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ABSTRACT

Compression mou | ded unplaskticised Poly
(vinglchloride) (uPVC) was swollen wikh wvarious organic
liquids at kwo temperstures, 60 and 3059. both temperatures
being below the gliess transition tempersture of oPFVC.
Liquids were chosen to give =8 range of solubility
parameters, molecular sizes and ability to form huydrogen
bonds. Jb was hoped to fTind =a PVC-ligquid sysktem which
behaved similarly to PVC swollen with ving! chiloride monomer
(VCH),

The diffusion of the organic |iguids 1nmko khe FPVC
was followed by measuring the percemtage gain 1n mass and
the distance of penekraticn as =2 funckion of time. The
experimental diffusion results were analysed by the use of
the general ized diffusion equation which takes 1nko account
both Fickian and case II mechanisms. Some agreement was
found between experimental and theoretically calcuiated
rquid vptake. It is postulated thst the swell ing procedure
produces an advancing front behind uwhich there exisks a
swollen region of organic liquid and PVC in equilibrium with
the comcentration of ligquid on the surface of the polumer.

The experimenktal probes used Gto investigate Ehis
swollen region have been the glass transikion temperskture
and the rigidity modulus. These were determined using
Dymnamic HMechanical Thermatl Anslwsis (DMTA)Y. The sb) lhiky of
the swel ling agent to “soften” the crystaliline content of
Ehe polumer has been discussed. Differenti1al Scanning
Calorimetry (DSC) was afso used ko determine kthe glass

tramsition temperature Tor the separate swollen region and

for the glassy unswol len 1nner core.




The experimentaliy derived glass ktransitions for the

swollen region were compared with wvalues predicked with

equakions based on fres volume. Ressonable agreement was
found, the deviastions being discussed 1n terms of swelling
agent content 1n the swollen polumer and crystallinity. A

theoretical model has been empioued Eo czlcuiate the modulus

of the swollen FPVC region while still in contack wikh the

glassy unswol len inmer core.
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CHAFPFTER 1 — TNTRODUCTION

Poly (vinglchloride), (FPVC) is one of the most
important thermoplastics. The armnual world production is
approximately 30 million Etons and abouk BOX of kEhis is
Froduced by the suspension process. The poluymerization
process is carried outk 1n a8 pressurised stirred asutociave
into  which drops of vindlchloride monomer , (VCH),
approximately 20 ym diameter are dispersed. The droplets,
stabilized by a protective colloid, consol idate on
polumerizatjon giving a Tinal granuiar produckt spproximately
1530 ym in diameter [1-3]. The suspension polymerization of
VCM 15 confined ko within the suspended VCM droplet. Esch
dropiet cam be considered =2s a small mass polumerization
process. [Lonsegquentl!y the mechanism for the formation of
the particle microstructure is common to the two processes.
Initistion of commercial suspension polumerization is by
megans of wvarious azo or peroxide type materials Ekthak
decompose to form monomer soluble free radicals when heated
ko the desired reaction temperature. PVC 1s almost
completely insoiublie 1n VCM and therefore when a growing PVE
chain reaches a critical size, which is probably relativeily
few monomer wunits, 1t will precipitate. Mickley et al{4]

propeosed that the precipitated polymer chain when coiled
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vpon ikself forms the first and smal lest PVC particlie known
as the basic particle or micro-domain approximstsiy éO nm in
diameter. The particle morphoiogy is described in figure
1.1. Behrens et allS)., although agreeing with Eha likely
size of the basic particle, postulated that they are formed
from a grouvping of S=10 macromolecules. Thesa basic
particles being highly unstable fiocculate to form domains
or primary nucier of about 0.2 Um in diamester. It is
thought{t] that the malf-life of Ethe basic particles is

around 3 ms.

FIGURE 1.1

Model of uPVC grain morphology

sub—=graimn S0 Hm

} primary particle

agglomerakte 1 ¢m

S W
microdomains 20 rmm

IT kthe initiation rate is high it 1s possible for
the growth rate of the basic particie ko be fask enough Eo
stabilize the basic particle without collisions ocourring
witth other such particles. This produces a primary particle
uwith no visible sub—structure. Once formed, at less than SX%
conversion, the number of primary particles remains constant
with titkle or mo secondary rmucleation cccurring,

Polymerization, from 5% conversien orwards, occurs
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almost exclusively 1n the monomer swo!len polumer phase
producing a unifTorm growth in the size of the primary
particle firskt formed, These primary particles are in some
manner stabitlized from 1nitial agglomeration. The mechanism
of stabilization is unclear but is thought to be electrical
in nature[6]. At around 54 conversion the primary particles
Tflocculate 1nko agglomerates of around Sum in diameter.
Suspension PVC particles usualiy possess a pericelluiar
“eskin™ or “membrane” which extends almostk continuousiy over
the entire oukter surfece of the particle. This skin fornms
very early on, around 1less then 5% conversion. It is
thought[7] the skin is formed by the primary particles being
forced out by cenkrifugal forces onto the monomer/waker
interface and being destabilised, such Ehat tEhey fuse and
form @ continuous boundary that eventually grows Eto a
thickness of about 1 pm.

Polumerizakion is normally conkinued to arowund
B5-385% conversion and because of the 554 increase in density
on polymerization =2 certsin conktraction of the droplet
occurs causing some fusing of the agglomerates inko a
sub—-grain particle. The sub-grzain is a polumerised monomer
dropiet which aggregates ko form the final morphological ly
recognised parkticie, kthe grain, which essentially is a
porous network of primary particle aggregstes, of around 150
Hm in diameter,

The dried granular produck 1s then processed in a
varietky of ways{B]J. The processing characteristics of
suspension PVC are largely determined by the granular

morphology and molecular weight of the polumer, The smaller

moleculiar weight favours ease of processing, but along wikth
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reduced strength in the Tinal produckt. The peolymerization
reaction kemperature controls both the chain l|length and
degree of syndioktackicibty[9-12]. A porous granular produck,
which Tavours easy absorption of plasticizer addiktives, 1s
used where fTlexibilikty is required in khe finatl product,
whiiskE, grains exhibibing a low porosity are favoured I1n
rigid appticakions. Graruwlar porosity is important in
aiding the removal of remaining unreacted monomer at the end
of Ethe polumerization[l]. The grains are subsequentiy
processed into the final preduct by & variety of means: from
Ehe melt, paste, latices or copolymer. The many possible
variations and modifications to the processing of PVEC grains
has been summarised by Maktbews[13]. Knowledge of the
degree of Tfusion between the grains in the final,
melt—-processed, product is important for the, toughness and
durabiiity of PVC, accordingly many methods have been
developed to assess the degree of fusion[1l4]. 0Of importance
Eo EkEhis work are the technigques involving soivent testing
and dynamic analysis. Fusion in compressed
urnplasticised—-PVC, (UuPVC), is often examined by immersing a
portion of the polumer in propsnone at room temperature
following skandard procedures, (B53505:1368) and (ASTM
DE1528-67. reapproved 1372). The kest thas a number of
Ihmitakions[1%] and uvields only a subjeckhive amnalysis as ko
the degree of fusion present in the Tfina! product. More
recent iy methods have been expiored, using thermal analusis,
by Giribert and VuyvodallS] to invest igate the degree of
Tusion in the poiumer. Dumnamic mechanical thermal analuysis

techniques have been employed by Harrison et alll6]. They

tnvest 1gated the exktent of fusion 1nm a compression moulded
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uPVC plaque, as & funcktion of mouliding temperature, by using
opticaliy clear partially fused plaques annealed ak a
temperasture sbove 1ks glass bkransition temperature, (Tg).

and model led the volume recovery wibth loss of modulus.
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1.1 DYNAMIC MECHANICAL THERMAL ANALYSIS OF POLYMERIC

SYSTEMS

The technique of dynamic mechanical thermal analysis
of polumeric systems 15 of ever increasing importance since
many applications of polymers involive the vibrakion of
material, for example, &8s seen in the automobile Industru.
The duynamic thermal mechanical znalysis, carried out at a
single frequency, tuypically st a8 frequency between 0.1 and
30 Hz, over a temperature span of 320 degrees betueen -140

o 1B0°C yields wvaluable iIinformatiomn as ko the modulus

behaviour of polumeric materials. Figure 1.2 shows
ideal ised modulus~temperature curves for typical |inear and
cross—| inked amorphous polumers, The curves show four
regions of wviscoelastic behaviour, glassy, transikion,
rubbery and |inear. The line extending horizontalily from
the rubbery region would be Ethat exhibited by a lightly
cross—1| i nked polumer. Of particular interest to the

manufacturer 15 the tempersture at which the transition

region occurs, as this often describes bthe upper or ower

warking timit of a polumer,
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FIGURE 1.8

Ideal ised moduius~tempersture curves for typical |imnear amd

crogs—| 1inked amorphous polumers{17]

glassy

log

modulus transition

(lighkly cross=| inked)

rubbery

iinear

temperature/°C
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1.2 LIGUID UPTAKE BY PVC

Interest 1n the 1i1gquid uptake by PVC began as early
as 1352{18]. The speed of penetration of kEhe liquid into
the polumer enablied Corbiere et alll8] to distinguish Ethree
classes of liquids, (1) inert liquids producing no effect,
(2) "disintegrating”™ liquids 1n which dissolution proceeded
wikthout previous visible swelling and (3) liquids which
swelied the polymer followed 1n some cases by complete
dissolution.

Some of the Tirst investigations 1nto PVYE morphology

ok
by !i1gquid uptake were carried out by Illers[19]f Lapcik and
Valko[20]. Although no quantitaktive examinat ton was

reported, Illers concluded kEhat the sorpkion of |iquids by
PVC is dependent upon thermal history. Lepcik and Valko
studied the dissolution of cemmercial PVE in cyuclohexanone
at various temperatures between 20 and 70 ©°C and produced
the apparent activation energy for the swelling and
dissolution processes, by plotking the activation energy of
swelling and dissolution of PVC in cyclohexanone as a
funckion of molecular mass. The activation energu was found
Lo reach a Timiting value wikth increasing number aversage
molecular weight, Mp . This indicaetes that the chain ends
make an 1mportant conktribution to the swelling and
dissolubkion. Lapcik et all21] laster caiculated the apparent
Fickian diffusion coefficients for various organic solvents
in PVC films produced from emulsion polumerized VCHM. They
found Ethe activation energy for diffusion was dependent on
the polarity of the solvent moleculie. UWorking concurrently

Kwet and co-workers mn a series of papers[E-£6])



CHAPTER 1 — INTRODUCTION

demonstrated the similarity between the mathemat ical ly
predicted mass uptake, and depth of pensktration, of
propanone 1nto PVC sheeting and that obtained experimental ly
by using a generalized diffusiorn equstion which includes the

internal stress conktribukion.
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1.3 VAPOUR UPTAKE BY PVC

It has become generally accepted [E£7)] that there are
two models for interpreting orgamic vapour Lransporkt n
glassy rPolumers; Fickian {case 1) arnd non—-Fickian
(relaxaktion or case ). For the syskem {PVC/VCH),
Berens[£8] has investigated the condiktions where Fickian and
case II diffusion can dominate. Berens bas colleckted
sorption and desorption data for VCM in a8 wide wvariety of
PVC resins at temperatures from 85 ko 110 °C andgd VCM
pressures from zeroc ko 700 mmHg. He has shown Fickian
diffusion using an emulsion polymerized PVC resin,
consisting of spherical particles of diameters from
approximately c.1 to 1 ym with very narrow size
distributyons; essentially a resin containing uniform
spheres. When wsing suspension polyumerized PVC resins,
containing gross particlies of roughly 100 um in diameter,
which =are neither Eruly spherical rnor uwuniform 1IN size,
Non—-Fickian behaviour was observed. This bebaviour uwas
aktributed to the presence of glassy particlies — which arise
in the polumerization process and appear as MNONPOrous
structures. They are believed ko arise from excessive
fusirmg together of primary particles during polumerization
ko form solid PVC regions which may be as large as the gross
agg lomerated particles of the resin, i.e. up to 100 um. The
presence of a few such particles in an otherwiss porous
resin could well account for sliow sorption or desorpbtion of
tthe last fraction of the total VIM.

Berens[27] discusses bthe theory proposed by Michaels

et all£3] who suggested that the sorption of gases and

10
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organic vapours 1N polumers below their Tg TfTollows a
dual—~mode sorpktion model, the total sorption being ascribed
to contmibutions of normal dissolution and Langmuirian
“"hole=filling”. A sorption isotherm for VCM in PVYC under
these conditions shows = pronounced downward curvature, see
figure 1.3[268]). This situation exists when the polumer s
n its glassy state, in its rubbery region normal
dissolukion behaviour occurs. Berens[28)] further suggested
that the extent of hole—filling can be used as a measure of
the microvoid tontent in tEhe PVC resin.

Summers[30] re-~examined the action of propanone on
PVC suspension resin. He suggested Lthe presence of 3
cross—i inked network where the propanone only enkters into
the amorphous region leaving Bhe crustall ikes intack which
ack as cross-links, | imiting the amount by which the PVC
swel ls, This work ha=s been carried further by Guerrero[3dl)]
who prepared 10%4(w/w) solutions aof PVC in various solvents
and prepared PVC gels and studied the netuwork structure, as
a2 function of polymer crystallinity and polumer-solvent
inkeraction, A correistion between gel-forming ability and

solubil ity parameter was found.

11
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FIGURE 1.3

The sorption of VCM inkto PVC grains at 30°CLE8]

concentrakt i on

mg VCHM/ g PVC

100-

normal
dissolution

50+

Langmuirian hole Tilling

0-0 02 0-L, 0-6 0-8

reiative partial pressure

iz




CHAPTER 1 — INTRODUCTION

1.4 SuUMMARY OF THE WORK UNDERTAKEN IN THIS STUDY

The previous tuwo sections describes how organic
vapours and lquids have been used a&s tools For
imvestigating the morphology of uoPVC. Al the work
described has dealk with emulsion or suspension polumerized
PVC resins tEhat have received litktle or mno heatk treaktment.
The experiments described in Ehis report deal with
suspension polumerized resin of averzge molar mass, 00, 000
g mol** arnd of ogross particle size upto 100 Um diameter

pressed into a sheekt st 163 °C for B minutkes at a pressure

of 9800 KNm™> A certain amount of modification wil! have
occurred inm particle seructure and void contenk. At kthis
Eempersture and pressure kthe primary particles will have

begun tEo break douwn.

The uptake of various ligquids inte PVC plagques has
been followed using two parameters, total mass uptake per
vnit surface area and depth of penetration. The
mathematicasl model[EB8-268)] used Lo follow bthese parameters
required the use of a constant equilibrium concentration of
fiquid in the swoilen poiuymer. The mechanical properties of
the partial swol!len (in some cases fully swollen) polymer
were investigated uvsing a3 Polumer Laboratories Dynamic
Mechanical Thermz=l Analusis (PL-DMTA) instrument supplied by
Folumer Laborstories, The Technology Centre, Epinal day,
Loughborough, Leicestershire, LE11l OQE UK, The information
extracted from PL-DMTA consisted of T4 and moduius data and
was modelled to the concentration of liquid 1n Ehe swollen

Polumer.

13
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©.1 DEFINITION OF HMECHANICAL TERNS

2.1.2 5Stakic terminoliogy

fimorphous and to some exkent partially crystalline
polymeric materials may be considered to be isotropic in
nature. These materizlfcan undergo three elementary forms
of elastic deformation when sub_jected to (1) simple tension,
(€) simple shear and (3) uniform or bulk compression, 3as

shown disgramatically in Tigure 2.1{32].

2.1.2.1 Simpile Eension

I¥f Hooke's law is assumed, the tensile skress o is

proportional ko the tensile skrain v. The proportional ity

consktankt is known as the moduius which 15 defined by the

Young's modulus E for eiastic solids by

g = Ey (2.1)

2.1.2.2 Simple shear

The base of the sampie 15 held rigid and a

14



CHAPTER 2 — THEORY

FIGURE 2.1
Djifferent forms of elasktic deformation (1) simple tension

(2) simpla shear (3) bulk compression
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transverse force 1s applied. The shear modulus G 15 given
by the quokient of kthe shearing force per unit area and the

shear per unit distance bektuween shearing surfaces.

G = GS/YS (E-E)

£2.1.1.3 Bulk compression

When a huydrostastic pressure —p 1s applied to a bodyu
having a volume V, a change 1n volume 1s produced, AV, The

bulk modulus B camn be defined as

B = =p/(AV/V,) (2.3

In simple shear and tension there 15 a change 1n
shape without change 1n  volume. Bulk compression brings
about a change 1n volume with no change 1n shape. The three

modu!l)1 G, B and E are interrelated by

E = 38(1 -~ 2p) = 2(1 + Wi (2.4

where ¥ 1s Foisson's ratio and is a charscteristic of the
material vunder ktest. Poisson’s ratio varies from 0.5, when
no volume ¢harge occurs, to abouk 0.8, This shouws for a
incompressible elastic solid, such as rubber, the Young's

modulus is kthree times that for shear modu!lus.

2.1.2 Dunamic terminoiogy and interreiskions

tUporn the applicaktion of stress a viscoelastic body

16
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develops a skrain which builids up siowly. If Ehe stress is
applied in 2 sinusoidal manmer, the strain also alternstes
sinusotdally but Ilags in phase behind the zpplied stress.
The siktuation 1s 1liustrated in figure C.C.

A sinusoidal sktress of frequency (w) is applied to
the sample. The stress and sktrain may be expressed 1n tEhe

following equations[33]

o = ogpsin wt (2.5
N
Y = Yqﬁmt - &) (2.6
where ogp and Y 1S5 the sktress and stkramn amp i i tudes,
respectively. The stress may be resoived veckorally into

Etwo components, ome 1N phase wikth the strain and the other
outk of phase, by 90° with the strain. If each of these
components igs divided by the skrain the modulus may be

expressed, using complex notation, as in—-phase (or real) and

outk~of«~phase (I1msginary) components, This is shown in
figure 2. 3(a). The complex dynamic modulus is given byg.
E= = E* + |E* (c.7)

The seperate components are defined as

skress amplitude

I

E® (Z.8)

strain amplitude

17
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FIGURE 2.2 .

Contimnuous sinusoidal deformakion

of a viscoelastic body
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FIGURE 2.3
The vectorial amalysis of dynamic modulus

and compl iance
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and

skress ampl ikude in phase with skrain
gEr = (2.9)
strain ampli1tude

sktress ampl itude 390° out of phase
g = (2.10)
strain ampl ibtude

The i1n—-phase or storage modulus E’ is associaked wikh the
recoverabie stored energy =a2nd the out-of-phase or loss
modu lus £~ 1s associated wikh bthe amount of eneray
dissipated by the material.

The damping 1n the sustem or the ensrgy Ipbss per
cucle can be measured from Ehe "loss kangent™ ktan 6. Thas
1s 3@ measure of the internal frickion and is relsted to the

complex modult by

tan 6§ = E*/E’ (2.11)

From figuresg2.2 and 2.3 i1t can be seen that instead
of producing complex moduius datas by dividing stress by
strain it is possible to produce strain by stress data.
This is shown 1n figure 2.3(b). This is ktermed the complex

compiiance J%.

Jx = 1/G% = J*' = iJ* (c.12)

The storzge compliance J° Is the ratio of the strain 1n

c0
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phase with the sktress and J*, the Joss compliance is the
ratio of the skrain 90° out of phase wikth the stress. From

figure 2.3 it can be seen kthat

G* = 1/J% {2.13)

Their 1ndividual components do not however follow the same
relationships. They are cecnnecked by the foliowing

equat 1ons{ 333.

G 1/G*
3o = = (2.1%)
(G'2 + G¥2) 1 + tan?6

G* 1/G"
J* = = (2.15)
(G2 + G*2) 1 + (tan?*é)~?

These equstions may be used bto calculaske G and G*
simply by substikuting T* and J” 1nto the right hand sides

of equations 2. 1% and 2.15 for G’ and B* respectively.
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.2 THE GLASS TRANSITION

£.2.1 Definition of the glass kransition temperature

When the ktemperature of am amorphous high molecuiar
weight poluymer is louwered, a regiom may be reached where the
properties of bhe polymer change from those of a sofk,
flexible rubber to those of = hard, britkle glass. This
point is known as the glass transition temperature (Tg). At
khis point rotational molecular moktion ceases ko occur. The
thermodunamic and physical properties of a polymer undergo &
marksd change at this temperature.

The temperature dependence., at constant pressure, of
quantikies such as the volume and enthalpy, have been well
described in the literature(34,35). An example of this 1s
shown 1n figure 2.%. In bokh cases an Infleckion in the
property-temperature curve s observed. The volume
temperature relationship Is shown for an amorphous polumer
(curve A-D). A hypothetically pure crusktalline poluymer
(curve A-B—H). In the region C~D the amorphous polumer is a
giass. The inflection observed at C is the T4 tempersature
beuond which the polumer softens and becomes rubber—iike. A
continuing 1ncrease 1N temperature along C-B-A f{eads to a
change of the rubbery polumer to a viscous |iquid.

In a perfectly crysktalline polumer, all the chains
would be intorporated 1n regions of three—dimensional corder,
cal led cruskallites and no glass transition would be
observaﬁ. because of the absence of disordered chains in the
Poiumer. The crustalline polumer, on hesking would melk

(Tm°) and become a viscous |iquid. In practice perfecktly

(S
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FIGURE 2.
Change of specific volume (v) of a

polymer with temperature

specific
l vo lume A

v

glass and

cruystal li1kes

crystal lites

temperatbure

23




CHAFTER Z = THEORY

crysktal | ine rpalymers are not encountered and instesd
polymers may contain varuying proportions of amcrphéus and
crystal l ine regions. These exhibit both Tq and Tpy
corresponding to the disordered and ordered portions and
would Ffollow a3 curve similar to F-E-G-B-A. The Ty for a
semi-crustal line would be jower tham Tg° due to crystal
defects and a range of chain |lengths. The rate of cooling
an amorphous pofymer is important. This is shown in figure
2.5, where more than orne glass tupe may be formed from the
same meit ¥ different cooling rates are used. It is
immediately appsrent Ehat T, is 1n part dependent upon
thermal history.

FIGURE 2.5

vo lume—temperature relationship for a

typical amorphous polymer

specific
volume

v melkt
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The transition from a glass to a rubber—-like state
1s accompanied by marked changes in the specific volume, the
medulus, tEbhe heat capacity, the refractive index and okher
phusical properkties of the polymer, Since no discontinuikty
is observed when kthe entropy or volume of the polumer is
measured as a funckion of temperature the glass transition
is notk a first-order transition, in a thermodynamic senssa.
If the Tirst derivative of the propertu-temperature curve 1s
measured, a change 1n the vicinity of Tg is found;: for Ehis
reason it is sometimes called 8 second—-order ktransition.
Rehage sand Borchard[36], however, have shown that the rate
of the experiment canm affeck the Tg, thus, showing the Tg
rmokt to be & true second order bransibtion and 1s not & divide
between equi li1brium Ehermodynamic states.

On a molecular level the Tq is wideiy interpreted as
tEhe temperasture above which Ehe polymer has scrpired
sufficient thermal energy for conformational changes to
vccur, These are explained as rotakion of the bonds n the
besckbone of Ethe molecule. Small-scale motion along the
basckbone does occur wikthin Ehe glassy stake, as shoun by
sub-Tg tranmsikions[37-33]. These transitions are subuaect to
severe restrictions snd vceurs on a much more |imited scale
than above Tj.

The phenomenon of the Tg cannot be explained by a
single theoretical treatment which enJgous widespread
agreement. The two most popular btresktments give either a
kineti1ec or a thermodynamic explanation. Neither explanation

thas proved wholly suveecessful and it seems likely that the

tnterpretaktion | ies someuhere 11 between.
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2.2.2 Kinetie theories

One quanti1fuing mekhod is the kinetic free volume

theory. Unfortunately the concept of free volume i=s
gifficultk to definme in a precise manner. In an approximate
way ik is possible Lo represent bthe segments of a polumer

chain by rigid bodies and the free wvolume as the holes
present between these segments as a resuit of the
inefficient packing of the rigid bodies. This idea was
demonstrated by Simha and Boyer{40] and 15 shown 1n figure
2.8. Below Tg the free volume resches &8 constant value
which is tooc small to a!llow the large—scale conformaktional
rearrangements of the chain backbones associated wikth Tg to
occur. Aibove Tg, however, the free volume 1ncreases and
becomes sufficientiy large to allow such motions Eto occur.

These i1deas are borne outk in the following equations

'F='F9+ﬂ+-( T_Tg) T>Ts

(2.18)

-4

]

-+
n

T < Tg

where the fractionmal free volume (f) reaches a constant
value, g, at Tg and increases |i1neariy above Tg with Ethe
coefficient of expansion o in the region of the Tg. If the
thermal expansion coefficients immediately above and below

Tq are given by

ar = 1/Vg(dV/dT), and ag = 1/Va(dV/dT)q (2.17)
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FIGURE 2.6
Variati1on of speciftic voliume wikh tamperatura'

from Simha and Boyer[40]
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then the veolume expansion of free volume in Ehe region of Tg
is given by ar = ayg = as.

Doolitbie(4l,.482] used the conceph of fres-voiume 1n
his empirical reiationship between viscosikty and volume
which proved successful 1n treating small molecular §i1quids.

In this equakion A and B are comnstankts and N 1s the
viscosity of the liquid.
(V= Vy)
lmn = in A + B—eme—— (2.18)
Ve
Where V 15 the specific volume of the polymer and is the sum
of the unoccupied and occupied volumes, Vo and V.. When the

frackional free volume ¥ 1s defined as V,/V, equation 2.18

can be rewuritten as:
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Inn=InA + B(1/f — 1) (2.13)

If Ty is used as the reference point, the viscosity of a

lhquid at =2 temperature T (T > Tg) 1S given by

In (n /ng) = B(1l/F - 1/fy) (2.20)

where ng and fg represent bthe viscosity and fractional free

voiume ak Ty. Substitution of equation 2.168 into equation

2.20 yields.

In (n /ng> = B/fgl ] (2.21)

Equst ion 2.1 iz of the same form as the empirical
relationship developed bu Williams Landel and Ferryg{43]
(WLF) Tfound to be sSuikable for describing ;echanlcal and
electrical behaviour in the region from Tg ko (T5 + 100).
For many polumers parkticularly zmorphous polumers, the

following expression has proved val itd,

=17.4% (T — Tg)
tn (n /ng) = (2.28)
51.5 + (T =~ Tg)

Rewribing equation .21 1n terms of logs and assuming thakt
the wvalue of B is unity as found for simple liguids, one

ocbEains.

= (T = Ta)

log ( n/Ng ) (2.2

£2.303fg ( fglag + ( T — Tg X

c8
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By comparing equations £.288 and .23 values for fg (0.0CS5)
and ae (4.8x10"* K='), which were thought ak one time to be
universal constants, may be found. It has since been shown
experimental ly that ar does vary betueen poluymers, ugielding
a range of values for Ehe fractional free volume 1n the
glassy state 10 the range 0.015 to 0.038 It 1s clear that
the WLF equaktion predictks that T4 represents an 1so~free
voiume state. While this concept is not strictlu true ik 1s

nevertheless of wide vk lity.

2.2.3 Thermoduynamic theories

The glassy stkake of 3 poiumer has already been
described on a molecular fevel as a liquid which 15 frozen
intko @ locked immobile state. The amount of disorder
present 1s dependent on the rate at wvhich the glassy state
15 approzched. Ik is pruposed bthat +f the melt 15 cooied st
a infinitely slow rete them a Eramsition can be achieved
which may be interpreted n Eerms of theoretical
thermodunamics.

By examining kthermodynamic data for materiais thst
produced a giassy state upon cooling Kauzmann{44t]
demonstrated thak the extrapolsted entropy of a supercooled
liquid at absolute zero was less tEhan the entropu shouwn in
the crustaliime stake. This was held to be impossible. If
the extrapolated entropy curve was drawn so bthat equilibrium

was azachieved the curve would have to curve round sharply to

remain above the vailues for the crusktal. This 1dea has been
formalized diagrammaticatly by Rehagel[3dB], as shoun 1IN
figure 2.7. He described the intersecktion of the entropy

cJ
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versus btemperaturs ploks for Ekhe equilibrium transition
temperaturs.
FIGURE 2.7
The wvariation of configurational entropy with

Eemperature for a glass forming liquid
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Gibbs and DiMarziof45-48) have considered the Ty Lo
be a true equiiibrium. They did acknowledge Ehough thabt

kinetic effects are 1nevitably encountered when measuring
Tgq. Therr theory 1s bassd on a latkice treabtment similar to
one used by Florg{43] and Huggins[{S0-32] for polumer
solutions. The cbserved T4 of a polumer can be shown ko
decrease[S3] T the poiumer is held, after rapid cooling, st
sub Tg temperatures for a sufficiently long kime. Gibbs and

30
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DiMarzio considered this by defiming 2 new transition

temperature T, at which the configurattonal entropy of the

system is zeruo. This temperabture can be considered to be
Ehe limiking wvalve of Tg which wouid be obkzined f
infinitely long time experiments were employed. The

experimental |y deteckable Tg 1s a bime dependent relaxakion
process the observed Tg value being a function of the time
scale of the measurement. The temperabture T, is considered
to be a btrue second order transition temperature. The main
Eerm used by Gibbs-DiMarzio n caiculaking the
configurational enktropy of a system 1s the energy barrier
between one conformabticon of the main chain and another. The
energy associzted wikh this hindered rotation 1s very high
st Ekemperatures _Just asbove T, and hence a slow response
would be expected to the application of any external force.
Evidence for the existence of T, is shown by the fact that
dielectric and viscoelastic relaxation times faii touwards
Ta. The temperature T, 15 not an experimentally measurabile
quanti1ty buk 15 calculsted ko lie approximately SO0 K below
the experimental Tgq., The main weaknesses of this theory are
(a2) a chain of zero stiffness would have a Tq of 0 K and (b)
that Lthe T4 wouid be independent of any intermoiecular
interactions. The fidam—Gibbsi{S4] ktheory is an attempt to
unite both the kinetic approsch used 1n Ehe WLF equation and
Ehe equi i ibrium treatment of Gibbs-DiMarzio. The
Adams—Gibbs theory 1s based on a8 molecular kinetic bheory.
They relate the tempersture dependence of the size of a
region which is shown as a wvolume large enough Eto allow
rearrangement to take place without affecting a neighbouring

region. The wvolume of this resion by defimition will

a1l
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decrease with tempersture and will egual the volume of Gthe
smaiiest unit that cam wndergo a transition ko 8 neaw
configuration. This region 1s termed the “co-operativeiy
rearranging region™ (CRR). The temperature dependency of
such a region leads to an expression for the co-operative
Eransition probsbilikty w(T). The TfTinal expression of the

Adam—-Gibbs theory is of a similar form to the WLF equaktion.

~log [WCTo)/W(T)] = 4T = To) 7/ [y * (T = To)1 (2.24)

Whers c, 2. 3035 AU/ KACE T, IN(To/T2)

and T, Teln(To/TL)/L1 + In(To/Te3]

The temperature T, 15 the WLF reference temperature, T, is
as def ined in the Gibbs-DiMarzio theory, 5S¢ 1s  khe
macroscopic configurational enktropy for the smaliest region,
ACp is the change 1n specific heat capacity between the melt

and the glass at T4 and AW 1s the height of Ethe potential

energy barrier per monomer unit for a co-operative
rearrangement.,
If To., the reference temperature, is chosen such

that & represents the glass ktransition the values of ©, and
c; closely approximate to the UWLF conmstants. Also the
difference between Tq and T, 15 55 K. These two facts seem
to point Etowards the molecular kinetkic theory of Adams and
Gibbs resolving the differences between the kinetic and

thermodynamic Tg theories.

