 

basis by estimating the total number of ways the polymer and 

solvent molecules could be arranged on the 

final expression being 

lattice. The 

6G = RT[In(l- Vz) + Vz + XV 2
2 J (2.'t0) 

Here the d1mens1oniess parameter X is known as the 

Flory-Huggins interact1on parameter and 

x = zae/RT (2.'tl) 

where z 1a a latt1ce coord1nat1on number and ae is the 

energy of formation of a I 1quid-polymer contQct. 

Attempts to correlate 6 with X from the 

Flory-Hugglns equation have met with I imited success because 

of the fol I owing assumptions used derivation. 

't2 



CHAPTER c - THEORY 

Firstly, a un1form lattice density was assumed, secondly 

that the segment locating process was purely stat1st1cal, 

only true 1f 6e was zero, and finally the flexibi I 1ty of a 

chain IS unaltered on passing into solution from the sol id 

state. It is thought[59-71J that X is actually a free 

energy parameter composed of entropic .x5 • and enthalpic 

.xh• contributions given by 

X = Xh + Xs 

Limited correlation between 6 and X is given by 

X = 1/z + V1 /RT(6 1 - 6 2 ) 2 

where 1/z = Xs and IS thought to compensate for the lack of 

a non-combinatorial entropy contribution the 

Flory-Hugglns treatment. It has been found that Xs 

approximates to 0.3~.[7cJ 

c.3.c.l The Interaction parameter value 

X has been evaluated for a number of I iquid-PVC 

systems[73J. In section c.3.1 it was stated that maximum 

swelling in a I ightly cross-1 inked polymer wil I occur when 

the respective CEO's of I iquid and polymer are approximately 

equal in this region, equat1on c.~3 simplifies giving an 

approximate value of X as being 3.~. The work of Ooty and 

Zable[73J produced values of X from negative values through 

zero to pOSitive values for fifty different I lquid-PVC 

systems at two elevated temperatures. In their study they 
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employed solvents, plasticizers and non-solvents and 

correlated their solvent abl I ity to the value of X· It has 

been shown theoret1cai ly[7~.75] and experimental ly[73] that 

a X value of 0.55 1s the d1v1d1ng I ine between poor solvents 

and non-solvents, values greater correspond to non-solvents, 

the degree of Interaction varying continuously with 

1ncreas1ng x. Doty and Zable[73] showed that the swel I ing 

of PVC (cross- I 1nked or I 1near) wi I I vary with different 

non-solvents, the swel I ing be1ng less the larger the X 

value, except for the effect of molar volume. Also shown 

was the independency of X towards temperature for values 

around 0.2 to 0.~ as predlcted[76]. 
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c.~ ELASTICITY 

c.~.l Static modul 1 of rubbers from the rubber elasticity 

theory 

By exam1n1ng a rubber network undergoing smal I 

deformations Kuhn[77J and later Treloar[7B,79J produced a 

theory to explain the elasticity of a molecular network. 

They restricted their theory to the following assumptions. 

l. The chains forming the rubber network give a 

cha1n dens1ty of N cha1ns per un1t volume, a 

cha1n be1ng defined as the segment of the 

macromolecule 

cross-1 1nkage. 

between success1ve po1nts of 

c. There is a Gaussian distribution of distances 

between the chain ends. 

3. There is no change 1n volume on deformation. 

~. A change in the d1mens1ons of the sample causes 

a corresponding change in the distance between 

ends of each cha1n in the network. 

5. The sum of the entropies of the individual 

chains is the entropy of the network. 

The reference made to the cha1n refers to that portion of 

the macromolecule between JUnction points or entanglements. 

Assumption (c) is based on the material being amorphous 

pr1or to any cross- I 1nk1ng taking place, and the Gauss I an 

d1str1but1on of distances between chain ends rema1n1ng 

unaltered upon cross-1 inking. Assumption (3) is based on 

observation and (~). the aff1ne deformation assumpt1on IS 

the main corner post for the whole theory. It relates the 
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deformation of an individual chain to the macroscopic strain 

of the mater1al. It s val 1dity was proven by ~ames and 

Guth[ 80 ]. 

The development of thiS theory proceeds through the 

fol low1ng stages. Consider a single chain in the network 

having an end-to-end distance, given by r 0 and having 

components in space of x 0 , Yo end %0 in the unstrained 

state. In the strained state after deformation the 

end-to-end distance is given by the vector r with spatial 

coordinates of x,, y 1 , z,, see figure c.B. 

deformat 1 on is 

FIGURE c.EI 

Rffine deformation of a chain 

.. 
; .. 

x = A1 x 0 • 

.. , .. " .. .. 
, , , 

---- ---
----- r 

Y = AzYo• 

---

: _ Affine 

cc.'t't) 

where ). 1 , ). 2 and ). 0 are the pr1ncip~( axes of strain and 

co1ncide w1th the axes of coordinates. The entropy of a 

Single cha1n 1n the unstra1ned state 1s g1ven by 

't6 
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where b 2 os a constant and gives the probabo I ity that the 

components of the vector r I ie with on a value between r 0 and 

r. The same chain on the strained state wl 11 have an 

entropy given by 

where C os a numerocal constant and k is Boltzmann•s 

constant. The contrlbutoon this chain makes towards the 

total entropy of deformation is therefore 

6s = s - s 0 

The total entropy for N chains contained In the unit volume 

wi I I be the summation of equatoon 2.~7. 

65 = Es 

65 =- kb 2 {[A 1
2 - l]Exo• + [A 2

2 

+ [Ao• 

Hence 

In a unot volume of N chaons the expression Ex 0
2 Is the sum 

of the squares of the x 0 components. on the unstralned 

network. The chaon vectors r 0 on the unstralned state are 

~7 
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entirely random, hence 

(2.50) 

and 

(2.51) 

but, the un1t volume contains N chains, then 

(2.52) 

where F 0
2 IS the mean-square length of the cha1ns 1n the 

unstra1ned state. Substituting 2.52 1nto 2.~9 the total 

entropy of deformat1on becomes 

(2.53) 

The mean-square chain vector length for a free chain IS 

given by[BlJ 

= 3/2b 2 (2.5~) 

Substituting equat1on 2.56 into 2.53, hence removing the 

parameter b, then the dependence of the entropy on the 

extension ratios is g1ven by 

as= 1/2Nk(A, 2 + A2
2 + A0

2 - 3) (2.55) 

From basic principles the Helmhoitz free energy of work of 

deformation 1s found us1ng W = -TaS, and 

~B 
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W = l/2NkT(A 1
2 +A 2

2 + A0
2 - ~) (2.56) 

The force (f) requ1red to produce a change 1n extension 

rat1o IS g1ven by 

f = dW/dA (2.57) 

01fferent1at1on of equation 2.56 provides a relationshiP 

between f and A 

(2.58) 

G = NkT = pRT/Mc (2.59) 

where R is the gas constant, p, the polymer density. The 

modulus factor 1s G = NkT and shows that G depends on the 

number of cross-1 1nks In the sample. The physical 

properties of rubbers are thus shown to be Independent of 

the chemical nature of the molecule and are dependent on the 

extent of cross- I 1nk1ng. The quantity N is related to the 

molecular weight (Me) between cross- I inks. The product p/Mc 

IS then a measure of the cross- I 1nk density of the sample. 

The stat1st1cal ly der1ved equation 2.58 was first tested by 

Treloar[82]. 

The maJor fundamental objection to the above theory 

IS that the JUnction points of the network are thought to be 

fixed points 1n space. The freedom of movement of the 

system 1s thus I 1mited to the lengths of chain between these 

fixed po1nts. By considering micro-Brownian mot1on of these 

fixed po1nts James and Guth[BOJ were able to predict a model 
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which more closely resemebles that of the physical structure 

of a rubber than the Kuhn[77J model. In the ~ames-Guth 

treatment the only JUnction points which are fixed are those 

located on the boundary surfaces of the rubber. 

G from th1s treatment IS g1ven by 

The modulus 

(2.60) 

where nT is the number of I Inks In the t th chain and AT IS 

1ts mean fractional extension 1n the unstra1ned state of the 

network. Equat1on 2.60, assuming that the distribution of 

the mean end-to-end lengths of the network and the free 

chain 1s the same, reduces to equat1on 2.59. The Gausslan 

treatment described above assumes that the mean end-to-end 

lengths of the network and the free chain IS unity. This has 

s1nce been found to be incorrect[63J. Infect, a si ight 

temperature dependency has been found[B~J. For systems 

which are only si ightly cross- I lnked[63J, however, the mean 

end-to-end lengths of the network and the free chain can be 

approximated to unity. 

network. 

I inks. 

The theory assumes that there are no defects In the 

1.e. no 1nterlooping entanglements or ineffective 

Flory[65J ref1ned the theory to account for these 

defects. The simplest defect to evaluate 1s the Ineffective 

I 1nk 1.e. the chain wh1ch is I Inked at one end only. Flory 

stated that start1ng with N primary uncross-llnked 

molecules, (N - 1) Intermolecular l1nkages Will be 

sufficient to produce a simple branched structure without 

closed loops. Any more cross-! 1nks would produce closed 

loops or network circuits. For each of these cross-1 inkages 
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there would be one loop or two network chains; 1t follows 

that 

l/2V = l/2V0 - N (2.61) 

where l/2V IS the actual number of cross- I Inks and l/2V 0 is 

the number of effective cross-1 inks and N IS written for 

(N- 1). The effective number of cha1ns would be tw1ce this 

quantity. 

(2.62) 

M 1s the molecular weight of the molecules prior to 

cross-1 inking and Me IS the mean molecular we1ght between 

cross-1 inks. The effect of other network defects is 

represented by Flory by Introducing an empirical 

entanglement factor g. The expression for G now becomes. 

G = gpRT/Me(l - 2Me/M) (2.63) 

Flory[86] gave th1s empirical quantity, a value of 3.3. The 

factor g Wl I I only affect the active chains In the network, 

and not the 1nact1ve cha1ns given by the factor (-2Me/M). 

Furthermore, the value of g is directly affected by the 

value of Me. As the cross-1 Ink density increases, and Me 

correspondingly decreases, the opportunity of chain 

entanglements decreases, hence the factor g decreases. The 

value of 3.3 g1ven by Flory is for a rubber gum vulcanized 

to g1ve a rubber network w1th a Me = 35000. 
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2.~.2 Static modul o of swollen polymers 

It os possible to derive an equation on similar 

form to the stored-energy functoon, equation 2.56. for the 

swol I en polymer. To simplify the argument proposed by 

Treloar[B1] the nature of the swel I ing I oquid wo I I not be 

dealt with, nor the question of equo I ibroum between the 

swel I ong I oquid and swol I en polymer. Also, the free-energy 

changes associated with the process of the m1xlng of I oquid 

and polymer molecules wl I I not be dealt with, only the 

change 

network. 

1n the configurational entropy of the polymer 

Consoder a unot cube of unswol len polymer containing 

N chains per unot volume. The degree of swel I ong is defoned 

by the volume fract1on v 2 of polymer in the m1xture of 

polymer and I iquld. The volume swel I lng ratoo is given by 

1/v 2 and the length of one edge of the cube, in the 

unstressed state by Ao = 1/v 2 ''"· Then a un1t cube swollen 

to the ratio 1/v 2 and deformed to dimensions I t ' I • ' I • 

g1ves the total change on network entropy, ~50 ' in pass1ng 

from the unstra1ned unswol I en state to the strained swol I en 

state as be1ng, 

~50 ' = -1/2Nk(l 1
2 + 1 2

2 + 10
2 - ~) (2.6~) 

The change 1n entropy, '50 due to the Isotropic swel I 1ng on 

the ratio Ao = 1/v 2
1 '" without any appl1ed stress is 

~5 0 = -1/2Nk(~A0 2 - ~) = -1/2Nk(~v,-••• - ~) (2.65) 
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The difference between equations 2.6~ and 2.65 yoelds AS' 

the entropy of deformation of the swollen network 

6.5' = 6.5o' - 6.5o 

= -l/2Nk(l 1
2 + 12

2 + 18
2 - 3v 2 -•'•) (2.66) 

Rewriting in terms of extension ratfos, A., where 

1 1 = A, /v 2 t '• etc. , 

6.5' = l/2Nkv,-•··c~.· + ~.· + ~.· -3) (2.67) 

To derive the stored energy function per unot volume, 

equatoon 2.67 needs to be expressed on terms of entropy of 

deformatoon per unit volume, 6.5, measured in the swollen 

state. 

6.5 = v 2 6.5' = l/2Nkv,''"(~,• + ~ 2 2 + ~.· -3) (2.68) 

and the stored energy function becomes 

W = -T6.5 = l/2Nkv 2 ''"(~,• + ~.• + Aa 2 -3) (2.69) 

Comparong equatoons 2.57 and 2.69 it Is seen that the 

stored-en~rgy functoon d1ffer only by the factor v 2 ''"· 

Thus, of G and Gr are the respective moduli in the unswol I en 

and swollen states then 

Gr = Gv,••• = (pRT/M 0 )(1- 2M 0 /M)v 2 ''" (2.70) 

where p os the density in the unswol I en state. This result 
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shows that the effect of swel I 1ng a rubber IS to reduce the 

modulus 1n proportion to the factor, V ' , • 
2 ' An alternative 

method 1n calculating the entropy of deformation has been 

made by Flory[B7J and Wal I and Flory[BBJ, They based their 

treatment on the consideration of forming a rubber network 

using a set of Independent chains. The entropy change 

differs from equation 2.6't with the Inclusion of 

(c.7l) 

Th1s extra term disappears with an unswol I en rubber and the 

equation reduces to that of equation c.6't. The method of 

derivation of this formula rema1ns Inconclusive and 1t is 

thought [80) that the extra term -ln(l 1 12 10 ) in most cases 

1 s rather sma I I . 

c.'t.3 Swollen cross-1 Inked networks 

A three-dimensional network polymer such as 

vulcanized rubber and to some extent PVC, assuming 

crysta I I I tes are left intact, although incapable of 

d1solv1ng completely may 1mb1be large quantities of I iqu1ds. 

There 1s the opportunity for the entropy to 1ncrease due to 

the added volume. The tendency to mix, expressed as the 

entropy of d1 I ut ion may be 1ncreased or decreased by the 

solvent. The cha1ns between the network cross- I inks, or 

Insoluble crystal I 1tes, are stretched and assume elongated 

configurations. A force somewhat akin to the retractive 

force 1n rubber 1s produced which 1s prevent1ng further 
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swel I 1ng. Eventually this retract1ve 

equi I ibr1um with the swel I ing forces. 

analogy between swell1ng equ1 I ibrium 

equi l1br1um. 

For a material which is 

force reaches 

There IS a close 

and osmotic 

cross- I Inked the 

Flory-Huggins equation. for free energy of d1 lution, Is 

1nsufflcient[B6]. It Is necessary to take account ot the 

configurational entropy of the network[B7]. Then the total 

free energy of d1 lut1on 8G, is 

(2.72) 

where 8G,m IS the free energy of dl lut1on for the 

pre-cross-1 1nked polymer and 8G 1 L 1s the free energy due to 

the expansion of the network on imb1b1ng one mole of l1quid, 

8G 1 L is obtained from equat1on 2.56. In a Simple swel I 1ng 

s1tuat1on a unit cube of material Wl I I swel I in all 

d1mens1ons by the same ratio, X. 

rewr1tten as 

Equation 2.56 may be 

W = pRT/2Mc(3X 2 - 3) = 3pRT/2Mc(A 2 - 1) (2.73) 

The volume of the swollen cube is 

A0 = 1/v 2 = 1 + n,V, (2.7't) 

and equat1on 2.73 becomes 

W = 3pRT/2Mc(v 2 - 2 ' 0 - 1) (2.75) 
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where n, is the number of moles of I iquid and V, is the 

molar volume of the I 1qu1d. The free energy of dilution may 

be calculated 

(2.76) 

Expressing AG,m using the Flory-Huggins equation as[81] 

AG,m = RT[In(1- Vz) + Vz + xv.•J 

subst1tut1ng equations 2.76 and 2.77 into 2.72 the total 

free energy of di lut1on becomes 

AG, = RT[ ln(1- Vz) + v. + xv.• + (pV,IMc)Vz''"J (2.78) 

and the equat1on for equ1 I 1brium swel I lng 1s 

ln(1- Vz) + Vz + xv.• = -V,p/Mcv.••• (2.79) 

Using the alternative Fiery equation, equat1on 2.71 for the 

entropy of a swollen rubber network equation 2.73 IS 

replaced w1th 

W = pRT/2Mc(3v 2 - 2 ' 0 - lnv.-• - 3) (2.80) 

and the final equation for equ1 I 1brium swel I 1ng would become 

ln(l- Vz) + v. + xv.• = -V,p/Mc(v.••• - v./2) (2.81) 
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by expanding the logar1thm on the left hand and Ignoring 

powers of v 2 greater than two Flory[85,69J and Gee[90J were 

able to deduce the following approximation. 

(V,p/Mc) = (1/2- x)v.••• (2.82) 

The term pV,/Mc IS proportional to the shear modulus 

developed by Gaussian network theory in section 2.~.1. The 

modulus thus gives a relationship with the equi I ibrium 

degree of swel I ing for a particular I 1qu1d for differing 

degrees of cross- I Inking. 
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c.S SIMPLE RELAXATION BEHAVIOUR 

c.S.l Mechanical models describing v•scoelas~Jci~y 

The classical ~heory of eias~ici~y governs ~he 

mechanical proper~ies of perfec~ly elas~1c sol 1ds. If 

Hooke"s law 1s obeyed ~he s~ress 1s always direc~ly 

proporcional ~o s~rain for smal I deforma~ions bu~ is 

1ndependen~ of ~he ra~e of s~rain. 

The classical ~heory of hydrodynamics deals Wl~h ~he 

properCieS Of VISCOUS I lqUidS. In obey1ng Newcons law. ~he 

s~ress appl 1ed ~o a VIscous I iqu1d IS always d1rec~ly 

proporcionai ~o ~he ra~e of s~rain bu~ independen~ of ~he 

s~ra1n i~self. 

dy 
a = (c.B3) 

d~ 

where a and y are s~ress and s~rain respec~ively. ~ is ~he 

New~onian VISCOSI~Y and ~ ~he ~ime. 

I~ 1s ~rue ~o say ~ha~ ~he behaviour of many solids 

and I 1quids approach Ideal behav1our when undergoing 

1nfini~es1mal s~ra1ns and ra~es of s~ra1n respec~1vely. 

Under o~her cond1~ions dev1a~ions from ~he classical 

behav1our IS observed. I~ IS found ~ha~ elas~1c behaviour 

is no~ 1ns~an~aneous bu~ dependen~ on ~ime 

s~ress-s~raln h1s~ory of ~he body. 

and ~he 

Bo~h of ~hese laws adequa~ely describe ~he behaviour 

of mos~ liqu1ds and sol1ds. However, 1n some cases a 
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material may exhibit the characteristics of both a liquid 

and a sol 1d wh1ch ne1ther of these laws are able to 

describe. 

state. 

The system IS then sa1d to be In a v•scoelastic 

One of the f1rst attempts to explain the mechanical 

behaviour of VISCoelastlc mater1afs was made by Maxwel 1[91]. 

He model led the exponential decay of stress at constant 

stra1n. He discussed the behav1our in terms of a mechanical 

model comprising an •deal elastic element. represented by a 

Hookfan spring. 1n series w1th an Ideal viscous element, the 

dashpot. 

More compl 1cated models were proposed by Voigt[9E] 

and Kelv•n[9~] who Independently examined the change of 

stra1n at constant stress, I.e. creep, us1ng sim1 far methods 

to Maxwell. Their models consisted of a spr1ng and dashpot 

1n para! lel (see f1gure 2.9). 

The use of Maxwell and Volgt-Kelv•n models forms the 

bas1s for the phenomenolog1cal treatment of viscoelastfc•ty. 

The use of such models rei 1es on the Boltzmann 

superposit1on princfple[9~]. Th1s principle states that the 

total effect of applying stresses IS the sum of the effects 

of applying each one separately. The removal of such 

stresses also follows a I !near function. 

The mot1on of such spr1ngs and dashpots. 

representing Hook1an solids and Newtonian liquids. can be 

mathemat 1 ea I I y defined. These elements, or the•r 

comb1nat•ons, may be used to descr1be the 1near mechanical 

response of polymeric materials[~~]. The simplest 

comb1nat1ons of springs and dashpots represents single 

relaxation t1me models. Two models have already been 
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FIGURE e.9 

Maxwel I (A) and Voight-KelvJn (8) models 

(fl) 

FIGURE e.lO 

Standard I 1near model[95] 
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mentioned 1n figure c.9. A third IS shown 1n figure c,lO. 

The1r behaviour Is now discussed. 

c.5.1.1 The Maxwel I model 

The Maxwel I model consists of a spring having a 

modulus Em and a dashpot of 

movement of the strained 

fol low1ng equation 

viscosity ~m in ser1es. The 

element can be described by the 

dy 

dt 
= 

1 da 

E dt 

a 
+ = 0 

S1nce y =alE, equation c.1, and a/~= 

c.EI~. the solution of equation c.EI't is 

= 
-(Et/~) 

e = 
-t/-r 

e 

(c.EI't) 

dy/dt, equation 

(c.EI5) 

where -r = ~/E and IS the relaxation t1me and a0 =stress at 

zero t1me. 

c.5.1.c Voigt-Kelvln model 

In considering the Volgt-Kelvln model the spr1ng of 

modulus Ev and dashpot of viscositY ~v are connected 1n 

parallel. Any appl led stress is now equally shared between 

the elements of the model. The corresponding equation for 

the strain IS. 
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(2.86) 

If a scress 1s appl 1ed and afcer a per1od of c1me removed 

che deformac•on- c1me curve 1s g1ven by 

-(E/r"L)c -c/T 
a = YIEv( 1 - e ) = YIEv ( 1 - e ) (2.87) 

where T is a recardation time. The dashpot aces as a 

damp1ng res1scance to che establ 1shment of the equ1i ibrium 

of che spring. 

The simple models of Maxwel I and Volgt-Keivln with 

their s1ngle relaxac1on and retardation c1mes are 

1nsuffic1ent to descr1be v1scoelascic behav1our of polymer 

materials as a whole. In cerca1n cases they can prove 

helpful, however. In che eiUCidacion 1n viscoelasc•c 

processes. 

2.5.1.3 The standard I 1near body 

The ch1rd model depicted in f1gure 2.10 represencs a 

s1mpl ified model for an Ideal cross- I inked polymer. The 

model possesses s1ngle relaxation and recardation cimes and 

a relaxed and unrelaxed modulus. If a sinusoidal scress is 

appl led and 1cs behaviour is followed as a function of 

frequency, che response IS shown in figure 2.11. The 

dynamic moduli are shown 1n the fol low1ng equatlons[33.~5J. 
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FIGURE 2.11 
CAf'CNilU.T.S 

Real E' and imaginary EN(of the complex modulus for the 

standard linear model 

--------
cross-! inked polymers 

E'(w) uncross-1 1nked 

---Er~-------... ~~~---... ' , ... 
\ ,' 
,v 

, ' , ' , ... 
I ' "' 

.... __ , 

' 
' ' 

log (1/T) 

log w 

E' (w) = Er + 

(Eu - Er )WT 
E' '(W) = 

1 + W2 T 2 

and 

CEu - Er )WT 
tan 6 = 

' ' 

--·---- .. 

' ... 
' ----

(2.66) 

(E.6S) 

(2.50) 
CEuEr) 1 ' 2 (1 + W2 T 2 ) 

The compl 1ances of the system may also be def1ned using 
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these equations subst1tut1ng T with Tr· However. again this 

model is a simpl 1f1cat1on. Th1s model displays a sharp 

trans1t1on. Real polymeric mater1als exh1b1t many different 

trans 1 t i ens. Each trans1t1on being brought about by its 

own single relaxation (or retardation) time. 

Th1s range of relaxations H(T) and retardations 

L(Tr) times were Introduced to describe real polymer 

behaviour f1rst by Welchart[96). A continuous spectra of 

relaxation (or retardation) is found in practice and is 

defined as H(dln T). the contribution to the modulus being 

g1ven by the relaxation t1mes 1n the range In T and In T + 

dinT. The expressions for the dynamiC modul 1 analogous to 

equations c.BB and c.B9 In terms of relaxation spectra • H 

are 

E' (W) = (c.91) 

-.,. 

+"" 

E'. (W) = f <c.9c) 

-"" 

The acquisition of H(T) and L(Tr) allows v1scoelastic 

behaviour to be model led[33.97J 
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2.5.2 Molecular interpretations of v1scoelastic behaviour 

behaviour 

The use of Maxwel I and Volgt-Kelvin models enables 

the eluc1dat1on of macroscopic behaviour and does not 

necessar1 ly prov1de an explanation 1nto the molecular basis 

of v1scoelast1c behaviour. In an attempt to explain 

v1scoelast1c behaviour on a molecular level Rouse[96] and 

6ueche[99] have used arguments based on a chain model 

consisting of a ser1es of sub-units. Each sub-unit is 

connected v1a a spr1ng. Suff1c1ent sub-units are cons1dered 

to prov1de a Gaussian d1str1but1ons of segment lengths. 

The appl 1cat1on of stress on a s1ngle ISOlated 

unstressed chain wi 11 cause distortion, by altering the 

equ1 i1br1um conformation to a less probable one, result1ng 

1n a decrease 1n entropy and a corresponding increase in the 

free energy of the system. If the stress is ma1nta1ned, 

strain rei 1ef is found by converting the excess free energy 

into heat and providing thermal mot1on of the segments back 

1nto their or1g1nal pos1t1ons. Th1s 1s known as stress 

relaxation. The chain molecule is composed of a large 

number of segments. The movement of the chain molecule 

depends on the cooperative movement of al I the segments. 

The stress relaxation depends on the number of ways the 

molecule can return to its most probable conformation. Each 

movement Wl I I have a characteristic relaxation time. If the 

cha1n is I ong enough 1 say 50 carbon atoms I ong , it w i I I 

possess a w1de distribution of relaxat1on times. Applying 

th1s 1dea to a viscoelast1c material[~~]. instead of d1 lute 

solut1ons of monod1sperse col Is, 1t IS poss1ble to calculate 
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continuous relaxation and retardatoon spectra. 

Rouse's theory together woth a simi far theory 

developed by Bueche[99] both accurately describe the sample 

moduli below the values of 108 Nm- 2 • The theory explains 

the voscoelastoc functoon through the regions of rubber to 

the melt. 

A theory introduced by Ferry et a!,[ lOO] al !owed the 

Rouse-Bueche theories to account for the second order 

transotoon by postulatong a second friction factor. 

Wo I I iams[101] pointed out that these theories were only 

appl ocable to the rubber-! oke motoon found at low 

frequencoes and hence the unrelaxed modulus calculated os 

some two orders of magnotude 

determined values. 

lower than experimentally 

e.5.3 Moduli of partially crystal I one polymers 

c.5.3.1 Molecular models 

Jackson et ~[102] extended the statistical theory 

of rubber elastocity developed in the previous sectoon to 

calculate the modulus of part oaf ly crystal I one polymers. 

