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| CHAPTER 1 INTRODUCTION

1.7 Thermoplastic Rubbers -~ General Survey

The ASTM definition of a rubﬁer is, "a material which'at room
temperature can be stretéhed repeatedly to at least twice ité orig-
inal .length and upon immediate release of the stress will return
with force to its appfoximate original léngth." Materials which
behave this way have long flexible chains which are 1n~erconnec»ed
by crosslinké and in many cases contain hard filler particles dig-
perséd throughout the rubbery matrix. This results in the gréat
.majority of thé flexible chains being interconnected in a.three~
dimensional network. In conventional rubbers,fthe crosslinks afe
"covalent chemical bonds. These can be thought of as permaneﬁt'
crosslinks because once they are formed the rubbers cannét.bé dis-
solved or melt—prééessed. Thermoplastic rubbers have thermo-
labile crosslinks, so that rubbery behaviour occurs ﬁp fo a temp-
erature at which these crosslinks become unstable; gbove this tran-
sition temperature the polymer will flow. | "

At presenf, all.thermbplastic elastomérs are two~phase systens.
However, attempts are being made to develpp rubbers Qith thermo~- |
labile covalent bonds ( I ). Plastic flow is being sought at
hlgh temperatures by virtue of rapid rever51ble ex chanve reactlons
, of‘covalent chemical CrOSgllnkS.

The ionomers are dlfflcult to classify as hav1ng one or two~
phases. Duck ete. al. ( 2 ) have prepared carboxylated poly(butadlenn)

which was subsequently nsutralized via metal salts. The rubbery

vroducts were thought to be crosslinked through ionic bundleé.




Duck et. al. ( 3 ) have also aeveloﬁed unique two-phase
_thermoelastomers. These are partially hydrbgenated poly (butadi-
enes) and poly (bﬁtadiene—co—styrenes)o At certain optimum degrees
of hydrogenation (ca. 50%) they behave like trus rubbers with fair-
ly high tensile stfength. The rubbery behaviour is due to the
flexible butédiene chains being crosslinked and filler-reinforced _
by poly (ethylens) crystaliites.

The largest class of thermopléstic elastomers are the block
copolymers. The molecules of block copolymers consist of tﬁo or
—ﬁore che@iéglly dissimilar segments, covalently bonded end-to-end.
This latter feature distinguishes them from graft copolymers. Each
segment, or block,>is‘u3ually a long Seéuéncebgf units of a..single
menomer, but may also be a léné sequence of randémly copolymerized
unité. Theréfore, even with only two monomers, A and B, there can

be many combinations, some of which are given below:

A- B AAAAASAA ~ BBBBBBEB

A/B-3B  ABBAAABA - DBBBBBEB -
A-B-A - AAAAAA - BBBBEB - AAAAAA
A-A/B-4 ' AAAAAA - BAABBB -~ AAAAAA
B-A-B BBBEBB - AAAAAA - BEBEBB

(A~3B- ), C _ ( AAAAAAA - BBBBBBB - )nc
(-4-B-) "(-M\AAA-BBBBB-—AAAAAfBBBBB-)

The ( A~ B - )n‘C type polymers are '"'star - shéped" where
n =273 and & when C is a tri- and tetrafunctional coupling agent,

respectively. In the ( - A - B = )T type, as the block length




decreases, an alternating copolymer is approached. .Block copoly—
mers which are thermoplastic rubbers are of the ( A ~ B - A )y
(A-B- )n C or (-4A-~-B- )x type. At temperatures

wnere rubbefy beﬁaviour occurs, the A segment is hard (glassy or
crystalline) and the B segment is flexible. Block length and
welght fractlon of A and B are aluo crucial in achieving rubbery
perfcrmance. |

When the A segment (hard block) is crystalline, elastomeric
behaviour is mainfained uhtil the segment stérts to melt. The
_poly (urethanes) are the most widely knowm of these types, They
are condensation noljmers of flexible noly (ethev) and/or
poly (ester) diol segments interconnected by hard segments
(diisocyanate - low molecular weight diol or diamine) of varyiﬁg
length., Cooper and coworkers (# ~ 7) published a series of papers
on the physical behaviour of SPANDEX and ESTANE urethane élasto—
mers (&, 9 ). These poly (ester - urethane) elastomers have beenr
shown to be seomented linear polymero with two Dlasé transitions.
Imperial Chemical Industries has recently marketed their |
DALTOMOLD poly (ether) and poly (éster) urethanes. which are rubbers
rwith high tensile strength and elongation (Z10), |

' Slmllar to the poly (urethanes) are the HYTREL élastomers
developed by Du Pont (ZZ+73). They are described as random,
segmented block copolymers consisting of tetrémethylene tereph-~
thalate hard blocks and poly (tetramethylene ether) glycol tereph-
thalate soft segments.

Flastomeric block copolymers, whose hard phases are glassy are
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y far the best known. Of these, the polymers with poly (styrene)

=

ard segments and poly (butadiene) and poly (isoprene) soft segments
have bzen the mbst widely studied. They are commercially'avéilable.
as KRATON and THERHOLASTIé from Shell Chemical Coupany ( /¥ -757).
Polymers with higher use temperatures based on poly (isoprene) soft
segmenfs have been developed by.replacing the poly (styrene) with
poly ( a = methylstyrene) ( 16,77),

Of growing importance, are tﬁe;eiastbmeric cofolymers based
on soft ségments of poly (dimethylsiloxane) because of this
" polymer's excellent heat and light stability. A recent review has
been written by Matzner et. al. (78). Poly (styrene) and ﬁoly»( @ -
methylstyreﬁe) based copolymers possessihg bbth;A - B - A and |
(-aA-3B- )x structures have been reported by several authors
(Z9-2%)., Noshay and‘éoworkers ha&e developed poly (sulfone - b -
dimethylsiloxané) elastomers ( Z4,26) with continuous use temper-
atures of 443°K and elastomers derived from 2,2,4,4 - tetramethjl-
143 =~ Cyclobutanediol polycarbonate displéying excellent UV stabil-
ity (27-28). Copolymers derived from bisphenol A polycargonate
wefe‘prepared and invéstigated in detail bj workers at the General
Blectric Laboi'atory (29-33). Methyl methacrylate. - siloxane block
copolymers have élso been synthesized (J%-33).

Alternating‘elasfomeric block copolymers having the structure
( - A-B —')K have been prepared where A is a polycarbonate and B
is a polyéther (IQS'fT). Thé polycarbonate hard segment is made

up of eifher.crystalline units or bulky three-dimensional polycyclic

groups.




1.2 Structural Parameters for Thermoplastic Rubbers

Rubbery behaviour is only found when flexible chains are
interconnected., For the vast majority of thermoplastic rubbers
these interconnections consist of crystallizable or glass forming
chain segments covalently bonded to both sides of the flexible
chains. It is thermodynamically favourable for the crystallizable
or glass forming segments of many different chains to come'together
f6érming hard domains which act as both crOsslinksvand fillers for
the soft matrix. Above the softening fémpergture of the thermoplas~‘
tic segment, the system becomes a viscoelaétic fluid and thus may
ve melt-processed. On cooling, it behaves liké a rﬁbber vuléanizate
agafﬁ; and the thermal cycle can be repeated iﬁdefinitely.‘>

An uncrosslinked, linear, amorphous polymer will'shbw dynamic
modulus - temperature behaviour as depicted in curve A‘of Figure
(ﬁ.1). The drop in modulus by a factor of 103 to 104 through the
glass transition, Tg ('1 ), is typical of linear amorphous polymers.,
The rubbery'pléteau region ( 105 to 106‘Nm-2) is sensitive to the
molecular weight of.the polyner. Croéslinking extends the rubbery
plafeau to much higher temperatures ( curve B).

Thermoplastic elastomers (curve C)vcan be senmicrystalline or
block.polymers with a low percentage of hard segments. Rubberj
behaviour occurs in the rfgion between the glass transition of the
rubber phase, Tg ( ﬁ ), to the glass transition, ’.I‘g ( 2), or melt-
ing point, T , of the hard phase. Below Tg ( 1) the material is

a glass while above Tg ( 2)or Tm it can be melt-processed. There

' is a range of weight fractions of the hard phase such that true
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rubbery behaviour is achieved. AT low fractions, the behaviour
ié.similar to that of an underqured gun vulcanizate., At avcertain
‘critical weight‘fraction, hard segment content will be teoo low for
Thase sefaration to occur and behaviour similar to that rep¥esented
by curve A will be obsérved. Polymers with high hérd segment
cbntents will be very stiff in the plateau region between Tg ( i )

and T_( 2) or T . This is illustrated by curve D.
3 r e Y

1.3 Introdﬁction‘ﬁo the ?reéenﬁ York

A great deal of work has been done relatiﬁg the structures
“in elastomeric bloék copolymers to their physiéal properties, with
most of this work beiﬁg done on st?rene —'bﬁfad;ene systems. Ther
;ubject has been reviewed by seberal aufhors (36-38)., 1t is thé
purpose of this study to relate this previous work‘to new thermo-
elastomer systems. The structure of some non—block; partiallj

hydrogenated polymers prepared by Duck et. al. {( F ) and a poly

(dimeﬁhylsiloxane—b-a—methylstyrene), as determined via small angle .

x~-ray scattgring and éalbfimetric properties, were coméared with
their dynamic mechaniéal properties.

X—rays are reflected by inhomogeneities of matter. if the
inhomogeneities are of colloidal dimensions, the effect will be
éonfined to very small aﬁgles with respect to the primary beaonf
incidént x-rays. The details of this scattering will depend upoﬁ‘
the ﬁorphological structure of the system. If was decided to use
. SAXS - to obsérvebthe morphology of the vérious systens.

' Calorimetric properties were determined using a differential



scanning calorineter (DSC). This method of analysis is capable
of detecting glass transitions and.the presence of crystallinity
by temperature,scanning. In this study, structufal inferences will
be drawn primarily frgm melting behaviour.

Figure (1.1) shows the two-step nature of dynamic modulﬁs-v
temperature_curves for thermoplasfic rubbers. The general shape
of the curve and the nagnitudes énd_positions of the transitions
have been related to structure for many block copolymers. It was
thus decided to‘relate the dynamic mechanical properties of thése.

samples, over a wide temperature and frequency range, to their

structure, as determined by SAXS and DsC.




CHAPTER 2  THEORETICAL BACKGROGND

251 Klasticity of Rubber Networks

The moduli of glasses and crystals are iﬁ the range 109 to
1012 12 with elastié limits of less than 1%. MNatural and synthe-
tic rubbers on the other hand can be reverSibly stretched to severai
hundred per cent of their equilibrium elongation, displaying moduli
in the ranges 165 to 107 Na~°. The ﬁheory of rubberlike elasticity,
reviewed by several authors ( 39-4Z ), adequately describes
;his rubber& behaviour. In the treatment presented below; only -
the behaviour at very low sfrain will be qonsidered.

Materials displaying rubberlike elastiéity/coﬁsisf of three-
dimensional  networks of flexibie molecular chains. This three-di-
mensional network can be temporary or vpermanent. in the caée of
high-molgcular welght linear polymers, rubberlike elasticity is
displayed in a smali temperature range whére chainlentanglementé
form temporéry crosslinking ?oints. In most thérmoplastic rubbers -
the network is held tggether by a crystalline-br giassy phase;
above the melting point or Tg of the hard phase‘melt flow occurs.
Permanent networks are formed by vulcanization proéesses whéreby
covalent bonds interconnecf the different chains.b When a rubbery.
network is stretched, a festoring force (X) is produced, as a result
of entropy changes, which attempts to restore the network to its
original dimensionsa

-

- In the unstretched state, a flexible chain in a network can

- ('..‘

attain {7 1 vossible conformation between its crosslinks.




Stretching the network reduces the number of conformations attain-

able by the chain to f1 . It can be shown that the entropy differ-

ence between the stretched (35) and umstretched (Su) states is:

-8, =k1n N (2.1)

n

u

where k is the Boltzmann constant. Using statistical theory to

evaluate In {L |, Equation (2.1) becomes:
N .
v u 2. .
1.2 2 — <r ) i 3 :
5 S-S =-stkfa +2 =3 (2.2)
1 I3 S, _

=3
where v is the number of network chains in‘the system.>

« is the extension ratio, defined as fhe extended length (L)
divided by the unextended length (L ). |

<:r%>i is the mean square chain displacement length in the ab-
sencé of strain inposed by an external siress.

<r3>0 is the mean square chain displacement lengtﬁ for free
chains unconstrained by unit junctiouns. -
Using thérmodynamic.argumenfs, the restoring force (X) in a

flexible network under simple tension has been shown to bes

() e

where T is the absolute témperature,

Combining Equations (2.2) and (2.3):

2 .
X = kT <r% ' ( o - 3__) ‘ (204)
Lu <r%é 2 :

Dividing both sides of Equation (2.4) vy Au ,.the cross-sectional

(¢4




70

area of the unstretched system:

. / 2 ’ ‘
S =(_1_)_) kT <r>1'. (a-—_’l___) _ (2.5)
vV <r%> ' aa
o R :
where @ 1is the tensile stress (X / Au ) applied to the system.

V is the volume of the systenm (Au Lu)

v is the number of network chains per unit volume.

v
The extension ratio may be written:

a=1+¢c (2.6)
- where e is the tensile strain (I ~ Lﬁ)/ Lu‘ in the system.

'Using ﬁhe binomial expansion:

a-2=(1+8)-2=1"25‘§‘o00 (2.7)
Higher order terms in Eguation (2.7) may be neglected at the low

strains considered. Combining Equations (2.5) to (2.7):

. s
Vv <f?>o

(2.8)

2.2 Viscoelastic Behaviour and Dafinition.of Terms

Thé nature of polymer visgoelasticity has been>out1iﬁed in
standard texts ( #Z -4y )e Polymers have intermediate propar-
ties between perfect (Hoqkean) solids and perfect (Newtonian) liﬁuids,
for which theories have geen developed over the last 6entury (ééflféé).
Perfect sélids obey Hooke's Law, which states that stréss is propor-
tional to strain. In perfect liquids, stress is proportionai to the
rate of strain, which is Newton's viscosity law. A poiymer, however,

deforms with time (creeps) when under a constant stress. Under a



constant strain, the stress needed to maintain ﬁolymer deformation
is observed to decay (stfess relaxation). For a sinusoidally
oécillatiné stress, the strain is observed to be neither in phase
(as for a Hookean solid) nor 90° out of pﬁase (as for a Newtonian
" Liquid). There are instead in phase (storing energy) and ouﬁlof
- phase (dissipatinv energy) componenﬁs of the resultant Strain.‘
In order to measure viscoelastic properties, tﬁree‘typesvof,
deformation are usually employed; simple shear;_bulk compression
and simple elongation as illustrated in Figure (2.1). In simple
éhear there“is a change in shape without change in volume. Bulk
compréssion reduireé that there be a volume change with no change-
of shape. In simple tension there is change.of'volume and shape;
The moduli and compliances for %hese various deformations are re-

lated as follows:

BHt) = 9alt) K(t) (2.9)
G(t) + 3 K(t)
D(t) = J(t) + B(%) o T (2.10)

3 B 9
where B(+), D(t) are the tensile relaxation modwlus and creep com-
pliance, respectively.
a(t), J(t) are the shear relaxation modulus and creep éompliance,
respectively. \
X(t), B(t) are the bulk relaxation modulus and creep compliancé,
-respectively. | |

In a rubber, K(£)>> G(t) changing Equations (2.9) and (2.10) to:




(e}

GEOMEZTRJCAL ARR ANGEMENT FOR |
(a) SIMPLE SHEAR (b) BULK DEFORMATION [c) SIMPLE EXTENSION




il

E(t) = 3G(%) | | ' : »(2.11)

i
<y
~~
ot
S’

D(%) (2.12)

This behaviour is a result of the change in volume; fér sinmple
‘extension, being almost negligible when compafed with the change
in shape. Equationé (2.11) and (2.12) can also be obtained by re=
‘writing Equation (2.9) as:

B(t) = 26(8) (1 + v) S - (2.13)

where v is Poisson's ratio and is expressed as:

ifeggn] 0 e

vis % for a rubber'thus reducing Equation (2,13) to Equafion (2.11) v

Thé most important methods for viscoelastic measurements are

‘ creep; stress relaxation and dynamic mechanical tests, In the fol-
lowing description of these tests J and G have been used exclusive-
ly. However, D, B and K, K can be substituted for J and G fespecéf
tively; -
Creep experiments'iﬁvélve placing‘aispecimen ﬁnder constant stress

and following the change in strain as a function of time. The

“creep compliance is given by:

36 = 5o 1 | o o (2.15)

8(t) '

Figure (2;2) is a typical creep compliance curve for linear and
croéslinked polymers. At very éhort times the polymer chains have
notvbegun to "stretch! and the complianca is given by J. , that

of the unrslaxed cor glassy state. As Tthe tinme scale of the exper-~
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iment nears that of the average rotardation time (éh) of ﬁhe
sample, a transition occurs to a more relaxed state. Foilowing
the transition the compliance is that of a rubber JR; the relaxed
compliance. In crosslinked polymers, the compliance remains
constant at JR as a further function'of time., For linear polymers,
a second relaxation occurs with the unra&elling Qf.chainkentangle;
ments and the onset of Newtonian flow.

If a sample is subjected to an instantaneous strain and the
stress decay is followed as a functicn of time, a stress relaxa-
tion experiment has been performed. The relaxafion modulus is

given as:

o) =S (2.16)
e(t) ' o
 Figure (2.3) illustrates the behaviour of G(t) as a function of
time for typical crosslinked and linear polymers. Again, at
short times, the unrelaxed condition of the polymer gives it a
-glassy modulus.(GU). A transiti;n.region is encountéred near the
average relaxation tiﬁe (x) of the pblymer which is followed by a
plateau region where the relaxed (rubbery) state is reached with
modulus GR.' For the crosslinked polymer tbe relaxatioﬁ modulus
femains constant while the modulus of the linear polymer gradually
_decréases with the onset Bf flow, as a further function of time.
In dynamic mechanical experiments a sinusoidal stress (or
strain) is applied to a specimen and the resulting strain (or

stress) is followed as a function of frequency; The situation is

illustrated in Figure (2.4). An oscillating stress of frequency
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(4J) is applied to the sanmple:

&E = 5? sindd t: - | (2.17)

wvhere ‘5P is the stress amplitude.
The strain is found to oscillate at the same frequency (&) as the

stress and to lag it by a phase angle ( & ):

£ = SP Sin (wt"g) ' S | | . | (2.18) |

where éP is the strain amplitude.

" A complex compliance J*( & ) and modulus G*(CU ) can be defined

which have in phase J! (&) and G' ( @), and oﬁt of phase, J'' (W) .
and G'" (@ ), components with therosciliéfiﬁg étrain'anq éﬁfeés,.

respectively. The absolute values of the complei compliance and

modulus can be written:
= |or ()] =3 (W) sint s + J'* (W) cos tW(2.19)

dé = IG* ( ), = G;(Cki)sinﬁut + G (W) cosWt _ :(2.20)

Ji( ) and G' (& ),the storage compliance and modulus, represent

| input energy which is stored by the sample. J'' (W) and G'! (ZQ ),
the loss compliance and ﬁodulus, represent inpﬁf énergy whicﬁ haét
been dissipated by the samplé as heat.v Figures (2.5) ana (2.6)
illustrate the behaviour of J7 ( & )y Jt (‘GJ) and G' (W),

@'t (W) as a fﬁnction'df‘frequency, respectivély. At high -

U

y 3! (&) increases

frequancies, glassy behaviowr is attained where J* (&) = J_ and

G'(w)'=G and

1

g K Sreq a1
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and G' ( &) decreases rapidly as frequency decreases, J'' (&)

and G'' (W ) attain a maximum value at and s respectively.

1 1
TR z
oJ

With further decrease in frequency J' (&J ) = Jq and G' (W) =@

R
' as‘the polymer is in the rubbery state. At the onset of flow the
linear polymer goes through a éecond relaxatioﬁ with Jv (), |
Jare ( GJ) and G't (@) incrcasing, and G' (W) decréasing with
decreasing freguency,.

| Figure (2.7) illustrates the relationship between J* ( W) and
G* (W 5 and their éompbnents as expressed in Bquations (2.19) and
(2.20). TFrom this illustration another viscoelastic parameter, the
loss tangent (tand ) can be defined. |

tan § = g1 (W) = _G' (W) : o (2.21)

It should also be apparent that:

J* (v ) = _1 ‘ : (2.22)
G* (&) . v
However, it should be noted that J' () # 1 and
] ) ) : . Gt (wj
Jgrr (w ) # 1 .
: ' Grt (<

Tf ' (W) and J' (&) are plotted against log ( 1/ W),

the curves are found to coincide with G(t) and J(t) plotted against

\

"log t on the same scale. This is a consequence of linear viscoelas-
tic behaviour and establishes the reciprocal relationship between

frequency and timse

2.% Phenomenological Concepts of Viscozlasticity

The phenomenological theory is a purely mathematical description

75
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of viséoelastic behﬁviour developed frecm Boltzmann's Superposition
Principle (¥7). In this superposition principle Boltzmann stated
that, if a number of deform#tions are applied to a material display-
ing linear mechanical response:

(1) Each deformation is independent of ail others.

(2) The specimen's reéponse can be calculated by adding the

effects of ﬁhe indiviaual deformations.

This principle is applied to combinations of springs (Hookean solids)

and dashpots (MNewtonian liquids), whose motion can be precisely
mathematically defined. Thus, once the correct model for a visCo-‘

elastic system-has been chosen, all linear mechanical response can

be predicted. The various mathematical forms of linear viscoelasti-

city are discussed in a number of works ( #2Z, ‘7‘/‘; 47 "_’f.Z).
‘Single ;elaxation time models are the simplest combinations of
springs and.dashpots. Three types are illustrated in Figure (2.8)
and'their behaviour will be discussed below. The Maxwell model con-
sists of a spriﬁg of modulus Em and a dashpot ofrvisgosity n o

in series. Its motion is described by Equation (2.23).

6-+&<d6):=E T %%§- | | o b‘&éﬁ

vhere & is the applied stress.
[ is the'extension.‘\
7 is the relaxation time ( d?m'/ Em),
For the Voigﬁ model, a spring of modulus Ev connected in parﬁllel to

the load-extension relationship is:

a dashpot of viscosity ﬂ?v,

E =_ 7_? . de o ‘ .
6 [ ,uv + EV 'R(:di‘;—") » ,(2..—%)
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where 7_ is the retardation time ( ”(V /.EV )e

Although some aspecté of polymer viscoelasticiity are represented
by these éimple models, in most cases it is just a crude approxi-
mation.

The "standard linear body", represented by a Maxwell bo&y in
parallelvwith a spring is a simplified model for an ideal cross-ti
linkéd polymer. Iﬁ possesses single relaxétion and'retardation
times‘ana a relaxed and unrelaxed modulus (and compliance). Thus
when its behaviour is followed‘as a function of frequency, plots
similar to thoée for crosslihked polymers, in Figures (2.5) and
(2.6), are obtained. The dynemic moduli parémeters for this model

“are déscribed by Equations (2.25), (2.26) and (2.27).