3e
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2.2.% Factors affectinmg Tg values

Free wvolume, thermodynamic and kinekbic theories can
be used to explain the differences 1n the Ty temperature for
a3 wide varieky of poiumeric systems. The wmain factors
influencing chamnges in Tg may be separsted into two parts

inrtramolecular and intermolecular effects.

2.2.%.1 Intremoiecular effects

The most important factor affecking the Tg is the
chain stiffness or fiex:bility of the polymer[(35]. Long
chain aliphatic groups,ether linkages and siloxane groups
buitd Tflexibility pto the main chain of the polymer and
lower Tg. If one considers a vinyl tupe polumer (CH,CHX)p
the size of the side group X has a profound i1nfliuence on Tg.

For instance increasing X from hydrogen to a methuwl group
imcreases Tg by over a hundred degree. If X 1s a phenyg!
group Tg is raised over btwo hundred degrees above that of
Ehe original poly{ethylenes). Adding such rigid groups has
the effect of decreasing chain flexibiliky thus raising Tg.
Alternatively, the flexibilikty of the group, nNnot ks size,
can determine Tg. Thus it is possible to lfower the Tg by
cons:dering X to be am alkyl group changing from methyl to
ethyl when it is possible ko lower Tg bu some fifteen
degrees. The expected rise in Tg due to the size increase
of the pendant group is outweighed by Ethe increase 1n
fiexib) 1ty brought abaut’ by the pendant group. The
Gibbs-Di1Marzi1o[36] theory can be used Lo explain the

substibtuent size n terms of the "flex energy”. The flex

33
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energy (£) is Ethe energy difference betuween the poktential
energy minimum of the located bond and the potential minima
of the remaining possible orientaktions which the polymer
chain mau orientakte 1ktself. As khe si1ze of the side group
increases so does the steric hindrance and hence the Tlex
energy.

A second factor i1mportamt 10 determining the value
of Tg 15 backbone summetry. General ly as symmetry increases
the T, decreases. This effect 15 iillustratked by the
fol lowing two paiIrs of polymers: poluy(propuliens)
(Tgq = —-10°C) and Polu(isobutuyiene) (Tq = —70°0C), and
polu(vinul chioride) (Tg = BB°C), and poluydviny!lidene
chioride) (T5 = —18°C). Despite the extra side group the
., symmekricai polymers, polu(i1sobutylene) and
poly(vinylidene chioride), have lower Tgq values.

A third Ffacter influencing the value of Tg is kthe
chain microskructure, uhen two chemical ly differenkt
mofnomers are polymerized together to form a3 random,
amorphous copolymer the T4 of the copolumer |ies somewhere
between the respeckive Tg's of the homopolymers, The
Gibbs-DiMarz1o0{86] theory can be vt lised to demomstrate bEhe
calculation of Tq of 2 rendom copolumer. The Gibbs-Ditlarzic
model 15 characterized by two parameters; the hole~formation
energd, Ue and the fiex energy. The parameter u, describes

Ehe intermolecular energy contributions and £ describes the

intramolecular energy contributions. ficcording to the
theory, & is found khat ug 1s direckly proportional to T,
and khat ¢/kT, 15 2 constant for all polymers. Rewriting

this ratio in kerms of Ty 1B has been shown Ehat £/kTg

possesses a universal™ value of 2.286 for all amorphous

a4
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polumers[S6]. The flex emergy of a random copolymer

composed of A and B monomer uniks is given by

where Xg and Xy are the mole fractions of monomer wmits A

ang 8. Subskituting the “universai" value of

1N equation 2.25 leads to

whiech 15 of the same fTorm as the empirical equakion found by

Wood[ 57 ]

kKaWa(Tg = Tgp) + kgWe(Tg — Tge) = 0O

where W; =are the weight fractions of the comonomers i and B

and kg and kg are constants characteristic of fi and B
respecktivelu. When equation 2.88 is rearranged in terms of

Ta, the Gordon and Taiyor[SB]) equation is derived.

Tan * (KTga = Tgadlg

In deriving this equation they assumed that in an deal

3s
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copolymer the partial specific volumes of the components are
conskant and equivalent to the specific voilumes of the btuo
homopo l umers. They aiso assumed thak the thermal expsnsion
ceoefficients of the rubberu and glassy states are khe same
in the copolumer as 1n the respective homopolumers. Hence k

in equaktion 2.29 1s

(op / P )r - ( g / P g
k = kp/kg = (2. 30)
( @xq / Pp 3r = C ap / Pp Js

The term «a;/pP; 1s the specific thermal expansivity of
component 1 and W is the weight fraction of repeat uvnit B
in the copolymer.

In addition ko copolumer composition, geometrical
and steric 1somerism determine the chain stiffness and thus
the value of Tg. For instance the cis and bkrans 1somers of
pPolybutsdiens exhibit Tg's of —108°C and -18°C respectively.

Polu(virng!l chioride) and polu(ving!idene chloride) may bokh
exist in three different forms, isotectic sundioktackic and
akmctic. It has been found that steric isomerism has no
effect on kEhe Tz of polu(vingl chloride) but greatly affects
the Tg of poly(vinulidene chloride). The isctackic form of
poluy(vinylidene chloride) is generally considered as having
the lower Tg. This clearld, also, can be rational ized on

bhe basis of the Gibbs-DiMarzio theory.

c.2.4.2 Intermolecular effects

Intermoiecular effecks can mainiu, buk Mot wholly,

be expiained using the free volume theory. The value of T4

36
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may be affected by the polaritu or cohesive energy density

of Ehe polymer. This 15 eagily explained using the
foilowing series as an exampla: poly(propylens)
{Tq = —10°C ), poly { vinyl chloride) (Tg = B8°C) and

poly(acrylonitrile) (Tg = 101°C). The si1ze of Lthe pendant
group in ezach polumer is roughly the same size. Then
according to free volume theories the Tg's shouid be about
ke same. Infact the difference in Tq in the extremes of
Ehe series is over 100 degrees. This difference can be
explained in terms of polarity. As the polumer polarity
increases s0 does the Tg. Bueche[SS] has 1nterpreted this
observation 1n kerms of the reduced expansion of a polymer
with strong intermolecular attractions. Upon heating, the
required fractional free volume for Tg ko occur 1s achieved
2t higher ktemperatures.

The effect of cross—ilinking on the Tgs of polumers
has been reviewed bu Nielsoen{53-61]. In considering
cross—1inking two effects musk be cons idered (a)
cross—linking itself and (b) the complicating factor of the
cross—| Iink producing a copoluymer effect[56]. The chemical
compos it ion of the polumer changes as the extent of
cross—linking increases. Hence the copolumer effectk can
eikher raise or lower Tg. Thermodunamic Ereatments explain
the effeck of cross-linking on Tgq in terms of the decreased
contfigurational entropy avairiable to the chain. In
cross—~linking a polumer the free volume is reduced so the
required Tfracktiona! free volume necessary for the glass
transition to occur 1s stkained ak higher temperatures.

It has been shown, for many poiymers, that the Tg

var|es in an inverse fashion with respeck to a charmge in
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molecular weight. This relstionship iz explained directly

from free volume theoryl[Bl]. If Ehe argument that the chain

1is used, an I1ncrease I1n the moleculiar weight leads to =a
decrease in the number of chain ends per unikt volume. This
gives 3 decrease il the fracktional free volume giving a
corresponding rise in Ts. It has been shown[S55,.62-64] that
equation £.31 can describe the change in Tg with molecular

weight.

Ty = Tae = c©/Mp (2.31)

|
ends contribute more free volume than the main chain bonds 1
where Mp 15 the number average molecular weighk, Tge 15 the
asgmpkotic value of Tg at 1nfinike molecular weight. The
constant ¢ has a characterist)c value for the polumer,

The free wvolume theory finds ready applicaktion in
predicting the effeck on Tg o©of diluenks or plasticizers.
From equstion 2.186 the free volume of a polumer suyskem
reduces ko & near constant value below the T4 of bthe polumer
and 1ncreases | inearly sbove Ty sccording to the product of
the thermal expansion coefficient and the temperature
di fference above Tg. With Ehe pressence of diluventk the free
valume 1S 1ncreased according to equation 2. 32. }

|

: = fop + ap(T — TadVp + aalT - TgdVy (2.32)

where subscripts p and d refer to polumer and di luent
respectively, and V is the volume fraction. At the Tg of

Ehe mixture the free volume
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f = fgp (2.33)

and replacing V4 with 1 - Vp, equation €.33 becomes

GpvPT5p+ﬂd( 1 - vP )TBﬂ
Ty = (2.3%)
apVetag( 1 = Ve )

This is essentially anocther form of the Gordon and Tawlor
equaktion derived in equation 2.23.
It is seen that plasticizers or diluents lower Tg by

introducing free velume 1nto the system, Ehe Tinal T4 being

between that of the plasticizer or diluent and thatk of the
Polymer.

Al theorektical!l treatment of the plasticizer effeckt
thas been developed by Bueche[55]. He rewrote tEhe Gordon and
Talyor equabtion calculating k¥ using voiume coefficients of
expansion Tfor Ethe respeckive polymer and plasticizer

components, as fol lows

o g Qg g
¥ = constant = —_— (2.35)
SLp T CSgp

The constant k was found to have values between 1 and J,
The subscripts | and g denote 1iquid and glass respectively.

They refer to the volume ceefficient of expansion atiove and
below T3 respectiveiy. Using Bueche’'s form of the BGordon

Taulor equaktion

Tap * ( KTgg = Tap IVs
Tg = (2. 36)
1+ (k~—1 Vg
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and rearranging

Tap — Tg 1= Ve
_— = (2.37)
Tgp - Tss 1 - vp( 1 - 1/k )

where Ve is the vojfume Traction of polumer. Van

Krevelen{BS] has surveued the avazilable data and shoun Ethat
an average for k would be £.5. Hence the Tg of any mixture
may be calcuiated so {ong as kthe Tg of the plesticizer or

di fuent togebther wikth the composition ts known.

10
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2.3 POLYMER-SOLVENT INTERACTIONS

2.3.1 The solubility paramekter

The degree of swelling will depend on Ethe
interactions between the polygmer—polumer intermolecular
forces, due to cross-linking, crystallinity or strong

hudrogen bomnding, and the sktrength of polyumer—swel | 1ng agent

interactions. Maximum swetling n lightly cross—I|inked
poiymers will occur when the free energy of mixing
AG = AH — TAS (2.38)

is negative,

AS, the entropy of mixing, 15 generally considered
to be posikive, therefore, maximum swelling oceurs with a
lymibinmrg positive wvalue of AH, the enthalpu of mixing.
Hi ldebrand[{&6] 1n correlating cohesive energuy to solubility,
cohesive energy being defined as the 1ncrease 1n internal
energy per mole of substance el iminsting all 1ntermolecular
forces, proposed the term solubiiity parameter, & and

def ined ik as being the square root of tEhe cohesive energy

divided by mplar volume 1.e the cohesive energy density
{CED). The cohesive energy of a species is defined as the
increase 1N nternal energy per mole if all Ehe
intermolecular forces are discounted. According ko

Hi idebrand[B66], the enthalpy of mixing can be calcuiated by

AH = v v, (6, = 6;3)2 {2.39)
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where v is the volume fraction and the subscripks 1 and €
refer Lto swelling agent and polymer respectively. Equakt ion
2.33 predicks, AH = 0, and hence maximum swelling when

6, = 6,.

2.3.2 The thermodynamic 1nteraction parameter

The most obvious feasture of a polumer—soivent sustem
(as compared with a3 mixture of small molecules) is the
disparikty in size between the Ewo components. The Tirst
attempts to theoreticalliu btreak the compatibility of a

Ppoiymer with 2 liquid were made by Flory and Huggins( 67 ,687].

Both chose a simple Iakttice representation for the polumer
solution and calculated the entropy change on a statistical
basis by eskimatimg the tokat number of wayus the poiumer and
solvent molecules could be arranged on the isktice. The

final expression being

AG = RTLIN(l = vy ) + v, + %v,2] (2.40)

Here Ehe dimensionliess parameter ¥ is known as the

Flory—Huggins interaction parameter and

X = zAe/RT (2.41)

where z 1a a Iattice coordination number and Ae is the
energy of formation of a liquid-polymer contack.

Acttempts ko correiate 6 with % from the
Fliory~Huggins equat ion have mekt uit% limited success because

of kEhe foliowing assumptions used 1N IEsS derivation.
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Firstiy, a untform Ilatbtice density was assumed, secondiy
that the segment locaking process was purely statiskical,
only true 1f Ae was zero, and Tinally the flexibility of a
chain 15 unaltered on passing into solution from the solid
state. It is Ehoughk[B9-71]1 Ethzst ¥ is actuvally a free
energy parameter compesed of entropic . Xs. and enthalpic

Xhe CONtributions given by

X = Xn * Xs (c.4ae)

Limikted correiation between 6 and ¥ is given bu

X = 1/z + V,/RT(S6, - 6,02 (2.43)

where 1/z = Xg and 1s thought to compensate for the lack of
a non—combinatorial entropy comnkribuktion M Ehe
Flory—-Huggins treatment. It has been found thak Yg

appraoximates to 0.3%.[72]

2.3.2.1 The 1nteraction parameter value

X has been evaluated for a3 rnumber of ligquid—-PVC
suystems{73]. In section £.3.1 it was stated that maximum
swelling in a2 tightly cross~linked polumer will ocewr when

. the respective CED's of liquid and polumer are approximateiy
equal in this region, equation £2.43 simplifies giving an
approximate value of ¥ as being 3.4, The work of Doty and
Zabiel73] produced values of Y from nepative values through
zero to positive wvalves fTor TfTiftw different 1i1quid~-PVC

systems ot two elevsated temperatures. In their study they

“3




CHAPTER &€ — THEORY

emploued solvents, plasticizers and rnon—-solvenks and
correlated their solvent abiiity ko the value of xX. It has
been shown tEheoretical Iyl7%,73] and experimental IW[73] that
a X value of 0.595 1s the dividing |ine between poor solventks
and non—-soivents, values greater correspond to non-solvents,
the degree of interaction wvarwing continuousily with
increasing X. Dobky and Zable[73] showed thak the sweiling
of PVC (cross—iinked or linear) uwill vary with different
rnon—-saivents, Ehe swelling being less the larger thes ¥
value, except Tor the effect of molar voiume. Also shown
was the independency of X towards temperature for wvalues

around 0.2 to 0.% as predicted[76].
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2.4 ELASTICITY

£.%.1 5Static modul) of rubbers from the rubber elasticity

theory

By examining a rubber network wndergoing small
deformations Kuhn{77] and laker Treloar{?78,73] produced a
theory to explain the elasticity of a molecular network,
They restrickted their theory ko tEhe fol lowing assumptions.

1. The chains forming the rubber network give a

chain density of N chains per umit volume, a
chain being defined as the segment of the
macromolecuie between successive points of
cross— | 1nkage.

2. There is g Gauvssian distribution of distances

between kthe chain ends.

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

4. A change in the dimensions of khe sample causes

a corresponding change in the distance bestween
ends of each chain in the network,

5. The sum of the entropies of the individual

chains is the entropy of the network.
The reference made ko the chain refers to that portion of
Ehe macromolecule bektuween gunckion points or entanglements.
Assumpt ion (2) is based on kthe material being amorphous
prior to ang cross—linking taking place, and the Gaussian

distribution of diskances betuwueen chain ends remaining

unalktered uvpon cross—linking. Assumpkion (3) is based on
observation and (%), the affine deformabion assumpbtion 1S
the main corner post for Ehe whole bEheory. It relakes the
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deformation of an individual chain to the macroscopic strain
of the materiatl. Ik s validity was proven by Jaéas and
Gueh{(B01.

The development of Ehis theory pruceeds through the
following stages. Consider a single chain in the netuork
Raving am end-to~emd distance, given by ro and having
compeonents in space of X,, W, a@nd =z, Iin kthe wunstrained
state. In the skrained stste after deformation the
crnrd=-to~end diskance is given by Ehe vectkor r~ wikth spatial
coordinates of x,. 4Y;. =Z,, see Tigure E.8. . Affine
deformation s

FIGURE 2.8

Affine deformation of a chain

(Xo: Yos» Zo)

(Xp-v HWne Zpd

-

X = AyXgs 4 = Azdo. Z = heZo (S.14)

where ;. h; and X, are the prlncipa[ axes of strain and
concide with the axes of coordinates. The entropy of a
single chain 1 Ehe unstrained stake 1s givern by
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S & L= kb2rg?2 = € — kb2?(xg? + yg2 + z,2) (2.45)

where b?2 iIs a constant amd gives the probabi |l ity that the
components of the vecktor r lie within 3 value between r, and
r. The same chain 1n khe strained state will have an

entropy given by

S = C ~ kb2(2;2x02 * Az%Uo2 + Xy2Zo2) (2.46)

where C is a numerical constant and k is BolEzmann's

constant. The contribution this chain makes towards Lthe

tokal entropy of deformation is therefore

AsS = 5 — S,

= kbE[ (A2 = 1Ixe2 + (A2 = 1)Ug? + (Ng? — 1)z,%] (2.47)

The Etokzl entropy for N chains conkained in Ehe vunik voliume

will be the summation of equaktion Z2.47. Hence

AS ¥s (2.48)

AS = = kb?{[X;2 - 1]Exg? + [Az22% = 1l]lEy,?

+ [DN,? - 11E2,%) (2.43)

In 2 unit volume of N chains kthe expression Ix,2 is Ehe sum
of the squares of the x, components, 1n the unstrained

rnetwork. The chain vectors r, 1n Ehe unstrained skate are
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enkirely random, hence

Exo? + TUg? + LZo® = Irp? (2.50)

and

EXxo? = FUo? = Fzo? = 1/3Fr,? (2.51)

buk, the unikt volume contains N chains, then

Tro? = NF? (2.52)

where F,2 1s the mean—-square lengkh of Ehe chains 1n the

unstrainmned state, Substitubking 2.52 1nkto 2.49 kthe total

entropy of deformati,:on becomes

AS = NkbZFL2 (A2 + X2 + Ng? = 3T) (2.53)

The mean—square chain vector lergkh for a free chain 1S

given by[Bl]

Fo? = 3/8b2 (8.3%)

Substitubing equstion 2.568 into £.53, hence removing the

parameter b, then the dependence of the enktropy on the

extension ratios is given by

AS = 1/CNk(h,2 + xA,2 + 3,2 « 3) (c.59)

From basic principles Ehe Helmholbtz free energy of work of

deformakion 15 found using W = -TAS, and
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W = 1/8NkT(x,2 +ha? + Apg? = D) (2.56)

The force (f) required te produce a change 1n extension

ratio 1s given by

f d/cfx (2.57)

Differentiation of equaktion £.58 provides a reiationship

between f and X

Ff = 6G(h — A72) (2.58)
G = NkT = pRT/Mc (2.53)
where R is the gas constanmk, p. Ehe polumer density. The

modulus factor 1s 6 = NkT and shows that G depends on the
number of cross—links in the sample. The Phusical
properties of rubbers are thus showun to be i1ndependent of
the chemical nature of the moiecule and are dependent on kthe
extent of cross—linkimg. The quanktity N is refasted ko Ethe
molecular weight (M;) between cross—links. The produckt p/fle
1s kthen a measure of the cross—link density of the sample.
The statistically derived equation 2.58 was first tested by
Treloar[B2].

The magor fundamental ob_jecktion to the above theory
1s Ehat Ehe _junction points of the network are Ehowght to be
fixed pointks 1n space. The freedom of movement of the
sustem 1s thus |limikted to the lengkhs of chain betwueen these
fixed potnts. By considering micro-Brownian motion of these

fixed points James and Guth[B80] were able to predick a model




CHAPTER & — THEORY

which more closeiy resemebles that of the physical skructure
of a rubber than the Kuhn[77] model. In the James—Gukh
treatment khe oniy Junction points which are Tixed are those
located on the boundary surfaces of the rubber. The modulus

G from tEhis Ereatment 15 given by
G = KTLNne A2 (2.80)

where ny is the number of links in the & th chain and Ay 18
ks mean fractional extension 1n khe unstrained skake of the
network. Equation 2.80, assuming that bthe distribution of
the mean end-te-end lengths of the network and Lthe free
chain 1s kthe same, reduces to egquation 2.39. The Gaussian
treakment described above assumes that the mean end—-koc—end
lengths of the network and the free chain 1s uniku, This has
since been found to be incorrect[83]), Infack, a siight
temperature dependerncy bhas been found{B8%]. For systems
which are only slightly cross-| inked{B83]), however., the mean
end-to-end |lengths of the network and the free chain can be
approximated to unity.

The Etheory assumes thak there are no defecks in the
retwork. 1.2, no 1nterlooping entanglements or ineffeckive
| inks. Fiorul[B83] refined the theory ko account for these

defects. The simplest defeck to evaluake 1s the 1neffeckive

link 1.e. the chain which is | inked at ore end oniyg. Flory
stated that starting with N primary uncross—l|inked
molecules, (N - 1) inrtermolecuiar | 1nkages wi il be

sufficient to produce a simple branched struckhure withoukb
closed ioops. Any more cross~links would produce closed

loops or nmetwork circuits. For each of bthese cross+-|inkages
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there would be one jiocop or two network chains; 1t fol lows

that

i/evy = 1/8V, — N (2.61)
where 1/2V 1s khe actual number of cross—-links and 1/828V, is
Ehe number of effective cross—iinks and N 15 wuritten for

(N = 1). The effective number of chaimns would be btwice Ehis

quanktity.

V = Ug(l = BN/Vo) = Vo(l — 2Mc/M) (e.62)

M 1s Ehe molecular weight of Ethe molecules prior to

cross—iinking =and Mg 15 the mean molecuiar weight between
cross-! inks. The effectk of okbther netuork defects is
represenkted by Flory by incroducing an empirical

entang{ement factor g. The expression for G mow becomes.

G = gPRT/Mc(1l — 2Me/M) (.83

Flory[B86)] gave this empirical quantikty, a value of 3.3. The
factor g will oniy affeck the active chains in the network,
and not the 1nactive chains given by the factor (—~2M:/M).
Furthermore. the value of g is direckly affeckted by the
value of M. As the cross—link density increases, and Mg
correspondingly decreases, the opportunity of chain
entanglements decreases, hence the factor g decreases. The

value of 3.3 given by Fiory is for a rubber gum wvulcanized

to give a rubber network with a M, = 35000.
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2.4.2 Static moduli of swollen polumers

It IS possible to derive an equation n similar
form to the stored-energy function, equation 2.568, for Ehe
swoilen pPolumer. Te simplify Ehe argument proposed by
Trelpar[Bl1] the nature of the swelling liquid wil! not be
dealt wikth, nor the question of egquilibrium between the
swelling ligquid and swol len palumér. Also, the free-energy

changes associzted with the process of Ehe mixing of |i1quid

and polumer molecules will not be dealt with, onty the
chanage tin the configurational entropy of Lthe polumer
netuork.

Consider a urit cube of unswollen polymer containing
N chains per unit volume. The degree of swelling is defined

by the volume fracktion v, of polymer in the mixture of

poluymer and liguid. The volume sweiling ratio is given by
l/v, and the length of one edge of the cube, in the
unstressed stake by A = 1/v,''®. Then a unit cube suwollen
to the ratio 1/v, and deformed Eko dimensions |1,, l,, 1,

ogives the total change in network entropy, AS,’ in passing
from the unstrained unswol len skate to the sktrained swolilen
skate as being,

&So' - "1/EN|<(§12 -+ |z= -+ 1.2 - 3) (E.E"f)

The change 1n entropy, *5, due to the i1sotropic swelling 1In

Ehe ratio Ag = 1/v,1’® wikthouk any appliied sktress is

AS, = —1/8Nk(3n,2? - 3) = —1/8Nk(3v,~2'* - 3) (2.83)

Sa2
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The difference bebtueen equaticns 2.684 and 2.55 uwields AS?

the entropy of deformation of the swolien network

AS* = AS,* — AS,

= =1/8Nk(l,? + {,2 + |, 2 = Jy,"2'%) (2.66)
Rewriting in terms of exkension ratios, A, where
I, = A,/vy?’?® etc.,

AS® = 1/8Nkv,72/%(%,2 + %,2 + ),2 -3) (2.67)

To derive the stored enmnergy function per unmik volume,
equation 2.67 needs to be expressed 1n terms of entropy of
deformation per unit volume, AS, measured in tEhe suclten

sktake.

AS = vy AS® = 1/7ENkv, 8 (h 2 + A2 + X2 =3) {2.88)

and the stored energy funckion becomes

W= -TAS = 1/8Nkv,172(h,2 + %A2 + )\,2 ~3) (2.63)

Comparing equations 2.57 and .69 it is seen that kthe

stored-energy function differ only by Ethe factor v,'’".

Thus, 1 ¥ G and G, are the respective modu!li in Ehe unswol len

and swel len skates kEhen

Gr = Gvy,'’® = (PRTAMe)I(Ll = BMc/M)v,t’? (B.70)

where p 1s the densikty in Ehe unswol len skate. This resulk
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shows that the effeck of swelling a rubber 15 to reduce the
moduius 1n proporkion to the factor, v,'’?, An alternative
method 1n calcutating the entropy of deformabtion has been
made by Flory[B7] and Wall and Floruyl88], They based their
trestment on the consideration of forming a rubber netuwork
using a sek of ndependent chains. The entropy change

differs from equation c. 64 with the inclusion of

—1nCl,1,10,).

8Se* = —1/BNK(1,2 + 1,2 + 1,2 = 3 = inCll,1,)) (2.71)

This exkra term disappears with an unswol len rubber and the
equak ion reduces to that of equation 2. 64. The method of
derivakbtion o©of this formula remains inconciusive and Ik is
Ehought [80] that kEhe extra term —In(l,1;1,) in mostk cases

ts rather small.

2.%.3 Swollien cross—|inked networks

a three-dimensional network polumer such as
vuilcanized rubber and to some extent VO assuming
crustaliites are teft intackt, although incapable of

disolving completely may imbibe large quantities of |iquids.
There 1s the opporbtunity for the entropy ko 1necrease due ko
the added volume. The tendency to mix, expressed as the
entropy of dilution may be 1ncreased or decreased by the
solvent. The chains between the network cross—=links, or
insoiuble crystallites, are stretched and assume elongated
configurations. A force somewhat akin to Ethe retkrective

force 1n  rubber 1 produced which 15 preventing further

sS4
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suel | 1Nng. Eventual iy this retrackive force reaches
equilibrium wikth Ethe swelling forces. There 15 a close
a2nal ooy between swelling equtil librium and osmokEic

equilibrium.

For a material which is cross—| inked the
Flory-Huggins equation, for free energy of dilution, is
insufficient(B6]. It is necessary to take aceount ot the

conf igurationa! entropy of the nmetwork{B7]. Then the totai

free energy of dilution 4G, is
AG, = AQ,m + AG, 2 (2.78)

where AG, q 1S the free energy of dilution for the
pre-cross— 1| 1nked pnigmer and AG,p 1s the free energy due to
the expansion of the network on imbibing one mole of liquid,
AG,p is obtained from equation 2.568. In 8 simplie swelling
situakion a3 unit cube of materisal wil!l swell in all

dimensions by the same raktio, X. Equation 2.56 may be

rewritten as
W = pRT/BMc (372 = 3) = IpRT/SMc (X% — 1) (28.73)
The volume of the swollen cube is
A= 1/v, = 1 + n,V, {(2.74)
and equation .73 becomes

W = IpRT/CM(v,"2’? = 1) (2.75)

35



CHAPTER & — THEORY

where n, is the number of moles of |iquid and V, is the
molar volume of kEhe |i1quid. The free energy of diluktion may
be caliculated

AQ 2 = PRT/MV, v,y 2 (2.76)
Expressing AG,y using the Flory-Huggins equation as[81])

AGym = RT{IN(1 = vy) + v, + Yv,2]

substitubking equations 2.76 and 2.77 into 2.72 the total

fres enerygy of dilfubtion becomes

AG, = RTLINCL = vp) + vy, + Xva? + (pV,/Mdvya1/2] (B.78)

and Ehe equation for equllibrium swelling i1s

IR(L = vp) + v, + Xva?2 = =V p/Mev, 1’ (2.73)

tlIsing the alternative Flory equaktion, equakion 2.71 for the

entropy of a swollen rubber nebtwork equation 2.73 s

replaced with

W = pRT/EMc(3v,~2’% — [nv,~1 ~ 3) (2.80)

and the Tinal equation for squi librium swel l1ng wouid become

INCL = vy) + vy + Xva?2 = =V p/Me(va?’? — v,/8) (2.81)
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by expanding the logarikhm on Ehe Jeft hand and 1gnoring
powers of v, grester bthan two Floryl85,.83] and Geel[30] were

able to deduce the following approximation.

(V,p/Mc) = (172 — X)IV,5’® (2.68)

The Eterm pV,/Mg 1s proportional to the shear modulus
developed by Gaussian network theory in secktion 2.4%.1. The
moduius thus gives a relationship with the equilibrium
degree of swelling for a particular liquid for differing

degrees of cross—linking.
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2.5 SIMPFLE RELAXATION BEHAVIOUR ‘

£.5.1 Mechanical models describing viscoslasticity

The classical theory of eilasticity ogoverns Ehe

mechanical properties of perfectiu elastic solids, If
Hooke s lsw 15 obeyed the stress 1s a3lways direckly
proport ional ko skrzain for small deformakions but is

independent of the rate of skrain.
The classical theory of hudrodunamics dezls wikth Ehe
properties of viscous | iquids. In obeying Newtons law, the

stkress applied to & viscous iquid 1Is 2lways direcktliy

proportional to Ethe rate of strain but independent of the

skrain itself.

dy
o = n -~ (Z.83)
dt

where o and Y are stress and strain respeckively., n is the
Newkonian viscosity and £ the time.
It 15 true ko szy that tEhe behaviour of many sol ids
. and liquids approach 1deal behaviour when undergoing
infinitesimal strains and rates of strain respectively.
Under other conditions deviations from the ctlassical
behaviour 15 observed. It is found that elastic behaviour
ts not i1nstantaneocws buk dependent on Ltime and the
stress-strain history of the bodu.
Both of these |aws adequstely describe bhe bshavioor

of most liquids and solids. However, IN sSome cases a

58




CHAPTER 2 - THEDORY

material mayg exhibit the characteristics of both a Jligquid
and a solid which neither of these |aws are able to
describe. The sustem 1s them sai1d to be 1n a viscoelastic
state.

One of the firsk attempts to expiain the mechanical
behaviour of viscoelastic materials was made bu Maxwel I[91].

He model led the exponential decay of sktress at constant
strain. He discussed the behaviour in terms of a mechanical
model comprising an ideal elaskic element, represented by =
Hookian spring, 1n series wikh an ideal viscous elemenkt, the
dashpot.

More complicated modeis were proposed by Voigt[92]
and Kelvin[33] who 1ndependently examined the change of
strain at constant stress, 1.e. creep, using similar methods
to Maxwell. Their models consisted of a spring and dashpot
v parallel (see figure 2.3).