They suggested that since the crystal I ites would be rigid 

compared with the amorphous regions most of the strain 

accompanyong deformatoon of a bulk sample would occur in the 

amorphous regoons. Secondly, the chaons would be 

oncorporated into the crystal I one regoons causing them to 

behave as cross-! onks simi far to those found In vulcanozed 

rubber and thus the rubber elastocoty theory could be 

appl oed to part oaf ly crystal I one polymer networks. The 
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maJOr drawback of Jackson's extension was that the number of 

effective network chains in the partially crystal I 1ne 

polymer could not be calculated. To overcome this they 

produced copolymers w1th non-crystal I izable comonomer units 

randomly along the chains 1n order to subdivide the molecule 

into crystal I izable units. The number of elastic elements 

1n the amorphous phase can be equated to the number of 

crystal I ins sequences prov1d1ng the necessary Information on 

the sequence d 1 str 1 but 1 on between "crysta I I 1 te cross- I inks". 

A crystal I 1te cross-! 1nk has a much larger volume than a 

chem1cal cross- I 1 nk. It 1s not unreasonable therefore to 

postulate that the crystal I 1tes wi 11 g1ve a f1 I ler action on 

the Gauss1an network.[103] 

Both of the above theories calculated the modul 1 to 

be lower than the experimentally determined values. The 

above theor1es assumed the amorphous regions were in an 

unperturbed conformation when the crystal I ins regions were 

introduced. Indeed this would be correct for infinitely 

small crystal lites. The introduction of the filler 

effect[lO~] improved correlation w1th experimental data. If 

1t IS assumed the amorphous cha1ns are near to their fully 

extended lengths, the d1str1bution of conformations cannot 

be descr1bed 

considerations 

by 

it 

Gauss1an statistics. Us1ng such 

is possible to calculate the moduli of 

partially crystal line polymers which give better agreement 

with experimental data. 

2.5.3.2 The mechanical model of Takayanagi 

By cons1der1ng a phenomenolog1cal model 
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Takayanagi[105-107] developed a theory to account for the 

value of the Young's modulus shown by partially crystal I 1ne 

polymers. 

structure 

The model, see figure 2.12, represents the 

of the partially crystal I 1ne polymer, be1ng 

d1v1ded 1nto completely rubbery and crystal I 1ne reg1ons. 

The shaded area represents the rubbery region. A completely 

rubbery reg1on would exhibit a modulus of 10• Nm-•. A fully 

rubbery polymer IS a I 1miting case in the Takayanagi model 

and the un1t square would be fully shaded. The converse 

would be true for a fully crystal I ine polymer exhibiting a 

modulus around 10'' Nm-•. The V1scoelast1c behaviour of the 

model 1s def1ned by the mechan1cal coup! 1ng of the overal I 

complex modulus E•, the complex modul 1 of the crystal I 1ne 

and rubbery phases Ec• and EA• respectively and the volume 

fract1on VR of the rubbery region. The rubbery and 

crystal I 1ne coup! lng IS 1n turn def1ned by the para! lel A 

parameter and the ser1es ~ - parameter, so that ~A = VA• 

F1gure 2.12(b) represents how the model A may be represented 

by an equivalent model B. According to figure 2.12(b) the 

overal I modulus IS expressed as[107] 

~ 

= 
(1 - A)Ec•J 

+ _1_-~-]-' 
Ec• 

(2.93) 

If the value of~. the degree of series connection, tends to 

un1ty, the model C 1n figure 2.12 1s produced. Since ~ 1s 1 

then A = VR, substituting these 1nto equation 2.93, which 

reduces to 
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(2.9~) 

and describes the modulus for para I lel connect1on between 

rubbery and crystal I 1ne reg1ons. 
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FIGURE 2.12 

mechanical model of Takayanaga 
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2.6 DIFFUSION 

2.6.1 Bas1c d1ffus1on terminology 

2.6.1.1 F1ck's laws of diffusion 

F1cks f1rst law of dlffusion[10BJ IS based on the 

hypothesis that the rate of transfer of diffusing substance 

through un1t area of a sect1on IS proportional to the 

concentration gradient measured normal to the sect1on, 1.e. 

F = -D * c/x (2.97) 

where F IS the rate of transfer per un1t area of sect1on, c 

is the concentration of diffusing substance and x is the 

space coordinate measured normal to the sect1on. If F and c 

are expressed 1n the same unit of quantity, e.g. grams or 

moles, then D IS independent of this unit and has dimensions 

(length) 2 (time)-• . 

The d1fferent1al form of equat1on 2.97 can be 

der1ved as[109J 

de = D d 2 c 
dt dx 2 

(2.96) 

2.6.2 The free volume theory for diffusion 1nto polymers. 

If no poros1ty is present, as in homogeneous 

amorphous polymeric mater1als, the diffus1on mechanism is an 

act1vated process 1.e. a process 1n wh1ch the gas or vapour 

71 



CHAPTER 2 - THEORY 

dissolves into the polymer at the surface and diffuses 

through the polymer under a concentration gradient. 

Activated diffusion is characterised by a large positive 

temperature dependence together w1th the soiubi iity and 

diffusivity of the sorbent. 

The diffusion of a molecule through the polymer can 

be regarded as the movement of the molecule through the free 

volumes formed between adjacent polymer molecules by thermal 

mot1on. Polymers with low glass transition temperatures 

(1.e. less than room temperature) require. by definition. 

low energy for segmental mot1on to occur. Diffusion is thus 

a fast process 1n such polymers. On the other hand polymers 

w1th h1gh T9 values. such as. PVC (88°C). require much 

h1gher energy for the formation of free volumes large enough 

to accommodate the diffusing molecule, and diffusion is a 

relatively much slower process. ThiS 1s because on 

approaching the T9 the movements of the polymer segments 

become more and more restricted, and more energy is required 

to displace the polymer cha1ns. It is generally true that 

ra1sing the T9 of a polymer wil I lead to slower diffus1on of 

a penetrant. 

The diffusion coeff1c1ents of I 1qu1ds sorb1ng 1nto 

amorphous polymers above T9 have been found to be very 

dependant in many cases on concentrat•on[ll0-115]. Many 

suggestions have been put forward in attempts to explain 

such phenomena. Some of the earl 1est theories put forward 

were in terms of non-•deal ity in polymer-d• iuent 

m•xtures[116J, and of 1mmobi I 1zation of penetrant molecules 

in the polymer network[117J. These have since been shown to 

be Inconsistent w1th experimental data. Zone theories 
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developed by Brandt[11B] and Barrer[119] both suffer, 1n 

explaining the diffUSIOn ccefflc1ent dependency en 

ccncentrat1cn, 

var1at1cn of 

in the range above T9 because of the rap1d 

act1vat1cn energy With temperature and 

consequently the large number of degrees of freedom involved 

1n the calculation. 

The free volume approach[110,111,120], however, 

offers a quantitative treatment which explains both the 

temperature and concentration dependence of D. The origin 

of the free volume concept was the equation derived by 

Docl lttle[~1.~2J to expla1n the dependence of viscosity of 

Simple I 1qu1ds on temperature. Doe I 1ttle p1ctured a I 1quid 

as be1ng a m1xture of free volume and occup1ed volume. The 

larger the free volume, the eas1er it is for molecular 

motion to occur. The viscositY of a liquid can be expressed 

as 

l'l = A exp(B/f) (2.99) 

the symbols taking the same meaning as given in equations 

2.16 and 2.17. It has already been shown that from the 

Dcol ittle treatment the WLF expressicn[~3] may be derived, 

equation 2.21. which descr1bes the dependency of viscosity 

of a bulk polymer en temperature. 

If the fractional free volume is assumed to be 

proportional to the concentration of added d1 luent to a 

concentrated sclut1cn, the viscos1ty IS shown to be 

dependent en the diluent ccncentration[121]. 
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E.6.E.l The concentration dependency of the diffusoon 

coefficoent 

Usong free volume odeas Cohen and Turnbul l[lcEJ 

deve I oped the notion of a I i quid cons o stIng of "hard 

spheres" where molecules reside wlthon cages bound by their 

neighbours. Thermal fluctuations allow considerable 

displacement of the molecule al lowong the formatoon of voods 

in the I iquid. Ooffusoon occurs as a result of the 

redistribution of the free volume wothon the I iquod. The 

total probabo I ity P(v•) of fondong a hole of a soze 

exceedong a volume of v• os given by 

(c. lOO) 

where b os a numerical factor near unoty and is a correction 

for overlap of free volume. vA Is the average free volume 

of one molecule. 

In order to apply equatoon E.lOO to polymer systems 

the parameters have to be redefoned. FuJota[l20J regarded 

v• as the fractional free volume, (f), of the system. The 

product bv• is rewritten as B and defoned as the measure of 

the hole size. Thus for polymeric systems. 

P(B) = exp (-8/f) <E.lOl) 

The mobi I oty of a do luent on the polymer medium should 

depend on the probabo I ity of its fonding a hole on its 

neoghbourhood large enough to allow ots displacement. If 

the monomum hole size for a particular do luent dosplacement 
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(2.102) 

where m• is the mobi I ity of the d1 luent molecule and A• is a 

constant depending upon the size and shape of the diluent. 

By their def1n1t1ons A• and B• are independent of 

temperature and diluent concentration, so that the mob1 lity 

of a d1 luent is determined by the average fractional free 

volume of the system. The thermodynamiC d1ffus1on 

coefficient, DT[123], of the d1 luent IS related to the molar 

mobi I 1ty m• by the expresslon[12~] 

(2.103) 

where R is the gas constant and T 1s the absolute 

temperature of the system. 

2.103 y1elds 

Combining equation 2.102 and 

(2.10~) 

f, the fractional free volume, IS dependent on the 

temperature and d1 luent concentration, and IS hence written 

as f(v,,T), where v, 1s the volume fraction of the diluent. 

If proportionality between free volume and the volume of the 

added d1 luent IS assumed[12~]. then f(v,,T) IS a I inear 

funct1on of v, 

f(v,,T) = f(O,T) +S(T)v, (2.105) 
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where 

B(T) = y(T) -f(O,T) <c. lOB) 

and y(T) IS the proportional 1ty factor between the free 

volume Increase and the volume of added d1 luent. 

the value off at zero d1 luent concentration. 

f(O, T) is 

Substituting equation c.lOS into c.106 and assum1ng 

a fixed temperature, then 1t 1s possible to derive the 

fol low1ng s1mpl 1fied equat1on. 

(c.107) 

where 

K = BdB(T)/[f(O,T)J 2 = a constant (c. lOB) 

Equation c.107 represents the concentration dependence of a 

d1ffus1on coefficient often observed experimentally. 

c.6.c.c The temperature dependency of the diffusion 

coefficient 

For amorphous polymers above the T9 the fractional 

free volume Increases l1nearty w1th the coeffiCient of 

expansion, as shown in equat1on c.16 Subst1tut1ng c.16 1nto 

c.lO~ at T > T9 and wr1t1ng 0 for OT equat1on c.lO~ becomes 

<c.109) 

Rt temperatures below T9 

Do= RdRTo exp[-Bd/f 9 ) <c. 110) 
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Assum1ng AdRT and AdRTo to be almost equal and comb1n1ng 

equat1ons c.109 and c.llO. we have 

(T- T9 )/ln(O/Oo) = f 9 2 /Bda~ + f 9 (T- T9 )/Bd cc.lll) 

so that (T - T9 )/ln(O/Oo) IS I I nearly related to (T - T9 ). 

It can also be seen that f 9 , Bd• and a~ are Independent of 

temperature. Equation c.lll can therefore be rewritten as 

(T - T9 )/ln(O/Oo) = K, + K2 (T - T9 ) cc.llc) 

and rearranged to 

ln(O/Oo) = (T - T9 )1K, + K2 (T - T9 ) cc. 11::1) 

where K, and K2 are constants. Equation c.ll::l resembles 

equation c.cO the WLF equation derived from viscos1ty 

considerations. 

It IS seen, therefore, that the free volume theory 

can be appl 1ed successfully to explain the concentration and 

temperature dependence of d1ffus1on of organic diluents 1n 

polymers, and possibly to predict the diffusion coefficient 

from a knowledge of T9 , or v1ce versa. 

c.6.::1 DiffUSIOn In polymeriC systems 

The observed behavioural features shown by the 

d1ffus1on of hydrocarbons 1n glassy polystyrene systems have 

been described by Hopfenberg and Frlsch[lc5J, as shown 1n 

f1gure c. 1::1. Hopfenberg and Fr1sch suggested the 

behavioural 
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FIGURE e.13 

Tne behavioural features exhibited on tne diffusion of 

hydrocarbons 1n glassy polystyrene systems 
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features exh1b1ted in polystyrene would probably occur in 

most amorphous systems of a sufficient temperature and 

penetrant concentration range 1s employed. Region a 

describes concentration dependent diffus1on or Fickian 

diffusion. Region d or concentration-Independent diffusion 

wi 11 occur at low surface concentrations, e.g. for vapour 

sorpt1on. Between tnese reg1ons is situated Case II[le6J 

transport reg1ons b and c wnere time-dependent or anomalous 

d1ffus1on occurs. Reg1ons b and c are confined to M1gM 

penetrant surface concentration and temperatures in the 

vicinity of and below tne preva1 I ing T9 of tne system. The 

T9 of the system is snown by tne dasned l1ne In f1gure e.13. 

~ useful class1ficat1on wnicn describes regions a, b and c 

as snown 1n f1gure e.13, 1n terms of the1r relat1ve rates of 

d1ffus1on and polymer relaxation, Mas been proposed by 
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Alfrey et ~[1c6J. They described the three thus: 

a. Case I or Fickian diffusion in which the rate of 

d1ffus1on 1s much smaller than relaxation in the polymer. 

b. Case II d1ffus1on, an extreme case where 

diffusion is very rap1d when compared with the relaxation 

processes and is control led by the relaxation of the 

polymer. 

c. This region describes non-Fickian or anomalous 

diffusion which occurs when the diffusion and relaxation 

rates are comparable. 

Case I and Case II are both s1mple cases in that 

their behaviour can be described In terms of a single 

parameter. Case I dlffus1on 1s control led by the d1ffus1on 

coefficient (0). The parameter describing Case II is the 

constant velocity of an advancing front wh1ch indicates the 

extent of penetration of the swel I ing agent. The advancing 

front is the boundary between swollen outer layer and glassy 

unswollen centre. By examin1ng curves for the mass sorbed 

versus time, 

extreme case. 

it can be shown that Case II is a I imiting or 

If the amount of penetrant sorbed at t1me t 

is Kt" where K and n are constants then case I systems show 

N=1/c, as shown 1n f1gure c.1~. Case II systems exh1b1t an 

n equal to 1. Non-Fickian behaviour systems give n values 

between 1/c and 1. 

c.6.3.1 Flckian diffUSIOn (Case I) 

For many organic vapours 1n polymers, D depends very 

markedly on concentration. If MT IS mass sorbed at time, t 

and M~ IS mass sorbed at equ1 I 1br1um, a plot of MT/M~ versus 
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FIGURE 2.1~ 

Fickoan and case II sorp~oon. mass sorbed 

versus square roe~ ~ome behaviour 

1 

= 1/2 

• 
~ime tl'Z 

(~ime) 1 ' 2 produces ~he general plc~ on figure 2.15. The 

derlva~oon of such plo~s is described on ~he following 

sec~ion using equa~oon 2.119. 

In ~he early s~ages, when diffusion ~ake place 

essen~oal ly on a semi-lnfono~e medium, ~he amoun~ sorbed or 

desorbed os dorec~ly propor~ional ~o ~he square roe~ of 

~ime. When ~he sorp~oon and desorp~ion curves cease ~o be 

lonear when plo~ted agaons~ (~ime) 1 ' 2 as shown in figure 

2.15, each ~end ~owards a I omo~ing value. When 0 increases 

wo~h concen~ra~oon increasong, ~he lonear behaviour may 

ex~end wel I beyond SOY. of ~he final equo I obroum up~ake on 

~he case of sorp~oon. Thos is somi lar ~o ~he corresponding 

curve for a cons~ant 0, sonce ~he sorp~oon curves are 

BO 
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FIGURE 2.15 

Fickian sorption and desorptlon 

desorption 

time 

parabolic, I. e. I inear when plotted against (time) 1 ' 2 over 

most of their long time interval. F1nally, with Case I 

models the desorptlon Is always slower than sorptlon.[10BJ 

The mathematical model describing Fickian or Case I 

sorption into amorphous polymers is simpl 1fied by two 

observations[127J 

1. The movement of I 1quid into the polymer occurred 

by molecular diffusion is sat1sfied by Fick's laws. 

2. Since an equ1 libr1um is rapidly produced the 

boundary conditions at the f1lm surfaces x = 0 and the film 

thickness, ~· are constant w1th the concentration c, of 

penetrant. 

The diffusion equation for a homogeneous fl I m of a 

large area is[12BJ 
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ac/at = £_[0(c)ac/axJ 
ax 

0 < X < L (2.11~) 

D(c) is defined as the binary diffusion coefficient and IS 

the product of a thermodynamic factor ( the chemical 

potential of the penetrant ) and a mobi I ity factor, 

sometimes known as the thermodynamic diffusion coefficient. 

The normal boundary conditions used 1n describing Fickian 

diffusion are 

c(O, t) =eo c(L, t') = c, (2.115) 

where eo and c, are constants. The boundary cond1tion for 

the in1t1al s1tuat1on is 

c(x, 0) = C; (2.116) 

and c; is chosen experimentally to be constant. When 

eo = C 1 > c; the boundary conditions describe sorption. By 

choosing suitable boundary conditions it IS also possible to 

describe desorption and permeation mathematically. 

To completely describe F1ck1an diffus1on, D(c), 

F1ck's equations must be differentiable with respect to x 

and must satisfy 

0 < D(c) < Do < ~ (2.117) 

The s1mple mathematics of F1ck1an diffusion allows Fick's 

equations and equation 2.11~. to be d1mens1onal ly scaled 

from which follows the early t1me behaviour of f1gure 2.1~. 
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c.6.3.1.1 D1ffus1on 1n a plane sheet 

If a sheet of polymer is exposed to a vapour or 

1qu1d capable of sorb1ng into the polymer and the surfaces 

of the polymer are assumed to immediately a 

concentration value equal to the equ1 I ibr1um concentration 

value, the mass uptake of the sorbent by the polymer can be 

expressed as[109] 

CO 
MT/M00 = 1- 6 E 1 exp[-0(2m + 1) 2~ 2 t/~ 2 ] (2.116) 

~· m=o (cm + 1) 2 

where MT 1s the total amount of the vapour sorbed by the 

sheet at t1me t, and Mw IS the equl I ibr1um sorption attained 

theoretically after Infinite t1me. The thickness of the 

polymer sheet is given by ~and the exper1ment carr1ed out 

at a constant temperature. The value of 0 obtained 

equation 2.116 is only approximate s1nce the polymer sheet, 

1n particularly PVC, swel Is on sorption of some I iquids and 

vapours and IS dependent on the surface concentration of 

sorbent. At the early stages of sorption equat1on c.116 

approximates to 

(2.119) 

Thus, 1s poss1ble to deduce an average diffusion 

coeff1c1ent from the 1n1t1al gradient of the sorption curve 

when plotted aga1nst the square root of t1me. 
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e.6.3.e Case II diffusion 

Case II diffusion 1s often described as a s1mple 

I 1m1ting case[le6] although transport has been observed 

wh1ch obeys MTIM~ versus Kt" curves where n > l[le9]. The 

main features of Case II diffusion f1rst reported by Alfrey 

et al,[le6] 1nvolv1ng a glassy polymer are now descr1bed: 

1. As the sorbent penetrates into the polymer a 

sharp advanc1ng boundary separates the glassy centre from 

the outer plast1c1sed surface layer. Such VISible advancing 

sharp boundaries are commonly observed during the sorption 

of I 1qu1ds 1n cross- I inked glassy polymers and constitute a 

necessary cond1t1on for Case II swel I ing. 

e. Behind the advancing front, there IS a surface 

layer constrained due to entanglements with molecules 1n the 

Internal core layers and Wl I I not have reached equi I 1brium 

concentration. 

3. The boundary between the surface layer and 

glassy core advances at a constant velocity. 

~. The 1n1t1al ga1n in mass, represented by M, IS 

consequently directly proportional to time, represented by 

t, rather than to the square root time(t'' 2 ). On a 

claSSICal plot of ga1n in mass versus square root of time, 

this appears as a parabola, s1nce 

M= O(t ''•) • (e.leO) 

5. The kinet1cs of 1deal F1ckian penetration 1nto 

specimens of s1mple geometries (plaques, long cylinders and 

spheres) can be reduced to one parameter the diffusion 
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constant. The k1net1cs of Case II d1ffus1on can also be 

reduced to one parameter - the velocity of the advancing 

front. 

6. As the temperature decreases in a sorption 

experiment a dist1nct cr1t1cal po1nt is reached when the 

velocity of the advancing front fal Is to zero. 

7. The velocity of the advancing front in Case II 

sorption IS very sensitive to the thermal history of the 

glassy polymer. 

B. For spec1mens of simple geometry the stresses 

Involved 1n Case II diffUSIOn can be calculated from the 

shear modulus of the surface layer and the equi I ibrium 

swel I 1ng factor. 

S. With mixed solvents it Is possible to observe a 

superposit1on of Case II and F1ck1an sorption. Frisch 

~ ~[EEJ stud1ed the diffusion of methylene chloride 1n 

glassy epoxy polymer measuring the gain In mass and the 

distance of penetration as a funct1on of t1me. They 

analysed experimental results by taking into account both 

F1ckian and Case II mechan1sms and obtained good agreement 

between experimental and theoretical results. 

In equation E.ll~ the d1ffus1on coefficient 1n a 

homogeneous f1 lm of a large area, O(c) IS defined as be1ng 

the product of a thermodynamic factor and a mobi I 1ty factor 

and may be expressed as 

ac/at = -£_(uc) 
ax 

(E.lEl) 

where u is the mass velocity of the penetrant 1n one plane. 
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In Case II swel I ing this is considered Lo b~ constant. 

Hence substotuting v for u in equation c.lcl results' in 

actat = -vac/ax (c. lee) 

If the initial concentratoon profl le is c(x,O) = co(x) the 

solution to c.lcc is, 

(x,t) = co(x-vt) (c.lc3) 

and if the initial dostrlbution os a step function then this 

profile is kept with tome and is descrobed on fogure c.16. 

The moving boundary location x and the weight gain MT are 

given by 

FIGURE c.l6 

The concentration profile for case II diffusion 
c 

(0~--------------------~ 

x=vt 
0 ~------------------~--posotoon of solvent front X 
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x = vt. (2.12't) 

and 

MT = covt.A (2.125) 

where A is the cross-sect.oonal area transverse to the flow. 

Equat.oons 2.12't and 2.125 describe points 3 and 't on the 

above descropt.oon of Case II doffusoon. 

2.6.3.3 Non-Fockian or anomalous doffusoon 

Rogers[130] summarozed the vartous types of 

doffusoon behavoour exhobot.ed by polymers using mass 

sorpt.oon-desorptoon curves and compared these curves with 

Fockian type doffusoon, see fogure 2.17. Rogers used the 

term "pseudo-Fickian" to describe curves of the same general 

shape to Flckian curves but. exhibiting an initial I onearit.y 

for a much shorter perood of tome as shown by figure 

2.17(d). If a song le inflexion, at. around 50'l. equi I obroum 

sorption, os observed, sigmood sorpt.ion[127] as shown by 
;s 

figure 2.17(b)(saod to occur. When a vapour os brought. into 

contact. wot.h a polymer sheet., a surface sorption equo I obroum 

IS at.t.aoned which involves the swel I ong and extenso on of the 

surface. ThiS surface layer os constrained by the 

entanglement. wot.h molecules on the internal core. At. sub-T9 

temperatures the modulus is large and the surface layer IS 

effectively rest.raoned prevent.ong the est.abl oshment. of a 

equo I obroum surface concent.rat.oon until some vapour has 

penetrated onto and has plast.ocozed the internal core. The 
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rate of scrpt1cn then speeds up towards ItS final 

equi I 1br1um result1ng 1n sigmoid behaviour. Figure 2.17(c) 

describes two-stage scrpticn[131J. It is thought that the 

second stage is brought about with an increase in surface 

concentration which occurs slowly compared with the 

diffusion process. The surface concentration Is the cveral I 

rate determining step fer sorption. 

FIGURE 2.17 

The various types of diffus1cn behaviour 

exhibited by polymers 

MT Fickian 

s1gmc1d 

b 

pseudc-F1ck1an 

d 

two-stage 

t1me 1 ' 2 
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2.6.~ A mat.hemat.1cal model for the superposit.ion of 

Case I and Case II d1ffus1on 

Po1nt.s and 8, 1n section 2.6.3.2, 1n the 

description of Case II d1ffus1on give evidence that. Internal 

stresses ar1se between the constrained outer swollen layer 

and the 1nt.ernal core. Attempts have been made to relate 

anomalous d1ffus1on behaviour to these st.resses[2~.25,132]. 

Of particular interest. IS the procedure developed by Kwei 

et. !!.!,[ 22 ] • They described sorpt.1on experiments for the 

system PVC-propanone we I I below the T9 for PVC. They argued 

that. D would decrease as the temperature decreases and the 

1nt.ernal stress effects would Increase unt.i I a situation is 

reached where the system 1s not. i n equ 1 I I br 1 um. They 

rewrote equat.1on 2.97 to include not. only the gradient of 

chemical potential but. a second term derived from the stress 

produced by the penetrant.. For a system, not. in 

equ1 I 1br1um, the thermodynamics of irreversible processes 

leads to the fol !owing mod1ficat.1on of equation 2.97. 

F = -BC(aJJ 
ax 

1 as> 
c ax 

(2.126) 

where B 1s a mob1 I 1t.y coefficient., JJ the chemical pot.ent.1al 

and 5 the part.1al stress tensor for one direction. Dn 

assum1ng proportional 1t.y between 5 and the total uptake of 

penetrant., then Kwe1 et. ~,derived 

X 

S(c) = s f Cdx' 
0 

89 
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where s IS a ~rornrtional1ty constant. Hence 1t IS possible 

to rewr1te equation 2.11~. the general 1zed Fickian d1ffus1on 
• 

equat1on. 

ac/at = £_[Dac/ax - BsCl 
ax 

(2.12B) 

Th1s IS further s1mpl if1ed by show1ng v = Bs[2~]. where the 

quantity v represents the veloc1ty of solvent penetration. 

The solut1on for equat1on 2.12B has been shown[12~] for 

diffusion 1nto a penetrant free sem1-1nf1nite med1um w1th a 

constant concentration, Co to be 

C(x, t) =Co[exp(xv/D)erfc{x + vt) + 
e 2./(Dt> 

erfc{x - vt)J 
e.t<Dt> 

(2.12S) 

where erfc IS a standard mathematical funct1on, called the 

error-function complement[133], extens1ve tables of wh1ch 

may be found in the CRC handbook[13~]. The total amount MT 

of penetrant per un1t area sorb1ng to the polymer is 

t 
MT = - J [D(ac/ax - vc]dt 

0 
(2.130) 

from t1me, 0 tot. The solut1on of equation 2.130 is, 

MT = Co{g erfc[~(~) 1 '•J + vt erfc[-~(~)''•J 
V 20 2 20 

+ (0t) 1 ' 2 exp(-v 2 t/~0)) (2.131) 
"IT 

so 
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which tends at large time::; l:o 

MT = [(0/v) + vt] (2.132) 

When x tends to smal I values when compared wtth vt tn 

equatton 2.129, the second term tn the square bracket, an 

inspection of the error-function complement becomes much 

larger than the ftrst, so that except for smal I values of t 

the movement of the penetrant front X wtth a gtven 

concentratton wt I I have the form. 

