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ABSTRACT

Autoadhesion (autohesion) is the spontaneous adherence between two
unvulcanised surfaces of an elastomer. Autohesive tack can occur
between elastomeric compounds. For hydrocarbon elastomers, the
accepted autohesion mechanism is the interdiffusion of chain portions
across the interface, so that chain packing and molecular weight are

significant parameters.

.

Deficiencies in existing tack tests led to the development of the Dunlop
Rotary Tackmeter, which uses a "sun and planet' motion for the
coutinuous peel measurement of the tack hetween the peripheral
surfaces of two squat cylindrical rubber testpieces. The system is
in dynamic equilibrium during testing and gives high contact pressures
and realistically short contact times. Consequently, tack and bulk
strengths can be largely differentiated.

Optimum autohesive strengths have been measured ranging from high
magnitudes for natural rubber through intermediate levels for synthetic
elastomers to low values for ethylene propylene terpolymer. The use
of specially-isomerised natural rubber has shown that stress
crystallization is supplementary only. Theories of diffusion suggest
that the extreme diffusion coefficients differ by an order of ten and
that this difference arises from the influence of chain structure.
Space regions '"contained" in cavities associated with permanent

chain structural features have been defined collectively as "intrachain'
free volume. The coincidence of several cavities plus the interchain
space causes easier formation of holes. These holes may attain
sufficient size during normal chain thermal fluctuations to facilitate

forward motion of an incoming chain portion.

The proposed model has been compared with a simple alterﬁative
involving interchain free volume only, and has shown better agreement
between distributed free volume and autohesive characteristics. Chain
structure affects both chain flexibility and the provision of intrachain
cavities and therefore provides an explanation of the different
autohesive behaviour of various elastomers. The proposed concept
is supported by an experiment involving unilateral interfacial diffusion,
and its apparent correlation with the diffusion through elastomers of

a range of gases and solvents has been considered in detail.

N p e



List of Abbreviations and Main Symbols

Abbreviations - elastomers

— e — e ————— — — — — — —

IR = polyisoprene
NR = natural rubber (a high-cis IR)
BR = polybutadiene
SBR = styrene -butadiene copolymer

SBR 1500 = SBR containing 23.5 weight % styrene moiety
PIB polyisobutylene
IIR (butyl rubber) = copolymer of isobutylene (99%) and isoprene

EPDM = ethylene propylene diene (ca 2% ) terpolymer
EPM = ethylene propylene copolymer
EBM = ethylene butylene-1 copolymer

NBR (or nitrile rubber) = acrylonitrile -butadiene copolymer

Other abbreviations

—— —— — — — — — — —

HAF = high abrasion furnace (carbon black)
BS = but adiene sulphone
TBC = tertiary butyl catechol

-EB,; = elongation at tensile break of unvulcanised testpieces
MWD = molecular weight distribution
phr = parts (by weight) per hundred parts of rubber
Symbols

Some of the symbols listed below are occasionally used with additional
suffixes for further descriptive purposes.

a = radius (cm) of Rotary Tackmeter planet testpiece

a'" = representative cross-sectional area of 'intrachain' cavity

A = area; in particular (Chap. 10 et seq.), the mean cross-sectional
area of interstitial free space distributed amongst polymer chains

A' = mean cross-sectional area of 'interchain' free space similarly

distributed

A, = cross-sectional area of chain

A. = cross-sectional area of hole between contact-packed chains at
the appropriate level of packing

c = concentration

Co = initial concentration

¢ = representative volume of intrachain cavity

C" = Zc" for 1g of elastomer = intrachain free volume

de =depth of intrachain cavity

d, ~=distance travelled radially inwards by Rotary Tackmeter planet
testpiece before making contact with sun

D = Diffusion Constant

D, = pre-exponential frequency factor associated with diffusion

Eg, Eyjg = activation energies of diffusion and viscoelasticity
E/V = molar cohesive energy, the square of the solubility parameter

= ey



4 = percentage ratio for an elastomer of its N value relative to
that of cis BR (i.e. 100 No/Ng (cis BR)?

ig ; seeip

f, = segmental friction force

F = Tack Strength

FR = relative tack (F divided by bulk strength)

Fy = the tack component of F (during Rotary Tackmeter testing)
acting in a calibrated direction

H = energy loss component during Rotary Tackmeter testing

k = Boltzmann constant

K = general constant term

Kp = constant related to D

L = length of monomer (or repeating) unit of a polymer chain

mj = gradient of direction of tack force

my = gradient of direction of Rotary Tackmeter calibration force

M = molecular weight (general)

M = mean or representative molecular weight

My = M measured by solution viscosity

M;j = value of M above which FR<1

My = molecular weight of a chain monomer unit

n = degree or level of chain packing

fiT. = average level of chain packing

n' = orbiting rate (rpm) of planet testpiece around sun on Rotary
Tackmeter

NA = Avogadro's number

Ng = number of polymer segments per chain

- No = number of intrachain cavities for 1g of elastomer
p = number of branchings on a diffusing chain end
P = yielding stress of stress/strain curve (i.e. frequently the bulk
strength)

Py, = minimum magnitude of P for adequate handling

P; = internal pressure of an elastomer

q = length of the equivalent random link of a chain

Q = overall correction term during Rotary Tackmeter testing

r = radius of molecule or polymer chain

R = radius (cm) of Rotary Tackmeter sun testpiece

RA = ratio (£ areas of matter/Z areas of space)

58 ; 2s = average distance which might exist between chains in ideal

packing array

81, 82 = Rotary Tackmeter leaf-spring displacements for drag and
energy loss (2H) respectively

n = number of interstitial spaces per circle (chain cross-section)
for an ideal packing array

S

t = time, in particular, contact time
tg = breaking time under constant load fg for Skewis tackmeter
T = temperature

Tg = glass transition temperature
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u = speed of separation of testpieces on Rotary Tackmeter
= velocity of tearing one chain from polymer bulk
v1 = peripheral velocity of planet testpiece at the point of separation
during Rotary Tackmeter testing

vg = the velocity of the point of separation around the sun

vyg = volume of portion of H atom intruding into intrachain cavity

V ; used for volume and free volume terms (cc.mole~t) (all defined
in section 4.10.1)

w ; 2w = width of contact between testpieces on Rotary Tackmeter

X = general distance term, in particular, the distance diffused by a
penetrating mclecule
b = mean square displacement, or distance travelled by diffusant in
time ¢
X = number of intrachain cavities per monomer (repeating)unit
y = power term for speed of separation u
Z = power term for contact time t

6< ='"is proportional to"
60 = infinity
“,F, e, ? 3 f = various angles described in Figures 23 and 25, and
' discussed in section 6. 3
O‘L, aG = volume thermal expansion coefficients above and below
PeOK respectively
= surface (free) energy, dG/dA,(G is Gibbs free energy),
= surface tension
?1‘, applies to a liquid-vapour interface, being the 'mormal' surface
tension of the liquid
critical surface tension
i molecular jump distance during diffusion

on =L, <
O
n

81 = depression of planet testpiece after making contact with the sun
during Rotary Tackmeter testing

32 = similar depression of sun testpiece

A = mutual depression of the two testpieces = 51 + 52

AG, AS, AH = changes in Gibbs free energy, entropy and enthalpy

respectively

]

molecular jump frequency during diffusion

viscosity

contact angle made by drop of liquid on solid surface

frequency of impacts of a molecule = frequency of molecular
vibrations

elastomer density

function of D and t (equation 4. 21)

generally, (cf V); used for specific volume and free volume
: terms (cc.g™1)
(per se) = total free volume of polymer at room temperature
, (cc.g™t)
= interchain free volume = - C"

& 5 B6AD <o

S



Chapter 1 Introduction

The advanced level of technology required by modern civilisation
places considerable demands on high polymers, matérials which
effectively bridge the gap between the liquid and solid states. The
technological challenges are met by the existence of numerous
polymerisation products derived from many relatively simple
monomeric types. The nature of the polymeric product can depend
on the original structure and chemistry of the monomer, the mode of
polymerisation and the extent to which polymerisatiou was allowed to
continue. The choice of polymer -type for particular applications is

governed by the service conditions.

The science of adhesion, which originally evolved in connection with
numerous facets of the solid and liquid states, has naturally beeu
also established in the field of high polymers. The present work is
concerned with a particular adhesion phenomenon associated with
elastomeric high polymers i.e. polymers which are rubbery in
nature at normal temperatures. This phenomenon, autoadhesive

tack, is of considerable technical value.

As the term 'tack' has been given to several forms of adhesion in-
volving polymers, the autoadhesive phenomenon is best placed in
perspective by some discussion on the position of elastomers within

a theoretical framework of viscoelasticity.

1.1 Flastomers and viscoelasticity

A body which is not quite rigidly solid at normal temperatures com-

bines characteristics of both liquid and solid. When subjected to
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constant stress the body initially deforms and the deformation slowly.
increases with time: when constrained to constant deformation, the
associated stress decreases with time. At sufficiently high temper-
atures, the stress-induced deformation tends to be flow-like in man-
ner, and some of the energy input is stored instead of being com-
pletely dissipated as heat. In addition, on removing the stress, the
stored energy can cause an elastic recovery, the extent of the defor-
mation diminishing. Consequently, if the stress is applied as
sinusoidal oscillations, a phase difference 55 exists between the
applied stress and the resulting strain. Materials which behave in
this manner are termed viscoelastic. When strains and rates of
strain are infinitesimal, Newton's Law and Hooke's Law both contri-

bute to give linear viscoelastic behaviour.-

Viscoelasticity has beea discuss2d in detail by several workers
1
including Ferry and Tobolskyz. For sinusoidal oscillations of

frequency ® rad.s =3

, the relationship between stress at time t and
strain in the direction of applied shear has been shown to be
Stress = Strain .. (G' sin 0t +G" cos wt),
the two shear moduli, G' (storage or in phase) and G'" (loss), also
being related by
G"/G' = tan 55.
- Various other relatic;-nships exist for these and other modulus terms.

However, the present purpose is simply to use G' as a typical modu-

lus term for defining the elastomeric region of high polymers.

A division of the viscoelastic behaviour of an amorphous polymer
into five characteristic regions of widely different modulus/temper-

1@
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Figure 1 Five characteristic polymeric regions.



ature behaviour was proposed by Tobolsky and 1‘»'IcLoughlin3 utilising
a relaxation modulus for characterisation purposesz. A similar
relationship for temperature T and G' measured at an oscillation
frequency of approximately 1 Hz for amorphous polyvinyl u-butyl

ether is illustrated in Figure 1 and shows the full scope of mod-
ulus variations which can occur over a wide temperature range.

Similarly-shaped curves are obtained by plotting modulus as a func-
tion of time (or reciprocal frequency) at constant temperature. The

modulus /temperature plots are the most convenient for the present

purpose.

The five regions A to E illustrated by Figure 1 are detailed in Table 1,
- which also includes general comments on the associated polymer
chain motions. The testing of a suitable range of polymers hag

show n2

that regions A and B are unaffected by changes in chain length
(for sufficientl‘x;r high chain lengths), whereas varying this parameter
markedly affects both the modulus and temperature range of D and E.
Onl_y the temperature range of region C depends on chain length. In
practice, the transition region B is frequently described simply by a
single temperature, Tq, the glass transition temperature. The com-

ments in Table 1 can be compared with those on Tq in section 3. 3.

However, B strictly applies over a range of temperatures.