(2 -5 )w?2 2

E' (W) =B + ‘T~ ™ (2.25)
v v 1+ 7

o(w) (B =B W o (2.26)

: el P e

tan d = (EU"ED)'(‘” . (2,27)

R .
- z
(nU E) (1 +W%

The éompliances'of the system, defined in Section (2.2) will be given

by Similar equatibns and by replacing T with 1 Also, shear or

QQ

 bulk moduli can be described by similar equations.
Real polymers display much broader transitions than described

by these simple models. HMathematically, this is equivalént-to a

. superposition of the behaviour of many models each with its ovwn

single relaxation (or retardation) time, Thus relaxation, H (r),

~3
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and retardation, L(tRj, time spectra were introdﬁced to describe

reai polymer behaviour, which were first introduced by Weichert

(32) and Thomson (I3 )., In general, a continuous relaxation

time spectra can be conveniently defined as H(x) where»Hd(lnt)‘is

the contribution to the modulus of relaxation times whose logarithms
lie between (1nt) and (int +d1lnt)s A éorreséonding retardation

time spectra, L(Tg), may be defined as.a similar contribution to

the éompliance. Thé expressions forvthe dynamic moduli, anélag;us

to Equations (2.25) and (2.26), but in terms of the relaxation spectra

" H, and the retardation spectra L, are:

+00 ,

(W) =g+ [ a@wwifamn 0 (2.28)

' - 1+ ws? ' ' '
+€0
B (W) = / H(z) W+ a(1nTt) ' (2,29)
Lo 1+ w372

| e S . - | )

gt (W) = gy +/ L) W™ o d(ln',‘R? | (2.30)
| | fo s waera S R
i+ - ' '

gt (W) = / L)W 7 dlingy) | (2,31)

Y T wszz |

In principle, once H(t) and L(fp) have been obtained, all viscoelastic

behaviour can be determined ('9'3; 43 30,34,

2.k Molecular Interpretation of Viscoelastic Behaviour

The molecular theory is used to predict viscoelastic response

using molecular paramsters. Rouse (¥ ) and Bueche (J6) have each
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used argﬁments based on a polymer molecule envisioned as a number
of bead-like masses connected by weightless springs movingAin a
viscous medium., The combined theory has been reviewsd by several
autnors (42,43, 5°7,58).

Rouse's (J97) treatment deals with polymer solutions; Each
pplymér chain is divided into N submolecules, each with a gaussian
distribution of end-to-end distances. Therelare.fhus N'éprings and
"M + 1 beads. If there are q monomer units per submolecule, the

root mean square end-to-end distance (6 ) is éya., by virtue of
its gaussian behaviour ( 'a' is a geometric parameter). Vhen a
miaxial stress is applied to the polymgr:the viscous surroundingé
retard the.mo#eméﬁt of the chains. This fetardétion is represenﬁed.
by a friction cosfficient (£,).which equals q {fo. ( 4;. is the
monomeric friétion coefficient,) The response to an.applied stress
nay be described by a series of co-operative modes (?). Fach mode
represents notion éway from a given instanﬁaneous configuration and
corresponds to a discrete contribution td a ielaxétion spectrum

(H), characterized by a relaxation, T, . In these terms H is giﬁen

P
by:

N : '
H=nk? 5 1.8 ~1) (2.32)

= P P :

2 42
T = & N fo : : - (2.33)
6772p2kT

>

where n is the number of molecules per cm” . df is the Dirac delta
function,

The theory can extend To bulk polymers cn the grounds that the




same kind of motions occur in an amorphous polymer as in solution,
7 . . .

although very much slower. TFerry (%3) has done this and obtained

the following expressions for the relaxation and retardation time

- spectra based on Rouse's treatment:

. 1 N N ‘

a hi ! 2 - :

H("L’) = M~/o NO )( so T br 4 2 ) ) (203"4‘)
2 M 6 .

o)

L(7) =( 2, 6 )§ T:ZL ' . - (2.35)
Tapn /\ & kT S

where 0 is the polymer density.
Nolis Avogadro's number.,

Mo is the monomer molecular weight.

Bueche (F6) has formulated a theory to apply to both 1ihear and

crosslinked bulk polymers. In his treatment, thermal motion is

only inferred by the introduction of an entropy spring constant. The

expressions obtained for H(r) and L(t) are similar to those obtained

- from the Rouse theory, Equations (2.34) and (2.35):

H(7)

i

2% H (1) (Rouse) = (2.36)

L(t)

2-% L (1) (Rouse) (2.37)

Viscoelastic functions calculated from the Rouse-Bueche theory
agree well with experimental values where the sample moduli are
. b =2 . . . ,
below 10° Nm = (ie.e. at low frequencies or long times)s The theory
predicts only one transition for linear polymers (from the rubber
to the melt)s TFor thi oacon. Ferrv. Landel and Williams (3°9)
to the melt)ys For this reason, Ferry, Landel and Williams

vostulated a second friction factor operating at higher frequencies




to account for the sscond transition (from rubber to glass).

However, Williams (50) has stated that this modification.predicts,

at b2st, an unrelaxed modulus more than two orders of magnitude

smaller than experimentally determined values.. This is apparently
caused by employing terms which are applicable oﬁly to the rubber-

like motion encountered at lower frequencies, Tobolsky:(‘é/) has
pointed out that equations of ﬁotion can be wriften and solved
employing terms wmore realisfically describing the motioné of the glassy

state.

2.5 Time-Temverature Superposition Principle

In order to plot viscoelastic.functiané ovér as much as ten
1ogarithmic decades of time or frequency at a particular‘temperaturé
an extrapolation method must be used. At best, stress felaxation,
creep and dynamic mechanical experiments will only cover six decades.

An extrapolation method involving timé-temperature»superposi-
tion was first éuggested by Leaderman (J90,6Z), who obsverve‘d‘ that
creep recovery curves. could be suﬁerimposéd by translﬁtion along
the time axis. Thus,.a factor AT can be détermined sbrthat.multié
plying the data at one temperature (T) will su?érimpose it upon the
data at a reference temperature (To). The factor (AT) is experimen-

tally determined at each temperature by noting the amount of shift

temperatures has been treated in such a way, a master curve at the
reference temperature is obtained covering many more logarithmic
decadss of time than were determinable experimentally. Furthermore,

if the material in question obeys linear viscoelastic theory, similar




o,

alteration in the timsz or frequency varikable (;%,I!) will also effec~
tively superifnpose stress relaxaticn-time curves ( ©3,67) and
dynamic modulus-frequency cuves (63,66 ), :

This method of producing master curves is 'applied to polymers
only in the transition region between glass-like and rubber-like
behaviour. Polymer density (_RP) is affec’cved by temperature. Also,
the modulus is proportional to absolute temperature since in the
transition region afnorphous polymers are assumz2d to obey the laws of
rubberlike elasticity. The dynamic and transient moduli and compli=-
anceé must thus be adjusted before plotting ag;éinst fhe reduced

variables (T / AT) and (CUAT), as shown below:.

(1) ) ( Tof’o) plotted ag;‘ainst'( Ty,

o/ S

(2) J(t)( T.° plotted agéinst(i) o

T A Ty |

(3) G'(t)(ToJDQ') and G"(t)/To/%> plotted against’ (w%).
N T o - KT_/O

It was previously described how AT can be calculated empirically.
Williams, Landel and Ferry (67 ) have defined A’I’ as the ratio of
relaxation times (1) at T to the relaxation times ('ro) at T . Since

T is related to the steady flow viscosity (”IT) at temperature T,

knowledge of ”(T and ”YT (steady flow viscoéi’cy at TO) enables '

o

one to calculate AT by the following expressions:

ATA= To./oo n(T = 3:— (2038)
T 0 ’7?,1, i ‘
(o}

2Z




 For many polymers ( 68~7/ ) in the transition region the data are
found to‘superimpoée quite well, using Equation (2.58) when plottéd
in the form of the reduced‘modulus or compliance versus the reduced
time or frequency. For dynamic experiments in which both G' and G'!
~are measured, it is essential that the same values of AT be usedv
for both sets of dafa.'

The variation of_AT with temperature ié usually exponential and

an activation enthalpy ( ZSI%2) for the relaxation process can be

obtained from the expression:

Ay =y 208 Ap) o (2.39)
a(1/T) ' o : -

Thgrefore,lﬁi&ais proportional to the slope of the linear plot of

log A, against 1/T . However, a linear relationship between log

T
AT and temperature is frequentlyrnot found indicating that A HR

nay itself be a function of temperature. This is often the case

with block copolymers ( 72-7¢ _ ) an'd: semi—cryétal’-".
- 1ine homopolymers (4”?). In block copolymers thié_behavioﬁy is at-

tributed to the occurrence of relaxation mechanisms for both the

domains and the matrix.

2.6 Phase Separation and Transitions in Two-Phase Systems

The. two-phase nature of all thermoelastomers is the basis for
their thermoplastic nature. The various theorigs of phasz separation
in éopolymers is therefore worth mentioning. The following discus-
sion will be divided into phase separétion in crystalline and
amorphbus copolymer systems. Two excellent reviews on the subject'

have been written by Dawkins (36) and Folkes and Keller (37).




CRYSTALLINE COPOLYMERS

The primary requirements for crystéllinity in homopolymers is.
the presence of chemical and structural regularity along the chain
(80), The degree of crystallinity dépends oﬁ'chemical structure
and crystallization conditions. Even in the most favourable situa-
tions, 100% crystallinity cannot be attined‘and a two-phase; semi~-
crystalline system>is the reéult. In higﬁ crysfallinity systems; L
the mor;hology is a lamellar ﬁatrix of crystallites with amorphous
surfaces. vLow crystallinity systems consist of dispersed crystallites
in an amorpﬁous matrix. ' Flory (8/) has described the thermodynamic
stabiliity of crystallites for homopolymers monodisperse in molecular

wéight:

..L_:

T

1 R_ (L o+ | | | (2.40)
T o AHU nA n-1+1 , . o
m

where A is the fraction of material which is amorphous at temperature

n is the degree of polymerization.

1 is crystallite thickness.

o . cq vl . . .
Tm is the equilibrium melting point of a crystallite when n and

1 are infinite,

A HU is the heat of}fusion per molebof repeat unite.

R is the gas constant.
Hoffman and Weeks (E&2) ha;ve described. the stability of a crystaliit;
- more directiy in terms of its length: | | |

1= 2 6'3 : : | (201}1)
A FU ‘




25

where ‘Se is the surface free energy of the crystallite faces
perpendicular to chain extension.

z&Fﬁf is the free energy of fusion at the crystallite melting
point.

This equation is onlyAvalid fér crystallites whose 1atéral dimen—
sions areAat least three times 1l.

In nmixtures of.twobhomopolymers, non-crystallizable chains are
rejected fronm the crystal lattice in the great majority of cases.
flory (é?{;é@?) therefore assumed in his theory of crystallization
of copolymers that for systems made up of M1 crystallizable_units

2

differing chemically and structurally from M, units, the latter are
excluded from the crystal lattice. The equilibrium crystallization

of copolymers is described by Equation (2.42):

i -1 = - Rlnp ' (2.42)

Tm m° A HU
o

m

where T, is the equilibrium melting point of the copolymer (highest

temperature at which .crystallinity cen exist)e
p is the sequehce propagation probability (probability of an H1
unit being succeeded by another M, unit),

For random copolymers p = X (the mole fraction of M, units) and

\A 1

Equation (2.41) becomes:’,

; _
R (2.53)
AHU v . ' -

-

-1 = =

m

T o

‘m T
m

The presence of randomly distribﬁted M

> units reduces the size of

crystallites and causes them to be of varied lengths. This is the
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reason for the very wide melting ranges and depressed meltiﬁg
points in coypolymers. Flory's theory has been experimentally con~
' firmgd for random copolymers of ethylene and o ~ olefines
( 84-85).

Crys’callizatién' in block copolyxﬁers is similar to that described
for homopolymers. However, a critical sequence length 'is- required
for crystallites of length 1 to be‘ sta‘ble, accorairig to .Equations'
(2.40) and (2.41). Kovacs and coworkers ( §7 58 ) studied crystal-
3 A_linit:;,r 'in AB poly(ethylene oxide-—b—styrene) observing lamellar crys-
tallites and similar crystal habits to those of the correspbndiﬁg
‘homopolymer. The melting points of Block Ycopolyﬁers obey Equafionr :
(2.42). The sequence propagation probability (p) in this case ap-
proaches unity so that Tm is similar to TZ o This view is verified
by the work of Theil and Mandelkern (89 ) on (AB)n poly(ethylex;e

sebacate~b-propylene adipate).

AMORPHOUS COPOLYMERS

If two homorolymers (A and B) are mixed,. the thermodyna;mics of

mixing can be described by Equation (2.44): -

AG = AH - TAS | (2.44)
wﬁere AG ié the Gibb's Freev Energy of I&ixing. | |

AH, AS are the-ent'halpy énd er;tropy of mixing, respectively.v
Phase séparation will occur when AG 30. For polymers, AS is
small and positive so that miscibi‘lity is determined by the sign
and magnitude of AH., Vhen AH is just positive,kphase séparation

occurs. The heat of mixing for non-polar homopolyuers is {70 ):




AH= V ( »:SA - &) 7, v (2.45)

where V is the total molar volume of the systen.
JA, éﬁ are the solubility parameters of homopolymers A and B,
‘respectively.

Va9 Vg are the volume fractions of A and B, respectively., Thus

B
‘if the solubility parameters are different; A H is positive and phase
separation occurs. |

| In'bloék copolymers of A and B blocks, phase separation is fa-
A voured because of incompatibility and is retarded by fhe chemical
links between blockéo Thus, the same basic principles apély here as
in thébcaSe of ﬁomopolyﬁers except that the entéopy contribution is
‘larger due to the chemically 1iﬁked blocks. Aléo, domain sizes |
tend to be muéh greater in the homopélymer case accounting for the
term microphase, when referring to block copolymers; Krause -
( 9%,721) has treated microphase separation thermodynémically and
derived the following equation for the entropy of nixings:

k

AS = 1 () A () P - 2 -1)(Asdis) + 1nln - 1) (2.46)
' R

where k is Boltzmann's Constant.

m is the number of blocks in a copolymer molecule, assuming all

. \ | -
molecules have the same average molecular weight, composition and se=

quence distribution.

R

-is immobilized.

™

( A Sdis> is the entropy lost when one unit of a copolymer molecule

~
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This treatment shows that:

(1) A S increases as the number of blocks increases in a co-
polymer molecule of given length , so that phase separation is more
difficult,

| (2) For constant copoiyme: composition and the same number
of blocks per'molecule,'phase separation hecomes easief as moleculaf
- weight increésés. |
(3) For mélecules having thé same chain length and the Same nﬁm-
] ber of blocks, a copolymer with vA = o2D, VB = 75 undergoes.
phase separation less readily than when v, = vB = ¢50.

Severél authors have treated the problem of domain size, relat-
ving ifvto the conformational entrbpy and inférfééial éhergy beﬁween )
phases, Bianchi et, al. (93) assumed sharp interfaciai boundaries
in their treatment while Meier (7‘7 ) and Leary and Williams (%37
‘allowed for the possibility of an interface. All of these workers
limited their calculatiohs to sysﬁems of glassy.spheres in a rubbery
matfix. Meier (6“4) has related domain size to A block length in
AB poly(styfene—b-butadiene) with reasonable experimental aéreement.
La Flair (37) has éxfended the work of Leary and Williams (576) to
cylindrical and lamellar morphologies, evaluating both domain dimen-
sions and the size'of.the iﬁterface and their dependence on temper-
atures .

The same factors which affect domain size also affect type.
Three'mbrphological types have been discovered using SAXS and elec~— -

tron micros¢opy - spheres, rods (cylinders) and lamellae. The re-

lationship between domain type and B polymer content ( A content




assumed constant) is qualitatively summarized below:

|

A spheres A rods Al ternate B rods B spheres
in in © Lamellae in in'
B matrix - B matrix A matrix A matrﬁx

Decreasing B Content
Meier (97 )y Kromer et. al. (98) and Tnoue et. al. (79) rebort _
comprehensive thermodynamic theories of microphase separation tak-
ing into accouﬁt an interfacial layer. Meier (77) reiated domain
type to the ratio of block lengths of A and B in AB type pol&mers
in'the abeeoce of eolvents. He calculated the free energy of eech
domain type and plotted against MA for a constant MB and temperature,,
a representatmve plot is shown in Figure (2 9).' At equlllhrium, there-
fore, the morphology dlsplaylng minimum free energy is assumed to
exist for a specific _f@ ratio, His calculations were insensi-
tive to interfacial sugéace tension ( 77 ) from Y =0 to 15 dyPe'cm-1
indicating universal application to most polymer types. Specifical-

1y, he concluded that the transition from spheres to cylinders

occors at HB = L, and from cylinders to lamellae occurs et MB = 3.33

M, A M,
where MB ’ MA are the molecular weights of B and A, respectively.

The pattern of results predicted by Meiler is also shown bJ the
work of Kromer et. al. (98) and Inoue et, al. (97). B
Complete mlcrophase separatlon is most likely to occur when : ’
equilibrium condltlons exist, but sample preoaratlon usually Jffects
the kinetic factors thue inhibiting separation. Thermal history and
oasting solvent are among the most important factors affectiné this

‘ . 07 G . Jr .
behaviour. XKrause's treatment ( 45 74 ) of phase separation predicts
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less complete separation of phases for (AB)n type polyﬁers. In
line with this prediction, Saam and Fearon (2Z) showsd that (AB)n
poly(styrene—b-dimethylsilo*ane) had a much less well defined morph-
ology than the AB or ABA polymers. Likewise, Le Grand (/99,37 ) con-
c¢luded from SAXS and dynamic mechanical meésurements that partial
microﬁhése separation occurs in (AB)n poly(bisphenol—A-parbonate-b-
dimethylsiloxane) despite the wide differences in solubility para~
meters, |

The degree of phase separation is, as explained above,.deééh—
éent on hén;‘characteristics of the system and dictates the number ,
positioﬁ and sharpness of the glass tranéitionslobserved. If phase
separation is complete, a transitibﬁ fdr éa&h piaée ié observed at
similiar teméeratures and Qith éimilar sharpness as the individual
homopolymers. If no phase separation occurs, one transition is ob-
served intermediaterbetween those of the homopolymers. .Partial
microphase separaﬁion leads to a glass transiiion for each phase énd
possibly a third transition for a mixed interface;~
| Childers andkKraus'C76) have presented damping (tand ) curves‘
for block copolymers where cbmplete microphase separation exists, |
The peaks oécurred at temperatures expected for the respective:

homopolymers. The Fox-Flory equation (/©/) shows how the Tg of a

vhomopolymer is affected by its ﬁ; :

.,
8 [2) —

T = Tm- C » o (2.’!-7) .
M

1
n

wiere T% is the T at ¥ =0,
g g n
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C is a constant varying with each poiymer.
This treatment indicates a dependence of the Tg of each phése on
its block length. «
Complete phése mixing is akin to the situation encountered
with random copplymeré. Gordon and Taylor (/0Z) have prédicted thét
the Tg of random copolymers is intermediate betweenrthose of thg

homopolymers A (Tg' A) and B (Tg,‘B) and is dependent on the weight

fraction of each monomer present:

(:'g - Tg, A) Wy + K (_Tg -‘Tg, B) w, =0 | (2.‘48)

wheré Wy 4 W, are the wéight fractions qf(each ponomer.

K ié a constantvdependeht on the thefmai ekpénsioh coefficients-
‘of the homopdlymers in the glaséy and rubbery states.
This equation'is sometimes applicable to block copolymerS'where
complete mixing occurs. The improbable situation éf complete
phase mixing in block copolymers with long block lengths has
been observed accompanied 5y a single transition intermedigﬁe 7
betwéen those of the‘boﬁopolymers but did not obey Eqﬁatibn (2.48) :
(703-%). -A singlé glass transition was observed for (AB)n
poly(eéter 1-b-ester 2), with short and not too diééimilar blocks,
and is close to the transition temperature predicted by Gordon and
Taylor’(/oﬁjf

In a case where a mixed interface eﬁisted between two pure
phéses, three transitions were observed (72). Two of the transitions

ware attributed to the pure phases and the third transition, intermed-

. iate between the first two, was attributed to the mixed interface,




Kambour (3Z) observed two transitions in an (AB)n poly(bisphenol-
A-carbonate~b-dimethylsiloxane) where the matrix had been shown to

ve a mixed phase,

2.7 Machanical Models for Two-Phase Systems

GUTH - SMALLWOOD EQUATION

There have besen several attempts to derive formulae giving
the apparent modulus due to a dispersion of particles in rubber, ‘
Smallwood (/06) described the reinforcing affect of spherical part-

icles dispersed in a rubbery matrix using an analogy to the Einstein

viscosity equation (/07):

E=E0(1v+2.5¢.) . ' | (2.49)

where E is the modulus of the filled rubber,

Eo is the modulus of the rubher matrix.

| ¢ is the volume concentration of filler,

Howéver, this equation holdé only for low conéentrations’of
filler and’émendﬁents.were derived ( /<78 - ‘/// Do That-of Guth
and Gold (//Q), by coﬁsidering the interacfioﬁs between pairs of
particles, added the term involving the square of the concentration

of filler to Smallwood's equation and obtained:

E=E5 (1+ 2.5 + 141 62) ' - (2.50)
For nonspherical particles, Guth (#Z), introduced a shape factor

(f) and proposed:

E=3, (1 + 0,67 £68+1.62 fa_fé 2) — (2,51)




where f is expressed as the ratio of diameter to width of particles.

These equations weré derived on the assumption that the nedium wets
the filler particles, but does not chemlcally react with the filler
surface. Cohan ( /77 ) applled these last equatlons to data ob-
tained for a variety of fillers in several rubbers by measuring the
initial stress required fop»extenéibn to 400%, and found that fhe
shape factor (f), thus deduced, cor;eépcnded closely to values ob-
served directly in the electron microscope. In general the relatlon-
shlps for these complex systems is only useful as an emp1r1cal

dascrlptlon.

DEFORMATION OF PARALLEL LAMELLAR SYSTEM IN SIMPLE SHEAR

Parallel glassy lamellae, of thickness L, interconnected by
flexible chains, in a rubbery layer of thickness 1, gan,be deformed
in threé ways using simple shear. Two of the deformation geometries
can be analyzed directly using Takayanégi models for parallel and
series coupling ( //3~8).,  The third geometry requires'a more
sophisticated analysis.len the following analyses,‘dnébcoﬁpling;
defiﬁed as one glassy lamella coupled with ‘one rubber& layer, is |
analyzed for each'geomet;y as it is assumed to bg representétive’§f
the behaviour of n couplings.

In the Takayanagi model, the mechanical properties of a two-

\

phase system are considered to be duplicated by a unit cube of

R

The rubbery region is of volume 95 A, and the glaSsy region is

glassy and rubbery material with moduli Gg and G,, respectively.

~ @ \). The modulus of the combined model (G,) is:




'GM=[ @ + 1= ] - (2.52)
>\GR+(13>\)G8 Gg

Jo .
Shear in geometry 1 is illustrated in Figure (2.8). Gg is‘

‘assumed to be about three orders of magnitude greater than GR 50

that all of the‘strain can be considered to bevin the rubbery phase.

If Ads thé area ( defined as unity») over vhich the sﬁear forée (E)
is applied, the shear stress is F / A = F. In all the illustrations
in this section, the shear strains are assumed to be very small.

Thus, if © is the angle of shear strain, © T sin®© T tan® .

The shear strain in the rubbery phase is € = x /1 . Thus,
Gy = Fl . : (2.53)
. The strain experienced by the entire system of n couplés is
x/ (L +71) while stress is F. Therefore, the measured shear mod-
ulus (GM) is:

VGM..F(L-t—l)- (L+1)G - | - (2.54)

The Takayanagl model for series coupling is also pictured in Figure
(2.’0, describing the situation of the stress being everywhere con-
stant but not the strain, A is defined as unity for Series coup-

ling so that Equation (2.52) becomes:

1 = 1 + L o (2.55) .
G (L +1) Gy ,(L+1)Gg ST

M

Since G 2D G, , this rearranges to:
. g : .
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G =(1,+ 1 ) Gy | | . (2.56)

1
This is the same answer obtained using the first principles aprroach.
Figure (2.11) iilustrates the situation for‘sheér in geometry 3.
(The reaéon for numbering the geometries in this Qay will become
apparent in Chapters 4 and 5 ), In this situafion glasSyrlamellae
are being deformed such that the strain in the sysﬁem is everywherse
constant but‘néﬁ the stress; This is equivaient to the.Takayanagi
model for:parallel coupling also pictured in Figure (2.11). Q6 is
efined as unity for this case and A =1 /{L + 1). Equation (2.52)

therefore becones:

G, = ( L ) G B | (2.57)
M =1 g : : , A
Geometry 3 should therefore be much stiffer than geometry 1.