X = 2h~(Dt) + vt (2.133) 

where h is a constant. Ustng the above model Kwei et ~[22] 

were able to model successfully the rates of sorption and 

penetratton of propanone tnto FVC. Their model also 

descrtbes the two extreme cases of Fickian and Case II where 

Ftckian ts descrtbed by D << v and Case II is shown to hold 

when D >> v. 



CHAPTER EXPERIMENTAL 

:3.1 MATERIALS 

Suspension polymerozed PVC grade S71/102, particle 

soze ranging between 50 ]Jm tci 100 ']Jm obtained from I.C.I., 

Petrochemocals and Plastocs Divosoon, Runcorn, Cheshore 

U.K., was compressoon moulded onto plaques usong equipment 

provoded by I.C.I. The weoght average molecular mass of the 

polymer was approxomately 200,000. 

Four plaques were prepared simultaneously, each 

plaque requorong approxomately ~Og of PVC. The press after 

reaching the operatong temperature was charged with the 

mould contaoning PVC. The mould was preheated for two 

monutes on order to allow the PVC to equo I obrate woth the 

pressong temperature of 169°C. The mould was compressed at 

q{,oo K.N m-..,_ pressure for 6 m 1 nutes, coo I ed in s 1 tu to room 

temperature before removong the mould from the press. The 

domensoons of the plaques were approximately 11.5xl1.5x0.2 

cm. No antooxodants or lubrocants were added since they 

would onterfere woth subsequent analysos of the PVC, 

Because of the absence of stabo I ozers a smal amount of 

dehydrochloronatoon 

red-brown on colour. 

temperature on 

takes place and the plaques are 

The samples were stored at room 

the dark to prevent further 
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dehydrochlOrination tak1ng place. 

The degree of fus1on that takes place dur1ng 

pressing of the plaques var1es as a consequence of 

temperature and t1me. Faulkner[135] described a technique 

for determ1n1ng the temperature-torque prof1 le of a PVC 

compound 1n a Brabender Plast1corder mix1ng chamber from 

room temperature to the polymer degradation temperature. In 

this temperature range PVC shows three characteristiC peaks 

1n the torque temperature trace. These peaks are thought to 

be associated w1th the breakdown of the powder particles. 

At 1c~°C a torque peak occurs which Gonze[136] stated IS due 

to the dens1f1cat•on of the 100 ~m gra1ns. 

temperature r1ses the grains beg1n to break open, 

As the 

producing 

a m1n1mum on the torque trace whiCh rises to a maximum at 

160°C. ThiS IS due to the densificat1on of primary 

part1cles. 

.. threshold 

Th1s temperature IS also referred[l37] to as the 

temperature .. for fUSIOn . The threshold 

temperature for sample 571/102 IS 165°C. Above th1s 

temperature pr1mary particles break down. The process1ng 

temperature of 169°C was chosen so that the primary 

part1cles have ~ust begun to break down, produc1ng a 

homogenous plaque of fused primary particles with the 

minimum amount of dehydrochlorination. 

Initially, 11qu1ds, subsequently referred to as 

swel I ing agents, were chosen purely on their ab1 l1ty to 

swel moulded PVC samples. The main factor taken 1nto 

account when choosing wh1ch I i qu 1 ds to use, was the 

solub1 I ity parameter. 

19.6 J'' 2 /cm 0 ' 2 [138]. 

The solubi I 1ty parameter for PVC, IS 

It 1s known[31] that I 1qu1ds are good 

swel I 1ng agents when the solub1 I 1ty parameter difference 
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between I oquod and polymer is less than between 3.5 to ~.1 

A larger solubi I oty parameter difference 

ondicates the I oquod os I ikely to be a non-solvent for the 

polymer and demonstrated to be the case for PVC[139]. 

The forst I oquods examoned were ketones. These have 

solubo I oty parameter values between 20.3 to 16.0 J 1 ' 2 /cm 1 ' 2 • 

Consoderatoon of the solubi I ity parameter alone is 

insuffocoent on predictong whether the I oquod os a swel I ong 

agent for PVC. By consoderong the hydrogen bondong abi I ity 

of varoous I oquods together woth theor solubo I oty parameter, 

Voncent and Raha[1~0] were able to produce a plot depocting 

a regoon where the loquod would be a solvent or swellong 

agent for PVC. Vincent and Raha's data dre reproduced in 

fogure 3.1 for the onteraction of varoous I oqulds with PVC. 

Although the hydrogen bondong data are Incomplete for the 

I oquods employed in thos work, figure 3.1 does show that 

swel I ong agents and solvents fal I wothin the shaded area. 

The hydrogen bonding parameter is based on the work of Gordy 

and Stanford[1~1-1~3], who measured the displacement of the 

OD onfrared absorptoon band in the ~ ~m range when dofferent 

loquods were added to a solutoon of deuterated methanol 

(CH 1 00) on benzene. The soze of the displacement measured 

in wave numbers divoded by ten is defoned as the hydrogen 

bondong parameter. Usong the sol ubi I ity parameter and 

hydrogen bondong parameters ot os possoble to predoct the 

I okel ohood of a I oquod beong a swel I ong agent for PVC. 

Other classes of compounds examoned were acrylates, 

notroalkanes, halogenated aromatics and halogenated alkanes. 

A smal I number of wel I known PVC plastocizers were employed 

and suppl oed by ICI. Lists of swel I ing agents and 
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FIGURE 3.1 

Solven~ and swel I 1ng agen~s for PVC, 

af~er V1ncen~ and Raha[l~OJ, legend on fol low1ng page 
22 + 

+ + 

s-s + 
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FIGURE 3.1 (cont.) 

legend 

e benzene () n1t~oethane 

• 

• 
0 

0 

X 

p~opanone lt 

methyl ethyl ketone • 
2-nlt~op~opanone <> 
1-n1t~obutane (i) 

chlo~obenzene 

V1ncent and Raha data 

5 solvents 

+ non-solvents 

t~1chlo~oethane 

methyl benzene 

ethyl benzene 

diOCtyl phthalate 

plastiCIZe~s a~e shown 1n tables 3.1 and 3.2. A I I I 1 c;u 1 ds 

we~e standa~d labo~ato~y ~eagents and we~e used as ~ece1ved 

except 1-n1t~obutane wh1ch was p~oduced fol low1ng the 

p~ocedu~e g1ven by Ko~nblum[1~~] 
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3.E SAMPLE PREPARATION 

Two prfncopal methods were used to produce swot ten 

PVC samples for analysos using PL-DMTA methods. The samples 

were eother brought into contact woth the vapour or the 

I I quod form of the swel I ong agent. 

3.E.l Solod/loquod contact 

A sample of suitable domensions for analysis by 

PL-DMTA onstrument was cut from a plaque. The sample was 

placed on a suotable aor toght contaoner and the swel I ong 

agent was ontroduced so that the sample was covered. The 

samples were weighed before any swell ong agent was 

ontroduced on order to calculate the percentage mole content 

of ombobed oquod. 

The weoghing procedure was standardized on order to 

et ominate errors due to loss of swelling agent by 

evaporatoon. The samples were held In a water bath at 60°C 

for varying amounts of tome. Once swot ten to the required 

degree the samples were removed from the swel I ing agent. The 

excess I iquod was removed using tissue paper. The samples 

were then quenched and stored on I oquod notrogen unti I 

requored to prevent loss of ombibed I iquid. The thickness 

of the swot ten samples was recorded by at towing the sample 

to warm to room temperature and taking an average of three 

mocrometer readings of the thockness. The extreme edges of 

the sample were avooded when takong these measurements sonce 

a raosed edge os produced due to the sorptoon occurrong at 

the sample edge. as shown in figure 3.E. 
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TABLE 3.1 

Ketones used on PVC sorption experiments 

I IClU Id 

propanone 

2-butanone 

2-pentanone 

3-pentanone 

MBK 

DIBK 

molar 
mass 

56.1 

72.1 

66.1 

66.1 

100.2 

1't2.2 

molar 6 " volume parameter 

73.3 20.3 9.7/12.5 

69.6 19.0 7.7/10.5 

106.1 16.3 e.o 

105.6 16.0 7.7 

123.'t 17.5 B.'t 

176.'t 16.3 B.'t/9.6 

~ -legend on table 3.3 

MBK - methylbutylketone 

DIBK - di osobutylketone 

9B 

hydrogen source~ 
bonding 
abo I ity 

M a 

M b 

M c 

M c 

M c 

M c 
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TABLE 3.2 

LiquidS used in PVC sorption experiments 

l1quid molar molar solubi l1ty "V hydrogen source<!> 
mass volume parameter bonding 

abi I ity 

g/mol cm•/mol ]t, 2/c:m• '2 cm-t 

N1troethane 75.1 71. 't 22.7 2.5 p c 
benzene 7B.1 B9.0 lB.B 0.0 p b 
DCM B't.9 63.6 22.9 1.5 b 
2-nitropropane B9.1 B9.0• 20.3 't.O p c 
methyl benzene 92.1 106.0 1B.2 't.2 p a 
fluorobenzene 96.1 B9.0 16.0 p d 
DCE 99.0 7B.7 20.1 1.5 b 
ethylacrylate 100.1 109.0• 17.6 M c 
MMA 100.1 106.0• 1B.O M e 
n1trobutane 103.1 20.3 
ethlybenzene 106.2 122.0 1B.O 't.2 p e 
DMB 106.2 123.2 17.9 't.5 p e 
chlorobenzene 112.6 101.7 19.5 2.7 p b 
TCM 119.0 BO.O 19.0 1.3 p b 
nitrobenzene 123.1 102.3 20.5 2.B p b 
TCE 133.'t 100.7 17.5 1.5 p b 
BMA 1't2.2 160.0• 16.9 M f 
DCB 1't7.0 't93.3• 20.5 p e 
DED 153.1 136.2• 17.6 M b 
CF 15't.B 96.5 17.7 0.0 b 

Cl> -legend in table 3.3 

DCM - dichloromethane 
DCE - 1,2-dlchloroethane 
MMA - methylmethacrylate 
DMB - dimethylbenzene 
TCM - trichloromethane 
TCE - tr1chloroethane 
BMA - butyl methacrylate 
DCB - a-dichlorobenzene 
DED - d1ethyloxalate 
CF - tetrachloromethane 
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BBP 
OOP 
OMP 
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TABLE ::1.3 

Plastocozers used in PVC sorptoon experoments 

molar molar solub1 I oty hydrogen 
mass volume parameter bondong 

abi loty 
g/mol cm•/mol J 1 ' 2 /cm 0 ' 2 

M 
M 

source 

Cereclor S52 

296.0 
390.6 
19't.2 
't'tO.O 

360.0 
377.0 
163.2 
352.0 

g 
g 

d 
g 

BBP butylbenzylphthalate 
OOP dioctylphthalate 
OMP domethylphthalate 

Legend for tables 3.1 and 3.2 

* source of data, reference [1't5] 

a Careless Solvents Ltd. ,St. James House, 

Romford, Essex. 

b F1sons Ltd., Laboratory Suppl les, Boshop 

Meadow, Loughborough, Leocs. 

c Aldroch Ltd., The Old Brick Yard, New Road, 

Go I I ingham, Dorset. 

d Fluka Ltd., Peakdale Road, Glossop, 

Derbyshire. 

e BOH, Fourways Road, Carlyon Industroal 

Estate, Atherstone, Warks. 

f Kock Loght Ltd., Rookwood Way, Haverho 11, 

Suffolk. 

g I.C.I., Petrochemicals and Plastocs 01v1sion, 

Runcorn, Cheshore. 

100 



CHAPTER 3 - EXPERIMENTAL 

FIGURE 3.c 

Mi crograph of a section through a uPVC plaque swollen w i th 

dimethylbenzene swol l en at 60°C showing the raised edge of 

the sample 
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Thos fogure shows a mocrograph of a si ice cut through the 

edge of the sample. The symbol (A) is poontong to the onner 

core regoon, (B) and (G) refer to the core-swol I en polymer 

onterface and swollen outer edge. The raised edge resembles 

Two doses were punched from each sample 

woth an B mm doameter die agaon avoidong the edges of the 

sample. A thon si oce was cut from the remaining sample 

woth a scalpel, at roght angles from one edge of the sample, 

and examoned under a Leotz polarozong mocroscope (50x 

magnofocatoon). The thickness of the core was recorded from 

thos si oce usong a gratocule fitted on the microscope (see 

fogure 3.3) each dovosoon of the graticule beonq O.Oc mm. 

Regoon (A) on fogure 3.3 is the inner core. The slice was 

cut from roght to left in the fogure. It can be seen that 

the left hand so de of the core-swol I en polymer interface, 

(6), os Jagged possibly due to the glassy polymer shatterong 

on cuttong. 

hand sode 

The thickness of the swollen layer on the left 

is also smaller, shown by the swollen edge (C), 

due to deformation occurrong on cuttong. Wherever possible 

the measurements were carroed out on the core and total 

thockness, using mocrometer readings, to avood regions which 

were deformed on cutting. The two discs were now ready for 

PL-DMTA. 

3.2.c Sol id/vapour sorptoon 

3.c.c.l Dperatoon of electro-mocrobalance 

The Mark II vacuum head woth a Robal Dogotal control 

unit suppl oed by C. I. Electronocs Sal osbury Wo ltshore U.K., 
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FIGURE 3.3 

Mi crograph of a sect i on through a uPVC p laque swol l en w i th 

d i methy l benzene swo ll en at 60°C 

? c - --..... 
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-
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I 
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was an eleccron1c bridge circuic mainca1ned In conc1nuous 

balance by a serve syscem. The head unic, shown in figure 

~.~. eleccro-magnecical ly balanced che corque produced by 

che sample mass. A currenc flowed chrough che head in exacc 

proporcion CO che applied mass and chis currenc operaced che 

1ndicat1ng mecer and provided an electr1cal output for a pen 

recorder. 

F1gure ~.~ shows che conscruccion of che balance 

head un1c. The balance arm carried a shuccer interposed 

becween a lamp and a pair of s1 I 1con phococel Is. A small 

d1splacemenc of th1s arm caused an Imbalance in che I 1ght 

fat I 1ng on the photocel Is, and hence che current flowing 

through the photoce I Is. Th1s current was ampl 1fied and 

passed through the movement col I restoring 

or1g1nal POSitiOn. Th1s rap1d response eo mass change 

helped to make the balance 

v1brat1on. 

1nsensit1ve to external 

The simple bridge circuit of figure ~.5 i I lustrates 

the principle. With the arm central the photocel Is have 

equal res1scance and no br1dge current flowed. A sl1ght arm 

movement changed the relat1ve 1 I I urn i nat 1 on on the 

photocel Is, unbalanc1ng their resistances and caus1ng bridge 

current. Th1s current pass1ng through the movement col I 

rapidly produced a new equ1 I 1br1um 1n which the res1dual 

br1dge current JUSt counteracts the external torque appl 1ed 

to che balance arm. 

~.c.c.c Vapour sorpt1on us1ng an electron1c microbalance 

Us1ng a C.I. Eleccron1cs Microbalance it was 
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FIGURE 3.'t 

A schematoc diagram of the 

C.I. Electronocs mocrobalance head. 

a 

b\ 
--@P • 

_ .... - , 
~~ / 

.,.........,.! 

h......._ 

legend 

a magnets f photocel Is 

b lamp g electromagnet 

c shutter h tare pan 

d sample arm balance arm 

e sample pan J fulcrum wtre 

FIGURE 3.5 

The mocrobalance brodge corcuotry 

legend 

a I oght focused on 

~a photoce I Is 

b photocel Is 

c COl I 

d meter 
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possoble to contonuously follow the uptake of swel I ong in a 

PVC sample. A schematoc voew of the mocrobalance apparatus 

os shown on fogure 3.6. The Robal control unit contaoned a 

IEEE computer onterface allowong continuous acquositoon of 

data on a Commodore ~032 computer. An example program 

al lowong data collectoon voa the IEEE onterface is shown on 

Appendox 5. 

The balance head was operated on a control led 

envoronment and was kept at a temperature at least 5°C 

higher than the sample and the reservoor was kept at least 

3°C or more below that of the sample. This prevented 

dosto I latoon of the swel I ong agent onto the balance and 

sample. 

The swel I ing agent, around 30 cm•, was ontroduced 

into the reservoor. A bar shaped sample of PVC of 

dimensions 3.5x0.2xl.O cm. was suspended from the left hand 

sode of the balance usong fone copper wore. 

thos bar was approxomately 0.3 g 

The mass of 

Copper wore was placed on the roght hand side to 

counterbalance the balance arm so that a near balance poont 

was reached. The balance was electrocal ly zeroed usong the 

Robal control unit. A maximum of 200 mg can be tared 

electronically. The apparatus was closed and al I owed to 

equi I ibrate thermally. 

The apparatus was evacuated by openong taps A and C. 

Tap C was then closed. The swel I ong agent was degassed by 

closing tap A, when openong tap 6 allowed any dissolved gas 

to come out. Tap 6 was then closed and tap A opened. Thos 

procedure was repeated unto I al I the dossolved gas had been 
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FIGURE 3.6 

A schematiC v1ew the of microbalance apparatus. the dashed 

I 1ne shows the env•ronmental chamber 

r 
I 

1---b 

-+-e 

-c 

legend 

a feed l1ne to cold 

trap and vacuum pump 

b reservoir 

c sample water Jacket 

d tare 

e s1gnal to control un•t and 

computer 
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removed. Th1s ensured that the vapour over the sample was 

purely that of the swell 1ng agent. 

After the system had been degassed and evacuated the 

taps A and C are closed. The zero sett1ng on the balance 

was checked, tap C was opened, and tap B was opened 

admitt1ng the swell1ng vapour onto the sample. 

Simultaneously the computer was set running. The samF=>Ie was 

left unt 1 I the requ1red sorption had occurred and removed 

for analys1s us1ng a PL-DMTA Instrument. 
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~-~ ANALYSIS OF SWOLLEN SAMPLES 

~.~.1 Dynamic mechanical thermal analysis of swollen 

samples 

Mechanical properties were obta1ned us1ng a PL-DMTA 

instrument. The 1nformat1on obtained from the PL-DMTA 

Instrument was a plot of the logar1thum of the Young's 

modulus (E') giving an 1ndicat1on of the stiffness of the 

sample and a plot of tan 6 1 the loss factor, an 1nd!cat1on of 

the absorptiOn of mechanical energy w1th1n the sample as the 

temperature Increased at constant frequency and f1xed 

The PL-DMTA head and a block diagram of the 

electronics are shown 1n figures ~.7 and 3.8. The 

Instrument was ran in e1ther dual-cant! lever or shear mode. 

~.~.1.1 Analysis us1ng shear mode 

W1th the shear clamp frame detached from the PL-DMTA 

head, see f1gure 3.9, two sample d1scs were placed into the 

shear clamp w1th an 1nterven1ng aluminium disc. The samples 

were held f1nger tight us1ng the screws Situated a 

horizontal plane w1th the samples. The clamp frame together 

w1th the sample discs were frozen 1n I 1quid nitrogen and the 

discs finally tightened in posit1on wh1 le sti I I frozen. The 

frame was then placed 1n the PL-DMTA head using the four 

fix1ng screws, the dr1ve shaft released, and the 

env1ronmental chamber positioned, locked 1nto place using 

the three knurled nuts on the PL-DMTA bulkhead, and cooled 

to between -130 to -160°C depend1ng on the sample, us1ng 
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FIGURE 3.7 

Polymer Laboratoroes Dynamoc Thermal Mechanocal Analyser 

.---~~~-----------Vib~tor 

n----~------- uisplacement 
Transducer 

Temperature 
.-\,.--___;:::.....,=--- Enclosure 

\.....----.,,....::::=.....---:sample 

FIGURE 3.8 

Liquid 
'-;>.liii:T-..::. Nitrogen 

Block doagram of mocroprocessor unot 

,,. 
r-~--~~~ m~ 

crorn:•s 
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FIGURE 3.9 

Shea~ clamp f~ame 

a 

b 

c 

d 

e 

f 

g 

legend 

ceramic clamp 

suppo~ts 

central 

d~1ven clamp 

clamp nuts 

sample screw 

mushroom 

sample 

central 

aluminium spacer 

mushroom carrier 

int:~oduced 1nt:o the cooling chamber 

v1a a glass funnel. The ma1n c~1ter1on for the starting 

t:empe~atu~e was that: the t:an6, the loss factor, ~eading 

should be as low as possible, 1 • e. a~ound 0.0008. ThiS 

1nd1cat:ed that: Side cha1n and cha1n backbone mot:1ons we~e 

f~ozen. The PL-DMTA p~ox•met:ry head detects dr1ve shaft 

displacement: f~om a t:~ansduce~ situated at the ~ea~ of the 

dr1ve shaft:, as shown 1n f1gu~e 3.7. Th1s t~ansduce~ 

operates on a 2 mm a1~ gap and ~equi~es. 1n1t:ial ly, to be 

manually adJusted t:o t:h1s gap. Th1s IS shown by the central 

L.E.D. 1n the vert:1cal ~ow of L.E.D. "s in the STATUS d1splay 

on the PL-DMTA •nst:rument: shown 1n f1gure 3.10. The gap was 

alte~ed by the knu~led nut: on the back of the spect:~omet:e~ 
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FIGURE ~.10 

Front panel of the microprocessor control led analyser 

.,&.,. -~ -· 
jf§~·l!lll D 11 ll ~~~:~~,,~·~~' -vr »if 

n- - -· OMO ..q, ... 

D ~- ~ ~ l~<l·~~,,~·ct~l • _ ...... ,, ... ~ ....... 
I I I I ~ I I I I I I I I I - ·-

head. As soon as the required starting temperature was 

reached, as shown on the UTP L.E.D. display, the head was 

set onto the runnong mode by depressong the MODE button on 

the PL-OMTA and vobrated at 1Hz. The temperature was 

raosed, at a constant rate of 2°C/mon. to 1~0°C, or to the 

poont where the sample fractures, by settong the three 

thumbwheels temperatures. The heating rate for al I the 

shear work was set at 2°C/mon. The central thumbwheel on 

the UTP showing the minomum temperature was adJusted to be 

~oc above that shown by the sample. The sample was al I owed 

to warm up naturally to the mono mum set temperature and when 

the two temperatures were odentocal the heatong process was 

started by depressong the HEAT button fol I owed by the RESET 

button. After a few seconds the I 1 t ··m 1 n'' lo ght on the 

LIMIT dosplay extonguoshed tndicatong that the sample was 

heatong at the requored rate. The sample was heated at the 

set rate woth the LOAD runnong I oght flashong ontermottently 

as energy was onputted to the head unto I the maxomum set 

temperature was reached, as shown on the UTP thumbwheel 

temperature settong. The PL-DMTA head was contonual ly 

flushed woth notrogen gas to prevent the formatoon of oce on 
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the sample. The flow of gas over the sample was kept to a 

min1mum to minimise heat1ng effects on the sample by the 

gas. The UTP un1t was reset by depressing the HERT and 

RESET buttons, the spectrometer motor stopped, and the 

sample removed. 

3.3.1.c Analysis us1ng dual-cantilever mode 

The prepared samples were placed into the clamping 

frame Situated on the prox1metry head, as shown 1n f1gure 

3.7. Care was taken to ensure the sample was 1nstal led 

squarely 1n the frame. The sample was secured in the frame 

using the four clamp nuts, compressing the sample evenly. 

The dr1ven clamp was secured us1ng the two nuts on the dr1ve 

shaft. The transducer a1r gap was adjusted and the sample 

cooled as described in the prev1ous sect1on. The heating 

rate was set at ~°C/m1n and the sens1t1vity of the J.J. 

Lloyd chart recorder, model number PL c500, was set to 

enable the acqu1s1t1on of tan 6 values lower than 0.1. The 

clamp1ng arrangement IS shown in f1gure 3.11. 

It was possible to vary the length of the sample 

between the r1g1d and dr1ven clamp by changing the size of 

the clamp frame and dr1ven clamp. By using different 

combinations of frames and driven clamps 1t was possible to 

uti I 1se a sample length between c and 16 mm (see sect1on 

3.3.1.1) to optim1se the sample geometry although al I the 

results d1scussed w1 I I have a sample length, L, 

unless otherw(se stated. 
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FIGURE 3.11 

Dual-cantilever clamp frame 

3.3.1.3 Principle of PL-DMTA operation 

legend 

a clamp bars 

b sample 

c central 

driven clamp 

The use of dynam1c mechan1ca1 thermal analysis 

allows 1nformat1on to be obtained when a polymer IS 

SUbJeCted to non-•nt:.rusive stresses. For a polymer 

sUbJected to a sinusoidally vary1ng stress of angular 

frequency (w) the information obtained reflects the delayed 

response of the polymer to such a stress. If the polymer IS 

bel 1eved to behave as a classical I 1near v1scoelast1c sol 1d, 

damp1ng characteristiCS can be obtained. Elastic materials 

when deformed by a stress w1 I I store the energy as potent1al 

energy wh1ch 1s recoverable 1n reforming 1ts 1n1t1al shape. 
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If no energy IS lost, through heat, the material IS act1ng 

as an Ideal spr1ng. 

subJected to a stres~. 

L1qu1ds on the other hand, flow if 

They d1ss1pate the energy almost 

ent1rely as heat and hence they possess h1gh damping 

character1st1cs. 

V1scoelast1c polymers, for example PVC, exh1b1t both 

elast1c and damping properties. If a s1nuso1dal stress IS 

appl 1ed to PVC, the resulting stra1n Wl I I also be sinusoidal 

and w1 I I be out of phase when there is energy rlissipation or 

damp1ng 1n the polymer. The resulting phase difference is 

known as the phase angle (6) between the stress and the 

stra 1 n. The resulting stra1n can be described by complex 

notat1on in terms of the angular frequency (w) and the 

max1mum amp I itude to. 

t•=to exp(1wt) (3. 1) 

where w = 2~~. the frequency IS~ and i=-1 1 ' 2 • 

The relat1on between the alternating stress and 

stra1n 1s wr1tten as 

(3.2) 

where E"(w) IS the frequency dependent complex dynamic 

modulus def1ned by 

(3.3) 

Here. E' (w) Is the real part in phase w1th the 

stra1n called the storage modulus and E»(w) IS the loss 
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modulus. 

The damp1ng 1n the system or energy loss per cycle 

can be measured from the " loss tangent"; tan 6. Th1s 1s a 

measure of the 

complex modul 1 by 

1nternal fr1ct1on and IS related to the 

tan 6 = (EH(W))/E'(W)) (3.'t) 

For th•s particular non-resonance forced vibration 

method the complex elast•c modulus for a rectangular beam 

sample undergoing dual-cant• lever deformation is given by 

Fo s1n wt = Mx + (~ + 5n/w + kE"/w)x + (5 + kE')x (3.5) 

where M IS the mass of the v1brat1ng system, (Kg), x IS the 

I 1near displacement of the dr1ven clamp, 1n metres; Fo is 

the maximum driving force. 1n newtons; (5 + •5n)• a machine 

constant. IS a term to account for the complex rigidity of 

the suspension. (E' + 1EH) 1s the complex Youngs modulus of 

the specimen. t 1s t1me. w IS the angular frequency of the 

driving current, k IS the sample geometry factor 1n metres; 

~ IS a v1scous damp1ng term (air damp1ng) of the mechanical 

spectrometer. 