Modulus /temperature curves obtained statically or at low frequencies
reflect the physical characteristics of the polymer and, when approp-
riate, its ultimate use. For instance, polymers existing in the

glassy (A) region at normal temperatures are thermoplastic and have

many applications: on occasions, thermoplastics possess regions of

s A
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Table 1

Five Regions of Viscoelastic Behaviour3

Region Physical charact-  Modulus G' Temperature Associated motions of polymer chains
eristics of polymer range (1) . range (1) :
(dynes.em™  (°C)
A Hard and brittle flelo <ca-50 Negligible diffusional molecular motion. Chain segments
(glass) entwined in fixed positions to give a disordered quasi -

lattice structure.
9.7 6.9

B Leathery 107 to 10~ -48 to -24 Some effects from both A and C,these interacting to enhance
(transi- , ' loss characteristics. The temperature of maximum dis-
tional) continuity is termed the glass transition temperature TG(Z).
C Rubbery, with 106 9t(:: 106 -24 to+40 Rapid short-range diffusional segmental motion in company
(rubber) some elasticity with larger-scale restrictions (chain entanglements).
Mc~104 (3). Chain lattice varying around a mean structure
on a time average basis.
6.6 6.4 :
D (rubb- Rubbery, but 10 to 10 +40to +50 Intermediate effects between C and E.
ery flow) yielding
E Apparent 106'4to<106'4 >+50 Major configurational changes, including the slippage of
(liquid)  liquid flow long-range entanglements, occurring more rapidly than the

testing frequency.

Note (1) For the system and conditions considered in Figure 1.
(2) For example, the value of T for NR'is -72°C.
(3) Molecular weight between entanglements. * Natural rubber.



crystallinity, a condition which considerably raises the modulus of
region B so that a high modulus region exists throughout the temper-
ature range until the sudden occurrence of flow. In contrast, the use
of excessively low molecular weights (short chain lengths) can cause
the flow regions D and E to prevail at all temperatures, a phenomenon
exploited when using adhesives to obtain intimate interfacial contact

prior to a hardening by some other means.

Flastomeric polymers are associated with region C, even at low fre-
quencies, and remain so throughout the several processes which are
required to give elastically stable products. The stability of the
rubber products occurs after a cross-linking reaction which consid-
~erably extends region C. Autoadhesive tack is a phenomenon associ-
ated with elastomeric surfaces in the uncured state, i.e. prior t. the

cross -linking or vulcanising stage.

The relatively high molecular weights necessary to give adequate
handling and strength properties to elastomers (i.e. adequately exten-
ding region C before crosslinking) cause bulk viscoelastic reSponses'

to act more slowly than other responses which can occur at the sur-
face, such as those due to chain diffusion. The autoadhesion pheno-
menon arises for reasons ofher than viscoelasticity. The relationship
c;f autoadhesion, chain diffusion and aspects of the microstructural

shape of the chain is the main subject of the present work.

1.2 Rubber tack and autohesion - preliminary comments

The formation of cured rubber products involves the vulcanisation of

rubber compounds, materials formed by mixing the elastomer with
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Before ontact

RPU 24490B
Contact under applied pressure

RPU 24490C

Plate 1. The phenomenon of zutohesive tack.



ingredients such as particulate fillers, extender oils(and other proces-
sing aids) and reagents which subsequently perform the crosslinking
function. If two smooth sheets of certain l;nvulcanised rubber com -
pounds are pressed together with some force, the sheets adhere.

Not only will the sheets remain attached when the compressive force
is removed, but also the bond will resist any subsequent attempt of
separation (Plate 1). This bonding phenomenon is called ''rubber
tack''. The property termed "'building tack'')is widely exploited in
technological operations in the tyre and other rubber industries as its
existence has enabled the various parts of multi-cc;mponent rubber
articles to be assembled more easily and to remain assembled prior

to the curing process.

With conventional compounding me:~ods, those rubber compounds
which possess high tack do so because their base polymers display
the same phenomenon. The mechanism which applies for the spon -
taneous bonding between elastomers is effectively extended to applly to
tack between their compounds. Hence the basis of tack is autoad -
hesion or autohesions, the spontaneous adherence between two unvul-
canised surfaces of the same elastomer. Under optimum conditions,
natural rubber (NR) possesses a high degree of autohesion whereas
ethylene propylene (EP) elastomers exhibit little autohesion. Conse-

quently, EP compounds are generally not tacky.

Rubber compounds are formulated to specific recipes, and technology
has established the formulations most suited to the particular post -
-cure requirements for each region of the tyre. It has not been

possible te formulate one compmnd suitable for the whole tyre,
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although the various compounds may be based on one elastomer.
Although the construction of tyres by assembling components com ~
prising suitable compounds of unvulcanised NR or styrene-butadiene
copolymer (SBR) is commonplace, similar use of EP compounds is
difficult, as the lack of building tack frequently gives rise to com -
ponent separation. An adequate level of rubber tack is essential to

the building of tyres.

At this point, a mention is necessary of the relationship to autohesive
tack of the term 'tack' used in two other branches of technology, viz
the adhesive and printing ink industries. An adhesive is designed by
the choice of appropriate values cf mean molecular weight (represent-
ing polymer plus resin additive) and molecular weight distribution to
deform and flow under the action of a contact force. The property
known as adhesive tacks-gis assessed by inserting solid probes (of
various shapes) into adhesive layers and subsequently measuring (by
a variety oflmethods) the forces required to remove the probes

10,11

(e.g ). This adhesive property has been shown to be completely

; ib Ty 6,7,12,13
viscoelastic in nature and best represented as tack energy

1
rather than force " . In contrast, autohesive bonding does not
radicalljr alter the shape of the participating elastomeric sheets, and

viscoelastic action is restricted to the attainment of intimate interfacial

contact for autohesive tack.

The term 'tack' used in the printing ink industry is even more remote
: ’ 16 .

from autohesive tack, having been described as a wholly viscous

phenomenon, independent of surfaces or bulk mechanical properties,

and relating to the separation force of the Stefan equation.

L, N



1.3 Chain structural aspects - the object of the present work

Although the influence of variations in experimental conditions has

been frequently discussed 132 , relatively iittle attention has been
directed to the molecular inierpretation of the autohesive phenomenon.
Current opinion on the autohesive mechanism favours the interdiffusion
of chain molecular segments between surfaceszz’19'23-26, resulting
in the intermingling of chain segments and the ultimate disappearance
of the iﬁterface. Diffusion ir high polymers has been considered27

to occur by the cooperative motion of several neighbouring segments

to form a hole of sufficient size to permit the ingress of a chain sec-

tion: however, correlation between {ree volume data and autohesive

strengths has not been previously demonstrated.

In the present work, a new tackmeier is described which assesses
autnhesive strengths under conditions conforming with technological
and industrial practice, and which provides autohesive magnitudes
agreeing with practical experience including the large difference
between the NR and EP values. The main object of the work is the
proposal of an explanation of this difference in autohesion. Polymer
chain structure is suggested as influencing the exact location of the
free volume distributed throughout the elastomer by normal micro-
Brownian movements of the chains. In thig speculative model, the
size of holes formed by cooperative motion is increased for certain
elastomers by the fine-scale location of free volume (i.e. the free
volume in small spaces close between atoms), thereby enhancing
autohesive diffusion. A reasonable correlation for several elasto-

mers will be shown between their calculated allocated free space and
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their autohesive strength magnitudes. The relationship of the
proposed model with chain cooperétive motion will be discussed,
and an apparent correlation with the diffusion of gases and solvents
through polymers will be used as a comment on the validity of the

model.

Hence autohesion is considered by the author to be a particular case
of a wider field which frequently involves bulk properties and is
governed by chain packing criteria. This viewpoint represents a

novel approach to the subject.
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PART I - THE STATE OF KNOWLEDGE ON AUTOADHESIVE
(AUTOHESIVE) TACK BEFORE THE PRESENT WORK

Chapter 2 Theoretical aspects of the interface between elastomeric
polymers and between their unvulcanised compounds

Although the most fundamental mechanism of bond formation is the
adsorption of one species on to a second surface, some bonding
phenomena occur by other mechanisms. For instance, the bonding
of certain pressure sensitive adhesive systems is brought about by
electrostatic attraction, and chemical links can be formed when
adhering rubber to a metal surface (a process which can occur concur-
rently with vulcanisation). A further exception is the mechanism
appropriate to autohesion (discussed later) which is interfacial inter-

diffusion.

Th- development between polymeric surfaces of bonds approximating
in magnitude to the cohesive strength of the polymer is pre-empted
by the need for attaining intimate molecular contact. The achie\-ze-
ment at a polymeric interface of such contact is subject to thermo-
dynamic and viscoelastic flow criteria. From the nature of visco-
elasticity, the application of force causes elastomeric flow (this being
a special case of rheological flow). At the interface, the flow of adja-
cent surface regions causes the contact area to increase continuously
(each surface acting as the limiting barrier to tl:1e other flowing
region) until the surfaces maké complete contact after a critical time.
When assessing bond strengths, it is desirable that the contact force
should be of such a magnitude that the critical time becomes less than

- the experimental time of contact sothat the measuredresult represents

the bonding miechanism alone.

<24 =



The tangent to the drop at O
describes angle @ with the horizontal.

8, the contact angle, is a function of the balance of the
various intermolecular attractions.

Figure 2 Vertical section of a drop of liquid on a solid surface.



To demonstrate the forces involved, the light microscopy work of Bat?ear
showed for a cispolybutadiene elastomer that, even after the application
for 60s of a contact pressure of 100kPa, contact was insufficiently intim-
ate for complete interfacial interpenetration to occur. A similar effect

29
has been shown for styrene-butadiene copolymer in a kinetic analysis

An important role of viscoelasticity can be to govern the rate at which
processes predicted by thermodynamics take place, high viscosity often
prevailing on a practical time-scale. The ultimate validity of the therm-
odynamic prediction is vnquestionable: only the time-scale involved can

be manipulated experimentally.

2.1 Contact between dissimilar elastomeric matefials

In practice, contact between certain dissimilar elastomers is required
in processes used by the tyre and octher rubber industries., Finished
products are often composite articles comprising a completely-bonded

assembly of component rubber compounds based on different elastomers.

Before discussing energetic considerations at the interface between
dissimilar elastomers, it is convenient to consider the liquid/solid
interface, an area well-documented and rationalised (e. g. Ll '9). Con-
sider a drop of liquid placed on a solid surface. At equilibrium (Fig-
ure 2) the contact angle 0, or its cosine, describes the extent to which
the liquid wets the solid surface: for perfect wetting, 0 is zero. The
configuration adopted by the drop is governed by the surface free energy
dG/dA or ¥, which applies at each interface. For the solid-vapour,

solid-liquid and liquid-vapour interfaces at A, B and C in Figure 2,

the surface energies are designated isv’ isl and ilv respectively.
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The surface free energy arises from the excess potential possessed
by molecules in the surface compared with those in the bulk. 9,
follows from the work done in extending the liquid surface area
against a tension (acting at, and parallel to, the surface) resulting
from the qohesive forces in the liquid bulk. The surface tension of
a liquid (frequently also denoted by Y1y) is numerically identical with
the surface free energy. The surface tension of a solid, a more
nebulous phenomenon as it relat_es to a resistance against the stretch-

ing of the surface, is greater than the solid surface energy.

The equilibrium system shown in Figure 2 can be represented by the
Young equation:-

Tsv- Tt ¥y COS 6.
If v .e tc. refer to surface tensions, the Young equation is a sircple
statement of the balancc of forces (depicted in Figure 2 by vectors)
associated with 8. This approach is not universally acceptedg. An
alternative derivation of the ejuation, considering surface energies,
arises from a thermodynamic cycle32 comprising the hypothetical
cleavage of the drop from the solid, the infinitesimal change in its
surface area at constant volume and its replacement on to the surface.
The measurement of 8 therefore provides a means of obtaining sur-

face energy values.