The situation in geometry 2, pictured in Figure (2.12) is some-

what akin to geometry 1 in that the glassy lamellae are assumed to

be infinitely stiff so that the strain is once again limited to the

- rubbery phase. The strain in the rubber is:

rubber strain =0+ = x ( L+ 1) (2.58)
' . h \1 o
The strain for n couples is © = x . The shear siress is
T /(1 + L) so that: ‘
¥
1 +L ' '
G, = (2.59)

HE )
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G, = (2.60)

Combining Equations (2.58) and (2.59):

Gy = Gp (11; 1)- - o | (2.61)

Therefore, geometries 1 and 2 should have thebsamevmoduli.

2.8 Orientation in Block Copolymers

Keller and coworkers ( //7-// 9‘ ) have demonstrated a remarka-
ble degree of orienﬁation in an extruded plug of a styrene -»butadiene-
étyrene block copolymer (SBS), with 25% sfyfené and ﬁ; r’styfene = |
10,000. Small angle x-ray scattering (SAXS) photographs indicated
the presénce of giassy rods, parallel to the extrusion direction |
and in an hexagonal array. Furihermore, tﬁis morphology is present
in a "single crystal' type structure. These properties were in 7
line with the electron microscope photographs, mechanical properties )
and birofrihgence of this plug. -

Lewis and Price (LZO) experimented on two differént SBS‘copoly-
mers (Samplelj ~ 26 weight % styrene, ﬁ; = 13,000; Sample 2 - 28
weight % styrene, EA = 10,000). They showed that casting from ben-
zene produced isotropic films while compression moulding produced
orientation as a result of flow in the mould. Orientation was deter-
mined by the variation in intensity of the'x—ray soattering as a
fuoctioo of the direction of the incident beam, birefringence and

variation of the mechanical vroperties as a function of the stress




direction.

Krigbaum et. al. (/2/) found orientation in SBS ( 53% styrene,

M
n

S

styrene = 14,100) films cast from butanone and toluene. Onlily
slit-smeared SAXS was collected with the incident beam normal to

film faces and edges. The butanone cast system showed greater re-

flected intensity with the beam normal to the film'edge.and greater -‘ ‘ -
long~spacing with the beam nofmal to the film face, 'Tﬁe toluene
cast system showed épproximafeljvequal intensity for both directions
 with, again, a gfeate: long-spacing for the face view. The ratio of
‘;paciﬁgs oficonsecutive orders was.c§nsistent with a regulaf, perio;
dic arrangement of lamellae of infinite<lateral;extension. These
workers proposed that ordered convection éurfenfs are set up withiﬁ :
the polymer solution giving risé to the orientation.observea. This
theory was prbposed based on the "orange-peel' surfacé observed on
the solution cast films and the writings of.Thomson (/22), Benard
(/23) and Pearson (LE#), Thomson and Benard explained the phenéme; |
non in terms of density gradients set up within the'solufiop by
 solvent e&aporation cQoling the surface, while Pearson expléined
it in terms of surface tension,
- Many workers have demonStrated the mechénical anisotropy of
oriénted polymefs and the subject has been extensivelj reviewed by
Yard (AZ53. Takayanagi et. al. (/26) and Stachurski and Ward
(/Z7-%) have shown how tﬁe direction of applied stress specifically . _
affects the dynamic modulus (E') and loss tangent (tan $). _The

' ' . - - ..
latter workers used the anisotropy of tan ¢ for assigning relax-

ations to different molecular processss. TFolkes and Keller (//8)




have demonstrated one of the most striking examples of mechanical:
anisotropy in their measurements of Young's modulus (E) on "single

crystal' SB3. They found that with stress applied parallel to

the rods, B = 4.1 x 108 Nm-z

to the rods, E =5 x 106 Nm'a_.

2.9 Small Angle X~ray Scattering (SAXS) in Polymers:

The‘scattering of x-rays is due to inhombgeneities in electron
density froﬁ one point to another in a material. The Bragg equa~
‘-tion, Equat;'.on (2.62), relates the scattering angle (28) to the
spacings (d) of the reflecting planes formed by these inhomogen~—
eities. A"._‘

n\ = 2d sin © | . o (2.62)
where n is thé reflection order (i.ee 1,2,3y « » o). |

A is the wavelength of the’x—rays.

With CuKa radiation, A = 1,542 % , inhomogeneities of colloid
dimensions ( 30 to 1000 % ) will cause scattering ét 26<2 dégrees.
Thus, systems such as semicrystalline polymers, block copolymers
and filled rubbers can be analyzed using SAXS, »Excellent feviews
on the theory of SAXS and the applicatién of x-ray diffracﬁion
methods to polymers exist (/3/"7).- Folkes and Keller (37) have
reviewed the subject forgblock copolymers,

Sqattering at small angles can occur in threekﬁayé.' Coherent“
scattering results from x-rays being affected by electron density
- differences in the sample such that the Bragg equation is obeyad.

Inconerent, or inelastic, scattering results in x-rays of different

38

. When stress was applied perpendicular
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wavelengths from the incident radiation. The maximum intensity
of this scattering occurs at zero degrees decreasing iﬁ intensitj
at higher apgles. Monochromatic,deteétors, as_used in this work,
-will thus filter ouﬁ this incoherent scattering forvcounter‘detec-
tion methods while the backstop, minimizes its effects in film
detection methods. Parasitic scat ttering is caused by refleculon
off the collimating system. It can be deternined, for counter
detection only, by placing the sample inban absorbing position just
in front of the detéctor., When subtracted from the sample scatter—
ing, the coherent Scattering rémains.

The intensity of small angle scattering (Ez) isrgoverned by the

following equation:

A L | (2.63)

where ,/91 ’ _Joé are the electron density of phases 1 and 2, re-
spectively.

v are the volume fractions of phases 1 and 2 respectively.

10 7

Thus the intensity is relatively large for a system of discrete
particles in a matrix of different electron density. It is relative-~
1y small, however, for a heterogeneous system of regions of slightly
different density.

There are two basic collimating systems used in x—ray'analysis,

g ‘ for pin-holes

pin-holes and slits. The diffraction pattern‘on a flat, photograph-
ic film for an unoriented lattice is a series of circles of equal

intensity; the lowest order c1rcle is shown in Figure (2.13). If

the scattered intensity (I) of this photograph is plotted against
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distance (r), the solid line peak shown in Figure (2.14) is
obtained.v The situation is more complicated using slit optics.

A slit can be thought of as a large number of pin-holes. Thus,
photegraphic detection would reveal am intensity distribution that
was a superposition of maﬁy pin-~hole photographs in the direction.
of slit height. The intensity4distance plot for this situation<is
illustrated by the broken line curve in Figure (2.14). The, so-
called, slit-smeared data shows the peak shifted to lower angléé
and indicates much more breadth to the diffraction pattern on the
- low angle side. This curve can be adjusted using desmearing formu-
lae so that the spacing of the slit data coincides with that using
vin-holes. .

This type of desmearing cannot apply to oriented systems, as .
will be shown, If a sample is oriented such tﬁat its diffraction
pattern consists of meridional arcs, as shown in Figﬁre (2.1%8), the
slit~-smeared data.is in the form of a plateau, as illustratéd by the

dotted line curve in Figure (2.14). Desmearing will obviously give
a smaller spacing than obtained with pin-hole data, If-the~sampie
were oriented such that equatorial arcé were obtained using pin-holés,
as in Figure (2.16), the slit-smeared spacing would be almost iden-
tical with that‘of pinfholes. In this case, desmearing would give
a larger spacing than pin-holes.

An additional correction to the scattering curve is needed.to
.account for all orientations of the reflecting plages_(ﬂfé?). Thus,
the expérimental1y determined intensity of scattering at an angle,.

S, I(8). is corrected using ZFquation (2.64), where 5 = 2 sin®:
e » =R




S~

MERIDIONAL ARCS

Fi1G.2.15

EQUATORI AL ARCS

FIG.2,16




i(g) = 417 52 1(3) | (2.64)

where i(8) is the real intensity.

SURFACE AREA DETERMINATICNS
The problem of determining the interfacial surface area (S)
of two phase systems via SAXS was first solved by Porod (/39-%0)

using the following relationship:

8Ty, v, {1 [T o0 ﬁB]}

S (2.65)

ai 5_}9
. jod 3 . . . '
‘where {]me [I (M) u ] is the limiting value of the scattered
3 | |

intensity, at high angles, times M7,

M=a ( 2‘3.), where 'a' is the sample to plane of.régistration'

distance.

a is the total integral of the scattering cufve.

/A is the polymer density.

Porod's method is generallj applicable to'apy two-phase system.
A secondvmethod, developed by Debye ete al. (/#/), can onlf‘be used
on systems with dispefsed particles of randém size and shape. By
Debye's method:

S = HW Y | S (2.66)
o C

where w, , w, are the wéight fractions of phases 1 and 2, respective-

1
ly.

1
2

¢ = _2_)%; (%) (2.67)




‘where A and B are the slops and intercept, respsctively, of the

2/3

straightvline drawvn from the plot of.I— versus (2 © )2,
(I is the scattered intensity minus parasitic scattering).

Warner et. al. (/4#2) used both methods to deterﬁine the surface
area of a silica fillér dispersed in silicong rubber. They obtained

excellent agreement, for both methods, with the accepted gas adsorp-

tion procedure.

DETERMINATION OF BIOCK COrOLYMER MORPHCLOGY

. The fagt tﬁat block copolymers have spherical, cylindrical or
lamellar morphologies is coincident with the same situation in
soaps. The morphology of soaps has Eeen studied iﬁ detaii by
Luzatti et. al. (/43) and Hussan et. al. (/#/) and this technology
can thus be directly related to the study.of block copolymers. The
ratios of the Bragg spacings of consecutive reflection orders were
found_to form certain systematic sequences . These sequeﬁces are
outliﬁed in Table (2.1) with their correSponding-morphologies. The
outline is limited to morphologies known to occur>in‘block copoly;

mers.

ORIENTATION EFTECTS

The discussion will be limited\to uniaxiél orientation in
which all the 'c' axes of a three-dimensional lattice are inclined
at an angie, o 4 to the grientation axis, Z. In addition,.the di-~
rections of the other two axes are uniformly distributed around the
c axis. The situation is illustrated in Figure (2.197), vhere O is

defined as the origin of the unit cell. A very complete treatment

of orientation e¢ffects in polymers has bzen given by Kakudo and
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Kasai (/97).

TABLE 2.1

43

RATIO OF CONSECUTIVE ORDZRS

MORPHOLOGY

1 ¢ 500 : 335 ¢ .250

Regular periodic arrangemsnt
of parallel lamellae of infin-

ite lateral extension.

..
LAl

1 s 577 .500 : 378

Régular hexagonal arrange-
ment of c¢ylinders of in-

finite length.

1 : 866

612 ¢ 522

Spheres packed in abface—

centred cubic lattice.

11 706 500

.o
e

<577

Spheres packed in a simple
cubic lattice,

or
Spheres packed in a body-

centred cubic lattice...

There are three types of uniaxial orientation; these will be dis-

cussed below. In simple fibre structure, o is zero degrees (i.e. -

¢ and Z axes coincide). With the x-ray beam normal to the fibre

axis a four arc diffraction pattern is obtained, as shown in Figure

(2.18); A uniform intensity circular pattern (Debye ring) is ob-

tained with the beam parallel to 7, as shbwn in Figurs (2.13).

When O° < a<90°, spiral fibre structure (spiral orientation)
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exists., This is distinguisﬁed by observing many arcs in the aif-
fraction pattern with the beam normal to Z., Ring fibre structure
(ring érientation) exists when o = 90o and is distinguished by
two situations, If, when the beam is normal to‘Z, equatorial arcs
~ are distinguishable, é Debye ring must be obsérved‘with the bean
parallel to Z. If, on the other hand, a Debye ring is observed

. with the beamrnormal to 2, équatorial arcs musf be observed with
the beam parallel to 2.

Consider the simple case of a one-dimensional lattice (i.e. -

lamellaé) or:iented at an aﬁgle ¢ to the 2 axis'.. An orientation
function, <cosz¢> s Can be determinedAw_hich represents the mean-
square cosine (averaged over all the 1émellaé)>6f the angle between
a given lamellae and Z. This o?ientation fﬁnctionvhas'values of

1, 1/3, and O for lamellae with parallel, random and perpendicular
orientations to %, respectively. It is evaluated using the follow-

ing equation (/¥4~7):

fﬂ/z o R
(cos®PY = o 1(P)sinBcos”Bad (2.68)
o /2 S L
f I(P)sin@ ad

)
For uniaxial orientation, I (@ ) is the intensity of the diffraction

pattern of a pin-hole photograph at the angle ‘,25 from the 2 directiono_.

\
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CHAPTER 3. EXPERIMENTAL

3.1 DETAILS OF THE POLYMERS MEASURED

Two different types of polymers were studieds. The Tirst
was a series of poly(butadienes) and poly(butadiené-co-styrenes)
_hydrogenated to varying extents and supplied by Mr. J. Héwkins,
International Synthetic Rubber Company (ISR). The other was a
block copolymer, poly(dimethylsiloxané-b-a-methylstyrené),.'
supplied by Mr. D. Jones, Dow Corning. Dow Corning als§
sppplied some poly(dimethylsiloxane) homopolymer for compari— |

son with the block copolymer.

HYDROGENATED POLYMERS

ISR supplied three base polymers characterised as shown in
Table 3.1 with cis to trans butadiene isomer ratios of apprbxi—
mately unity. They were pfepared in hydrocarbon solution using
n-butyl lithium as the polymerization §afalyst. Approximately
20 gm samples were then dissolved in 800 ml of dry toluene con-
taining thé hydrogenation cdtalyst (5 mM of butyl 1ithium a;ﬁ
1 mM of bis 3,5-diisopropyl salicylate nickel II). Hydrogen was |
bubbled through the mixture at 3480K, atmospheric pressure. The
time of reaction was varied to vary the degree of saturaﬁion (3)
as shown in Table 3.2. T?e mole.% saturatioﬁ‘refers to the per-
centage of hydrogenated double bonds and was determined via the
iodine number of eaéh polymer. -

Eéch sample was compression moulded intb strips at 393°K;

1000 psi for 15 minutes. They were then allowed to cool slowly

to 323°K and held there for one hour, They were then allowed to
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cool to room temperature where they were left for a period of weeks
prior to testing. The moulded strips had average dimensions of

approximately:length = 6.3 cm; width = i.O ém; thickness = 0.2 cn.

Table 5.1 Characteristics of the Base Polymers

Base Styrene Content ~ Vinyl Content | in(Osmometry
Polymer WT, % | Mole % WP, %l Mole %

A 0 0 | _ 9 9 150,0C0

B ' 6 |3 9 8 200,000

c | 13 7 | 8 7 1 130,000

Table 3%.2 Degree of Hydrogenation

Sample ‘ 3 - Saturation ( Mole %)
M - 53

R | gy

B1 - 57

B2 | | 60

B3 . ~ 76
e | 65

c2 » | 68

Cc3 ‘ . ‘ : 72

The Dow Corning polymer is an (AB)4C Hstar! block copolymer where,
A is poly(a - methylstyrene)

B.is poly(dimethylsiloxane)

C is a tetrafunctional coupling agent.

The copolymer contains 37.5 % A(w/w) and the A segment molecular weight
is 9,000. It was synthesized by the sequential anionic copolymerization
of a - methylstyrene and hexamethylcyclotrisiloxane. Narrow molecular

weight distributions for each segment and the entire copolymer.wefe

- confirmed by gelvpermeation chromatography (GPC), 1ight scattering and

menbrane osmo‘metry (/ 9; ) ¥8-350).
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Sheets of polymer were prepar=d in thfee wvays: casting from

- benzene , casting from cyclohexane and compréssion rmoulding. Films

“«1 to .2 cm thick were prepared by casting 10 % solutions (in benzene
and cyclohexéne) on to clean mercury and allcwing the solvent to
evaporate slowly (ca. 2 days) before removing from the mércury
surface. The benzene cast sample was allowed to air dry for a month
and then dried at 363°K, 1 torr pressure overnigﬁt to rsmove any
remaining solvent. The cyclohexane cast sample was allowed to stand

- Tor a period of months at room temperature after casting.and needed
. no further drying prior to testing., A compression moulded sheef éé.
.15 cnm thigk was prepared at 523°K, 2000 psi for 20 minutes then

rapidly cooled to room temperature (ca. 3 minutes).

DIMETHYLSILOXANE HOMOPOLYMER

The homopolymer was synthesized via ring opening polymérization
by ¥r. D. Jones, Dow Corning, and characterized in_this 1abo:atory.
Prior to characterization the polymer was heated at 437°K, 1 torr

ressure for 18 hours to remove 19.5 wt. % of low molecular weight
cyclic homologues, {ZCHB)a Sid] # , where n = 3,4,5, The fractional
weight loss was followed as a function of time and is shown in‘Fig. 31
e number average mblecular weight (M) was determined with a Hewlett-
Packard 502 High Speed.Meﬁbrane Osmometer,'usingitoluene as solvent,
at 298°K. ¥n was found to be 218,000 % 10,000,

The polydisperaity (Eh / Mw ) was deternined via gel permeation
éhromatography}(GPC), (Mv = weight average'molecular weight). A
Watgrs ALC/GPC 501 was usad a£ rooa témperature, with tetrahydrofuran
(THF) as solvent. Although neither the absolute values of T or Mu ‘

were determined, their ratio was found to be 1.4,
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3.2 WIDE FREQUENCY SCAINING DYNAMIC MECHANICAL APPARATUS

The storage (E',G') and loss (E'',G'!) moduli were determined
at various téﬁperatures and‘frequencies on the wide fregquency
scaﬂning dynanic ﬁechanical apparatus. This information was used
to assess molecular nmotion in the different samples under these
varied conditiocns.

DESIGN OF APPARATUS

Measurements wefe méde on the same apparatus describasd by

Tan (/57) except for modifications and improfements to theAérrange-
" ment of the electronic apparatus and driving coil.  The apparatusv
was used to measure either Young's or rigidity (shear) moduli, de;
pending on the deformation applied to the:téSt épecimeh. Referring
to Figure 3.2, for Young's moduli, a rectangular beam séecimen (s)
was glaﬁped rigidly at both ends to tﬁo brass piates (P) and oscill-
ated in bending geometry by a drive clamp (D), centrally 1écated
between the brass plates. Iach Qf the brass plates is brazed to a

brass three-quarter cylinder (T) which is free to move in a vertical

direction. This allows the length of the specimen tolbe varied,'Th
mévement of the cylinders is controlled by'the th 2BA scre#é (E).
Pigure 3.3 shows how two disc spécimens (3), cén‘be osci1latéd
by a central plate (H) in shear sandwich geometry for determination
of shear moduli, The samples were pressed between the central platé
and iwo stationary plétes mounted on brass cylinders (K). The brass
cylinders are interchangeable with the brass three~quarter dylinders,
and their movement can also be controlled by E. The drive clamp
and central plate are interchangeablé and dfiven by magﬁets sus;

pended from thin wires in the centre of a coil. The magnets are
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connected to ths drive, or central ciamp by an aluminium spacer
(A) and a 6BA threaded aluminium rod (R).

The two magnets (M) are suspended in the centre of the system
of coils (C) by two sets of three stainless steel wiresv(W) (38 gauge).
Figure 3.4 shows how the coil is wound about the bobbin in three
sections. The magnets are oriented with like poles facing each
other and bisected by the coil section boundaries. .OOLLM diameter,
enamel coated copﬁer wiré is wound clockwise around the>outer sections
and counterclockwise around the inner secfion. 3Approximately 175m
" of wire was used with a calculated resistance of 307.(1, quite close

to the calculated value. It was also determined that the wire is
not shorting out on the bobbin. The bobbin is fastened (by thres
scfews) to a brass cylinder (U)'which is in turn screwéd to another
. brass cylinder 12" length and 2" diameter. This labter éylinder is
fasténed to the main body of the apparatus and also provides anchor
points for the suspension wires. Avbrass case slides tightly‘into
the opén end of this cylindrical tube and holds a brass cylindrical
rod (G), with a probe (F) at one end., The probe and the soft irom
disc (I), on the vibréting systen, form thevtransducer unit, ‘
The apparatus is attached to a thick, flanged, brass plate by
two'L—shaped brackets. This enables it to be placed into.a brass
container and evacuated. .
The wvibrating system is shown schematically_in Fig. 3.5.>It
‘c§nsists of the aluminium drive clamp (D), the 6BA threaded alum-
iniun rod (r), fouf soft-iron nuts, the aluminium spacers (A), the
- magnets (M) and the soft iron disc ()., The drive ciamp is fres to

move in the horizental direction and is locked in position by two 63A
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nuts. The drive clamp can be replaced by a central plate for
oscillating two similar disc specimens in shear sandwiéh geonetry
as described previously.

Tan (/A37) found that the soft~iron disc provides the most
sensitive electrically conductive surface for the Bently probe to
sense. bThe disc is A" diameter and 1/16" thickmess and is stuck to
the vibrating system'with "Araldite'. Alternativ; metalé like tin,
copper, stainless steel andraluminium give less sensitivitj.

The Bently probe (Bently-Nevada 304) is fitted onto the end face
;f the one inch long cylindrical rod. The rod is freékto slide in
‘a horizontal direction,»through the centre qf the thick cover 6f the
brass case and is solidly locked in position by a serew pressing
against it., The probe and the éoft—iron.disc are parallel to each
other. The initial gap bétween then éan bhe adjustéd by ﬁoving the
~rod.

Figure 3.6 shows the tensioning device used in tightening the
suspension wires., Each wire is anchored to>the vibratihg system

by a soldered knot. The wire then passes through the fine hole in

cr

he centre of the tensioning device. The wires are tightened and
locked ih tension by two 4BA nuts, turning in opposite direptions.
The tensioning device sits in a hole through the supporting brass.
éylindrical tube and is élamped tightly by a 4BA hut.>

The arrangement of the electronic apparatus, shown in Figure.
3.7, represents a major change in apparatus_design. The most sig-
hificant difference is the incorgoration‘of a Digital Transfer

Function Analyzer (Solartron TFA Ji1400) which digitally displays

output voltage (proportional to the sirain), input voliage (proportional
by O x B ] (=
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to the stress) and the phase éngle batween input and output voltage,
Thus, sample modulus (stress divided by strain) and loss tangent
(tangent of the phase angle)‘are conveniently determinable. The
solartron Digital TrFA comprises an oscillator with a 1OV> rms
maximum output power supply and a Digital Correlator which computes
dynamic response for display by an in<line digital reéd—ouﬁ._'With

. the Solartron High Frequency Extension Unit JX1639a£tached, fre-
quencies of 1,60 x 107 to 1.00 x 10 8z +.05% are available. The
signal from the Digital TFA is fed into the power amplifier (AIH‘

" WPA 116) which supplies the amplified signal to a 198[) resistance
(four reéistors in parallel) in series with the driving coil. This
résistance helps to reduce the phése 133 ﬁefwéeA drive current and
bvoltage due to inductance. Since the coil has a resistance of'276f1v
the total resistance in this part of the circuit is 474Q.