The monitored drive current 1s proportional to the 

force applied to the sample and the transducer output 

voltage IS proportional to the displacement. Accurate 

measurement of the relat1ve amplitudes and of the output 

Signals allows the Instrument to compute the storage and 

loss moduli v1a 

116 



CHAPTER 3 - EXPERIMENTAL 

(3.6) 

kE" = kB + wSn (3.7) 

and hence tan 6 by equation 3.~. Cal ibrat1on terms relating 

to the instrument constants M, S and Sn measuring A and B 

without a sample at two different frequencies and with a 

sample of known modulus. The k constant, sometimes known as 

the geometry factor, IS found for dual cantilever geometry 

k = cb(h/L) • (3.B) 

where L IS the length of each half between the faces of 

rigid and dr1ven clamp, b is the breadth and h is the 

thickness. AI I measurements are taken in metres g1v1ng the 

geometry constant 1n metres. This f1gure is typically very 

smal I 1.e. 3.159xlo-• and hence converted to -log k which 

converts the constant to a more manageable number 1n th1s 

example 3.500 

For shear sandw1ch geometry EM 1s replaced by GM 

(complex shear modulus) 1n equation 3.3 and the geometrical 

factor becomes 

k = cOIL (3.9) 

where Q is the cross-sectional area of each disc and L IS 

the sample length as previously def1ned. 
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3.3.1.~ Instrument calibration 

Cal ibrat1on of the PL-DMTA Instrument was 

accompt 1shed by running the instrument Without a sample 

present at 1 Hz w1th the Instrument set 1n cal 1bratlon mode 

us1ng the central cal 1brat1on sw1tch on the front panel as 

shown 1n f1gure 3.1D. In accordance w1th the PL-DMTA 

operation manual[1~6] the readings obtained 1n the log 

modulus and tan 6 Windows were entered 1n to the thumbwheel 

sw1tches A and B respectivly. The Instrument was set to run 

at 90 Hz and the new read1ng 1n the log modulus window was 

entered 1nto the thumbwheel SWitCh C. W1th a PVC 

cal 1bration bar[1~7], suppl led by Polymer Laboratories 

f1tted 1n dual cant1 lever mode and running at 1 Hz, the 

thumbwheel D was adJusted to g1ve the correct modulus 

read1ng at room temperature. This cal 1bration was carried 

out on a fortnightly bas1s. A complete scan us1ng a PVC 

cal 1bration sample was carried out every SIX months. 

3.3.c Analysis by d1fferent1al scanning calorimetry 

D1fferent1af scanning calor1metry (DSC) was used to 

measure the T9 of the swot fen and dry regions in selected 

PVC/swel I ing agent systems. The T9 of the swel I ing agents 

were also determined. The systems chosen were those that 

exh1b1ted clear I 1qu1d fronts. 

The Perk1n Elmer differential scann1ng calor1meter, 

(model: DSC-~). fitted with the I 1quid nitrogen subamb1ent 

accessory (part no. 0~19-0c95), was used 1n conJunction w1th 

a Perk in Elmer System ~ Microcomputer Control fer. This 
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controller was used to program the DSC-~ from the inotial 

temperature to the final temperature. The subambient 

accessory al !owed the use of the temperature range -170°C to 

E00°C. 

Two platinum alloy ··cups•• functioned as the sample 

holders in the DSC-~. The reference sample pan was placed 

in the roght hand cup. the sample pan in the left hand cup. 

Owong to the volato I oty of the swel I ong agents the sample 

pans were staonless steel with reusable copper sealing 

rings. The cups were mounted on platinum-iridoum posts and 

the heater and sensor leads to each sample holder were made 

of thon platonum robbons. Each sample holder was held on a 

cavoty. wothin the sample enclosure. onsulated from 

draughts. any exhaust fumes from the samples under 

onvestogatoon beong removed by a helium purge gas. Cooling 

was prov 1 ded by an a I um 1 n i urn ··eo I d-f 1 nger··. attached to the 

bottom of the sample enclosure sitting in a I iquid notrogen 

bath. 

The amount of power required to maontain the sample 

holder temperature to the temperature of the reference 

holder durong a heating or cooling experiment was recorded 

together woth the actual sample temperature on a J.J. Lloyd 

XYY chart recorder, model number PL E500. 

Normal conventoons for presentong data wo I I be 

adhered to on thos work. Typocal DSC traces, for a glass 

transotoon. are shown on fogure 3.1E. Scannong starts below 

the polymer's T9 and proceeds from left to roght. The 

startong transoent is a machine characteristic due to the 

pans comong under temperature control. The shift on 

base! ine occurred as a result of an oncrease on the heat 

11::3 



e 
n 
d 
0 

e 
X 

0 

CHAPTER ~ - EXPERIMENTAL 

FIGURE ~.12 

A typical DSC thermogram produced on heat1ng uPVC swol I en 

w1th dlmethylphthalate at a rate of ~0 °C/m1n showing 

pr1ncople of T9 measurement 

, 
I 

--/r---~---------, , 

~60 -80 TgA -40 r •• 0 40 
temperature/°C 

capacoty of the polymer, wh1ch was character1st1c of a 

polymer chang1ng from a glass to a rubber. The T9 was 

defined, in th1s work. as the midPOint of the straight I one 

drawn between the onset and conclusion of th1s base I one 

shift and 1s the average of at least two consecutive runs on 

the same sample excluding the f1rst run. The overal I 

downward curvature of the baseline above the T 9 was due. 

partly to the phys1cal contact between polymer and plat1num 

holder. and to differences 1n the platonum sample holders 
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which was m1n1m1sed prior to calibration; programming, w1th 

empty sample holders, over the temperature 

Interest. 

3.3.3 Analysis of diffusion coefficients 

range of 

Data acqu1s1t1on for the analysis of diffusion 

coeff1c1ents of swei I 1ng agents into PVC plaques has been 

restricted to s1tuat1ons where a clear measurable I 1qu1d 

front has been observed. The data used have therefore been 

obtained using I iquid sorption. L1qu1d sorption was carried 

out at two temperatures 30°C and 60°C unless otherw1se 

stated. The swel I 1ng agents and plasticizers used are shown 

1n table 3.~. The methodology concerning data acqu1s1t1on 

has already been dealt with 1n section 3.c.l for the 

experiments conducted at 60°C. The measurement of the core 

thickness w1th these systems al I owed ful I analysis of both 

the dlffus1on coeff1c1ent and I 1qu1d front movement using 

the methods described by Kwei et ~.[cS]. The lower 

temperature experiments were restricted to the measurement 

of mass uptake only. 
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TABLE 3.'t 

Loquods employed for sorptoon analysis. 

sorption at 
30°C 

propanone 

domethylbenzene 

ethyl benzene 

E-notropropane 

methyl benzene 

benzene 

1-notrobutane 

chlorobenzene 

1,2-dichlorobenzene 

sorptoon at 
60°C 

propanone 

dimethylbenzene 

ethyl benzene 

nitroethane 

fluorobenzene 

butylbenzylphthalate 

dioctylphthalate 

domethylphthalate 

Cereclor S5E 
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~.1 DIFFUSION OF ORGANIC LIQUIDS INTO PVC PLAQUES 

~.1.1 Classocal treatment of doffusoon onto a plane sheet 

The diffusoon of organoc I oquods into uPVC plaques 

was carroed out at two dofferent temperatures, 30 and 60°C, 

In order to compare experoments the mass uptake of I oquid 

was normal osed to the amount of I oquod sorbed per gram of 

uPVC. The experoments at 30°C were run unti I the uptake of 

I oquod was thought to have reached equo I obroum. The mass 

uptake at tome t, MT, per gram of uPVC at 30°C for the 

var1ous I oquods employed os shown in figure ~.1. 

numbers on fogure ~.1 refer to the I iquods 1n table ~.1. 

The 

It 

os clearly seen that on some I iquod-PVC systems equilibrium 

uptake may not have been reached, 1n particular for the 

1,2-dochloroethane and 1-notrobutane systems, curve numbers 

1 and~ respectovely. 

Sorption osotherms showing the dependence of MT/M~ 

on the square root of time, for some of the I oquids shown on 

tables 3.1 to 3.3, are given on figures ~.2 and ~.3 for 30 

and 60°C respectovely, where the mass uptake of I oquid per 

gram of uPVC at tome t IS goven as MT and M~ os the total 

uptake of I 1quod per gram at equo I 1broum sorptoon of the 
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FIGURE ~.1 

Mass upcake per un•c area of uPVC w1ch respecc cc c1me: che 

numbers refer cc che I lqUidS •n cable ~.1 
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TABLE ~.1 

Inotoal doffusoon coeffocoents for varoous I iquids 

sorbong onto PVC at 30°C 

Number• loquid D xl0' 0 

cm 2 s- 1 

1 1,c-dochloroethane 35.80 

c propane ne e.c7 

3 chlorobenzene 1. 99 

~ notrobutane 1. 03 

5 c-nitropropane 0.81 

6 fluorobenzene o.6c 

7 domethylbenzene o.6c 

e ethyl benzene o.6c 

9 benzene 0.~6 

10 methyl benzene o.c6 

•1 oquod numbers refer to the curves on figures ~.1 and ~.c 

1c5 



CHAPTER ~ - PESULTS 

FIGURE ~.2 

SorpCIOn ISOCherms for variOUS I IGUid In uPVC plaques ac 

30°C; che numbers refer CO I IGUidS In cable ~.1 
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FIGUPE 't.:3 

Polynomial r-egr-esslon[1't9) f1t on cur-ves show1ng sor-pt1on 

1sother-ms of 

var-1ous I 1qu1dS 1nto PVC plaques at 60°C 
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who I e p I a que. The numbers on the curves on fogure ~.2 refer 

to the loquods on table ~.1. The initial diffusion 

coeffocoents for the sorptoon of the loquods at 30°C are 

goven on table ~-1. The diffusoon coefficoents were 

calculated from the onotoal slopes of the plots for mass 

uptake for the forst 100 mons on fogure ~.2 using equation 

2. 119. Fockoan sorptoon behavoour was assumed to be 

occurrong during the forst 100 mins of sorptoon due to the 

absence of a I oquod front moving through the polymer. The 

orogonal thockness of the plaques employed was around 2.35 

mm. The penetratoon of loquod after 100 monutes would not 

have been very great. Indeed, as it wo I I be shown later the 

extent of penetration, for example, for fluorobenzene 

sorption at 60°C, was as I ittle as 0.007 mm after 100 mons 

but for propanone, under the same condotoons, penetratoon 

was calculated to be 3.3 mm. The sample thockness employed 

on equatoon 2.119 was assumed therefore not to be the total 

plaque thockness (2.35 mm) but an average approximate value 

( 1. 50 mm). No swollen layer thickness measurements were 

made for 30°C sorptoon systems. Although the absolute 

values of D on table ~.1 are therefore in doubt, the data 

serve to ondocate the relatove dlffusovity of the I oquids. 

There are no reported values of D for I lquods on the 

oterature whoch use a straoght Fockian analysis for loquod 

Qiffusoon onto a moulded uPVC plaque. However, D has been 

calculated for the I oquod sorption at 30°C for a smal I 

number of I oquids by examonong the dostance of penetratoon 

as a functoon of time[21]. The values obtaoned from the 

I oterature, usong I oquod sorption, are compared woth values 

obtained woth this work where I oquods are common to both on 
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TABLE 't.2 

In1t1al diffusion coefficient values fer I iquid scrpt1cn, at 

30°C, compared w1th I 1terature reported values 

l1quid D cm 2 s-' 

th1s work literature values 

1,2-dlchlcrcethane 

prcpancne 

chlcrcbenzene 

flucrcbenzene 

x10' 0 

35.BO 

B.27 

1. 99 

O.B1 

129 

Lapcik[21] 

x10 7 

11.50 

'+.93 

1. 't5 
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table ~.2. The difficulty in comparing D values IS the 

difference 1n mater1al type, structure, thermal history, and 

mode of experiments. The samples used by Lapc1k et ~.[21] 

were produced by solvent cast1ng a fract1onated emulsion PVC 

res1n 1nto a 0.1 mm th1ck film, whereas the samples 1n this 

work were produced by compress1on moulding of suspension 

polymerised gra1ns. The main observation poss1ble IS that 

the ranking order w1th respect to D 1s the same as the 

I 1terature values. It was assumed that the sample thickness 

d1d not change during the f1rst 100 m1ns. D1ffus1on 

coefficients for the ISotherms at 60°C were not computed, 

except for fluorobenzene, see sect1on 5.1.1, due to the 

observation of a solvent front and a rap1d 1ncrease 

overal I sample thickness. 

1n the 

From figure ~.1 the concentration of I 1quid, at 

equi I 1brium (or long t1me interval) for sorpt1on at 30°C, 

was calculated. The dens1ty of unswol len uPVC IS known, 

(p = 1.36~ g cm-•) and th1s allows the computation of I iqu1d 

content per unit volume of uPVC at equ1 I 1brium (or long t1mR 

Interval). Data for the equ1 I 1br1um (or long t1me Interval) 

concentration expressed as C0 1n un1ts g cm-•, for systems 

at 30°C are shown 1n table ~.3. It is ev1dent from f1gure 

~.1 that equ1 I 1br1um sorpt1on has not been obtained for some 

systems. for 1,E-dlchloroethane and 1-nitrobutane the 

equil ibr1um concentration values were calculated from the 

last recorded data for these two 

1,E-dlchloroethane and 1-nitroethane sorption 

d1s1ntegrat1on of the plaque. 
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TABLE ~.::1 

Loquod concentration at equo lobroum (or long tome) swel I ong 

on complete plaque (::10°C) and equo I obroum swel I ong within 

the swol I en layer (50°C) 

Loquid 

notrobutane 

l,E-dochlorobenzene 

chlorobenzene 

E-notropropane 

propanone 

fluorobenzene 

methyl benzene 

benzene 

do methyl benzene 

ethyl benzene 

notroethane 

66P 

DOP 

Cereclor SSE 

DMP 

1::11 

system at 

::JOOC 

g cm-• 

1. El 

1. lE 

1. lE 

1. 01 

O.BB 

0.~6 

0.::19 

O.E7 

o. 11 

0.06 

system at 

50°C 

O.EB 

O.::JE 

O.EE 

O.ES 

0.~6 

o.~B 

0.::10 

0.05 

0.::15 
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~.1.c The Case II contribution to diffusion into a 

system which swells 

~.1.c.1~ Equ1 librium swel I ing in the swollen layer 

In order to make use of equation c.1c~ and to model 

the mass uptake with respect to time, taking the effect of 

case II sorption Into account. the surface equl I lbrlum 

concentration was required. The equl llbrium concentration, 

C0 g cm-•, of I iquid in the polymer was taken as being equal 

to the concentration of l1qu1d in the surface layer for 

samples displaying a picture frame (see figures ~.c and 

~.~). 

S1nce the l1quid sorpt1on experiments at 60°C were 

not taken to a pos1t1on where the whole plaque was at 

equ1 I 1brlum, as in the case of most of the ~0°C systems, 

calculation of C0 was not so straightforward as for the 

systems at ~0°C already discussed. It was possible however 

to plot the mol fraction content of I 1quid in the swollen 

layer with respect to time and evaluate an equi I ibr1um mol 

fraction content of liquid in the swollen layer. 

fract1on content was calculated from:-

Mol fraction 
content = 

diluent mass/dl luent MM 

diluent mass/diluent MM+ 0.0155 

The mol 

(~.1) 

where 0.0155 1s the number of moles of 1 g of uFVC. The 

l1quid sorbed is only present in the outer swollen layer and 

by evaluating the respect1ve volume fract1ons of swollen and 

unswol len portions in the sample, using core th1ckness 

13c 
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measurements, the molar content of I 1quid in the swol I en 

region was calculated. Plots describing the mol fraction of 

l1qu1d in the swollen layer, at 60°C, are show in figures 

~.~ to ~.10, the dotted curves being a plot through the 

averaged mol fraction contents in the swol I en layer. The 

max1mum values attained by these dotted curves, are shown by 

the symbol, M~, 1n figures~.~ to ~.10, and were the mol 

fraction values employed in calculating C0 values. ThiS M~ 

value was transformed into a concentration term, C0 us1ng 

the method out I ined 1n Appendix 1. The C0 values obtained, 

us1ng the methods described above, for I 1quid sorption 

exper1ments at 30 and 60°C are shown in table ~.3. 

~.l.c.c Normalised mass uptake of swel I 1ng I iquids in poly 

(vlnylchloride) plaques 

AI I the I 1qu1d sorption experiments, plotted as a 

funct1on of mass uptake per initial surface area of material 

with respect to time, are shown in figures ~.11 to ~.lB. 

The plots describe the uptake of liquids into uPVC plaques 

at 60°C. Each point 1n each figure signifies a different 

experiment, hence the normal 1sation of the data to mass 

uptake per surface area. The surface area of 1 gram of 

unswol len PVC is ~.886 cm•, division of the mass uptake of 

I lquld per gram of uPVC by ~.886 cm• yields the mass uptake 

per unit surface area. MT in figures ~.11 to ~.18 denotes 

the mass uptake, per unit surface area of uPVC, of I iqu1d in 

the sample expressed 1n units, g cm-•. Examination of the 

least-squares I inear regression f1t on the data, shown by 

the dotted I I ne, gave an unrealistic Y-intercept value, 
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FIGURE~.~ 
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FIGURE ~.Ei 

Equo I obr-oum swel I ong of pr-opanone 

on PVC at:. Ei0°C 
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FIGURE "t.B 

Equ1 I 1br1um swel I 1ng of dtmethylbenzene 
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FIGURE 't.lO 

Equo I obroum swel I ong of 

BBP plastocozer on PVC at 60°C 
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suggestong the presence of diluent at time zero. The 

least-squares fot was recalculated woth zero mass uptake at 

tome zero. Table ~-~ shows the Y-ontercept and slope of the 

least-squares I inear regressoon fot on the data and compares 

the resultong dofference on the values when the zero mass 

uptake at tome zero data poont was oncluded. The effect of 

oncluding the "zero data" poont on the values of slope and 

Y-ontercept are small and subsequent calculatoons usong data 

from table~.~. wo I I use the slope and Y-ontercept values 

calculated without the zero data point. 

~.l.c.3 The measurement of the swel I ong agent-polymer 

onterface 

The measurement of the unswol I en PVC core thockness 

was accompl oshed by mocroscopy using a thon cross-sectional 

si oce of polymer cut from the swol I en plaque. For each 

plaque three core measurements were made. The standard 

devoatoon on orogonal thickness of a plaque from three 

mocrometer measurements is 0.03 mm. Thos would omply that 

the standard deviatoon of the core thockness would be the 

same. In practoce. a standard devoatoon of 0.0~ mm was 

found by takong three measurements from each of three 

si oces. on systems where the swel I ong agent-uPVC boundary 

was clearly defined. The oncrease on the standard devoatoon 

was attrobuted to the experomental measurement usong the 

graticule. Thos results in a eX error in the measurement of 

the volume fractoon of the swollen outer layer or dry inner 

core. and hence an error of the same magnotude on the 

swol I en layer I oquod content. However. on the situatoons 
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FIGURE ~.11 

Ooffusoon of propanone onto uPVC at 56°C 
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FIGURE 't.l:3 

01ffus1on of d1methylbenzene 1nto uPVC at 60°C 
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FIGURE ~.15 

Diffusion of fluorobenzene into uPVC at 50°C 
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Diffusion of BBP (•) and DMP (0) plasticizers 
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FIGURE ~.17 

D1ffus1on of DDP plasticizer 1nto uPVC at 60°C 
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01ffus1on of Cereclor S52 plasticizer 1nto uPVC at 60°C 
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TABLE~-~ 

Slope and Y-onterc:ept values for 

loquid 

notroethane 

propanone 

fluorobenzene 

domethylbenzene 

ethyl benzene 

DMP 

DDP 

BBP 

Cerec:lor s5c 

fogures ~.11 to ~.18 

orogonal 
data 

slope Y-interc:ept 

x10° x10 2 

51.68 0.36 

63.7~ 1. 50 

11.79 1. 68 

c.~c 1. ~6 

0.60 l.c5 

o.c3 c.B3 

0.1~ -10.5 

0.13 -3.60 

O.OOc 0.~7 

1~3 

onc:luding 
zero data point, 
MT=o at t=o 

slope Y-onterc:ept 

gcm 2 s- 1 gc:m 2 

x10• x10 2 

5c.c5 o.3c 

68.33 1. 30 

11.95 1.59 

c.~7 1.~0 

0.81 1.19 

o.c3 1. 91 

o.1c -6.~8 

o.1c -1. ~3 

0.003 o.cc 
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where the swollen layer thickness was smal I (around 0.05 

volume fractoon) great dofficulty was experoenced in 

measur1ng the swel I ing agent-uPVC onterface sonce the 

thockness of the swol I en layer became smaller than the 

margon of error expressed on the measurement. Samples were 

thus swollen to an extent where the volume fraction 

prepared sample was greater than 0.05. 

in the 

~.1.e.~ The movement of the I oquod front on unplastocosed 

poly (vonylchlorode) plaques 

Usong Danckwert"s[1~6] treatment descrobong the 

measurement of a I oquid front, ot was possible to follow the 

ingress of I oquid on a uPVC sample woth respect, to tome. 

From each sample, measurements were made of the total 

thickness, LT• voa mocrometer readongs and eother the 

swollen thockness, L, or the core thockness, Le, voa 

mocroscopy, dependong on which was less than 1 mm thos 

beong the size of the graticule. The quantotoes measured 

are shown on fogure ~.19. The dimensoon L for the various 

loquods employed, os plotted agaonst sorptoon tome and os 

shown on fogures ~.eO to ~.e7. The least squares- I onear 

regressoon I one os shown as a dotted I one, calculated on the 

same manner as descrobed on sectoon ~.1.e.e and oncludes a 

zero tome data poont whoch by defonition of the method of 

measurement would be zero. Table ~.5 shows the calculated 

slopes and Y-ontercept values for fogures ~.eO to ~.e7. 
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FIGURE ~.19 

Schemacoc doagram of che swollen layer 
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FIGURE ~.20 

D1ffus1on of propanone 1n~o uPVC a~ 56°C, 

movemen~ of liquid fron~ in~o plaque 

• 

• 

• 
• • --

O·OrH---....-----,.--""T"""--....----,.---r--
2 4 6 8 10 12 

swollen 
layer 
L cm 

0·08 

0 
~1me 

FIGURE ~.21 

Diffusion of e~hylbenzene in~o uPVC a~ 60°C, 

movement of l1quid fron~ into plaque 
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FIGURE ~.22 

Diffusoon of dime~hylbenzene on~o uPVC a~ 60°C, 
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FIGURE ~.2~ 

Doffusoon of no~roe~hane in~o uPVC a~ 60°C, 

movemen~ of liquod fron~ in~o ~laque 
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Diffusion of BBP (•) and DMP (e) ~las~oc:lzers in~o uPVC a~ 
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FIGURE ~.25 . 
Diffus1on of Cereclor S52 plasticizer into uPVC at 50°C, 

movement of l1quid front into plaque 
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TABLE ~.5 

Slope and Y-intercept values for 

figures ~.EO to ~.E7 

L1quid 

propanone 

n1troethane 

fluorobenzene 

d1methylbenzene 

ethyl benzene 

DMF 

BBF 

Cereclor S5E 

DOF 

slope 

g cmz s-1 

x10• 

5E.~O 

E~.70 

9.96 

E.~9 

E. OB 

0.06 

0.0~ 

O.OE 

0.01 

150 

Y-lntercept 

g cm• 

x10 2 

E.10 

1. E9 

1. 73 

E.33 

E.'t1 

E. BB 

O.SE 

-0.35 

1.6~ 
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the vapour sorptoon experoments employed on this work. 

Sonce thos value was obtaoned usong a dofferent 

vapour pressure around the sample due to the 5°C temperature 

dofference between reservoor and sample, it os not possoble 

to compare thos experoment woth the other experiments run 

woth a temperature dofference of 10°C. At lower vapour 

pressures PVC/propanone systems at 50°C did not reach 

equi I obroum. The sorptoon mechanism was shown to be 

Fockoan, see fogure ~.ce, when mass uptake was examoned woth 

respect to the square root of the sorptoon time interval. 

The onductoon perood seen on fogure ~.ce os thought to be 

due to the development of the vapour around the sample. 
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~.c DIFFUSION OF ORGANIC VAPOUR INTO POLY (VINYLCHLORIOE) 

PLAQUES 

The range of vapours employed was restricted to 

those w1th low bo1 I ing points, as 1t was then poss1ble to 

read1 ly produce a vapour surrounding the sample Without 

us1ng elevated temperatures above 100°C. Th1s temperature 

was the upper work1ng I 1m1t of the microbalance vacuum head. 

Table ~.6 shows the I 1qu1ds employed w1th vapour sorption 

techniques together with the respective rate of 

vapour uptake measured at 50°C and a temperature difference 

between 1qu1d reservoir and sample of l0°C. It was not 

possible to measure diffusion coefficients v1a Equat1on 

~.99,wlth the exception of propanone, since 1t was not 

poss1ble to produce an equ1 l1br1um w1th1n the system at such 

low surface concentrations 1nd1cated by the partial pressure 

1n the un1t 1n the time Interval employed. When propanone 

sorbed 1nto a PVC plaque at a temperature of 50°C with a 

temperature difference between the reservo1r and sample of 

5°C, 1t was possible to produce a system wh1ch reached 

equ1 I ibr1um. Th1s enabled the diffusion coefficient to be 

Berens[cB) has calculated 0 

for the sorption of VCM, propanone and methanol vapour into 

uPVC m1crospheres at ~0°C, he found 0 for propanone to be 

50xlo-•• cm• s-•, Lhis value 1s greater by a factor of 10• 

for 0 calculated for propanone 1n th1s work. The difference 

may be attributed to the surface area of the uPVC. The 

spec1f1c surface area of the emuls1on polymerised powder 

used by Berens[cB) was 9.B m• g-•, a factor of approximately 

exlO• greater than the surface area of the plaques used 1n 
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TABLE ~.6 

In1t1al rate of vapour sorption of var1ous vapours 1nto PVC 

plaques 

Vapour rate g/mlnx10 7 

1,2-dlchloroethane 155.0 

2-nitropropane B.2 

fluorobenzene ~.5 

d1methylbenzene 3.B 

propanone 3.5 

benzene 3.2 
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FIGURE ~.eB 

The vapour scrpcocn of l,E-dochlcrcechane 

once uPVC ac 30°C 
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~.3 GLASS TRANSITIONS OF THE PURE LIQUIDS EMPLOYED 

The T9 ·s of the swel I ong agents whoch exhoboted 

clear solvent fronts in the swollen uPVC systems were 

determoned experimentally by PL-DMTA anu/or DSC methods. 

The results are shown in table ~.7. 