Adhesion considerations reQuire some knowledge of solid surface
energetic aspects. The work of adhesion W, is given by the Dupré
equation

WA :(ZSurface free energies of solid & liquid) - (Interf—acial energy)
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so that

Was 8 F 3= 3y
The surface free energy Vg of a solid decreases. to g when the sur-
face adsorbs a molecular layer of vapour, and ys =Ygy is the spread-
ing pressureJT, Hence from the Young and Dupré equations

Wa = Y1v (1 +cos 0) + TT.
However the term TTis frequently difficult to determine, limiting the

usefulness of this approach.

A more empirical technique has been developed by Zismanss, who
observed an apparently linear relationship between cos 8 and Y1y for
a series of liquids successively placed in contact with the same solid
surface. The extrapolation to unity for cos 8 of the line (or, more
realistically, the band) drawn through data of ¥y Plotted against

cos O yields the surface tension of the liquid (real or hypothetizal)
which will just spread on the surface area with zero contact angle.
Zisman called this limiting value the critical surface tension 9c, a
quasi-thermodynamic term which is nevertheless a most convenient
characterisation of the solid surface that has been wetted. Values of

¥ for many polymers are now known (e.g. #4599y,

the values for the
main elastomeric polymers are presented in Table 2. A liquid will

wet a polymer if 3, for the liquid is less than ¥ for the polymer.

The elastomers of greatest interest to the tyre industry,and con-
sequently those important to the present study of autohesion,lie in

<1
the relatively narrow range of ¥, values of 27 to 33 mNm .
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Table 2

34,35
Critical surface tensions (® ) of common elastomers (after Lee )
Surface Monomer ratio y
for copolymers t
(Weight %) (mNm™1)
Isobutene -isoprene copolymer (butyl) 99/1 217
Typical ethylene -propylene copolymer 44/56 28
Cis polyisoprene (including NR) - 31
%
Polybutadiene (BR) - 31
Cis polybutadiene - 32
Typical styrene-butadiene copolymer -
(SBR 1500) 23.5/76.5 33
Acrylonitrile -butadiene copolymer 33/67 37
Aok
Polychloroprene # 38

* _Having a cis/trans/vinyl (1,2) ratio of 37/52/11.

*% High trans.

A comment on the surface energy conditions which might apply when

two dissimilar rubbers attain sufficiently intimate contact for subsequent
chain diffusion can arise by analogy with the liquid/solid format. The
assumption is made that the two elastomers are of different viscosities,
the elastomer of lower viscosity being "liquid" compared with the other.
The "liquid'" has effectively increased in modulus by several orders
from the drop of Figure 2. When the bulk viscosities of the two elast-
omers are similar, the situation becomes local and determined by
temperatu:re and the molecular weight distributions: the liquid phase

might exist on either side of the interface, its whereabouts being
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governed at any point by the proximate viscosity conditions.

The formation of an interface between two slightly-dissimilar elast-
omers may occur irrespective of surface energetic aspects because
of an overriding bulk flow driven by a sufficiently-large force. However,
. when the flow finally stops, it can be speculatively argued that the
eventual "'quality”, or degree of intimacy, of contact at such an inter-
face will be somewhat influenced by the surface energies. From the
viewpoint of the last paragraph, it is reasonable that a high degree of
intimacy should require that y . values are similar for the two elast-
omers. Experience has shown that autohesive-type bonding is easily
possible at room temperature between, for instance, uncured com -
pounds separately containing NR and SBR 1500, elastomers having
respective Y . values of 31 and 33 mNm-1 (Table 2). In contrast,
autohesive -type bonding ‘between NR and acrylonitrile -butadiene

copolymer (which differ in Yc value by 6mNm_1) is not common.

2.2 Contact between two surfaces of the same elastomeric material

The situation now resolves to an interface at which the quality of con-
tact is governed by viscoelasticity only. Intimate contact at room temp-
erature will be obtained after the required contact time whenever the

molecular weights of the elastomeric materials are sufficiently low, or

the molecular weight distributions are sufficiently wide, to allow the

occurrence of adequate flow on the application of the contact force.

When such contact is made, no surface stresses should exist as the two
surfaces will possess the same energetic characteristics, so that there
should be no problems of wetting. These remarks apply to the occur-
rence of both autohesion and autohesive tack, the latter involving the

bonding of rubber compounds.
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Chapter 3 Practical aspects influencing autohesive tack

As explained in section 1.2, the most widely encountered aspect of
autohesion is the tack between unvulcanised rubber compounds.
Therefore the bond formation mechanism should take into account the
various empirical techniques used for improving tack magnitudes
(e.g. the mechanical working of the rubber and the incorporation into
elastomers of fillers and processing aids such as tackifiers). Natur-
ally, more complex technology is required to improve compounds

based on elastomers possessing little autohesion.

The tack/bulk strength relationship which applies when handling rub-
ber compounds in practice is discussed in this chapter. However,
the influence on tack magnitudes of rubber viscosity and testing
criteria such as temperature, contact time and contact force are best

reviewed with the diffusion theory.

3.1 The relationship of tack and autohesion

The superior autohesion of NR over that of synthetic polymers,
especially EP co - and terpolymers, is well-known to rubber tech-
nologists-. Yet, although much evidence has been published about the
influence of various testing and material parameters on tack magni-
tudes, the data do not generally grade elastomeric compounds in a
sequence of tack strengths agreeing with technical experience, even
when authors have made subjective statements implying the existence
of such a sequence. The shortcomings are apparently connected with
methods of tack testing (Chapter 5). For this reason, Table 3 shows

the conclusions reached after tests made over an extensive period on
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several elastomers and their compounds at optimum or near-optimum
conditions by the present author using a prototype model of the Dunlop
Rotary Tackmeter. The tack rating aligns with practical experience,
(The present tackmeter is described in Chapter 6, and many relevant

data are provided in Chapter 7.)

Table 3

A grading of tack strengths for several general purpose
elastomeric materials

Elastomeric material Tack rating

NR and cis polyisoprene (IR)
elastomers and compounds Very good

SBR compound Good
SBR elastomer

Transpolychloroprene elastomer

b Fair
Cis BR elastomers and compounds
Butyl (IIR) elastomers 4
EP elastomers and compounds Poor

Autohesive tack can well be greater for a compound than for its base
elastomer, although the elastomer governs the general tack level.
The problem of attaining adequate tack for compounds increases as

the base polymer is varied from NR to EP.

3.1.1 The preparation of rubber compounds_
Rubber compounds are produced by mechanically incorporating var-

ious additive materials into the elastomer; two processes, namely

internal-mixing and milling, frequently being used in conjunction. .
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The high shear forces to which the elastomeric mixture is subjected
due to the rotation of twin screw blades in the totally enclosed mixing
chamber of e.g. a Banbury internal mi:«:er36 are particularly suit-
able for the early stages of mixing. Soluble additives thus dissolved
into the elastomeric phase are processing oils (which facilitate sub-
sequent mixing stages), tackifiers, antioxidants and antiozonants,
whilst insoluble reinforcing fillers (such as carbon blacks) and other
ingredients for use in the later vulcanisation stage are distributed
through the rubber by the process. Internal mixing techniques and
the effects of fillers in increasing the high shear forces applied have
been fully discussed in the literature (e.g. 37-40). together with the

influence of chemical links between rubber chains and carbon black

on processibility“.

Hovever, the final dispersion of fillers through the elastomer is
inadequate after internal mixing. Consequently, a second, milling,
stage (shown schematically in Figure 3) is performed on the crudely-
mixed rubber when curing ingredients are added to the rubber and all

additives become completely dispersed or solubilised.

—— — — — — — — — — —— —— — _—— e —— — — ———

The resulting rubber compound is prepared for technological applica-
tions by employing a technique such as calendering (e. g.43), a'process
first used in other industries in the last century. The calender,
basically a multi-roll mill (normally three-roll) with rolls mounted
vertically, is engineered to produce a continuous thin sheeting of rub-
ber (or rubberised cord fabric) having uniform dimensions: the

sheeting is normally wrapped with protective polyethylene layers.
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Non-mixing Desired Unacceptable Adeguate
region region region region

Steel rolls Banding

Figure 3 A description of op..unun- milling behaviour,
after Tokita and White=2.
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Figure 4  The effect on autohesion of adding whiting to NBR (after Raevskii).




When the polyethylene is removed just before the assembly of the
composite article, the rubber surface should be of good appearance
and should possess good building tack so that the constructed article

will hold together securely uatil curing is completed.

The formation of crosslinks between the elastomer chains during
vulcanisation causes tack ultimately to disappear, as the chains can
no longer diffuse. The premature onset of curing ('scorching')
during mixing must be avoided (by the correct choice of curing ingre-

dients) in order to retain adequate tack for the assembly stage.

3.1.3 Autohesion and mastication of the elastomer

The effect of mechanically working (masticating) the polymer alone
varies for different elastomers. The polymer chains of NR and
other cis polyisoprenes are broken by the shear applied during mas-
tication, the molecular weight decreasing considerably, especially as
the longest chains are those most prone to rupturew. Raw NR
elastomer has a molecular weight in the order of 106 and is initially
too tough to allow the easy incorporation of additives. Hence the
mechaniqally-induced reduction in molecular weight which makes NR
pliable has been a vital part of the industry. However, the mole-
cular weights of many synthetic elastomers decrease only slightly

with mechanical working: consequently these polymers are produced

at lower molecular weights.

The influence of molecular weight and its distribution (MWD) is of
paramount importance to autohesion and is to be discussed more fully

in sections 4.6 and 8.2. Briefly, an increase in autohesion is
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connected with a decrease in molecular weight., Hence mastication
considerably enhances the tack of NR but only improves slightly that

of SBR and EPDM,

Because incorporation of fillers into the elastomer stiffens the mater-
ial, the shear associated with mastication is increased, and the
ensuing increases in tack which frequently occur are to be expected
from the concomitant decreases in polymer molecular weight19 and
changes in MWD. The molecular weight of the original elaslomer

is influential in this area. However, this trend does not continue

through to higher filler loadings.

The effect on tack of the loading of three fillers, viz carbon blacl:,

»

whiting and kaolin, in tw 2 elastomers, NBR and polyisobutylene (PIB),
is demonstrated by many data obtained by Voyutskii and collégéﬁ.g%
Figure 4 shows typical results for the NBR/whiting system44 , @
maximum tack strength being associated _with an optimum filler load-
ing. Other workers have recorded similar behaviour for black
added to NR and cis BR47'48. The low tack magnitudes at higher
filler-loadings are due to a dilution effect, viz a decrease in rubber
contact area at the interface because of displacement by fillerlg: the
suggestion is strongly supported by the dry appearance and 'feel' of
compounds at very high loadings (e.g. 100phr for carbon black of
particle size ca 25nm). The onset of the dilution effect occurs at

higher loadings for fillers of small particle size than those for large-

particle blacks due to the better packing of the small particles.
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Variations in the particle size of the added filler also influence the
; 49-51 ; 50 ]
magnitude of tack as shown in Table 4 for black and NR  (this

table also emphasising the lower value of an unfilled control sample).

Table 4

Effect of Carbon Black particle size on the tack
of NR compound (after Baranwal) °°

A Bk o % E

Loading of NR 100 100 100 100 100

Loading of black (phr) 0 40 40 40 40

Black particle size = 200-500 61100 4960 26-30
range (nm)

Tack strength (kPa) 254 400 460 500 627

The tack strength was measured in the tensile mode by placing
together two surfaces of the same material and recording the force
required for subsequent separation.