The use of Maxweil and Voigt—-Kelvin models forms the
besis for the phenomenclogical treatment of viscoelasticity.

The use of such models relies on the Boltzmann
superposition principlel9%]. This principle stgktes that the
total effect of appiying stresses 1s the sum of the effects
of appiying each one separsktely. The removal of such
stresses also follows a linear funcktion.

The motion of such sSpPrings and dashpots,

represenkting Hookiam solids and Newtonian ligquids, can be

mathemat ically defined. Theses eiements, or Ehesr
combimationg, may be used ko describe the | 1near mechanical
response af polymeric materials{33]. The simplest

combinations of springs and dashpoks represents single

relaxastion Eime models, Two models have already been
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FIGURE €.3

Maxwell (A) and Voight-Kelvin (B8) modeis

(" (8)

FIGURE 2.10

Standard | near model [85]
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mentioned 1n figure 2.9. A third 15 shown 1N

Their behaviour is now discussed.

£2.5.1.1 Thes Maxwel| model

The Maxwel! model consists of

moduius Eq and a dashpot of viscositu N, in

movement of khe strained
fol lowing equation

dy 1 do o

__._.=...._.+_=0

dc E gt n
Since v = o/E, equation 2.1, and gsn = dy/dt,
2.83, the solution of equation 2.84% is

-(Et/n) -t/
o/ Co = e = g

where + = n/E and

zero time,

2.5.1.2 Voigt-Kelvin model

In considering the Voigk—Kelvin model

and dashpot of

modulus E,

paral lel. Any applied stress

the elements of the model.

Ehe skrain 1s.

Bl

figure

series.

1S the relaxation time and o, =

the spring

visgosity N, are connected

£.10.

2 spring having a

The

element can be described by the

(2.8%)

equation

(Z.085)

skress at

of

n

is now equal ly shared bektween

The corresponding equation for
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¥ = Eyo + dosdbn (2.86)

If a3 skress 1s applied and after a period of Etime removed

.the deformation— Eime curve 1s given by

-{(E/MN)E -t /T
c = Y/EW(1-e )y =Y/E, (1 — e ) (2.87)

where v is a reterdation Eime. The dashpok acks as a
damping resistance to the establishment of Lthe equilibrium
of the spring.

The simpile models of Maxwell and Voige—-Kelvin wikth

their single relaxakt 1on and retardakticn Ei1mes are

insufficient to describe viscoelastic behaviour of polymer

materials as 3 whole. In certain cases they can prove
helpful, however, n the elucidation 1in viscoelastic
Processes.

£2.5.1.3 The standard | i1near body '

The third model depicted in figure £2.10 represents a
simplified model for an 1deal cross—|inked polumer. The
mode! possesses single relaxation and retardation Eimes and
a relsxed and unrelaxed modulus. If a sinusoidal stress is
applied and 1ts behaviour is Tfollowed as a function of
frequerncy, the response 18 shown in figure 2.1131. The

dymamic moduli are shown 11 Ehe following equatirons[33.95].
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: FIGURE 2.11
COPONEMTS .
Real! E’ and imaginary E*lof the compiex modulus for the

standard |ingar model

E, Dy

cross—1 inked polymers ——

E’(w)

Ee

E*(w)

log w

(Ey = Epdwir?
E'(w) = Epq + (2.88)
1 + wir?

(Ey, - Epdwr
E''(w) = (2.83)
1 + wir*

and

(Eu - E!‘)'.O‘l'
tan 6§ = (2.90)
(EyEpr)?*72(1 + wir?)

The compliances of the system may =21so be defimed using
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these equat ions subsktikuking T with .. However, =again this
mode! is a simplification. This model displays a sharp
transition. Real polumeric materials exhibit many different
transitions. Each Eransition being brought about by its
own single relaxation (or retardation) tims.

This range of relaxstions H(T) =and rekbardstions
L{Tp) times were 1ntroduced to describe real polymer
behaviour firstk by Weichart{36). A continuous spectra of
refaxation (or retardation) is found Iin practice and is
defined as H{dIn 1), Ehe comtribution to the modulus being
given by Ekhe relaxskion bimes 1n the range Iln 1T and In T +
dint. The expressions for the dynamie modul1 analogous to
equations £.88 and £.83 i1n kerms of relaxation speckra , H

are

+W
H{t)w2r*dInt
E'(w) = Ep + (2.91)
1 + w2r?2
=
+Q
H{(t)wrdInT
E**(w) = —_— (2.32)
1 + w3r?
T

The acquisition of H(x) =and L{(rr) allows viscoelaskic

behaviour to be model led[ 33,371
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2.5.2 Molecular interpretations of viscoelasktic behaviour

behaviour

The use of Maxuell a2nd Voigk~Kelvin models enables
the elucidatkion of macroscopic behaviour and does not
necessar: ly provide an explanation nto Ehe molecular basis
of wviscoelastic behaviour. In an attempt ko explain
viscoelastic bebaviour on a molecuiar jevel Rousel(38] and
Bueche[99) have used arguments based on a chain model
consisting of a3 series of sub-units. Each suwb-unikt is
connected via a spring. Sufficient sub-units are considered
to provide a Gaussian diskribuktions of segment iengbhs.

The spplicztion of skEress on a single Isoli=ted
unstressed chainm will ecause distorkion, by aitering the
equi l1brium conformation ko a less probable one, resulkbing
1IN a decreass in entropy and = corresponding increase in the
free enmergy of the system. If khe stress is maintained,
strain reli1ef is found by converting the excess free energy
into heat and providing thermal mokion of the segments back
intp Eheir original pasitions. This 15 known as skress
reiaxation., The chain molecule is composed of a large
number of segments. The movement of the chain molecule
depends on the cooperative movement of all the segments.
The stress relaxation depends on the number of waus Lthe
molecule can return ko its most probsble conformakion. Each
movement will have a characteristic relaxation Eime. If the

chaim is lomg enough y Sau 50 coarbon 3ztoms lomg,ik will

possess a3 wide distribution of relaxation times. Fppiying
this i1dea to a2 viscoelastic material[33], inskead of d)lukte
solut1ons of monodisperse colls, 1B 15 possible to calculate
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continuous reiaxation and retardakion spectra.

Rouse's theory together wikth a similar theory
developed by Bueche[33] both accurately describe the sample
moduli beiow the values of 10® Nm~2, The theory explains
the wviscoelastic function throush the regions of rubber bto
the melt.

fi theory introduced by Ferry 2t all100] allowed the
Rouse-Bueche theories to account Ffor the second order
transikbion by postulsting s second frickion fackor.
Wiiliams[101] pointed out that these theories were only
applicable to the rubber—iike moti1on found at low
frequercies and hence the unrelaxed modulus calculated 1 s
some btwo orders of magnibude lower Ehan experimentally

dektermined values.

£.5.3 fModuli of partially crustaliine polymers

£.9.3.1 NMolecular models

Jackson et 31[102] extended the statistical theory
of rubber elasticikty developed in the previous seckion to
taleulake the meodulus of parktialiy crysktzlline polumers.
They suggested that since the crustaliites would be rigid
compared with the amorphous regions mosk of the sktrain
accompamnuing deformakion of a bulk sample would occur in the
smorphous regions. Secondly, Ehe chains would be
incorporated intp the crystalline regions causing them ko
behave as cross—|inks similar to those found iin vuicanized
rubber and thus the rubber elasticity Ltheory could be

applied Lo partially crystalliine polumer networks. The
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magor drawback of Jackson's extension was thak the rnumber of
effective network chains in the partialiu cryustalline
polymer could nok be ealculasted. To overcome kthis they
produced copolymers with non-crystallizable comonomer unibks
randomly along the chains 1n order to subdivide the molecule
into crystallizabie uniks. The number of elaskic elements
in kthe amorphous phase can be egquated to the number of
crustal line sequences providing the necessary 1nformation on
Ehe sequence distribution betueen “cruskallite cross—iinks™.
i crystal lite cross—~link has a much larger volume than a
chemical cross—Iink. Itk 1s mot unreasonable therefore to
postulste that the crustaliites will give a filler action on
the Baussian network.[103)

Both of the above theories calculsted the modul: to
be f{ower Ethan the experimentally determined values. The
above theories assumed the amorphous regions were in an
unperturbed conformation when the crustalline reglons were
i ntroduced. Indeed this would be correct Tor infinikely
smal | crustal | ikes. The intkroducktion of Ethe fiiller
effect[104%] improved correlstion with experimental data. If
1t 15 assumed the amorphous chains are near to ktheir fully
extended i{engths, the distribution of conformakions cannot
be descr i1 bed by Gaussian statistits. Using such
considerations it is possible Eto calculate Ehe moduli of
partial ly crustaliine polumers which give better agreement

with experimental data.

2.5.3.28 The mechanical mode! of Takauanagi

=]¥] considering a phenomeno locgical mode i
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Takayanagil 105-107] developed a theory ko account for the
vatlue of the Young's modulus shown by parkially crustal line
polumers. The mode!, see figure 2.12, represents the
structure of the partially crystalline polymer, being
divided into completely rubbery =rnd crustaliline regilons.
The shaded ares represents bthe rubbery region. A completely
rubbery region would exhibikt a moduius of 10® Nm~—?. A fully
rubbery pPolumer 1s a limiking case in the Takayamnagi model
and the uvnit square would be fully shaded. The converse
would be true for a fully crystalline poluymer exhibiting a
modulus around 10?* Nm~2., The viscoelastic behaviour of the
model 1s defined by the mechanicat coupling of the overall
complex modulus E®, the compiex modul: of the crustalline
and rubbery phases Eg* and Ep* respectively and the volume
frackion Vg of the rubbery region. The rubbery énd

crustal l1me coupling 1s 1n turn defined by tEhe paralliel A -

]

parameter amd Ethe series ¢ = parameter, so that ok Va.
Figure £.12(b) represents how the model A may be represemnted
by an equivalent mode! B. According ko figure 2.12¢(b) the

overall modulus 15 expressed as[107]

® 1 -9 -1
El - -+ (2.53)
[)\En.‘ + (1 - 1)Ec‘] Ec‘

If the value of ¢, the degree of series connection, tends ko
unity, the mode! C 1n figure 2.1% 15 produced. Since ¢ is 1
Ehen X = Va, substituting these 1nkp equation £.393., which

reduces ko

=]=]
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Ex = VHER" + (1 - UR)EC"

and describes the moduius for parallel conneckion

rubbery and crystalline regions.
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FIGURE &.12

mechanical mode! of Takayanagi
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.85 DIFFUSION

£.5.1 Basic diffusion terminclogy

2.6.1.1 Fick's laws of diffusion

Ficks first taw of diffusion[l08] 1s based on the
hupokthesi1s that the rste of transfer of diffusing substance
through uwvunmit area of a section 1s proportional ko the

concentration gradient measured mormal to the seckion, 1.2,

F = =D % c/x (2.37)

where F is the rate of transfer per unit area of seckion, c
is the concentrakion of diffusing substance and x is the
space coordinste measured normal to Ehe secktion. If F and c©
are expressed 1n the same unit of quantity, e.g. grams or
moles, then D 1s independent of this unit and has dimensions
(length)? (Eime)~! .

The differential form of equation 2.37 can be

derived as[1039]

de = D d3c (2.388)
dt dx ?

2.6.€¢ The free volume theory for diffusion 1nto polymers.

I¥f nrno porosity is present, as in homogeneous
amorphous polumeric materials, the diffusion mechanism is an

activated process 1.e. 3 process 1n which Ehe gas or vapour
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dissolves into the poilumer at the surface and diffuses
Ehrough the Polymer under a2 concentration gradient.
fictivated diffusicn is characterised by a large positive
temperature dependence together wikth Ehe solubility and
diffusivity of tEhe sorbent.

The diffusion of a molecule through the polumer can
be regarded =s bthe movement of the molecule through Ehe free
volumes formed betueen adjacent poiumer molecules by Ehermal
mot 1on, Polygmers wikth |low gliass transition temperatures
(t.e, {ess tham room temperature) require, by defimikion,
low energy for segmental motion ko occur. Diffusion is thus
a fast process 1n such polumers. On the other hand polymers
with tigh Tg wvalues, such as, PVYC (BB°C), require much
higher energy for the formabtion of free volumes large enough
to aceommoadate Lhe diffusing meolecule, and diffusion is a
reiakively much slower process. This 15 because on
approaching the Ty the movements of Lthe polumer segments
become more and more restrickted, and more energy is required
to displace kthe polymer chains., Ik is generalluy true Ehat
raising the Ty, of 2 polumer will lead to slower diffusion of
a penetrant.

The diffusion coefficients of liquids sorbing 1nto
amorphous polumers above Ts have been found to be very
dependant in many cases on concentrabion[110-115]. Many
suggest ions have been put forward in attempts to explain
such phenomena. Some of the earliest theortes put forward
were in terms of non—ideal ity in Poiymer—di luent
mixbures[116], and of 1mmobilization of penetrant moliecules
in the polumer network(117]. These have since been shown to

be tnconsistkent wikth experimental dakta. Zone theories
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developed by Brandt[118] and Barrer[119] bokh suffer, In
expliaining the diffusion coefficient dependency on
concentration, in the range above Ty because of the rapid
variat 1 on of activation ernergy with Etemperature and
consequent iy the large number of degrees of freedom involved
in the calculation.

The free volume approachl{110,111,120], however,
offers & quantitative Ekreatment which explains bokh the
tempersture and concentration dependence of D. The origin
of the free volume concept wes the equation derived by
Doovitkle[%1,42] ko explain the dependence of wviscosity of
simple l1quids on temperature. Doolittle pictured a | iquid
8s being & mixture of free volume and occupied volume, The
larger the free volume, bthe easier it is for moiecuiar
motion to occur. The viscosity of a liquid can be expressed

as

n=nA exp(B/f) (2.99)

Ehe sumbolis kaking the same meaning as given in equstions
£.16 and 2.17. It has zlready been shown thak from the
Doolitktle treatment the WLF expression{43] maw be derived,
equation E£.21, which describes the dependency of viscosiky
of a bulk polumer on temperature.

If the fracktional free volume is assumed to be
proportiocnal to khe concentration of added diluent to a
concentrated soiution, the viscosity 15 shown to be

dependent on the diluvent congentrstion{l2l1].
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2.6.2.1 The concentrat ion dependency of the diffusion

coefficient

Using free volume i1deas Cohen and Turnbul I[1282]
developed the nrotion of a3 liquid cunsnstihg of “hard
spheres” where molecules reside within cages bound by their
ne i ghbours. Thermal fluctuations allow considerable
displacement of the molecule alligwing the formatk:1on of voids
im khe liquid. Diffusion occurs as a3 resuwik of the
redistribution of the free voilume withun Ethe |iguid. The
total probabitity P(v=*) of Ffinding & hoie of a size

exceeding a volume of v® 15 given by
F(v*) = exp (—bv®/vg) (2.100)

where b 1s a numerical factor near unity and is a correction
for overlap of free volume. v, is Ehe average free volume
of one molecule.

In order to appiy squation £.100 to polumer syuskems
the parameters have to be redef:ined. Fugi1taf1l20] regarded
v* as the fractional free volume, (f), of the system. The
product bv* is rewritten 2s B and defined as the measure of

the holie size. Thus for polymeric sustems.
P(B) = exp (-B/F) (2.101)

The mobiliky of a diluent in kthe polumer medium should
depend on the probability of ikts finding a hole 1n its
neighbourhood |large enough to allow 1ks displacement. It

Ehe minimum hole size for a particular diluent displacement
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is By, Ehen

mg = Ay exp (=By/f) (2.108)

vhere my is the mobiliky of the diluvent molecule and A, is a
constant depending upon the size and shape of the diluenk.
By their defimbtions A, and By are i ndependent of
temperature and diluent concentraktion, so kthakt Ehe mobiilitu
of a dijiuent is determined by tEhe eaverage fractiona! free
volume of the sysktem. The thermodynamic diffusion
coefficient, D:[123], of Ehe diluvent 15 related tp kthe molar

mobility my by Ehe expression[124%]

Dy = RTm, (c.103)

where R is the gas constant and T Is the absoiute
temperature of Ethe suskem. Combining equation 2.102 and

£.103 uwieids

f. the fractionat{ free volume, 1s dependent on the
temperasture and diluent concentration, and 1s hence wriktten
as f(v,.T), where v, 15 the volume fracktion of the diluent.
If proportional ity between free volume and the volume of the
added diluent 1s assumed[lE24], then F(v,.T) 15 2 linear

funckion of v,

fv,.T) = F(0,T) +B(T)v, (C.105)
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where

B(T) = v(T) —-F(O0.,T> (2.106)

and v(T) 1s the proportionality Fsckor between Lthe free
volume increase and the volume of added diluenk. f(0,T) is
Ehe value of ¥ at zero diluent concentration.

Subst itutIing equation 2.105 into 2.106 and assuming
a fixed tempersture, then 1&E 15 possible to derive kthe

following simplified equation.

Dy = D exp(Kv,) (2.107)

where

K = BgB(TY/[Ff(0,T>]% = a constant (2.108)

Equakion 2.107 represents the concentraktion dependence of 3

diffusion coefficient often observed experimental ly.

2.6.2.2 The temperature dependency of the diffusion

coefficienkt

For amorphous poiuymers asbove the Ty bBhe fracktional

free volume increases linearliy with Ehe coefficient of
expansion, as shown in equation 2.16 Substituking 2.18 1nto

2.104 a&£ T > Tg and writing D for Dy equation £. 10% becomes

B = ART exp[-By4/fg * o (T — Tg)] (2.109)

At btemperatures below T4

Do = ALRTo exp[-B,y/fg] (2.110)
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fissuming AJRT and AJRTo to be alimost equal and combining

equations 2.103 and 2.110, we have

(T - Tg)/IN(D/Bo) = Fg2/Byas + Tg(T — Tg)/ By (8.111)

so khakt (T = Tg)/In(D/Do) 1s linearly reiated ko (T = Tg).
It can s3lso be seen that fg, By, and a are 1ndependent of

temperature. Equastion 2.111 can therefore be reuwritkten as

(T = Tg)/in(D/Do) = K, + K,(T = Tg) (2.118)

and rearranged to

IN(D/Bo) = (T — Tg)/K; + K (T = Tg) (2.113)

where K; and K, are constants. Equation 2.113 resembles
equation .20 the WLF equation derived from viscosity
considerations.

It 1s seen, therefore, that the free volume theory
can be appl ted successfully to explain the concentration and
temperature dependence of diffusion of organic diluenks 1In
polumers, and possibly to predict the diffusion coefficient

from a knowledge of Tz, or vice versa.

2.6.3 Duffusion 1n polumeric systems

The observed behavioural features shown by bkhe
diffusion of hydrocarbons 10 glassy polystyrene systems have
been described by Hopftenberg and Frisch[1l25], as showun in
figure 2.13. Hopfenberg and Frisch suggested the

behavioural
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FIGURE 2.13

The behavioural features exhibited on the diffusién of

hudrecarbons 1n glassy polustyrene systems
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0 surface concentrakion ?0

features exhibikted in polysturene would probably occur inm

most amorphous sustems of a sufficient temperatwre and
penetrantk concenktration ramge is emplioyed. Region a
describes concentration dependent diffusion o Fickian
diffusion. Region d or concentration—independent diffusion
will occur at low surface concentrations, .g9. for vapour
sorption. Between these regions is situated Case II[126]
transport regions b and © where time-dependent or anomalous
diffusion occurs.,. Regions b and © are confirmed Lo high
penekrant swurface concentrstion and temperatures in khe
vicinmity of and below the prevailing Tg of the system. The
Tgq of the system is shown by Ehe dashed tine in figure 2.13.
A wuseful classification which describes regions a, b and ©
as shown 1N figure 2.13, 1n terms of their relative rates of

diffusion and polymer relaxation, has besen proposed by
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fiifrey et all126]. They described the kthree thus:

a. Case I or Fickian diffusion in which khe rate of
diffusion 1s much smal ler than relaxation in the polymsr,

b. Case II diffusion, an extreme case where
diffusion is very rapid when compared with the relaxation
processes and is controlled by bthe relaxakion of the
poiumer.

c. This region describes non=Fickian or anomalous
diffusion which occurs when the diffusion and relaxation
rakes are comparsbie.

Case I and Case II are both simple cases in that
their behaviour can bs described in terms of 2 single
paramekter. Case I diffusion 15 controlled by Ehe diffusion
coefficient (D). The parameter describing Case Il is kthe
comstant velocity of an advancing front which indicaktes the
extent of penetration of the suwelling agent. The sdvancing

fromt is the boundary betueen swollen outker lauer and glassy

vnsuwol len centre. By examining curves for the mass sorbed
versus Lkime, it can be shown that Case II is a {imiting or
extreme case. If the amount of penetrankt sorbed st time t

is Kt where K and n are constants then case I syskems show
N=1/2, as shown «n figure 2.14. Case II suystems exhibit an
n equal ko l. Nom-Fickiam behaviour systems give n values

between 1/2 and 1.
£2.6.3.1 Fickian diffusion (Case I)
For many organic vapours 1n polumers, D depends very

markediy on corncentration. If My 15 mass sorbed ak kime, E

and M, 1s mass sorbed st equilibrium, a3 plot of M:/M, versus
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FIGURE 2,1%

Fickian and case II screrkion., mass sorbed

versus square root £ime behaviour

Mo /Mo

Eime E"‘

(Eime)!'’? produces the general plot 10 figure 2.15. The
derivation of such ploks is described 1n the following
secktion using egquation Z2.113.

In the early stages, when diffusion take place
essenti1ally 1n a semi~infinite medium, the amount sorbed or
desorbed 1s direckly proportional ko kthe square rocok of
time. UWhen the sorption and desorption curves ceasa Gto bs
linear when plotkted againsk (Eime)'’? | as shown in figure
2.15, each tend towards a | mting value. When D increases
with concentration increasing, the limear behaviour may
extend wel |l beyond 30% of the final equilibrium upkake 1N
the case of sorption. This is similar to the corresponding

curve for a constant D, since the sorption curves are
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FIGURE £.135

Fickian sorption and desorption

My /My
sorptic desorption
Eime g2
parabolic, i.e. |l imear when piotked against (Eime)!'’? over
most of Eheir long Eime interval. Fimaily, with Case I

models kthe desorption is alwauys siower than sorption.[108]

The mathemstical model describing Fickian or Cass I
sorphicn into amorphous polumers is simplified by Etuo
observat ions{ 127

1. The movement of liquid into the polymer occurred
by molecular diffusion is sakisfied by Fick’'s |aus.

c. Since am equilibrium is rapidly produced the
boundary condiktions at the fiim surfsces x = 0 and the film
thickness, 5, are constant with the concentration =, of
penstrant.

The diffusion equation for a homogeneous film of a

jarge area is{128]
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ac/3k = 3 [D(c)acr/ax] 0 < x < 2 (2.114)
ox

D(c) is defined as the binary diffusion coefficientk and s
the product of a thermodunamic fackor ( the chemical
potential of the penetrant ) and a mobility factor,
somekimes known as the Ehermodunamic diffusion coefficienkt.
The normal boundary conditions used 1n describing Fickian

diffusion are

c(0, E) = co c(p, E') = ;4 (2.115)

where co and ¢, are constantks., The boundary condition for

the inmkEral situation is

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

and c; iz chosen experimentaliy to bes constant. Wher
co = c, 2> r; tkbhe boundary conditions describe sorption. By
choosing suiktable boundary condibkions it 15 also possibie ko
describe desorpkion and permeation mathematical ly.

To compietely describe Fickian diffusion, D{(c),

Fick’s equations mustk be differentiable with respeck to x

and must sakisfy

0 < D(c) « Do < 4 (2.117)

The simplie mathematics of Fickian diffusion allows Fick's

equaktions and equztion 2.11%, to be dimensionally scaled

from which follows the early time behaviour of figure 2. 1Y4.
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£2.6.3.1.1 Diffusion 1n a plane sheet

If a sheet of polumer is exposed to a vapour or
I:quua capable of sorbing into the polymer and the surfaces
of the polymer are assumed to immediately attain a
concentration wvalue equal to the equs librium concentration
value, the mass uptake of the sorbent by the polumer can be

expressed as{109)]

ow
My/Me = 1 — z 1 exp[-D(Em + 1)3*w2t/42] (£.1108)
m=

8
w2 m=o (2m + 1)2

where My 1s the tokal amount of bthe vapour sorbed by the

sheet at time £, and M, 1s Ehe equilibrium sorption sktained

theoretical iy afkter 1nfinike Eime. The Ehickness of Ehe
polumer sheek is given by g and Ehe experiment carried out
st a comnskankt témperature. The wvalue of D obkairmed in

equation 2£.118 is oniy approximate since the polumer sheekt,
in particularly PVC, suells on sorption of some liquids and
vapours and 1s dependent on the surface concentration of
sorbent. At the early stages of sorpkion equakion 2.118

approximaktes to

Me/Mgp = H/m2(DE/g2)1 2 (2.1193)

Thus, tE Is possible to deduce an average diffusion

coefficient from Ehe 1nitial gradient of Ehe sorption curve

when plotted against kEhe square rook of £ime.
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2.6.3.2 Case II diffusion

Case II diffusion 1s eofkten described as a simple
fimiting case[l126] although tranmsport has been observed
which obeys My/M, versus KEM curves where n > 1[12839]. The
main festures of Case II diffusion firsk reported by Alfrey
et al[126] invoiving a glassy polumer are nNouw dgscrlbed:

1. fis the sorbent penetrates into the polymer a
sharp advancing boundary separates the glassy centre from
the outer plasticised surface laver. Such visible advancing
sharp bowundaries are commoniy observed during Ehe sorpbtion
of liguids 1n cross—|inked glassy polumers and conskikuke a
necessary condibtion for Case II swelling.

z2. Behind the advancing fronmt, tEhere 1s a surface
layer constrained due to entanglements with molecules 1n the
internal core layers and will not have reached equilibrium
concentrat ion,

3. The boundary between the surface Ilayer and
glassy core =advances at a8 constant velocity,

4. The initial gain in mass, represented by ™M, s
consequent iy direcktiy proportional to Eime, represented by
L, rather than to the square rook Lkime(k!’?),. Oh =
ciassical plot of gain in mass versus square root of time,

this appears as a parabola, since
M= D¢t ¥72) 2 (2.120)
9. The kinettcs of 1deal Fickian penetrakion 1nto

specimens of simple geometries (plaques, long cul inders and

spheres) can be reduced to one parsmeter = the diffusion
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constant. The kinetkics of Cese II diffusion cen also be
reduced to one parameter — the velocity of the advancing
front.

B. Ais the temperature decreases Iin a sorption
experiment a distinck crikbical point is reached when the
velocity of the advancing front falls to zero.

7. The wvelocity of the advancing front in Case II
sorption 15 verd sensiktive to the thermal history of the
aglassy pclgmgr.

8. For specimens of simple geomebtry bthe skresses
imvolved in Case II diffusion can be calculasted from Lthe
shear modulus of the surface Ilayer and khe equilibrium
swel!ling factor.

3. UWith mixed solvents it is possible ko observe a
superposition of Case II and Fickian sorption. Frisch
et al[Z2] sktudied khe dif}usicn of methylene chlioride 1n
giessy epoxy polumer measuring bthe gain in mass and the
distance of penektrastion as a funckion of time. They
analysed experimental results by kaking into sccount bobkh
Fickian and Case II mechanisms and obtzined good agreement
between experimental and theoretical results.

In equation 2.114% the diffusion coefficient 1n a
tomogeneous film of a8 |large area, D(c) 1s defimed as being
the product of a thermodunamic fackor and a mobil ity factor

and mau be expressed as

ac/at = -3_(uc) ’ (2.121)
ax ’

where v is the mass velocity of Ehe penetrant 1N one plane.

B3



CHAPTER & = THEORY

In Case II swelling Ekhis is considered Lo be constanmk.

Hence substituting v for u in equation 2.121 resulks in

ac/3k = —vac/ax (2.122)

If the imnitial comcentration profile is c(x.0) = co(x) the

soluktion ko 2.12828 is,

(x.,£) = co(x=vt) {2.123)

and if the initial distribution 15 a skep funmckion then kBhis

profile is kept with time and is described 1n figure 2. 186.

The moving boundary location x and the weight gainm My are

given by
FIGURE 2.186
The concentration profile for case II diffusion
CO
x=vi
0 position of solvent front X
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x = vk (2.124%)

and

My = covkfl (2.123)

where A is the cross—-sectional area bEransverse to the filow.

Equations 2.1284% and 2. 125 describe pointks 3 and % 1n the

above descripkion of Case II diffusion.

£2.8.3.3 Non-Fickian or anomalfous diffusion

Rogers{ 130]) summar 1 zed Ehe various types of
chiffusion behaviour exhibibted by polumers using mass
sorption—desorpbion curves and compared bthese curves wikh
Fickian kupe diffusion, see figure 2.17. Rogers wused the
term “"pseudo—Fickian” ko describe curves of the same general
shape to Fickian curves but exhibiting am initial linearity
for a much shorter period of Eime as showun by figure
2.17(d). If a singte inflexion, at around S5S0% equilibrium
sorpbion, 1s observed, sigmoid sorption[lZ7])] as shown by
figure E.l?(b)fﬁaud to occcur. When a vapour 1s brought inkto
contact with a polumer shest, a surface sorpbtion egquilibrium
is attained which involves kthe swel l1ing and extension of the
surface. This surface layer 1s conskrainmed by the
enctanglement with moiecules 1n khe intermal core. AL sub—-Tg
temperatures the moduius is large and the surface | ayer s
effectively restrained preventing the establishment of a
equi librium surface concentration until some vapour has

penetrated into and has plasticized the inkermnal core. The
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rate of sorphion then speeds uwup towards 1ks Tinal
equilibrium resulting 1N sigmoid behaviour. Figure.E.17(c)
describes two=~stage sorption{l131]. Ik is thought Ehat the
sgcond stage is brought abouk with an increase in surface
concentration which cccuré slowiy compared with the
diffusion process. Tha surface concentration is the overall
rate determining step for sorpkion.

FIGURE 2.17

The various tupes of diffusion behaviour

exhitited by polumers

My] Fickian pseudo—Fickian
a d
sigmoid two-stage
b c
t.:me"2
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2.6.4 A mathemabtical mode! for the superposition of

Case I and Case II diffusion

Points c and 8, 1n section 2.6.3.2, 1n the
descripktion of Case II diffusion give evidence that 1nternal
stresses arise between the constrained ouvter swollen jayer
and the i1nternal core. Attemptks have been made to relste
anomalous diffusion behaviour ko these stresses[Z24,£5,132].
Of particular interest 1s the procedure develioped by Kuei
et allfc]. They described sorption experiments for the
system PVC-propanone welil below Ehe T4 for PVC. They argued
that [0 would decrease as the temperature decreases and the
internal stress effecks would 1ncrease unkil a sikuation is
reached where the system 1s nek in equilibrium. They
reurote equation 2.37 to include nmot only the gradient of
chemical potentiel butk & second term derived fTrom the skress
produced by the penetrant. For 8 system, not in
equl li1brium, the thermodynamics of irreversible processes

leads ko khe following modificaki1on of equation 2.37.

F = -BC(au - ) {2.12B6)

185
ax C 3x

where B 1s 2 mobiliky coefficient, ¥ the chemical potential
and S the partiat stress tensor for one direckion. On
assuming proportionaliity between 5 and the tokatl uptake of

penetrant, then Kwe: et 3l, derived

5(c) = s f Cdx°’ (2.127)
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where s 15 a propnrtionalibky conskank. Hence 1t 1s possible
to rewurite equation 2.114, the generalized Fickian diffusion
]

equaktion.