~.3.1 Oynamoc mechanocal thermal analysos of pure I oquods 

The PL-DMTA results were obtained usong a support of 

mocro-glassfobre fo Iter paper[150], (Whatman GF/A), soaked 

woth the respectove I oquod and then quenched on I oquid 

nitrogen. It was not possoble to produce PL-DMTA 

thermograms for al I the I oquids. It was often found that 

the glassfobre fo Iter paper soaked with I iquod became 

extremely brottle on cool ong woth loquod nitrogen making 

sample clampong ompossoble. Examples of PL-DMTA 

thermograms on heatong are shown on fogures ~.c9 to ~.35. 

The T9 's for notroethane and ethylbenzene are not fully 

resolved and some speculatoon as to theor values must be 

assumed. The traces for the DMP and DDP plastocozers became 

noosy after passing through their T9 's making the evaluation 

of theor melting poonts doffocult. The BBP thermogram seen 

in fogure ~.3~ shows two tan 6 peaks. The lower temperature 

and smaller peak possibly beong due to a e relaxatoon 

transotoon. 

155 



CHAPTER ~ - RESULTS 

TABLE ~.7 

T9 values of var1ous I 1qu1ds us1ng PL-DMTA and DSC methods 

and I 1terature quoted melting points. (PL-DMTA dual 

cant1 lever mode at ~°C/min using soaked fi Iter paper), and 

DSC on pure I 1qu1d at ~0°C/m1n corrected to a heating rate 

of ~°C/m1n accord1ng to figure ~.3B 

swe I I 1 ng I 1 qu 1 d 

ethyl benzene 

fluorobenzene 

n1troethane 

propanone 

d1methylbenzene 

methyl benzene 

l,c-dlchloroethane 

c-nltropropane 

chlorobenzene 

l,c-dlchlorobenzene 

trichloromethane 

DDP 

DMP 

Cereclor ssc 

BBP 

PL-DMTA 

Tg 
oc 

-uc 

-lOB 

-leD 

-Bc(-B3)• 

-se 

-cB 

(-75)"-~B 

• 

DSC 1terature 

-BB -159(-1Bc)'-10c -93' 

-3~ -155 

-BO -96 -S0/-60' 

-lOO -95 1 

15 1~ 13 1 

-BB -1B7' -lOO -95 1 

-96 -35 

-9c -93 

-cl -17 

-Bl -B3 

-eo -so 

-75(-79) 5 c 

1 - experimental values obta1ned by van Krevelen[BS] 

c - Morr1son and Boyd[l51] 

3 Faucher and Koleske[15c] 

~ Scandola and Ceccorul I 1[153] 

5- Scandola et el.[lS~] 

~ - a POSSible B relaxation 
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FIGURE ~.29 

Dual-canto lever PL-OMTA of not:.roet:.hane on a 

t:.an 6 

0·10 

0·05 

glassfobre fo lt:.er paper support:. 

Toot 

I 
I 

Tm 
I 

t:.an 6 
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0·50 

0·001-+---.----r---.--+---.--+0·00 
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t:.emperat:.ure/°C 
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FIGURE ~.:30 

Dual-cantilever PL-OMTA of et:nylbenzene on a 

glassfibre fo lt:er paper support: 

t:an 6 

0·10 

0·05 

0·00-t----,---,............:.._---y-_...;.._,......._--r---r
-160 -140 -120 -100 -80 -60 -40 

t:emperat:ure/°C 
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FIGURE ~.:31 

Dual-canco lever PL-OMTA of fluorobenzene on a 

tan 6 

0·10 

0·05 

glassfobre fi Iter paper support 

T., 
I 
I 
I 

can 6 

0·5 

0·004---..l...----------....:.1----+0·0 
-120 -100 -80 -60 -40 -20 

temperature/°C 
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FIGURE ~.32 
. 

Dual-cant: I lever PL-DMTA of Cereclor S52 plast:lcozer on a 

glassfibre fo lt:er paper support: 

t:an 6 t:an 6 

0·10 1·0 

0·05 0·5 

o·oo+----.---.---..-----r--l-......---+o·o 
-120 -100 -80 -60 -40 -20 
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FIGURE ~.33 

Dual-canto lever PL-OMTA of OMP plastocozer on a 

g I asst·' brc f i Iter paper support 

tan 6 
0·10 

0·05 

0·00-t----,.---,.--~r-------.--,-----r 

-120 -100 -80 -60 -40 -20 0 
temperature/°C 
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FIGURE ~.:3~ 

Dual-cane I lever FL-DMTA of BBF plascic1zer on a 

can 6 
0·10 

0·05 

glassf1bre fl leer paper supporc 

I 
I 
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I 
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I 
I 
I 
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FIGURE ~.:35 

Dual-cantilever PL-DMTA of DOP plasticizer on a 

slassf1bre f1 Iter paper support 

tan 6 
1·0 

0·5 

0·0 
-100 -80 -60 -40 -20 0 

temperature/°C 
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FIGURE ~.::!6 

Differential scann1ng calorimeter cal ibrat1on 

plot us1ng cyclohexane 
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~.3.2 Cat 1bration of the d1fferent1al scanning calor1meter 

The Perkln-Eimer DSC't was cat 1brated us1ng a glass 

t.rans1t.1on 

cyclohexane, 

(-B7.06°C)[155] aSSOCiated with A.R. grade 

(supplied by, BDH, Fourways Road, Car lyon 

Industrial Estate, Atherstone, Warks.), and the indium 

melt1ng po1nt. of 156.6°C. A series of experiments was 

conducted at 1ncreas1ng cool and heat rates us1ng 

cyclohexane and the actual glass transition temperature was 

plotted aga1nst the cool/heat temperature. The resulting 

cat 1brat.1on graph IS seen 1n f1gure 

us1ng the 

~.36. The max1mum 

1n the 

I qUid 

heat1ng rat.e employed PL-DMTA 

dual-cantilever mode for the analysis of pure 

trans1t1ons was 't°C/m1n. Accord1ng to f1gure 't.36 the 

recorded cyclohexane T9 at th1s rate would be ~.3°C higher 

than t~e actual cyclohexane T9 , at a cool/heat rate of 

't0°C/m1n the recorded transition Wl I I be B°C h1gher than the 

act.ual cyclohexane T9 • The difference between a T9 measured 

at a cool/heat rate of ~°C/min and ~0°C/mtn 

Consequently, DSC quoted values w1 I I be adJUSted to give a 

value at a heat1ng rate of 't°C/m1n to fac1 I 1tate compar1son 

between PL-DMTA results as shown 1n table ~.7. To make an 

absolute compartson between the two methods (PL-DMTA and 

DSC) the effect of frequency 1n the dynamiC method must be 

1nvest1gat.ed in a s1m1 tar manner to t.hat shown 1n f1gure 

't.36, as the tan 6 peak pos1t1on found using PL-DMTA 

extrapolated to zero frequency is predicted to be several 

degrees lower[156]. 

In order to prevent crystal I izat1on, since fast 

cool 1ng rates were employed 1n the DSC analysis of the 
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I 1qu1ds, the effect of chang1ng the cool 1ng rate on the 

observation of the Tg on subsequent heating was 

1nvest1gated. The results are shown 1n f1gures ~.37 and 

~.36 where Tc IS the crystal I 1zat1on exotherm and Tm IS the 

melt1ng point. The thermograms were produced on heat1ng the 

I 1qu1ds the heat1ng rate, 1n all cases, be1ng kept at 

~0°C/m1n, and the pr1or cool 1ng rate was var1ed between e to 

e00°C/m1n. It is clearly seen that the cooling rate is 

1neffect1ve 1n changing the T9 pos1t1on. 

~.3.3 D1fferent1al scann1ng calor1metr1c analysis of pure 

liqUidS 

Typ1cal DSC thermograms on heating show1ng T9 values 

for the swel I 1ng agents can be seen in f1gures ~.39 to ~.~e. 

A crystal I 1zat1on exotherm and melting point endotherm is 

clearly observed 1n the trace for ethylbenzene fol low1ng the 

T9 of the I lqu1d. 

shown in figure 

6y quench1ng 

~. ~0, 1 t was 

crystal I 1zation of the I iquid 

(e00°C/min) n1troethane, 

possible to minim1ze the 

1n the second and third 

traces. The second trace was term1nated before the 

crystal I one regoon could melt. The sharp downward turn of 

the DMP trace on f1gure ~.~1 1s due to crystal I ization 

occurrong 1n the sample. 
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FIGURE ~.:37 

DSC chermograms on heacing fluorobenzene, 

efface of different cooling races prior eo heating ac 
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FIGURE 't.3B 

DSC ~hermograms on hea~lng e~hylbenzene, 

effec~ of dlfferen~ cooling ra~es prior ~o hea~lng a~ 
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FIGURE ~.3:1 

DSC ~hermogram on hea~lng e~hylbenzene, cooled 

and hea~ed a~ 20°C/mln 
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FIGURE 't.~O 

DSC thermogram produced on heating nltroethane, cooled 

and heated at ~0°C/mln (1), and for (2) and (3), quenched at 
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FIGURE ~.~C! 

DSC thermosrams produced on heating DMP (1). BBP (C!) and 

Cereclor SSC! (~): cooled and heated at ~0°C/min 
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~-~ DYNAMIC MECHANICAL THERMAL ANALYSIS OF SWOLLEN 

POLY (VINYLCHLDRIDE) PLAQUES 

The results obtained from the PL-DMTA were in the 

form of thermograms depicting tan 6 and log modulus with 

modulus un1ts in Nm-• plotted against temperature. A 

typical thermogram obtained for uPVC heated at ~°C/min at 1 

Hz, with a constant strain of times one, is shown in figure 

~.~3. The normal Greek alphabetic label ling convention[156J 

is used running from high to low temperatures to describe 

the tan 6 peaks and the convention used by McCrum 

~ ~.[157J is adhered to In label I ing the modulus curve. 

Eu' is the unrelaxed storage modulus E' and E~· the relaxed 

storage modulus. 

~-~.1 The capabi I ities of the Polymer Laboratories Dynamic 

Mechanical Thermal Analyser 

The mechanical spectrometer has a max1mum force 

capability of ~N and a maximum sample displacement of 250 

microns. The instrument can measure more than ~ and a half 

decades of sample modulus. A thick sample of high modulus 

material can present too high a stiffness for the Instrument 

to achieve adequate displacement. On the other hand a very 

thin film of low modulus material wil I not provide enough 

restoring force for the system to calculate modulus 

variations with accuracy. In this minimum case data wi I I be 

collected but of questionable accuracy. 

The modulus of any sample, the restoring force per 

unit displacement, is provided by the product kE' In the 
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FIGURE ~.~3 

PL-DMTA dual-cantilever thermogram produced on heating 

S7l/lOE uPVC at ~°C/m1n w1th a frequency of 1 Hz and 

Instrument stra1n of one 
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dual-cantilever mode and kG' 1n the shear mode, where k, the 

geometry constant, Is calculated using equation ~.B. The 

max1mum stiffness the mach1ne can detect, shown as the 

product log (kE'), is 6.S 1n the 'auto-strain' mode. AI I 

analyses have been carr1ed out at constant displacement, 

strain times one, a displacement of 16 microns giv1ng an 

upper working I 1mlt of log (kE') = 6.0. The minimum 

stiffness is log (kE') > E.O. 

The sample geometry is selected to ensure that the 

kE' product rema1ns within the operational range of the 

Instrument during analysis. In the dual cantilever mode the 

easiest parameter to control IS the sample length. In the 

shear mode the sample length is the only parameter that can 

be changed and 1s kept less than twice the diameter to keep 

bending errors to a minimum. 

The measurement through the T9 

dual-cantilever mode produced a fal I 

from log 9.~ in the "glassy" state 

of PVC using the 

in modulus typically 

to log 6.8 In the 

"rubbery•• region. When the above cons I derat I ens for accurate 

analysis dur1ng a complete thermal scan, I.e. from -l~0°C to 

l70°C, are taken Into account, the respective k constants 

are ~.0 < log k > ~.0. In shear mode, however, us1ng 

unswol len PVC samples having an original thickness of around 

E mm and swel I ing to a max1mum thickness value of around ~.5 

mm, 1t is Impossible to keep within the machine's operating 

I lmits for the Ideal complete temperature scan of -l~0°C to 

l70°C, rei leble informat1on only being obtained after the 

onset of softening. Thus, information on the B relaxation, 

occurr1ng at -~0°C in the shear mode Is unobtainable. Also, 

due to the high modulus at low temperatures and cons1der1ng 

l7't 
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that the samples are only held in the frame by compression, 

a considerable amount of si 1ppage occurs. 

~.~.1.1 Experimental variation 

The Log modulus and tan 6 thermograms for the shear 

analysis of PVC plaques swol I en with dimethylbenzene for ~0 

mins at 60°C are shown In figures ~.~~ and ~.~5 

respectively. This experiment was designed to examine the 

accuracy of the experimental procedure. To test the 

consistency of the analysis w1th1n the sample a large plaque 

was swollen w1th d1methylbenzene for ~0 mins at 60°C from 

which a number of samples were cut out and analysed. Any 

error produced would mainly be attributed to the clamping 

procedure and the micrometer measurement of the sample 

thickness. The log modulus readings at 60°C are shown in 

table ~.B together with the tan 6 peak positions. The tan 6 

peak position for the swollen region is denoted by T9 a' and 

the tan 6 peak position for the dry unswol len portion Is 

denoted by T9 a. 

~.~.2 Analysis of highly swollen poly (vinylchloride) 

plaques using dual-cantilever dynamic mechanical 

thermal analysis methods 

~.~.2.1 Systems thought to be fully swollen 

Room temperature I lquid sorption of some of the 

swel I lng agents investigated produced a plaque, 
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FIGURE ~.~~ 

Experomental variatoon of log modulus shown by PL-DMTA shear 

analysos of identical uPVC samples swot ten with 
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FIGURE ~-~5 

Experimental var1at1on of tan 6 shown by PL-DMTA shear 

tan 6 
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TABLE ~.B 

Experimental variation between samples of PVC swollen, to 

the same extent, with dimethylbenzene liquid 

sample percentage log T9 a• T9 a 
number molar content modulus at 

50°C 
(G' in Nm-•) 

X11 15 5.~0 ~ 90 

X17 1~ 5.~5 7 B9 

XlB 12 5.:32 B B9 

X19 1~ 5.~~ 10 90 
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which was opaque whice 1n colour, very sofc and rubbery in 

cexcure WICh no visual appearance of che dry inner core 

remaining. A cyp1cal thermogram is seen in figure ~-~6. 

This depiccs che can 6 plot exhibicing two peaks boch at low 

temperatures, -37 and -12~ °C. The larger broader peak, 

T9 a', occurring at -37°C is thought to be due eo a 

crans1tion associated wich che swol lan PVC region. In all 

of these highly swollen samples the PL-DMTA was operated 

unti I the sample disintegraced: in each case no can 6 peak 

assoc1ated wich the T9 of uPVC was observed, thus, the PVC 

plaques employed were choughc to be fully swol I en. Ac the 

cemperature where the sample began to break, shown by wide 

fluccuacions in the modulus and tan 6 

experiment was terminaced. 

readings, the 

The small low cemperacure tan 6, T9 ~, peak is 

thought to be a transition associated wich the excess I iquid 

present. Fully swollen plaques producing T 9 ~ peaks possibly 

associated WICh che pure I iquid, are shown in f1gures ~.~6 

to ~-5~. The results are cabulated in cable ~.9. The 

temperatures of the transition due to excess echylbenzene 

and nitroethane 1n fully swoi len plaques shown in table ~.9 

compare well with the PL-DMTA T9 values of che respeccive 

pure I 1quids in cable ~.7. 

~.~.2.2 Highly swollen di luenc/Poly (vinylchloride) systems 

exhib1c1ng an unplast1c1sed poly (vinylchloride) 

glass CranSICIOn 

Extremely fast I 1qu1d sorption was observed wich 

1,2-dlchloroethane and tr1chloromechane ac ~5°C 1nco plaques 
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FIGURE ~.~6 

Low tem~erature tan 6 ~eaks ~reduced us ins dual-cantilever 

PL-OMTA on uPVC swollen with nitroethane liquid at room 

tem~erature 
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FIGURE 't.'t7 

Low temperature tan 6 peaks produced us1ng dual-cant• lever 

PL-DMTA on uPVC swollen w1th 1,c-dichloroethane liquid at 
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FIGURE ~.~8 

Low temperature tan 6 peaks produced us1ng dual-cant I lever 

PL-DMTR on uPVC swollen w1th chlorobenzene I iquid at room 

temperature 
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FIGURE ~.~9 

Low temperature tan 6 peaks produced ustng dual-cantilever 

PL-OMTA on uPVC swol I en wtth trichloroethane I iquid at room 
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FIGURE ~.50 

Low temperature tan 6 peaks produced us1ng dual-cant I lever 

PL-DMTA on uPVC swollen w1th 2-nitropropane I iquid at room 
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FIGURE ~.51 

Low temperature tan 6 peaks produced using duai-canti lever 

PL-OMTA on uPVC swol I en with 1-nitrobutane I 1quid at room 
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FIGURE ~.52 

Low temperature tan 6 peaks produced using dual-cant I lever 

PL-OMTA on uPVC swollen w1th ethylbenzene liquid at room 
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FIGURE ~.53 

Low ~empera~ure ~an 6 peaks produced using dual-can~• lever 

PL-OMTA on uPVC swot I en with dichlorobenzene I 1qu1d a~ room 
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FIGURE ~-5~ 

Low tem~erature tan 6 peaks produced using dual-cantilever 

FL-DMTA on uPVC swollen w1th propanone I 1quid at room 
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TABLE ~.9 

Tan 6 peak pos1t1ons produced us1ng fully swollen PVC 

plaques produced at room temperature; (PL-DMTA dual 

cant1 lever mode at ~°C/m1n and strain times one.) 

swelling I iquid sorption " trans1t1on due T9 a• 
t1me molar to excess 

(days) content I iquJd,T9 .t. 
oc oc 

ethyl benzene B5 19 -111 B 

nltroethane 29 70 -12~ -:37 

2-n•tropropane :3 67 -120 -2~ 

1-n•trobutane 2~ 56 -106 -22 

chlorobenzene 15 61 -106 -:35 

dichlorobenzene 6 60 -79 -:32 

tr1chloroethane 16 :32 -12B -12 

1,2-dichloroethane :3 B6 -BB -:35 

propanone 12 51 -1:32 
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FIGURE ~.55 

Oual-can~i lever PL-OMTA on uPVC rapidly swol I en w•~h 

~richloromechane I 1quid ac ~5°C 
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of PVC. When examined using PL-OMTA in the dual-cant I lever 

mode, three tan 6 transition peaks were observed, a smal I 

T 9 ~ peak thought to be associated w1th glassy regions of 

excess I iqu1d present, a broad peak associated with the 

dl luent swollen outer layer and a main T9 a peak, an example 

of which Is shown 1n Figure ~.55. An approximate value for 

the T9 of trichloromethane is -1~9°C, shown in table ~.9, 

this compares to within 1~°C of the T9 ~ peak exhibited 1n 

f1gure ~.55. The T 9 ~ peak produced in the PL-OMTA of uPVC 

swollen with 1,2-dlchloroethane occurs at -113°C a 

difference of 17°C w1th the T 9 ~ calculated value for 

1,2-dichloroethane shown 1n table ~.9. 

~.~.3 Examination of vapour swollen poly (vinylchlorlde) 

plaques using dual-cantilever, dynamic mechanical 

thermal analysis methods 

Vapour swollen samples produced thermograms where 

the T9 a' peak occurred at higher temperatures than observed 

in section ~.~.2 for I iquld swel I lng. This would indicate a 

low concentration of vapour 1n the polymer. In some cases, 

(see figure ~.56), the T9 a' peak is a shoulder on the low 

temperature side of the T9 a peak. 

Using the cond1t1ons described In section ~.2 to 

produce table ~.6 it was found that the extent of sorption, 

w1th the exception of 1,2-dichloroethane, in each case was 

small and was not suffic1ent to produce a visible separate 

swol I en layer. The sorption of 1,2-dlchloroethane into PVC 

plaques was rapid when compared with the other vapours that 

were examined. The rate of sorption was some 50 times 
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FIGURE ~.55 

Oual-canti lever PL-OMTA on a 0.~ g plaque of uPVC 

containing l mg of benzene introduced from the vapour state 

at 50°C 
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greater than that of benzene as shown 1n table ~.6, fer 

experiments at the same vapour pressure and temperature. It 

was possible w1th 1,2-dichlcrcethane tc scrb enough vapour 

in the plaque sufficiently to remove the Tga transition as 

shown 1n table ~.10. There was, however, ne indication of a 

solvent front moving through the polymer as compared with 

I I quid swcl I en PVC plaques. PL-DMTA studies of uPVC swollen 

w1th 2-nitrcprcpane produced a plaque where the T9 a' peak is 

mere clearly resolved than uPVC swcl len with benzene (see 

figure ~.56) er prcpancne vapour, as shown in figure ~.57. 

Dual cantilever PL-DMTA was carried out on uPVC 

swcl I en with 1,2-dichlcrcethane and benzene vapour fer a 

range of percentage mol vapour contents in the sample as 

shown 1n table ~.10. It is seen that the relatively rapid 

uptake of 1,2-dlchlcrcethane precludes the examination of 

swcl len plaques with vapour contents less than ~A. The T9 a 

peak is removed at vapour contents higher than B.~X. The 

tan 6 thermcgrams fer uPVC swol I en with 1,2-dlchlcrcethane 

and benzene vapour fer the percentage molar contents shown 

in table ~.10 are shown In figures ~.SB and ~.59. The 

numbers en the curves refer to the percentage molar content 

of vapour in the sample. The curves are numbered with 

Increasing percent molar content of swell lng agent present 

at the removal of the sample from the swelling environment. 

Although precautions were carried out tc prevent vapour less 

from the sample between we1ghings, before and after PL-DMTA 

less of vapour 1s Inevitable particularly during PL-DMTA. 

Since the ranges of percent molar contents of vapours shown 

in figures ~.5B and ~.59 are smal I the less of vapour from 

the samples may account fer the mere highly swcl len samples 

193 



-------------------- - --

CHAPTER ~ - RESULTS 

TABLE ~.10 

Tan 6 peak posicions shown by PVC, swol I en w1th 

1,c-dichloroethane and benzene vapours dur1ng PL-DMTfl 

vapour ~mol T9 a' T0 a 
contenc oc oc 

1n sample 

1,c-dlchloroechane 6.1 ce 95 

e.~ ~3 95 

9.7 ~7 

1c.o ~0 

13.~ 36 

eo.~ c~ 

cc.1 36 

benzene o.c 7c 99 

~-5 53 98 

~-8 99 

9.1 ~0 97 

13.6 
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FIGURE ~.57 

Resolution of tan 6 peaks of dual-cant! lever PL-DMTA of uPVC 

plaques swol I en with e1ther ~8 mg of 2-nitropropane or ~3 mg 

of propanone Introduced from the vapour state at 50°C 
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FIGURE 't.56 

Tan 6 ~hermcgrams produced en hea~1ng uPVC plaques swcl I en 
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FIGURE ~.59 

Tan 6 the~mog~ams p~oduced on heating uPVC plaques swollen 
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showing T9 a''s higher than expected. 

~.~.~ Analysis of hoghly swollen PVC plaques using shear 

PL-DMTA methods 

~.~.~.1 Loss of vapour during analysis 

The PL-DMTA temperature range employed, was 

approximately -130 to 1c0°C woth a heating rate of c°C/min 

for shear analysos, meant an approxomate time for a single 

experoment would be around 1c5 min. Sonce some of the 

diluents had bel I ong poonts wlthon this working range the 

sample may be losing diluent during the analysos, and on 

sample preparation and hand I lng, therefore the concentration 

of I iquid In the swol I en region calculated at the start of 

the experiment wil I be greater than the concentration at 

60°C. An indication of the loss of material from the sample 

by the tome the temperature has reached 60°C in the analyser 

is required sonce the mechanical properties of the material 

discussed on chapter 5 wi 11 depend on the concentration of 

diluent present at that temperature. A series of 

experoments was thus desogned to estimate the amount of 

I oquid loss at any part ocular time during the PL-DMTA 

experiment, on particular the loss of liquid occurring up to 

60°C. 

Plaques of PVC were swol I en at 60°C for various time 

intervals in order to produce samples with dofferent I iquid 

swol I en layer thocknesses. Discs were cut from the swol I en 

plaques as described in section 3.c. Knowledge of LT and Le 

allowed the computatoon of the respective volume fractions 
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of the swollen reg1on, Vr, and the dry inner core, V5 , In 

the disc. The molar content of I iquid present in the 

swol ien region in the discs was calculated us1ng methods 

described in Rppendix c. The discs were subsequently cooled 

and analysed in the PL-DMTR instrument. Rt least four 

samples were produced for each sorption time Interval. The 

analyses were terminated at var1ous times corresponding to 

produce a range of "removal temperatures" as stated in table 

~.11. The loss of I iqu1d was calculated using the methods 

out I 1ned in Rppend1x c for each removal temperature. The 

results are tabulated tn table ~.11 and the percentage loss 

of I iquid 1n the sample was plotted with respect to the 

duration of the PL-DMTR experiment (shown as the sample 

removal temperature) in figures ~.60 to ~.6~. The Vr 

fractions of the samples shown in these figures are 

approximations to the values given 1n table ~.11, in an 

attempt to model the loss of I 1quid from the sample to the 

extent of penetration of the I iquid 1n the sample as shown 

by the Vr fraction. In the worst case, propanone, the loss 

of I 1qu1d at 60°C in the analyser is around cOY. and around 

10Y. for the other, higher bel I lng point I iquids. 