Contact pressure 110kPa, contact time 60s, separation speed

0.42 mm.s .

Control sample A was masticated for same time as the compounded
stocks.

As size decreases, the total surface area of filler at constant loading
increases to enhance rubber/filler interaction and therefore rubber
stiffness. A particular interaction is reinforcement which takes place
during mastication if active surface groups on certain fillers (e. g. car-
bon black) chemically link with the polymeric chains. The degree of
reinforcement is given by the bound rubber content (the comparison

of the weights of solid matter before and after the swelling of the com-
pounded rubber by solvents, é.g.41). Bound rubber formation

causes further increases in the severity of shear during mastication

so that, for NR, degradation becomes further advanced, especially as
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the polymer chains bound to the black are probably those of highest
ol : 40

molecular weight  , the chains most prone to rupture . Even for
SBR or cis BR, the removal as bound rubber of the longest chains
leaves an elastomeric phase which is now richer in low molecular
weight Species41. The diffusive aspects of tack are assisted in both
cases. Not surprisingly, optimum measured tack values have been
greater for reinforcing fillers than for the inert typeso, and have

depended on the degree of structure possessed by carbon black48.

Two other suggested factors are that filler-rubber or filler-rubber -
filler chemical linkages might occur across the interface to improve
tackso, whilst carbon gel might form in black-filled NBR, to reduce

46
tack

A cousideration of section 3.2 is the relationship of tack and the bulk
strength of a rubber. Briefly, the presence of filler is a major
influence on the strength of the compound. The possibility exists
that, for the more tacky rubbers, the long contact times used in tack
measurements by most workers could have produced, at least locally,
autohesive bonds of magnitude approaching cohesive strength values
if the contact forces employed were sufficiently large. Hence the
measured values could reflect bulk characteristics rather than an
ability to coalesce, However, some data have been published which
cannot be considered to represent bulk strength. A 400% increase
in tack strength has been foum:iqt'ir on adding black to NR after a con-
~tact time of 6s only. In addition, by studying NBR, Raevskiié'4

avoided the potential problem as the rate of diffusion for this polymer
is apparently low.
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3.1.5 The influence on autohesion of the addition of oils,

Most polymers can be handled with greater ease during mixing if some
liquid plasticiser is incorporated. Process oils, of molecular

weight 102 - 103, are employed in this way with the non-polar elas-
tomers commonly used in the tyre industry. Although the stiffness of
the resulting compound is diminished, the improvement in banding when
" milling (Figure 3) ensures that high shear conditions prevail. The

presence of oil considerably affects tack magnitudes.

Plasticisers are best chosen for use with particular polymers for
reasons of compatibility, the molecules of "true" plasticiserslg_ com-
pletely penetrating individual polymeric chains. The ensuing "'locsen-
ing' of the high molecular weight structure reasonably enhances flow
properties, so that contact between surfaces is improeved but bul.
strength diminished: in addition, chain interdiffusion at the interface
is increased. When the plasticiser and polymer are of limited com-
patibility, the formation of micrc')t‘:avities and the blooming of plas-

ticiser to the surface (forming a weak boundary) combine to decrease

the level of measured tack strengths.

Some early work serves to illustrate these points. The presence of
small amounts of true plasticiser in a compound has caused increases
in tack levels”; howevel'*, the addition of excessive quantities of plas-
ticiser eventually caused measured values to reduce. The implication
of the reductions is that complete bonding had been reached within the
contact times employed so that test measurements now reflected bulk

: 49,18,47
strength values. Later workers have only observed decreases intack when
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Table 5

An arbitrary classification of typical tackifiers with some examples

Pyrolysis products

Terpenes
Pyrolysate of wood resins and tall 0ils>2

Scrap tyres (pyrolysate condensed with furfuraldehyde)53

Terpene oils and resins

Unmodifie d54

Rosin ester554, terpene polymers
5,56

Koresin (R'=t -butyl, X'=acetylene)

"Many other resins with e. g. R'=C4H9, CgHjyn & CgHyg
and X'= acetaldehyde, formaldehyde or novolak:
also more complex condensates

Hydrocarbon resins

Unmodified ex coal tar

— o — o — w— —

— — — — — — — — —_—— — — —

—— —— — —  E— — — —— —

e = — ———— —— —— — — —

Esters of diphenyl and pol yphenyl compounds (polar)

Liquid elastomers

Liquid polyisobutyle negi :
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incorporating various liquids into rubbers, long contact times invar-
iably having been applied. The reasons for the decreases reasonably

lie with the bulk strength coupled with a lack of compatibility.

Other compatibility aspects are emphasised in a particular class of
liquid processing aid. Tackifiers, unlike the plasticisers discussed
to date, are specifically included in rubber compounds to enhance

the level of autohesive tack. The materials are frequently resins at
normal temperatures although certain viscous oils and low molecular

weight polymers also suffice.

Many tackifiers are obtained from abundant natural sources and are
consequently relatively cheap, e.g. pine tar and rosin esters (deriv-
atives of abietic acid) which are obtained after the fractionation of
wood stumps. The additional pyrolyses of wood rosin and tall oil
have given other tackifier types and, in an analogous development,

the pyrolysis of scrap tyres followed by a reaction with furfuraldehyde
has also produced tackifiers. Other natural sources are coal tar and
petroleum. It is therefore not surprising that numerous tackifiers,
arbitrarily classified in Table 5, have been listed in the technical

and patent literature.

The same tackifiers are often used both in rubber stocks and adhesive
formulations. The main difference lies in the loading of tackifier,
In rubber compounds, loadings are generally £ 10 phr to avoid bulk
strength deficiencies. In adhesives, the reinforcing influences of
the substrates being bonded overcome such strength deficiencies up

to loadings of ca 50 phr, at which stage viscoelastic flow aspecté are
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considerably enhancediethe tackifier functions also as a plasticiser.

Tackifiers may be used to increase the autohesive tack of all elas-
tomeric compounds. The presence of tackifier in NR compounds
obviates the need to continue milling until optifnum conditions of
mo]ec.ular weight (M) are attained. = SBR elastomer is produced in a
suitable M range and th;a incorporation of tackifier can give adequate
tack for practical usage. However, even with the incorporation of
tackifiers, EPDM compounds generally only attain a limited tack
level, special techniques and compounding skill being necessary to

produce adequate building tack.

Some ideas have been proposed on the mechanism of tackification.
Elastomeric chain diffusion across the interface may be assisted by
simiiar resin migration causing "inter-lacing" and perhaps involving
hydrogen bondingsz. Tack enhancement has been related to com-
patibility between elastomeric and resin phase556 , the size and con-
formation of the alkyl substitution group in phenolic tackifiers being
a factor. DMore significance may be attached to a modified proposal,
that of "controlled inc:t:)'rnpa:zﬂ;ibilit:y"64 which is aptly illustrated by the
data for a phenolic tackifier in EPDM shown in Table 6. If the tack
measurements after increasing ageing periods are successively stud-
ied at each tackifier loading, optimum loadings are noted, the optima
being reached after shorter ageing periods as loading is increased.
The implication is one of tackifier migration to the surface region to
enhance tack until an excess of migrated tackifier once again causes
local strength deficiencies. The proposal aligns with earlier obser-

6 . :
vations ® that time is required for Koresin (see Table 5) to bloom to
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the surface to increase tack, and that the measured value is
diminished by painting the rubber surface with a Koresin solution.
The general mechanism can be reasonably applied to other classes of

tackifier.

Table 6

The effect of adding different loadings of phenolic &ickifier
to EPDM compound (after Petersen and Martin )

A
Tack measurements

Ageing period 0 3 ¥ 3 9
Tackifier loading (days)
(phr)

0 3.4 2.7 3.6 3.3 3.0

5 | 4.0 4.8 4.9 3.0 4.1

12 14.0 19.4 17.4 12.2 0.2

20 22.2 39.1 0.2 0.2 0.2

30 26.2 22.2 0.2 0.2 0.2

40 32.1 19.1 0.2 0.2 0.2

* Contact and separation force of 50N on contact area of 360mm2:

tack is assessed by time (s) to separation in tensile mode.

Using published data, the task of grading the proficiency of tackifiers
is made difficult by the different test methods employed, although

4 : 7 o 65,54
independent assessments, albeit limited, have been performed ‘
A representative collation of results is drawn up in Table 7. The
indications are that a substantial tack improvement can occur for non-

polar elastomeric compounds with selections from any of the following:

modified pine gums and derivatives, terpene polymers, some rosin
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_Table 7

E
Collated tack data for the effect of tackifiers on several elastomeric materials ok
Tack values as percentages relative to suitable control compounds
EPDMg/s EPDM Nitrile SBR NR
Tackifier loadings (phr) 5.0 2.5 4.0 5.0 2.5 10.0 2.5 4.0 10.0 4.0
Tackifier
Commercial pine gum 35 183 100
Modified pine gums and derivatives 74-122 82-217 25-175
Terpene polymers 533-667
Rosin and pine tar ; 166
Hydrogenated wood rosin esters : 100-333
Rosin esters - aromatic 141
Ditto - long chain lengths 100-158
Ditto - short and medium chains 158 175-183
Hydrocarbon-based ester 115-119
Aliphatic hydrocarbon resin 219
Aromatic hydrocarbon resin 142
Cg phenolic/aliphatic hydrocarbon 727
Cg phenolic/aromatic hydrocarbon 312
Koresin 92-130 117-150 567 141
Cg phenolic resin 198 133 188 ;
Cg phenolic novolak resin 97-183 114 116
Various phenolic resins 250 58-200
Reference 63 54 59 54 54 66 54 59 65 59

N.B. Testing modes:- reference 63, peel; all other tests, tensile. Values from the shortest contact times cited.
Comparison between tackifiers is best made within each test series as indicated by each reference number.

* One gumstock (g/s), otherwise all blackstocks.
A i.e. Values < 100 indicate a reduction in tack.



esters, and hydrocarbon and phenolic resins. The most effective
tackifiers probably exist amongst the terpenic and phenolic groups,
Compounds of more polar nitrile elastomers apparently respond to

unmodified pine gums and a hydrocarbon~based ester.

In line with the main contribution of the present work, the complex
molecular shapes and sizes possessed by the best of these tackifiers
may also enhance the distribution of free volume, with a correspond-
ing increase in the number of "sites' into which diffusing chains from

the opposite surface can diffuse.

3.1.6 The influence on autohesion of other com@gngigg_igg_redients

and of surface treatments
The advantageous migration of a relatively low molecular weight
species through the rubber bulk tc the surface region has been noted
previously. However, even with tackifiers, excessive migration due
to high loadings or incompatibility cause reductions in tack. The
reasons may be associated with a weak surface region, but reductions

are also caused when some species migrate completely to the surface

and inhibit subsequent chain interdiffusion.

Hence diminished tack levels follow the blooming to the surface of
compounding ingredients67 such as sulphur, accelerator, wax, anti-
oxidant and stearic acid. The cause of migration is generally asso-
ciated with solubility and related factors i.e. time of ageing, temp-
erature and loading of ingredient. The eventual surface deposit may
be in the form of a fine dust which reduces tack considerably.
However, ''bloom' and other deleterious surface effects can be

inhibited by covering the surface with protective polyethylene sheeting
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or fabric 1iner920 and by using certain tackifierssg.

Another general reason for tack reduction is the exposure of elas-
tomeric surfaces to the normal atmospheric environment. For good
tack, a dusty atmosphere and excessive water vapour47 should both
be avoided. In addition, the oxidative effect of a mixture of oxygen
and ozone on surfaces has been shcm.vnl8 to be the formation of a

cross-linked non-tacky skin.