9c/3k = 3 [Docr/ax — BsC] {2.128)
ax

This 15 further simplified by showing v = Bs[&é%], where the
quant ity v represents the velociky of solvent penekration.
The solutbipn for equation 2£.128 has been shown[lc4t]l for

diffusion intp a penetrant free semi—infinite medium with a

consktant concernkration, Co to be

C(x, &) =Colexp(xv/D)erfc({x + vt} + erfc{x - vt3] (2.189)
c E2/(Dt) Ev/(Dk)

where erfc 1s a standard mathematical function, called Ehe

error—funcktion complement[133]. extensive tasbles of which
f--__7 X

may be found in the CRC handboock[13%]. The total amount [y
— e —

of penetrant per unit area sorbing to the polumer is

ol
My = = f [O(3c/3x — vcldt (2.130>
0

from Eime, O to t. The solukion of equation 2.130 is,

My = Co{D erfelv(t)?*’2] + vkt erfel-v(E)? 2]
v g D e e D

kil

30
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|
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which tends at large Lines ko

Mr = [(D/v) + vi1] (2.132)

Whern x tends to small values when compared with veE N
equakti1on E£.123, the sgcond kerm 1n Ehe square brackek, an
inspection of the error—funckion compliement becomes much
larger than the first, so that except for small values of G
the movement of Lthe penetrant fromtk X wikth a given

concentration wilt have the form.

X = ghys/(Dt) + vk (2.133>

where h is a constant.. Using the above mode! Kwei et allZaZ]
were able to model successfully the rates of sorption and
penetrat 1on of propanone 1nto  PVEC. Their mode! also
describes the two extreme cases of Fickian snd Case II where
Fickian 1s described by D << v and Case II is shown ko hoid

whert D >2 v.
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3.1 MATERIALS

Suspension polumerized PVYC grade S71/102, particle
size ranging between SO um to 100 pm obtaimed from I.C.I.,
Petrochemicals and Plastics Division, Runcorn, Cheshire
U.X., was compression moulded into plaques using equipment
provided by I.C.I. The weight average melecular mass of the
polumer was approuximately 200,000,

Four plaques were prepared simulbanecusiy, each
plaque requiring approximately Y0g of PVLC. The press afkter
reaching the operating temperature was charged wikth the
mould conmtaining PVC. The mould was preheskted for two
minutkes 1n order to allow the PVYC Eo equi librate wikth the
pressing temperature of 183°C. The mould was compressed at
9600 KNm™ pressure for 6 minutes, cooled in situ ko room
temperature before removing tEhe mouwld from the press. The
dimensions of the plagues were approximstely 11.5x11.5x0.2
cm. No antioxidants or lubricants were added since they
would interfere with subseguent analwsis of the PVC,
Because of the absemnce of stabilizers a small amounk of
dehydroch | orinak 1on takes place and the plaques are
red-brown 1n colour. The samples wers stored at room

temperature in the dark to prevent further
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dehydrochlorination ktaking place,.

The degree of fusion that takes place during
pPressing of the plagues varies as a8 consequence of
temperature and Lime. Faulkner[l1l35]) described a Etechnique
for determining the tempersture—torgue profiie of a FVC
compournd 1n 8 Brabender Plasticorder mixing chamber from
room temperature to the polymer degradation temperzture, In
this temperature range PVL shows Lhree characteristic pesks
in the torque temperature krace. These peaks are thought to
be associated wikth bthe breakdown of the powder particles.
At 124°C 2 torque peak occurs which Gonzel{l136] stated 15 due
ko the densification of Ethe 100 ym grains. As the
tempersture rises the grains begin ko break open, producing
a minimum on the torgque trace which rises to a maximum at
160°C. This iIs due to the densification of Primary
particles. This temperature 1s also referred[137] ko as the
“threshoid temperastbure” for fusion. The Ehreshoid
temperature for sample S571/102 1s 1B5°C. fibove this
temperature primary parkticles break down. The processing
temperature of 163°C was chosen so that the primary
particles have _Just begun te break down, producing a
homogenous plagque of fused primary particles with the
minimum amouwnt of dehydrochlorination.

Inikially, 1li1quids, subsequently referred to as
sweiling agents, were chosen purely on Eheir abibity to
sweil moulded PVC samples. The main Tackor taken into
account when choosing which fiquids to use, was the
solubtl ity parameter. The solubility parameter for PVC, 1S
19.6 J*"23/em®2[138]. It 15 known{31] that iquids are good

swel li1ng =gents when the solubitity paramekter difference
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betweesn liquid and polumer is less tharm between 3.5 to 4.1
J¥’'2/cm?® 2, A larger solubility parameter difference
indicates the lhquid 15 likely ko be a non-solvent for the

polymer and demonstrated to be the case for PVC[133].
The first |liquids examined were ketones. These have
soiubi 1ty parameter values between 20.3 ko 18.0 J* 2/cm® /2.
Consideration of the sopolubility parameter alone is
insufficient 1n predicting whether Ehe 11quid 15 a swel ling
agent for PVE. By considering the hydrogen bonding abitiky
of various liquids togekher wibth the)r solub by paramester,
Vincent and Rahal 1410] were able to produce a piok depicting
a region where Ehe liquid would be a3 splvent or swelling
agenkt for PVC. Vincent and Raha's data ere reproduced in
figure 3.1 for the interaction of various [iquids with PVC,
fitthough the hydrogen bonding data are incomplete for the
liquids emploued in this work, figure 3.1 does show that
swelling =agemkts and solvents fall wikthin the shaded area.
The bydrogen bonding parameter is based on the work of Gordy
and Stanfordl141-143]. who measured the displacement of the
0D i1nfrared absorption band in £the 4 Wm range when different
lhquids were added to a2 soclution of deubersted mekhanol
(CH,0D) 1n benzene. The size of the displacement measured
in wave numbers divided bu ten is defined as the hydrogen
bonding parameter. Using the solubiliky parameter and
hydrogen bonding parameters 1k 1s possible to predict the

liketihood of 3 11quid being a sweliling agent for PVC.
Ocher classes of compounds examined were acrylates,
nitroalkasnes, halogenated aromat ics and halogenated alkanes.
A small number of well known PVYC plasticizers were employed

and supplied by ICI. Lists of swelling agents and
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FIGURE 3.1

Sotvent armd swel |l ing agents for PVC,

atter Vincent snd Raha{li40]), legend on fol lowing page
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FIGURE 3.1 (conkt.)

legend
€ benzene © nitroethans
* propancne X trichloroethane
M methylethy! ketone 4 methylbenzene
® 2Z-nitropreopanone ¢ ethylbemnzene
0O i-mitrobuktane @ dioccty!l phthaiate
X chlorobenzene
Vincent and Raha data
S s=solvents
+ non-sclvenkts
plasticizers asre shown 1 ktables 3.1 and 3.2. A1l tiquids

were shandard laboratory reagents and were used as received
excepkt 1-mtrobutane which was produced following the

procedure given by Kormblum[14%]
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3.2 SAMPLE PREPARATION

Two principal methods were used to produce swol len
PVC samples for analysis using PL-DMTA methods. The samples
were eibther brought inko contact with Ehe vapour or the

liquid form of the swei!l ing agent.

3.2.1 Solid/liquid contact

A sample of suitable dimensions for analusis by
PL-DMTA insktrument was cuk from a plague. The sample was
placed 1n a suitable air tight contamer and Ethe swelling
agent was Introduced so that the sampie was covered. The
samples were weighed before any swelting agent was
yntroduced 1n order to calculate the percenksge mole conktenkt
of imbibed | quid.

The weighing procedure was standardized 1n order ko
eliminake errors due to loss of swelling agent by

evaporak 1on. The samples were heid in a water bath atk B0°C

for varying amounts of kbEime. Once swolien Eo kthe required

degree the samples were removed from the swell ing agent. The
excess liquid was removed wusing kissue paper,. The sampies
vere then quenched and stored in liguid mitregen unkil

required to prevent loss of imbibed |iquid. The thickness
of the swollen samples was recorded by aliowing the sample
to warm to room temperature and taking an average of three
micrometer readings of the thickness., The extreme edges of
the sample were avoided when taking these measurements since
a raised edge 15 produced due tEo the sorption occurrtng ak

the sample edoe, s shown in figure 3.E2.
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{iquid

pPropanone

c-butanone

Ketones

molar
mass

g/mol

Ss8.1

72.1

c-pentanone BE.1

Jd-pentanon
MBK

DIBK

e BS.1

100.2

142. 8
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TABLE 3.1

used 1n PVYC sorpbion experiments

molar é N
volume paramekter

cm®*/mo! JY’'2/cm®*’? cm*!?
73.3 £0.3 9.7/12.5
B89.6 19.0 7.7/710.5
106.1 i8. 3 B.0
105.6 168.0 7.7
123. 4 17.5 B.4
176.4 16.3 B.%/39.8
¢ —legend 1n table 3.3

MBK = metbhulbukylketone

DIBK ~ diisobutylketone

as

hydrogen sourced
bording

abiiiky
M a
x| b
M o
M c
M c
M c



CHAPTER 3 — EXPERIMENTAL

TABLE 3.2

Liquids used in PVC sorption experiments

hiquid molar molar solubiliky «~ hydrogen sourceg
mass volume parameter bonding
ability

g/mocl cm*/mol J'’2/cm®‘2 cm—?

Nitroethane 73.1 71.4 c2.?7 2.5 P c
bemnzene 78.1 89.0 168.8 0.0 P b
bCcM B8%.3 6d.6 2.9 1.5 b
c-nitropropane 83.1 B89.0Ox £0.3 4.0 F c
mekthylbenzene 32.1 106.0 18.2 4.2 P a
fluorchenzene 96.1 89.0 16.0 P d
DCE g98.0 78.7 £0.1 1.5 b
ethylacrylate 100.1 109.0% 17. 6 c
MMA 100.1 10&.0~ 18.0 e
nitrobutane 103.1 20.3

ethliybenzens 106.2 122.0 18.0 4.2 P =]
omMB 106.2 123.2 17.9 4.9 P e
chiorobernzerne 112.6 101.7 18.5 2.7 P b
TCM 1139.0 BO.0 18.0 1.3 P b
nmtrobenzene 123.1 102.3 20.5 2.8 F b
TCE 133.4 100.7 17.5 1.5 P b
BrMA 142.2 180,.0~ 16.3 ] ¥
DCB 147.0 493. 3= £0.5 P =]
DED 153.1 136.2~ 17.85 M b
CF 154.8 96. 5 17.7 0.0 b

¢ =~legend in tabie 3.3

DCM - dichioromekthane
DCE -~ 1,2-dichlorcethane
MMA - methylimethzcrylate
bMB — dimskEhylibenzene
TCM = Erichioromethane
TCE =~ Erichiocroekthane
BMA - butylimethacrylate
DCB - o—dichlorobenzene
DEOQ ~ diethuloxalate

CF - tekrachloromethane
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TABLE 3.3

Plasticizers used in PVC sorpkion experiments

biquid moiar molar solubi 1&gy  budrogen source
mass volume parameter bonding
ability

g/mol cm?/mol J*'2/cm®’2

BBP £€98.0 380.0 ce. 3

ooP 39o0.6 377.0 18.c~ M
omMpP 194.2 163.2 21.9x= M
Cereclor S%2 440.0 352.0

0 awowo

BBP - butyibenzuyiphthaliate
DOP - diockyuiphthalate ‘
OMP - dimethyliphthalaste

Legend for kables 3.1 and 3.2

¥ spurce of dakts. reference [143)]

a Careless Solvents Ltd. ,S5k. James House,
Romford, Essex,

b Fisons Ltd. , Laboratery Supplies, Bishop
Meadow, Loughborough, Leics.

c Aldrich Led.. The Old Brick Yard,. New Road,
Gi 1! ingham, Dorset.

d Fluka Ltd., Peakdale Road., Glossop.
Cerbushire.

e BOH, fourways Road, Carliyon Industrial
Estate, Atherstone, Warks.

i Kock Light Ltd., Rockwood Way, Haverhill,
Suffolk.

g I.C.I., Petrochemicals and Plastics Division,

Runcorn, Cheshire.
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FIGURE 3.2

Micrograph of a section Ehrough a uPVC plagque swol len wikth

dimethyl|benzene swol len at B0°C showing tEhe raised edge of

the sample
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This figure shows 3 micrograph of a slice cut through the
edune of the sample. The symbo! (A) is pointking Eo Ehe rnner
core region, (B) and (&) refer ko the core—-swoiien polumer
interface and swolien outer edge. The raised edge resembties
a "window frame™. Two discs were punched from each sample
with an B8 mm diamekter die sgain avoiding Ehe edges of the
sampie. A thin stice was cut from the remaining sample
with a scalpel, at right angles from one edge of the sample,
and examined under a8 Leitz polarizing microscope  (S0x
magnification). The thickness of the core was recorded from
this slice using a graticule fitked 1N Ehe microscope (sse
figure 3.3) each division of the graticule being 0.02 mm.
Regien (A) tn figure 3.3 is the inner core. The slice was
cutk from right to left in Ehe figure. It can be seen that
the lefk hand side of the core-swollen polymer interface,
(8), 1s _J=gged possibluy due to the glassuy polumer shattering
on cutkting. The thickness of the swollen layer on the lefk
hand side is also smaller, shown by the swol len edge (C).
due ko deformaktion cccurring on cutbing. Wherever possible
the measurements were carried out on the core and total
thickness, using micrometer readings, to avoid regions which
were deformed on cutting. The two discs were now ready for

PL-DMTA,

d.2.2 5Solid/vapour sorption

3.2.2.1 Operstion of electro—microbalance

The Mark II vacuum head with @ Rpbal Digital control

unit supplied by C.I. Electronics Salisbury Wilkshire U. K.,
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FIGURE 3.3

Micrograph of a seckion through a UPVC piagque swollen wikth

dimethuylbenzene swol len at BO°C

103



CHAPTER 3 ~ EXPERIMENTAL

was =an eleckronic bridge circuit maintkained in conktinuous
balance by a servo sustem. The head unit, shown in figure
3.4, elecktro-mzanetically baianced Lhe torque produced by
the sample mass. A current {flowed through the head in exact
proportion ko the app! ied mass and this current operatsd the
indicat ing meter and provided an sleckrical oukput for a pen
recorder.

Figure 3.% shows the conskrucktion of the balance

head unmikt. The balance arm carried a shutker interposed
between a3 lamp 2nd a pair of si1licon photocells. A6 small
dispiacement of Ethis arm caused an 1mbaiance in the |i1ght

failing on the photocells, and hence the current fTlowing

through the photocel is. This current was ampli1fied and
passed through the movement coil restoring 1E ko i1ks
originzl posi1tion. This rapid response to mass change
helped to make the balance insensitive to external

vibration,

The simpie bridge circuit of figure 3.5 ! lusktrakes
the principle. UWith the arm central the photocells have
equal resistance and no bridge current flowed. A =li1ght arm
movement changed the relative 1l luminat1on on the
photoce! Is, unbalancing their resistances and causing bridge
turrenkt. This current passing through Ehe movement coil
rapidly produced a new equilibrium 1n which Ehe residual
bridge current _Just counkteracts bEhe external torque applied

to the balance arm.

Jd.2.2.82 Vapour sorption using an eiectronic microbalance

Using a C.I. Elecktronics Microbalsnce it was
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FIGURE 3.4 .

A schematic diagram of the

C.I. Electronics micrebal ance head.

{egend
a magneks f phoktocells
b lamp g electromagnet
c shutter h kare pan
d sample arm 1 balanmce arm

e samplie pan _J fulcrum wire

FIGURE 3.5

The microbalance bridge circuibry

b
legend
a | 1ght focused on
™~ tﬁ: photocel s
b phokteocells
e

t carl

d meter
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possible to contirwousiy follow the uptake of swelling in a
PVE sample. A schematic view of the microbalance apparatus
1s shown 1n figure 3.68. The Robal conkrol unikbt contained a
IEEE computer interface ailowing continuous acquisition of
daka on =2 Commodore 4032 computer. fin example program
@l lowing daka collecktion via the IEEE interface is showun 1n
Appendix 3.

The balance bhead was opersted 11 a8 controlled
environment and was kepk 3k 8 temperature st leask 35°C
higher than the sample and kEhe reservoir was kepk ak leask
3°C or more below khat of the sample. This prevented
distrilakion of the swelling agent onto khe balance and
samp le.

The swelling agent, srcund 30 cm®, was i1ntroduced
into ke reservoir. A bar shaped sample of PVYLD of
dimensicns 3.5x0.2x1.0 cm. was suspended from the left hand
side of the balance using fine copper wire. The mass of
this bar was approximately 0.3 g

Copper wire was placed on the right hamnd side ko
counterbalance the balance arm so that a near balance poinkt
was reached. The balance was eleckrically zeroed using the
Robal control wunik. A maximum of CO00 mg can be tared
glectronically. The apparstus was ciosed and allowsd to
equil ibrake thermat ly.

The apparatus was evacuated by opening kaps A and C.

Tap C was then closed. The sweliing zgent was degassed by
closing Eap A, when opemning tap B al lowed any dissolved gas
to come cut. Tap B was then closed and tap A opened. This

pProcedure was repeated unktir | all the dissolved gas had been
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FIGURE 3.8
A schematic view the of microbalance apparstus, the dashed

I1ne shows the environmental chamber

I L

a feed line Lo cold
Erap and vacuum pump

b reservoir

c sampie water _jackebt

d tar=

L}

sigral to control unitk and

computer
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removed. This ensured kthat bthe vapour over the samplis was
purely that of the suwel!l ing sgenkt.

After the syustem had been degassed and evacuated the
taps A and C are closed. The zero sektbino on the balance
was checked, tap C was opened, and tap B was opened
admitking the swel ling vapour onto the sample.
Simultanmeousiy the computer was set runnming., The sample was
left wnky! the required sorpbtion had occurred and removed

for analys's using a PL-DMTA 1nstrument.
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3.3 aANALYSIS OF SwWOLELEN SAMPLES

3.3.1 Dynamic mechanical thermal analusis of swollen

samp |l es

Mechanical properties were obtained using a PL-DHMTA
instrument., The information obtained from the PL-DMTA
instrument was a piok of the logarithum of &the Young's
modulius (E’) givimg @a2n indication of the stiffness of the
sample and a plot of tan 6 ,the loss factor, an indication of
Ehe absorpkion of mechznical energy wibthin the sample 2s the
tempersture 1ncreased at constant frequency and Tixed
strain. The PL-DMTA hesd =2nd a block diagram of the
electronics are shown 1n figures 3.7 and 3.8. The

instrument was ran in eirther dual-cankt lever or shear mode,

3.3.1.1 fnalysis using shear mode

Uith the shear clamp frame debtached from the PL-DMTA
head, see figure 3.3, two sample discs were placed into the
shear clamp with an intervening aluminium disc,. The samples
were held finger Eight uvusimg the screws situated 1n a
horizontal plane with the samples., The clamp frame together
with the sample discs were frozen 1n liquid nitrogen and khe
discs finally tightened in position while stilt frozen. The
frame was then placed 1n Ehe PL-DMTA tead using the four
fiximp screws, the draive shaft reliesased, and the
environmenktal chamber positioned, locked 1nto place using
the kthree knuried nuts on the PL-DMTA bulkhead, and cooted

to bektween —130 ko -160°C dependirng on the sample, using
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FIGURE 3.7

Polumer Laboratories Cyrnamic Thermal Mechanical Amnalyser
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FIGURE 3.9

Shear clamp frame

legend
2 ceramic clamp
supports
b central
driven clamp
c clamp nuts
d sample screw
2 mushroom
f sample

a cenkrasl

aluminium spacer

i mushroom carrier

ttguid rmitrogen being introduced 1ntko the cootling chamber
via 3 glass funnel. The main crikerion for the starting
temperature was that the tané, the loss facktor, reading
should be as low as possible, »y.e. around 0,000B. This
indicated thst si1de chaia and chain backborme motions were
frozen. The PL-DMTA proximetry Head detectks drive shaft
dispifacement from a transducer situated at the rear of the
drive shaft, as shown 1n figure 3.7. This Eransducer
operates on 3 & mm airr gap and requires, 1mktially, to be
manually adjusted to this gap. This i1s shown by tEhe central
L.E.D. '»n Ehe vertical row of L.E.D. 's in the STATUS cisplay
on the PL-DMTA instrument showrn 1n figure 3,10. The gap was

alktered by the knurled nut on the back of the spectrometer
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FIGURE 3.10

Front pamel! of kthe microprocessor conkrol led analyser
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head. As soon as the required starting Ctemperakbure was
reached, a3s showun on the UTF L.E.D. display, the head was
setk 1nto Ehe running mode by depressing the MODE bubktorm on
the PL-DMTA and wvibrated at 1H=z. The temperature was
raised, att a constant rate of 2°C/min. to 140°C, or to the
point where the sampie frackures. by setbking the kEhree
thumbuwbeels temperatures., The heating rate for a3il Ekhe
shear work was set at 2°C/min. The central thumbuwheel on
the UTP showing the mintmum tempersture was adjusted Eo be
4°C a3above that shown by kthe sample. The sample was al iowed
to warm up naturally ko the minimum sek temperature and when
the two temperaktures were 1dentical the heating process was
started by depressing the HEAT button fol iowed by the RESET
button. fAfter a few seconds the 118 "min™ Ji1ght onm the
LIMNIT display extingutshed 1ndicaking bhat the samplie was
heating at the required rate. The sample was heated at the
set ratke wikth the LOAD rumrming Light flashing inkermitkently
as ernergy was nputted to the head unt) | Ehe maximum seb
temperature was reached, as shown 1n the UTP thumbuwheel
temperature setting. The PL-DMTA hesd was continually

flushed with niktrogen gas to prevent the formation of 1ce om
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Ehe sample. The flow of gas over the sample was kepk ko a
minimum Eo minimise heakting effecks on the sample by the
gas. The UTP unmit was reset by dep?ﬁssing the HEAT and
RESET buttons, the spectrometer motor steopped., and Ehe

sample removed.

3.3.1.2 fAnalysis using dual—-cantilever mode

The prepared ssmples were placed into Ehe clamping
frame situsted on bthe proximebry head, as shown 10 figure
3.7. Care was taken to ensure the samplie was 1nstal led
squarely n kthe frame. The sample was secured in the frame
using the four clamp rnuts, compressing the sample evenly.
The driven clamp was secured using the two nuts on the drive
shafkt. The Ekransducer air gap was adjusted and the sampie
cooled as described in the previous seckion. The heating
rate was sek ak 4°C/min and khe sensikivitw of Ehe J.7,
Liocyd chart recorder, model rumber FL 2500, was set Eto
enable the scquisition of kan 6 values lower than 0.1. The
clamping arrangement 1s shown in figure 3.11.

It was possible ko vary the length of the sample
between the rigid and driven clamp by chamging the size of
the clamp frame and driven clamp. By wusing different
combinations of frames and driven clamps 1& was possibie ko
utilise 8 sample length between € and 16 mm (see seckion
3.3.1.1) to optimise the sample geomekry sithough all the
results discussed will have a sample lengkh, L, of 10 mm

vniess otherwise stated.
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FIGURE 3.11

Duai~-cantilever ctamp frame

c | egend
a clamp bars
b sample
c central

driven clamp

3.3.1.3 Principie of PL-DMTA operation

The wuvse of dumnamic mechanical thermal analysis
allows 1nformation to be obkained whem a polumer s
sub_tected to non=-intrusive stresses, For a3 poluymer
subjected to a2 simusoidally varying stress of angular
frequency (w) khe information obtained reflects the delayed
response of the polymer to such a stress. If Ehe polgmer 1s
believed to behave as a classical |inear viscoelastic solid,
damping characteristics can be obtained. Elastic materials
when deformed by a skress wiit store the emergy as potential
energd which 1s recoverable 1n reforming 1ts mEtisl shape.
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If mo energy 1s lost, through heat, the material 1s ackting
as an 1deal spring. Liquids on the other hand, flow if
sub_ected to a stress. They dissipate the energy almost
entirely as heat and hence Ehey possess high damping
characteristics.

Viscoelastic polumers, for exampie PVC, exhibik bokh

elastic and damping properties. If a sinusoidal skress s
applied ko PVL, the resulting straim will also be sinusoidal
and wiil! be ouk of phase when kthere is energy dissipation or

damping 1n the polymer. The resulbting phase difference is
known as the phase angle (6) between the skress and Ehe
strain. The resulting strarn can be described by complex
notation in terms of the angular frequency (w) and Ehe

maximum amplitude go.

£"=go expliwkt) (3.1)

where w = Z27v, the frequerncy 15 v and i=—-11!’2,

The relation betueen the alternating stress and

stkrain 1s written as

o = YRE®({w) (3.2)
where Ex*{(w) 1s the frequency dependent complex dynamic
modulus defined by

E*(w) = E* (w) + 1E*(w) (3. 3>

Here, E’(w) is the real part in phase wikth the

strain calied the storage modulus and E”(w) 1s the loss
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modu | us.

The dampirg 1n the sustem or energy loss per cucie
can be messured from the " foss tamgent™; tan 6. This i1s a3
measure of Ethe 1nternal friction and 1s reisated to the

compiex modul: bu -

tan 6 = (E*"(Ww))/E’(w)) (3.%)
For Ehis particular mon—-rescnance forced wvibration
method Ethe complex elasktic modulus for a rectangular beam

sample undergoing dual—-cant) lever deformabkion is given by

Fo simwk = MX + (N + S,/w + kKE"/w)Xx + (5 + kE”’¥x (3.5)

where M 1s the mass of the vibrating sustem, (kg), x 1s the
linear displacement of Lthe driven clamp, '1n mektres; Fo is
the maximum driving force, 1n newktons: (5 + 15,), @ machine
constant, 1s 8 term to account for the complex rigidity of
the suspension, (E° + 1E”) 18 the compiex Youngs modulus of
the specimen, & 1s Bime, w 1s the angular frequency of the
driving current, k 1s the sample geometry factor 'n metres:
n 1s 8 viscous damping term (air damping) of the mechanical
spectrometer.

The monitored drive current is proportional to the
force applied to the sample and the transducer oukbput
voltage 1s proportional to the displacement. ficcurate
measurement of the relative amplitudes arnd of bthe outpub
signals al lows khe insktrument te compuke the storage and

loss moduly via
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KE* = kA + M w2~5 (3.6)

kKE” = kB + w5, (3.7)

and hence tan 6 by equation 3.4, Calibration terms relating
to Ehe instrument constantks M, S and s, measuring A and B
withouk a sample at two differentk frequencies and wikh a
sampie of known modulus. The k consktank ., somet imes known as

the geometry facktor, 1s found for dual cantilever geometry

k = Bb(h/L)>?® (3.68)

where L 15 Ehe length of each half between the Faces of
rigid and driven clamp, b is the breadth and h is the
thickness. All measurements are taken in metres giving the
geometry constank 1n mekres. This figure is tupically very
small 1.e. 3.183x10*? and bence converted to -log k which
converts Ehe constent Lo 8 more manageable number 1n this
exampie 3.500

For shear sandwich geometry E* 15 replaced by G*
(compiex shear modulus) 1n equaktion 3.3 and the geomekrical

fackor becomes

K co/L (3.9

where O is the cross—-sectional area of each disc amd L 1s

the samplie lengkth as previousiy defined.
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3.3.1.% Instrument cal ibraktion

Ealibration of the PL-DMTA tnsbrument was
accomplished by running Ehe insktrument withouk a sample
present at 1 Hz with Ehe inskrument set 1n calibration mode
vsing Ehe centra! calitbration swiktch on khe fromt panel as
shown n Ffigure 3.10. In sccordamnce with the PL-DMTA
operation maernual [145] the readings obkained 101 tEhe log
modulus and kEan 6 windows were entered 1n ko the thumbuheel
swiktches A and B respeckiviy., The insktrument was set ko run
atk 890 Hz and the mew rezding 1n tEhe pg modulus window was
enktered 1nto the thumbwheel swikch C. Wikh a PvC
calibration barf{1i47], supplied by Polumer Laborakories
fitked 1n dus! cantilever mode and running st 1 Hz, Gthe
thumbuwhee | D was adjusted ko give the correckt modulus
reading at room temperature. This calibration was carried
out on a fortnightly basis. A complete scan using a3 PV;

calibration sampie was carried cut every six months.

3.3.2 fAnalysis by differential scamning calorimetry

Differenktial scanning calorimetry (DSC) was used to
measure the Tz of the swollen and dry regions in selected
PVC/suwel | ing agent systems. The Ty of the swelling agents
were also determined. The systems chosen were those thab
exhibited clear ligquid fronts.

The Perkin Elmer differential scamning caleorimeter,
(model:; DSC-4), fitked wikth kthe li1quid nitrogen subambient
accessory (part no. 0415-0235%), was used n congunckion wikh

a Perkin Eilmer Suystem 4% Microcomputer Controller. This
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controfier was used to program the DSC-Y% from the imtial
temperature ko the final temperature. The subambient
accessory al lowed the use of the temperature ramge —170°C to
200°C.

Two plaktinum alloy "cups™ funckioned as the sample
holders in the D5C-%. The reference sample pan was pilaced
in the right hand cup, the sample pan in the left hand cup.
BQuwing to the volatili1ty of Ehe swelling a2genks the sample
pans were skainiess skeel with reusable copper sealing
rings. The cups were mounted on piatinum—iridium posks and
the hester and sensor Ileads bto each sample holder were made
of thin platinum ribbons. Each sampie holder was held 1n a
cavity, within the sample encliosure, insulated from
draughts, any exthaustk fumes from the samp les under
imvestigation being removed by a hel ium purge gas. Cool ing
was provided by an aluminium “cold-finger™, attached to Ethe
bottom of bthe sample enclosure sikking in a liquid nmikrogen
bath.

The amount of power required to mainktain the sample
tholder tempersture to the temperzture of the reference
holder douring a heaking or cooling experiment was recorded
together with the actual sample temperature om a2 J.J. Lliouwd
XYY chart recorder, model number PL 2300.

Normai conventions for presenting dske wiil  be
adhered to N this work, Tupical DOSC traces, for a glass
tramsition, are shown 1n figure 3.12. Scanning starts below
Ehe polumer's Tg and proceeds from Jleft to right. The
starking transient is 8 machine characterisktic due to the
pans coming under temperature conkrol. The shift N

basel ine pcourred =2s a result of an 1ncrease 1n the heat
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FIGURE 3.12

.

A typical DSC thermogram proguced on heating vPVE swo!ien
with dimekehylphthalate at a rake of 40 °C/min showing

principle of Tg measurement

oadJlo

Tg = (Tga * Tgpl/C

P

f b

-160 -120 -80 Tse <-4L0  Tas 40

temperature/°C

capacity of the polymer, which was characteristic of a
poliumer changing from a glass to a rubber. The Tg was
defined, in this work, as the midpoint of the straight line
draun pbetween the onset and conclusion of this baseline
shift and 1s the average of at least btwo comsecutive runs on
the same sampie excluding the first run. The averall
downward curvature of the baseline above the T5 was due,
partly to the physical contact betuween polymer and platirmum

hoider. and to differemnces in the platinum sample holders
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which was minimised prior to cal ibration; programming, with
empty sample holders, over the temperature range of

1nterest.