The Bently probe operates in conjunction with a proximator
(Bently~Navada 31CG) and a power supply (Advance Dual Stabilised
D.C. Supply PP3) to form a tﬁned resonance circuit,. The proximator
supplies electrical énergy from the power supply to the pro%e and senses
the signal return froﬁ the proSe to_providé a voltage signal that
is proportional.to the displacemenf variation of the vibrating
system detected by the probe., The transducér system, which Qorks‘on
an eddy current principle, has a sensitivity ca. 8V per millimetre
of motion and applies neéligible stress to the vibrating elements,
The voltage from the proximator is fed into an opefational amplifier
 (Burr-Brown 1632A/f6) with switch-selected gains of 1, 10 and 100.

The signal is then monitored by an oscilloscope (Solartron CD 101442),

to ensure that it is an undistorted sine wave, and fed into the cor-
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relator., The amplitude of a carrier frequency (ca. 106Hz) waé
nminimized by shunting through a 1uF capacitor to earth. The Bently
probe and proximator operate with a regulated -18V D,C. power supply,
in the present casé, balanced to obtain output signal about.earth.
-This allows the probe gap to be monitored on the oscilloscope. The
digital reaa-out on the correlator is the R.M.S. value of output
voltage (VO) and the phase angle (B), read to é preéisicn of 10! of
arc. The input voltage (Vi), from the Power Amplifier, can alsé be
read by switching to the correlator., To minimize the effects of
fluctuations iq mains voltage, the entire apparatus is connected to
an Advance Vbistat (CVN 500/A) whicﬁ is plugged:into the mainse. This

results in the mains voltage being stabilized to +e5%,

PRINCIPLE OF OPERATION

For rectangular beam samples undergoing bending deformation:

MX + kB*x + Ax = Fpexp (A t) o (3.1)

where

Mis the mass of the vibrating systen,
x is the lipear displacement of the driven clanp,
E* is the complex Young's modulus of the specimen,
Fp is the maximun drivihg force,

@ is the angular frequency of the driving current,
t is time
A is fhe restoring force per unit displacement, of the suspension

wires,

k is a geometrical factor = bh3

Py

15




b is sample width,
h is sample thickness,
1 is the length of each half of the sample between each rigid

clamp and the central clamp,

For shear sandwich geometry E* is replaced by G* (complex shear
modulus) in Equation (3.1) and the geometrical factor becomes:

X =

(3.2)

HL(B

where Q is the cross-sectional area of each disc and 1 the
_ ;ample 1eng;h as previously defined.

The following expressions can be derived fpom Equation (3.1),
as_Shown in Appendix I. Tﬁese}expressionébréla£e theiviscoelaStic
parameteré E', E'' and tand to geasurable quantities.

B! = C(_X_I&_ cosB) + r_@(mz- sz) | (3.3)

k

v
o

E'Y = c(___z;_ sinﬁ) | A (3ek4)

o

tanr/: Rt
g

(3.5)

where C is a constant.

As will also be shown in . Appendix I, these parameters can be calcu-

3

lated at the system's rasonant frequency (Qé) providing the sample-

free rescnant frequency (OJR) is known. Thus, at resonance only:

Eg = 1 (@02 - W R2> o (3.6)

k




tand% = tand -EELSL———— ©(3.7)
o 2 .2 ,
ARCTA R
B! = EL tand, | | (3.8)

where Eé ’ Eé' are the in-phase and out-of-phase Young's moduli at
resonance, respectively.
tan’&é is the loss tangent of the sample at rescnance.

tan d; is the loss tangent of the sample plus wires at rescnance,

For shear-sandwich geometry, G', G'', Gé, Gé' would replace E?, E*',

4 te
and E% and LS .

DYNAMIC MECHANICAL MEASUREMENTS AND ERROR ANALYS IS

Heasurements were made at various temperatures and freQuencies.

" The temperature was controlled below ambient by placing the entire
~apparatus in a large dewar flask filled with methanol or acetone. Solid
CO2 was used to maintain temperatures within iA;SOK for the period of

time necessary to collect data at different frequencies.  This method
could only be used to 19# K, the transition temnerature of Cb (solid)
to CO (gas). Temperatu;es as low as 10; K were acaleved by pasolng
Na_(liquid) through a coil placed in the dewar. However, the temper-
ature could only be maintained to within ﬁﬂoK using this method. For
.temperatures between ambie?t and 373°K, the apparatus Qas placed in

a thermostatted paraffin bath whefe the temperature was controlled

' to ¢.1°K. 373°K was not exceededvfor fear of damage to the insula-

tion of the electronics. Once.thé‘desiréd temperature had been reached

it was maintainedrfor at least half an hour prior to measurements to

,
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to ensure that the sample had reached equilibrium. A copper-
constantan thermocouple was placed near the sample for temperature
measurement. It was calibrated at the boiling points of NZ and Hép,

the melting point of H_O and several intermediate temperatures using

2
calibrated thermometefs.

- Although the oscillator has a very broad‘frequency generating
capability, nmeasurements were limited to the range 1 ﬁ ’IO-.3 to
1 x iOB Hz due to powefvlimitations, variations in the voltage
supplied to the proximator and changes in proximator sensitivity
‘with temperature. Within the quoted range, frequencies could be dialled
to three digit accuracy. Allowance had tq be made for coil indué— |
tance causing the current through the coil fb 1&3 Vi. The resistance
of the coil combined with the 198Ilresistance in series helped to re~
duce this effect. To measure thisvcurrent lag, which wquld cause Vo
to lag Vi by the same amount, an 1811resistance was placed betﬁeen 
the coil and earth. The Digital TFA was used to measure ihe voltaze
and pﬁase change across this resistance.  Since the voltage across
the 181 resistance was in phase with the current which passed |
through the cbil, the'measu:ed phase angle.would be that of the>
cur?ent and Vo. Tabvle 3.3 summarizes these measurements aé a

function of frequency. For this circuit with resistance (R) and
inductance (L) in series:
tanp, = (anL.) £ (3.9)
A= ,

Thus plotting tanB1 against £ should gife a straight line of slope

( ZTTL): and intercept zero if B1 is due primarily to inductance.
R

This plot is shovm in Fig. 3.8 and demonstrates the agreement with
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Equation (3.9).

Table 3.3 Phase Angle (8) of the Current Through the Coil With Resvect

to Vi
Frequency (Hz) (f) 8 tan B,
1,00 R o ~ .003
3.06 ~o%10r | ;ods
10,0 R P10 L0053
20,0 S | 0’301 009
40,0 - | 00 Lo12
60,0 | | ~ 1%0¢ 018
90.0 - :1°1o?_ .020
200 o ' - 2%o0r « Ol
300 - 3%0r .058
500 | 4°00? .070
600 . 6°co? 105
8co | 8%01 1t

1000 : I 10°cor 176

Thus, using the information in Table 3.3, at‘frequehcies of 20 Hz

énd above, 51 was subtracted from the measured phase angle to‘give

the cofrect value of B. Figure 3.9 shows a frequency scan at room
temperature for a high carbon steel bar for which E! and tand are
known to be constant,with the latter very small, in the frequency »
range shown. Values of kEé and tan 35, calculated at CUO, are fep—
résented by filled circles. All valuss of the modulus agree to within
+1% aﬁd the values 6f tanéﬁagree to within +.CC5 except at frequencies

of 1C0Hz to resonance where phase angle and amvlitude are starting to
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be affected Yy the resonance phenomenon. It is not certain precisely
why this deviation should occur, even after correction for current
lag, but since it does, data was not collected in the resonance region.
Sampleipreparation for the hydrogenated polymeré was described
in section 3.1. The ﬁoulded ?olymers were clamped into place care=-
fully ensuring that they were under‘no strain, Measuremenfs ware
taken while cooling‘the samples>to below theirATg. Measurements
above ambient wefe taken only for sample B2, Data was collected és
the sample warmed. Dow Corning polymers were measured in both bendiné
;nd shear séndwich deformations. Samples measufed in the bending
mode were cut from the prepared sheets of‘block“copolymer_in the
shape of strips approximétely 8 cm long,'d éﬁ wide and..2‘¢m thick, -
The pdly@imefhylsilozané)was hoﬁldéd iﬁto a strip at 343°K éftér
being heated under vacuum for 43 hours to remove low molécular
 weight homologues. Since all polymers were partially crystalliﬁe
below ZBBOK, the apparatus waS‘first‘cooled to 194°K at about ZOK/hin.v
This temperature was held for about 12 hours to méximally égyséallize
the poly(dimethylsiloxané) and then cooled to below the siloxaﬁe Té
(150°K) Qhéreupon measurements were taken while the apparatus warmed
to ambient. Samples measured in shear sandwich deformation were cut‘
from the sheets in the form of cubes with their edges deviating ffom.
the average value by no ﬁore than 5%. Once again, alllsamples were
clampe& so that they were not strained. |
Sample dimensions had fd be carefully measurea to minimize errors
since, for bending, 1 and h are raised to the third power.in calculating
modulus. Ior beﬁding, h and b were m2asured with a micronmeter to

-

+1 x 10 Jcm. 1 was measured with a vernier calipers to 25 3¢ 10 )cm.




Typical sample dimensions were:
1=1% 2cm

b.

1 cm

h «1 to 2 cn

1}

It is important fo realize that sample dimensions influénce the

type of deformation occurring. Tan (A57) has shown that, for bending
deformaﬁion, as the 1/h ratio decreasés,a deﬁlectibn due to shearing
 becomes more pronounced and the measured Young's modulus of the
material (EA> becomes smaller than the actual value (E). His findings

are summarized in Table 3.4 for varying values of Poisson's Ratio ().

Table 3.4 The Effect of 1/h Ratio on Measured Modulus

Vo ~ h(em) - 1(cm) B,/ E
0,50 0.1 1.5 <99
| 0.1 1.0 .98
0.2 1.5 .95
0.3 1.5 .89

0.35 0.1 Lo : 99
o o 03 1.5 | .90
0.20 0.1 | 1.5 ' .99
0.3 1.5 91

Sample dimensions were a@justed so that EA / E vas aiways larger than
.90. : |

Rivlin and Saunders (/%) have shown how sample dimensions affect the
measured rigidity modulus. Using cylinders.of varying lengths,

they have predicted the ratio of measured (GA) to actual (G) rigidity

modulus assuming that as the cylinder length increases, more of a de-

flection due to bending, rather than shearing, occurs. They have also

R T e
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-compared these theoretical results with experimental measurements.
Read (#Z37) also assumed that a fraction of the deflection wasbdue
to bending and using a different mathematical approach, predicted
a range of GA / G values dépending oﬁ the ratio of the cylihder |
radius (r) to length (1). The results of these two papers are
summarized in Figure 3410 assuming a Poisson'é Ratio of 0.5.
Expe;imental points are shown to agree well with theoretical
éredictiﬁns and the experimentallyzfouhd cqrrections were ﬁsed in
this work. Only the siloxane block‘copolymers'Qere.mgasured in shear.
~ Unfortunately, restrictions in sample dimensions required measurements
‘to be made at 1/r equals 2.00.

An important step in calculating Ef énd‘Ef% was the calibration"i
of the épparatus‘ i.e. - determination of the éonsﬁant;>C; in
EquationsA(B.B) and (3.4) . This was acéomplished by firsﬁ plotting

Y_:i; cosp against log & at values of &J where Mol <L E's At these

v - k
o .
requencies,
V. Mwa o : : .
E' = Cf i cospl- R o = (3.10)
(vo ) k |

Extrapolating this set of points to logtl)o, where Eé was known, one

could set Equation (3.10) equal to (3.6), so that:

2 ‘ '
C = M(“‘o - (‘_’i_posﬁ) ' (3.11)
k Vo‘ W,

where ( Vi cosﬁ) Wo is the value of zi cosP extrapolated to
\Y : i , :

(e] (o}

log Cdo. It should be remembered that C was defined as N/kB

(see Appendix I), therefore, C is dependent on the prdperties of the
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coil and magnets (N) and of the transducer system (B); k will be
constant for a particular sample geometry. The properties of the coil
and magnets remain fairly constant, thus N should remain constant.

The properties of the transducer system, however, have been found

to vary. Tan (/S7) found that C varied with temperature largely-as

a result of differential expansiohs, altering the.gap between

probe and soft iron disg,_and changes in probe sensitivity, 'Thé
author has élso found that proximator sensitivity is greafly affected
by small changes in ambient temperature.

When performing the above mentionéd éxtrapolation, a very accurate
callbratlon can be accomplished when E' varies slowly w1th log &J |
as i steel at room tempnrature or polymers well below Tg' The faster
E! varies with frequency the more uncertain the extrapolation becomes,
Also, at very high damping, resonance cannotvbe detected and C must
~ be 1nterpolated from a knowledge of C at nei hbourlﬁg uempsratureoa
Uncertalnoy in calculating &', L" and tan & was a result of the

‘ degfee of precision in determining the geometry constant (k}, mass
E of the»ﬁibrating system (M), resonance of the specimén free system
(UJﬁ), theAcalibration constant (C) and the digital read éut from the
TFA (Vi, Vs ). Of these, determining k was usually the largest
source of error. For bending, k could be determlned to *Sp. However,»
in shear sandwich geometry it should be recalled that in measuring
the siloxane block copolymers, cubes were cut with a 5% uncertainty
in edge dimensions. Thus k could only be determined to w1th1n i15ﬁ..
Under certain conditions,-discussed previously, C had a considerable
uncertainty estimated to b2 as high as 5%. M was determined, by

weighing, to be 7.21 and 4.27gms # < +1% for bending and shearing,




respectively;gﬂR was 267 and 320 radions/sec + < 5% fbr bending and
shearing, respectively. Vi and Vo vere determined to < +1% and B8
to +10' arc. Thus, for a Single sample at constant temperature EV
and tand were féund to agree to better than +1% and +.005, fespec—
tively, in a frequency range of as large as Iive logarithmic decades.

Absolute determinations of E!' were made to within +10¥ and deter-

minations of G' to within +15%.

3.3 TORSION PENDULUM

- DESIGN OF APPARATUS

The wide frequency scanning apparatus can be used for measure-
ments to 373°K, oniy,‘for fear of démage fo.the.circuitfy at highef
temperatures. In order to makeAdynaﬁic measurements on the siloxane
block copolymers, higher temperature capabilities were necessary to
investigate relaxations bf the organic phase. To acéomplish this,
a torsion pendulum was designed and built in this laboratory.

The apparatus was designed to éeasure thé,elastic shear modulus
(g") énd logarithmic decrement (_A. ) of rectangular beam samples
fromj77°K to 573°K. buring the description of the apparatus reference
‘will be made to Figure (3.11), an overall view, and to Figz:.z"e_ (3.12),
a close-up of the clamped §amp1e enclosed by the temperatﬁre confrdl
unit. |

The sample is clamped at its top and boftom. Each clamp (A) |
is a brass cylinder with a half cylinder section remofed so that it
can be screwed back into position thus holding thebsample in place.

Both clamps are brazed to stainless steel tubes (B) (I.D.= 37cm;
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0.D. = 1.15cm). The stainiess steel tube attached to the iower ciamp
is brazed to a stesl plate (C) which is screwed»to the steel base
plate (R) thus holding the lower clamp rigidly in place, - The stain-
less steel tube attached to the upper clamp is brazed to the inertia
bar (D) via a machined brass cylinder (E). Also attached to the
cylinder (E) is a highly polished mirror (F) and a pin-vice (G). Two
'pairs of weights (H), 104%.2 and 167.1 g, were méde to slide over the
inertia bar and wére held fast in precisely driiled positions via
a knurled screw., The positions drilled'into the inertia bar are
“26, 24, 22;‘20, 18, 16, 12, and 10 cm + .01 cn from the centre of
the bar, _Thé inertia bar and upper clamp_a?e supported by a thin
high carbon sfeel wira gripped by the pin'vice (é)vand the pin vice -’
(I). The upper vice is brazed to a threaded rod (J3) attached to thé
upper steel plate (8) by two knurled nuts. The threaded rod-knurled
nut assembly was adjusted so that the upper clamp is précisely centred
ovér the lower clamp. Sample length canrbe varied by adjustment of
the knufled nuts. The upper steel plate is suppoftéd by four 2.4 cm
diameter steel bars (T) attached to the steel base plate.

The témperature controlling device consists of copper tubing

(0.D.

o7 cm; I.D. =_;5 cm) helically wound around a steel tube .(X)
(I.D. =.3.6 cmy o1 cm wall thickness) through which a coolant cén

be passed. Heating wireﬁis also wrapped helically around the steel
tube (X) between each winding of the copper tube. In ?igure (3.12),
opsn cirples represent the coéper tube and small crosses, the.heating>
Qiré. The steel tube (K) is brazed to a steei‘ring (L) which is screved

. into an asbhestos ring (M), The ring (M) is stuck to the asbestos
) . i) -
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cylinder (N) with fireplace cement. The gap between the copper coil
and the cylinder (N) is filled with Vermiculite for insulation,

The temperature controlling unit is capped with a split asbestos

1id (P) which fits into the supporting asbestos cylinder (Q).

The cylinder (Q) fits snugly around the plate (C).

PRINCIPLE OF OPERATION

Operating principles for to*éion pendulums are described by
several authors (ﬁ£3~§[/317}/5‘6 7 )o Referring to Figures
(z. 11) and (3 12), the sample is set in tor81onal osc111at10n by
moving the inertia bar from its equilibrium p031t10n. Osc1llatlons
will continue freely at a constant f;equency (OJO) and gradually
decreasing amplitude. The viscoelastic properties afe calculated
from tﬁe characteristic frequency and amplitude decrement. For a

sample undergoing torsional oscillations,

o =fe 8 1 (1 4-__&5)  (3.12)
b bre

vhere I is the mcmeht of inertia of the oscillating syotem.
b is the form factor aependlng on sample geometry,
- Alis the logarithmic decrement of the amplitude.

In this work ~AL2 <:1 and was ignorea. Only for a few measurements

I‘"TT ’ 2 . . : '
dldJN.apnroach 1 which would make —AL = o025 and thus cause G!' to
! 2
. : s
be 2.5% in error. Thus, assume,
coi I (3.13)

G' =

b
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Since this system has a wire contributing a term to the modulus

Bguation (3.13) becomes:
2 -
b+ W= T : (3.14)

where b@', W' are the elastic restoring forces per uﬁit angular
diéplacement of the sample and wire, respectively. b is the form
factor for the sample. If the sample is removed from t;he system '
and the system is ‘thénk set into motién, it will oécilléte at a set
frequency (wR’ for a pafticular moment of inertia (IR)' Thus,

.2 . :
A1) 4 . .
Combining Equations (3,14) and (3.15),

_ 5 » | . v : 3

Y - T - r . .

b6 = TS LWg - . A (3.16)
To calculate tan§ the logarithmic decrement (A) must be determined.
Ais defined as the natural logarithm of the ratio between two
successive displacements.

.tan5= A , L _ (3.17)
K1 ' :

For the system consisting of the sample and the wire the measured
loss tangent (tan 5M) is

tan.SM = N o pEr oy (3.18) "
m WGt o+ W ‘

where bG'! W'' are the out of phase restoring forces per unit angular
displacement for sample and wire, respectively.

The loss tangent (tan§ ) for the sample only is:

tan §= G S (3.19)
Gi
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Since W11 < bva"! and combining Zquations (3.14), (3.15), (3.18) and

(3.19):
Tey® |
tan & = A ) _ (3.20)
T 2 2 .
Ia% "IR%R
MEASUREMENTS

Measﬁrements were made on samplesrbf the siloxane block co=-
“polymer moulded and cast from benzene and cyclohexane,., Sirips
with rectangular cross sections were cut and data was §ollected as
the sampleé-were heated from ambient to above the Tg of the organic
- phase. The heating‘rate vas 1ess than»1°/30 mins. so that the
samplé temperature was assﬁmed to be very close to the recorded
temperature. The temperafure was_measured‘using a Copper -~ Constantan
thermocouple calibratéd aﬁ the melting.apd boiling points: of H20 and
several other temperatufes,in tﬁe range 273°K to 4730K using a
calibrated thermometer.
The frequency ((ﬂb)band decrement ( _A_) were measured by
© following the oscillatioans of a beam of light reflected by the mirror
(F) onto a graduated $créen. The oscillations were timed with aistop
wafch to + .1isec§nd. The natural logarithm of amplitude decay
was plotted against number of oscillations to determine A, which
. was the slope of this iine. |
- In order to calculaéé the system's moment of inertia (I), a
spfing steel wire of known radius (r), ( i .33%)‘was clamped between _

both pin vices. The distance (h) between the pin vices was precisely

measured ( + ,1%). Yith no sample in place and usiﬁg Equation {(3.15):

. 2 :
A IROJR : . (3.21)
bR :




. 2 : : -
where IR = Io + mR o (3.22)

Io is the moment of inertia df the syétem without weights
attached.

m is the mass of each weight.

R is the disténce‘of each weight from the rotational axise.
L

Py = I B (3.23)

Combining Equations (3.21) and (3.22):

5 , , .

RS = - I (ﬁ’o | (3.24)

o ) .
\ Pg :
: . ) ) , >
_cub varied with changing R. Thus, mR~ was plotted against W,
- | L b

| . 2 / R

to obtain a straight line with slope = -Io +  Linear regression was -

performed on nine experimentalvpoints Qith a correlation coefficient =
09999 and Id = 1,560 = ’lO'—3 kg m2 + 1.4%, the uncertainty depending
on the precision obtained in determining by e Using Equatibn (3.22)
I was determined at each value of R obtainable QS‘iS shown in Table
(3.5). ]

The form factor (b) for strips with rectangular cross-sections

is defined by Equation (3.25)

b= a toM 0 (3.25)
where a is sample widthe

t is sample thickness.

1l is sample lengthe.

M is a function of a .« p
: t

a and t were measured with a micrometer to + .CO1 cm and 1 was
determined with a vernier calipers to + 005 cme A varies from

2,249 to 5.232 for a ratios of 1.CO to 40,CO respectively (56),
T :
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~Table 3¢5

I(kgn®) x 10°

R (cm) m= 1042 g . m=167.1 3
No Weights 1.56 : 1.56
10 | 2.60 323
12 | : 3,06 _ | ' - 3.97
10 - 3.60 48k
6 | b2 5,84
18 - 4Ok | 6.97"
20 | - 5.73 8.2
2 o 6.60 9,65
2y | 6 11.2
26 - 8.60 | ‘ 12,9

‘One disadvantage in using a torsion penduium is the inability
to measure systems with high damping (A.> 1). In the a?paratus under
discussion, fhis problem can ba circumvented by increasing @pe
contribution of the W' term in‘Equation (3.14) by using larger
diamater wires. This érocedure vas in fact follcwed for the:three
samples measured;

The apparatus described is capable of méasuring BE' and AL

~ very precisely. ‘If the samﬁle is clamped so that it is under no

tension, yet not slack, 1 iS‘at leastSB cm and the wire is sufficient-
ly-thin so that W' < ¢ bv@&! inquuation (3.14), the accuracy of G'
will be dependent only on I, U>o and b, Thus G' should be deﬁermin—
able to within i 6% under‘the best of conditions. - is determin-

able under these same conditions to within +1%. It has been stated




O
O

that W' waé'adjusted to give a sizable contribution in Equation
(3.14). This of course decreased the accuracy and precision of
measurements the larger ité contribution., This became especially
relevant ﬁhen going through Tg where G! degreased markedly. Sample
tension was found to affect the magnitudes of OJO and /L. It was
the major source of error when measuring at different temperatures,
due to thermal éxpansibn, Equation (3.25) shows that sample thicl-
ness (t) is the principal variable controlling sample stiffness.
Since t for the samples measured was fixed, it Qas necessary to use
very short sample lengths (<1 cm) to compenSéte. It is possible
that this was a copsidérable source of error sinée it seems likely
‘that somé'torsionFOf ﬁhe sample was'occurri;g iﬁside the clamp.

Therefore, the larger 1 is, the smaller this error becomes.