These naturally-occurring surface coating phenomena have been
utilised by industry in situations where uncured elastomeric articles
are required to be non-tacky during storage, but tacky for subsequent
assembly. Methods employed include surface treatments by talc or
emulsifiers (e.g. 'Teepol', zinc stearate and sodium oleate):
Voyutskiilg has deduced that an oleate layer of thickness 1. 75 pm |
completely destroys tack. Although ozone treatment is probably im-
practical, a similar oxidative skin can be produced by the action of
radiation (especially ultra violet) which has been used to destroy the

tack of several elastomeric compounds (not including those of EPDM)6 8.

The tack of unmoulded rubber layers can be regained by re-milling so

thatrcompletely new surfaces are formed. However, for moulded or

formed articles, the regeneration of tack after storage is usually per-

formed by heating the rubber surface or wiping it with solvent so that
. S : : ML 19,22

chain segments are mobilised and interdiffusion increased :

addition, chemicals deposited on the surface by blooming may dissolve

in solvent, to be removed. However, over-heating to ca 60°C can

decrease tack again due to skin formation following accelerated
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oxidative processes . At higher temperatures ( >100°C) the onset
of cure would cause the formation of sufficient cross-links at the

surface to decrease tack further,

69-71
The separate discovery by three polymer manufacturers that ex-

posure of EPDM compound surfaces to radiation or ozone can cause
enhancements of tack is of special interest. In each case, the
presence of certain tackifiers was necessary and one claim'?1 required
the EPDM to possess a high (80%) ethylene content. In view of the
deleterious effect of UV radiation on compounds of elastomers which
are normally more tacky than EPDM, these inventions emphasise the
complexity which still surrounds autohesive tack.

3.2 The relationship of tack strength and bulk strength of
elastomeric materials

On forming a bond between two elastomeric surfaces, subsequent
separation forces will be transmitted into the body of the elastomeric
material. As the magnitude of autohesive tack is necessarily assessed
by destructive test methods (see Chapters 5 and 6), both diffusive and
bulk strength characteristics are involved in the assessment, Although
both characteristics can be interpreted in terms of molecular weight
and of chain flexibility, conformation and packing, the distinction
between the characteristics remains valid on the grounds that the
diffusive step must precede the development of bulk strength. As the
low tack for EP applies across a large molecular weight (M) range,
bulk strength is inferentially important to tack measurement only in
association with adequate diffusive properties. The ability to form an

adequate interpenetrating polymer layer at the interface is the primary
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requisite of successful autohesive tack.

Forbes and Mcleod]LB made convenient use of the term relative

tack FR’ which is defined as tack strength F divided-by bulk strength.
For those elastomers which do coalesce readily within the relevant
contact time to produce unit relative tack, high bulk strength is desir-
able, so that F values will also be high: hence a combination of low
and high molecular weight fractions is necessary to optimise both
diffusive and bulk characteristics. In practice, a value of FRp some-
what less than one can be tolerated provided that the buik strength is

high.

| The attainment of unit FR when the bulk strength is low can lead to
erroneous tack test values if excessive contact times are employed,
as measurements might reflectbulk rather than diffusive ability.
The point has been already made in section 3.1.5 concerning the
influence on tack of plasticisers etc: naturally, the addition of oil

increases interdiffusion but decreases bulk strength.

The treatment of the compound surface by solvent can promote the
diffusional characteristics of the surface whilst retaining an adequate
bulk strength. The use of excess solvent, however, weakens the
surface region to such an extent that the autohesive bond will be broken
even by small separation forces. Liberal use of solvents or rubber
solution is more acceptable for applications where separation will not
occur (either accidentally or -by intent), especially as the contact times
during which FRr might increase to unity are great, covering a ﬁeriod

from initial contact to the onset of cure.
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A particular influence of chain packing which causes enhanced mag-
nitudes of bulk strength at high strains is discussed in the following

section.

3.2.1 Stress crystallization and crystallization per se

As the temperature of a polymer in its 'glassy' state is raised from
temperatures near to absolute zero, the continuous increase in energy
enhances molecular movements to cause an overall increase in volume:
the resulting volume/temperature relationship takes the form of a
smooth curve which somewhat approaches linearity. A temperature
TG exists at which the polymeric chains are sufficiently separated on
a time average basis to allow the onset of fresh molecular movements
such as segmental motion. A discontinuity occurs in the volume/
temperature curve in the proximity of T, the gradient being steeper'

and more nearly linear in the elastomeric phase above this so-called

second-order transition temperature.

For some polymers, additional discontinuities in the same curve can
arise at even higher temperatures due to a particular aspect of chain
packing. When chain segments of polymers of reasonably regular
structure arrange themselves in an ordered state, the polymers ex-
hibit what is termed a first-order transition which is acccmpanied by
an evolution of heat, a contraction of volume and the appearance of
characteristic X-ray diffraction patterns. The phenomenon tilus
resembles the crystallization of simple liquids. Many thermoplastic
polymers, such as polyethyiene, polypropylene and trans polyisoprene,
can possess crystallinily. However, amongst common elastomers,

only NR and some other cis IR polymers, very high-cis BR, trans

S T



polychloroprene and perhaps EPDM termonomers possessing high
contents of ethylene have the ability to crystallize: for these poly-
mers, effects of both chain packing and chain flexibility can feature

prominently at normal temperatures.

Crystallization is never complete in a polymer (e.g. NR never being
more than ca 30% crystalline72) due to factors such as molecular
irregularities and chain entanglements. However, the consequences
of any reasonable degree of crystallization in an elastomer are
striking, being reflected by considerable changes in properties such
as hardness, strength and elasticity: these properties depend on the
degree of mobility of the polymer chains. The immobilising effect
on chains is noticeable both for vulcanised and unvulcanised elas-
tomeric materials. Several comprehensive reviews'?s"w have beenl
published of the occurrence, growth and effects of crystallization in
polymers, and the studies of Bekkedahl and Wood?8 on NR have con-

tributed largely to the subject.

The rate of crystallization in a polymer (and the subsequent melting
point of the crystallite regions so formed) is dependent on the temp-
erature of crystallization. NR crystallizes most rapidly at ca -25°C,
the rate at zero strain being very slow at normal temperatures. It

is therefore to be expected that no initial crystallization exists in NR
testpieces moulded under pressure at temperatures of ca 100°C and
subsequently either cooled to room temperature prior to measurements
such as tack, green strength, etc.) or subjected to cure at temp-
eratures well above IOOOC, cooled and lested {e.g. by tensile measure-

ment, etc.) within one day. Similarly, during storage, NR compounded
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Figure 5 The effect of stress crystallization on the
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stocks only exhibit signs of crystallinity after extensive periods at

low ambient temperatures.

Nevertheless, the proximity of normal temperatures to the crystal-
lization temperatures of NR means that chain energetic and packing
considerations are almost suitable for crystallization, and the action
of stretching samples to 200-300% elongation provides sufficient
orientation to complete the alignment of chains. Physical properties
now relate to a polymer possessing crystallinity. Hence the stress/
strain curve obtained for NR of moderate to high molecular weight
from tensile measurements possesses a tail (Figure 5), the sample
often breaking at stresses far greater than the low strain yielding
stress P. The relationship between elastomers displaying crystal-
lization, stress crystallization and no crystallization is aptly des-
cribed by data'-'r9 illustrated in Figure 6 for vulcanised compounds of
polyisoprenes at room temperature. Whereas the chain structure of
trans IR is sufficiently regular to make the polymer crystalline, that
of cis IR (especially NR) will only cause stress crystallization, and
intermediate isomeric forms which contain proportions of both cis
and trans IR display no crystallization of any form. The point is
made in Figure 6 by comparing the curve describing tensile strength
behaviour (being associated with elongations of 500-800%at high cis
contents) with the curve of modulus measured at only 100% elongation.
The necessary isomerisétions were performed79 by chemically

treating NR or trans IR with sulphur dioxide for various times at 140°C.

Stress crystallization can be displayed by all of the crystallizable

; ; 8
elastomers. For reasons of molecular weight and its distribution,
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the stress/strain curves of synthetic IR elastomers can vary from
those with no crystallization tail (stress values rapidly decreasing
from P to break within an elongation of 300-400%) to those which
approach NR in behaviour. Attempts to enhance or supplant the

o G WA 81 ~82
stress crystallization of uncured synthetic cis IR"~ and SBR ~ com-
pounds (to increase strength) have included the incorporation of
chemical functionality on to the chains to give some ionic crosslinking

with certain compounding ingredients before the main cure.

Because the primary requisite for autohesive tack is reasonably the
ability to coalesce (page 45), crystallization reduces tack consider-
ably, as the imrnobili_sation of the orientated well-packed chains
inhibits diffusion. Nevertheless, for elastomers such as NR, the
separation stage following a successful coalescence can include s con-
tribution by stress crys.allizatioa at sufficiently high elongations, to
enhance the measured value. Several workers (e. g. Skewiszl) have
considered that stress crystallization is the main cause of the tacky
nature of NR. However, the supplementary role of stress crystal -

lization is illustrated by the present author in Chapters 7 and 8.

The occurrence of stress crystallization at relatively low elongations
(~50%) in high-ethylene EPDM compounds to give increased bulk
strength has been utilised in the approach mentioned in section 3.1.6

of tackifying EPDM compounds by surface irradiationﬂ.
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Chapter 4 Bond development and the diffusion theory of autohesion

Coalescent bonds can develop only if
(a) surface energy differences are limited so that intimate inter-
facial contact can be attained (Chapter 2).
(b) following (a), cohesive energy differences are restricted so
that interdiffusion is possible.
The maximum energetic dissimilarity associated with (b) can be
roughly quantified. Mixing will occur as a result of a negative free
energy change A G where
AG = AH-TAS.
For identical materials there is no enthalpy change and the entropy
change will be positive because the removal of an interface by inter-
mixing represents an increase in disorder; hence A G will be nega-
tive. Whether the equation is satisfied when mixing dissimilar
materials is considerably influenced by the A H term which in turn
depends on ((Ellvl)% - (Ezlvz)%)z. (EIV)%, the square
root of the molar cohesive energy, has been termed the solubility
parametersa. Calcl.a.lationa4 has suggested that mixing of a liquid

with a polymer should take place spontaneously if the difference in

1

: -1
solubility parameters is less than ca 1(cal.cc. )F:however, for the

5

"mixing' of two polymers of M~10", the value®® should be less than

1
2

-1
0.13 €al.cc. ).

Diffusion governs the rate of coalescent bond development for rubbers

which satisfy the required degree of energetic similarity.
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4.1 The diffusion theory of autohesion

Discussion so far has frequently referred to autohesive bond develop-
ment as the diffusion of polymer chain segments across a properly
made interface. The hypothesis arose initially from observations on
liquids, stic.ky materials and tacky elastomeric materials by Josefowitz
and Mark?2. A series of situations (reproduced here as Figure 7)
arises from the addition at suitably-chosen pressures of a spherical
drop of one material to a plate of the same material, the particular
conditions applying to each situation (a to L) being included in the
figure. Tackiness was visualised as an intermediate between the
self-adhesion of liquids and that of solids (in particular, cross-linked
polymers). The ability of elastomers to coalesce in the manner of
liquids was recognised as the primary requisite for tackl, solid-like
behaviour only becoming important subsequently for stability (non-
flow) or high resistance to separation. However, the explanation of
the different autohesive behaviour of various elastomers was solely
ascribed to the restriction of chain mobility due to cross-linking.

The possibility that each elaétomer mighf possess an unique optimum

rate of diffusion was not mentioned.