3.3.3 FAnalusis of diffusion coefficients

Daka acquisition Ffor Ethe analysis of diffusion
coefficients of swelling agenks into PVC plaques has been
restricted to situakions where a clear measurable |i1gquid
front has been observed. The data used have therefore been
obtained using liquid sorption. Liquid sorptiocn was carried
out st two temperatures 30°C and B0°C unless otherwise
sktated. The swe!ling agents and plasticizers used are shown
in kabie 3.4. The mekthodology concerning data acquisition
has already been dealt with 10 section 3.2.1 Tor khe
experiments conduckted at 60°C. The measurement of the core
thickness with these suystems alipwed full analysis of both
the diffusion coefficient and liquid fromk movement using
the methods  described by Kwei et al.[85]. The lower

temperature experiments were restricked to the measurement

of mass upkake only.
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TABLE 3.4

Liquids employed for sorpbtion analusis.

sorpt iocn akt sorpkion at
3JoecC g50°C
pPropanone propanone
dimekhylbenzene dimekhy ibenzene
ethyibenzene ethyulbenzene

nikroethane
f luorobenzene
o-nitropropane
mekthy |l benzene
benzene
l-nikrebutans
chlorobenzerne
1.2-dichiorobenzene
butylibenzylphthaliate
dioctylphthalakte

dimethylphthal ate

Cereclor 552
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“.1 DIFFUSION OF ORGANIC LIQUIDS INTO PVC PLARUES

4.1.1 Classical Ereatment of diffusion 1nto a plang sheet

The diffusion of croganmic liquids into vPVC plaques
was carried ocut st two different temperstures, 30 and GO°C.
In order to compare experiments the mass uptake of liquid
was normal ised to the amount of liquid sorbed per gram of
uPVC. The experiments akt 30°C were run until Lthe uptake of
ltquid was thougttk Eo bave reached equi fibrium, The mass
upkake =t time t, My, per gram of WPVC st 30°C for the
various {i1quids employed 1s shown in figure 4.1. The
rnumbers 1n figure 4.1 refer to the ligquids 1n table %.1. It
1S cleariy seen Ehat 1n some |iquid-PVYC systems equil ibrium
uptake may mot have been resched, in particular for khe
l,8-dichlioroethane and l1-nitrobuktane systems, curve numbers
1l and 4 respectively. '

Sorption 1sobtherms showing Ehe dependence of Me/Mg
on tEhe squere root of time, for some of the |i1quids shown 10
tables 3.1 to 3.3, are given 1n Tigures 4.2 and 4.3 for 30
and 60°C respeckively, where the mass upkake of ligquid per
gram of uvPVC at time t 15 given as My and M, 15 the tokal

uptake of liquid per gram st equilibrium sorptiron of Ehe
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FIGURE %.1
Mass upkake per umit area of UPVC with respect to bime: the

numbers refer ko the liquids 1N table 4.1
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TABLE 4.1
Imnitial diffusion coefficients for various liquids

sorbing 1nto PVC at 30°C

Number= fiquid O x10'*®
cmis~?

1 l,.2-dichioroethane 35.80
c propanone B8.27
3 chiorobenzene 1.33
4 nitrobutane 1.03
S c2-nikreopropane 0.81
8 f luvorobenzene 0.62
7 dimethylbenzene 0.62
8 ethyibenzens 0. 62
3 benzene 0.486
10 methylbenzene 0.286

jiquid numbers refer ko the curves 1n figures 4.1 and 4.2
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FIGURE 4.2

Sorption 1sobtherms for various ligquid 1 uPVC plaqles at

Jo°C; the rnumbers refer to liquids 1n kable %.1
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FIGUPE 4.3
Polumomial regression{1439) f.t on curves showing sorption
1sokherms of

various fiquids 1nte PVC plaques at B0°C
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whole plagque. The numbers on the curves 1n Tigure 4.2 refer

ko the liquids 1n table 4.1. The iniktial diffusion
coefficients for Ehe sorpbion of Ehe liquids st 30°C are
given in table 4.1. The diffusion coefficienks were

calculated from the 1mtial slopes of the piots for mass
uptkake for the first 100 mins 1n figure 4.2 vsing equation
£.1193. Fickian sorption bebhaviour was assumed to be
cccurring during the first 100 mins of sorption due Lo the
abserce of a liquid front moving through the polumer. The
original  thickness of the plaques empioyed was around 2.35
mm. The penekbratiron of liquid sfter 100 minutes would not
have been very greakt. Indeed, as it will b2 shown |ster the
exkent of penetration, for example, for fluorobenzene
sorpkbion at B0°C, was as litkle as 0.007 mm afker 100 mins
but Ffor propanone, uvnder the same condibirons, penetration
was calculated to be 3.3 mm. The sample tEhickness employed
in equation £.113 was assumed bherefore rmok Eo be the total
plaque thickness (2.35 mm) but an average approximate wvalue
(1.50 mm). No swofilen lauer Gthickness measurements were
made for 30°C sorption suyustems. Ailthough Ehe absolutke
valuves of D 1n table %.1 are therefore in doubt, the data
serve to 1ndicate the relative diffusivity of Ehe liquids.
There are no reported values of D for liquids 1n Ehe
(1terature which use 2 straight Fickian amalysis for |iquid
diffusion 1into a3 moulded uPVC plaque. However, D has been
caleulated for the ligquid sorpkion at 30°C for a small
number of liquids by examining Ethe distance of penstration
as & function of timel[21]. The wvajues obtained from the
ltterature, using liquid sorpktion, sre compared with values

obtzined wikth this work where ligquids are common to bokh I1n
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TRBLE 4.2
Imnitial diffusion coefficient values for liquid sorption, at

30°C, compared with | 1terature reported values

hrquid D cm? -1
this worik l1tersture values
Lapciklel]
x101° x107
1,2-dichloroethane 35.80 11.50
Praopancne .2  m————
chiorobenzene 1.38 %4.83
fluorobenzene 0.B1 1.45

1e3
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table %“.2. The difficulty in comparing D values 15 kEhe
difference 1n material tuype, structure, thermal historu, and
mode of experiments. The samples used by Lapcik et al.[&1]
were produced by solvent casting a frackionsted emulsion FVC
resin 1nkto 3 0.1 mm thick film, whereas kthe samples 1n this
work were produced bu compression moulding of suspension
polymerised grains. The main observation possible 1s Ehatk
Ehe ranking order with respect ko D 1s the same as the
l1kerakture values. It was assumed that the samplie khickness
did not change during the FTirsk 100 mins. Diffusion
coefficients for the 1sotherms at 60°C were not computed,
except for fluorobenzemn=e, see secktion 5.1.1, due to the
observation of a solvent front and & rapi1d 1ncrease 1n the
overall sample thickness.

From figure %.1 the concentrakion of liquid, at
equi librium (or long time interval) for sorpkion ak 30°C,
was calculsted. The densikty of unswollen uPVYC 15 knouwn,
(p = 1.363 g cm~*) and this 3l lows the compukation of !iquid
content per unit volume of VPVC sk equilibrium (or long Lima
interval}), Dakta for the eguilibrium (or tong bime interval)
concentratbion expressed as T, 1n uniks g em~®, for systems
at 30°C sare shown n table 4.3. It is evident from figure
“.1 that equi li1brium sorpeEion has not besn obtained for some
systems, for 1,8-dichioroethane and l1-nitrobutane the
equitibrium concentration wvalues were calculsted from the
{ast recorded data point for these two systems.
l,2-dichlioroethane and l1-nitroethane sorption lesd to

disintegratron of the plaque.
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TABLE “+.3
Liquid concenkration at equi librium (or long Eime) swel ling
in complete plaque (30°C) and equi librium suwuelling wikthin

the swollen layer (BE0°C)

\
\
Liquid sysktem at system at
30°C 50°C
g cm™? g cm™?
nitrobutane 1.21 -——=
1l,2-dichlorobenzene 1.12 —-——=
chlorobenzene i.ie2 ——
c-nikropropane 1.01 -
propanone 0.B88 0.28
T luorobenzene 0.48 0.3
mekhylbenzene 0.33 —
benzene 0,27 -
N dimethylbenzene 0.11 0.2
ethyl benzene 0.0B 0.25
nitroekthane —_ 0. 48 ‘
BBP —-——— 0.48 ‘
DOP —_— 0. 30 ‘
Cerecior 552 —— 0.035
’ OMP -—— 0.36 ‘
\
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4,1.2 The Case II contribution ko diffusion inko a

sustem which swells

4.1.2.1 Equilibrium swelling in the swollien |ayer

In order bto make use of equation 2.123 and to model
the mass uptake with respect ko time, taking the effect of
cese II sorptiom into accoumt, the surface equilibrium
concerntration was required. The squilibrium concentrstion,
Co g em~?, of {iquid in the polymer was taken as being equal
_to the concentration of Liquid in the surface layer for
sampies displaying a picture frame (see figures 3.2 and
3.3).

Since the tiquid sorpkion experiments at 60°C were
nok ktaken ko & posiktion where the whole plagque was at
equi librium, as in kthe case of most of the 30°C systems,
calculation of C, was not so straightforward as for the
syskems at 30°C alresdy discussed. It was possible however
to piot the mol fraction contemt of liguid in tkhe swollen
laver with respect to time and evaluate an equil ibrium mol
fraction contkent of liquid in Ehe swollen lauer. The mol
fraction content was calcuiated from:-

Mol fraction diluent mass/di luvent MM

content = (t.1)
difuent mass/diluent MM + 0.0155

where 0.0155 1s the number of moies of 1 g of uPVC. The
lhquid sorbed is onluy present in the outer swollen lauer and
by evaluating the respective voiume Tracktions of swel len and

unswol len portions in the sample, using core thickness
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measurements, the molar content of iiquid in the swollen
region was calculated. Plots describing the mol fraction of
{1quid in the swoilen layer, st B0°C, are show Iin figures
4.4 to 4.10, the dotted curves being a pliot through the
averaged mol fraction contents in the swollen i{ayer. The
max mum values attained by these dotted curves, are shouwn by
the symbol, M,, 1n figures 4.% ko 4.10, and were the mol
fracktion values employed in caiculating C, values. This Mg
value was transformed into a concentration term, L, using
the method outlimed 1n Rppendix 1. The C, values obtained,
using the methods described sabove, for |iquid sorption

experiments at 30 and GO°C are shouwn in table 4.3.

4.1.2.2 Normal ised mass uptake of swelling liquids in poly

(vinylchloride) plaques

All Ehe liquid sorption experiments, plotted as a
function of mass uptake per initial surface area of material
with respect ko time, =re shown in figures %4.11 to 4.18.
The plots describe the upkake of ligquids into wPVC plaques
at BO°C. Each point 1n each figure signifies a different
experiment, hence the normalisation of the data to mass
wptake per surface area. The surface area of 1 gram of
unswollen PVC is 4.B86 cm?, division of the mass upktake of
liquid per gram of uPVC by 4.8868 cm? yields the mass upktake
per unitk surface area. My in figures 4.11 to 4.18 denntes
the mass uptake, per unit surface area of VPVC, of liquid in
the sample expressed 1n uniks, g cm~2, Examination of the
least-squares {irear regression fi1t on the data, shown by

the dotted |ime, gave an unrealistic Y-intercepkt vaius,
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FIGURE 4.4
Equtiibrium swel limg of ethyibenzene

» 1N PYC ak GO°C
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FIGURE “%.8
Equitlibriyum sweliing of propanone

1in PYC ak G0°C
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FIGURE 4.8

Equifrbryum swel ling of dimethylbenzene
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FIGURE 4.10

Equilibrivum swel ling of

BBF piasticizer 1n PYC ak BO°C
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suggesting the presence of diluent at time zero. The
least—squares it was recalculated wikh zero mass vpkake at
time zero. Table 4.4 shows the Y-intercept and slope of the
least—squares | inear regression f1t on the data and compares
the resulbting difference 1n Ehe values when the zero mass
uptake at time zero data point was 1nciuded, The effectk of
mncluding the zero data™ point on the values of slope and
Y-intercept are small and subsequent calculstions using data
from table 4.4. will use the slope =and Y-—intercept values

calculated without the zero dska point.

4.1.2.3 The measuvrement of tEhe swell ing zgent~polumer

interface

The measurement of the unswollen PVC core bEhickness
was accompiished by microscopy using a Ehin cross—sectional
slhice of polygmer cutk from the swollen plague. For each
plaque khree core measurements were made. The standard
deviaktion in original Ethickrness of a plague from three
micrometer measurements is 0.03 mm. This woulid 1mply kthat
the standard deviation of the core thickness would be the
gsame. Im practice, 8 standard deviation of 0.0% mm was
found by Etzking three measuremenks from each of three
slhices, 1n systems where the swelling agent-uPVYC boundary
was clearly defined. The increase 1n the standard deviation
was astkribuked top the experimental measurement using the
graticule. This resuits in a 24 error in the measurement of
the volume fractiom of the swolien outer layer or dry inner
core, and hence an error of the same magnitude 1n Ehe

swol len layer |iquid content, However, 1N the situations
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FIGURE 4.1l

Oiffusion of propancne 1nto UuPYC ak S68°C
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FIGURE “.13

Diffusion of dimethylbenzene

inko UPVC at B0°C
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FIGURE “4.15

Diffusion of fivorobenzene imto WPVC at 60°C
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FIGURE “4.17

Diffusion of DOP plasticizer 1nko uPVLC at G60°C

g cm~2

0-80 1

0-60 -

0-40+ Pl

020 N -~

7
\

000 % 10 20 30 50 50 60 70

time miaxl0~-*

FIGURE 4.18

Diffusion of Cereclor S5C plasticizer 1into wPVC ak B0°C
My

g cm—?2

0-16 -

—
N

(WL

14e

minxl0-*



CHAPTER 4 - RESULTS

TABLE 4.4

Slope snd Y—intercept values for |
figures 4.11 to 4.18
liquid ocriginal including

data zero tsta poink,
M+=0 akt k=0

slope Y—intercept siops Y-intercept

gcm?s~? gcm? gcm2s—? gcm?

x10¢ x102 x10°® %102
nitroethane 51.68 0.38 S2.25 0.3
propanone 83. 74 1.50 g8. 33 1.30
fluvorobenzene 11.79 1.68 11.33 1.53
dimekthyibenzene 2. 4c 1.48 2.47 1.40
ethy lbenzene 0.80 1.23 0.681 i.13
DMP 0.23 2.83 0.23 1.92
DoP 0.14 =10.5 0.12 -6.48
BBP 0.13 -3. 60 0.12 -1.43
Cereclor 552 0. 002 0.47 0. 003 0.e2e

i3
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where the swollen Isyer Ethickness was small (around 0.05
volume fracktion) great difficulty was exper i enced in
measur i ng the swelling agent-uwPVC inkerface since Ekhe

thickness of the swollen Ilayer became smaller than the
margin of error expressed 1n the measuremenkt. Samp les were
thus swollen to an extenk where the volume frackion im khe

prepared sample was grezter than 0.0S5.

4.1.2.% The movement of the lrquid front 1n unplaskticised

poliy (vinglchloride) plagques

Usi1ng Danckuert's[148] treatmentk describing Ehe
measurement of a liquid front, 1E was possible to fol low the
ingress of liquid 1n a vPVC sample wikth respect, to time.
From each sample, measurements were made of the tokal
thickness, L+, wvia micromekter readings =and either the
swollen thickness, L, or the core Ethieckrness, Lg., wvia
microscopd, depending on which was less Ehan 1 mm - this
being khe size of kEhe graticule. The quanktities measured

are shown 1n figure 4.19. The dimension L for EtEhe various

liquids emploued, 15 plotked against sorption Eime and s
showun 1n figures 4.20 to %.E27. The least squares-—|inesr
regressi1on line 1s shown as a3 dotked | 1ne, calculated 1n Ehe

same manner as described 1n section %.1.2.2 and includes a
zero Cime data point which by definition of Ehe mekhod of
measurement would be zero. Table 4.5 shows bthe calculated

slopes and Y-inkercepk values for figures 4.20 ko %.27.
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FIGURE 4.20

Diffusion of propanocrne inko uPVC at S8°C,

movement of liquid front into plagues
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Diffusion of sthylbenzene into wPVC at B0°C,
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FIGURE 4.2t

Diffusion of dimethulbenzene 1nto UuPVC at BO°C,

movement of liquid fromt inko piagque
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Diffusion of Tluorobenzene into uPVYC ak BO°C,

movement of ligquid front into plasgue
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FIGURE 4.c4

Diffusion of nitroethane into uPVC ak §O°C,

movement of liqu:id fromk inmto plagque

suniien e

fauer : i

L cm e .~ -

/”:
0-03 - el
’,”
0024 ° -7
3 -7 .
0-014°
000 T T 1 T T T
0 4 8 12 16 20 24

Eime min

FIGURE 4.25

Diffusion of BBF (e¢) and DMF (@) plaskicizers into uPVC st

80°C, movement of liquid front intoc plaque

0-12
swolliemn _
| ager "o
L em -“ o0
o] -
0'08- ’1” -
-
o - -
I” L d‘.“
”’ -.‘-—’
» (o] - ® -
- -
004 .-~ T
L.~ —’—‘b’
"
--o"-‘-:

0'00 T T T
0 5




CHAPTER 4 — RESULTS

FIGURE 4.28

Diffusion of Cereclor S52 plasticizer inmto uPVC sk EO°C.

movement of liquid front imto piague
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TABLE 4.5

Slope and Y-intercepk values for

figures 4.0 to 4.27

Ligquid =l ope Y—intercept

g cm? s~} g cm?®

x10° x102

propanone S2. 40 2.10
nitroethane £4. 70 i.29
fluorobenzene 3. 396 1.73
dimethylbenzene 2.49 2.33
ethylbenzene 2. 08 2.41
orpP 0.08 £.88
BBP 0,04 0.58
Cereclor SS2 0.02 -0.39
Dor 0.01 1.64

1350
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the vapour sorpkion experiments emplioyed 10 Ehis work.

Since khis wvalue was obtained using 2 different
vapour pressure around the samplie due ko tEhe 3°C tempersture
difference bebtween reservoir and sample, it 1s not possible
to compare Ethis experiment with the okbher experiments run
wikh a kempersture difference of 10°C. At lower vapour
pressures PVYC/propanone systems at S0°C did nok reach
equi l1brium, The sorption mechanism was shown to be
Fickian, see figure 4.28, when mass upkake was examined wikh
respect to the square root of the sorption Eime interval.
The induction period seen 1n figure 4.88 15 thought to be

due to the developmernt of the vapour around tEhe sample.

ER=Te
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4.2 DIFFUSION OF ORGANIC VAPDOUR INTO POLY (VINYLCHLORIDE)

PLAGUES

The range of vapours emploued was restricted to
those wikth jow boiling poinks, as 1k was then possibie to
readily produce a wvapour swurrounding the samplie without
using elevated temperatures above 100°C. This temperature
was the wpper working | imit of tEhe microbalance vacuum head.

Table %.6 shows the |i1guids emplogyed wikth vapour sorpkion
techniques together with the respective inmitial rske of
vapour uptake measured ak 50°C and a tempersture difference
between liquid reservoir and sampie of 10°C, IE was nok
possible to measure diffusion coefficients via Equation
3.39,with the exception of propanone, since 1k was not

possible ko produce an equilibrium wikthin Ehe system ak such
low surface concentrations 1ndicakted by kEhe partial pressure
in Ehe vt n Ebe time 1nterval employed. When propanone
sorbed i1nto a PVEC plaque at a kemperature of S0°C wikh a
temperature difference between the reservoir and sample of
53°C, 1kt was possible to produce =2 syskem uwhich reached
equ | ibrium, This enabled the diffusion coefficient to be
computed, 1l.46x10-'®* cm? s-'. Berens{ZB] has calcwiated O
for the sorption of VCHM, propancne and methanol vapour into
uPVC microspheres st 30°C, he found D for propanone ko be
S0x10-t*2 cm? s-', This value is greater by a factor of 10%*
for D calculated for propamone 1n this work. The difference
may be atbtributed to the surfece area of bthe uPVC. The
speci1tic surface area of the emulision polumerised powder
used by BDerens[ZB] was 3.8 m? g=?!, a factor of approximately

Ex10* greater than the surface area of the plagques used in
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TABLE 4.6

rate of vapour sorpbtion of various vapours

Plagues

Vapour

1.,2-dichloroethane
c-nitropropane
f luorcbenzene

dimethyibenzens

Propanone

benzene

153

155.0

8.c
4.5
3.8
3.5

i.ce

into FPVC

rate g/minx107
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FIGURE 4.28

The vapour sorption cof 1.,2«dichiorosthane

inEo uPVEC skt 30°C
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4.3 GLASS TRANSITIONS OF THE PURE LIQUIDS EMPLOYED

The Tg's of the swel!ling agenks which exhibiked
clear solvent Tfrontks in the sucllen uwPVC systems were
determined experimentslly by PL-ODMTA and/or DSC mebthods.

The resulks are shown in table %.7.

4.3.1 Dunamic mechanical therma!l analusis of pure | i1quids

The PL-DMTA results were obtained using a support of
micro~glassfibre filter paper[l1l50], (Whatman GF/A), soaked
with the respecbtive Hiquid and then quenched 1n liquid
nitrogen. It was not possible to produce PL-DMTA
thermpgrams for all the liquids. It was often found khat
the glassfibre filtker paper sosked with ligqutd became
extreme!ly britkle on cooling wikth hiquid nitrogen making
sample clamping impossi1bie, Examples af PL-DMTA
thermograms on heatimg =2re shown 10 figures 4.83 ko 4. 35.
The Tg's for mktroethane and ethuyibenzene are nok fuily
resolved and some speculation a2s5 ko their values must be
assumed. The traces for the DMP and DOP plasticizers became
noisy after passing through their Tg's making Ehe evalustion
of their melking points difficulk. The BBF thermogram seen
in Tigure 4.34% shows two tan 6 pesks. The lower temperature
and smaller peak possibly being due to a B relaxaktion

Eransi1tion.
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TABLE 4.7
Tg values of vartous |iquids wsing PL-DMTA and DSC methods
and literature quoted meibing points. (FL-DMTA dual
cant lever mode at 4°C/min using soaked filter paper), and
DSC on pure liquid ak Y0°C/min corrected to a heat ing rate

of 4°C/min according ko figure Y. 36

swellinmg tiquid PL-DMTA psc I tterature
Ta Tm Ta Tm Tm
°C °C °C °C °C
ethylbenzene =112 -8B -159¢(-162)-102 =931
fluorebenzene =108 -34% =155 -48 -4352
nitroethane =120 -B80 ~140 -38 -50/-807
propanone - - - =100 -85
dimethulbenzene - 15 - i4 132
methuibenzene —-—— =151 —-15677 =100 -35?
l.8-dichl!oroethane -—— - -38 -3J6 =35
c-mikropropane - - -— -3e =
chiorocbenzene — ——— —r— £ = 4B
1,2-dichiorobenzene ——— - (-B3.-44) -21 =17
trichloromethane - - -— -61 -B63
poP -B2(-63)* * ---— -B0O - -50
omMpP -3C - =75(=73)% -—- [=
Cereclor 552 -8 - =45 - -
BBP (-75)*-48 -—-—- -B64 Bt -
’ 1 - experimental values obtained by van Krevelen{85]

2 - Morrison and Boud{ 1513

3 - Faucher and Koleskel 152]

% ~ Scandola and Ceccorul 11{153]
S - Scendola ekt al.[154%]

¥ — 3 possible 8 relaxakiron
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FIGURE “4.239

Dual—-cant) lever PL-DMTA of nitroektharne on =

glassfibre filkter paper support
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FIGURE 4.30

Duzl—cantilever PL-DMTA of ethuylbemrnzens on a
glassfibre filter paper support
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FIGURE %.31
Dual—canti lever PL-DMTA of {luorcbenzene on a
glassfibre filter paper support
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FIGURE 4.38

Dual=-cantilever PL-DMTA of Cersclor 552 plastic-ze; on a

glasstibre fTi1lter paper suppaort
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FIGURE 4.33

Dual-canmt:lever PL-DMTA of DMP plasticizer on a

giasstibre filter paper support
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FIBURE 4%.34

Dual-cantilever PL-OMTA of BBP plasticizer on a3
glasstibre filter paper support
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FIGURE 4.35

Dual-cantilever PL-DMTA of DOP plasticizer on a
glasstibre i1 lker paper suppork

tan 6
1-0

0-5 -

0-0

=100 -80 ~60 -40 -20

temperature/°C

183




hWuo -0

Jdog-mM-0W3aorr

O 3F7CMAMAIT00 3@ T

L4
]

CHAPTER 4 — RESULTS

FIGURE “4.36

Differential scanmning calorimeter cal ibration
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4.3.2 Casilibraktion of the differential scanning calorimekter

The Perkin~E!mer DSCY was calibrated using a glass
transikion (—-87.0B°C)[155] associated wikth A.R. grade
cuclohexane, (supplied by, BDH, Fourwaygs Road, Carigon
Industrial! Estaste, fAtherstone, Warks.), and Ekhe indium
melting poink of 156.6°C. A series of experiments was
conducted at tnCreasing coal and hest rates using
cyc lohexane and the actual glass transition temperature was

pPlotked againskt the cool/heat tempersture. The resulting

calibration graph 1s seen 1n figure 4. 36. The maximum
heat ing rate emp | ousd usiIng the PL-DMTA N khe
dual-cantilever mode for the amalusis of pure liqusd
Eransibions was 4Y°C/min, ABccording to fTigure 4Y%.36 the

recorded cuyciohexane Tg'at this rate would be 4$.3°C higher

than the actual cuclohexane Tg, a3t @a cool/heat rate of
Y0°C/min khe recorded kransition will be B°C higher than bthe
acktual cuclohexane Ts. The difference between a Tg measured

stk a cool/heat rake of 4Y°C/min and 40°C/min 15  3.7°C.
Consequent |y, DSC quoted values will be adjusted to give a
value at a8 heatimg rete of 4°C/min to facilitate comparison
between PL-DMTA results as shown in table 4.7. To make an
absolute comparison betwesen Ehe two methods (PL-DMTRA and
DSCY Ehe effect of frequency 'n bEhe dunamic method must be
investigaskted in a simi lar mamnner to that shown i figure
4.36, @as the tan § peak posikion found using PL-DMTA
extrapolated to zero frequency is predicted to be several
degrees lower[l1l56].

In order to prevent crystaltizetion, since fast

cooling rates were emplioged 1n the DSC analysis of Ethe
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fiquids, EtEhe effeck of changing the cooling rake on the
observation of Ehe Tg on subsequent heating was
1nvest igated. The results are shown 1n figures 4.37 and
4.36 where T, 1s Ehe cruystallizakion exotherm and Ty 15 Ehe
meiting point. The thermograms were produced omn heating the
liquids Ehe heski'ng rakte, in all cases. being kepk ak
40°C/min, and the prior cooling rakte was varied between 2 to
200°C/min. It is clearly seen thatk the cooiing rakte is

ineffective 1n changing Ehe T4 posiktion.

4.3.3 Differential scanning calorimetric analusis of pure

| 1quids
Tupical DSC thermograms on hesking showing Tg values
for the suwel!ling agents can be seen in figures 4.39 Eo 4. 42.
A crystallizaktion exobEherm a2nd melbing point endotherm is

cleariy observed 1n the btrace for sthylibenzenes following the

Ty of Ehe liquid. By quenching (200°C/min) mikroethane,
shown in figure 4“4.40, &t was possibie Gto minimize khe
crystal lizaktion ef the liquid n the second and third
traces. The second krace was terminated before the

cryuskallime region could melt. The sharp downward Lturn of

the DMP Erace im figure 4.41 15 due to crustal lization

pccurring 1n the sample.
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FIGURE “%.37

DSC thermograms on heat img Tluorobenzene,
affect of different cooling rates prior to hesting at

4Y0°eC/min
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FIGURE “t.38

DSC thermograms on heating ethylbenzens,

effect of different cooling rates prior ko heating ak

Y0°C/min
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FIGURE “4.33

DSC thermogram on heat ing ethylbenzene, cooled

and heated at 20°C/min
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FIGURE “.40

OSC thermogram produced on heating nitroethane, cooled

and heated at Y0°C/min (1), a2nd for (2) and (3), quenched at

200°C/min prior to hesting ak 10°C/min
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FIGURE “%.42

DSC thermograms produced on heating DMP (1), BBF (2) and

Cereclor SS52 (3): conied and hesated at 40°C/min
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temperature/°C
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4.9 DYNAMIC MECHANICAL THERMAL ANALYSIS OF SWOLLEN

POLY (VINYLCHLORIDE) PLARUES

The resuvits obtained from the PL-DMTA were in the
form of bEhermograms depicting tan 6 and itog modulus wikh
moduwlus uniks in Nm~2? plotked against temperature. A
typical thermogram obtained for uPVC heated st 4°C/min at 1
Hz, wikth 2 constant strain of times one, is shown in figure
4.43. The normail Greek aiphabetic I1abelling convention[158]
is used running from high to low temperatures Etco describe
the tan 6 peaks and the convention used by McCrum
et al.[157] is adhered to in iabeltina Ehe modulus curve.
Ey* is the unrelaxed storage modulus £E° and Er’ the relaxed

storage modulus,

1.%.1 7The cspabilities of the Polumer Laborstories Dunamic

Mechanical Thermal Analyser

The mechanical spectrometer has a maximum force
cepability of YN and a maximum sample displacement of 250
microns. The inskrument can measure more than 4 and a half
decades of sample modulus. A thick sample of high modulus
material can present koo high a2 stiffness for the instrument
to achieve adequste displacemenk. On Ehe other hand a very
thin film of low modulus material will not provide snough
restoring force for the system to calculste modu lus
variations with accuracy. In this minimum cese deta will be
col lected but of questionable accurscy.

The modulus of any samplse, the restoring force per

unit displacement, is provided by kthe product kE* in the
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FIGURE “4.43

PL-DMTA dual—cantilever thermogram produced on hesting
S71/1082 uPVC =3k 4°C/min with 3 frequerncy of 1 Hz and

instrument skrain of one
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dual—-cantilever mode and kG’ in the shear mode, where k, the
geomekry constankt, is calculakted using equation 3.8. The
maximum stiffrness the machine can dekeck, shown as the
product log (kE’), is BE.S5 i1n the '"suto-strain’ mode. All
analyses have been carried outk at constank displacement,
stkrain times one, a8 displacement of 16 microns giving an
upper working Jlimik of log <(kE’) = 6.0. The minimum
st1ffness is tog (kE’) > E2.0.

The samplie geometry is selecked ko snsure that the
kE’ product remains withhn the operational ramge of the
inskrument during analusis. In the dual cantilever mode the
easiestk parameter to control s the samplie lengkth. In the
shear mode the sample lemngkh is tEhe oniy parameter Ehat can
be changed and 1s kepkt less than twice the diameter to kesp
bending errors ko a8 mintmum.