~.~.~.c Shear log modulus thermograms of I 1quld swollen 

diSC 

Log modulus thermograms for swol I en polymers for the 

var1ous I iquids employed using shear analysis techniques are 

shown in figures ~.65 to ~.69. Only a representative number 

of analyses are shown in each case for simplicity. The 

ascending numbers on the thermograms indicate the Increasing 
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TABLE ~.11 

Loss of solvenc from samples dur1ng PL-DMTA 

Sample sorpcion Vr removal I iquid loss of Y. 
no.• cime fraCCIOn cemperacure concenc I iquid loss 

m ins oc 1n from 
sample sample 

mg mg 

A12 2 0.:36 -:30 11. B 2.6 22.0:3 
A10 2 0.~0 -20 7.:3 0.9 12.:3:3 
All 2 0.~6 0 6.6 1.2 1:3.95 
A21 2 0.~:3 :30 e.o 1.2 15.00 
A9 2 0.:32 60 1:3.~ 2.7 20.15 
A19 2 0.~1 60 7.6 1.7 21.79 
A1B 2 0.:39 100 1:3.:3 6.:3 ~7.:37 

A1:3 2 0.~0 110 16.2 6.6 ~1.96 
A16 5 0.57 -20 :30.2 10.5 :3't.77 
A17 5 0.5~ 5 26.5 6.7 25.26 
A15 5 0.50 50 25.6 6.6 25.56 
A1~ 5 0.~7 100 26.:3 15.1 57.~1 

F2:3 5 0.:30 -:35 10.5 0.5 ~.76 
F22 5 0.29 0 10.0 0.1 1.00 
F27 5 0.27 50 11. 1 0.1 9.01 
F26 5 0.:31 70 6.6 1.1 16. 16 
F2~ 5 0.:35 100 11.5 2.2 19. 1:3 
F25 15 0.~5 0 19.2 1.5 7.61 
F26 15 0.:39 -~o 15.6 0.5 :3. 16 
F:31 15 0.~0 50 1:3.9 1.7 12.2:3 
F29 15 0.:3~ 106 1:3.6 :3.6 26.~7 

F:3~ 120 0.62 -20 ~2.1 0.9 2. 1~ 
F:30 120 0.61 :3 55.2 1.5 2.72 
F~O 120 0.69 20 76.5 6.0 7.6~ 

F:39 120 0.9:3 ~2 B't.B 6.1 7. 19 
F:36 120 0.7:3 55 ~:3.6 6.2 1't.22 
F:35 120 0.72 60 'tl. 6 't.'t 10.5:3 
F:36 120 0.69 70 6:3.7 10.2 12. 19 
F:37 120 0.62 100 76.2 17.:3 22.76 
F:3:3 120 0.6~ 102 56.5 1't.:3 2't.'t't 

N10 1 0.25 1 5.5 1.2 21.62 
NB 1 0.2~ 50 6.2 :3.0 :36.59 
N9 1 0.25 100 B. 1 2.5 :30.66 
N12 5 0.20 -'tO 5.7 2.1 21.05 
N1't 5 0.25 0 10.:3 1.6 15.5:3 
N1:3 5 0.26 50 11.2 l.'t 12.50 
N11 5 0.26 126 11.7 5.7 't6.72 
N17 15 0.50 0 :3~.9 6.0 17.19 
N16 15 0.51 60 :3:3.'t 9.'t 26.1~ 
N1B 15 0.55 eo :3't.O 12.5 :36.76 
N15 15 0.55 110 :37.:3 16.0 't2.90 

·- Sample 1denciflcac1on ac fooc of table 
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TABLE 't.11(cont) 

Loss of solvent from samples during PL-DMTA 

Sample sorption Vr removal liquid loss of X 
no.• time fraction temperature content I iquid loss 

m1ns oc in from 
sample sample 

mg mg 

X36 30 o.c5 60 5.5 c.7 c7.c7 
X3B 30 0.36 63 13.1 c.c 16.75 
X37 30 0.36 100 10.7 1.1 lO.cB 
X35 30 o.3c 110 lc.'t 3.3 c6.61 
X30 60 O.'tO -eo lc.'t 0.05 O.'tO 
xc7 60 O.'tO 50 ,lc.o 0.3 c. 50 
xc5 60 0.35 60 lc.o 0.5 7.50 
XcB 60 0.35 70 11.1 1.3 11.71 
xc6 60 O.'tl lc7 11.5 c.6 cl.B5 
Xc5 60 o.co 130 3.1 0.6 c5.61 
X'tc c'to O.B't 0 't5.5 1.3 c.63 
X't3 c'to 0.60 35 'tl. 3 c.'t 5.61 
X'tl c'to O.B't 66 't5.0 't.l 5.11 
X 'tO c'to 0.75 1co 35.6 10.0 c5.13 
X33 300 o.'tc 0 c6.6 1.0 3.50 
X3c 300 o.6c 50 30.5 c.l 6.65 
X3't 300 0.65 70 30.3 't.'t l't.5c 
X31 300 o.6c 100 30.c 6.'t cl.l5 

El7 30 0.3't 15 6.3 0.0 0.00 
El6 30 O.c6 30 7.c O.'t 5.56 
E16 30 0.31 60 7.c 0.6 11.11 
El5 30 o.c7 100 6.6 1.1 16.16 
Eel 50 0.33 0 5.6 0.3 3.13 
E30 50 O.'t7 eo 55.c 1.5 c.7c 
Ec5 50 O.'t't 'tc 15.5 1.5 5.66 
EcO 50 0.33 50 5.6 0.3 6.7't 
Ecc 50 0.37 70 5.6 1.0 1o.'tc 
Ec6 50 0.51 61 17.c c.c lc.75 
El5 50 0.37 100 5.5 c.o cl. o5 
Ec7 50 0.5c 1oc 17.3 3.5 co.c3 
Ec5 500 O.Bl 0 36.'t O.'t 1. O't 
Ec't 500 0.65 50 36.5 c.7 6.5't 
Ec6 500 0.6't 75 36.5 3.6 10.30 
Ec3 500 0.67 lOO 37.7 0.6 15.5c 

T5 150 0.73 100 't7.7 5.c 15.00 
TlO 150 0.75 60 'to.c 5.5 l't.50 
Tll 150 0.6't 30 't5.c 't.O 6.50 
Tlc 150 0.7C c't 36.0 c.7 7.00 

A -propanone 
F -fluorobenzene 
X -dimethyl benzene 
E -ethyl benzene 
N -nltroethane 
T -methyl benzene 

col 
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FIGURE ~.50 

Loss of vapour from uPVC plaques swot ten with 

do methyl benzene I oquod at 50°C, when analysed using shear 
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Loss of vapour from uPVC plaques swot I en woth ethyl benzene 

I iquid at 50°C, when analysed us1ng shear techniques 
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FIGURE 't.6c 

Loss of vapour from uPVC plaques swollen wi~h me~hylbenzene 

I oquod a~ 50°C, when analysed usong shear ~echnoques 
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FIGURE ~.5~ 

Loss of vapour from uPVC plaques swollen with fluorobenzene 

I 1quid at 50°C, when analysed using shear techniques 
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percentage liquid content 1n the swollen region. The 

calculated percent mol content of I 1qu1d in the swol I en 

reg1on at 60°C, in the analysis head, IS given in the legend 

1n each figure. The I 1qu1d content 1n the swol I en region IS 

that found after the discs had been cooled to the PL-DMTR 

starting temperature, around -100°C, and heated to 60°C in 

the analyser. The percentage I I quid content values have 

been corrected for loss of I 1quld, calculated in section 

~-~-~.1. for the temperature 1n the analyser of 60°C. The 

modulus curves generally show a decrease in value at any 

given temperature with increasing mol content of I lquld in 

the swollen region, although some curves do not follow this 

trend. The deviations from this trend are probably due to 

errors in calculating the I iquid content rather than 

instrument error. The main contributions towards this error 

would be the d1ff1culty experienced in measuring the inner 

core thickness v1a the microscope and the losses of vapour 

from the sample during analysis. 

~-~-~.3 Tan 6 thermograms of swollen plaques 

Tan 6 thermograms for the various I I quids used in 

the shear analysis of swol I en PVC samples are shown In 

figures ~.70 to ~.7~. The examples shown correspond to the 

log modulus plots in figures ~.65 to ~.6~ discussed 1n 

section ~-~-~.c. The ascending numbers on the plots again 

correspond to the percentage liquid content of the swollen 

region in the discs given In the legends 1n the figures, 

after they had been cooled In the PL-DMTA to the starting 

temperature and heated with a rate of c°C/min, corrected for 

cOS 



CHAPTER ~ - RESULTS 

the loss of I iqu1d from the swol I en region at 60°C us1ng the 

results shown In sect1on ~.~.~.1. The T 9 a's show a general 

trend, a decrease in temperature with increasing I 1qu1d 

contact, aga1n anomalies occur from the trend producing 

higher than expected T9 a' values. 
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FIGURE 't.SS 

Shear log modulus ~hermograms for uPVC swol I en w1~h 
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FIGURE ~.66 

Shear log modulus thermograms for uPVC swol I en w1th 

dlmethylbenzene I 1qu1d at 60°C 
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FIGURE ~.67 

Shear log modulus thermograms for uPVC swol I en with 
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FIGURE ~.66 

Shear Ios modulus thermosrams for uPVC swollen with 
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FIGU~E ~.69 

Shear log modulus thermograms for uPVC swol I en with 

fluorobenzene I iquid at Ei0°C 
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FIGURE ~.70 

T9 a' and T9 a peak produced w1th shear PL-DMTA for uPVC 

swol I en w1th n1troethane I 1qu1d at 60°C 
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FIGURE ~.71 

T9 a' and T9 a peak produced wath shear PL-OMTA fer uPVC 

tan 6 
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FIGURE 't.7c 

T 9 a' and T9 a peak produced with shear PL-OMTA for uPVC 
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FIGURE 't.7:3 

T9 a• and T9 a peak produced w1ch shear PL-DMTA for uPVC 
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FIGURE ~.7~ 

T9 a' and T9 a peak produced with shear PL-OMTA for uPVC 
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~.5 EXAMINATION OF SEPARATED CORE AND SWOLLEN LAYER 

In one Instance, DOP, it was found to be possible to 

separate the swol I en layer from the inner uPVC core and run 

a PL-DMTA on the shaved layer. The resulting thermograms 

are shown 1n figure ~.75. Tan 6 is shown to be lowered by 

13°C and the s1ze of the T9 a peak, for the analysis of the 

swol I en region only, 1s much d1m1nished. The modulus of the 

swol I en layer is shown as the dotted I lne. 

With DSC methods 1t has been possible to separate 

the swollen and 1nner core layers and run analyses on both 

layers independently for a large number of swol I en sustems, 

the results of which are shown in figures ~.75 to ~.80. The 

samples were prepared by cutt1ng the swollen layer away from 

the inner core us1ng a scalpel. The respective portions, 

swollen and dry, were separately chopped into smal I enough 

p1eces to fit 1nto the DSC pan. Difficulty was experienced 

1n achieving opt1mum baselines for the Inner core samples 

and also for the propanone swollen layer, (see figure ~.78). 

The dry inner core was glassy and difficult to cut into 

smal I p1eces and it was thought that the poor base I ines may 

be due to lack of physical contact between the glassy inner 

core pieces and the sample pan. A summary of the results is 

given in table ~.12. Instrument calibration was carried out 

using the method described in section ~.3.2 
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FIGURE ~.75 

Shear PL-DMTR of uPVC swollen w1th DOP I iqu1d at 6QOC. The 

dotted curve is the shear analysis of the separated swol I en 
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FIGURE 't.76 

DSC ~Mermograms for separa~ed e~Mylbenzene swollen and core 
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FIGURE ~.77 

DSC thermoerams for separated nitroethane swollen and core 

ree1ons, samples were cooled and subsequently heated at 
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FIGURE ~.78 

DSC thermo9rams for separated propanone swol I en and core 

re91ons, samples were cooled and subsequently heated at 
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FIGURE ~.79 

DSC thermograms for separated COP swollen and core reg1ons, 
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FIGURE ~.80 

OSC thermograms for separated OMP swol I en and core reg1ons, 
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TABLE ~.le 

DSC transition values for separated swollen and core 

reg1ons; (cooled and heated at ~0°C) and corrected 

for a heat rate of ~°C/m1n 

I iqu1d swollen" core• ;( molar Vr 
reg1on region content in 

swollen layer 

ethyl benzene 1~.:3 :3:3.0 1:3.0 0.5:3 

nitroethane (-BB.7)-~E.5 :3:3.:3 :31. E 0.~~ 

propanone -E5.1 :37.:3 :31. 1 0.5~ 

DOP -~E.5 :JB.:l 5.~ o.~e 

DMP -15.5 lOE.:l Bl. 0 0.:3:3 

" - average value on removal from the swel I 1ng environment 



CHAF'TER 5 DISCUSSION 

5.1 DIFFUSION OF LIQUIDS INTO uPVC 

The diffusion of a I lmited number of I iqu1ds into 

uPVC plaques has been reported[21,25). Kwe i et !!.l_. [ 25 J 

1nvest1gated the mass uptake and distance of I iqu1d 

penetration as a function of time and analysed their 

experimental data by a generalized diffusion equat1on which 

took 1nto account both Fickian and case II mechanisms, 

obta1nlng excel lent agreement between this equation and 

experimental results. Lapc1k et !!.l_.[2l] have Investigated 

the penetration of a number of I lquids into uPVC as a 

function of time and temperature. To produce diffusion 

coefficient data, Fick's second law was solved ~~~um1ng a 

d1scont1nuous change of D with concentration. Both methods 

took 1nto account the swelling of the plaque by employing 

Danckwert's[l~BJ methods of representing moving frames to 

measure the I 1quid front 1n the swel I ing system, These two 

groups of workers found excel I ent agreement between 

theoretical pred1ct1ons and experimental data, but 

appl 1cation of a classical F1cklan, treatment was not 

discussed. 
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5.1.1 Validity of classical diffusoon theoroes with 

changong sample thockness 

The effect of the solvent front movement in equation 

2.111 os to alter the sample thickness term, LT, thus 

directly alterong the diffusion coefficient. This effect Is 

shown on fogure 5.1 and table 5.1 where the thockness of the 

unswol I en core os taken into account, with respect to time 

in calculating the diffusion coeffocoent for fluorobenzene 

at 60°C. The core thickness values were obtaoned from an 

averaged core thockness of a number of samples at a 

partocular tome. It is seen that the dlffusoon coefficient 

changes by a factor of a 100. 

The • <::'"' I 1 ne , drawn i n figure' 5.1, 

Although the 

is a 

polynomial fit to the experiment data. 

I ins is close, on vosual inspection to a straight I one, as 

would be goven by Fickian diffusion on such a plot as figure 

5.1, the slope with respect to time Is changing si lghtly, 

see table 5.1. This alone, according to equation 2.111, 

wo I I change the value of D. 

In taking onto account the sample thockness it is 

assumed that the concentration throughout the swol I en layer 

os that of the concentration at the polymer-! iquid interface 

and the polymer-do luent layer offers no resistance to 

further movement of I iquod. The changing core thickness 

seems to be the domonating factor in changing the value of D 

rendering the use of purely Fickoan treatments 

onapproproate. 
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FIGURE 5.1 

01ffus1on of I 1qu1d fluorobenzene ac 60°C 1nco uPVC. 

MT/M(max) versus square rooc cime 
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TABLE 5.1 

The classically derived diffusion coefficient for the 

diffusion of fluorobenzene 1nto uPVC plaques at 60°C taking 

1nto account the changing sample thickness 

sorpt1on average slopex10° Ox10 7 

time core 
m1n cm cms- 1 cm 2 s- 1 

2.2s 0.1't B.B :3.11 

:3.16 o. 1:3 9.2 2.9B 

't. 50 0.12 10.1 2.79 

7.75 O.OB 11.6 1.69 

10.95 0.05 B.:3 0.:3't 

2EB 
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S.l.E The Case II contribution to d1ffus1on into a system 

which swells 

5.1.E.l Val 1d1ty of Case II theortes with I iquid diffusion 

1nto uPVC samples 

At large experimental times according to equation 

E. le~ the mass uptake 1s I 1near, the slope be1ng 1s C0 v and 

the Intercept given by C0 D/v. Accordingly, values may be 

computed forD and v from the data produced in table ~.~. 

Using the values for C0 , D and v 1t is possible to calculate 

the total amount of penetrant per un1t area for any time as 

described 1n equatton E.le3, and as shown 1n figures 5.E to 

5.9. The algorithm for equations E.lel and E.le3 1s given 
• 

in Appendix 3. The dotted I ine In the figures shows the 

calculated total mass uptake per surface area with respect 

to t 1me. Table 5.E shows D and v values for the sorption of 

the ltqutds and plasticizers employed at the two 

temperatures. A sorption experiment was conducted at room 

temperature, w1th propanone as the penetrant, for comparison 

purposes with the I iterature quoted values produced by Kwei 

et al. at room temperature,(E5J upon which th1s model is --
based. The room temperature propanone data are shown at the 

foot of table 5.E. The values given by Kwei et al. pertain 

to a compression moulded uPVC sheet, with a thickness of 

0.33 cm, subjected to the I iquld sorption of propanone at 

room temperature. The equi ltbrium concentration of 

propanone in the swollen sheet was taken as the surface 

concentration and was found to be 0.50 g cm-•. The reported 

dtffuston coefficient and the velocity of I iquid penetration 
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FIGURE 5.c 

D1ffus1on of propanone 1nto uPVC at 56°C 
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01ffus1on of ethylbenzene 1nto uPVC at 60°C 
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FIGURE 5.'t 

Diffusoon of domet:hylbenzene ont:o uPVC at: 60°C 
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FIGURE 5.5 

Ooffusion of fluorobenzene into uPVC at 50°C 
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Ooffusoon of BBP, (•), and OMP, (X), plastocozers onto uPVC 

at 50°C 
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FIGURE 5.8 

01ffus1on of DOP plasticizer 1nto uPVC at 60°C 
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D1ffus1on of Cereclor S5c plasticizer into uPVC at 60°C 

0·012 ..... .... ... - • ,., --.... -0·008 -• ,., -• ... ,., ,., 
• .... .... ... 

0·004 
.... ... 

/ 

;" 

"' • / 

0·000 
0 10 20 30 40 so 60 

t•me m 1 nxlo-• 

c:3:3 



TABLE 5.2 

Diffusion coeffiCients and I lquid front veloc1ties 

calculated us1ng least-square calculations from mass per 

surface area versus time data 

at 60°C 

0x1o• vxlO" 0x1o• vx10" 

cmzs-1 cms- 1 cm 2 s-t c:ms- 1 

propanone 'tO. 10 13.50 1230.00 233.00 

fluorobenzene 1. 81 2-09 181. 00 36.30 

d1methylbenzene 1. 06 0.82 73~90 11.00 

ethyl benzene 1. 58 1. 09 16.00 3.eo 

n1troethane 81.90 108.00 

B8P 1. 75 0.28 

OMP 't.93 0.63 

OOP 8.88 O.'t1 

Cereclor SSe o.es 0.06 

1.e-dlchlorobenzene 0.36 0.71 

chlorobenzene 175.00 't't.20 

benzene 1. 83 1. 66 

methyl benzene 0.82 1. 19 

• 
e-nltropropane 1. 6't 1. 't8 

1-n1trobutane O.Oe 0.02 

at room temperature 

propanone 6.38 2't.l 

0 23't 
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reported by Kwe1 et al. were, 

v = l.Bexlo-• cm s-• 

D = 7.05xlo-• cm• s-• 

These compare we I I with the room temperature propanone 

sorption experiment reported in table 5.e 

S.l.e.e Pred1ct1on of the thickness of the I iqu1d swollen 

layer 

The increasing thickness of the swollen layer w1th 

respect to time was reported in section ~.l.e.3. The 

diffusion coefficient and I 1qu1d veloc1ty front values, 

obtained in section 5.1.e.l, were used 1n equat1on e.lel to 

fit a calculated curve to the experimental swollen layer 

thickness, L, curves in figures ~.eO to ~.e7. The results 

are shown in figures 5.10 to 5.17. A series of curves was 

calculated for different values of Cx, and compared with the 

experimental L curve. Cx is identified as being the 

er it i ea I concentration at wh i eh point the "apparent •• 

discontinuity in D is seen, shown as the I iquid front. This 

treatment was restricted to the sorption experiments 

conducted at 60°C and the Cx values are tabulated in table 

5.3. Kwe1 et al. produced a calculated liquid fron~ curve 

for Cx = 0.03~ g cm-• wh1ch fitted experimental data. The 

experiment, 1n th•s present work, using I 1quid sorption of 

propanone at room temperature produced an equi i 1brium 

concentration, C0 = 0.97 g cm-• and when used together with 

D and v values, a curve which fits the swol ien layer-time 

e35 
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FIGURE 5.10 

Diffusion of propanone into uP VC at. 56°C, 

movement. of I 1 qui d front. 1nt.o plaque 
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FIGURE 5.12 

Ooffusion of domethylbenzene onto uPVC at 60°C. 
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FIGURE 5.1't 

Diffus1on of n1troethane 1nto uPVC at 50°C, 

movement of I 1qu1d front 1nto plaque 
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FIGURE 5.15 

D1ffus1on of BBP (o) and DMP (X) plasticizers 1nto uPVC at 

60°C, movement of I 1quid front into pla~ue 
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FIGURE 5.16 

Dlffusoon of Cereclor S52 plastocizer into uPVC at 60°C, 

swollen 
I ayerQ-06 
L cm 
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FIGURE 5.17 

Diffusoon of DDP plastlcozer into uPVC at 60°C, 
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TABLE 5.3 

Cr- 1 t 1 ea I I 1 quid concentr-at I ens gl vI ng r-ise to the "'appar-ent •• 

discontinuity in D and the shar-p advancing fr-ont 

I I quid 

fluor-obenzene 

ethyl benzene 

pr-opanone 

d1methylbenzene 

n1tr-oethane 

BBP 

DMP 

DOP 

Cereclor- S52 

er- I t I ea I I I qu I d 

concentr-ation 

Cx 9 cm-• 

2. Dx1o-• 

B.Ox1o-•o 

1. 3x10-7 

3.3x1o-• 

l.Ox1o-•o 

0.135 

0.105 

0.27 

1. Ox1o-• 

pr-opanone (room temper-ature) 0.033 

2't0 
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dependency produces a Cx of 0.033 g cm-•; a value which 

compares wel I w1th the Kwei figure. The Increase of the 

swollen layer thickness with respect to time for the 

sorption of propanone at room temperature Is shown in figure 

5.16. 

5.1.3 The effect of dlffusant size, hydrogen bonding number 

and solubi I ity parameter on the diffusion coefficient 

A comparison of the diffusion coefficient with 

respect to diffusant s1ze, hydrogen bonding number and 

solub1 I ity parameter is given in figures 5.19 to 5.21. The 

dotted I ines in each f1gure represent the best fit to the 

experimentally derived diffusion coefficients. Both the 

solub1 I 1ty and hydrogen bonding number figures, at both 

temperatures, show smal I Increases in D with increasing 

values of solub1 I ity parameter and hydrogen bonding number. 

D, when examined with respect to increasing molar volume, 

shows a decrease in value, at both temperatures. 
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FIGURE 5.18 

Diffusion of propanone 1nto uPVC at room temperature, 

swollen 
layer 
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FIGURE 5.19 

The diffus1on coeff1c1en~ of I 1qu1d 1n uPVC as a func~1on of 

~he I 1quld solubl I I~Y parame~er. a~ 30 and 60°C 
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FIGURE 5.20 

The diffusion coeff1cien~ of I 1qu1d in uPVC as a func~1on of 

~he I iquid molar volume, a~ 30 and 60°C 

Log 0 

-3 

-4 

-5 X 

-6 
X • 

X X • 
-1 X 

X legend 
• • -8 • • • 

• 30°C 
-9 

X 50°C 

60 80 100 120 140 160 
molar volume cm•/mol 

2'13 



CHAPTER 5 - DISCUSSION 

FIGURE 5.21 

The diffusoon coefficient of I oquod on uPVC as a functoon of 

the I oquod hydrogen bondong number, at 30 and 60°C 
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5.2 DYNAMIC MECHANICAL THERMAL ANALYSIS AND DSC 

ANALYSIS OF LIQUIDS AND PLASTICIZERS 

The number of I oquids on whoch ot was possible to 

observe a T9 was small usong both. PL-OMTA and DSC 

techniques. The major difficulty, as already mentioned In 

section ~.~.1. for PL-OMTA was that on quenching the I oquld 

held on the fi Iter paper support, in I iquod nitrogen, the 

sol id became extremely brittle and shattered when clamped 

into the sample clamp. The fi Iter paper support technique 

was more successful for the plastoclzers than the I iquids. 

The plastoclzer molecules are obviously larger than the 

I iqulds and the BBP thermogram shown on figure ~-~~ os of 

particular onterest, exhibiting two tan 6 peaks. It may be 

proposed that the smal I er, lower temperature, (-75°C), tan 6 

peak may be attributed to a a relaxation for the molecule. 

From the BBP molecule shown in figure 5.22. it can be 

postulated that the a relaxation can be attributed to either 

the benzyl or butyl group. The a relaxation on quenched, 

therefore amorphous, poly(ethylene teraphthalate) is thought 

to be due to the ester I lnkage and has a transition 

temperature of -65°C[156). The chemical structure Is: 

If only the butyl group was considered, I.e. polyethylene, 

from the BBP molecule, it has been shown that a co-operative 

movement, causong a relaxatoon at around -120°C Is 

observed[~7). A a relaxation in the BBP molecule between 

-65 and 

ester and 

because of 

IS therefore 

butyl components. 
th~ 

likely to be due to the 

larger benzyl group, 

Its slze.~the a relaxation If observed would be 

2~5 
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hogher ~han -65°C. 8 relaxa~ions have also been 

demons~ra~ed for dl-2-e~hylhexyl ph~hala~e in ~he 

I o~era~ure[lSBJ where ~he 8 relaxa~ion occurrong a~ -170°C 

was ascrobed ~o ~he e~hylhexyl groups. 

The use of a subscra~e ~o supper~ ~he I iquid durong 

PL-DMTR analysos wol I affec~ ~he magni~ude of ~he ~an 6 

peak. makong ~he ~ransocions appear smal I er ~han of ~he 

supper~ was absen~. The ~an 6 peak poso~ion. however. is 

unaffecced by ~he suppor~[l52J. 

FIGURE 5.22 

R schemacic diagram of ~he bu~ylbenzyl ph~hala~e molecule 

Q, 

2't6 
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5.3 THE DYNAMIC MECHANICAL THERMAL ANALYSIS OF SWOLLEN UPVC 

COMPRESSION MOULDED PLAQUES 

Work carr1ed out by Harrison[159] in this laboratory 

showed that the behaviour of uPVC swol I en with I iquid VCM at 

room temperature is similar to that shown by many of the 

I iqulds employed in th1s work. Figure 5.23 shows a PL-DMTA 

thermogram, using the dual-cant I lever mode, for uPVC swol I en 

w1th I iqu1d VCM at room temperature over a number of 

hours[160) giving a PVC/VCM gel w1th a T9 of -3°C. The 

sample used was produced from S71/102 resin processed in the 

same manner as the plaques used in this present work, except 

that the resin was preheated 1n the press for 5 mins and 

pressed at q6oa K~~or 10 m1ns at 181°C, conditions only 

si ightly more severe. The tan 6 trace in f1gure 5.23 became 

visibly no1sy at around 20°C, possibly due to the VCM 

(bp of -13°C) boil 1ng off and disrupting the sample 

structure. There Is no sign of any unswol len material 

present as shown by a uPVC tan 6 occurring at 88°C, the 

sample fracturing between 50 and 90°C. 