The greatest proponent of the diffusion theory of autohesion has been

Voyutskii23+ 19

who developed and rationalised the ideas above. The
essential disappearance of the boundary layer is brought about by the
diffusive movements largely of individual segments of macromolecules
(micro-Brownian motion) due. to the.rmal vibrations (Figure 8). (In a

variation to the approach64, the movementgof segments across the

interface have been considered to be absorption prior to the inter-
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diffusion of whole molecules.) Voyutskii's sentence - "Contact
itself is not sufficient for the coalescence of two layers of a high
. 44

molecular substance'' - and other work of his  allows the con-
sideration that different rates of diffusion can apply to different elas-
tomers. The bond strength magnitudes after diffusion have been

: : : 22 o S
recognised as resuliing from intermolecular” or mechanical  links,

The subsequent importance of bulk strength was noted by Voyutskii.

Later sections study the experimental verification of autohesive
diffusion, the appraisal of relevant factors and a mathematical

quantification for the strength of the developed bond.

4.2. Fundamental diffusion aspects

In all branches of chemistry, the migration of a substance under the
action of a difference in chemical potential is called diffusion.
According to GordonTS, the driving force of all diffusion lies in the
random thermal motions of molecules, the movements tending to
equalise concentrations, or, more accurately, chemical potentials.
Although this role of chemical potential is easy to visualise in systems
involving the transport of small molecules, the autohesive interdif-
fusion df segments across an interface between identical elastomeric
materials requires the chemical potential of the original surfaces to
be in excess of that of the bulk, the equilibrating of potentials occurr-
ing by the ultimate disappearance of the interface. Alternatively,
from the randomness of molecular motions, the driving force of dif-
fusion might be the compulsion to fill regions of free space, a view -

point easily covering autohesion as well as other forms of diffusion.
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The migration of one species through anaher is governed by Ficks laws
of diffusi?)‘zl, whatever the phase of either species. The differences

between systems such as gas/liquid, liquid/solid etc. lie in the various
boﬁndary conditions, those for autohesion being shown later. If amount

dm of substance diffuses across area A in time dt to give a concentration

gradient déldx, FicKs "First Law' states

1 dm dc
. = - e o T L, L) Rl 4. 1
A dt ¥ dx
The term D is the diffusion coefficient (or constant), traditionally
possessing the units cm.zs'l. By considering incremental increases in

concentration across the path of the migrating species, cne can cbhtain

2
(‘)T‘:).—. D(—“‘“'zg ;) ------------ o o e 252

Equation 4.2 (Fick's "Second Law', or the general differential equation

- of diffusion,) has a more fundamental form:-

ERBN AN 7%

These equations assume D to be independent of concentration, which

applies when molecules of both species are small. For all molecules,
D is influenced by molecular size, and, for a small molecule diffusing

in a polymer, D depends on the local concentration so that
dc S dc ) de d dc
('—rt = 3% D = ns ay | ay i S 35 D—a; ------ 4.4.

Mathematical solutions of equation 4.2 to give the concentration at any

point must be functions of the product Dt. A particular solution

1 -
&% LA aup { x® (DY) = - i e e ST e 4.5
1
applies to a plane source. As the total amount m of diffusant is 24 (nD)?,
1
-2 -1
dis b UniDy) Hexp G2 MO0 Ty S L e s s L L 4.6.

More realistically, an initial distribution would occupy a finite region
made up of line elements each acting as a plane source to any point Z
at x>0. Hence, after time t, ‘the concentration at Z is the summation of
expressions analogous to 4.6, the overall summation being of similar form
but increased complexity and being portrayed as a concentration/distance

curve (e.g. Figure 9). The form coincides with the error function "erf z" of
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Figure 10 Schematic pattern of 1i quid molecules, after Bueche®"',



which extensive tables exist. A solution for autohesion is given later.

The average distance travelled from x = 0 by a diffusing particle is
2
given by the mean square displacement X . As the probability
p'(x)dx that the particle lies between x and x +dx is proportional to
. 88
the local concentration
2 -3 =
X =J xzp'(x)dx = f x2(4'nDt) 2(exl:r(-xz(4Dr.) ))dx

2
Fromthis, X = 2Dt - = = = = = = = = & & & & o 0 0 o 0 = = = = = 4.17.

Several other diffusion coefficients, proposedag'go as being more
suitable than D for particular situations, and certain cther forms of
diffusion which follow non-Fickian guidelinesag, are not relevant to

tack.

Miscellaneous relationships involving D:-
a) The Stokes-Einstein equation.
If k is the Boltzmann constant, T is temperature and ’? is the macro-
scopic viscosity of solvent streaming past a molecule, radius r, then
D= leBTT‘rLr -------------------- 4.8
which is a special case of the more genefal expression
D = kT/molecular friction - = = = = = = = = = = = - - 4.9,
b) If D0 is a frequency factor correlating with the initial concen-
tration dependence of D, NA is Avogadro's number and Ed is the
activation energy for diffusion, the effect of temperature on diffusion
takes the form of an Arrhe‘nius—type relationgl:—
D = D, exp (—Ed}NAkT) ---------------- 4,10,
In general, the stronger the temperature dependence of D, the greater
Ed and the slower the expected diffusion. E 4 has been discussed in
2

some depth9 for small molecules diffusing through polymers.

=



93
c¢) The effect of concentration ¢ when ¢=»0 has been described

as ceeD and D. However, at volume fractions (¥)>0.2, a more
sophisticated treal;menl;g4 assumes the energies of hole formation to
arise from intermolecular attraction and proceeding through
probability aspects derives the following expression which covers all
concentrations from pure elastomer to pure solvent. If Bis a con-
stant and the other subscripts of D refer to the limiting values of P 4

oxn(1-Bl-
Py - Do(DllDo)l exp(1-BY(1-¥))

95
On the basis of Eyring's theory of hole formation, Ed derives from
Kinetic energy, being the energy required to move liquid molecules
sufficiently apart plus that necessary to enable the diffusing molecule

to transfer or jump into the resulting holelg.

This energy does not
apply to holes which already existgs, holes being loc.tions of free
volume outside the sphere of influence of intermolecular forces.
Buechez7 considered the physical aspects of a random arrangement

of intérdiffusing liquid molecules (Figure 10) vibrating with frequencies
A~ 1012 to 1013 s-1 due to their thermal energy. Local molecules
are confined to a rather well-defined cage by the surrounding mole-
cules so that the average position of the mass centre of e. g. molecule

A is fairly well fixed. Many vibrations invariably occur before the

mass centre traverses a distance of one molecular diameter.

Several translations of the average position of the mass centre of A
might occur. Two instances are:-
a) if molecule X is missing from the lattice structure at an

instant in time, a hole exists next to A. With sufficient thermal
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energy, and with movement in the right direction, A might jump a
distance 3,]' to the ”X-position".- The chances are that another mole-
cule will subsequently take the old position of A.

b)"a'Cooperative movements might occur. Fdr example, mole-
cules C, A, B and X could move at the same time in a circular pat-
tern, the displacements being C to A, A to B, etc. Looseness of
packing or sufficient local free volume is required for such transla-

tions.

An expression for D can be derived from the model. Suppose the
-1
jump frequency is (I) s . In this random situation, the mean square
value of the displacement of a molecule occurring in time t is easily
2 : :
shown to be  t 53. / 3 (the factor 3 performing a reduction from

three -dimensions), so that, by analogy with equation 4.7,

D - @53,%6 -------------------- 4.12.

—— — —— ——— — — ——— — — — — — — — —

4.2.3 Diffusion of a small hydrocarbon through a polymer

Equation 4..12 can also apply to the diffusion of a small molecule through
a polymer. Smaller gas molecules, in completely obeying equation
4,10, participate in so-called "Type A" Fickian dif)‘.'u.siong8 in which a
plot of In D versus T-1 is linear at temperatures near to ambient, The
zone theory of Barrergl?, in which E 4 is said to be distributed through

many degrees of freedom in the matrix, led to the consideration of

cooperative motion of polymer segments in the diffusion mechanism.

; 99 ' '
An alternative approach™~ employing numerous measurements of the
physical size and shape parameters of saturated hydrocarbon diffusants

has given the relationship
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where K and a' are constants, a' being ca 1 to 2 for solvent diffusion
in rubbers. This expression can be shown to approximate to a
particular case of a more rigorous treatment94 which also assesses

unsaturated hydrocarbons.

For penetrants of the size of butane or larger, the plots of Iln Dvs T_l
are no longer linear and display the characteristics of "Type B'
Fickian diffusiongs. The extra chain organisation required to pro -
duce critical holes (of sufficient size to accommodate the penetrant

molecule) has caused the non-linearity.

—— — — — — — ———— — —— — v — — —

The application of equation 4.12 to the diffusion through a polymer of
other polymeric species relates to chain segments rather than whole
chains, and consequently the movement of molecule mass centres is
described by

p- ¢ szfst ------------------- 4.14
where N is the number of segments per complete chain. (Chain
entanglement effects can be disregarded as they effectively produce
combined chains with Ng raised to N:.) Because jumps are essen-
tially of siﬁilar magnitudes for all hydrocarbons regardless of dif -

99
fusant size , , D is largely influenced by q) 3

If f, is the segmental friction force, the molecular friction becomes

¥ 5
N1, (or N, f_, if appropriate). Hence from equations 4.9 and 4. 14

o

2
L= GBI P &; m ElEE - e e 4.15.

This equation connects two largely complementary ways of observing
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segmental motion in diffusion.

The extent of chain cooperation now necessary means that Type B
diffusion98 is well established. Signific-ant changes occur in the
terms Doand Ed in equation 4. 10 for relatively small changes in dif-
fusant size. The graph of In D vs T~! resembles the analogous curve

o el L 100, 96
for polymer viscosity. Participating segments are 20-40 C atoms long.

Yet another view of segmental diffusion at the interface is prﬂc:cvided25
by applying the particular conditions to Fick's Second Law. As time
progresses, the length of polymeric chain which has diffused into the
substrate surface from the adherend increases so that diffusion be-
comes slower than the rate predicted by the law in simple form.
VaseninZ® used a &iolution90 which applies when D = f(t) only:-

Seldt=Drd®e [ox® <~ LT el T OTR S 4.16.
If 2 is defined as D(t) dt, equation 4. 17 reduces to

BEe e bt Sl R 4.17.

4.3 The strength of the developed autohesive bond

11 -14 -1

Autohesive self-diffusion coefficients D of 10 ~~ to 10 cmz. S
have been observed radiometrically (section 4,4) for high molecular.
weight (104 to 106) polymers. From equation 4.7, a representative
mean path X for simple diffusion for the first second is 45 g. As
tracer techniques sensibly consider whole-chain diffusion, the sugges-

101
tion that X for small chain portions (involving higher diffusion

rates) depends on a much lower power of t might be speculatively .
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applied to the initial stages of autohesive contact. (An analogy might
be the relationship between dissolution and diffusion during gas per-
meation through elastomers.) Whatever tﬁe case, adequate inter-
diffusion is clearly possible in the first second of interfacial contact

to allow considerable intermingling of chain portions.

The strength of the resulting bond is sensibly proportional to the
number of chain segments (conveniently chain ends) and to the depth
2

5
of their penetrationz . The number of chain ends per area of 100mm

has been derived (from Avogadro's number N the polymer density/:?