The measurement through the Tg of PVC using the
dual-cantilever mode produced a fall in modulus typical ly
from log 3.% in the "glassy” state &to log 6.8 in the
“rubbery”™ region. When the above considerations for accurate
analysis during a complekte thermal scan, i.e. from —130°C to
170°C, are taken into sccount, the respective k constants
are 4.0 < log k > 3.0. In shear mode, however, using
unswol len PVC samples having an original thickmess of around
€ mm and swelling to a maximum thickness value of around 3.5
mm, i1kt is impassible ko keep wikthin the machine’s operating
limits for the ideal complete tempersture scan of =-130°C to
170°C, reliable information only being obtained after the
onset of seftening. Thus, information on the B relaxation,
wccurring a8k —30°C in the shear mode is unobtsinable. Also,

due to the high modulus at fow temperatures and considering
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that Ethe samples are only held in the frame by compression,

a considerabie amount of sl ippage octurs.

t.4.1.1 Experimental variztion

The Log modulus anmd tan 6 thermograms for the shear
analysis of PVC plagques swollen with dimethylbenzene for 30
mins ak B60°C are shown in figures ‘.4 and 4. 45
respectively. This experiment was designed to examine the
sccuracy of the experimental procedure. To test the
consistency of the amalysis within the sample a large plaque
was suollen with dimethulbenzene for 30 mins at 60°C from
which @ number of samples were cuk outk and analiused. ANy
error produced would mainiy be attributed to the clamping
procedure and the micrometer measurement of Ethe sample
thickrness. The I|log modulus readings st B0°C are shown in
table 4.8 together wikth the tan 6 peak positions. The tan 6
peak position for the swollen region is denoted by Tga* and
the tan 6 peak position for the dry unswol len portion is

denoted by Tga.

$.4.2 fAnaiusis of highly swolien poly (vinglchloride)

Plaques using dual-cantiiever dynamic mechanical

thermal analysis methods

4.%.2.1 Sustems thought to be fully swollen

Room temperature liquid sorption of some of the

swel |l ing agents investkigated produced a plaque,
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FIGURE “.44%

Experimental variastion of log modulus showm by PL-DMTA shear

analysis of identical wPVC sampies swollen wikh

dimethylbsnzene ligquid at 60°C for 30 mins
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FIGURE 4.45

Experimental variation of tan 6 shown by PL-DMTA shear
analusis of identical uPVC samplies swollen wikh

dimethylbernzerne |i1quid at 60°C for 30 mins
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TABLE 4.8

Experimental variaskion bstween samples of PVC swollen, to

Ehe same exktent, with dimethylbenzenes 1iquid
sample percentage log Tax® Taa
number molar content modulus at

B0O<C

(G’ in Nm~2)

%11 15 6.40 b 30
X17 i 6. 48 7 83
X1iBe 1e 5.32 8 B3
%18 14 &. 14 10 30
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which waz opaque white 1IN colour, very soft and rubbery in
texture with no visval sppearanrce of the dry Iinner core
remaining. i tyupical thermogram is seen in figure 4.46.
This depicts Ehe tan 6 plot exhibiting two pesks both akb fow
temperatures, -37 and —-i24 °C. The Ilarger broader peak,
Tax*, occurring ak -37°C is thought ko be due to a
transikion essociated with the swollen PVC region. In aill
of these highly swellen samples the PL-DMTA was operated
unti! the sample disintegrated; in each case no kan 6 peak
associakted with the T3 of uPVC was observed. thus, the PVC
plagques empioyed were thought to be fully swoilen. At the
temperature where the sample began to break, shown by wide
fluctuagktions in the modulus and tan 6 readings, the
experiment was terminated.

The small low tempersture tam 6, Tgp. pPeask is
thought to be a transikion associated with the excess |iquid
present. Fully swollen plaques producing Tgp Peaks possibliy
associated with the pure |liquid, are shown in figures 4.48
to 4.54. The results are tabulsted in table %.9. The
tempersktures of the transition dus ko excess ethylbenzene
and nitroethane 1n fully swollen plaques shown in ksble 4.3
compare well wikth the PL-DMTA Tg values of the respective

pureg liquids in kable %.7.

Y.4.2.2 Highty swollen diluvent/Paly (vinglchioride) sustems
exhibiting an unplaskticised poly (vinglchloride)

glass transition

Extremely fast | igquid sorption was observed wikth

l1,2-dichioroethane and trichloromgthane at 45°C 1nto plagues
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FIGURE “4.46

Low temperature tan § peaks produced using dusl-canmtilever

PL-DMTA on uPVC swollen wikh nitroethane liquid at room

temperature
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FIGURE %“%.%47

t.ow temperature tam § peaks produced using dual=cant lever

PL-DMTA on uPVC swollien with 1,8-dichloroethane |iquid at

room temperakbure
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FIGURE 4.48

Low temperature tan & peaks produced usimg dual-cantilever

PL-DMTA onm wPVC swolien with chlorobenzerne liquid at room

temperature
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FIGURE “.43

Low temperature bam 6§ peaks produced using dual—-cantilever

PL-OMTA on uPVC swol len with Erichloroethane liquid a2t room

tempersture
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FIGURE 4.50

Low temperature tan 4§ peaks produced using dual-cambti iever
PL-DMTA on uPVC swolien with 2-mitroproparme ligquid at room

temperature
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FIGURE 4.351

Low temperature ktan § peaks produced using duai-cankilever

PL-DMTA on uPVC swollen with i-nitrobutane liquid ak& room

tempersture
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FIGURE 4.5c

Low temperature tan &§ peaks produced using dual=-camt jever

PL-DMTA on uPVC swollen with ethylbenzene liquid at room

temperature
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FIGURE 4.53

Low Eemperature tan § peaks produced using dual=-cant iever

PL-=DMTA on uPVC swollen with dichlorobenzeme ji1quid at room

temperatures
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FIGURE 4.5%

L.ow temperature tan § peaks produced using dual—-canti lever

FL-DMTA on uPVC swolien wikth propanone liquid at room

temperature
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TABLE 4.3

Tan 6 peak positions produced using fully swel len PVC
pisques produced at room tempersture; (PL=-DMTA dual

cant) lever mode ak Y°C/min and strainm Eimes one. )

swelling liguid sorpk ion % transition due T’

time molar to excess

(daus) content ligquid,Tga

°C °C

ethy lbenzene BS 139 =111 8
nitroethane 23 70 -184 =37
g-nitropropane 3 67 -120 -c4
i1-mitrobukane 24 =1=) =108 -ee
chlorobenzene 15 81 ~106 =35
dichlorobenzene 6 80 ~-73 =-3c
erichloroekthane 16 ac ~ic8 -ig
l,8-dichloroethane 3 =] = =15 35
Propanocne 1c 51 -132 -
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FIGURE 4.55

Dusl=canti lever PL-DMTA

on uPVC rapidly swol lemn with

trichioromethane {i1quid ak 45°C
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of FVC. UWhen examined using FL~DMTA in the dual-cantiliever
mode, three tan 6 kramsition peaks were observed, a3 small
Tag pPeak thought to be associated wikth glassy regions of
gxcess |liquid present, a broad peak associsted wikh the
diluent swoillen outer ifayer and a main Tga Peak, an example
of which is shown 11 Figure 4.35. fin approximate value for
Ehe Tgq of trichloromethane is —143°C, shown in table 4.9,
this compares tou within 14°C of the Tgp pPesk exhibiked 1n
figure 4.55. The Tgp pPeak produced in Ehe FL-DMTA of uFVC
swoilen with 1,2-dichloroethane oCCUrs at =113°C a
difference of 17°C with Ehe Tgp calculated value for

l,8~dichijorosthane shown 1n table 4.9.

“.4.3 Examination of vappur swollen poiy (vingyichlioride)

plaques using duai-cantiilever, dunamic mechanical

thermal analusis mekhods

Vapour swolten samples produced thermograms where
the Tga’' peak occurred at higher ktemperatures than observed
in section Y.4.2 for ligquid swelling. This would indicate a
low concentration of vapour 1n the polumer. In some cases,
(see figure 4.56), the Tga’ peak is a shoulder on the low
tempersture side of the Tza peak,

Using the condikions described in section 4.2 to
produce table 4.6 it was found that the extent of sorption,
with the exception of 1l.f-dichloroethane, in each case was
small and was mot sufficient to produce a visible separate
swollen fawer. The sorption of 1,2~dichioroethane inte PVC
plaques was rapid when compared wikth Ehe okher vapours that

were examined. The rete of sorpkion was some SO Eimes
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FIGURE 4.586

Duai-canti lever PL-DMTA on a 0.% g plague of uPVC

conkaining 1 mg of benzene introduced from the vapour stzte

at 50¢°C
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greater than that of benzene as shown 10 tsbie 4.5, for
experiments at the same vapour pressure and tempersture. It
was possible with 1,2-dichioroethane ko sorb encugh vapour
in the pilaque sufficientliy to remove the Tga transition as
shown 1n table 4.10. There was, however, no ind:cation of a
solvent front moving through the polumer as compared wikh
liquid swollen PVC plaques. PL-DMTA studies of uPVE suwocl!ien
wikh 2-nitktropropane produced a plaque where the Tga’ peak is
more clearly resoived kthan uPVC swollen with benzene (see
figure 4.56) or propanone vapour, as shouwn in figure %4.57,
Dual cantilever PL-DMTA was carried ouvk on uPVC
swollen wikth 1,8-dichloroethane and benzene vapour for a
range of percentsage mo! vapour contents in the sample as
shown 1n table 4.10. It is seen that the relstively rapid
uvptake of 1.,2-dichloroethane precludes the examination of
swollen plaques wikh vapour contents less than 8%4. The Tga
peak is removed at vapour contents higher than B.4Y%. The
tan 6 thermograms for uPVC swollem with 1,2-dichloroethane
and benzene vapour for the percentage molar contenks shouwn
in kable %.10 are shown Iin figures %4.58 and 4.53. The
numbers on the curves refer to the percentsge molar content
of wvapour in the sample. The curves are numbered with
increasing percent molar content of swelling agentk present
at the removal of the sample from the swelling environment.
Although precauvtions were esrried ouk Lo prevent vapour loss
from the sample between weighings, before and after PL-ONTA
loss of vapour s 1nmevitable particulariy during PL-DMTA.
Since the ranges of percent molar contents of vapours shown
in figures 4.58 and 4.33 are small the toss of vapour from

the sampies may account for the more highly swol len sampies
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TABLE 4.10

Tarn 6 peak positions showrn by PVC, swollen with

l,8~dichloroethane and benzene vapours during PL-DMTA

vapour “mol Tga® Tga
contenkt °C i |
in sample
1,2-dichiprosthans 6.1 c8 35
B.4 43 95
3.7 47 -
ie.0 “0 -
13.4 36 -
c0.4 c4 -
ge.1 36 -
benzene 0.2 72 g3
4.5 33 98
4.8 43 93
9.1 40 97 ‘
13.6 43 - ‘
|
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FIGURE 4.S7

Resolution of tan 6 peaks of dual-cantilever PL-DMTA of uPVCl
plaques swollien with either 48 mg of 2-niktropropane or 33 mg

of propanone 1ntroduced from the vapour skaske at 50°C
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FIGURE 4.58

Tamn 6 thermograms produced on heat ing uPVE plaques swol len

with 1,2~dichloroethane vapour at S0°C
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FIGURE 4.59

Tan 6 thermograms produced on heaking uPVC plaques swol len

with benzene vapour at S0°C
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showing Tga’ "s higher than expected.

4.%.4 fAnaiysis of highly swollen PYC plagues using shear

PL-DMTA methods

4.4.4.1 Loss of vapour during analysis

The PL-DMTA temperature range emploued, was
approximateiy —130 ko 120°C with a heatinmg ratke of C°C/min
for shear anaiysis, meant an appraoximate ktime for 2 single
experiment would be around 185 min. Since some of the
diluents had boiling points within Ehis working range the
sample may be {vsing diilvent during the analysis, and n
samp le preparation and handl ing, therefore the concentration
of liquid in the swollen region calculated at the start of
the experiment will be greater than the concentration at
B60°C. fAn indication of the loss of materia! from the sampie
by the time the temperature has reached B0°C in the analyser
is required since the mechanical properties of the material
discussed in chapter 5 will depend on the concentration of
diluent present at that tempersture, A series of
experiments was thus designed to estimate the amount of
jiquid loss at amy perticular time during the PL-DMTA
experiment, 1n particuiar the foss of liquid ocecurring up ko
E0°C.

Plagques of PVC were swolien at &0°C for various Lime
intervals in order to produce samples with different liquid
swollen Ilauer thicknesses. Discs were cut from the swollen
plagques as described in section 3.2. Krnowledge of Ly and L¢

3! lowed the computabtion of the respective volume Tfractions
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of the swollen region, V., and the dry inner core, Vg, in
the disc. The molar content of |liquid present in khe
swolien region in kthe discs was calcoculated using mekhods
described in Appendix £. The discs were subsequently cooled
and analused in the PL~-DMTA instrument. At least four
samples were produced for each sorption time interval. The
analyses were bterminated at various times corresponding to
produce a range of “removal temperatures” as stated in table
4.11. The ioss of Ii%ﬁld was calculated using the methods
outliined in fAppendix € for each removal temperature. The
results are ktabulated in table %.11 and the percentsge loss
of liquid 1n the sample was plotted wikth respect to the
duration of the PL-DMTA sexperiment (shown as Ethe sample
removal temperature) in figures “%4.680 to 4.64. The V,
frackions of the samples shown in Ehese figures are
approximations te khe wvalues given 1n kable 4,11, in an
attempt to model the loss of |ligquid from kEhe sample to the
extent of penekrstion of Ehe liquid 1n the sample as shown
by the V. fraction. In the worskt case, propanons, Ehe loss
of liquid at 60°C in Ehe snaluser is around 20% and around

104 for the other, higher boiling point liquids.

4Y.%.4.2 Shear log modulus kEhermograms of iquid swol ten

disc

Log modulus thermograms for swollen polumers for the
various liquids emploued using shear anaiusis techniques are
showrn in figures 4.65 to 4.69. 0Oniy a representative number
of analyses are shown in each case for simplicity. The

ascending numbers on tEhe thermograms indicate Ehe increasing
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TRABLE 4.11

Loss of solvent from samplies during PL-DMTA

Sample sorption Ve removal liquid loss of %
no., = Eime fractiron temperature content |iquid loss
mins °C (Nal from

sample sample
mg mg
Aale = 0.3B =30 11.8 2.8 2e.03
Al0 c C.40 -0 7.3 0.9 12.33
All [ 0.48 o] 8.8 i.2& 13.35
A2l 2 Q.43 30 8.0 1.@ 15.00
Ag 2 0.38 60 i3.4 2.7 20.15
Al3 e 0.41 650 7.8 1.7 21.73
Ale 2 0.33 100 13.3 6.3 47.37
Al13 c 0.40 110 i6.¢2 6.8 “+1. 3B
AlB 5 0.57 -20 30. 2 10.5 4. 77
A1z 5 0.5% 5 cB. 5 6.7 c5.28
AlS 5 0.350 50 £5.8 G.B £5.58
AlY4 5 0.47 100 £26.3 15.1 57.41
FE3 = 0.30 -3d5 10.5 0.5 %.76
Fee 5 0.23 0 10.0 0.1 1.00
FE7 5 0.87 20 11.1 0.1 9.01
Fce =1 c.31 70 6.8 1.1 16.18
Fe4 5 0.35 100 11.5 2.2 13.13
FEs 15 0.45 0 13.8 1.9 7.81
FE6 15 0.33 -0 15.8 0.5 3.16
F3l 15 0.40 50 13.3 1.7 12.23
Fe3 15 0.34 106 13.6 3.6 26.47
F3a4 120 0.62 -20 2.1 0.3 2. 14
F3ao 120 0.81 3 55.2 1.5 2.78
F40 120 Q.83 20 76.5 6.0 7.84
F33 120 0.93 i = B4.8 6.1 7.13
F36 120 0.73 55 43.6 6.2 14.22
Fas 120 0.728 &0 41.68 $.4 10,53
F3B i20 0.83 70 B83.7 10.2 i2.19
F37 120 0.82 100 76. 2 17.3 ce. 76
F33 120 0.B84% 1o 58.5 14.3 2. 44
N10O 1 0.E25 1 5.5 1.8 21,82
ND 1 0.c4 S0 8.2 3.0 3J6. 53
NS 1 0.2835 100 8.1 2.9 30.86
N1E S 0.20 -40 9.7 2.1 21.05
N14 =] 0.25 0 10.3 1.6 15.53
N13 =] 0.286 50 11. 1.4 12.50
- N1l =1 0.8 12g 1.7 5.7 48.72
N17 15 0.50 0 3%.9 6.0 17.15
N1GB 15 0. 351 20 33.4 9.4 c8. 14
N1B 15 0.35 80 34.0 12.5 36.76
N1S 15 0.595 110 37.3 16.0 42. 80
-— Sample i1dentification at fook of kable
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Sample
no. =

X36
X3e
X3z
X33
X30
Xevz
X223
X£8
X6
xes
bt =
X413
H41
x40
X33
Xac
X34
X331

E1l7
E18
El6
E15
E21
E30
EEZ3
EE0
ECE
EzB
E13
EEZ7
EES
ECY
EE28
EC3

T3

T10O
Ti11
Tig

sorption
Eime
mins

3o
30
30
30
B0
(=19)
80
(=10)
&0
B0
240
240
240
c40
300
300
300
360

30
30
30
30
30
30
30
30
30
a0
|0
30
300
300
300
300

150
150
150
150

“ZMmxT>
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TABLE 4.11(cont)

Ve removal liquid
fraction temperature content
°C in
sample
mg
Q.29 60 3.3
0.36 83 13.1
0.38 100 10.7
0.32 110 2.4
0. 40 ~-20 12. 4
0.40 S0 12,0
0. 33 50 12.0
0.33 70 11.1
0.41 127 11.8
0.20 130 3.1
0. 84 0 45. 3
0.80 as 1.3
0. g4 66 45.0
0.79 120 33.08
0.42 0 8.6
0. 62 50 30.5
0. 65 70 0.3
o. 628 100 Jo. 2
0.34 15 8.3
0.28 3o 7.2
0.31 60 7.2
0.27 100 6.0
Q.33 0 3.6
0.47 20 55. &2
0. 44 4e 15.5
0.33 50 3.6
0.37 70 9.6
0.51 81 17.¢c
0.37 100 9.5
0.52 102 17.3
0.81 0 Je. 4
0.85 S0 3J8.9
0.8% 73 36.9
0.87 100 3z.7
0.73 100 47.7
0.739 &0 “0. 2
Q.64 30 45. 2
0.72 24 3g8.0

~-propanone
=f luorocbenzene
-dimethyl benzene
-ekthylbenzene
-niktroethane
-methy lbenzene

c01l

Loss of solvent from samples during PL-DMTA

J-IH(JOP*JLﬂGUHﬂ&LdgLﬂPFUH

OFfNFrOMNFOOOWRNIN

(=

-

Nouan OoNSfonowunnwrLmFoO

« =

n-+oa PUHUPPHYNFJOPHJO?‘O(DO [} I 1 ]

%
loss

27.&87
16.73
10.c28
c6.61
0.40
2.50
7.350
11.71
2l.85
£5.81
©.83
5.81
9.11
£5.13
3.50
6.89
1. 52
21.13

0.00
5.358
11.11
16.18
3.13
2.72
3.68
B. 74
10.4@
12.73
£l1l.05
£0.23
1.0%
6. 394
10.30
15. 92

13.00
14. 50
B.50
7.00
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FIGURE 4.B60

dimethylbenzene |liquid akt G0°C, when asnalysed using shear
techniques
% toss
of
ligquid
legend
30 -
Vrp fraction
0.8 == x o ©
20 -
10 A
0 -P = ] / T I ) T ¥ ¥
-20 0 20 L0 60 80 100 120
temperature/°C

FIGURE %.81

Loss of wvapour from uPVL plaques swollen with ethylbenzene

liquid at 60°C, when analysed using shear techniques
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FIGURE .62

Loss of wvapour {from uPVC plaques swol ien with methylibenzenes

liquid ak 80°C, when analysed using shear ktechn)ques

% loss
of
liquid
|legend
Ve fraction h
304 0.8
20- %
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FIGURE %.63

Loss of vapour from uPVC pliaques swollen with nitroekhane

liquid at 60°C, when analysed using shear techniques
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FIGURE “.864

Loss of vapour from uPVC plagques swolien with fluorobenzene

liquid at E0°C, when analused using shear techniques
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percentage |liquid conkent 1n the swollen region. The
cajculated percent mol content of liquid inm the swollen
region at 60°C, in the analysis head, 1s given in the |legend
1N each figure. The liguid conktent 1n the swolien region 1s
that found after the discs had been coocled to the PL-DMTA
starting temperature, around -100°C, and heated to B0°C in
the anaiyser. The percentage Jiquid conkent values have
been currected for ioss of |iquid, calculated in section
4.4%.%.1, for the temperaturs 1n tEhe analyser of 60°C. The
modulus curves generally show 3 decrease in value at any
given tempersture with increasing mol content of ligquid in
the swolien region, slthough some curves do mot follow this
trend. The deviations from this trend are probably due to
errors in calculating the tiquid content rather than
instrument error. The main contributions towards this error
would be the difficulty experienced in measuring the inner
core thickness via the microscope and the losses of vapour

from the sampie during analusis.

4.%.4%.3 Tarn 6 thermograms of swo!l len plaques

Tan 6 thermograms <for the various liquids used in
the shear analysis of swollen PVL samples are shown in
figures 4.70 to 4.74. The exampies shown correspond to the
log modulus ploks in figures 4.65 to 4.839 discussed 1n
seckion 4Y.4.4.2. The ascending numbers on the plots again
correspond to the percenteags ligquid content of the swollien
regiomn in the discs given in the legends 1n Ehe figures,
after they had been cooled in the PL-DMTA to the starting

temperature and heskted with a rate of 2°C/min, corrected for

05
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Ehe loss of liquid from the swol len region sk 60°C using the
results shown in section %.4,.%.1. The Tga’s show a seneral
trend, @ decrease in temperature with increasing |iquid
contack, again anomalies occur from Lthe trend producing

higher than expected Tzga® values.
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FIGURE “.ES

ethylbenzene | iquid ak 60°C
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content 1M
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FIGURE “%.EB6

Shear |og modulus khermograms for UPVC swollen with

dimethylbenzene | i1quid at G0°C
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FIGURE 4.67

Shear |log modulus kthermograms for uPVC swollen wikh

nitreethane | 1quid gk B0°C
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FIGURE %.68

Shear log modulus thermograms for uPVYC swol len with

propanone |iquid at S6°C
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FIGURE 4.83

Shear |og modulus kthermograms for uPVC swollen wikth
fluorobenzene liguid at 60°C
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FIGURE 4.70

Tga® and Tga peak produced with shear PL-DMTA for uPVC

swullen with mitroetharne liquig at 80°C
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FIGURE 4.71

and Tga peak produced with shear PL-DMTA for uPVC

swolien with dimethylbenzene ligquid at G0°C
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FIGURE “4.72

Tga’ and Tga Peak produced wikh shear PL-DNMTA for uPVC

swolien with fluorobenzeme liquid at G0°C
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FIGURE %.73

Tga’ and Tga peak produced with shear FL-DMTA for uPVC

swol len with propanone liquid ak 36°C
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FIGURE “4.74

Tga’ and Tga peak produced wikth shear PL-DMTA for uPVC

swollen with ethylbenzene liquid akt SB°C
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4.5 EXAMINATION OF SEPARATED CORE AND SWOLLEN LAYER

In one i1nstance, DOP, it was found ko be possible ko
separake the swollen layer from the inner vPVYC core and run
a PL-DMTA on the shaved lagyer. The reswuiting thermoorams
are shown 1n figure 4.75. Tan 6 is shown to be lowered by
13°C =and the si1ze of Ehe Tga peak, for the analysis of the
swolilen region only, ts much diminished. The modulus of the
swollen layer is shown as the dotked |ine.

With DSC methods 1k has been possible to separate
Ehe swaiien and jnmer core layers and run analuyses on both
fayers independently for a |large number of swollen suystems,
the results of which are shown in figures 4.76 ko 4.80. The
samples were prepared by cukbing the swol ien tauer away from
the inmer core using a scalpel. The respecktive portions,
swolien and dry, were separately chopped into small enough
pieces to Tit 1nkto the DSC pan. Difficulty was experienced
1n achieving optimum baseiines for the inner core sampies
ard alsog for kthe propanone swol len laver, (see figure 4.78).

The dry imner core was glassy and difficult o cut into
small pieces and it was thought that the poor baselirnes may
be due to lack of physical contack between the glassy inner
core pieces and the sample pan. A summary of the resuits is
given in table 4.18. Instrument calibrstion was carried out

using Ehe method described in section 4,3.C

gl17
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FIGURE 4.7S

Shear PL-DMTR of uPVC swollen with DOP |igquid at BO°C,. The

dotked curve is bhe shear analusis of the separated swollen

region
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FIGURE 4.786

DSC kmermograms for separated echylbenzene swol len and core
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FIGURE 4.77

DSC kEhermograms for separated nitroethane swol len and core
regions, samples were cooled and subsequentliy heated at

$Y0°C/min
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FIGBURE 4.78B

pDSC tthermograms for separated propanone swol len and core
regions, sampies were cooled and subsequent |y heated at

“Y0°C/min
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FIGURE %.73

DSC tkhermograms fTor separsted UDOP swol ien and core regions,

samples were cooled and subsequent iy heated at 10°C/min
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FIGURE 4,80

DSC thermograms for separated DMP swollen and core regions,

samples were cooled and subsequent ly heated at “Y0°C/minm
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TABLE 4.12
DSC transition values for separated swol len and core
regions; (cooled amd heated at HY0°C) and corrected
forr- a heat rsate of 4°C/min
liquid swol ien* core* % motar Ve

region region conkent in
swollemn |layer

ethylbenzene 1%.3 33.0 13.0 0.63
nitroethane (-BB.7)-4E2.5 33.3 3i.c 0. 44
propanone -25.1 g7.9 Ji.1 0. 54%
DOP -42.6 58.93 5.4 0.48
DMP -15.6 102.9 B1.0 0.33

% -~ average value on removal from the swel |l 1ng environmenk
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9.1 DRIFFUSION OF LIGUIDS INTO uPVC

The diffusiomn of a limited number of liquids into

wPVC plaques has been reported[21,25]. Kuei gt at.[E5]
1nvestigated tEhe mass uwvpkake and distarnce of liquid

penetration as a funckion of time and anaiused their
experimental data by a generalized diffusion equation which
took 1nto sccounk both Fickian and tase 11 mechanisms,
obkaining excellent agreement between this equakijon and
experimental results. Lapcik st 2l.[21] have investigated
the pernetrabion of a number of liquids inko wPVC as a
funckion of time and tempersture. To produce diffusion
coefficient data, Fick's second law wss solved assuming a
discontinuous change of D with concentration. Both methods
Eook 1nto account Ehe sweliing of the plaque by employing
Danckwert's{148] methods of representing moving frames to
measure the Iligquid front in the swelling sustem. These two
groups of workers found excel lent agreemenkt between
Eheoretical predictions and exper imental data, but

application of &8 classical Fickian, treatmenk was not

discussed.

ecs
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5.1.1 Validikbty of classical diffusion theories wikth

changing sample thickness

The effect of the solvent frontk movement in egquation
£2.111 s to aikter the sample thickness term, Ly, thus
directiy altering the diffusion coefficient. This effeckt is
shown n Tigure 5.1 and table 5.1 where khe thickness of the
vnswol ien core 1s ktaken into account, with respect ko time
in calculating the diffusion coefficient for fluorobenzene
at G0°C. The core thickness values were obtained from an
averaged core thickness of a8 number of samples at a
particular Eime. It is seen that the diffusion coefficient

changes by a factor of a 100.

The % =~ line, drawn in figure 5.1, is a
polynomial fik ko the experiment data. Althouwgh the T
lime is close, on visual inspection to a straight |i1ne, as
would be given by Fickian diffusion on such a plok as figure
5.1, the sliope wikth respect to kEime is chamoing slightly,
see tkable 5.1. This =lone, according to equation 2.111,
wi Il change Ehe vaive of D.

In kaking into account the sample Ethickness ik is
assumed that the concentration throughout kthe swol len layer
1s that of the concemtration at the polymer—liquid interface
and the poiumer—diluvent lager offers no resistance to
furkther movement of 1{iquid. The changing core thickness

seems ko be the dominating factor in changing the value of D

render ing the use of purely Fickian treatments

|nappropriate.
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FIGURE S.1

Diffusion of liquid fluorcbenzene at 60°C into uPvlC,

M;/M(max) versus square rook Eime

My /Mimax)

H
L

1-0 -

0.8.