3,l, DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential Scanning Calorimetry (DSC) wés used to measure

the gléss transitioné,»degree-of erystallinity and melting ranges
of the samples. ‘ _ . _ |

| The DuPont DSC celll(Catalog 9006005 was used in conjunction
with the DuPont 900 Thermal Analyzer. A diagrém of the cell cross
sectionvis shown in Figure (3.13). An aluﬁinium pan containing a -
sample and an empty refefénce pan, are placed on raised portions of
~the constantan thermoelectric disc. The Chromel-Alumel thermocouple
junction under the sample pan is coupled with the heating block to
pféciéely control the heating rate. The temﬁeraturé at the raised

sample and reference platforms is monitored by a Chromel-Constantan




THERMOCOUPLE
JUNCTIONS

CHROMEL
WIRE

THERMOELECTRIC

Disc

[CONSTANT AN)
REFERENCE
PAN

SAMPLE
PAN

y:

{;1 7777 I77 7777727

HEATING
BLOCK

DSC CELL CROSS SECTION

F1G6.3.13

ALUMEL
WIRE




D)

thermocouple formed by the junction of the Constanfan disc with the
Cnromel wire at each platform position. The temperature differencs
(AT) between the Chromel-Constantan thermocouples is monitored on
the Y-axis of the recorder and sample tempefature, measured by the
Chromel~-Alumel thermocouple, is monitored on the X-axis.
Glass,tranéitions (Tg)' melting points (Té), melting peaks

(TD) and degres of crystallinity (wc) ware determined, l?o iilus-
trate the principles involved, Figure (3.14) a thermogram of a
quenched hypoﬁhetical polymer capable of crystallizing fairly
rapidly, will be referred to. Scanning starté below the polymer's
Tg and proceeds ffdm'left to right. Thé,shif§ in baseline occurs
as a result of an iﬁcrease in the heat capacity of the polymer, which
is chafacteristic of a poiymer changing from a glass to a ?ubber.

The Tg is defined, in this work, as the midpoint of the stfaight line
drawn between the onset and conclusion of this baseline shift. 'As
the polymer warms it reaches a temperature where crystallization is
kinetically favourable, accounting for thé exothefmicbpéak..‘As
'température increasesifﬁrther, the crystallites becone uhétable and
melt; indicated by the endothermic peak. Since polyﬁer:melting oceurs
over a range of temperatures, the melting point is not.so clear cut
and simply defined as it is with small molecules. In this series of
experiments, the meltingapoint (Tm) is defined as fhe higﬁest temp-

rature.at which érystallinity can exist and is represented onbthe
thermogran by the point at which the endothermic peak returns to

he baseline. The melting peak (TD) is the temperature at which

“.n m

the masdoua rate of melting ccours, VWhen determining Tg, T, or T

it must be realised that the position of points on the thermogran
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rely on heat diffusing through the polymer to the thermococuples.
Thus, it was necessary to extrapolate all data to the zero sample
mass. Taﬁle 3.6 illustrates how Tm and Tp vary with sarple mass.
The dependence. of transition temperatures on sample ﬁass varies
according to the sample's heat conductivity and the magnitude of

LLHS. The temperature axis thermocouple was calibrated with

mercury, gallium and indium.

Table 3.6 Variation of Tm and Tp with Sample Mass

Sample Wass (mg) | T, (CK) NS
12.6 , | 519 1 135 |
B3 ME : K21
1.5 o 108 - s
0.5 405 | 408

0.1 ' 405 | : Loy

The degree of crystallinity (wc) was determined using

Equation (3.26): o ; o | "

W =28 - | - O (3.26)
c , NDec
AH ,
. where csHs is the enthalpy change per g sample.

& H is the enthalpy change per g crystal.
A H was obtaihed from thé literature. AHS was calculated from >the
area of the melting peak using Equation (3.27):
EAA&TSTS
Ma,

where B is the calibration coefficient.

AH. = (3.27)

8




7/
A is the peak area.

ATS is Y—axis sensitivity.
TS iz X-axis sensitivity.
hul is sample mass.
a is heating rate.
The calibration coefficient was determined from ca. 233°K to 510°K
using mercury,vgailium, indium and tin. Peak area was determined bj
" tracing onto graph paper with 1 am divisions and countiﬁg squares.
It is estimated that Tg, Tp, and Tm afe reproducible to tjoK,
“from duplicate runs.e W, was determinable to‘within i5%1 due tor

uncertainty in measuring B(1%), A(1%) and M(1%).

3,5 SMALL ANGLE X-RAY SCATTERING (SAXS)

Small Angle X-fay'Scattering (5A%S) was usedvto measure the
surface area of the crystalline phase in a hydrogenated polymer
and the morphology of the block copolymer macrolattice.

A Rigaku benki small angle camera was used Qith either 511£ 
or pin-hole collimatipn.and counter and film detection, respectively.
Figure (3.1$) illustrates the apparatus set ub'for slit colliﬁaﬁion -

and.counter detection. The x-ray beam (CuKa) passes through slits

- 01, 02 and 03. Reflections by the sample at'aEé degrees pass through
" the scattering and recei%ing siits before being registered on the
counter. With the aid of a multichannel anaiyzer (Laben Spectrascope
Model 100) angles frcm 26 = ,055 degrees were traversed at .O1 degreei
intervals. The counting time at each angle was variable from milli-

e

eoonds to oo ., The

ke

W

arasitic scattering at a particular angle was
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determined by placing the sémple in an absorbing position behind

the receiving slit. For pin-hole optics with film detection, illus-
trated in Figure‘(3.16); slit 03 was removed and slits 01 and 02
were replaced by point collimators P1 and P2. Much of the main
.beam-and parasitic scattering were absorbed by the backstop (B).

The x~rays scattered by the sample were recorded oﬁ the film (R)

in the plane of{régistratioﬁ. Tha Sample to plane of reéist:ation
distance was 30,5 Ccie.

v Surface area measurements of the crystalline phase were made
w~5n fhé hydfbgenated polymer B1i using slit collimation. The methods
of Porcd (iB?f"yb) andvDebye (/4) were employed as descfibed in
Chaptef 2. Lattice parameters (of the @aéralaéticé) and oriéntation;
effecﬁs‘in the block copolymer ﬁere analyzed using both siits and
pin-holes. The Bragg Equation (3.28) was used to célcﬁlate

spacings:

n\ = 2d sin © _ o (3.28)

where n is an integer 1’.2; 3y ; . _
K.is the waveléngth of CuKa radiation (1.542%).
d is the spacing.
elis half the reflection angle.
The measufed intensity at 26 should be multiplied by (26 )° to
‘aécount for the three-dim;nsional scattering ocgurring for all
orientations of the lattice (/38). However, this correction was
unnécessary for the diffraction curves encountered, dus to their

sharpness. Measuremsnts were taken with the x~ray beam perpendicular

to the faces and edges of each sample. Considering that the samples
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were cast and moulded into sheets, the faces are definad as the
two surfaces of largest area. In order to get varying exposures,
with film detection, four photographic films were stacked on top of
each other in the film cassette. The film was then exposed to the
scattered x-rays over a week-long period.
. . . J 2 . -
An orientation function {¢cos was obtained for some of

the block copolymer samples using Equation (3.29) (/36-7):
: §$2 _ v
<cosf?' (ZJ> = 0

ﬁﬂa
‘ug I (P)sin ¢ agd

‘where I( ¢ ) is the maximum intensity of reflection am at angle (3

I (@)sinPcos=Da D (3.29)

from the reference axis. .I(¢>) was measufed.with a quce-Lbebl
Microdenéitometer (Mc. IIX B),{The natﬁre of the orientation'funq—
tioﬁ has been described more fully in Chapter'2.

Maximum resoluition for determining spacingfwaé 1000 using
counter detection but was limited to 500 R with £ilm detection due
to the diameter of the backstop. Using counter detection, the re-
flection angle was determinable to + ,005 degrees. With film de-—
tection, the distance‘of the scattering_from'the hain beam was -
meaSuréble to #.C05 cm vhich means that spacings were determinable. .

to approximately + 2%,
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CHAPTER 4  RESULTS

SECTION A HYDROGENATED POLYMERS

L.A.1 Dynamic Mechanical Measurements

Dynamic mechanical data were plotted at ﬁO, 1 and 0.1 Hz
from f60°K to 300°K for most of the samples and to 350°K for
sample B1.

- Dynamic modulus-temperature plots afe illﬁstrated in Figures
(4.4.1) to (u.A.S). A large decrease in the modulus of at.least
one order of magnitude, is cbserved for each sample as the Tg of
the polymer. is traversed. In the rubbery plateau region tﬁe rmod-
ulus decreases fairly rapidly with incréaéiﬁg témperature. ‘As
will be demonstrated later, thié decrease in modulus coincides
with melting in the crystalline phase.

Figures (4.A.9) through (4;A.16) are plots of tan & versus
temperature for each sample. The méxima observed at low temper-
atures coincide with the step-like modulus decfease,'mentioned
ébo?é, indicating a Tg process. Furthér observation shows that
these maxima have différént nagnitudes énd occur at different |
temperatures for each sample. A higher temperature maximum ié.
also observed for Sample B1, Figure (4.A.11), which coincides

- with this copolymer's melting point.
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4.A.2 Differential Scanning Calorimeiry

Figures (4.4.17) to (4.A.19) are DSC scans for base polyﬁers
A to C, respectively. Ali samples had the same thermal history;
fhey were cooled slowly from the melt to BZBOK, held there for |
onerhour,‘and subsequently allowed to cool slowly to room tenper-
aturé wheré they were he1d for several weeks., Immediatelybprior
‘:Ato scanning, the samples were éuench-cocled, at ca. 10°K per 1
minute, to 153°K. Endothermic peaks are observed at ca. 315°K
and 335°K to 345°K.

wc"Tg and T  for each sample are summarized in Table (h.A.1).

L

Tg and Tm were extrapolated to zero sample mass and therefore
the table values do not nécessarily ‘agreé with the values found

directly from the figures.

TABLE L.A.1 DSC Data for Hydrogenated Polymers

SAPLE T (%K) B -9 v, at 293°K
A1 205 369 o8
A2 250 373 - .227

B1 21 | 43&5 +071

B2 221 361 y .89

B3 227 - 363 150

c1 ‘ 223 361 087

c2 223 | o363 - .088

c3 221 360 136
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Figure (A.A.ZO) shows the effect of different thermal
histories on the DSC scans for Sample B1. TFor curve 1, the sample
has been cooled fror the melt to 3230K, held there for one hour,
then cooled to room temperature and held there for several Qeeks;
peaks are observed at 315°K and 351°K, For curve 2, the'polymer
was cooled from the melt to room temperaturé and held there for
several weeks; one peak at 315°K is Qbserved. The ﬁolymgr:in>‘
curve 3 has Been cooled from the melt to BZBOK and held there
for one hourj oﬁly one peak at 3510K is observed. The diffnse
endothernmic afea below the lowest cfyétallization temperature
was transformed into a series of peaks when thersample was
progran coolea below room temperature by hoiding it at each:100K
interval between room temperatufe and 233°K for one hour. Hach

T

sample was quenched (10°K per minute) to 153°K prior to scanning.
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L,A.3 Small Angle X-ray Scattering

The sample and parasitic scattering for Sample B1 are
shown in Figure (L4.A.21). The diffuse nature of the scattering

i

indicates the lack of order in the system. ' _ |
v ' . , |

|
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SECTION B SILOXANE BLCCK COPCLYMERS

4,B.1 Small Angle X-ray Scattering

The SAXS for the siloxane copolymer samvles was determined
using both slit and pin-hole collimation. The data is shown
in Figures (4.B.1) to (4.B.6). The sample was mounted such that
the beam was either normal to the faces or an edge and the faces
‘were vertical. |

Qhé slit optics data is shown in Figures (4.B.1) to (4.B.5).
Since ail sample thicknesses were apprbximately the same, Figure
(4.B.1) is uéed to illustrate the parasitic scattering obtained
to 1.4 degrees. The sample minus fhe parasitic}scattering is

illustrated in the remaining figures. All four samples show

different spacings and/or intensity differences in the scattering

for the beam normal to the edge and face. Figure (4.B.2) shows
the first and second reflection orders for the benzene cast
sample when viewed through an edge. The intensity for the face

view is approximately 1/1Cth that of the edge view. 'The first

order reflection for this sample swollen with silicone oil is also

sﬁown. Three reflection orders are shown for the face view of
the méulded sample, Figure (4.8.3). The two highest orders are
also illustrated with a lohger cdunting'time. There is virtually
no detectable scattering}for the face vieﬁ. Figures (4.B.4) and
(4.B.5) for the cyclohexane cast sample, show marked differences
in both scattered intensity and spacings before and éfter taking
fhe sample above the T of the organic phase. There‘afe also.

(=]

differences in the scattering for face and edge views.
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The pin-hole photographs, Figures (4.,B.6.a) through (4.B.6.h),
are consistent with the slit data and give more information:about.
sample orientation and macro-lattice parameters (from highef order
reflections). The spacings from pin-hole and slit data areAsummar-

ized in Table (4.B.1).

TABLE 4.B.1 BraggﬁSDacings of the Macro-Lattice

- BRAGG™ SPACING (4)

] PLANS TORMAL L O .
R
SAMPLE TO D PIN - HOLE ~ SLIT
, | = 7 |
X-RAY BEAM | R KUATOR | MFERIDIAN| (SMEARED)
Swollen - - Edgé 1 - — 3+ 6
Benzene Face 1 235 + 5 235 +5 232 +3
Cast . | Edge 1 1235 +5 | 247 +5 | 2u6 + 4
2. |15 +2 - 121+ b
3 |77+ - ==
L 57 + 1 - -—
Moulded | Face 1 307 +6 | 307 + 6 -
Zdge 1 275 +5 | 307 + 6 | 272 + 4
2 W3 +2 | - 139 + 1
3 92 +2 -- 89 + 1
b 70 + 1 — —
Cyclohexane |Face 1 208 + 4 208 + 4 | 229 + 3
Cast | Eage 1 | 156 +3 | 208 44 | 178 + 2
2 87 +1 116 + 2 -
Cyclohexane |Face 1 278 + 5 278 +5 296 + &
Cast - Taken v '
E 275 + —
Above Tg‘ Edge 1 25 5 275 5
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Figures (4.B.5.a) and (4.B.6.c) are edge views for the
benzené cast and moulded samples, respsctively. fhe equatofial
arc;.and ratios of consecutive orders indicate fhe presence of
lamellae preferentially oriented parallel to the sampleAfaces.
The arcs in the houlded sample are more closely centred about
the equators and the entire diffraction pattern is slightly el-

1,

liptical in shape. Both photographs also show high intensity

eqﬁatorial spots on the border of the backstoyp (SCO.Rbspacing).
The complete absence of a peak at the correépénding angle (ca. 17
dégrees).for slit optics indicates that this scattering is not due
‘to sample structure. The face views, show mucg weaker intensity
scattering. The benzene cast samplé, Figﬁré (4.B.6.b), shbwé.é
circular pattern of uniform infensity, while tﬁe moulded sample,
Figure (4.B.6.d), shows a circular pattern with two higher inten-
sity arcs. |

The edge view for the cyclohexane cast sample, Figure (A.B.S.e),v
shows an ellipticél pattern with fourvhigher intensity arcs;at an
angle of about 450 to the equato:. This has changed to a circular
‘pattern with higher intenéity meridional arcs when the sample
was taken above the Tg of the orgénic phase, Figure (4.B.6.g).

The face views, Figures (4.B.6.f) and (4.B.6.h), for both

samples show circular, uniform intensity patterns,




L,B,2 Wide Frecuency Scanning Dynamic Mechanical Measurements

A relaxation in the frequency plane of the benzene cast and
moulded samples due to a lamellar slip mechanism was observed
vwhile the samples were rubbery. The modulus increases and fan 5’
goes through a maximum with increasing frequency as shown in

- Figures (4.B.7) and (4.B.11.a), for the benszene cast and moulded

samples, respectively, The reality of the relaxation was established

by measuring the benzene cast sample at fivé different éample
lengths (1) and comparing the resulting tan 8 measurements with
those of‘moﬁlded Kraton 101 and a steel bar; this is also shoﬁn
in Figure (h.B.?). WYhen the benzene cast sample is swollen with
silicone oil, thg'sﬁape and.magnitudéIOf thé.m06ﬁ1u5A~ - and
ﬁancg - temperature plots changés;figure (4.B.9). The relaxation
is not observed for the cyclohexane cast sample,.Figure (§.B.12.a)°
The temperature dependence of the frequency plane‘dat; is shown in
Figures (4.B.8), (4.B.10), (4.B.11b) and (4.B.12.b),

The anisotropy in thé benzene cast, moulded and cyclohexane cast
éamples is shown in Figures (4.B.13) to (4.B;15), respectivéiy. The
stresses were applied.ih three directions as shown below.
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Figures (4.B.16) through (4.B.19) are graphé of E' and tan &
versus temperature for the benzene cast, moulded and cycHohexane
cast copolymer'and the poly (dimethylsiloxane) homopolymeF, respec-

tively, at 1.00 Hz. In all graphs, the T _ process for the siloxane
<o

phase is indicated by a small decrease in E' and a tan & | peak at
o, ~ I . . .
ca. 150 K. The large decrease in E' accompanied by an 1?crease in

tan §  from 230°K to 240%K is a cbnsequence of melting in the

|

siloxane phase.




S

TAN

-1 -t

O 1ot B
o TN S
FIG.4.B.16
BENZENE CASY
1.0 Hz

o)
O

G

O

o

O.[ La od
4-’:"@
toy oA
il
C?"iyﬁrﬁé
[} (]
{ E ]
160 200 240 280 320

120

TEMP, ( 9K )

LCG E' ( Na™@ )




~

(@)

.0H

! O 1w

S TEN &
FTG.4.B.17 1
MOULDED
1.0 Hz

.CO

160

200
TEMP. ( ©X )

240 .- 280

9.0

N

[99)]

7.5

LOG B ( e )




O 1o g

® TAN &

F1G.4.B.18 , 4 ©
. . CYCLOHEXANE CAST o
1.0 Hz
+ 0
[qV]
IC‘.
R
S
S
1T U)
[
O Je
~—{
g
=
i
'

g

120 ‘ 160 200 ‘ 240 - 280




O 106 R
® TAN &
FIG.4.B.19 o
PDMS T e
1.0 Hz
|
O o
T
\
\
i
Qg
To g
’;ﬁq
o
Q
o Az L(.\ +—
ST -
|
Yo 0 L ©
;3 C). T ’ L\'
B A
g : l ! \ 5




L.B,3 Torsion Pendulum Data

G' and tan § were measured on a topsion pendulum at ca;v0.1 Hz
from ambient to the T;V of the organicvphase for the benzene cast,
moulded and cyclohexane cast samples, as shown in Figures (Q.B.ZO)
to (4.B.22).  The maximun in tan & for thé Tg process of the
o~ methylstyrene phase is observed to decrease in the order:
benzene cast,mouldéd,‘cyclbhexane>cast; The magnitude of G'(rubber)
minus'Gf(melt) also decreases in the same‘order. If the Tg is |
defined as the temperature at which lég G' = 6,C0, then the Tg of
the benzene cast sample is more than 10°K lower than for the moul~-

ded or-pyciohexane cast samples. The bordered vertical lines on

either side of some points indicate the uncertainty of the data.
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L,B.4 Differential Scanning Calorimetry

DSC was used to study crystallinity in the siloxane phase.
Melting (endothermic) peaks for the benzene casﬁ, moulded and
cyclohexane cast copolymer and the siloxane homopolymer (PDHS)
are shown in Figures (4.B.23) to.(h.B.ZB) for three different

cooling rates. At cooling rate 1, the samples were cooled from

ambient to 153°K at 1OOK/hin. rrior to scanning., At cooling rate

i

2, they were cooled'from ambient to 153°K at 1.#OK/ﬁin. At cool-
ing rate 3, they were cooled from ambient to 194°K at 2°K/min.
Théy were then held at this temperature for 12 hours pridr to
quenching to 77°K. At cooling rate 1, a small exothermic.pEak‘
is observed for the cyclohexane cast copoiymer.z | |

Table (4.B.2) summarizes the DSC data in terms of melting

peaks (Tp) and weight fraction crystallinity (wc). For the copol—

ymers, w, is defined as the weight of crystalline siloxane divided

by the total weight of the siloxane phase, Tn

4
oL

was determined by

extrapolating to zero sample mass thus accounting for the discre-

pancies between the figures and the table.
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TABLE 4.B.2 Crystallinity in Poly (Dimethylsiloxane)

SAMPLE COOLING RATE T °x) vy
Benzene 1 227 « 317
Cast 2 229 .35k
3 228 o2
Cyclonhexane { 1 -~ 4225 W19k
Cast 2 226 224
-1 3 A 228 .387
Moulded 1 - 229 306
2 - 231 359
3 229 1 ok
PDIS I - 231 #1439
2 ‘ 231 469
3 236 508




CHAPTER 5 DISCUSSION

SECTION A HYDROGENATED FOLYMERS

5.4.1 Dynamic Mechanical Measurements
Log E' z2nd tané are plotted againsf temperature for each polymer

n Figures (4.4.1) to (4.2.16). The tand peaks associated with a
lafge chaﬁge in modulus are indicative of the glass transitions

for each polymer. Table 5.A.1 shows that the tan & peak location. :
- at 0.1 Hz roughly coincides with the T calculated from DSC data.
Table 5.4.1 also shows that for a particularibASe polymer the
tanxg peak loses hplgnt and is shi f 2d to .higher +enperatureo
w1th 1ncrea51ng crystallinity. - The decrease in peak height could
be a consequenceiof less mgterial undergoing a Tg process (/7&)
but this hypothesis is not borne out by the increase in éeak
height in the ofder A1, B1, C1. In this case, as»cryétaliigity
increazses peak height increases. Ths shift of Tg_to higher temper-
atures is probably caused by increased straln on the amo"phous
chains due to increased crystallinity (/b?). The‘skewness of the
tanigpeaks is more pfonounced with higher degrees of crystallinity
but it is not certain how this arises.

The plots of log E' against T show no plateau regions above
the glass transition, Igstead, the modulus decreases quite rapidly
wifh increasing temperaturé. ‘It will be shown later in this‘chapter
that the decreaée in modulus is primarily a function of decreasing

crystallinity. The DSC scans, Figures (4.4,17) to (Q,A,ZO>, show

that there are very broad melting regions (wider than 100°K) for




each polymer in the region of modulus descrease. Thus there is a
qualitative correlation beiween decreasing crystallinity and

modulus.