A!

and molecular weight) to be

2
3

| ((2+p)NAf:M-l)
for p branchingszs. The transfer of momentum from y) impacts per
second and n . methylene or methy?! molecular groups of mass m'
when one molecular chain is torn from the polymeric bulk at velocity
u gives 0.5m'u) n for the force of resistance. Therefore the
analogous force F per 100 mm2 of area will be
F=0.5m'uVn, ((2+ p)/ONAM_l)% ----------- 4.19,
The average depth of penetration ¥ can be taken as x when ¢ = ¢ /2.
From equation 4. 18
J'E=0.5(Tt'()% —————————————————————— 4,20,
Vasenin derived n__ from molecular dimensions and X. To elimin-
ate { from equation 4.20, if b is a constant less than unity, and
another counstant K, is equal to D in magnitude (but not dimensionally)
when t = 1s, then the expression
LS Y o e DR R N e 4.21,

suits the original requirement for 3% . By substituting for np, in
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equation 4.19 and inserting numerical values for all molecular

parameters and standard constants, the expression
z 1 0.5(1-b)

F = 11.1Y((2+p) Kp“ut = =--=--=--- 4.22
geopoge D _
\)(

2
was obtained for the strength of the autohesive bond. By assuming

b to be 0.5, the power term for t has been taken as 0. 25,

A slightly different approach28 considers that, whilst interdiffusion
develops the autohesive bond, the final strength depends on secondary
bonds which can slip on the application of stress. The use of Eyring's
absolute reaction rate theory gives the jump frequency of the inter-
action "force centres". As a result, if tg and fg are breaking time
and force terms specific to the Skewis tackmeter (Chapter 5), then
fpec tB_l. Normalised autohesive test data for cis BR agreed with

the solution.

4.4 The autohesive diffusion theory - direct experimental evidence

4.4.1 Radiometric evidence

The existence of interdiffusion processes at polymeric interfaces.has
been proved by the incorporation of a small amount of radioactive iso-
tope intoa potential diffusant (thus 'labelling' or 'tagging' the mater-
ial).  As labelled elastomer diffuses into a relatively thick inactive
substrate, the intensity of radioactivity emanating from an originally-
active surface decreases because of absorption of the radiation by the
substrate. Carbon 14, with a half-life of ca 5,700 years and which
emits soft beta-rays of energy ca 0.15 Mev, is a radioactive isotope

suited to this purpose, as 1 mm rubber will absorb half of the radiation

and 7-8 mm will totally absorb the rays. Tritium (H-3) is another
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Figure 11 Diffusion coefficients of several elastomers at
different molecular weights, after Skewis®".



suitable isotope.

The elegant experimentation required for radiometric studies has
limited the numbers of publications relevant to elastomeric self-

102,103,21

diffusion other workers have studied radiometrically the

104 99
diffusion of oils and solvents  through polymers, whilst Corish
and Palmer have similarly investigated the diffusion of sulphur in
102,103,21
rubbers. Studies on self-diffusion have followed the
106
method of Rayner et al in which a tagged film (5 to 25 pm thick)
was cast on to a surfacc of unlabelled elastomer and a counter measur-
ing the intensity of radiation was positioned normally above the cast
1
film. Equations have been derived to show, for example2 , that

Dt was proportional to the radioactive count at time t divided by the

initial count: the plotting of count ratio against time gave D directly.

A main conclusion is that, whereas D for sulphur, solvents and oils

- - -1
in polymers is 10 2 to 10 8 cm.zs » the D value for elastomeric

3 AT -11 -14 2 -1 '
self-diffusion is much lower at 10 to 10 cm. 8 . This order
102
of magnitude applied to poly-n-butylacrylate » to polyisoprene

103 21
(M = 1100) diffusing through NR and to several common elastomers

, 4 6
where M = 10 to 10 .

Values of D measured for several elasf:c\merrsz1 of different molecular
weight are shown in Figure 11. The overall linear relationship
between D and M was taken as indicating, besides the normél effect of
chain length, that no major difference of self-diffusion coefficients
existed between elastomers of similar values of M. However, inspect-

ion of Figure 11 reveals that only SBR elastomer was measured at
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radically-different inolecular weights. The measured data do nqt
preclude the possibility, discussed later, that at lower values of M
diffusion is faster in NR than in synthetic eiastomers, especially
EPDM. In addition, the experimental difficulties r'ecorded21 must

- = -1
be at their worst for the lowest orders of D (10 13to 10 14cm. 2s ).

Radiometric evidence has been most important in confirming auto-
hesion as a diffusion phenomenon, in indicating the probable partici-
pation of segments and in placing a sensible order of magnitude on D

for self-diffusion.

The blurring of elastomeric interfaces when observed by light and
ultra-violet microscopy has been considered to reflect interdiffusion
aSpectsw?, although some existence of mass-flow was acknowledged.
Electron-microscopy has been used24 at the polymer/polymer inter-
face to indicate that the change in optical density which occurs when
movihg the probe from one polymer to the other was gradual, an

observation explicable by polymeric interdiffusion.

4.5 Factors which influence autohesive strength

Study of equation 4. 22 indicates that the elastomeric variants which
affect the magnitude of autohesion are the number of branches p and
the mole_cular weight M, whilst relevant testing conditions are D
(being a function of temperaturé), time of contact t and velocity of
separation u of the participating surfaces. The viscoelastic con-
sideratilons discussed in Chapter 2 demand that force of contact also

influences autohesion. -
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Figure 14 The effect of speed of separation u on tack.
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Figures 12-14 are all after Beckwith et al who tested in the tensile mode,



The important influence of the level and distribution of M is discussed
separately in section 4.6. The inclusion of p in equation 4. 22 is to
cover those branches sufficiently long to be capable of following
diffusive paths apart from that of the main chain. High autohesion
values have beenmeasured by Naunton for polychloroprene possess-
ing molecular chains with widely épaced but long brancheslgz in con-
trast, the presence of short branches can be a hindrance to the dif-
fusion of the main chain, as indicated by data which compare two

polybutadienes “

The effects on autohesion of variations in experimental conditions have

18-
9-8549,90 e data of Beckyith et a1,

been frequently discussed
for autohesion as a function of force of contact, contact time and
separation speed (Figures 12 to 14 respectively),are typical. However
thg effect of the remaining experimental factor, i.e. ‘emperature, isl
less well-defined. By illustrating, for NR, .autohesive tack results
which decreased with increasing temperature, Beckwith again demon -
strated the dangers of confusing autohesive and bulk strength at con -
ditions of good contact. The data of Voyutskiilg (Figure 15) for PIB,
an elastomer which diffuses more slowly, are more realistic, showing

an increase of tack with rising temperature as befits the typical

Arrhenius relationship for a diffusion phenomenon.

The effects of force on viscous flow and time on chain interdiffusion
reasonably gave49 curves of similar shape (Figures 12 and 13). The
power term arising from the contact time graph for butyl rubber is

less than the value 0.25 predicted by equation 4.22, whilst the NR
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curve gave a value » 0.25: however other published results fit the
equation wellg. The similar curve which arises when tack is
plotted as a function of u (Figure 14 being typical of several pub-
lications) does not fit the theory producing equation 4.22. The
departure from linearity might reflect initial disentangling of chain
segments.

4.6 The influence of molecular weight and related parameters on
bond development

4.6.1 The effect on autohesion of molecular weight

When discussing the mastication of rubber compounds during their
preparation (section 3.1. 3 et seq), a decrease in M was seen to

. cause an increase in autohesive tack but a decrease in bulk strength.
The diffusion coefficient D varies as M is changed according to

103

Bresler who radiometrically measured D for polyisoprene

(M=1100) in NR at 100°C, the empirical solution being

g.~-1.3

D=68.6%x10" M '~ ---ceoccmmececnccoaa 4.23.

108 have been

The increases in F which arise from decreases in M
checked by Forbes and Mcleodlsusing sharp fractions of NR at dif-
ferent molecular weights. Both tack (contact time t=30s) and bulk
strength measwements were made and represented as functions of M
(reproduced in Figure 16). A critical value M; of molecular weight
was shown below which the relative tack FR was always unity under
the testing conditions used. In practice, the very fact of unit relative

tack means considerable difficulties in testing procedures so that My

1s best considered as a region of molecular weight rather than an

=85 =



absolute value.

Although the researcher518 considered that the tack strength curve
did not indicate ah dependence on M, nevertheless the general level of
tack increased from 172 kPa (at M = 2 x 106) to 275 kPa when
M=0.5x 106. The present author has repeated the exercise in
essence (see Chapter 7) to indicate that a tack increase is particularly

noticeable as M (specifically My) decreases from ca 7 x 105 to

5
5 x 10 at the very short contact times and other conditions employed.

If rubbers possess both low and high molecular weight fractions, that
of low M will interdiffuse rapidly to attain locally unit relative tack
at very short contact times, whilst the species of high M ensures
that adequate bulk strength charact:ristics are retained. The inex- -
tricable entanglements of the two (and intervening) fractions mean
that the system should possess an enhanced tack level. The mole-
cular weigﬁt distribution (MWD) of various masticated rubbers has

1
been discussed 09.

4.6.3 _Autohesion and viscosity

——— — — — ——— —— — —

As both viscous behaviour and diffusion are governed by the form-
ation of holes 95, a relationship would be expected between the two
phenomena. FEyring o2 derived that 1ZGCM1' 3 for polymers with un -
entangled chains, whilst a well-established empirical relationship for

normal rul::'ber:’sz'ir is 1Z o M3' 5.

110
Several workers have equated D1z to KkT where K is constant, a

solution which can be compared with the Stokes-FEinstein equation 4, 8.
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Bueche L has experimentally shown that D-cz , a solution which
also arises from combining the relationships DucM_l' v (expression

4,23) and 12le° ’ (Eyring, above).

The inter-relation of viscosity and diffusion has been emphasised for

two elastomers by the closeness of the relevant activation energies
103,111,102
E d and Ev'

ig However, it must be noted that the magni-

112,45
tudes of Ed and Evis quoted do not agree with those of other wérz'kers,

the method of measurement being a factor.

On a more practical autohesive footing, relative tack data have
indicated18 that
F_=325-0.25log7)_---========+-=-- 4,24
R 2 5 log ‘12 b 2

where (the shear viscosity) = 10S - 1013 poises so that E $ -1,
1s y

4.7 Alternative theories of autohesion

The relevance to autohesion of bonding mechanisms involved in other
facets of adhesion should be mentioned at this stage., The mechanisms
involve the electrostatic, mechanical and adsorption theories (e. g. ? ).
Hdﬁever, the basic requirement for electrostatic interaction, that the
intimateiy—contacting bodies are dissimilar, is immediately nullified
in self-adhesion. Moreover, the conditions for mechanical bonding
are not met, as the provision is required that one participating sur -
face should be higher in modulus by several orders than elastomers

to obtain the permanent surface "'roughness" (on a microscopic rather

than molecular scale) into which the adherent can lock.
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4.7.1 An application of the adsorption theory to autohesion

At the most elementary level, adhesion involves the contact of two
surfaces on a molecular scale such that adsorption occurs. Studies
of continued interest to adhesive scientists include the adsorption of
polymer chains on to substrates from dilute soluticmsl13 and concen-

114
trated solutions » the existence of chain coils and loops causing

only partial surface coverage in the latter case,

The fundamental nature of adsorption has ied to an atfempted appli-
cation of the phenomenon to autohesion. Anand et al115 consider
that the typical curves for autohesion versus time or temperature
arise for reasons of increasing contact area occurring in two stages
of viscous flow. The subsequent bond development takes place
instantaneously by intermolecular interactions due to adsorption.
Indeed, both diffusive and viscoelastic processes are governer by
similar Arrhenius equations, cases of similarity between Ed and Evis
having been noted earlier. Anand was mainly interested in highly
viscous polymers, performing many experiments on polystyrene at
elevated temperatures. The samples possessed surface crenulations
of regular form, and bond strengths were measured and compared
with theory. Anand accepted the occurrence of diffusion during auto-

hesion, but considered its contribution to bond strength to be insig-

nificant.