&6-

0-4 -

0-2 A

0-0

O =
~J
—
<
—
—

0o 1 2 3 4 5

sgquare root time min?*’?

co7



CHAFTER S5 — DISTUSSION

TABLE 5.1
The classical ly derived diffusion coefficient for the
diffusion of fluorobenzene 1nto UPVE plagques at 60°C tasking

into account the cheanging sampie khickness

sorption  average s lopex10® Dx10?
time cors
myn cm cmgs 1 cmis~?
2.85 0.1% 8.8 3.11
3.16 0,13 3.B .96
“4.30 0.1z 10.1 2.79
7.79 0.08 11.6 1.69
10.95 0.05 8.3 0. 34

£ee
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S.1.2 The Cass II contribution to diffusion into a system

which swelils

5.1.2.1 Validity of Case II theories with liquid diffusion

into UPVC samples

it large experimental times according Eo equation
2.184 the mass uptake 1s |l inear, the slope being 1s Cyov  and
the 1ntercept given by C,D/v. Accordingly, values may be
computed for D and v from the data produced in table 4Y.4.
Using the values for C,, D and v 1t is possible ko caiculate
the total amount of penetrant per unit area for any time as
described 1n equation 2.183, and as shown 1n figures 5.2 to
5.9. The algorithm for equations £.121 and 2.1823 1s given
in Appendix 3. The dctt;d line in the figures shows the
calculated total mass upktake per surface area wikh respect
to time, Table S.2 shows D and v values for the sorpbtion of
Ehe Iliquids =and plasticizers emp | oyed ak the two
temperstures. A sorption experiment was conducted at room
temperature, with propanone as the penetrant, fTor comparison
purposes with the literature quoted values produced by Kuwei
et 2!., at room temperature,[25} upon which this model is
based. The room tempersture propanone data are shown at the
fook of table S5.28. The values given by Kwei et al. pertain
ko 2 compression moulded uPVC sheet, with a thickness of
0.33 &m, subjected to the jiquid sorption of propanone st
room temperature. The equi librium concentration of
propanone in the swuollen sheet was taken as the surface

concentration and was found to be 0.50 g ©m~%, The reported

diffusion coefficient and the velocity of liquid penetraktiron
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FIGURE 5.2
Diffusion of propanone 1nto uPVC ak S6°C
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Diffusion of ethytbenzerne 1nto VPVYC ak GO°C
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Diffusion of dimekhylbenzene
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FIGURE 5.4

1into uPVC at 60°C
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Diffusion of fluorobenzene
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FIGURE 5.8

into uPVYC at BO0°C
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FIGURE 5.7
Diffusion of BBP, (e), and DMP, (x), plasticizers 1nto uPVC
at E0¢C
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FIGURE 5.8

Diffusion of DOP pilasticizer 1nto uPVC at G0°C
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FIGURE 5.3

Diffusion of Cereclor S52 plasticizer into wPVYC at 60°C
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TABLE 5.2

pDiffusion coefficients and liquid front velocities

1

calcuiated using leaskt—-square calculations from mass per

syrface area versus time dsta

liquid at 30°C ak B0°C
Dx10° vx10® Dx10® vx10*®
cmis=? cmg ! cmis~? cms~?
propanocne 40.10 13.50 1230. 00 233.00
f luorobenzene 1.81 &.03 181,00 36. 30
dimethylbenzens 1.08 0. 82 73.%80 11.00
ekhyibenzene 1.38 1.09 16.00 3.20
nitroekthane —-—— - 81.390 108.00
BBF ——— ——— 1.73 0.co
pmF —— ——— 3 4. 93 0. 63
GopP ——— ———— 5. 88 O.41
Cereclor 552 - —_——— —— 0,25 Q.06
1,2~dichlorobenzense 0. 36 0.71 - -
chiorchenzen: 175.00 4. 20 ———— -—=
benzene ) 1.83 1. 66 ~——— -——
methy ibenzene 0.8¢c 1.13 - ———=
® E-nrtrcpr;pane 1. 6% 1.48 - -
1-nitrobuktane 0.0c2 0.0c —— -

at room temperatures

propanons 6.38 4.1

- ' Ciead
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reported by Kwer et =1. were,

v = 1.88x10"% cm s"!?
D= 7.05%10"* cm? s-?
These compare wel! with Ethe room Gtemperature propanone

sorption experiment reported in table 5.2

S5.1.2.2 Predicktion of the thickness of Ehe |iquid suwol len

lauer

The increasing kthickness of kthe swollen Ilayer wikh
respeck ko Ltime was reported in section 4.1.2.3. The
diffusion coefficient and |iguid wvelocity fronk wvalues,
obkained im section 5.1.2.1, were used 1n equation 2.121 to
fit a calculated curve to the experimentai swollen layer
thickness, L. curves in figures 4.20 to 4.87. The results
are shown in figures 5.10 ko 5.17. A series ef curves uwas
calculated for different values of Cx., and compared with the
experimerntal L curve. Cy is identified as being the
critical concentration at uwhich point the “apparent™
discontinuity Iin b is seen, shown as the liquid fronk. This
treatment was restricked to the sorption experiments

conducted at G0°C and the Cx values are kabulated in Lkable

5.3. Kweir et al. produced s caiculated liquid front curve
for Cx = 0.03% g em™~® which Tikked experimental data. The
experiment, 1N Ethis present‘uark. using liquid sorption of
propanone at room temperature produced an equiiibrium

concenkration, C, = 0.97 g cm~* and when used ktogekbher wikth

D and v values, a curve which fiks the swolien layer—time
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FIGURE 5.10

Diffusion of propanone into uvPVC st SG°C,

movement of liquid front 1nteo plaque
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FIGURE S5.11

Diffusiom of ethylbenzene 1nto WPVC a3k 60O°C,

movement of liquid fronk inte piaque
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FIGURE 5.1&

Diffusion of dimethylbenzeme 1nto uPVYC at BO°C.

movement of ligquid front 1nto plague
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Diffusion of fluocrobernzene 1nto uPVYC at GO°C,
movement of ligquid front i1nto plaque
swol len p |
fayer — - |
L em _ - -
008' - " - *
" -
[ » -
-
’ -
-
Y -
-
0-04- o *” *
[ ] :’.’
[ 2
”
7
rd
0-00 : : : . - - -
0 20 40 60 80 100 120 140
Eitme min



CHAP

TER § - DISCUSSION

Diffusion of mi

movement of

FIGURE S.14

troethane

liquid fronkt
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FIGURE S.186

Diffusion of Cerecior §52 plasticizer imto uPVC akt BO°C,

movement af liquid front 1Nto plaque
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FIGURE §.17

Diffusion of DOP plasticizer intko wPVC at GO°C,

movement of liquid fromt into plague
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TABLE 5.3

Crikical liquid concentrations givimg rise to the "apparent™

discontinuity in D and the sharp advancing front

liquid crikical liquid
concentration

Cx g cm™?*

f luorobenzene c.0x10-~*%
ethylbenzene B.0x10-1°
propanone 1.3x10-7
dimethylbenzene 3.3x10"%
niktroethane 1.0x10"1°
BBP 0.135

DMP 0. 105

DOP 0.27
Cereclior 552 1.0x10-*

propanone (room temperature) 0.033
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dependencyd produces a Ly of 0.033 g em™?; a value which
compares wall with the Kwei figure. The increase of the
swolten layer Ethickness wikth respectk to time for the
sorption of propenone st room temperature is shown in Tigure

S.18.

5.1.3 The effect of diffusant size, hudrogen bonding number

and solubility parameter on Ehe diffusion coefficient

A comparison of Ethe diffusion coefficient with

respeck ko diffusamk si1ze, hydrogen bonding rnumber and

solubil ity paramekter is given in figures 5.19 to 5.21. The
dotted limes in each Tigure represent the best fik to the
experimental iy derived diffusion coefficients. Bokh Ehe

solubility =nd budrogen bonding number figures, st bokh
temperastures, show small increases in D wikth increasing
values of solubiliky parameksr and budrogen bonding number.
O, when examined with respect to inmcreasing molar volume,

shows a3 decrease in value, at both temperatures.

&4l
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FIGURE S.18
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FIGURE 5.13

The diffusion coefficient of liquid 1n UPVC as a function of

Ehe Ti1quid solubi ity parameter, at 30 and 60°C
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FIGURE 5.20

The diffusion coefficient of 1 1iquid in UPVC as 2 funckion of

the tiquid molar volume, akt 30 and GO°C

Log D
-3-
-4
-5_ %
-6 1 « X .
—?- x i egend
..8- . * . ..
s 30°C
_9-
x 60°C
60 80 100 120 %0 160
molar volume cm*/mol -

43



CHAPTER S - DISCUSSIDON

FIGURE 5.21

The diffusion coefficient of liquid 1n uPVC as a function of
the |iquid hydrogen bending number, at 30 and 8O0°C
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S.2 DYNAMIC MECHANICAL THERMAL ANALYSIS AND DBSC

ANALYSIS OF LIQUIDS AND PLASTICIZERS

The number of liquids 1n which 1E was possibie ko
observe a3 T4 was smail using bokh, FL-DMTA and DsC
techniques, The major difficulty, as already mentioned in
section 4.3.1, for PL-DMTA was that on gquenching the | iquid
heid 1n the filter paper supporkt, in fiquid nitrogen, the
sojid became extremely britk!e and shattered uwhen clamped
into the sample clamp. The filter paper support technigque
was more successful for the plasticizers than the liquids.
The plasticizer molecules sasre obviousiy larger than the
{iguids and the EBEBP thermogram shown :n figure 4.3% 1s of
particuiar 1nterest, exhibiting two kEan 6 peaks., It may be
FProposed that the smaller, lower temperature, (=75°C), tan &
peak may be sktribukted to a B relaxstion for the molecule.
From the BBF molecule shown in fTigure GS.828., it can be
Postulated that the 8 relaxstion can be akkribukted to sither
the benzyl or butyl group. The 8 relaxation 1n quenched,
therefore amorphous, polu(ekhylsng teraphthalate) is thought
to be due to the ester Ilinkage and has a tramsition
temperature of -8B5°CL156]3. The chemical stkructure is;

-{€oCc,H, E00(CH, ) ,0-F,
If only the butul group was considered, i.e. poiysthyliene,
from the 8BP molecule, it has been showun that a co-operative
movement ., causing a refaxatiton at around -1g0°0 is
observed[37]. A B relaxation in the BBP moleculs between

-85 and =120°C 15 therefore more likely ko be dus to the

For
ester and butyl cnﬂﬁunents. tThe Ilaroer benzy! group.
then
because of its size,{the B relaxstion if observed would be
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higher Ehan -BS°C, B reiasxakions have also been

demonstrated for di—28-sthuihexyl phthalate in the
Ihterature(l58] where the 8 relaxation occcurring at  —=170°C
was ascribed ko the sthylhexyi! groups.

The use of a substrate to support the 1tiquid during
PL-DMTA analysis wil! affeck the magnitude of the Ekan &
peak, making kthe transitions appear smaller than 1f kthe
support was absent. The kan 6 peak position, hoyever, is

unaffected by the support[l152].

FIGURE 5.2

A schematic diagram of the buktulbenzyi phthalate molecuie
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5.3 THE DYNAMIC MECHANICAL THERMAL ANALYSIS OF SWOLLEN UPVE

COMPRESSION MOULDED PLAGUES

Work carried out by Harrison[153] in this laboratory
showed khat the behaviour of uPVC swolien with liguid VCM at
room temperature is similar Eto that shown by many of the
liquids emploued in this work, Figure 5.23 shows a PL-DMTA
thermogram, using the dual~-cantilever mode, for uFVC swollen
with liquid VCM at room temperature over a number of
hours[1603 giving a PVC/VECM ge!l wikth a3 T4 of -—3°C. The
sample used was produced from 571/102 resin processed in tEhe
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 9400 KNwifor 10 mins =t 181°C, comditions only
slight |y more severe. The tan 6 tErace in figure 5.23 became
visibly noisy st around 20°C, possibly due to the VECM
{bp of -13°C) btoiling off and disrupkting the sampie
structure. There Iis no sign of any unswuollen material
present as shown by @ UPVC tan 6 occurring =t B8°C, the

sample fracturing betueen S0 and 30°C.

5.3.1 The stability of the giass kransition peak position

of the swollen material

5,.3.1.1 HMovement of Tga® peak on the rerunning of highiy

swoli len samples using dual-cant)i lever PL-DMTA

Trichloromethane and 1,8~dichloroethane swolien
samples, prepared by swelling the samples in the respecktive

liquid at S50°C, were run for a second btime using PL-DNTA.
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FIGURE 5.23

FL-DMTA duai-cant) lever thermogram produced on heating wPVC

swollen wikth liquid VCHM ak room temperasture

tané tan &
19-00-4 0-10 -1-00
] Ey
=] ™ -
\
a
V \ I
=8-00 \
£ B
N L
700 005 050
T
{
|
{ =
]
i
l L
{
600 - ,
|
‘ [
1
|
I
{ n
{
1
|
500 1 T T T ] 000
-40 -20 0 20 40 60 80
temperature/°C

248



CHAPTER S — DISCUSSION

At the end of the Ffirst experiment the samples were cooled

in situ and the same snalysis condibions used for the repeat

experiment. The cliamping of the samples was checked once
the temperature of the analysis head was well below the
temperature of the Tga’ pPeak in the firsk experiment. The
aute; layer of these samples proved to be very fragile
making i1ntermediate weighings impracticabie. In all cases
the Jlower temperature tan 6 peak associsted wikh Ehe Tg of
EhMe imbibed ligquid disappeared in the sectond experiment
together with an uvpward shift in the position of the kan §
peak due ko Tqa’. It hes been suggested{l1lBl] Ehat Ehe
formation of the Tgg Peak is caused by the swslling agent in
the swoilen region of the plaque, coming put of solution
with the PVC, as the plaque 1s cooled from room GLemperaturse
to -100°C forming micro~environments of pure liquid within
the poigmer. These micro-enviromments are removed on

heating during PL-DMTA and due to loss of liquid from the

samplie during =2nalysis do not recur n the second
exper imenkt. The boiling points for trichlioromethane and
l1.2-dichioroekthane are 61 and B3°C respectivelu. The

results of the tan § peak positions in the two runs and
their shifts are shown in table 5.4. The substantial
changes in the Tga’' peak position on rerunning the
experiment was thought te be due to the evaporation of the
1mb 1 bed fiquid from the Plaque. However, it was
impracticable to weigh the samples after PL-DMTA due to the
fragile swollen lager breasking and stickimg to the clamping

frame.
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TABLE 5.4

Tan & peak positions and their shifks shown by vPVC, swol len
with 1,8~dichloroethane and Erichloromethane, during

dual-cantiiever PL-DMTA

liquid original solvenkt Taga' ATga’® Tsga
“moi peak °C °C °C °oC oC
conkenkt i1st. E2nd. isk. 2nd.
run  run run run

l1,2-dichloroethane 48 -115 ——— ~50 14 G4 Be
23 -11@ ——— =4t (== 73 g%
trichioromethane 30 -135 ——— -20 31 51 8z

13 =140 —— == 3 =1e) ae
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5.3.1.2 Movement of Tga’ peak on the rerunning of vapour

swunilen samples using dual—-cantilever PL-DMTA

Liquid swol len uPVE plaques show considerable
changes in the Tga’ peak position, perhaps, due to the
speed by which bhe plagues were fTirst swollen producing a
non~equil ibrated sustem. WVapour sorption is carried out
over Jlong time intervals, typically 100 hours to produce =
30 mg uptake of propsmone in a 1.3 g plague of vPVC at S0°C.

The plagque 15 more likely to be in equilibrium in
atmospheric conditions unl ike rapidiy liquid swollen
plaques. The shifk in the ktan 6 peak position for Tga* in
vapour swol len samples would thus be expeckted to be smaller.

To examine Ethis proposal similar experiments vere carried
out es those described in seck ion 5.3.1.1 using
l,c-dichioroethane and benzene. In this case howsver, due
to the neture of the swueiling agent and/or the experiment
conditions, the nature of the swollen lauer al lowed the
weighing of the sample between the fTirst and second FPL-DMTA
experiments. The results are given 1n table 5.5 showing the
movement of the Tga’' pesak and change 1N percent molar
contenk between the firsk and second runs, The percent
molar content sktebted as messured is that sk the beginning of
the experiment and would be changing with respect to time
and temperature and is, therefore, only an approximation to
the content presemkt at the ktransition region.

Since these experiments were carried out using
dual-cantilever analuysis it was possible ko examine the B
refaxation which occurs ak —-30°C in wnswol len uPVC as shown

im figure 4.43. Itk is interesting to note that, for the btuwo

-~
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TABLE 5.5

Tan 6 peak positions and their shifts

during dual-cantilever PL-DMTA

vapour “mo! Togax’
contenkt °C

1st. 2nd. 1st. 2nd.

run  ren run  run

1,.2-dichloroethane 8.1 5.1 28 as

B.4 7.5 43 48

9.7 9.5 %7 47

12.0 11.0 40 Y4t

13.% 13.0 36 38

20.4% 13.¢2 24 (==}

cc.1 19.4 ag as

ATgG'

swollen with 1.2-dichloroethane and benzene

Tga
°C

35

33
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liquids examined 1n Ethis manner, Ethe position of the B
relaxakion peak is uvnaffected by the swelling aoent conkent
in kthe sample and the type of swelling agenk involved. The

swollen samples were cooled in situ from room temperature bo

the starting tempersture, of arovund —150°C; st a rate of
8°C/min, the fast cooling rate will not affect the position
of the 8 relaxation pesk[l162]. The position of the 8
relaxation peak (s shown in figure 5.84% for the samples
suol fen with 1,8-dichioroethane or benzene vapour at S0°C.
The "Brelaxation peak value remains almost constant with =a
slight overall decrease in value with increasing conktent of

swel |l ing agent.

5.3.1.3 Movement of Tqa’ peak on the desorptiom of tigquid

swol len sampies using shear PL-DMTA mode

Rapidly swol fen samples such as those produced using
the swueliing agent in liquid form show significant shifts in
the Tga’ posiktion if desorption was 2! lowed ko occur prior
to PL-DMTA, For example, a8 UPVC plagque swollen with
dimethylbenzene st G0°C for 30 mins produces a sample with a
swollen layer of approximately 0.4 fractiom of the sample
thickness. UWhen this sample was allowed to equilibrate at
atmospheric pressure and at room temperature for a number of
bours, followed by shear mude PL-DMTA, a shifk in Tga' of 25
degrees was produeced when compared with an identical sample
that was analysed direcktly after removal from Ethe swelling
environment. A similar set of experiments is shown in
figure S.25 where Ltwo sets of samples wvere 1denticaliy
Produced, by swe!ling plagques of uPVYC in propanone at S6°C,

one being desorbed prior to PL-DMTA. Oesorption was carried
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FIGURE 5.24

B relaxation peaks for uPVC swollen with (3) benzene and (b)
1.2—dichloroethane vapour at S0°C. numbers refer ko |legends
in figures 4.58 amd 4.53
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FIGURE 5.25

PL-OMTA shear mode thermogram produced on heat ing uPVC
swollen with propanone sk SE6°C, dotked | ine — sample used as

swollen, solid lime — sample desorbed prior to analysis
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out 3t room tempersture and pressure and was fol lowed using
the microbalance, the resulting desorption plot can be seen
in figure 5.26 where it 1s seen thakt over 8 periocd of 50
hours approximately 45% of the original propanomne content is
lost. The Tga’ of Ehe propanone-uPVYC sustem which was
aliowed to desorb prior to PL-DMTA, shown by the solid line
in figure 5.25, 15 shown to be 36°C higher than the swollen
sample amalysed directly after removal from the suwelling
environment. It is clear therefore that Ethe time betuween
removal of Lthe swollen sample from a thermostat bsth after
the diffusion experiment and cooling to the starting
temperature in the PL-DMTA experiment should be minimised.
In order to illustrate the problem of desorpbtion, even at
low temperatures, three 1dentical experiments were performed
with the exception that the samples were treated differently
after sorption. The samples were extracted from the same

piaque, and swollen with dimethylbenzene at 60°C forr 30 mins

producing a sample with a swollen layer of approximately 0.4
fraction of tbe tokal sampie thickness. Bne sample, (3),
was not al lowed to equilibrete after |I1quid sorptiron and was
anaiused immediakely on removal from the suelling
environment:; this was the rnormal procedure fTor analusing
swo! len samples 1n shear mode PL-DMTA and is detailed 1n ths
experimental seckion. A setond sample, (b), after the
sorpt ion experiment was stored 1n liquid nitrogen for C4
hours and a third sample, (c), after removal from the
swelling environment was stored st 0°C for 72 hours prior to
PL-DMTA. The results of this experiment are shown in figure
S5.27 where sample © shows a Tga', 25°C higher than sampies a

and b. This experiment suggests that swol len samples,

cob
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FIGURE 5.8

The descrpEion of propanone

folliowed using the microbalance
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FIGURE S5.C7

PL-DMTA shear mode thermogram produced on heating uPVE
gswollen wikth dimethulbenzene at 60°C for 30 mins, wikth a |

heating rate of 8°C/min, a frequency of 1 Hz and a

imstrument strain of one
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uniess stored 3t 1liquid nitrogen temperstures, should be

analuysed mmediately after the diffusion experiment.

S.3.2 Dynamic mechanical thermal analysis of shear mode

results

As a direck consequence of the work described in
seckion . %.1 above, Ethz 1nformaktion obtainable from
PL~DMTA, using the shear mode, below the Tga’ is 1imited.
The followimng enalusis, therefore, does not atkempk to
examine any relaxatrons or moduius readings below Ethat of
the T;a' peak. All kan 6 and modulus readings were confined
te temperatures greater than the Tga’ position uwhere the
moduius value drops sufficiently to be wikhin Ehe machine's
capabilities. The tre=stment below requires the use of a
standard modulus value st a tempersture below the T5 of
uPvLC. Since this is unobktainable using shear PL-DMTA,
values of £’ obtained using dual-cantilever PL-DMTA uwere
emp | oyed, In converting thesse modulus vaiuves, E’, to G’ a
Foisson's ratio of 0.42[653] was assumed in Equation 2.%4.

The modulus valus obtained from Ehe PL-DMTA was a
combination of the moduius Ffor the glassy core and the
rubbery region, Experiments carried out in shear mode,., (see
figure 3.9), together with Takayanagi's model for paraliel
conneck ion al lowed computation of the modulus of the rubbery
region, Gp’. tog Gpr’ was calculated using the following

mek hod. Firstk, log G’ was converkted into the compliance J*

J* = (1/G*)/(1l+tané) (9.1)

[=t=ta)
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This measured J’ from Ethe PL-DMTA was denoted by
J'{meas), and consisted of two portions produced from Gthe

rubbery fracktion V. and the fraction of solid makerial V.

J'(meaS) = VpJ,r + vsJ’s (S.E)

The only uwnknown 15 J’p which 15 calculated and converted

back to G’ as G’ uwsing

G’ = (1/7*)/(1+kan28) (S5.3

The procedure described i1n Pppendix 4 to calculate
khe log Gr* st B0°C and the ajigorithm 11 Appendix 1 to find
the percent molar content of diluent or plasticizer 1n the
swolisn region at B0°C during PL-DMTA ailiowed figures 5.E8
to 5.33 ko be compiied. In seckion “4.4%.%.4 the variation of
the modulus valus st EO®C due to the experimental procedurs
was investigsted. The standard devistion in the log modulus
value at BO°C was shown to be 0.06. This deviakion is shown
imn figures S.28 to 5.33 as a vertical error bar on the log

moduius.

5.3.2.1 Calculation of molecular weight between cross—! inks

from PL-DMTA modulus resuits

Viscoelastic theory suggested that chain
entangiements were Ehe cause of the rubber-elastic
properties in a polumer. 0On a thermogram the rubber~eglastic
region 1s the "platesu” after the polumer has undergone a

glass ktramsikiomn and before the rubber begims Eo flow.
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FIGURE 5.28

Log Gr’' calculiated from the shear analysis, at 60°C, of uPVC

swollen with nitroethans
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FIGURE 5.23

Log Gp* calculated from the shear analysis, at 80°C, of uPVC

~

swolliem wikth fluorobenzene
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FIGURE S.30

Log Gr’ calculated from the shear analysis, atk B0°C, of uPVvVC

swallen with ethylbenzene
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FIGURE 5.31

Leg Gr* calculated from the shear analysis, st 60°C, of uPVC

swollen with dimethylbenzene
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FIGURE 5, 38

Log Gr’ calculated from the shear analysis, at 60°C, of uPVC

swollen wikh propancns

log Gp’

?_
Gr* ’ e pmat
in §4 """"_-_-—-_*’ ¢ #
Nm=2

5-

L" T T T T T T T

10 12 16 16 8 20 22 2

smol contenk of liquid 1n swollen region st BO°C

FIGURE 5.33

Log Gpr’ calculated from the shear asmalysis, ak G0°C. of uPVC

swollen with plasticizers
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The height of kthe rubbery piateau can be correiated to My ,
the molecular mass betueen cross—I|inks and/or
entanglements; and by substituting Be* for B 1n equation

£.63, Mg 11 the swo!llien region may be found.

Gr’ = gpRT/Me (1 — 2Mc /My (S.'1)

where Gr* s the shear modulus of swollen uPVC, p 1S the
density of sample; p 1s calculated from the sum of Lkhe
products of the relevant mass fractions and their densities
and has units of kog/m?. R 1s Ehe gas constant, 6.314% 7
mol-K=!' and g is a numerical comstant as defined in
equation £.683 and has the value of 3,3. The value obtaired
for Me using PL-DMTA on uPVC was 1452 g/mol, calculated from
the moduius wvalue =at 130°C given in figure 4.43. In a
swol len uPVC sample exhibibting two tan 6 peaks such as those
in figures 4.70 to 4.74 the corresponding modulus curves
shows two piskeaus as seen in figures 4.69 ko 4.89. The
above kreatment calculsting My for Ehe swolien region of the
sample requires an average value of Gp*' between the twa tan
6 peaks and the temperature at which Ehe lower tamn 6§ peak
occurs. fippendix Y4 describes khe algorithm used to
calcuiate BGBp’ values at temperatures of 10 degree intervals
between 20 and 150°C. The Ilog E’ modulus daks used in
Appendix Y waes obtained wusing the PL~-DMTA thermogram for
polystyrene. an amorphous polumer. The wvalidity of it s
usage will nmow be discussed. The modulus data obtained from
an amorphous polumer was preferred to bthe moduius data from
uPVC since the experimental modulus curve obtsined for a

swollen samplie, such as shown 1N figure 5.34%, would have

ce4
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FIGURE 5.34%

Fitting of experimental G’'meas to a cajiculated G’meas
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none or little crustalliniky present, Ehe suelliing fiquid
having “"softened"” or "dissolved"” any crustailites. Figure
5. 34% shouws, super i1mposed., the thermogram for uPVC,

polustyurens by dusl-cantilever PL-DMTA, a Etupical trace
showun by a sample swollen with propanone st 56°C for 20 mins
producing 8t sample exhibiting a large swollen layer, snd
the caiculated krace for the modulus of the whole sample by
shear PL-DMTA. Discrete polysturene E* moduius values were
first converted into shear moduius values. Equakion 3.2 was
then uwused Eto calculate J'(meas)., using the T’ value
obtained st G0°C and assuming this value to be constant over
tEhe temperasture range empl!oyed. The resulbting calculated
curve cbviousiy coincides st 60°C with EtEhe experimental
curve, kthe maximum deviaskbtion from the experimental curve
occurring around 39S°C. The modulus of Ehe rubbery region,
Gr . is assumed to be comstant over the temperasture ranoge
involved in thi1s calcuiation and no correction was made for
the effect of the loss of swelling =gent on the modulus. At
higher temperatures good agreement 1s found between the
calculated and experimenta! curves. By wuwsing the modulus
obkained with polustyrene rather than uvPVC, closer agreement
1s obtkained over the temperature range.

The piateaus shown 11 the modulus curves, for
swol len sampies, shown 1n figures 4.65 to 4.639, between the
Tgax’ &nd Tga allows BEhe computation of Ehe moleculer mass
between cross—|i1nks and entangliements, Mg, uUsing equaktion
2. 63. Since the plateaux shown in the modulus curves in
figures 4.65 to 4.69 asre nmok exacktly constantk an average
moduius value was employed[85]. Average values ocbtained for

Me for the various uPVC swol len systems are shown 1n kabie

[={=1]
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TABLE 5.6

Average Mg values for uPVE swollen with various liquids

li1gquid

nikroethane
ethglbenzgne
dimethy ibenzene
T luorobenzene
propanone
cereclor 552
BBP

DoF

DMP

Mg via
Equ. 2.863
a/mo |

3043
s877
9118
14737
c511
6455
£818

7141

267

Me via
Equ. 2.70
a’/mol

S240
8220
3003
12936
8867
1347
7836
2739

77E25
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5.8. The use of equation £.70 at 80°C allows an alternative
method for czlculsting Ehe lengkh of Ekhe chain betuween
cross— | inks[B1], kEhe results being shown in table 5.6, The
relative Mg wvalues will give an i1ndication of the liquids
abilitky ko dissoive the crustalliniky in the polumer, the

greater the M, wvalue the more efficient the liquid is in

dissolving the crustallibtes. The values aof Mg show likkle
variance between diluent—-uPVYC systems. In the following
section 1t will be shown that the wvariance in M. between

systems is equivalent to that found between identically
swol ten samples.

With the use of equation 2.81 and M; ik is possible
Eo calculate the Flory—Huggins inkeraction parameker, .
The resuwults of which are shown in table 5.7. Theorul 74,751
and experimental work[73] shows kEhat |iquids having A values
greater tharm 0.355 would be non—soivents for the polumer In
gquestion. The data 1n table 5.7 falls 1mtko bwo diskinct
sections, A wvalues obtained for liquids and values obtained
for plasticizers. 0Of the | i1quids employed in this work only
proparnone 1s found 1n the literasturel?73] where A was found
to be 0.80 sk 53°C, A better correliation with | iterature
values[73] 1s found for DOP (M = 0.01) and DMP () = 0.58),

Both values were calculated at S3°C.

S.3.28.2 Estimation of the variation between 1denticsl

shear experiments

The data obkained 1n section 4.4.1.1 was employed in
the method discussed above to obkain an idea of the variance
of M. The log modulus and kan § thermograms for ktbhe shear

analusis of uPVYC plaques swol len with dimetbhul benzerne for 30
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TRBLE 5.7
Flory—Huggins interaction parameters for various ligquids
Ihquid M using M using
Me via Me via
Equ. 2.63 Equ. 2.70
nitroethane 1.018 1.017
ethy i benzene 1.280 1.677
dimethyilbenzene 1.006 1.005
f luorobenzene 1.013 1.018
propanone 000 z—=—--= 1.015
cereclor S32 3.976 3.918
BBF 0.447 0. 456
DOFP 0.E232 0. 265

DHMF 0.471 0. 474
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mins at B0°C are shown in fTigures 4. %4 and 4.435
respeckively. This extension to the experiment was designed
tc examine the precision obtained wikh the optical
microscope.

To test Ehe consistency of Ehe analysis wikhin the
same plaque, & large plaque of uvPVC was swollen with
dimethyibenzene for 30 mins at 60°C from which a rnumber of
samples were exkbracted. A value for Mg for each experiment
was calculasted, By u;ing the same Iarge pliaque and
calcufating an aversge wvalue for the unswel ten core
thickness the error produced in this measurement by the

microscope was reduced. The resulkts for both these

exper i menks are shown 1 table 5.08.

5.3.3 Glass transitons of swollen isyers

Using the resulkts obkained 1 section 4.3 ik s
possible to predick the Ty value of a swollen system if the
concentration of the polumer is known, using egquation 2.37.
After sccounting for the percentage loss of imbibed liquid
as shown in Appendix &2, the volume composition of the
swollen uPVC may be found using points % arnd 7, 1N Appendix
2, together with Ehe respective densities of uPVC (1.363 g
cm~?) and diltuent. The results for various suo! len
composikions all produced akt 60°C are shown in figures 5,35
to 5.33. The dashed l|line indicates the theorektical vslue
obtained wusing the Kelly-Buechel[55,65] plasticizer squation
£2£.37 and the dashed-dotted line 1s a pPolynomial regression
fit Ehrough the data. Correlation betueern experimental and

theoretical was only found for Ehe nitroethane and
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TABLE 5.8
The variation of the shear moduius, Tga’ and the resulting
Me values for dimebhulbenzene swolien vPYC from: (3) the

same plaque and (b) i1denktical experiments.

expkt. average Tga’ Mg via Log Gr* Tga! Me vaia

Log Gy’ Equ 2.B63 modu | us Equ 2.70
moduius at B60°C

°C g/mol oC g/mol

3 5.96 10 10834 5. 36 10 11333

6.01 10 9515 6. 02 10 10500

6.03 = 9184 6. 03 39 102688

g.02 10 94351 §.01 10 10737

5.97 10 10748 5.98 i0 11474

b 5.83 4 11504 5.95 4 ———

6.24 7 5778 g8.22 7 6575

5.50 B 12210 5.88 B8 13601

§.03 3 9233 5. 00 3 10457



CHAFTER S5 — DISCUSSION

FIGURE 5.35

Glass transition temperature of uPVC-propanone
swol len layer found by shesr mode PL-DMTA as a funcktion of

propanone volume frackion

Tgex'’
°C

20 - _

b "\' . .

° S e~
-20_ \\\ . .
-4, NS
"'60‘ \\\

0-0 01 02 03 04 05

volume fraction of diluenk,¢

FIGURE S.386

Glass transition temperature of uPVC~fluorobenzene
swol len laver found by shear mode PL-DMTA as a function of

fluvorochenzene volume fraction
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FIGURE 5. 37

Glass tranmsition temperature of uFVC-dimethylbenzene
swnl len layer found by shear mode PL-DMTR as a function of

dimethylbenzene vaolume fraction

Tgﬂ'
°C
40-
~
20- S \\‘.\. *
.'\. * .
."N-\'s.r: ..
04 A .
_20-
_LO-
]

00 061 02 03 04 05

volume frackiron of diluent.¢

FIGURE 5.38

Glass tramsition kempersture of uPVC-ethulbenzene
swollem layer found by shear mode PL-DMTA as a funckion of

ethulbenzene votlume fraction
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FIGURE 5.33

Glass tEramsition temperature of wPVC-Nnikroethane
swolien layer found by shear mode PL-DMTA as a function of

nitroechane voliume frackbion
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dimethy!benzene uPVC swollien systems. Deviations from the
theoretical Tga’ i1ncreased wikh increasing volume fraction,
¢, of swelling agent or diluent. This effeck is in
contradiction to recent work by Scandols et 3l.[163) where
the Ty—concentrasbkion dependence for plasticized PVC showed
two monotonically decreasing sections, having different
curvatures ard forming 2 cusp ak a diluent-polumer

concentration of 0.4.