5.3.1 The stabi 1 ity of the glass trans1tion peak position 

of the swollen material 

5.3.1.1 Movement of T9 a' peak on the rerunning of highly 

swollen samples us1ng dual-cantilever PL-DMTA 

Trichloromethane and 1,2-dichloroethane swollen 

samples, prepared by swel I ing the samples In the respective 

I 1quid at 50°C, were run for a second time using PL-DMTA. 
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FIGURE 5.2:3 

PL-DMTA dua I -cant 1 I ever thermogram produced on heat1ng uP VC 

swollen With I iquid VCM at room temperature 
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At the end of the first experiment the samples were cooled 

in situ and the same analysis conditions used for the repeat 

experiment. The clamping of the samples was checked once 

the temperature of the analysis head was well below the 

temperature of the T9 a' peak in the first experiment. The 

outer layer of these samples proved to be very fragile 

making 1ntermed1ate weigh1ngs Impracticable. In al I cases 

the lower temperature tan 6 peak associated with the T9 of 

the imbibed liquid disappeared in the second experiment 

together with an upward shift in the position of the tan 6 

peak due to T9 a'. It has been suggested[l61] that the 

formation of the T9 ~ peak is caused by the swel I ing agent in 

the swollen region of the plaque. coming out of solution 

with the PVC, as the plaque 1s cooled from room temperature 

to -100°C forming micro-environments of pure I iqu1d within 

the polymer. These micro-environments are removed on 

heat1ng during PL-DMTA and due to loss of liquid from the 

sample during analysis do not recur 1n the second 

experiment. The boiling points for trichloromethane and 

l,c-dlchloroethane are 61 and 8~°C respectively. The 

results of the tan 6 peak positions in the two runs and 

their shifts are shown in table 5.~. The substantial 

changes in the T9 a' peak position on rerunning the 

experiment was thought to be due to the evaporation of the 

1mb1bed I iquld from the plaque. However. it was 

impracticable to weigh the samples after PL-DMTA due to the 

fragi la swollen layer breaking and sticking to the clamping 

frame. 

c'ts 
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TABLE S.'t 

Tan 6 peak positions and their shifts shown by uPVC, swollen 

with 1,E-dichloroethane and trichloromethane, dur1ng 

dual-cantilever PL-OMTA 

liquid original solvent Tga' L!>T 9 a' T9 a 
;(mol peak oc oc oc oc oc 

content 1st. End. 1st. End. 
run run run run 

1,E-dichloroethane 't6 -115 -so 1't 6't BE 

E3 -llE -'t't 29 73 B't 

trichloromethane 30 -135 -EO 31 51 BE 

13 -1't0 -2B 3E 50 B2 

250 
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5.~.1.E Movement of T9 a' peak on the rerunning of vapour 

swoi len samples using dual-cantilever PL-DMTA 

Liquid swollen uPVC plaques show considerable 

changes in the T9 a' peak position, perhaps, due to the 

speed by which the plaques were first swollen producing a 

non-equi I ibrated system. Vapour sorpt1on is carried out 

over long time intervals, typically 100 hours to produce a 

~0 mg uptake of propanone in a 1.~ g plaque of uPVC at 50°C. 

The plaque IS more likely to be in equilibrium in 

atmospheric conditions unlike rapidly liquid swollen 

plaques. The shift in the tan 6 peak position for T9 a' in 

vapour swollen samples would thus be expected to be smaller. 

To examine this proposal slml lar experiments were carried 

out as those described in section 5.~.1.1 using 

1,E-dlchloroethane and benzene. In this case however, due 

to the nature of the swelling agent and/or the experiment 

conditions, the nature of the swol I en layer al I owed the 

weighing of the sample between the first and second PL-DMTA 

experiments. The results are given 1n table 5.5 showing the 

movement of the T9 a' peak and change 1n percent molar 

content between the first and second runs. The percent 

molar content stated as measured is that at the beginning of 

the experiment and would be changing with respect to time 

and temperature and Is, therefore, only an approximation to 

the content present at the transition region. 

Since these experiments were carried out using 

dual-cant I lever analysis it was possible to examine the B 

relaxation wh1ch occurs at -~0°C in unswol len uPVC as shown 

1n figure 't.'t~. It is Interesting to note that, for the two 

E51 
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TABLE 5.5 

Tan 6 peak posotions and their shifts 

shown by uPVC, swollen with 1,2-dlchloroethane and benzene 

durong dual-cantilever PL-DMTA 

vapour ~mol T9 a• ATaa' T9 a 
content oc oc oc 
1st. 2nd. 1st. 2nd. 
run run run run 

1,2-dlchloroethane 6. 1 5.1 28 :35 7 95 

B.'t 7.5 't:3 'tB 5 95 

9.7 9.5 't7 't7 0 

12.0 11.0 'tO 't't 't 

1:3.'t 1:3.0 :36 :38 2 

20.'t 19.2 2't 25 1 

22.1 19.'t :36 :39 :3 

benzene 0.2 0.2 72 99 

't.5 't.O 5:3 60 7 99 

't.B 't.B 't9 5:3 't 99 

9. 1 8. 5 'tO 't7 7 99 

1:'1.6 8.5 't:3 't5 2 

252 
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I iquids examined 1n this manner, the position of the a 
relaxation peak is unaffected by the swelling agent content 

in the sample and the type of swel I ing agent involved. The 

swol I en samples were cooled in situ from room temperature to 

the starting temperature, of around -150°C: at a rate of 

e°C/min, the fast cool 1ng rate w1 I I not affect the position 

of the a relaxation peak[162]. The position of the a 
relaxation peak Is shown in figure 5.2~ for the samples 

swollen with 1,2-dlchloroethane or benzene vapour at 50°C. 

The '~relaxation peak value remains almost constant with a 

si lght overal I decrease in value with Increasing content of 

swelling agent. 

5.~.1.~ Movement of T0 a' peak on the desorptlon of I iquid 

swollen samples using shear PL-OMTA mode 

Rapidly swollen samples such as those produced using 

the swel I 1ng agent In I iquld form show significant shifts In 

the T0 a' pos1t1on if desorption was allowed to occur prior 

to FL-OMTA. For example, a uPVC plaque swollen with 

dimethylbenzene at 60°C for ~0 mlns produces a sample with a 

swollen layer of approximately 0.~ fraction of the sample 

thickness. When th1s sample was allowed to equi I ibrate at 

atmospheric pressure and at room temperature for a number of 

hours, followed by shear mode PL-OMTA, a shift In T 0 a' of 25 

degrees was produced when compared with an identical sample 

that was analysed directly after removal from the swel I 1ng 

environment. A similar set of experiments is shown in 

figure 5.25 where two sets of samples were 1dent1cally 

produced, by swel I 1ng plaques of uPVC in propanone at 56°C, 

one being desorbed pr1or to PL-OMTA. Oesorption was carried 

c5~ 
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FIGURE 5.2't 

B relaxatoon peaks for uPVC swollen with (a) benzene and (b) 

1,2-dochloroethane vapour at 50°C, numbers refer to legends 

in figures 't.58 and 't.59 
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FIGURE S.c5 

PL-DMTA shear mode thermogram produced on heating uPVC 

swol I en with propanone at 56°C, dotted I one - sample used as 

swollen, sol od I one - sample desorbed prior to analysis 
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out at room temperature and pressure and was fol I owed using 

the microbalance, the resulting desorption plot can be seen 

1n figure 5.26 where it 1s seen that over a period of 50 

hours approximately ~SY. of the original propanone content is 

lost. The T9 a' of the propanone-uPVC system wh1ch was 

al !owed to desorb pr1or to PL-DMTA, shown by the solid I 1ne 

in f1gure 5.25, 1s shown to be 36°C higher than the swollen 

sample analysed directly after removal from the swel I ing 

environment. It is clear therefore that the time between 

removal of the swol I en sample from a thermostat bath after 

the diffusion experiment and cooling to the start1ng 

temperature 

In order to 

in the PL-DMTA experiment should be minim1sed. 

I lustrate the problem of desorpt1on, even at 

low temperatures, three Identical experiments were performed 

with the exception that the samples were treated differently 

after sorpt1on. The samples were extracted from the same 

plaque, and swol I en with dimethylbenzene at 60°C for 30 mins 

producing a sample with a swol I en layer of approximately 0.~ 

fraction of the total sample thickness. One sample, (a), 

was not al !owed to equi I 1brate after I 1quid sorption and was 

analysed Immediately on removal from the swel I 1ng 

environment: this was the normal procedure for analysing 

swollen samples 1n shear mode PL-DMTA and is deta1 led 1n the 

experimental section. A second sample, (b), after the 

sorption experiment was stored 1n I lqu1d nitrogen for 2~ 

hours and a th1rd sample, (c), after removal from the 

swell 1ng environment was stored at 0°C for 72 hours pr1or to 

PL-DMTA. The results of th1s experiment are shown in figure 

5.27 where sample c shows a T9 a', 25°C higher than samples a 

and b. Th1s experiment suggests that swol I en samples, 

256 
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FIGURE 5.26 

The desorpcion of propanone 

followed usong the mocrobalance 
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FIGURE 5.27 

PL-OMTA shear mode thermogram produced on heat1ng uPVC 

swot I en with d1methylbenzene at 60°C for ~D m1ns, w1th a 

heat1ng rate of 2°C/mln, a frequency of 1 Hz and a 

Instrument stra1n of one 
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unless stored at liquid n1trogen temperatures, should be 

analysed 1mmed1ately after the diffusion experiment • 

• 

5.~.c Oynam1c mechanical thermal analysis of shear mode 

results 

As a direct consequence of the work described in 

sect1on ~.~.1 above, the 1nformat1on obtainable from 

PL-DMTA, us1ng the shear mode, below the T9 a' is 

The fol low1ng analysis, therefore, does not 

examine any relaxations or modulus readings below 

limited. 

attempt to 

that of 

the T9 a' peak. AI I tan 6 and modulus readings were conf1ned 

to temperatures greater than the T9 a• position where the 

modulus value drops sufficiently to be within the machine's 

capab1 I it1es. The treatment below requ1res the use of a 

standard modulus value at a temperature below the T9 of 

uPVC. Since th1s is unobtainable using shear PL-DMTA, 

values of E' obtained us1ng dual-cantilever PL-DMTA were 

employed. In convert1ng these modulus values, E', to G' a 

Poisson's ratio of O.~c[65J was assumed in Equation c.~. 

The modulus value obtained from the PL-DMTA was a 

combination of the modulus for the glassy core and the 

rubbery reg1on. Experiments carried out in shear mode, (see 

figure 3.9), together with Takayanagi 's model for parallel 

connectional lowed computation of the modulus of the rubbery 

reg1on, Gr'• Log Gr' was calculated using the fol iowing 

method. F1rst, log G' was converted 1nto the compl lance J' 

J' = (1/G')/(1+tan 2 6) (5.1) 

c59 
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Th1s measured J' from the PL-DMTA was denoted by 

J'(meas), and consisted of two portions produced from the 

rubbery fraction Vr and the fraction of sol id material V5 • 

J'(meas) = VrJ'r + VsJ's (5.2) 

The only unknown 1s J'r wh1ch 1s calculated and converted 

back to G' as G'r using 

G' = (1/J')/(1+tan 2 6) (5.:3) 

The procedure described 1n Appendix ~ to calculate 

the log Gr' at 60°C and the algorithm 1n Appendix 1 to find 

the percent molar content of diluent or plasticizer 1n the 

swol I en region at 60°C during PL-DMTA allowed figures 5.28 

to 5.:33 to be compl led. In section~-~-~-~ the variation of 

the modulus value at 60°C due to the experimental procedure 

was investigated. The standard deviation in the log modulus 

value at 60°C was shown to be 0.06. Th1s deviation is shown 

in figures 5.28 to 5.33 as a vert1cal error bar on the Ios 

modulus. 

5.3.2.1 Calculat1on of molecular weight between cross-1 inks 

from PL-DMTA modulus results 

VISCOelastiC theory 

entanglements were the cause 

suggested 

of the 

that chain 

rubber-elastic 

propert1es in a polymer. On a thermogram the rubber-elastic 

region IS the .. plateau .. after the polymer has undergone a 

glass trans1t1on and before the rubber begins to flow. 
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FIGURE S.cB 

Log G~· calculated from the shear analysis, at 60°C, of uPVC 

swollen w1th n1troethane 
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FIGURE 5.c9 

Log G~· calculated from the shear analySIS, at 60°C, of uPVC 

swol I en with fluorobenzene 
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FIGURE 5.30 

Log Gr' calculated from the shear analysos, at 60°C, of uPVC 

swol I en woth ethyl benzene 
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FIGURE 5.:31 

Log Gr' calculated from the shear analysos, at 60°C, of uPVC 

swollen woth domethylbenzene 
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FIGURE 5.:32 

Log Gr' calculated from the shear analysos, at 60°C, of uPVC 

swol I en woth propanone 
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FIGURE 5.:33 

Log Gr' calculated from the shear analysos. at 60°C. of uPVC 

swol I en woth plastocozers 
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The height of the rubbery plateau can be correlated to Me 

the molecular mass between cross-links and/or 

entanglements; and by substituting Gr' for G 

E.6~. Me 1n the swollen region may be found. 

1n equat1on 

where Gr' IS the shear modulus of swol I en uPVC, p IS the 

dens1ty of sample: p 1s calculated from the sum of the 

products of the relevant mass fractions and their dens1t1es 

and has unots of ~g/m•. R os the gas constant, 8.31~ J 

and g is a numerical constant as defined In 

equat1on E.63 and has the value of ~.3. The value obtaoned 

for Me usong PL-DMTA on uPVC was 1~5E g/mol, calculated from 

the modulus value at 1~0°C given in figure ~.~3. In a 

swollen uPVC sample exh1botong two tan 6 peaks such as those 

in fogures ~.70 to ~.7~ the corresponding modulus curves 

shows two plateaus as seen In fogures ~.65 to ~.69. The 

above treatment calculatong Me for the swollen region of the 

sample requires an average value of Gr' between the two tan 

6 peaks and the temperature at which the lower tan 6 peak 

occurs. Appendox ~ describes the algorothm used to 

calculate Gr' values at temperatures of 10 degree intervals 

between EO and 150°C. The log E' modulus data used in 

Appendix ~ was obtained using the FL-DMTA thermogram for 

polystyrene. an amorphous polymer. The validity of it s 

usage wo I I now be discussed. The modulus data obtained from 

an amorphous polymer was preferred to the modulus data from 

uPVC sonce the experomental modulus curve obtaoned for a 

swol I en sample, such as shown on fogure 5.3~. would have 
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FIGURE 5.3't 

Fittine of experimental G'meas to a calculated G'meas 
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none or I i tt I e crysta I I 1 n 1 ty present , the swe I I i ng I 1 quid 

having "softened" or ""dissolved" any crystal lites. F1gure 

5.::1"1 shows. superimposed, the thermogram for uFVC, 

polystyrene by dual-cantilever FL-OMTA, a typ1cal trace 

shown by a sample swollen with propanone at 55°C for eO mins 

producing at sample exhibiting a large swollen layer, and 

the calculated trace for the modulus of the whole sample by 

shear FL-OMTA. Discrete polystyrene E' modulus values were 

f1rst converted 1nto shear modulus values. Equation 5.c was 

then used to calculate J'(meas), us1ng the J'r value 

obtained at 50°C and assuming this value to be constant over 

the temperature range employed. The resulting calculated 

curve obviously coincides at 60°C w1th the experimental 

c:urve, the maximum deviation from the experimental curve 

occurring around 95°C. The modulus of the rubbery region, 

Gr• is assumed to be constant over the temperature range 

involved in thiS calculation and no correction was made for 

the effect of the loss of swel I ing agent on the modulus. At 

higher temperatures good agreement 1s found between the 

calculated and experimental curves. By using the modulus 

obtained with polystyrene rather than uFVC, closer agreement 

IS obtained over the temperature range. 

The plateaus shown 1n the modulus curves, for 

swollen samples, shown 1n figures "1.65 to "1.59, between the 

T 9 a' and T9 a allows the computation of the molecular mass 

between cross-1 1nks and entanglements, Me. using equation 

c. 6::1. Since the plateaux shown in the modulus curves in 

f1gures "1.65 to "1.59 are not exactly constant an average 

modulus value was employed[65]. Average values obtained for 

Me for the var1ous uFVC swol I en systems are shown 1n table 
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TABLE 5.6 

Average Me values for uPVC swol I en with various I 1qulds 

liqUid 

n1troethane 

ethyl benzene 

d1methylbenzene 

fluorobenzene 

propanone 

cereclor 55e 

BBP 

OOP 

OMP 

Me v1a 
Equ. e.63 

a/mol 

90't9 

9677 

9116 

l't797 

e511 

6't55 

e61B 

71't1 

c67 

Me v1a 
Equ. e.70 

g/mol 

9e'to 

6eco 

9009 

lc936 

6667 

19't7 

7636 

c739 

77C5 

, 
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5.6. The use of equacion 2.70 ac 60°C allows an alcernacive 

mechod for calculac1ng che lengch of che cha1n between 

cross-1 lnks[B1). che resulcs being shown in cable 5.6. The 

• relac1ve Me values wi I I g1ve an 1nd1cacion of che I lqu1ds 

ab1 I icy eo d1ssolve che cryscal 1 inicy in che polymer, che 

greacer che Me value che more eff1c1enc che I 1quid is in 

dissolving the crystal I 1tes. The values of Me show I 1ctle 

variance becween diluenc-uFVC syscems. In che fol I owing 

secc1on 1c w1 I I be shown chac the var1ance in Me becween 

syscems is equivalenc eo chac found becween 1dencical ly 

swollen samples. 

W1ch che use of equacion 2.61 and Me ic is possible 

to calculace the Flory-Hugglns lnceracc1on parameter, A. 

The resulcs of which are shown in cable 5.7. Theory[7~.75) 

and exper1mencal work[73) shows chac l1qu1ds hav1ng A values 

greacer chan 0.55 WOUld be non-solvencs for Che polymer In 

queSCIOn. The daca In cable 5.7 fal Is Into CWO disc1ncc 

seccions, A values obtained for l1qu1ds and values obca1ned 

for plasc1c1zers. Of che I 1quids employed in eh is work only 

propanone IS found In che I iceracure[73) where A was found 

eo be 0.60 ac 53°C, A beccer correlacion wich I 1cerature 

values[73) IS found for OOF (A= 0.01) and DMF (A = 0.56), 

Boch values were calculated ac 53°C. 

5.3.2.2 Escimac1on of che variacion becween 1dencical 

shear experimencs 

The daca obcained 1n seccion ~.~.1.1 was employed in 

che mechod diSCussed above CO obtain an Idea of che variance 

of Me. The log modulus and tan 6 chermograms for che shear 

analysis of uFVC plaques swollen w1ch dimechylbenzene for 30 
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TABLE 5.7 

Flory-Huggins interaction parameters for var1ous I iquids 

liqUid 

n1troethane 

ethyl benzene 

dimethylbenzene 

fluorobenzene 

propanone 

cereclor S5c 

BBP 

DDP 

DMP 

">- using 
Me v1a 
Equ. c.6::1 

1. 016 

1. EBO 

1.006 

1.019 

-----
::1.976 

O.'t't7 

o.c9c 

0. 't71 

c69 

">- using 
Me via 
Equ. c.70 

1. 017 

1.c77 

1.005 

1. 018 

1. 015 

::1.918 

O.'t56 

O.EB5 

O.'t7't 
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m ins at 60°C are shown in figures ~.~~ and ~.~5 

respectively. Th1s extension to the experiment was designed 

to examine the precision obtained 

microscope. 

with the optical 

To test the consistency of the analysis w1th1n the 

same plaque, a large plaque of uPVC was swol I en with 

d1methylbenzene for ~0 mins at 60°C from which a number of 

samples were extracted. A value for Me for each experiment 

was calculated. By using the same large plaque and 

calculating an average value for the unswollen core 

thickness the error produced 1n th1s measurement by the 

m1croscope was reduced. The results for both these 

experiments are shown 1n table 5.8. 

5.~.~ Glass transitions of swollen layers 

Us1ng the results obtained 1n section~.~ it 1s 

possible to pred1ct the T9 value of a swollen system if the 

concentration of the polymer is known, using equation c.~7. 

After accounting for the percentage loss of imbibed I iquid 

as shown in Appendix c, the volume composition of the 

swollen uPVC may be found us1ng points~ and 7, 1n Appendix 

c, together w1th the respective densities of uPVC (1.~69 g 

cm-•) and d1 luent. The results for various swollen 

compos1t1ons al I produced at 60°C are shown 1n figures 5.~5 

to 5. ~9. The dashed I ine Indicates the theoretical value 

obta1ned us1ng the Kel ly-8ueche[55,65] plasticizer equation 

c.~7 and the dashed-dotted I ine IS a polynomial regression 

fit through the data. Correlation between experimental and 

theoretical was only found for the nitroethane and 
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TABLE 5.8 

The variation of the shear modulus. T9 a' and the resulting 

Me values for dlmethylbenzene swollen uPVC from: (a) the 

same plaque and (b) 1dent1cal experiments. 

expt. average T9 a' Me v1a Log Gr' Taa" Me v1a 
Log Gr' Equ c.6:3 modulus Equ c.7o 
modulus at: 60°C 

oc g/mol oc g/mol 

a 5.!:36 10 108:3't 5.!:36 10 11!:3!:3:3 

6.01 10 !:3615 6.0c 10 10500 

6.0:3 !:3 !:31B't 6.0:3 !:3 1oc6B 

6.oc 10 !:l't!:31 6.01 10 107:37 

5.!:37 10 107'tB 5.!:38 10 11 't7't 

b 5.!:3:3 't 1150't 5.!:35 't 

6.c't 7 5778 6.cc 7 6575 

5.!:30 B 1cc10 5.88 B 1:3601 

6.0:3 9 !:lc33 6.00 10't57 

en 
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FIGURE 5.:35 

Glass trans1t1on temperature of uFVC-propanone 

swollen layer found by shear mode FL-OMTA as a funct1on of 

T9 a' 
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FIGURE 5.:36 

Glass transition temperature of uFVC-fluorobenzene 

swol I en layer found by shear mode FL-OMTA as a function of 
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FIGURE 5.37 

Glass trans1t1on temperature of uPVC-dlmethylbenzene 

swollen layer found by shear mode PL-DMTA as a funct1on of 

T9 a' 
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FIGURE 5.38 

Glass trans1t1on temperature of uPVC-ethylbenzene 

swollen layer found by shear mode PL-DMTA as a functoon of 

T9 a' 20 
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FIGURE 5.39 

Glass ~rans1~1on cempera~ure of uPVC-nJ~roechane 

swol I en layer found by shear mode PL-DMTA as a func~Jon of 

nicroe~hane volume fracc1on 
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d1methylbenzene uPVC swollen systems. Deviations from the 

theoretical T 9 a• 1ncreased with increasing volume fract1on, 

~. of swel I ing agent or diluent. This effect is in 

contrad1ct1on to recent work by Scandola ~ ~.[163) where 

the T9 -concentratlon dependence for plasticized PVC showed 

two monotonicai ly decreasing sections, hav1ng different 

curvatures and forming a cusp at a d1 luent-polymer 

concentration of 0.~. 

5.3.3.1 Comparison of the glass transition temperature 

produced 1n highly swollen I 1qu1d sorbed uPVC 

plaques with the solub1 I ity parameter of swel I ing 

agent 

In measuring the 1ndentat1on modulus of PVC gels, 

produced from 10~ (w/w) solutions of PVC in var1ous 

solvents, Guerrero and Kel ler[31) were able to explain how 

the solubi I ity parameter affected the nature of the gel 

network. It IS possible to carry out a sim1 lar exerc1se 

using the systems where the polymer is fully swollen by the 

swel I 1ng agent, plotting T9 a• versus the solubi I lty 

parameter of the swelling agent shown 1n figure 5.~0. The 

T9 a' data was drawn from table ~.9 and the solubi I ity data 

from table 3.1. The dotted I 1ne drawn through the data 

shows a m1n1mum close to the solub1 I 1ty parameter value for 

propanone which nears the sclub1 I ity parameter value for 

uPVC, (19.6 J 1 ' 2 /cm 8 ' 2 ). The low T9 a' value for propanone 

is consistent with the 1dea that gels produced with similar 

sol ubi I 1ty parameter values give weak polymer networks and 

there is good polymer-liquid 1nteract1on. The higher T9 a• 

c75 
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FIGURE 5.'t0 

The glass transotoon temperature of the swollen polymer 

model led agaonst the solubo I oty parameter for the respectove 
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values would •ndicate that gels are produced using poor 

swelling agents that do not fully "dissolve" or "soft:en" the 
. 

crystal I ite reg1ons. Us1ng thiS method it is not possible 

to show the formation of weak gels With swel I 1ng agent:s 

wh1ch show large differences 1n solubility parameter values 

from that for uPVC due to the insolubility of such I iquids 

1n uPVC plaques. 

5.3.3.c The glass transition Investigated us1ng 

dif;trent1al scann1ng calorimetry methods 

The use of DSC methods to Investigate transit:1ons in 

the swel I 1ng agents employed 1n this work has been 

particularly successful •n determining the melting points of 

the I 1quids used. The analysis of the separated layers from 

the swol I en sample has shown that the inner core T9 a is 

unaffected by the swelling agent but due to the poor 

physical contact: between the polymer and sample pan, and 

hence poor DSC basel 1ne, it has not been possible to 

1nvest1gate, with any precision, the presence of swol I en 

material 1n the 1nner core nor the presence of dry unswol len 

material 1n the swol I en layer. 

5.3.~ Variation of T9 a peak he1ght with volume fraction of 

unswo I I en core 

The samples used in shear PL-DMTA are of the same 

diameter the only difference from sample to sample being the 

thickness, 1n particularly the core thickness. The height 

of the tan 6 peak of T9 a gives an Indication of the amount: 
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of energy being dissipated dur1ng the transition and hence 

the peak height should show a relat1onsh1p with the core 

thickness, the amount of uPVC present. This is shown in 

F1gure 5.~1. 
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FIGURE 5.'tl 

Change on the tan 6 peak height of the glass transitoon 

produced by the unswol I en core 
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5.~ GENERAL DISCUSSION 

The modulus curves shown In figures ~.65 to ~.69 in 

each case show thermograms for swol I en plaques al I of which 

exhobit window frames before analysis. At the start of 

heating the sample in the PL-DMTA. both onner core and 

swol I en region. are glassy giving log modulI values of 

around B. As the sample warms the T9 a' is passed, the outer 

swollen layer softens and the modulus fa I Is by between 1 and 

1.5 decades. The regime between T9 a' and T9 a arises from a 

sample having an outer elastic layer and a glassy inner 

core. The modulus on this temperature regime os a composite 

of these two regions. In section 5.~.e a method was 

employed to separate the respective moduli of the two 

regions at 60°C. This temperature was chosen so that the 

inner core is stilI glassy and the outer swollen layer is in 

a rubbery state i.e. the sample is in a inhomogeneous state. 

The component value contributed by the glassy inner core, 

if unaffected by the swelling agent wil I be virtually a 

constant value, and variation in the measured modulus wo I I 

be that due to the effect of the swel I ing agent on the 

swol ien region. The modulus of the swollen region wi 11 

depend on how the swe I I I ng agents affect the "cross- I Inked" 

network. 

The structure of uPVC in the solid state has 

recently been reviewed by Blundei1[16~J and Walsh[165J. The 

"cross- I inked" network structure of uPVC is thought to arise 

from one of two origins. Chemical cross-1 inks might arise 

from bimolecular terminatoon of branched propagating centres 

during polymerization or physical cross- I inks are present 
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due to low levels of crystal I inlty. The crystal I inity of 

uPVC has recently been reported to be about 1~/.[166], A 

swel I lng agent would first Interact with the amorphous 

regions and depending on the swel I ing abl I lty of the I iquld 

could then interact with the crystal lites, swel I ing and 

removing the crystal I inlty so that the network is disrupted. 