TABLE 5.A.1

SAMELE | T (“K) ‘ Tand PEAK AT | Tan & PEAK w, AT
| DSC DATA 0.1 Hz (°K) HETGHT 293°K
A1 | | 205 190 .272 043
A2 250 263 | o1hh 227
B1 a1 Las || o7
B2 221 211 - | 25k 1 .089
B3 227 | | 228 2192 150
c1 1223 213 ’ .311 . 037
c2 223 1 220 288  .088
c3 221 | 216 2k 136

S.A.2 Melting Behaviour and DSC Scans

The existence of such a broad melting region is a .
consequence‘ of copolymerization (84%). ‘When ~co-units
( CHR) are introduced randomly into the (cﬁa)n chains,
assuming 100% hydrégenation, the value of n becomes more
varied with possible values ranging from 5 to the number of
CHa‘ units in-vthe iongest hydrogenated  butadiene chain. The

distribution of crystallizable sequence lengths (n) is shown

in Figure (5.A.1) for the three base polymers assuming 100%
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hydrogenation. The fraction of sequence lengths at each
value of n is (&2):
N n-1 . e
N(n) =p  (1-p) (5.4.1)

where p is the probability of addition of butadiene monomer

(non-vinyl). This equals the mole fraction of cis plus trans

&8

- butadiene assuming random addition of co-units (vinyl and styrens). '

Since a number of crystallizable lengths aré | availablé and
crystallite melting point is a function of crystallite length
(P ,82), it is reasonable to assume that a broad melting
range will occur. |

As a consequence - of the broad melting ranges of these

polymeré, " allowance had to be made . for the effect of ’cemperature :

on fhe heat of fusion ( AHu) and the free energy of fusion

( [_\,Fu). Aﬁu was used to calculate the degree of crystz;llinity
from DSC data and A.l"‘lb1 was used to calculaté the length of :the
crystallites as a function of their melting points, as m':ll be
shown 1later. Considering the ti'ansitioxi of vbulk crysté.lliﬁe
(c:~12)n to liquid: (cﬁa)n , the heat- and entropy ( Asu) vof
fusiop at temperature Tm can be written (/&0):

o . | -
.é.Hu + A0 Acp 4T | (5.A.;)

AH

i

m

. T : . '
nm
ASO + / : ' v ’ (50A03)

IN:

. o g AC,ar
T
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A,

o . . i e . .
where Tn is the equilibrium melting wpoint of (CHZ)n

crystals, n is infinite,

43H3 . Alsg are the heat and entropy of fusion at

o s
Tm s, respectively,

z&cp is the difference in specific heat between bulk
crystalline and liquid (CHE)_1 at a particular iemperature.

Since AP =AH -T AS then if AH and AS  were
u u m u u u o

‘ponstant wiﬁh temperatﬁre, a plot ofzﬁxFu versus T would be
‘linear.  However, since ZlIal and ZXSu do vary wita T,

it will be shown that ZlEh versus T 1is ggi linearf Broad-
hurst (/€/) has exfrapolated. thermodynamic data for highly:
purified n - paraffins to obtain AﬁHu and.:&Fh versus T from

200°K  to Tg , wWhich he assumed to be 414.3°K. This data

is shown in Figure (5.4.2).

| intéresting sﬁructural information can be dréwn ffbm
‘1'studyihg the relationéhips between peaks in DSC scans, Ehermél
hisﬁory and fractioﬁ’ crystallinity. Fiéures (he4.17) to
(4.A.19) compare DSC scans of all polymeré moulded és described
in Section (3.1). There .are two distinct peaks above room temp-
erature, 311°K to 315°% and 328°K to 347°K, which appear as
a conseéuencé of mquldiné conditions. The lower temperature peak
is a résult of annealing at roon temperature for a period of
Qeeks vhile the high tempsrature’ peak is a result of holding the
§oiymer at 323°K for an hour. Figure (4.A4.20) ‘illﬁstrates this

point by showing how varying thermal history affects the peak
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positions in sample Bl, The author assumes similar bshaviour

sample was ccoled from the melt to BEBOK, held there ' for

one hour, thén cooled to room temperature and held there for
several weeks. Two peaks appear at 315°K and 3510K. For
curve 2, the polymer was ccoled from the melt to room temper-
ature andbheld %heré for several weeks. Only one‘peék 'appearé

at 315°K. ~ The polymer in curve 3> was cooled from the melt to

BZBOK and held there <for one hourj one peak appears at 3510K.

In all these curves a diffuse endothermic areé appears between

the T, and room temperature which is due tg shorter crysﬁall; »
o . -

ites forming upon rapidly cooling (ca. 10°%/min.) the sample
to 153°K before scanning. The existence of polyethylgne
crystallites below 268°K was postulated by Richards et. ale
‘(/52) for some ethylene-propylene rubbers in inﬁerpreting Ay-
‘namic mechanical properties. X-ray and IR measurements verified

this hypothesis.

|

would occur using the other samples. To obtain curve 1, ths
Curve L in Figure (4.A.20) represents the same material

scanned in curve 1 which has been prdgram cooled ﬁelow roon

femperature by holding :at each 10°K interval = between room »

temperature and 233°K for one hour. The temperatufe‘ variation

ié identical to that experienced by the sample . during dynamic

mechanical measurements. The once diffuse melting region is

now a series of peaks corresponding to the various annealing

temperatures, The crystallinity calculated fronm




curve 4 was used to calculate the modulus versus tempsrature curve
shown lafer in this ghapter.

Looking again at Figures (4.4.17) to (4.A.19),‘it can be seen
that for a particular base polymer; as the degree of crystallinity
increzases, the ratio éf the area of the low temperature to the
'high temperature peak decreases. This is logical, since at higher
. crystallinities one would expept more long sequences to be availabie
for crystallization at the higher annealing temperature. 'Also, when
compafing curves for different4base'polymers of similar crystallinity
in Figures (4.A.18) and (4.A.19) it is evident that far less of a high
temperature peak'is pfeSent, if pfesent at all, for the curves in
Figure (4.4,19). Since thz C base polymefs;Areéresented'in Figure
(4.4.19), have 7 mole % styrene compared with 3 mole % styrene for
the B base polymers, Figure (4.4.18), not as many long crystallizabie}
sequences aré present in the C polymers for similar degrees of hydro-
genation. Thus not as much crystallinity can be developed at the
323 K ann al ng temperature for'the C polymers. _ )

The melting poinﬁsv(Tm) of these poly@ers, detgrmiﬁed by DSC,
are quite high when éompared with other copolymers where methyleﬁe
units comprise the crystallizable segments, as shown in Figurer(B;A.B).
The experimental melting points of Richardson et. al. (85{) are
those for copolymars of ethylene randomly copolymerized w1th
CH, = CHR, where R is (-CH CH ) and (- CHZCHZCH,), with melting. points
in this case determined dllatomntrlcally. The data for the ethylene

v1pyl acetate (EVA) randon copolym°rs was obtained in our 1aborator-

ies using DSC. Thess samples werz Imperial Chomical Industri (ACI)

7/
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polymers characterized by nuclear nagnetic resonance (NMR). Analysis
of the spectra for sequence distributions showéd them to be perfectly
randon (/63), For the hydrogenated polymers,'the number of co~-units
per 100 chain carans‘includés the unsaturated chain carbons. See

Appendix II for a sample calculation.

Figure (5.A.3) shows that the EVA copolymers have melting points.

wnich are a linear function of the number of co-units per 100 chain
carbons. However, this line has a lower slope and y-axis intercept

than do the copolymers of Richardson et. al. It is not clear why this

is so. Considering that the ethyl and n-propyl substituted polyethylenes

were crystallized extremely slowly (over a period of weeks) and then
meited almost as'slowly,_bne wopld have expected their melting poiﬁis
~to bz higher than the EVA polymers which were crystallized only‘be
sloé cooling, then melted at a heating rate of 15°K/hin. It is not
thought that DSC should givevvalues of Tm so.differenf from dilato-
metry. Tm has been defined the same way for both experiments and
dssuming the DSC was more sensitive,.the EVA melting points. should
have a larger y—aﬁis'intércept and the sama slope as the dilatometric
melting points. Incorpbration of ethyl and n-propyl groups into the
crystal lattice might account for a melting point depression of the
éopdlymers of Bichardson, et, ai. This seems unlikely, however,
since Baker and Mandelkefn (/86), using the same samples supplied by

these workers, have shown that the crystal lattice dimensions of n-

propyl substituted copolymers, near their melting points, very close-

1y approximate the lattice dimensions of Marlex HDPE (high density

polyethylene) at the samz tempsratura. Although Holdsworth and




Kellér-(ié?) have concluded that both methyl and ethyl groups
are incorporated into the polymethyléne crystal lattice in crystals
grown from dilute solution, their expefimentai evidence does not
Justify their conélusions for ethyl group incorpgration. The basic
flaw invtheir argument is their failure to show thaf ethyl groups
expand the 'a' unit cell dimension of the polymethjlene'crystal
st#ucture whereas they show that methyl groups do this.dramati—
cally. |

Figure (5.4.3) also shéws that the melting points of the hydro-
.‘genated pol}mers lie above those of the ethyl and n-propyl substitu- i
ted polyethylenes and the random EVA copolymers:which have the Saﬁe
numbér of co-units per 100 chaiﬁ carbons. fhié.effect can be partialéz |
1y expléined by édmparing ploté of sequenée length distribution,‘

N(n), against sequence length, number of consecutive CH, units, for

2
a hydrogenated poljmer and a substituted polyethylgne copolymer
using Equation (5.4.1). Tor this example, assume p = o.7o'fo_r voth
polymers, which is a measure of co-unit concentration. Reca}i that

n is fhe number of monomar unifs between.co-units. Since, for hydro-
genated polymers the number of CH2

Ln + 1 and for substituted polyethylene is 2n + 1, more long sequences

units per sequence is about

are présent in the hydrogenated polymer for identical co-unit con-
centration.as is shown in Figure (5.A.4). However, non-random dis- _
tribution ofrcoéunits and/or non-random hydrogenation could also
increase the polymer melting points. To test this hypothésis,.the>
fracfion of sequences of length m or greater, f(m), is comparesd ﬁith

. e s -0, . .
the waight fraction crystallinity (wn) at 3537K. m equals 18 is tha
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minimum crystallite length (expressesd in number of butadiene monomer
e . . 0 . .
units) which can. exist at 353 X. £(m) can be derived from Equation

" (5.4.1):

oD

£(a) = 2. M) = 3™ | C Gea)

where, in thisvinstance, p is the mole fraction of hydrogenated cis

plﬁs trans butadiene, assuming randonm hydrogeﬁation and randém vinyl
and Sfyrene distribution. mrwas found using methoas explained later

in this‘chapter. Table (5.A.2) compares w_ at 353°K fo f(ﬁ) where

" m=18. If hydrogenation and co;unit addition are random W, would

be expected to be considerably less than f(m) since even under the

most favourable conditions all sequences of length m or greater will

not become par:t of crystallites of length m or greater. AIﬁspection
of Table (5.A.2) reveals that Y, is either greater than or approxi-
mately equal to f£{m) in most cases, thus verifying the non-random

nature of these polymers.

TABLE 5.A.2 | | o s
SNPLE | w_ at 353°K £(m), n=18
A1 Koo 0007
A2 | .090 063
B1 - ' .002" | ~.0003
B2 .OCh | 0007
B3 | .010 : .018
o .002 | | 1,002
c2 | 002 ' 00y

les | 00k ] »C09

"?ﬁf




S5.A.% Surface Area of the Crystalline Phase

The modulus calculations performad in Section (5.A.4) re-

- quire kunowledge of the surface area of the crystalline rhase (Sa);
82 vas calculated for sample B1 from the SAXS curve shown in Fig-
ure (4.4,21) using the methods of Porod (/37-40) and bebye (/97).

A thorough description of both methods is found in Chapter 2. It
should be recalled that Péfod's method is-generally applicable

bo any two phase system. However, Debye's method is limited to
systéms vhere the dispersed phase is of random size and shape
)23

‘which will give a linear relationship between (I) and

'(2..@;')2 ;+ (28) is the angle of the scattered intemsity (I).
2
: -2/3 . ~YE . . .
The Debye plot, (I) versus (2€)° , is shown in Figure
(5.A.5) and illustrates the presence of two different straight
lines, each with a linear regression correlation coefficient of

+999. The values for S from each line are:

2
: 2 -1 ' '
15T LINE S, = 52.9 (n=g ') . -
. - . 2 -1
2ND LINE 8, =150 (0" g ')
~ Porod's method gives S, = 179 (m° g-q). At first glance it would
appear that the 2nd line gives the best value of 'S since. it a~

2

grees most closely'with '§2 from Porod's.methdd. However, it was
not possible to obtain the amorphoﬁs scattering for the sample
and it has not been subiracted, Thus, the limiting value of
f(M)M} éould be easily as much as one fourth the value used and

under these conditions 82 from Porod's method would agree most

S. is then computed from 'thé'slope andbintercept of this line,

96‘
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closely with S from +the st line. Also, Debye plots usually

2
give straight lines at values of (2% ) corresponding to the first
line., Certainly it is inconclusive which Debye plot gives the true.
o° Since 82 from Porod's method is assumed to be too

uncertain due to the lack of knowledge of‘the-amorphous scattering

value of S

at high angles, an average value of S

5 is taken from the two

Debye plots:
2 =1

_Sz(average) =101 + 50 m“ g ' polymer.

IIB;A.& ﬁodﬁlus‘Calculations

The moduli of all samples have been calculated and are compared
with experimentél values. Two basic assﬁméfioﬁsbwere ﬁade in theée.
calculations: (1) chain folding.did hot occu? and (2) lamellar erys-
tallites were not present. Substantial evidence ﬁpholds these as-
,sumétions thus indicating a fringed-micelle morphology.viFlory et,
al. (/6%) have pointed out that fdldiﬁg of a copolymer crystallite» 
chain is very unlikely since, " after‘deposition of a preférfedb
sequencé of (crystallizablé) units, the formation of a loop or fold
requires the presence.Of a second uninterrﬁpted run of units of the
éama length immediately foilowing the loop. The probabilify of two
such sequences being found in close proximity in a single chain ‘is
low. More likely, the required sequence will be found in a
neighbouring chain.. YWhen such> a numbsr of units does occur further
db&n the samevchain it will most probébiy participate in another |
crystaliite.» Hence repetitive partiéipation in the same chain in a

given crystallite can raresly occur in a copolymer.
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- An attempt was made to grow sprherulitic crystallites (lamellae
radiating frcm.a nucleation centre)., Their éresehce Qould have been .
verified by observing birefringence under crossed polaroids, Polyner
A2 vwas chosen for the experiment since it had the highest degree 6f

rystallinity and, thus, thought to have the best chénce of forming
spherulites. Thin films were cast from xylene and thoroughly dried
at 3530K under 1 torr pressufe for 3 days with no sign of'bifefriﬁ_
gence. The temperature was lowered to 333°K with no birefringence
_ gfterrh more days. The temperature was agaiﬁ lowered, thi#vtime to
313°K with no birefringenée after another 3 weeks; 1 torrrpressure
was maintained throughout the experiment except;when obéerving under |
- the microscope. | |

It was shown, in Section (5.A.3), how the surface area of the
crystalline phase of sample B1 was calculated from SAXS using Debye's
method. It was stated that this method is inyrapplicable to systems
in which the dispersed phase consists of particles of random size and
shape. Since a linear relationship between (I)—?/3kand (28) is
obtained, lamellar cfystéllites are not likely to be present; The )
preceding statements therefore indicate fhat chéin folded, iaﬁellar
crystallites.are not formesd and, thus,'a fringed micelle mprphoiogy
seems likely, |

Since the polymers a}e high molecular weight (Eﬁ is 130,000
to 200,000) the effects of chain énds are negligible .in modulus
calculations. The modulus can then be calculated éssuming'that the
- number of crystalline sequences per unit.volume (vc /) equals the

number of amorphous chains bound by crystalline crosslinks per unit




volume (U/V). This assumption is a consequence 6f the lack of
.chain folding, Since all polymers studied had relatively low
degrees of crystallinity and employing the fringed micelle model,
‘the rigidity modulus (E) can be calculated from the fheory of

rubber elasticity:

= 3( W/ ) <r?>

where <%2>i is the mean square éhaiﬁ displacement length in the
-absence of -strain imposed by an external stress.
éﬁ?g is the mean square chain displacement length for free
chains unconstrained by unit junctions. ‘ :
k‘is the Boltzmann constant.

T is absolute temperature,

A

For samples of low crystallinity \F /i  §: 1 (163),
/e2\
\ /¢
Thus,
Ve | . o ) :
E=35{ 5K _ - “(5.4.6)

( v, / V) can be‘calculafed ﬁsing DSC.data. Consider all the
_crystallites of length 1 in a unit volume of yolymer, one of which
is represented by Figure (5.4.6.a). (uc / V)l 1A is the volume of
' these crystallites per unit volume of polymef. (Ulfy V) is defined
as the number of crystalline sequences of length 1 per unit volume

of polymer. A is the cross—sectional area of a crystalline chain.

Define, (v  /V); 14 = f; , the volume fraction crystallinity of

crystallites of length 1, As was indicated earlier, 1 is a funchion

Yo > KT e '_. | (S.A.S?
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of the crystallite melting point (Tm).' Thus fl is»the volume fraction
crystallinity in a narrow temperature fange T1 to T2 as is illustrated
in Figure (5.4.6.b). But £5 cannot be calculated direcfly from DSC
data, which gives only weight fraction crystallinity (wc). However

by calculating W, for successive temperature intervals, a flot of'wc
versus T can be made. From this plot, w, , the weight fraction

crystallinity between T can b2 calculated, £

m ' ha
1 and,J.2 1 can then be
-calculated from wy using Equation (5.4.7):
£ = Ve So | (5.4.7)
S |
. ' . R . T4+
where ,é? is the density of the polymer at 1 2 .
2 . .

‘ Vdfy is the density of the crystalline phase, .9938g cm™> (/66),
Vﬁg was nmeasured for each sample at 292.95.&..05°K by flotation

using methanol / water solutions in a 25 ml. pycnometer. Since,

S S

(1 - wc)

S = (5.4.8)

A

where M{D iz the density of the amorphousphass. Jé? can be cal-
4 .
culated at any temperature where LN is known, assuming /{9 and ,if)

‘are constant with temperature, using Equation (5.4.9):

S L 0] S G
A can be calculated from./i). In a polyethylene crystal, a
single chain has the conformation illustrated in Figure (5.A.7.a)s

Therefore,




— "o

FIG.5.A.7.D
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¥ = 2x cosX = 2.50 ]

Part of the cross-section of a crystallite can be represented by
Figure (5.A.7.b) where each chain has a cross-sectional area A.
Each CH2 group thus occupies a volume Ay . The volume of a crys-

talline CH2 unit can also be written:

"
"‘Er"'

where M is the molecular weight of CH2 .

N is. Avogadro's nunmber.

Therefore,
. ) v
A= in._/g = 18.6 X1020 m2
¥yl

e now have:

1A

%) = hH | . (5.A.10)
7)1

where fl is known as a function of temperature and A is known.
1 must now be calculated as a function of temperaturé.‘ The free
energy of formation (ZXQ%) for the crystallite represented in Figure

(5.A.6.2a) is (/167-8):

. . _ . .
A¢C = 2x 68 + l%:d.é"' letﬁfu ‘ ) (50A011)

\

whére Cgélis the surface free energy of the crystallite faces perpen-
dicular to chain.extension.

g is the latefal crystallite surface free energy.

,AFh is the free energy difference between the ﬁelt and the bulk

crystalline phass.




Bdge free energy terms are ignored. These woula reflect the extra
work.required to cause a crystalline sequence to lie oﬁ a flat sur-
face in Trom the seguence plane, rather then in the plane of the Sem=
quenceé of even outside it. At the melting point of this crystallite

(T )y &A@, = 0 changing Equation (5.4.11) to:

22 6+ K16 - XL AF =0 L (5.A412)
Rearranging Equation (5.4.12) gives:

24
= e

e  (5.4.13)
xAFu—hdf

1

Thus, the dependence of 1 on Tm can be establisped when x and LxFu
are known as functions of Té . Figure (S;A;2):iilustrates the de-
pendence of ‘AFA on Tm. It is ﬁot known how x #aries with Tm but
it is certainly unreasonable for 1/x to be constant with Tm since
higher melting crystallites (with longer crystallizable sequences)
are much more scarce than shorter crystallites, as shown in Figures
(5.4.1) énd (5.4.4). Hoﬁevér, it is felt that a reasonable answer
will be obtaihed if x is assumed‘to be_constant as a funcii;nvof
Tm .. | |

The problem thus ccndenses to chopsing the appropriate value for
X+ A reasonable value can be calculated if the sﬁrféce érea of the
crystalline phase is measured at a known degree of crystallinity.
Sample B1 was chosen to illustfate this point. Assume that all
crystallites can bs represented by Figure (5.A.6.a) with average
dimensions X, =X and la =‘l., The surface afea.per gran of polymer

is then:

/o/




=n R . !
s, (2 + 41 x ) (5.8.14) |
where n is the number of crystallites ver gram of polymer.

The weight fraction crystallinity is:
2 - |
W, = nlx /co , (504.15)

Dividing Bquation (5.4.14) by (5.4.15) yields:

w® 1 . - .
i@_ = 2"a B ‘Tla“'a (5.4,16)
W 2
“ laAa /‘CD
. Solving Equation (5.A.16) for X, gives:
X, = o Ve | | S (5.8,17)
1, JQSZ -2 v :

Since the main DSC peak for sam};ﬂe B1 occurs at 320°K, 1% = 1 and
x, =X approximate the dimensions of those crystallites melting at
320°K. Thus, use x = x, s 1=1, and 4 F, at 320°K in Equation
(5.8.13) 4 | Combine this with Equation (5.4.14) to give:

-\ :
1 = ch (Se ..o/ (5.,4.18)
| .

a

AT - s
AF W e S5,

Substitute the value of 1& obtained from Equation (5,4.18) into

(5.A.17) to determine %, wnich is assumed to remain constant over

the melting range. This value of x = x can then be used in Equation
. a .

(5,A.13) to determine how 1 varies with T as shown in Figure (5.4.8).

To calculate 1, in meters, the following values are used:

‘36 = 7,99 x 10’3‘J a2 crystal (/69)

/02
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6=5,72 % 1078 g 22 crystal (/58)

w, = 072 (g crystal) ( g~1 polymer), from DSC

Jﬁé 29988 x 10—6 (g crystal) ( n crystal) ([éé)
AF =4 m ~ crystal, Figure (5.A.2)
S, = 101 t_50v(m20rystal) ( g~1 polymer), Section (5.A.3).

.

n Figure (5.A.8), the solid line represents the values of 1 calcu-

lated from Equation (5.A.13) using SZ;=_1O1 m2 3—1. The shaded area

represents the uncertainty of the data using the extreme values of

.2
of 1 calculated from the Hoffmamn-Weeks equation (82), the broken

line in Figure (5.4.8):

: )
1l= 2 6e

AF& |
This equation is derived from Bquation (5.4.12) assuming that x is

at leasi three times larger than 1, thus 414 << 2x zSe ands:

2x 6. = XL AF
(e » u

which reduces to Equatioﬁ (5.4.19),

In the Hoffman~Weeks treatment, ¢3Fu'is considered to vary
linearly with temperature; thus the discrepancies between the two
analyses at low values of Tm' At infermediate values of Tm, égree-
ment between the two anaiyses.is cidsest'since, x 5 31 and in this
region up to T; s AP  is almost linear with temperature, At

higher Tn s discrepancies become more pronounced because x < 31,
; .

= 52.9 n° g~} (lower limit of 5,0

52

S, for the area‘'s boundaries. This plot is compared with the values

{5.A.19)
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The graph of 1 versus T in Figure (5.4.8) calculated from this
valua of 82 corresponds to the lower limit of 1., The lower limit
of 1 starts to deviate from the Hoffman-Weeks curve for

1 = 463 =

0 WK

Error in the calculation of 1 fronm Tm could result from:
(1) Weglecting the effect of the edge free energy.

(2) Neglecting the change o

y

.ﬁ; Wit Tm (7).
(3) Imperfections in the crystalline phase caused by possible
. incorporation of main chain double bonds and/or hydrogenated vinyl
mco—units into the crystal lattice ( 86,/72 =3). These might depress
the melting points of crystallites formed well below the copolymer
melting point. | A
(4) Not knowing exactly what the 1/x ratio is at different Tmo
.Sizable errors would only be possible, however, where /23%1/3 .
Although 1 versus Tm has been calculated only for sample B1, it ﬁas
‘been shown that in the regions of maxinum cryétallinity (315°K to
3510K) only small deviation from the Hbffﬁann-ﬂeeks equation is
observed and this equatiﬁn will therefore be used to predict 1 for
all samples.