5.3.3.1 Comparison of the glass transition temperature
produced 1n highly swolien |i1quid sorbed uPVC
plaques with Ehe solubility parameter of swelling

agenkt

In measuring the tndentation modulus of PVC gels,
produced from 104 (w/w) solukions of PVC in various
solvents, Buerrero and Keller[31l) were able to explain how
Ehe solubility parameter affected Ehe nature of the ge!
network. Ik 1s possibie to carry ouk a similar exercise
vsing the sysktems where Ehe polumer is fully swol len by the
sweliling agent, pliotting Tga? vVEersus the solubilikby
paramekter of the swelling agent shown 1 figure 5.40. The
Taa’ data was drawn from table 4.9 arnd the solubilikty data
from table 3.1. The dotksd {ine drawn through the daka
shows a minimum close to the solubi ity parameter vajue for
propanone which nears the solubitity parameter value for
uPVC, (13.6 Jt’2/cm®’2). The low Tga’ value for propanone
is consistent with Ehe 1dea thak gels produced with similar
solubili bty parameter values pgive weak poluymer rmetworks and

there is good polumer={i1quid snkteraction. The higher Tga’
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FIGURE 5.40

The glass transition temperature of kthe
model led against the soilub:l ity paramekber

swel l1ing agent for a number of

swal len poluymer
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values would 1ndicate Lthat gels are produced using poor
swel ling agents that do not fully “dissoive™ of "“sofken™ the
crustallite regrnns. Using this mekhod it is not pPossible
to show the furmatT;n of weak geis with swelling agents
which shouw large differences 1n solubility parameter wvalues

from Ethst for uPVE due to the insolubility of such liquids

in uPVC plaques.

5.3.3.2 The glass transition inveskigated using

dif;Erentaal scanning calorimekry methods

The use of DSC mekthods to investigate tramsiktions in
the sweiling agents employed 10 tEhis work bas been
particularly successful 1N determining the meiting points of
Ehe liquids used. The analusis of tEhe separated lauers from
the swollen sample has shown Ethak Ehe inner core Thga is
uvnaffected by the sweiling agent butk due to kthe poor
pPhusical contackt between the potymer and samplie pan, and
hence poor DSC baseline, it has not been possible to
tnvestigate, with any precision, the presence of swollen
makerial 1n the 1nner éure nor the presence of dry unswollen

material 1n kthe swollien layer.

5.3.% Variskion of Toga peak height with volume fraction of

unswol len core

The samplies used in shear PL-DMTA are of the same
diameter the oniy difference from sample Lo sample being khe
thickness, I particularly the core thickness, ‘The height

of tEhe tan 6§ peak of Tga gives an indication of the amount
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of energy being dissipated during Ehe kEransikion and hence
the pesk height should show a relakionship wikh the core
Ehickness, the amount of uPVD present. This is shown in

Figure 5.41.
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FIGURE S.41

Change 1n the tan 6§ peak height of the glass transikbion
produced by the wunswol len core
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S.4 GENERAL DISCUSSION

The modulus curves shown in figures 4.85 to 4.83 in
each case show bEhermograms for swol len plaques all of which
exhibit window frames before analyusis. At the starkt of
hesting the sample in Ehe PL-DMTA, both 1nner core and
swollen region, are glassy giving Ing moduli values of
arocund B, As the sample warms the Taa® is passed, the outer
swol len layer sofkens and Ehe modulus falls by between 1 and
1.5 decades. The regime between Tga®’ and Tga arises from a
sample having an outer elaskic laver and a glassy inner
core. The modulus 1n this temperature regime 1s 2 composite
of these two regions. In section 5.3.2 a mekhod was
empiowed to separate the respsctive moduli of the tuwo
regions at B0°C. This tempersture was chosen so kthat the
inner core is stil! glassy and the outer swollen layer is in
a rubbery sktate i.e. the sample is in a inhomogenecus state.

The component wvalus contributed by the glassy inner core,
iT unaffected by the swelling =sgent will be virtuvally a
constant wvalue, and variation in the measured modulus wiil
be that due to the effeck of the suelling agent on EkEhe
swol len region. The modulus of the swollen region will
depend on how the swelling agents affeck the “cross—Iimked"
network.

The structure of uwPVC in the solid stake has
recently been reviewed bu Blundel1[184] and Walsh[165]). The
“cross—| inked" network structure of uPVC is thought to arise
from one of btwo origins. Chemical cross—links might arise
from bimolecular termination of branched propagsting centres

during poluymerizaktion or phusical cross-Ilinks are present
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due to low leveis of crystallinity. The crystallinity of
uPVYC has recenktly been reported ko be about 15%[186]. A
swelling agent would firsk interact with khe amorphous
regions and depending on the swelling ability of Ehe |liquid
covuld then interact with the crustaltites, suwselling and
removing the crustallinity so khat the network is disrupted.

It th=s been shown in the diffusion work in section
4.1.2.1 that khe concentration of swelling agent reaches, In
most cases, an squilibrium value in the swollen laysr. A
good swelling agent, onme that dissolves, or suwells the
crystal lites quickly, would produce a swollen laswuer 1N which
the modulus is almost constant for the range of percent mol
content of swslling agent measured in the swollen |awer,
since the modulus would then be due ko entanglements in the
network, the crustallites having been removed. It was not
possible to measure very low values of liquid concentrakion
in tEhe swollen region because of the difficulky in measuring
such small swollen layer thicknesses. This sikuation is
shourn 1incurve 1 in figure 3.2 and may be showun by Ethe
propanons—uPVC susktem. Swollen sustems which show =
decrease in the modulus value, curve ktwo in figure S5.%2, of
Ehe swollen region with 1ncreasing percent mole content of
swelling agent in the swollen region would suggest that the

liquid employed is a poor swelling agemt and the crystalline

region is still present and is only softening, or melting,
slouwly as Ehe |liquid content im khe swollem region is
imcreased. This sikuation would be shouwn by a

ekhylbenzene~uPVC syuskem. A suskem showing a3 constank high
modulus value, curve 3, in figure 5.42, for the swollen

region wou!ld be exhibited in a sustem where the swelling
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FIGURE S.42

A schemzakic diagram showing the effect of diluent

corncentrakion in Ehe swollen polymer wikh the modulus
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“mo! conktent of liquid 1n swol len polymer
agenkt does not affeck the crysktaliinme regions. The dashed

lime in figure 5.4Y2 shows the predicted change in Gp’* ak
very low concentrations of swelling agent.

The arguments used above, 11 predictking the modulus
of swollen uPVC with respeck to khe percent mole content of
swelling agent in the swollen region, to some extent have
beer shown to be consistent with the experimentzal work. Of
the five liquids used at GB0°C, according ko figure 4.3
ethyulbenzene is kthe least efficient sweiling agent and
propanomne ths most sble liquid to swell Gthe polymer
Examination of the linear |easkt-squares fit of the best

skraight |ine through bthe data, shown as the dashed line 1n

g8t
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figures 5.288 to 5.32, shows that Gy exhibiks the greateskt
change with respect to mol! contkent of Jiquid for Gthe
ethylbenzene-uPVC susktem. Propznone suwellen systems give an
almost constant By value at any | i1quid content, showing that
any crustasllinity present Is swolien and removed for the
swollen layer liguid concentrations examined.

Examination of the rate of change of G with respect
Eo increasing percent mol content in the swollen region,
i.e. khe slopes of the best T.1k |imnes through the data show
@ parallel comparison with the ranking order given in table
S.2 uith respect ko the diffusion coefficient, D, and liquid
fromk wvelocikty, v. Ekhylbenzene wikh the |larogest negakive
sl|lope has the smellesk, D and v, values and propanone, the
largest D and v values of khe five liquids emploged st §0°C
swelling conditions.

The ability of liquids teo swell VPVC can be examined
by tEhe effect of the solubility parameter, 6, on the value
of D. Examination of fibure 5.19 shows, parkticulariy at
30°C, a maximum D value at the 6§ of 13.5 J*’/2/cm®“2  (for
chlorocbenzene akt 3J0°C). The 6 wvalue for WwPVC is 19.6
J*’2/em®’2, Chiorobenzene a3t 60°C was found ko be a soclvent
for uPVC., The maximum D value measured at 60°C was that for
propancne (§ = £0.3 Ji‘z/cm®*’2), Ethylbenzene (5 = 1B.0
Jr**2/cm®’2) has a grester difference in 6 from wPVYC and

wovlid thus be a poorer suelling agent scecording ko theory.

Ethu lbenzene indeed exhibits a lower D wvalue and as
mentioned before 15 less efficient in “"softening” or
"melting” the crustallinity present. Both, the swelling
agent molar voiume and hydrogen bonding number, effect Ethe

vatue of D. An increase of 1004 in the swelling 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 Iincrease in the hydrogen
bonding number from 2 ko 11 only shows an increase in D of 1
decade. The effect of molar volume seems to have a grsater
influence on the wvalue of D than the hydrogen bonding
number. The solubilitu paramster, bthough not completeiy
gable to describe the swelling ability of a liquid in uuPVC
alonz, does show &8 greakter change in D Ehan a change in
molar volume or hudrogen bonding number does.The above
argumentts used in correlating the ranking order of D with
the soiubil ity parameter tan be extended ko include the
thermal properties of the swollen polumer. Figure 5.40

stiows 8 diskinct minimom in Tga’® ak a seplubilikty parameter

value of 6 20.5 J*»'2/em?*’2, wvery close to Ehat for

propanone (6 £0.3 J*’?/cm®’?). The !ow D for ethylbenzene
particulariy at 60°C when compared with D for propasnone
correfates weil with figure 5.90 in that a high Tga® (B°C)
is observed together with a low 6§ value (18.0 J'’%2/cm® %),
It is interssting to note thakt some f{iquids at 30°C, whilst
gxhibikting low O and v values when compared with 0 and v
valves for propanone, are solvents for uPVYC ak B0°C and
bengene
others remain swelling agents, e.g. ethulf{ is a suwelling
agent at both temperatures, E-nitropropane and
l1,8~dichlorobenzene both disrupt the polgmer skructurse at
50°C, It can be conciuded that the ability of a liquid ko
swell a polumer depends on a number of factors, 8§, hydrogen
bonding ability, molar wvolume and the temperature of the
sustem, no one single factor can alone predickt the swelling

abhility of a liquid wikth & poluymer.

Very long diffusion times were required for the

ca4
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swelling of uPVC plaques wikh Ebhe plasticizers and hence
insufficient data were obktained to make any real qualitative
statement aboukt kthe modulus of the swollen region. It would
appear that the crustalline regions ars more intsck, as

shown by kEhe higher G, values obtained, ubhen compared with

the liquid suwucllien systems. Values of Mg 1n tabfe 5.8 are
calculated to be around 10,000 g/mol, which is still
relatively smali, azs compared with the M, value for this

polymer (200,000 g/moi). This would sugogest that changes in
the metwork esither due to an entangled chemical cross-| inked
struckure, any cryskalilinity being removed by kthe swelling
ligquid, or due ko the swelling |liquid being unable to remove
al! the crystallinity do nobt significantiy 1nfluence Mg.
These M. values are somswhast higher than the value (200
g/mol} of a soft entangled uPVCL[ES]. The isck of a modulus
plateau in the samples Ethat were fully swollen produced
using dual—-cant:lever mode PL-DMTA, see figures .46 to
4.54%, would suggesk that the liquids emploued were ail able
to remove any crustallinity and that no chemical cross—I|inks
were present, and so it is nokt possible ko evaluate an Mg
value. The values obtained for the Flory—-Huggins

imteraction parameter for the liguids swelling systems at

60°C were consistently high, at around 1. This suggesks
that these | i1quids are not solvents for UPVC. UWhilsk this
appears to be correctk for ethylbenzerne, fTluorobenzene,

dimethylbenzene, propanone and nitroethane may well dissolve

uPVC completeiy 1 ¥ sufficient Eime is allowed for a swelling

exper 1ment, Therefore, it is probable that the values for
tiquids in table 5.7 are over estimated. Simce a liquid
which 1s a solvent for a polymer will have a value of A less
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than 0.6[73-751].

Examinatiom of the gless ktransition of the swollen
region wikth respeck ko the volume fraction of diluvent in the
swol len polymer, as displeyed in figures 5.33 to 35.39, shows
the Tga’ te be hMigher than would be predicted from
free-volume theories in three of the five liquid suskems.
Propanone, Tluorobenzene, and ethylbenzesne swollen sustems
all show higher than expected Tga’ values. Close agreement
to free=volume theories is found for the sustems suwollen
with dimethuibenzene and nitroethane. The higher than
expected Tga’® value may arise from one or more of four
origins; Tirstly, the swelling agent may be ineffective in
removing khe crystallinikby. Cruystallite contenkE in a
polymer will act as physical cross—links and could therefore
produce higher Tg's than if the polumer was amorphous., This
could indeesd be the case for susktems swolien with
fluorobsnzene or ethylbenzene since there is a distinck rate
of change in Gr* with respect of mol content of diluent as
shown in figures 4.36 and 4.38 indicakting slow "melting™ of
“softening™ of the crystalline regions as discussed earlier.

However, this argument does not explain the propanone-uPVC
system in figure %.35. 5econdly, if the polumer contains
cross=| inks that ariss {from both, chemical and phusical
origins, and the imbibed liquid is only able to remove, by
“melking®” or "softening®” cruyskalline regions, leaving the
chemical originated cross—links intack, a constant higher
than expected Tga’® wouwid be exhibited. This could possibly
expliain the Tga' bshaviour with respect to volume fraction
of diluentk for systems swolien wikth propanone. Thirdly, the

higher than expected Tga’® vaiues may be due to the mode of
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the experiment itself. The value of Tga’ mauy ba affected by
the unswollen inner core. This idea was expiored in section
%.9, where in one instance it was possible ko separake the
ouvter swollien layer from the druy 1nner core and analuse kEhis
swollen lauer using PL-DMTA techniques. A downward shift 1n
Tgax® of 13°C was recorded for kthe separakted outer swollen
lager. Obviousiy, at the interface between swollen and core
layers there 1s chaim bridging. This maw account for the
high Tga’ values in figure 4,35, for the propasnone~ufFVC
system, where kthe volume fracktiom of the unswollen core, Vg,
was substantial, around 0.6, However, nitrosthane-ufFVC
systems were =2nalysed with a Vg frection of approximately
0.5 and close agreement between predicted Tq value and Tga'
was found. Fourthly, =alkthough, attempbts were made Lo
minimise khe effectk of vapour Iloss during PL-DMTA, in
figures 5.35 to 5.39, it is interesting ko note that the
most wvoiatile sysktem, that producesd with propanone, shouws
the largesk deviation from the predicted fres-volume Tg
value and a sustem which gave close agreement, uPVC swol lsn
with dimethylbenzene, was the least volatile liquid
emp | oyed. No singie one of ths above argumermbts can fulliy
describe the discrepancies betuween Tga® and the value
expected to be found using fres voiume Eheories. a
combination of the above idees would seem more plausibie.

At temperatures above the Tga the irnrner glassy
region is softened, as shown by the second fall in modulus
in figures %.65 to 4.69. The moduilus value again reaches a
plateau, at temperaktures sbove Tga which couid be due ko kEhe
crystallime region of the imner core. This Is most easiluy

seen in figure 5.34%, where the plateau modulus for WwPVC 1S
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shown together with the beginning of the plateau exhibited
by a sample swollen with dimethylbenzens. The plateau
modutus valuve, above Tga, for uPVC is greater than the vaiuve
for the swollen sample by a facktor of 5, this is afker
converting the E’ wvalue obksined using dusli-cantilever
analysis, fTor WwPVC., to G’ consistent with the shear mode
analusis. This region, however, was not fully explored due
to the wvolatility of the liquids employed in producing the
swollen lager. 1In most cases, st kemperatures sbhove 100°C
the swelling agents would be begimning ko boil or at Ieast
evaporate ouvk of tkhe sample. This very often caused
cavitabtion in the sample making data zcquisition impossible
due to sigrmal noisse. Because of the wvolstility of Ekhe
swelling s8agents Ehe stkabiiibty of the Tga’ was tnveskt igated
for both the liquid evaporating from the dises prior to

analysis and the effeck of PL-DMTA itself by rumnning a

repeat analysis on the same sample.




CHAPTER & — SUMMARY. AND

RECOMMENDAMT TONS

It has been shown that kthe analusis of very soft,
swol len polumers, which mauw lose partk of the wvolatile
component upon heating is possibie by using a Polumer

Laboratories Dunamic 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
relstively new and untried kechnique. The modulus of ths
swuallen region, Gpr*, has been modei ied wikth the

concentration of swelling agent present and has successful iy
been explained bu data for diffusion cosfficients and liquid
velocities. The change 1n diffusion coefficient from one
suwelling agent—uPVC sustem to amother was explained using
data fTor solubility parameter, molar volume and the hydrogen
bonding ability. It has been shoun that the decrease in Gp
with respect Lto increasing swelling agent content, Tor
swelling agenkts showing relatively smal | diffusion
coefficient values, mau be due to the presence of residual
erysktallinity, which is removed only with high conkents of
swelfling agent. Liquids which show a relatively high
diffusion coefficient value are efficient swelling sgents
and a3appear Eto remove the crystalltinity even sk low
concentrations in the poiymer, and so khe change in G’ wikh

concentration of swelling agent is not observed. This has

283
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been shown to be the case by examinming kthe thermal
properties of Ehe swo!len material, in particular the glass
transition of the swollen polyumer. The wvalidity of Ethe
Tga’'’'s of ths swollen materials were examined by predicting
the Tga’ of the swollen polymer, using free volume methods.

By following kthe upktake of li1quid per unikt volume of
uPVC with respect to time, 1t was possible to show khat the
diffusion process could be discussed in kterms of a
combinakion of Ficklian and cass Il mechanisms. The
generalized diffusion equation was applied successful ly to
the analusis of experimental dsta. The method emploued
required the swolilen region ko be in equilibrium with the
concentration of liquid st the surface of the polumer. With
the sweli!ing experiments being carried ouk at G0°C, the
equilibrium corncentration of Iliguid in the swollen region
wikh any particular |liquid would be the same.

The diffusion of liquid VCM into uPVC compression
moulded plaques st room temperature followed a similar
behaviour seen 1n many of the ligquids employed in Ethis
workif153], imn thak a moving |igquid front is observed during
sorption. No work was possible on VEM swo!llen samples
showing an unswol len core since gxtracktion of the disc would
have meant alliowing the sample to warm to room temperatures.

This would have caused massive vapour loss, due to the l(ou
boiling point for VCH, (—~13°C), and perhaps disruption of
the sample skructure during evaporation. The fullu swollen
sample discussed in this work, (figure 5.23), on removal
from the |iquid VCM was kepk in Jigquid nitrogem, evaporstion
of VCM was therefore not 3 problem, until kthe sample had

warmed during PL-DMTA.



CHAPTER B - SUMMARY AND RECOMMENDATIONS

6.1 APPLICATIONS FOR THE TECHNIQUE

Perhaps, the ma_jor application for this particular
PL-DMTA mekbod is khe amnalusis of laminated polumers. The
simple geometry of the sample, 1n the shear mode analysis,
al lows the wuse of the Takayanag: model for paralliel
composites, particularly when one component of the composite
1s very sofk making sample clamping difficulk.

The thermal stabilibty of cross~iinks _in uPVC may be
invest igated. This could be accomplished by conduckting
sorption experiments on uPVC compression moulded samples at
increasing  btemperatures. The sorption temperabure range
used would show Fickian and case 1I behaviour and hence the
observance of a liquid front moving towsrds the centre of
Ehe sampis. The liquid concentration in the swollen region
should show temperature dependent behaviour. The Tga’ for
each suwelliny tempersture can be pliotked againsk volume
fraction of {liquid in the [iquid/PVC sy=sktem for s grester
range than demonstrated in this work. Close examination of
the modulus value at a temperature betuween Tga’® and Tga and
subsequent calculation of Me akt different suel |l ing
temperastures may leasd ko infurmaticﬁ regarding the stability
of the cryuystaliine regions Eto the imbibed |liquid and the
temperature of the poiumer.

If a szampie of polymer, e.g. epoxy resin, was
cross—linked to 3 known degree and then partially swollen,
the M, value expected may be evaluated using a number of
mebhods;: stendard dual-cantilever PL-DMTA, anaslfusing the
swollen ladver using shear analys)s methods and finaltly

caleuisting Mg via more traditional methods including (a)
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stress-skrain dakta and (b) swelline ratios with solvents of
known thermedymamic intkerackion parameters. If reasonable
correlation is found bstueen the methods, grester confidence

can be given to the value of M.

6.2 POSSIBLE IMPROVEMENTS IN INSTRUMENTATION

The head of the PL-DMTA instrument, figure 3.7,
aikthough |t ¢€an be run in an 1nert atmosphere, such as
nitrogen being iIntroduced into the head via an inlet port at
the rear of the bulk head, carmnok be run at a pressure much
greater than atmospheric pressure, since the bulk head sesal
with Ehe2 environmental chamber and the hole through which
the ceramic drive shaft passes are nok designed Eo be vapour
Light seals.

By runmning the head in the same tupe of vapour as
that vused in producing the swollen disecs, the amount of
vapour lost during the analuysis would be minimised. AN
instrument, in development in this |aboratory[i67], in
con_junckion with ICI, FPlastics and FPetrochemicals Division,
The Heskth, Runcorn, UK. runs on such a principlell1668]. The
stainiess steel environmenkal chamber can withstand several
atmospheres pressure., A Viton sealing ring between the
chamber and the bulkhead provides BEhe necessary seal and a
stainless steel bel lows arrarmgement on the ceramic drive
shaft provides a seal between chamber and bulkhead. To
enablie the beiiows ko funckion correctly =n equalizing
pressure (nitrogen gas) in the chamber carrying the motor on
the other side of the bel lows 1s required. This machine is

still under development, the major technical! difficulties

(=1
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being the balancing of the gas pressures eikther side of the
ballows as Ehe sample wunder Etest is being heated from

subambient to elevated temperatures.

6.3 IMNPROVEMENTS IN EXPERIMENTAL TECHNIQUE

From the moment a swollen plaque is removed from the
environment emplowed for swelling, the swollen plaque will
begin to desorb. This desorpktion has been kept Eo a minimum
by quick transference of the plague ko a liquid nitrogsn
bath, Ffor temporary storage. Once the discs have been
removed Trom the plaque a slice is cut from the remaining
portion for examination wuwnder the optical microscope,
cutbting the slice from the plaque without damaging the outer
suol len layer was difficult., The use of a technique which
circumvents the cutting of a slice for microscopy, and
al lows direct meesurement of the dry inner core sand btotal
swol len thickness would be berneficial ko the accuracy of the
experiment, The measurement of the inner core using a depth
gauge (or nesdle point micrometer) thak is able to penetrake

the swol len soft layer should be explored.
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APPENDIX 1
Calculation of liquid concentration in

the swo!llen layer

The surface concentration, C,, was taken to be the
concentration that the system stbkained st equil ibrium. The
swelling experimenks carried ouk ak B80°C were not ksken ko
full swelling equilibrium of the sample in kthe diluent.
However the percentage moliar content in the swol len layer
was known. The following aigorithm allowed the compukaktion

of My in the swoillen layer.

Mol fraction dm/di luent MM vol fraction
content 1n = + of suwollan
swol len |ayer dm/di luent MM + 0,015% layer

where ©0.0135 is kthe number of moles of 1 g of WuPVC., The
ltquid sorption experiments garried ouk at 30°C were taken
to equilibrium sorption and the mass uptzke per cm® of PVC
was calculakted from knowiedge of the PVYC density. The
insertion of Mg, at equilibrium, in to equstion 4.1 ailows

computat ion of the mass of diluenk per gram of uPVE i.e. Co.
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APFENDIX 2
Sample molar content, percentage |loss
of liquid from sample, and volume composition of swollen
{ayer
The caléulation of the molar cuntent of swelling
agent in the sample, kthe percentage loss of swelling sgent
from a single disc and the volume composition of diluent and
polumer required the fo!llowing measurements from the sample

of PVC durino preparation;

a. fAverage original thickness of sample, L,. measured in
millimetres

., Original mass of sample, om, measured in grams

c. fAverage swollien sampla kthickness, Ly, measured in
millimetres

d. 5Swo!llen mass of sample, sm, in agrams

e. Thickness of uvnswo!len core, Ly, measured in
millimetres

f. ™tMass of discs before PL-DMTA, mb, in grams

g. Mass of discs after PL-DMTA, ma, in grams

h. Volume fraction of core of the original sample,

Le/lo.
“mol contkent {sm — om) x B4%.S2
1 =
In sample diluent MM x om
2 mass of swollen disc = mb/2
3 mass of original unswol len disc

= pPpye %X disc volume = md
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APPENDIX ©

4 mass of liquid originally present in one disc prior

to PL-DMTA = mb/2 = md = U

S percentage foss in one disc = ({mb—ma)/2)/W x 100

The |ligquid is only present in Ehe swol len lauer and the

fractiorn of sample that is swollen is given by:

B l1-Lg/Lg = fraction of sample that is swollen

The mass of polumer Ehat is 1n Ehe swollen region is

therefore given buy: \

7 md{l-L./L,)

Using pPoinks 4% and 7 above, and density values fTor diluent
and polymer, it is possibie Eo svaluate the volume
fractional composition of polumer and diluvent in the swollen

|ayer.
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APPENDIX 3

The algorithm required ko calcuiate Ehe general ised

diffusion

10
20
ao
40
30
50
70
100
io1
102
103
104
105
106
110
iz0
130
132
134
136
1328
140
142

144

equaktion of a penetrant into a semi—Iinfinite

surface[ 168]

REM = SOLUTION OF GENERAL »
REM = DIFFUSION EGUATION FOR »*
REM » FICKIAN AND CASE II DIFFUSION *
REM » BY A FARADAY »

REM » ADAPTED FOR BBC *

~

B%=80002050A
A1=, 0705230784

AZ=. 0422820123

A3=. 0092705872

A4=. 0001520143

AS=. 00DE7ESE7E .
AB=. 0000430630

INPUT "DIFFUSION COEFFT",D

INPUT “VELOCITY".V

INPUT “THICKNESS®™,HO

H3=10

IF HO®V/D<40 THEN 140

PRINT “THICKNESS TOO LARGE *

GOTO 130

INPUT “TIME",TS:TS=TS%G0

IF HO>V*TS THEN 150

PRINT " TIME TOD LARGE™
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1486
150
160
izv0
ig0
130
135
200
210
gco
£30
240
2350
£260
26a
264
(={=]=3
cEB
70
cB8o0
230
icle]o)
310
aco

380

420
130
435

440

APFENDIX 3

GOTO 140
co=.gg
IF TS=QTHEN STOP
T=T5
CH=0
REMVDUEZ
PRINT"THICKNESS" ;HO:"TIME™ ;TS
FOR H=HO/H3 TO HO STEP HO/H3
X=(H+VURT ) /2/(D*%T3>". 5
GOSUB 1000
ERFC1=1-ERF
X=(H-V*T)/2/(D*T>".5
GO5UB 1000
ERFC2=1-ERF
C=CO/C*(EXP(H*W/D)*ERFC1+ERFCZ)
PRINT H TAB(CO),C/CO
cr=CcH+C
NEXT H
A=V/e%(T/D)". 5
GO5UB 1000
ERF1=ERF
X==V/e%(T/D)".35
GOSUB 1000
ERFCI=1-ERF
MT=CO®*(D/V*ERF 1+UT /2%ERFC3
+ (D*T/PI)". S*EXP(~V*U%T/%4/D))
PRINT
PRINT
PRINT"MASS ABSORBED™, ™ MEAN CONCN™

PRINTMT TAB(13).CM/H3




APPENDIX 3

Y50 PRINT

455 vDU3

S00 GOTO 140

1000 REM ERF CALC

1010 IF X<3 THEN 1050

1020 MERF=.GR7*EXF(—(X"2))/X

1030 ERF=1-MERF

1c40 GOTO 1070

1050 NERF=1-=1/(1+A1¥X+ADHX"D+AIEY ~IF+HAYMRL "H+ASHY "5+
AG*X"6)"16

1060 ERF=NERF

1070 RETURN
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APPENDIX 4

The calcgulation of G’ modulus value

Nomo g £ w nmn v

c0
3o
40
50
&0
80
30
100
110
120

130

140

150

180

170

160

130

REM
REM
REM
REM
REM
REM
REM
HaD
ax=
REM
REM
REM
CLS
INP

FOR

06 0E 30 206 206 0 06 0206 0 306 206 6 06 20 N6 HE 96
» »
¥ Or" calculation *

* using BBC BASIC *

» 0 I. Hovell »*

e »*

JEHE20E HE 26 HENE HEMENENE M NENENE N
E1:CLS

1315934

“DATA TAKEN FROM S71/173"™

"PRESSED AT S0 TON FOR 6 MIN™

"16/10/85. RUN DATE 13/8/85"

UT"VOL. FRACTION OF RUBBERY REGION®:N
TEMP=20 TO 150 STEF 10

READ G5,.D

INPUT"LOG SHEAR MODULLS MEASURED' ;GM

GM=10"GM:65=10"GS

INPUT"TAN DELTA AT SAME
TEMPERATURE™ ; DE

GS=65/2. B84 :REM FPOISSON RATIO
GS5=(1/G5)/(1+D"E)

6M=(1/6M)/(1+DE"2)

JR=(GHM=((1-N)*G5) ) /N’
JR=C1/IR)/(14DE"C)

JR=LOG JR
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£00

210

cez0

£30

240

50

[==]e

c70

£80

APPENDIX 4

REMVDUR

PRINTTEMP,JR

vbu3
NEXT TEMP
DATAJ. 39,.0175,3. 36,.01585,3.35,.0155
bATAS. 3%,.018,3.31,.02875,3.286,.0515
DATAS. 16,.265,8.16,1,7.15,.315
bATAZ7.12,.15.7.05,.115,6.97,.11

DATA 6.9,.115,6.85,. 125
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APPENDIX S
Microbalance data acquisition[1639]

The following routine uses an IEEE interface between

the Commodore computer and the Robal control unik. The main

control joop, K, asllows the acquisition of Y000 resdinos

being prinmted on Ehe computer screen. The loop, J, is

simply a delay routine. The mass reading 1s read into BS in

the

subrouvktine starting akt 1ine 4Y4000. The routirme is

terminated when the value of A% is 13. The mass reading is

then

mailn

printed at 2045 and the rouktime is repeated via khe

|l oop.

2000 REM TEST ROUTINE

2003 FOR K=1 TO 4000

€010 FOR J=1 TGO S000

2020 NEXT J

2030 GO5UB 4000

2035 IF VAL(B%)=0 THEN
PRINT"RE-TRY™" :R07T0O 2030

20o4S PRINT K,B%

050 NEXT K

2070 STOP

299T  REMMNHR NN NN

4000 OPEN 4,5

“010 B%=""

Y020 BET#4.R%

4030 IF ASC(A%)=13 THEN 4050

4040 B%=HF+AS%

Jic




APPENDIX S

40350 GOTO 4020

Y060 CLOSE 4

4080 RETURN