It has been shown In the diffusion work In section 

~.1.c.1 that the concentration of swel I ing agent reaches, In 

most cases, an equi I ibrlum value in the swol I en layer. A 

good swelling agent, one that dissolves, or swells the 

crystal I ltes quickly, would produce a swol I en layer 1n which 

the modulus is almost constant for the range of percent mol 

content of swelling agent measured in the swollen layer, 

since the modulus would then be due to entanglements in the 

network, the crystal lites having been removed. It was not 

possible to measure very low values of I iquid concentration 

in the swol I en region because of the difficulty in measuring 

such small swollen (ayer thicknesses. This s1tuat1on Is 

shown 1n curve 1 in figure 5.~c and may be shown by the 

propanone-uPVC system. Swol I en systems which show a 

decrease in the modulus value, curve two In figure 5.~c. of 

the swollen region w1th 1ncreas1ng percent mole content of 

swelling agent In the swollen region would suggest that the 

I I quid employed Is a poor swel I lng agent and the crystal I I ne 

region Is sti I I present and Is only softening, or melting, 

slowly as the 

increased. 

llqu1d 

This 

content 

situation 

1n the 

would 

swollen region Is 

be shown 

ethylbenzene-uPVC system. A system show1ng a constant 

by a 

high 

modulus value, curve 3, in figure s.~c. for the swol I en 

region would be exhibited in a system where the swel I ing 
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FIGURE S.'tc 

A schematic diagram showing the effect of do luent 

concentration in the swollen polymer with the modulus 

Gr' 
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/.mol content of I iquid on swol I en polymer 

agent does not affect the crystal I ine regions. The dashed 

I ine in figure S.'tc shows the predicted change in Gr' at 

very low concentrations of swel I ing agent. 

The arguments used above, on predicting the modulus 

of swollen uPVC with respect to the percent mole content of 

swel I ong agent in the swol I en region, to some extent have 

been shown to be consistent with the experimental work. Of 

the five I iquids used at 60°C, accordong to figure 't.3 

ethylbenzene is the least efficient swelling agent and 

propanone the most able loquid to swel I the polymer 

Examinatoon of the linear least-squares fit of the best 

stra 1 ght I I ro., through the data, shown as the dashed I i ne 1 n 

cs2 



-- ---------------

CHRPTER 5 - DISCUSSION 

figures 5.e6 to 5.3e, shows that Gr exhibits the greatest 

change with respect to mol content of liquid for the 

ethylbenzene-uPVC system. Propanone swollen systems give an 

almost constant Gr value at any I 1quld content, showing that 

any crystal I inity present Is swollen and removed for the 

swollen layer I iquid concentrations examined. 

Examination of the rate of change of Gr with respect 

to increasing percent mol content in the swol I en region, 

i.e. the slopes of the best f1t lines through the data show 

a para I le I comparison with the ranking order given in table 

5.e with respect to the diffusion coeffiCient, 0, and I iquid 

front velocity, v. Ethylbenzene with the largest negative 

slope has the smallest, 0 and v. values and propanone, the 

largest 0 and v values of the five I I quids employed at 60°C 

swelling conditions. 

The abil lty of I lquids to swel I uPVC can be examined 

by the effect of the solubl llty parameter, 6. on the value 

of 0. Examination of ft'gure 5.19 shows, particularly at 

30°C, a maximum 0 value at the 6 of 19.5 J'' 2 /cm••• (for 

chlorobenzene at 30°C). The 6 value for uPVC is 19.6 

J'' 2 /cm•••. Chlorobenzene at 60°C was found to be a solvent 

for uPVC. The maximum D value measured at 60°C was that for 

propanone (6 = e0.3 J'"'z/cm•'z). Ethylbenzene (6 = 16.0 

J'' 2 /cm 0 ' 2 ) has a greater difference in 6 from uPVC and 

would thus be a poorer swelling agent according to theory. 

Ethyl benzene 1ndeed exhibits a lower D value and as 

mentioned before 1 s I ess eff I c I ant in "softenIng" or 

"me It i ng" the crysta I I in I ty present. Both, the swe I I I ng 

agent molar volume and hydrogen bonding number, effect the 

value of D. An increase of lOO'l. in the swel I ing agent molar 
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volume can cause a decrease in D of up to 1.5 decades, as 

shown In figure 5.20, but an Increase In the hydrogen 

bonding number from 2 to 11 only shows an increase in D of 1 

decade. The effect of molar volume seems to have a greater 

1nfluence on the value of D than the hydrogen bonding 

number. The solubi I lty parameter, though not completely 

ab I e to descr 1 be the swe I I i ng ab I I I ty of a I I quId in uFVC 

alone, does show a greater change In D than a change In 

molar volume or hydrogen bonding number does.The above 

arguments used in correlating the ranking order of D with 

the solubi I lty parameter can be extended to include the 

thermal properties of the swol I en polymer. Figure 5.~0 

shows a dlst1nct minimum in T9 a' at a solubl I lty parameter 

value of 6 = 20.5 J'''/cm•'•, very close to that for 

propanone (6 = 20.3 J'' 2 /cm•'•). The low D for ethylbenzene 

particularly at 60°C when compared with 0 for propanone 

correlates well with f1gure 5.~0 in that a high T 9 a' (B°C) 

Is observed together with a low 6 value (1B.O J'''/cm0 ' 2 ). 

It is interesting to note that some liquids at 30°C, whilst 

exhibiting low 0 and v values when compared with D and v 

values for propanone, are solvents for uPVC at 60°C and 
bVJ~ne 

others remain swel I lng agents, e.g. ethylf is a swelling 

agent at both temperatures, 2-nltropropane and 

1,2-dlchlorobenzene both disrupt the polymer structure at 

60°C. It can be concluded that the abi I ity of a I lquid to 

swel I a polymer depends on a number of factors, 6, hydrogen 

bonding abil lty, molar volume and the temperature of the 

system, no one single factor can alone predict the swelling 

abl I lty of a l1quld with a polymer. 

Very long diffusion times were required for the 
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CHAPTER 5 - DISCUSSION 

swel I lng of uPVC plaques w1ch che plascicizers and hence 

insuff1cienc daca were obcained eo make any real qual icacive 

scacemenc abouc che modulus of che swollen region. Ic would 

appear chac che cryscall ine regions are more incacc, as 

shown by che higher Gr values obcained, when compared wich 

che liquid swollen syscems. Values of Me 1n cable 5.6 are 

calculaced eo be around 10,000 g/mol, which is sell I 

relacively smal I, as compared wich che Mn value for chls 

polymer (200,000 g/mol). This would suggesc chac changes in 

che necwork eicher due eo an encangled chemical cross-1 inked 

scruccure, any cryscal linicy be1ng removed by che swelling 

I iqu1d, or due eo che swelling I iquid being unable eo remove 

all che cryscal I inicy do nee significancly Influence Me. 

These Me values are somewhac higher chan che value (6200 

g/mol) of a sofc encangled uPVC[65J. The lack of a modulus 

placeau in che samples chac were fully swollen produced 

using dual-cane I lever mode PL-DMTA, see figures ~.~6 eo 

~.5~. would suggesc chac the liquids employed were all able 

to remove any crystal I inity and chac no chemical cross-1 inks 

were presenc, and so it is nee possible to evaluace an Me 

value. The values obtained for che Flory-Huggins 

lnteraccion paramecer for che liquids swelling syscems ac 

60°C were conslstencly high, at around 1. This suggests 

chat chase I 1quids are nee solvents for uPVC. Whi 1st eh is 

appears to be correct for echylbenzene, fluorobenzene, 

pimechylbenzene, propanone and nicroethane may wel I dissolve 

uPVC complecely 1f sufficienc cime is allowed for a swel I ing 

exper1menc. Therefore, it is probable thac the values for 

I iquids in table 5.7 are over estimaced. Since a liquid 

wh1ch 1s a solvenc for a polymer wil I have a value of A less 
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than 0.6[73-75]. 

Examination of the glass transition of the swollen 

region with respect to the volume fraction of diluent In the 

swollen polymer, as displayed In figures 5.35 to 5.3~. shows 

the T9 a' to be higher than would be predicted from 

free-volume theories in three of the five I !quid systems. 

Propanone, fluorobenzene, and ethyl benzene swol I en systems 

al I show higher than expected T9 a' values. Close agreement 

to free-volume theories is found for the systems swollen 

with dlmethylbenzene and nltroethane. The higher than 

expected Tga' value may arise from one or more of four 

oroglns: firstly, the swel I lng agent may be Ineffective in 

removong the crystal I lnlty. Crystal I lte content in a 

polymer wl 11 act as physical cross-! inks and could therefore 

produce higher T9 's than if the polymer was amorphous. This 

could Indeed be the case for systems swollen with 

fluorobenzene or ethylbenzene since there Is a distinct rate 

of change in Gr' with respect of mol content of dl luent as 

shown In figures 't.36 and 't.3B Indicating slow ''melting'' of 

"softenIng'' of the crysta I I i ne regIons as dIscussed ear I I er. 

However, this argument does not explaon the propanone-uPVC 

system in figure 't.35. Secondly, if the polymer contains 

cross-! inks that arise from both, chemical and physical 

orogons, and the Imbibed I lquld Is only able to remove, by 

"melting" or "softening" crystal I ine regions, leaving the 

chemical origonated cross- I Inks intact, a constant higher 

than expected T9 a' would be exhibited. This could possibly 

explaon the T9 a' behaviour with respect to volume fraction 

of dl luent for systems swol I en with propanone. Thirdly, the 

hogher than expected T9 a' values may be due to the mode of 
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the experiment Itself. The value of T0 a' may be affected by 

the unswol len inner core. This idea was explored In section 

~.5, where in one instance it was possible to separate the 

outer swol I en layer from the dry Inner core and analyse this 

swollen layer using PL-DMTA techniques. A downward shift 1n 

T0 a' of 13°C was recorded for the separated outer swollen 

layer. Obviously, at the Interface between swollen and core 

layers there 1s chain bridging. This may account for the 

high T0 a' values In f1gure ~.35, for the propanone-uPVC 

system, where the volume fraction of the unswol len core, Vs, 

was substantial, around 0.6. However, nitroethane-uPVC 

systems were analysed with a Vs fraction of approximately 

0.5 and close agreement between predicted T0 value and T0 a' 

was found. Fourthly, although, attempts were made to 

minimise the effect of vapour loss during PL-DMTA, In 

figures 5.35 to 5.39, it is Interesting to note that the 

most volatl le system, that produced with propanone, shows 

the largest deviation from the predicted free-volume Tg 

value and a system which gave close agreement, uPVC swollen 

with dlmethylbenzene, was the least volatile I iquld 

employed. No single one of the above arguments can fully 

describe the discrepancies between T9 a' and the value 

expected to be found using free volume theories. A 

combination of the above Ideas would seem more plausible. 

At temperatures above the T0 a the Inner glassy 

region is softened, as shown by the second fa I I In modulus 

In figures ~.65 to ~.69. The modulus value again reaches a 

plateau, at temperatures above Tga which could be due to the 

crystal I lne region of the Inner core. This Is most easily 

seen in figure 5.3~. where the plateau modulus for uPVC IS 
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shown together with the beginning of the plateau exhibited 

by a sample swol I en with dlmethylbenzene. The plateau 

modulus value, above T9 a, for uPVC is greater than the value 

for the swoi I en sample by a factor of 5, this is after 

converting the E' value obtained us1ng dual-cant I lever 

analysis, for uPVC. to G' consistent with the shear mode 

analysis. Th1s region, however, was not fully explored due 

to the volatl I ity of the I I quids employed In producing the 

swol I en layer. In most cases, at temperatures above 10ooc 

the swelling agents would be beginning to bel I or at least 

evaporate out of the sample. Th1s very often caused 

cavitation in the sample making data acquisition impossible 

due to signal no1se. Because of the volat1 I lty of the 

swel I lng agents the stabl I lty of the T9 a' was Investigated 

for both the I iquid evaporating from the discs prior to 

analysis and the effect of PL-OMTA Itself by running a 

repeat analysis on the same sample. 
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CHAPTER Ei SUMMARY AND 

RECOMMENDATIONS 

It has been shown that the analysis of very soft, 

swollen polymers, which may lose part of the volatile 

component upon heating is possible by using a Polymer 

Laboratories Dynamic Mechanical Thermal Analyser in the 

shear mode, The use of PL-DMTA in the shear mode for 

laminated materials, one component being very soft, IS a 

relatively new and untried technique. The modulus of the 

swol I en region, Gr • , has been modelled with the 

concentration of swel I ing agent present and has successfully 

been explained by data for diffusion coefficients and I iquid 

velocities. The change 1n diffusion coefficient from one 

swel I ing agent-uPVC system to another was explained using 

data for solubl I lty parameter, molar volume and the hydrogen 

bonding abi I 1ty, It has been shown that the decrease in Gr 

with respect to increasing swel I lng agent content, for 

swell lng agents showing relatively small diffusion 

coefficient values, may be due to the presence of residual 

crystal I inlty, which is removed only with high contents of 

swelling agent. Liquids which show a relatively high 

d1ffus1on coefficient value are efficient swel I 1ng agents 

and appear to remove the crystallinity even at low 

concentrations 1n the polymer, and so the change in Gr' with 

concentration of swel I 1ng agent is not observed. Th1s has 
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been shown to be the case by examining the thermal 

~ro~erties of the swollen material, in ~articular the glass 

transition of the swollen ~olymer. The validity of the 

T9 a''s of the swollen materials were examined by ~redicting 

the T9 a' of the swol I en ~olymer, using free volume methods. 

By following the uptake of I 1quld per unit volume of 

uPVC with res~ect to t1me, 1t was possible to show that the 

diffusion process could be discussed In terms of a 

combination of Fickian and case II mechanisms. The 

generalized diffusion equation was a~~ I led successfully to 

the analysis of ex~erlmental data. The method employed 

required the swci I en region to be In equi I ibrlum with the 

concentration of I 1quid at the surface of the ~olymer. With 

the swel I ing ex~er1ments being carried out at 60°C, the 

equi I ibrium concentration of I iquid in the swol I en region 

with any ~art1cular I iquld would be the same. 

The diffusion of I iquld VCM into uPVC ccm~ressicn 

moulded ~laques at room tem~erature fol I owed a similar 

behaviour seen 1n many of the liquids employed in this 

work[ 159], in that a moving I iquid front is observed during 

sor~t1on. No work was ~cssible en VCM swollen sam~les 

showing an unswollen cere since extraction of the disc would 

have meant al low1ng the sam~le to warm to room tem~eratures. 

This would have caused massive va~our loss, due to the low 

boi I ing point fer VCM, (-13°C), and ~erhaps disruption of 

the sam~le structure during eva~craticn. The fully swol I en 

sample discussed in this work, (figure 5.c3), on removal 

from the I iqu1d VCM was ke~t in I iquld nitrogen, evaporation 

of VCM was therefore not a ~rcblem, until the sample had 

warmed during PL-DMTA. 
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6.1 APPLICATIONS FOR THE TECHNIQUE 

Perha~s. the major a~~~ !cation for this ~articular 

PL-OMTA method Is the analysis of laminated polymers. The 

simple geometry of the sample, 1n the shear mode analysis, 

allows the use of the Takayanag1 model for paral le I 

com~osltes, particularly when one component of the composite 

1s very soft making sam~le clamping difficult. 

The thermal stabi llty of cross-1 inks_ln uPVC may be 

Investigated. This could be accom~l lshed by conducting 

sorption experiments on uPVC compression moulded samples at 

Increasing tem~eratures. The sorption temperature range 

used would show F1ck1an and case II behaviour and hence the 

observance of a I I quid front mov1ng towards the centre of 

the sample. The I iqu1d concentration in the swollen region 

should show temperature de~endent behaviour. The T1 a' for 

each swel I ing temperature can be plotted against volume 

fraction of liquid in the liquld/PVC system for a greater 

range than demonstrated in this work. Close examination of 

the modulus value at a temperature between T9 a' and T9 a and 

subsequent calculation of Me at different swelling 

temperatures may lead to information regarding the stabl I ity 

of the crystal I ine regions to the 1mblbed I I quid and the 

tem~erature of the polymer. 

If a sam~te of ~olymer, e.g. epoxy resin, was 

cross-1 Inked to a known degree and then partially swollen, 

the Me value expected may be evaluated using a number of 

methods: standard dual-cant I lever PL-OMTA, analysing the 

swol I en layer using shear analysis methods and finally 

catculeting Me via more traditional methods Including (a) 
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stress-strain data and (b) swel I ing ratios with solvents of 

known thermodynamic Interaction parameters. If reasonable 

correlation is found between the methods, greater confidence 

can be given to the value of Me• 

6.2 POSSIBLE IMPROVEMENTS IN INSTRUMENTATION 

The head of the PL-DMTA instrument, figure 3.7, 

although it can be run in an 1nert atmosphere, such as 

nitrogen be1ng Introduced into the head via an Inlet port at 

the rear of the bulk head, cannot be run at a pressure much 

greater than atmospheric pressure, since the bulk head seal 

with the environmental chamber and the hole through which 

the ceram1c drive shaft passes are not designed to be vapour 

tight seals. 

By running the head in the same type of vapour as 

that used in producing the swot ten discs, the amount of 

vapour lost during the analysis would be minimised. An 

Instrument, In development In this laboratory[167J, In 

conjunction with ICI, Plastics and Petrochemicals Division, 

The Heath, Runcorn, UK. runs on such a princlple[16BJ. The 

stainless steel environmental chamber can withstand several 

atmospheres pressure. A V1ton sealing ring between the 

chamber and the bulkhead provides the necessary seal and a 

sta1nless steel bet tows arrangement on the ceramic drive 

shaft provides a seal between chamber and bulkhead. To 

enable the bet lows to function correctly an equalizing 

pressure (nitrogen gas) in the chamber carrying the motor on 

the other side of the bel lows IS required. This machine Is 

stl I I under development, the major technical difficulties 
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being the balancing of the gas pressures e1ther side of the 

bellows as the sample under test is being heated from 

subambient to elevated temperatures. 

6.3 IMPROVEMENTS IN EXPERIMENTAL TECHNIQUE 

From the moment a swol I en plaque is removed from the 

environment employed for swelling, the swollen plaque wi I I 

beg1n to desorb. This desorption has been kept to a minimum 

by qu1ck transference of the plaque to a liquid nitrogen 

bath, for temporary storage. Once the discs have been 

removed from the plaque a si 1ce is cut from the remaining 

portion for examination under the optical microscope, 

cutt1ng the si ice from the plaque without damaging the outer 

swollen layer was difficult. The use of a technique which 

Circumvents the cutting of a si ice for microscopy, and 

allows direct measurement of the dry inner core and total 

swollen thickness would be beneficial to the accuracy of the 

experiment. The measurement of the inner core using a depth 

gauge (or needle point micrometer) that is able to penetrate 

the swollen soft layer should be explored. 
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APPENDIX 1 

Calculation of I iqu1d concentration in 

the swollen layer 

The surface concentration, C0 , was taken to be the 

concentration that the system attained at equl I lbrlum. The 

swel l1ng experiments carried out at 60°C were not taken to 

ful I swell 1ng equi I ibrium of the sample in the dl luent. 

However the percentage molar content In the swol I en layer 

was known. The fol !owing algorithm al I owed the computation 

of M~ in the swol I en layer. 

Mol fraction 
content 1n = 
swol I en layer 

dm/di luent MM 

dm/d1 luent MM + 0.0155 

vol fract1on 
+ of swollen 

layer 

where 0.0155 Is the number of moles of 1 g of uPVC. The 

I 1quid sorpt1on experiments carried out at 30°C were taken 

to equilibrium sorption and the mass uptake per cm• of PVC 

was calculated from knowledge of the PVC density, The 

insertion of M~, at equi I ibrlum, in to equation ~.1 allows 

computation of the mass of dl luent per gram of uPVC I.e. C0 • 



APPENDIX 2 

Sample molar content, percentage loss 

of liquid from sample, and volume composition of swollen 

layer 

The calculation of the molar content of swelling 

agent in the sample, the percentage loss of swel I lng agent 

from a single disc and the volume composition of diluent and 

polymer required the following measurements from the sample 

of PVC during preparation; 

a. Average original thickness of sample, L0 , measured In 

mil I imetres 

b. Original mass of sample, cm, measured in grams 

c. Average swollen sample thickness, LT, measured 1n 

mi I I imetres 

d. Swollen mass of sample, sm, in grams 

e. Thickness of unswol len core, Le, measured in 

mi I I I metres 

f. Mass of discs before PL-OMTA, mb, in grams 

g. Mass of discs after PL-OMTA, ma, 1n grams 

h. Volume fraction of core of the original sample, 

Y.mol content (sm - cm) x 6~.52 
1 = 

1n sample diluent MM x cm 

mass of swol I en disc = mb/2 

mass of original unswol len d1sc 

= PPvc x disc volume = md 
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APPENDIX E 

mass of I lquld originally present In one disc prior 

to PL-DMTA = mb/E - md = W 

percentage loss In one disc = ((mb-ma)/e)/W x lOO 

The liquid is only present in the swollen layer and the 

fraction of sample that Is swollen is given by: 

6 l-Lc/L0 =fraction of sample that Is swollen 

The mass of polymer that IS 1n the swollen region is 

therefore given by: \ 

7 

Using points ~ and 7 above, and density values for dl luent 

and polymer, it is possible to evaluate the volume 

fractional composition of polymer and diluent in the swollen 

layer. 
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APPENDIX 3 

The algorithm required to calculate the generalised 

diffusion equat1on of a penetrant into a semi-Infinite 

surface[16B] 

10 REM •••••••••••••••••••••••••••••••••• 

eO REM "' 

30 REM "' 

SOLUTION OF GENERAL 

DIFFUSION EQUATION FOR 

.. 

.. 
~0 REM "' FICKIAN AND CASE II DIFFUSION "' 

50 REM "' BY A FARADAY .. 
60 REM "' ADAPTED FOR BBC "' 

70 REM *"'*"'"'"'***"'"'******"'************"'*** 

100 e~=&ooocosoA 

101 A1=.o7o5c307B~ 

1oc Ac=.o~ccBc01c3 

103 A3=.oo5c705c7c 

10~ A~=.ooo15c01~3 

10s A5=.oooc76567c 

106 A6=.0000~3063B 

110 INPUT "DIFFUSION COEFFT",D 

1c0 INPUT "VELOCITY",V 

130 INPUT ''THICKNESS'' , HO 

13c H5=1o 

13~ IF HO*VID<~O THEN 1~0 

1:36 PRINT "THICKNESS TOO LARGE " 

1:3B GOTO 1:30 

1~0 INPUT "TIME",TS:TS=TS*60 

1~c IF HO>V*TS THEN 150 

1~~ PRINT " TIME TOO LARGE" 
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APPENDIX :3 

1't6 GOTO 1't0 

150 eo=. cc 

160 IF TS=OTHEN STOP 

170 T=TS 

1BO CM=O 

190 REMVOUE 

195 PRINT"THICKNESS":HO:"TIME":TS 

200 FOR H=HO/H9 TO HO STEP HO/H9 

210 X=(H+V•T)/2/(D•T)~.5 

EEO GOSUB 1000 

2:30 ERFC1=1-ERF 

E'tO X=(H-VWT)/2/(D•T)~.5 

250 GOSUB 1000 

260 ERFC2=1-ERF 

262 C=COIE•(EXP(HWV/D)•ERFC1+ERFC2) 

26't PRINT H TAB(20),C/CO 

E66 CM=CM+C 

26B NEXT H 

270 X=Vt2•(T/D)~.5 

2BO GOSUB 1000 

290 ERF1=ERF 

:300 X=-VI2•(T/0)~.5 

:310 GOSUB 1000 

:320 ERFC:3=1-ERF 

:360 MT=CO•(OIV•ERF1+V•Tt2•ERFC:3 

+ (D•TIPI)~.5•EXP(-V•V•TI't/D)) 

't20 PRINT 

't:30 PRINT 

't:35 PRINT"MASS ABSORBED"," 

~'tO PRINTMT TAB(1:3),CM/H9 

:30B 

MEAN CDNCN" 



f'IPPENOIX 3 

't50 PRINT 

't55 VOU3 

500 GOTO 1't0 

1000 REM ERF Cf'ILC 

1010 IF X<3 THEN 1050 

1020 MERF=.527•EXP(-(XA2))/X 

1030 ERF=1-MERF 

10't0 GOTO 1070 

1050 NERF=1-1/(1+f'I1•X+f'I2•XA2+f'I3•XA3+f'l't•XA't+f'I5•XA5+ 

f'I6•XA6)A16 

1060 ERF=NERF 

1070 RETURN 
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APPENDIX 't 

The calculation of Gr' modulus value 

1 REM ••••••••••••••••••• 

c REM • • 
~ REM • Gr' calculation • 

't REM • using BBC BASIC • 

5 REM • CO I. Hove I I • 
15 REM • • 

7 REM ••••••••••••••••••• 

10 MODE1:CLS 

eo !!::t.=1~15~'+ 

~0 REM"DATA TAKEN FROM 571/17~·· 

'tO REM"PRESSED AT 50 TON FOR 15 MIN" 

50 REM"115/10/B5.RUN DATE 1~/B/BI5" 

150 CLS 

BO INPUT"VOL. FRACTION OF RUBBERY REGION":N 

90 FOR TEMP=cO TO 150 STEP 10 

100 READ GS,O 

110 INPUT"LOG SHEAR MODULUS MEASURED":GM 

1c0 GM=10-GM:GS=10-GS 

1~0 INPUT"TAN DELTA AT SAME 

TEMPERATURE":DE 

1't0 GS=GS/c.B't:REM POISSON RATIO 

150 GS=(1/GS)/(1+0-c) 

1150 GM=(1/GM)/(1+DE-c) 

170 JR=(GM-((1-N)•GS))/N• 

1BO JR=(1/JR)/(1+DE-c) 

1~0 JR=LOG JR 

310 



-------------------------------------------------------------------------

APPENDIX 't 

200 REMVDU2 

210 PRINTTEMP,JR 

220 VDU::! 

230 NEXT TEMP 

2"10 Df1Tfl9.38,.0175,9.36,.0155,9.35,.0155 

250 DATA9.3't,.018,9.31,.0275,9.26,.0515 

260 DATA9.16,.265,8.18,1,7.15 •• 315 

270 DATfl7.12,.15,7.05,.115,6.97,.11 

280 DATA 6.9,.115,6.85,.125 
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APPENDIX 5 

Microbalance data acqulsition[169J 

The following routine uses an IEEE interface between 

the Commodore computer and the Robal control unit. The main 

control I COP. K. 

be1ng printed on the 

allows the acquisition of ~000 readings 

computer screen. The loop, J, Is 

simply a delay rout1ne. The mass read1ng 1s read Into B5 In 

the subroutine starting at I ine ~000. The routine Is 

terminated when the value of A$ is 13. The mass reading Is 

then printed at c0~5 and the routine is repeated via the 

ma1n loop. 

cOOO REM TEST ROUTINE 

c005 FOR K=1 TO ~000 

c010 FOR J=1 TO 5000 

coco 

co3o 

c035 

NEXT J 

GDSUB ~000 

IF VAL(B$)=0 THEN 

PRINT"RE-TRY":GOTO c030 

c0~5 PRINT K,B5 

c050 NEXT K 

c070 STOP 

c999 REM******** 

~000 OPEN ~.5 

~010 B$="" 

~OcO GET#~.A$ 

~030 IF ASC(A$)=13 THEN ~060 

~0~0 B5=B$+A$ 

31c 



f'IPPENDIX 5 

'tOSO GOTO '1020 

't060 CLOSE 't 

'tOBO RETURN 
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