Equation (5.4.70) can now be used to calculate (vc / V)1 since

all terms are known. (vc / V) can then be calculated using Equation

(5.4.20): S
/_U&)——- 2. (19)  (5.A.20)
7 1 \V /1 - , |

Combining Equations (5.4.20) and (5.4.6) gives:
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E = 3T Z;‘(Bg) o | _ (5.4.21)
v )z | ‘

&
!

Thus far the crystallites have been thought of merely as
crosslinks. However, since they occupy a finite volume, they will
contribute a factor (1 + 2.5¢ + 14.1¢%) to the modulus (106,112,174,
where ¢ is the volume fréction of crystalline material. Equation

(5°A,22) tharefore becones:

F v 7 ’
B = l?kT Eg(vg)lj ( 1+ 2.5¢ + 14.1c2) (5.4.22) , :

_héable (B.A;B) cdmpares the experimental and caiéulated, from »
-Equation (5.A.23); Young's moduli at 293°K.. The experimental values
aré the dynamic»Stofage moduli at 0.1 Hze. Allkcalculated values are’
abouf an order of magnitude lower than experimental values which is
in agreement with the findings of Nielsen and Sﬁacktoﬁ (/7%) and

Flory et. al. (/&3), who did related calculations on similar systems.

TABLE 5.A.3

SAMPLE w_ at 293°K . E! &EXPERIMENTAL) E (GALCULATED)
c : - ~c
» Nm _ Nm

A1 L0483 7,95 x 106 6627 x 105
A2 227 5.37 x 107 6.84 % 106»
B1 1 .o | 1 1.00 % 107 1.08 x 10°
B2 .089 Ll 1.26 x 107 1050 x 106
B3 .150 2.24 x 107 2,98 x 106
o - 087 } 1,60 x 107 1453 % 106
c2 .038 1.86 x 107 154 % 106
tc3 136 4.,CO x 107 2.37 x 106
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The basic assumption of crystallites acting as fillers and cross-
links is indicated by the direct relationship befween LA and the
magnitudes of the experimental and calculated moduli. However, largé
discrepancies exist between the experimental and calculated data.
In order to more carefuily evaluate the reasons for

-these differences, the modulus of sample B1 will be calculated at
varicus temperatures and compared with experimeﬁtal values, fl was
calculated from a DSC scan (curve 4, Figure 4.A.20) for a sample

with simila? thermal history to the dynamically tested spscimen.

The experimental mddulus‘was the dynamic storage‘modulus at‘O.1 Hz.
Resultsvére shown in Figure (5.4.9). Agreemenﬁ-between‘exﬁerimental
and theoreticél curves (broken line) is within an order of magnitude’
from 253°K to 303°K. Above BOSOK, the calculated modulus falls off
sharply. Chain entanglements appear to be a major cause of discre=-
pancy, since the theoretical curve falls off so répiély af low values
of v, (higher tempseratures). The contributidn to the modulus due to
entﬁnglements at é certain frequency and‘températﬁré can be- calcu~
lated from the»dynamic mﬁdulus if ﬁhe sémplg is completely anor-
phous. £ the polymer‘is heated‘tg the molten sfate then cooled
rapidly from the melt, while modulus measureménts arévtaken, this
entanglement contribution‘to the modulus can be determined ét various
temperatures below the cSpolymer meltingvpdint.‘ If cooling is rapid
'enough to about BEBOK, crystallinity will be negligible and the
rmodulus will be due solely to entangiements. This experiment was

carried out using sample B1 ccoled from 363°K to 326°K within thirty
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minutes. The results, in Tabie (5.A.4) show that very little
modulus change occurred over the temperature raﬁge. Thus, the
number of entanglements is approximately constant with temrerature.
The number of nsiwork éhains per unit volume calculafed from the
modulus at 368°K.was taken as the contribution to the nodulus via
entanglements. This number was added to (uc / V) for each point
on the broken line in Figure (5.A.9). The new theoretical curve
(solid line), with the effect of entanglements considered is also

shown in Figure (5.A.9) and displays much less diScrepahcy with the

TABLE 5.A.4

E' (la™2) at 0.1 Hz | - 2%
’1.15‘:: 16° ' | 368

1.15 x 106 | ' 362

1.20 x 10° ' | | 351

1.25 x 106 | | - 347

1.25 x 106 339

1.26 x 106 .- : . 326 )

experiméntal curve, Possible explanatidns for the remaining'differ-
ences are:
(1) 0.1 Hz allows too short a iime for the ?olymer to relax
to its equilibriﬁm modulﬁs. This explanation most probably accounts
for the increasing discfepancy below 263°K where the T_ process is
g
starting, but certainly not above this temperature.

(2) Amorphous chains are in a state of strain in highly crys-

talline polymers (kT3/7ﬁ/). Maximum crystallinity for sample B1 is



/Ogt

+=0, s e e . . . - can
only 18% at 233 X thus ninimizing the likelihood of this possibility.

TABLE  5.A.5

A (o / V) x 10670 chains per cm’ (%K)
G2 | | 353
1.09 | 343
1,47 I
2,63 | - 523
3.2 ' : 313
4,03 305
b1 ] e
419 o | s
429 R 73

(3) The data shéwn in Figure (5.4.8) might be wrongly pre-
dicting longer crystallites to melt at a particular temperature than
actually do. Thus, the number of crystallites melting'ét a particu-

lar temperature is highér than predicﬁéd, making,(uc / V),iand the
modulus, higher than'predicted.

(h)bThe crystallites could be ordered in sﬁch a way as to have
an additional reinforcing effect. This effect would be expected t§
become most apparent at ?igher degrees of crystallinity where inter-~
particle,interplay would be more likély.to occur., The opposite sit-
uation has in fact occurred. At low degrees of crystallinity, the
discrepancy between theory and expefiment increased rapidiy ther
leveled off at higher crystallinities.

(5)  Crystallization migat be increasing the number of entangle-

ments which cannot relax at 0.1 Hz., The number of extra entangle~
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ments needed to account for the difference between experimgntal and
calculated moduli, ik(vc / V), batween 273°K andVBEBOK are shown in
Table (5.A.5). This data indicates that crystallization causes more
permanent entanglements., if the data relating 1 to'Tm were wroag,
Ax(vc / V)'would continue to increase with decreasing température.
Instead, a constant difference of approximately 4 x 1O?O'chains per
cm3 occurs bstween 273°K:and BOBOK, A sizable relaxation'betweeﬁ
éSBOK and 369OK, Figure (4.A.11), can be accountéd for by the re-
laxation of these entanglements as a function of increasing temper-

~ature and decreasing crystallinity.




ECTION B SILOXANE BLOCK COPOLYMERS

5.Bs1 Polymer Morphology

The morphologies of the siloxane block copolymer samvles pra-
pared by casting from benzene and cyclohexane and moulding, were

determined using SAXS and dynamic mechanical data,

BéNZENE CAST

‘Table (5;B.1) shows the ratio of spacings'of éonsecutiveqordérs
for the three samples. The incident x-ray beam was normal to the
'lﬁample edges since this was the §nly'way higher order reflections
could be observed. The ratio of spacings for the»benzeﬁe'cast sam;
ple is approximately, . 1: 500 : .333 : .éSO', thch is consistent
only with a regular periodic arfangement of parallel lamellae of
infinite lateral extension (/#3—%). The interlamellar spacing (a)

is 2358 , The pin-hole photographs, Figures (4.B.6sa) and (4.B.6.b)

show equatorial arcs with the x-ray beam normal to the edges and a cir-

. cular diffraction pattern of weak'inténsity with the beam normal to
the edge. Tais indicates a ring oriented structure withvpf;feren-v
tial orientation 6f the lamellae perpendicﬁlar to the film thickness
direction, vhich can be‘considered an orientation axis (2) (/73). 2
is'thérefore normal to the sam?le faces. Since nost of the refleﬁted
intensity is at the equators, in Figure (4.B.6.a), the Slit_smeared

- data sﬂows a very sharp first - order, peak, with a similar spacing

as the pin-hole photographs and_very'littie intensity at low angles. %
The orientation function, <é082§i>ﬁ éalculated from EQuétibn (3.29),

was found to be ,215 + ,C01. This represents an intermediate value

' . 2 » :
between purely randemly oriented lamellae, {gos @f = ,333, end all

/73
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lawellae perpendicular to 7, <§os Qv = Q. Thus, although nmost of

the lamellae are perpsndicular to the thickness direction of the

film, many are at all other orientations accounting for the diffrac-~

tion pattern observed with the x-ray beam parallel to Z.

TABLE 5.3.1

 SPACTNG RATIO OF CONSECUTIVE ORDERS

SAMPLE ~|a PIN-HOLE OPTICS SLIT OPTICS
BENZENE CAST 1 1 | 1
‘ 2 489 | 92

3  .328 —

_ b 242 _ R

HOULDED 1 1 1

2 2520 | 511

3 335 1 e

4 251 ) —
CYCLOHEXANE CAST {1 - 1 o )

2 | .558 E A

The mechanical properties of the benzene cast system ars also
consistent with the aforementioned structure. Table (5.B.2) summar-
izes the dynamic moduli, shoun in Figures (44B.13) to (4.B.15) at

‘ ,

1.CO Hz, for the three possible shear deformations of all samples.,

The properties of the cyclohexane cast sample taken above its T; ara
: . fis

also showne Log G' for geomesiries 1 and 2 of the benzene cast sample agree

within experimental error and geometry 3 offers the mcst resistance

shear. This behaviour is predicted using the model of stacked lamel-

/1




lae discussed in Saction (2.7). Most of the lamellae in the benzene
cast sample are stacked parallel to the sample faces, as shown in
Figure (5.B.1.a); the shaded area represents the glassy phase.' Sincé
the glassy lamellae are interbonpected only by very compliént rub-
bery chains, shearing in geometries 1 and 2vresults merely in the,ia—_‘
mellae élipping over pné another, as shown in Figure (5.B.1.b), and‘
‘the modulus will bé'littie affected by‘théir,rigidity. This behav-
iour is quantitatively verified by Equations (2.56) and (2;61).
Shearing in geometry 3, however, involves actual defqrmation of thé '
glassy phase, accounting for the more than three-fold increase in

modulus as shown by Equation (2.57).

TABLE 5.B.2

SAMPLE GEOMETRY 106 G' (Hn72) at 1,00 Hz
BENZENE CAST : 1 | 7400
2 . 7.C5
5 s !
-;memm 1o | 6
o 2 6.60
3 7elihy
CYCLOHEXANE CAST 1 6.Cl
| > 6.75
3 631
CYCLOHEXANE CAST - 1 | 7.04
TIKEN ABOVE T o2 ' 6,67
3. 6,93
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MOULDED
As in the benzene cast system, the ratio of spacings from
Table (5.B.1) is consistent with the existence of parallel lamel-

lae of infinite lateral extension. The pin-hole photographs, Figures

(4.B.6.c) and (4.B.6.d), also indicate a primarily ring oriented struc-

ture with preferential orientation of the lamellae perpendicular to
- the film thickness direction, which can be considered an orienta-
tion axis (Z). 2 is again normal to the sample faces. However, the

- . . ' 2. . . . o )
orientation function, <§os ¥/ . in this case is .C60 + ,001. This

indicates the more oriented nature of this sample with many more la-

mellae perpendicular to Z than for the benzene cast system., Figure

(h,B.S.c) also shows an elliptical diffraction pattern with its long -

axis parallel to the equators. According to Table {44Bo1), the mer=-
idional interlamellar spacing is exactly the same as for the bean
perpendicular to the face. This indicates that the interlémellar

spacing for lamellase perpsndicular to 2 is 2753 while those few

that are parallel to Z are 3073 apart. Figure (4.B,6.4) s@ows

that the few lamellae‘pafallel to Z2 are also preferentially oriented,

However, such a small percentagevare inﬁolved that there are no ob-
served effects on the mechanical propértiés. Slit optics, withrthe
beam perpendicular to the samplebedgé, shows.g very sharp first
Vorder ?eak and two highef\orders; see Figure (4.B.3). The sharpness
of the first order peak and the agreement in position with the pin-
 ho1e photograph is a consequence of the type of orientation, as

explained for the benzene cast system.

The mechanical propsrties shown in Table (5.B.2) again substan-
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tiate the x-ray findings. Tigures (E.B.1oa)’and'<5.3.1ob) can bhe
used again to explain why the moduli of gesometries 1 and 2, which are
the same within experimental error, are softer than for geomeﬁry Se
However, geometries 1 andb2, for this system, ares also spfﬁer than
for the benzenz cast system while geometry 3 shows the same modulus
fér both systems; within experimental errér, >It must be remembered
that the benzene cast systen, being‘lessioriented, has subSta;ﬁially.
moreblameliae in random orientations than the ﬁoulded sample. éheaf—
ing in geometries 1 and 2vresults in deforming some of these lamellae
which are pérallgl to 4, thus increasingvthe modulus of the system}’>'
Since the more oriented moulded sample has 1ess_o£ these lamellas

parallel to 3, log G' would be expected to be less than for the ben-.

.zene cast system.

CYCLCHEXANE CAST

Thefe is only one higher crder reflection obséfved‘forAthis SysS=-
tem as shown by Table (5.301). Therefore, the only definiﬁe state~
,meﬁt that can be made about mofphology is that it iS a non—lémel ar
systenm since the spécing.ratio of the two visible orders is 1: 558,

" The pin-hole photographs, Figures (4.3.6.é) and (4.B.6.f), show an °
elliptiéal diffraétion péttern, with beam no:ﬁal to a sample edge,/
and a circular pattern with the beam normal to'a facé. This;again
‘indicates a ring oriented systen wifh Z perpendicuiar to the Sample
faces, The élliptical pattérn iﬁ Figure (4.B.6.e) also shows four
arcs of slightly higher'intensity at 45° to the equator. Elliptical

halos have been found at low draw ratios while'stretéhing partially

crystalline polymers such as poly(ethylene) (/76) and poly(vinyl
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alcohol) (/77). The elliptical halos in the draﬁn.polynars were
postulated to be a resuli of preferentially distorting a.statistical—.
1y random orientation distribution of a regﬁlar, periodic lattice as
shown in Figure (5;8.29a). This flwufv illustrates a otatﬂstlcallJ
isotropic distribution of lattice points and the resultant photo-
graph expected from its first order reflection, Figure (5.B.2.a'),
assurting the incident x~ray beanm is ﬁormal to the paper sﬁnféce,
Figure (5.B.2.9) iliustrates a distortion of the 1a££ice with its
resultant elliptical halo of reflection, Figure (5.B.2,b'), és.a
result of ﬁnidirgctional stretching. Thus, é non—lamellaf struc-
ture is indicated for the sample with unifqrm spacings (d2) for the
" glassy domains when viewed through the faée and‘narrowef spacings
(dq) in one direction than in the other (dZ)Awhen viewing through an
edge. The orientation is seeminglﬁ é resﬁlt of a unidirectional streSéy
having been épplied outwards and per?endicular to Z. Table (4.B.1)
indicates that 4, = 1562 and d, = 208% . The four maxima observed
in Figure (4.B.6.e) indicate that on2 of the many'orientatiéns pfrthé
unoriented.lattiCe, pgiof to Mstretching", was favoured (/78). The
slit data, Figure (4.B.4), show that with the beam-pérnehdicularv
to the oamnle ~edge, a much broader peak is obtalned while the pho-
tographs, both face and edge views, indicate the sarne degreé of peak
sharpness. This broadening of the slit peakvis undoubtedly due to
increased smearing caused by the elli?ﬁical ﬁature of the scattering
curve vhen the beam is perpen&icular to‘the edga.

Using the rigidity moduli data in Table (5,B.2),.a‘model based

4

[

on intercomnscted spheres has been consiructed, which is also consis-

tent with the zt-ray data. The model is llusnratcd in Figure (5, ngl.
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Figure (5.B.3.a) shows the system viewed through an zdge, with the
sample faces at the top and bottom of the illustration. Ths short-

er interparticle spacings (d1) are parallel to Z, while d are'per—'

» 2
pendicular to 3, as a result of stresses appliéd outwards and perpen-—
dicular to Z, The glassy iﬁtercdnnections are postulated to resﬁlt
fron the stress perpendicular to 2 deforming the glassy phase while .
it was still soft with absorbed solvent., o conneqtions were
thought to form betwsen closély spaced spherss because of the orién—
ted nature of the applied stress. Since cyclohexane is a pﬁeféren;
tial solvent for the siloxane phase, the érganic phase becanme glgssy
while the siloxane phasebwés still quite'swollen. The intérconnec-
tions would thus éounteract the effect of.the rﬁbbery chains trying
to force the spheres back to an.equilibrium situatioh of equidistant
intefparticle distances. The view through the sample face, Figure

'(S.B.B;b), shows equidistant interparticle distances (dz) with raﬁf
domly interconnescted spheres. Shearing in géometry 1 would resﬁlt
in a very soft modulus, as observed, since the layefs of in?ercdn-'

nected spheres can slide over one anotheriquité easily because of

 the‘absence of vertical interconnections. However, shearing in geo-b‘
metries 2 and 3, whose moduli are identical within experimental

error, results in deforming some interconnections 1eading'to the high-

_er observed modulus. A

CYCLOHEXANE CAST -~ TAKEN ABOVE Tg

Yhile performing the torsion pendulum analysis on the cyclo-
hexane cast sample, the sample was taken above the Tg of the organ-

ic phase, to AQQOK, and left above the Tg for appr ximately two







17

hours before being allowed to cool slowly to room temperature.
Yhen it had reached room temperature, its physical properties and
SAXS were found to differ mar&qdlj from those taken prior to the
heat treatment. A model has been proposed, illustrated in Figures
(5.B.3.b) and (5.B.4), consistent with most of the observed data.
The pin-hole photograph, Figure (4.B.6,g), ‘with‘meridionalb
arcs, indicates a layered structure pfeferentially oriénted perpsn-
dicular to the'sémple faces‘when viewingvthroughAan edge. This is
shown in Figure (5.B.%4). The step-like scattefing cufve obtained
with s1it ébllimation and beém normal to the sample. edge, Figure
(4.B,5), is undoubtﬂdlj a consequence of the s earlng effect due to
.ﬁhe higher intensity meridional arcs. Figure (Q.B.G.h), although
showing the saﬁe iﬁterparticlelspacing‘as through>the edge does not
ndicate an oriented structure when viewing through the face.
Combining the x-ray- da ta with the fact fhé* G' in geometry 1 is
an order of magnitude higher than for the untreated sample; the de~
velopment of stron nferconnevtlons between the formerly q}osely
spaced spheres sgems~like1y. The fOLlOWlng ex Dlanatﬂon is a pousi—,
ble descriﬁtion of thé fofmation of such a structure. whilé the
system below the Tg of the organic phas | the siloxané chains
connected to widely spaced particles are under s»raln, as discussed
previously., Cnce the organlc phase bacomns moblle (above its Tg)’
the stfained chains_initiate novement to an equilibrium conformation,
accounting for the change to a circular diffraction phttgrn, Figuré
(4.3.6.5), when viewing through an edge., Also, those spherical

domains which were closely spaced have a high probability of blend-

(X0

ing together due to their proxinity, once mobile, and it seems
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probable that they might form cylinders perpendicular to the sampie’
faces via this mechanism. It is thought that the glassy intercon-
nections present prior to the heat treatment remain. This structures
is illustrated in Figures (5.B.3.b) and (5.B.4) which are face and

edge views, respectively. In this case, =d = 2753 « G' in

both geometries 2 agd 3 is not greatly increased by heat treatment,
This should be expected, since in Eoth_cases the movement of the

cylinders past one‘ahother is retarded by thé inferconnections. It
is not clear, howevef, why G' in geonatry 2 is aimost half that of

gecmebry 3.

POSSIBLE MECHANISMS FOR ‘THE FORMATION OF THE VARTOUS MORPHOLOGIES

The fofmation of an oriented structure for the compression
moulded system is in agreement with the findings of Lewis and Price
(120) and Kéller and cbworker$ (//ZlO%;//? )o Both sets of workers
found orientation in styrene~butadiene~stjrene (SBS) systems causad
by melt flow. Lewis and Price observed this in compression moulded 
samples, while Keller e?. al, made their findings on an extruded
rlug. It is therefore propesed that the moﬁlded siloxane block co-

Vpolymer became oriented via melt flow,.

Orientation in the solution cast systems is in agreement with
the findings of Krigbaum et. al. (/Z/), who observed orientation in
two solution cast SBS syétems; The author has found a similar
"6range peel! surface texturs in the benzene cast>system described
by these workers.. Thevcyclohexane.cast surface, however, was
smooth, Krigbaum and qoworkers

roposed a machanism of density

j32a

gradients within the solution and/or surface tension effects as the
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basis for formation of oriented structures, This ié also a pdési—
ble explanation for the effect in the siloxzane copélymer. In the |
cyclohexane cast system, however, theielliptical scattering has .
been previously described as appearing to result from stresées
applied outwards and parallel to the film faces, Theée_stresses
could arise as a result of volume contraction, from solveﬂf'evap—
oration, acting with the adhesion of the film edge to the glass
evaporating dish to produce a dréwﬁ film, The‘issue appears con-
fused by the findings of Lewis and Price (/20) who bbgerved that
only iéotropic films were formed by casting two SBS samples fromvrr
.benzene. However, their volymers were of low Styrené conténtv( 26%
to 28%) whereas the poljmer of Krigbaum and coﬁérkers contained 53%
styrene. Since the silokane block copolymer had a reaéonébly high
glassy phase content (38%), the possibility of the weight f:action-
of the glassy phase affecting polymer orientaﬁion seems plausible,
Since 1ame1lae are formed by moulding and'slowly casting from
benzene ( a good solvent for both phases), it appears fhat'for'this
particular polymer this is the equilibrium morphologye Mei;r (27
p;edicts that a lameliar morpnology is present when 1<:?&3/’b%f:3,35,
where MB" MA are the molecular weights of the siloxgne and
o — methylstyrene phases, respectively. In this system
My / MA = 1467 ﬁhich ié in.agreement with the prediction. A non-
- lamellar structure for the cyclohexanevcast system is consistent
~ with the findings of Saam and | Fearon (Z2)., They found that
cyclohexane, being a preferential solvent for the siloxane phase,
caused the glassy phase to "precipitate' first, in a less continuous

_structure than for toluene ( a good solvent for both phases) cast




systems.

5.B,2 Rubbery Relaxaticn

The benzené cast and moulded samples display a small relaxa-
tion whilé in the rubbery state. This relaxation is present in
certain shear sandwich geometries and in the bending geomstries aé
seen in Figures (4.B.7), (4.B.11.a), (4.B.13) and (4.3.14); A :
lamellar slip model, similar to the one“des'cribed-byv McCrun and -
Morris (/77) for poly(ethylene), is prdposed to explain the phenome-
non. | — |

A lamellar slip meodel is proposed for three reasons:

(1) The relaxaticn isvabsént in the non-lamellar (cyclohexane cast)
system, as shown in Figures (BeB.12.a) and (4,B.15).

(2) it is absent for lamellar systems in which the mechanical
properties are dominated by deformation of the glassy lamellae, asl
shown‘fof geometry 3 in Figures (4.B.13) and (4.B.14). |

(3) It is present only in cases where lamellar slip caﬁvoccur;

The systems displaying this relaxaticn contain glassy lamellae of
thickness L ahd moduius G, separafed by rubber layers, of thickness
1 and viscosity d? o  If an qscillafing stress is applied such
'that‘the lamellae will slip past each ather, there ié a fréquency
at which deformation of the glass becomes easier than pushing thé

A

lamellae through the viscous medium. This concept can be illustrated

using a single relaxation time (t) model, in which it can be shown

that (/77):




vhere K is a constant depsnding on geometrical factors affecting

the rigidity of the glassy lamellas. Assume that prior to the onset

ke

of the relaxation, the system possesses a dynamic rigidity modulus

G' = GR . Also assume that at the conclusion of the relaxation,

G' = GU.
quency (& ) (  ):

Thus, for this single relaxation time model, at any fre-

. .2 2
G' = GR -&(GU - GR) i i ) _ ) (503’3:2)
14+ w2 A : -
. - (GU." GR)‘ ,(?T . _)
tano = T — : 5¢Ba3) -
Fﬁreh}. (1 + S g )
e = L (5.Bf£g..)

wvhere @) is the frequency of the tan 5 maxinunle
max
To gain an appreciation for the magnitudss of the quantities
affecting the relaxation, ojpax is calculated as follows:

Assumes

K=3
G = 107 N2

47 = 107‘poise '
(L\= .538 -,
\1‘) | ;

The dynamic viscosity ( ”7 = 107 poise) was determined from G'' in

geometry 2 at 1072 1z using Equation (5.B.5) (/8/):

o] =G | ; (5.8.5)
2y - o o
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o A

. Ve . . . . . L. o Y
(L)equals & s Where )  is the volume fraction of the glassy
T H—TTEF" . | )
rhase. (L] was thus calculated using the values of 970 and 1.08vg co @
T .

for the densities of the siloxane (/#2) and glassy (/&7) phases,
respectively. Obmax was then calculated from Equation (5.B.4), to
be 90 Hz, which is very close to the experimentally detefmined value ‘
(100 Hz); It is observed that G)max for the benzege cast and

remains

[}

moulded systems, in the wvarious shear and Yending geomstrie

constant, This is to bte expscted for the model proposed since

Ojnax is affected by (E ’ 47 “'and G which of course remain the
i . B .

" same under the conditions stated.

SWOLLEN SAMPLE

The benzene cast sample was swoilen with silicone.oil (Hopkin'
and YWilliams MS 2000/50 cs) oflﬂh 20C0 and density - .96 g cm-j.
Silicone o0il was chosen bacause of its non—volatiie nature and low
solubility paramefer (8), compared with voly( o ~ methylstyrene);
see Table (5.B.3). Thus, the siloxane phase of the block copolymerf

~was preferentially swollen.without disrupting_the lamellar structure.
This permitted the effects of changing the viscosity and thickness

of the rubbery phase on the rubbery'relaxation to be studied.

TABLE 5.B.3
POLUMER -\ (cal/ cm)?_ (/gD
Silicone 0il 4.9 - 5.9
Poly(dimethylsiloxane) 7.3 - 7.6"

Poly( a - methylstyrene) 8.6 - 9.7




Several benzene cast samples were placed in the oil, at roon
temperature, and left there for many wseks to attain equilibrium

swelling. The average sample weight increase was 16.3 + 1,1%. The
first order SAXS slit-smeared peak is shown in Figure (A.B.é). The
sharpness of the peak and the assumption of the same orientation
present in the unswollen sample, makes desmearing_unnecessary. The
SmearedAspacings for both swalan and_uns&ollen samples,.from Table
(4.3.1), Qere usad io determine L,1 aﬁd (L / l).asrshown‘in Table

(5.B.4). 1In calculating these quantities it was assumed that L was

constant as a function of swelling,

TABLE 5.B.4

SAMPLE ack) L) | 2D L/ 1)
| UNSWOLLEN 246 86 153 .538
| sworLLEN 3 86 228 | 377

The dynamic properties of the swollen sample, measured in bend-

ing geometry, are shown in Figure (4.B.9). 1In order to discuss the

relaxation in terms of Youngs modulus, let E’g'ER and EU' replace

a', GR and G , respectively, in Hquations (5.B.2) and (5.B.3).
Thus:
: D e T\
E' = E + (EU “R) T (5+B.6)
: , .1+m232 |
B - et ‘
tan6 = (EU DR) 0 (55337)

(%, ER)% (1+@°% 7

N

Ly



Figure (4.B.9) shows that E', for the swollen sample, is much lower

than for the unswollen sample at low frequencies where the oil-filled

ot

o the

cf

rubbery phase is coniributing substantially

=]

odulus. Thus,
Eé is lower for the Swollenvpolymer due to plasticizétion. Vith
increasing frequency, the swollen modulus increases much faster
than the unswollen. It is expected that at a high enough freéuency
the 1imiting modulus for the unswollen saﬁple is approached, since
deformation of the glassy domains dominates the sample stiffness atb

1

high frequencies.

o,

Thus, EU is thought to bhe approximately the same
}or the Swoilen and unswollen polymer.

The plot of tan 6 vérsus frequency for therswollen polyﬁerr
shows that the peak position (looznax) has.ﬁéfe& to a higher frequencj'
and tan & is greater than for ihe unswollen polymer. Both of these
effects can be explained using Equations (5.B.4) and (5.B.7);10)max
is depzndent on %, vhich is smaller for the.swollen sample, since‘
L/ 1) and.‘7 have decreased while (X / G) has stayed the séme,
This decreasé in = pgshes Ogmax to nigher frequencies. T@ié'can
be demonstrated quantitatively aé follows. Assume K and G remain
- the same as for the unswollen sample, 3 and 109 Nm-a, respeétively.;
(L /1) is given in Table (5.B.4) as .377. The viscdsity of éhe
swollen rubbery phase, ’778 , can be calculated fromta knowledge ofk
the viscosity of the unswollen rubbery pﬁase, »47 =107 poisé, and

2

the viscosity of the silicone fluid, 07? =5 10 ~ poise, using
£z

Doolittle's viscosity equation ( /é’\f; /186 Yy

7 = A +3 1 | | (5.B.8)
A 2 |




where A is assumad to remain constant for pdlj (dimethyls;loxane)
of any molecular weight,

B apprdximates unity.

i7 , £ are the viscosity and fractional free volume of fhé
measured sample.
The relationships between fractional free volume and viscosity for
the swollen and unswollenrsiioxana and ﬁhe siliconz fluid can therew-

fore be written:

in ”(.S = A + l - » . . (5.-3_09)
Ty
In 7=a+1 (5.B,10)
1 |
In fp=A+1 | | (5.B.11)
f o : - '
3

s

where ”73, ”f » “(p are the viscosities of the swollen and unswol-

len siloxane and silicone fluid, respectively,

£

S 0 £, fF , are the fractional free volumes of the swollen

and unswollen, siloxane and silicone fluid, respectively.

It was empirically determined that the following equation is approx-

1 =1 =W_ 11 -1 (5.B.12)
- T = Fle =

f £ f £, _ \

S . T

where G)F is the weight fraction of silicone fluid in the swollen
siloxane phase,

Combining Equations (5.B.9) and (5.B.12) gives:

imately correct based on the weight fraction dependence of free volume:



In ‘?% = A+ —Vcog, [1 - \ - (5.8.13)

i :
z. ‘( £ -E,)

dial

e,

Therefore, combining Equations (5.B,10), (5.B.11) and (5.8.13) ¥,
7

was calculated to be 8 x 10° poise. This would nake Cdgax for the

swollen sample equal fp 1500 Hz, which is consiétent with the exper-
iﬁental data,

The magnitude of (EU ER)% » in Equation (5.B.7), is the primar]
factor controlling éhe magnitude of tan § « A éhange in t ierelj

shifts the tan O curve along the frequency plane and (EUA—ER) is

- - . . 1
relatively insensitive to changes in E,. Therefore, since (EU ER)2
. L N

is so much smaller for the swollen sample, the smaller taﬁ5 for

~the unswollen sample is expected.

TEMPERATURE DEPENDENCE

The swollen, moulded and cyclohexane cast samples all show a
remarkahly small variation in E' and tan § over a 60°K temperature
range, as shown in Figufes (4.B.10), (4.B.11) and_(h.B.12,b). Even
more remarkably, however, E' and tan¢§ forbthe benzene cast system. |
remain constant over-a 100°K temperature‘range, as shown'in Figure
(44B.8). This is quite'unexpected behaviour for polymers when con-
éidering the principles of time-tempefature superposition presented

in Section (2.5). Several authors ( 7Z~79 ) have reported the lack

[t}
h

of fit of viscoelastic propesrties for block copolymers to master
curves via a WVilliams-Landel-Ferry transform. However, to the best
of the author's knowledge, such a dramatic deviation from time-temper-

ature superposition, as presented in this work, has never been report-

ada
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Looking a® Fguations (5.B.6) and (5.8.7), it is evident tha

47}

as a function of temperature that will dictate the temperature depen-
dence of E' and tan 6. ER and EU are both dependent on the moduli
of the giaésy énd rubbefy phases. From the theory of rubbsr elasti;
city, the modulus of a crosslinked, flexidle network éaﬁ'be expected‘
»to increase with increasing temperature while the glassy modulus
remains approximatsly constant. EU and ER would thus be expected

to iﬁcréése with temperature. The relaxation.time for‘this model

(1) is described by‘Equation (5.5.1). With increasing temperature:
(1) 07, the viscosity of the rubbery phase, would decreaseab

(2) (L / 1) would decrease, since the coefficient of expansion-for

‘a rubber is greater than for a glass.

Thus, 7 decreases with temperature. It can therefore be envisaged
that the decrease in 7 could be bhalanced by the increase in EU and

ER in such a way as to keep B' and tan%g constant, or nearly constant,

as a function of temperature.

5¢Bs3 Temperature Dependence of Dynamic Mechanical Properties

The dynamic propsrties were measured below 373°K on the wide

frequency scanning apparatus and above ambient on the torsion pendulum.

WIDE FREQUENCY SCANNING APPARATUS

Log E' and tan 8 for the benzene and cyclohexans cast, and
moulded co?olymers and the poly (dimethylsiloxane) homopolymer were

measured as a function of temperature, as shown in Figures {4.B.16)




to (4,B.19), respectively. The Tg of the siloxane phase, as indi~
cated by a small tané; peak and slight drop in modulus, occurs at
about 150°K. This figure is in agreement with quoted values (!87nf?).

Above the T _ of the siloxane phase there is a platean in E'
prior to melting in the siloxane phase, During the melting process
.greater than an order of magnitude decrease in E' occurs, with max-
imunm ;lope of the log B! temperature curye occurriﬁg bétWéen'ZBOOK _
and ZQOOK. This is.in.agreement with T? obtained by DSC, shown in
Table (4.B.2), and with literature values ( 1'8'8‘- 0 ). It is odd
that Saam and . Fearon (2Z2) found no siiéxané crystallinity
byvtorsioﬁal braid analysis for a‘(BAB)x styrene-dimethylsiloxane
block copolymer, Their measurements covefed the tempefaturé range .
73°K to 473°K and their ﬁodulus—temperature plbt shows only the sty—
rene and siloxane glass transitions. However;vﬂoshay and coworkers
(/E%.Zél) have shown that small siloxane block molecular weights
(ca. 5C00) in poly(sulphone) and ( o« - methylstyrene) / dimethyiéi-
~ loxane block copolymers, sth no crystallinity, wﬁereas larger block
molecular weights (ca. ZC,OOO) do show crystallinity.

At the onset of siloxane melting, for the’threé copolymer san- -
ples, tanJS,is shown to increase fhenilevél off, This is undoubted—
ly due to the start of the 1amellarvsli§ relaxation brought aboﬁt by |

the increased mobility upon melting of the rubbery vhase,

TORSION PENDULUM ANALYSIS

Plots of log G' (torsion) and tand versus temperature are

shown for the benzene éast, moulded and cyclohexane cast samples in



Figures (4.B8,20) to (4,B.22)., In each figure, a rubbery plateau
e v o
-

region prece@§ the T_ of the organic phase. The filled triangles

08}

represent data taken after the sample had gone through the Tg °
- Only in the case of the cjclohexane cast sample is G',‘after Tg?
much different than prior to T_. This change in G‘ is due td-the
[=)
morphology change discussed in Section (5.B8.1).
 Because of the high damping in each sample above the T , it isb
. . o
difficult to decide exactly where the transiiion is. For fhis rea-‘

son, the temperature at which log G' is 6,00 is arbitrarily chosen

as the T . Tams, 412°K, 424K and 426K are the values for _thé T

of the benzene cast, moulded and cycloﬁexane cast samples, respec-~
?ively, Figure (5.B.5) is a plot of Tg Yersus ﬁ; for_?oly (o=
mefhylstyrene) using the data of Cowie and Toporowski (/?/). For

a ﬁh of G000 (ﬁn of eaéh glassy sequence in this copolymer), Figure
(5.8.5) prediéts a Tg of 408°K, Clearly, the values for the bloék
copolymer are much higher (even when allowing for the effects of
ekperimental.time scale). ~However, the effect of molecular weight

on Tg can be explained uéing the Free Volgme ‘]?heory-(/0/‘)7° Speci-b
fically; free volume aréund chain ends is takeﬁ to be greéter than
that.around chain middles bescause of imperfect paCking at the chain
ends. Since increasing the free voiume decreases tﬁe Tg; aecreas—
ing Hh will have the samé éffgct. In the block cbpolymer, although :'
thglﬁn of each « - methylstyreﬁe sequence is 9OQO, onlyvhalf the
chaiﬁ gnds present in the homopolymer of the éame‘ﬁn are in each'”
sequence, Thus, from chaiﬁ end considerations, these sequences should

have the egquivalent T of a homopolymer of En = 18,000, which is

(&3
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L27°K according to Figure (5.3,5). This is in very good agresment

with the T@'s of the moulded and cyclohexane cast samples. The T

o <)

of the benzene cast system is, howsver, more than 10°x lower'than
the others. This is thought to be due to a plasticization effect in
the o - methylstyrene phase causad by a small residual bsnzene
bcontent in spite of the rigorous drying conditions.' The sharpness
of the tfans;tion makés phase mixing at the interfa&e (7%;176) or
éartial orientation within fhe glassy domains (/J7) seem uﬁlikely.
There is a decrease in relaxation strength for the benzene
cast, moulded and cyclohexane cast samples, in that order. This is
in line with the decreasing modulus drop from the rubbery to the
melt‘phase, in the sahe order. The lamellar samples are tﬁe stiffest,
in torsion since the glassy bhase, being more continuous in these
 systems, has a larger contribution to the total modulus, Thus the
smaller modulus drop for the cyclohexane cast system. In Section
. (5.B41) the 5enzene cast sample was shown to have more lémellae
pérpgndicular to the sample faces than the moulded sample. _These
lamellae are deformed in'torsion thus accounting for the highef'G'g

in thé rubbery state, for the henzene cast sample.

5.B.4t  Crystallinity in the Siloxane Phase

Figures (4.B;23) to‘&#.B.EB) show the D5C scans for the copoly-r“
mer samples and the siloxane homopolymer subjected to three‘different
cooling histqries.b Tp y extrapolated to zero éample mass,-and &Jc
for each sample are sumharized in Table (4.B.2) for the different
cooling rates,

An exothermic peak on the low temperature side of the scan for



the cyclohexane cast sample at cooling rate 1 indicates that the
bsiloxane chains crystallize more slowly for this than the other
samples. The unigue orientaﬁion in this system, discussed in Section
(5.B.1), puts more strain on the siloxane chains in this.copoiymer;
This might account fo# the slower crystallization faté; Lower CQL

and T for the cyclohexane cast system, when compared to the other

14

copolymer é"stems,.can also bz acéounted for by this extra strain
in the rubbery phase (/3Y).
) ,Cdc.and;Tp for all copolymer samﬁles are lower than for the ho-
mopolymer. More strain exists in the siloxane chains of the copoly-
mer. It is caused by the chéinsvbeing tied to the glassy domains
and having tetrafunctional brangh points._ This strain is partially
responsibie for the lower values of‘&é and TpAas discuségd in the
previous pafagraph. The rresence of branching has also been found
to cause the same effect (&%),

The variation of LUC with cooling rate shows that a iarge degree
_of crystallinity develops quipkiy (pri@ary stage)'followéd by a
slowver rate of developmeﬁt (secondary stage), This agrees with.the

findings of Moskalenko et. al. (/92) who studied the crystallization

w

inetics of poly{dimethylsiloxane). They found that the primary stage

takes place rapidly (a few minutes)., The subsequent secondary stage

was found to last several hours or even dayse.



/32

CHAPTER 6  CONCLUSIONS

HYDROGENATED POLYMIRS

These polymers were shown to consist of poly (ethylene)
crystallites dispsrsed in a rubbery roly (butadiéne) matrix.  SAX3
indicated that the crystallites are of random sizé and shape. It_
was also pointed out that chain folding is improbéble,uthus imply-
ing a fringsd-micelle mdfphology. | |

Copolymerization by uniis rejected from the crystalline latticé
ded to grystallizable séquences, and thus crystallites,rof varying
length. The dependence of Tm’ the copélymer melting point, on
crystallite length waé quantitatively demdnst?afed thus explaining
the obsérvafion of broad melting ranges (greaﬁér than 1OOOK)..

The meliing points of these copoljmers were found to be much
higher than those of random copolymers of voly (ethylene). This
was thought to Ve due to the non-randoﬁ placement of co=-units and/bfA
non-random hydrogenatiocn.

The rubbery modu}usAwas calculated from the heory of ;ubber
elaéﬁicity assuming.that the crystallites act as crosslinks and
~filler particles. Discrepancies.between_the calculated values and-
experiment  were proposed to be caused by the formation of more
permanent entanglements in the rubbery matrix brought ébout by

\

“crystallization,

STLOKANE BLOCK CCFOLYMERS

The morphology of the block copolymer was determined by SAXS




t and moulded
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and dynamic mechanical propertie
“samples consisted of alternating lamellae of glassy, poly ( « -
nethylstyrene) and rubbery voly (dimethyisiloxane) vhases. These
lamellae were preferentially oriented parallel to the samplé faces,
the moulded sample displaying the most orientation.k |
The cyélohexane cast sample was found to be non-lamellar'

and oriented so0 that the siloxane chains werermore strained than
in the other copolymer systems. When this sample was taken‘above
the organic phase T , a marked morphological change occurred as 

, T g
a result of thié strain.

A relaxation in the frequency plane was dbserved for the bénzene
cast and moulded systems at temperatures where Qubbery behaviour
was found. A lamellar slip meéhanismvwas pro?osed apd a‘single
relaxation time moéel postulated., Preferentially swelling the
siloxane phase of the benzene cast sample changed the relaxation
in a pfedicﬁaﬁiéwwé§.”‘The moael.was also used to-éﬁpiéin the_ﬁempaf~
ature independence of the relaxétion_in the benzene cast system.

The presence of crystallinity in the siloxane'phase compiicated
the dynamic modulus - and loss tangent - temperature curves. The
ﬁwo—step modulus~temperature curves normally encountered for two-
phase amorphous systems were not present. Crystalliniﬁy was so
high that’the Tg.procesé'fcr the siloxane phase waS'almost masked
and a large modulus drop ( greater than an order of magnitude) ﬁas
observed when melting éccurred. Lower temperature melting peaks and

lower degrees of crystallinity were observed for the copolymers

when compared with crystallinity in the homopolymesr. It was proposed




that this was the result of the presence of more strain in %

opolymer siloxane chains due to the vresence of crosslinks.
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APPENDIX I

Derivation of Relationships For Vide Fregquency Scanning Dynamic
Mechanical Apparatus

Equation (3.1) describes the oscillatory motion of a rectangu-
lar beam undergoing bending deformation:

(2

Mx o+ XBfx o+ Ax o= Fooexp (iet) (3.1)

Solving Equation (3.1) for x givesr(/a"‘z):

x = .:«D exp [i{wt -Bﬂ . o o ' | (A.1)
/ 1 '
[ kE! + A—Ev!wa)z + sz"Z] 2
where B = tax;-1 kit N o IR - (A.2)

KB + A-M@ S ,

If only Iﬁeak force (Fp) and peak amplitude (xp) are considered,

Equation (A.1) becomes:

bl —1

Ty = RkE' W Hed) 2w sz,,a] 2 (A.3)
Solving Equations (A.2) and (A.3) for E' and E'! gives:

E' =1 f})_ cosp - A + M&° | (A

k {x ' .
- T . '(\ o ) .
E'' = 1 [ “p sinp - (A.5)
= , /

P

Next, it will be shown that Fp and xp are functions of Vi and

Vs respectively, so that all quantities in Eguations (A.4) and (A.5)




are experimentally measurable. V is proporftional to X, H
. o

xp = BVO~ ' : ,‘ - (A.8)

where B is a constant of the transducer system. Fp is proportional

to V. @
i

Fo=Mg | (A.?).,

where N is a constant depsndent on the strengith of the magnet and
the properties of the coil. Combining Equations (A.4) and (A.5)

‘with Equations (A.6) and (A.7) and defining €

= N gives E' and
kB
E'' in terms of measurable quantities:
g = o icosp| - &+ HGY R (A.8)
R W kK 'k o S
o o
V., . :
E'' = ¢ i sinp : - (A.9)
V .
o
tend = E'! - . (4,10)

Equations (A.9) and (A.10) are‘identicél to Equations (3.4}_and
- (3.5), fespectively.-

- At a certain freéuency (CDO), depending on the rigidity_of the
sample, the vibrating system will possess an amplitude resonance. With
no sample mountad in the drive élamp the system will resonate at

'(CUR). The suspension rigidity term (A) is related to COR by

A=H %2 _- (Aa11)

Combining Equations (A.8) and (A.11) gives Equation (3.3).

At @, Vo§>) V, so that Equation (A.8) becomes:




1

. 2 .2\ | ;
B = 11 \/a)o -0)3 ) | (2.12)

2)

where Eé' is the Young's modulus of the sample at Ck%. Since {L%
and GQh can be measured very accurately,‘Eé can be calculated.

At CUO the loss tangent (tan 5;) of the oscillating system is

(153):
@, '

where 0)1; 632 are the frequencies at which the amplitude of

vibration is 1 times the maximum amplitude, The oscillating sys—
e | ~

ten includes the sample and the suspension wires. Thus:

1 s 11
KES + A

kﬁ% + At

tan 50 = (Ae1lt)

where kE!', A'' are the out of phase restoring forces per unit
S 9 - (=] &
displacement of the sample and suspension wires at COO, respectively.

S

of the sample and wires at ’COO, respectively.

kB! , A' are the elastic restoring forces per unit displacement

Since,
L ] ot ?
A (< kEL
and
CKEL + A' = HOZ ' (4.15)
By = o _ 7 (A5
therefore, ' |
11 . . .V
tan § = KBg | C (A416)

u0)°
o}



From Zquations (A.9) and (A.10), the loss tangsni of the sanple

at rasonance (tan 53) is:

b

[ 8] =yt .
tan 58 = = k&g - (A.17)
1 .

S M wi -c»;g

3]

Thus, combining Equations (A.16) and (A.17):

tan 55 = tan 50 C“)o (AA.18)

2 2
I Y
Q‘)o J’)R /
Equations (3.6) and (3.7) are identical to Equations (A.12) and
(4.18), rvespectively. ZEquation (3.8) results from the combination

of Equations (A.10) and (A.138).



APPENDIX II,

Calculating the Number of Co-units Par 1CO Chain Carbons

The number of co-units per 100 chain cérbons, for the hydro-
genated polymers, was calculated as shown in the following Lilus—
tration for Sample Bi1., Tables (3.1) and (3.2) show that for each
100 monomer units there are 9 vinyl, 3 styrene and 88 cis + trans
| uniﬁs, This corrés?onds to 18 vinyl, 18 styrene and 352 cis +

trans éhain carbons or a total‘of 376 chain‘carbons. Therekére a7
.Butadiene.monomers. “Polymer B1 is 59% hydrogenated. ‘Singe all
vinyl double bonds are hydrogenated prior to aﬁy cis or trans déu—
ble bonds (/79), all the remaining double bonds are in theiphaiﬁs.
Thus, there are 9 hydrogenated vinyl, 3 styréne‘and 43 (96) = Aj
‘chain double bonds acting as co;units. Théfefore,

- No. co-units = 53 = 14,1
376

100 chain carbous