— e e — - — — —

Much evidence has been cited in favour of the diffusion theory of auto-

hesion. Nevertheless, the similarity of Ed and Evis in the light of
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Anand's claims should not be summarily dismissed. For elastomers,
the main contention is apparently not whether diffusion occurs, but
whether it contributes to the strength of the bond which develops.
Intermolecular forces are undeniably involved sooner or later during
the development stage. Anand's views115 of the growth in bond
strength being due to increase in contact area and concomitant instant-
~ aneous adsorption must be compared with Voyutskii's considerationzs
that the attainment of complete contact is a necessary step auto -
matically performed, that diffusion governs bond strength develop ~
ment and that, ultimately, a chain which has diffused and thus in-
creased the area of molecular surface contact will, only then, exper-

ience useful intermolecular interaction.

Contributory factors to the opposing views must be the polymers and
conditions employed for experimentation by both partizs, Anand |
used polystyrene (normally a thermoplastic of high viscosity, neces-
sarily employing a contact pressure of ca 50 kPa at elevated temper-
atures and subsequently testing at room temperature. Voyutskii
invariably studied elastomers at considerably lower viscosity and has
described19 how, above a critical contact pressure of only 4 kPa at
room temperature, further increases in pressure are not accom-
panied by increases in autohesive strength for PIB (M =150,000,

t = 5 min), such behaviour being typical (cf Figure 12). For the
elastomeric system, data were also shown fqr the effect of contact
time on the autohesion of the same elastomer at a contact pressure of
4 kPa: the increase in test value applies for several hours. Unlike

diffusion, viscous flow is force-dependent. Hence, increases in tack
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for times greater than 5 mins must have arisen from the occurrence

of diffusion.

In addition, the application to autohesion of the adsofption theory
suffers a major drawback - how to explain the low autohesive tack of
EPDM rubber throughout the complete range of molecular weights
applicable to elastomers. The contrast with NR is not easily explic-

able by molecular interaction on an adsorption basis.

The remainder of this thesis relies on the validity of the diffusion

theory for the autohesion of elastomers.

‘4.8 Definition of the diffusive problem

In the extreme cases of NR and EPDM, optimum autohesive sirength
data will indicate (Chapter 7) that FNR™S x Fpp (high tack vali s
developing with 1 s of contact fc> NR). In Chapter 8, removal of

the contribution of stress crystallisation will show that the proportion-
ality factor should be nearer to 3 in more realistic diffusive terms.
However, from equation 4.22, for a contact time of 1 second,

F «:D% if other conditions are constant. Hence the self-diffusion
coefficient for NR should still be an order of magnitude greater than
that for EPDMBS. The radiometric evidence of Skewiszl does not

preclude the possibility due to insufficient experimentation on NR

elastomers of different molecular weights.

The problem is now reduced to determining the molecular charac -

teristics which provide for enhanced diffusion in NR.
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4.9 Chain parameters influencing autohesive diffusion

Autohesive dif.fusion is a mutual phenomenon, recipient surfaces also
supplying outgoing chain ends or portions. | Hence, the apparent
difference in self-diffusion coefficient of one order between NR and
EPDM might initially appear to arise for reasons connected with

either the surface receptivity or outgoing mobility aspects.

Chain mobility is restricted by excessive cross-linking or branching
unless the branches, if long, diffuse separately. Crystallinity

1
(packing order invclalving several monomer units) both inhibits mobil-
ity and limits 'the useful free volume of the recipient surface layer.
Whereas whole -chain mobility is governed by magnitude (molecular
weight M), segmental motion by definition is largely independent of
chain length, as all segments are :nhore or less of the same size,
Whather the length of the flow unit is dependent on the ability of
smaller chair; portions to kink is open to question. In this context,
chain ﬂexibili}:y has been described by the equivalent random linqu,
a statistical term which compares theoretical and experimental
values of the o.ptical anisotropy of elastomers: at 20°C q is assoc~

; 116
iated with 5.2 and 10.5 C-C bonds in NR and EPDM respectively

The many publications relevant to the subject have concentrated on
the behaviour of the rubber matrix, which in the present case relates

to the recipielzlt surface layer. The asymptotic approach of Ed to a

100,96
limiting value described for the diffusion in rubbers of hydrocarbon’s :
117 11 103

solvent penetrants , larger gas molecules %nd polyisoprene
strongly suggests thal the limiting value corresponds to Ed for self-

diffusion of the polymer, i.e. indicates the onset of the motion of

Bl



segments (of length 20-40 C atoms from the hydrocarbon studies).
The point is further ma.dell8 by considering recorded values for

Ed of 9.9 and 9. 7 k.cal respectively for the diffusion through SBR
compound of naphthenic and aromatic oils which are considerably
differemlz in molecular character. Further discussion on chain para-
meters which influence autchesive diffusion will reasonably concen-

trate on the matrix aspects of the recipient surface layer.

A matter of some relevance is the mode of production of the holes
utilised in segmental diffusive jumps (section 4.2). Within the bulk
of an elastomer, micro-Brownian thermal motion involving chain ele-
ments causes local density fluctuations which continually vary through-
out the polymer. Both diffusive and viscoelastic behaviour are
influenced by these density changes. Extreme fluctuations of this
type within the polymer bulk cause the generation of holes, the hole—‘
formation giviﬁg rise at the surface to apertures of commensurate
size through which chain portions must pass during autohesive dif-
fusioﬁ. The model is effectively that of Bueche27 but includes an
extension to the surface. The initial autohesive mechanism involves
the jumps of outgoing segments into these apertures, the segments

obviously defining the size of aperture required.

4.10 The formation of holes within an elastomer

Although holes are continuously produced in random positions through-
out an elastomer, on a time-average basis (at any constant temper-
ature) the distribution of hole sizes must vary to a certain extent
around a consistent mean. Subsequent observations on the formation
of critically-sized holes are made within this framework. Estimations
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of average hole sizes are most easily made from the free volume of

the elastomer.

4.10.1 The free volume of liquids and polymers
The term 'free volume' collectively describes (and frequently quanti-
fies) the free space which exists within a polymer between the mole -
cular chains. The space existing inside the limits of influence (the

most probable electron orbitals) of the chemical groups making up

the chains is not included in free volume.

Let Vo, = observed (bulk) volume at temperature TOK

VW = summated volume of all contributing molecules fi'om
van der Waals dimensions
V_ =volume occupied by these molecules at 0°K in a close-

0

packed crystalline state

-1 119,120

notations referring to cc.mole . Then ' .
Empty volume VE = VT SN LRt e e T v g 5.1
i A e 5.2.
Expansion volume Ve = Vo W 2

Although Vg is the fundamental form of free volume, Vg is easier to
obtain, as V0 can be estimated from appropriate extrapolations of data
measured at normal temperatures. Five different approaches for
liquids have given V _ values which differ by only 2 - 3% 119. However,
it is more difficult to apply these methods to polymers because of the
changes in characteristics ;vhich occur during cooling as various
transitions are passed. One estimate of V (or, more strictly, its
specific volume equivalent) has been made for polymers by the extra-

polation of plots of the thermal volume expansion coefficient against
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temperaturelzl. The concept is illustr.;lted graphically in Figure 17.
The expansion coefficients above and below TG were termed & and
OCG respectively: to convert to specific volumes per degree, it is
necessary to multiply these coefficients by the appropriate reference

specific volumes.

-1, . . =4 s :
If LP(c:c.g ) is substituted for V (cc.mole ) in equation 5.2, then

"PF = lPT N !Po """""""""""" 5. 3.

Let the "specific expansion volume' at temperature T be D (G): Then
Peer = Pr) - Po = AC tan BAC = o PryT; - - - - - ek
119

The ratio "PF(G)/ (PT(G) is the fractional free volume at T;. Haward
has reviewed several publications which indicate froml packing con-
. siderations that the fractional term is of magnitude ca 0. 14, whereas
equation 5.4 has given rise to many experimental values well above
. £ 121

this level. An alternative system subtracts “G(PO(G y from
O('LLPT(G) in equation 5.4 so that

Pg = (%L ()DT(G) > VRN LY citerais e Lt ey e
" Whatever the physical significance of equation 5.5 (see Figure 17), it
gives a fractional free volume of about 0.11 for many polymers (after
assuming that "PT(G)* (PO(G) so that (PG/ %(G) = (“L - O‘G)TG).
Haward expressed rese;vations on the treatment because of the con-
siderable departure from linearity of O¢; (especially near 0°K) and o
Similar reasoning probably applies to the high values arising from the

more basic equation 5.4: Haward suggested that an inequality would

be more appropriate, viz

LPF(G) <'O('LLPT(G)T(}""""‘“"""‘-‘--‘-5.6.

Although HDGI (}DT(G) has been considered a constr:mt121 , data do not

- 74 -



119
fully fit the claim, and a case has been presented to the contrary. An

122,123,1
alternative treatment of free volume employing viscosity considerations

also proposed an iso-free-volume fraction at TG” but at the much lower

level of 0.025. The difference in magnitude has been ascribed to dif-

119
ferences in concepts of the close-packing of chains

Despite the possible drawbacks, equation 5.5 provides the most conven-
ient basis for c-alculations in Chapter 10 where estimates are made of
mean hole sizes for various elastomers. As a gradient-difference lis
involved, the extrapolation errors of 04 and OCG tend to counteract each
other, and any remaining deviations should apply to all elastomers tg sim-
ilar extents so that inter-polymer comparison is permissible. Hence

from Figure 17,if the free volume at room temperature T°K is (P, thea

g - o PT(G),' _OC'G o(G)) BT Ty R R B el B e 5. 7.

Studies of values of density at various temperatures,and appropriate

extrapolations,have indicated that both IPT(G) and ¢0(G) are very near to

28a,121a

one for common hydrocarbon elastomers Hence

e (o o ) BTSN, oL W oS S A et 5. 8.

the units of { still being cc. gt

— e e — e — — —— — — ———— —— — — —— — —

Branc?tz recognised that, after taking the penetrant size into account, Ed
will be a function of chain geometry, chain stiffness and intermolecular
forces. The molecular model effectively extended that of Barrgg. The
repulsive forces existing between those molecular chains bent around a
hole were said to be best expressed by the internal pressure P;. From
the chain stif fness viewpoint, the relative pefmanence of bond distances

and angles meant that such a distortion of chains should involve, along

the complete segment length, a partial rotation of chain units against

the hindering potential of internal rotation.
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The optically-derived equivalent random link g (mentioned earlier in
the chapter) which relates to the flexibility of chains is apparently
associated in general with shorter segments thaﬁ those participating
in diffusive jumps. A sequence of descending magnitudes of internal
energy barriers to rotation from est.imationsl“5 is

EPDM> SBR(5%S) > cis BR > SBR(14%8) > NR > SBR(31%S).
Although the sequence bears some resemblance to a reciprocal order
of tack magnitude (Table 3), some important discrepancies occur,
Besides the obvious misplacement of NR, tack values of SBR copoly-
mers in practice diminish as the styrene content (%S) increases.
Butyl rubber was another anomaly, exhibiting a negative value of q
when its photoelastic data were treated in the same way by the writer.

Nevertheless, chain flexibility might well play some part in autohesion

If the volume increase due to the activation process is A V"= , the
work Pi .ﬁV* makes a major contribution to Ed for large penetrant
moleculeslz4. Hildebrand's definition of P; has been used to obtain
many data for Pi for numerous simple liquidslzs, including many
‘hydrocarbons, and some polymerslzs: for the hydrocarbons, the
values of Pi were computed at 20°C from literature data for the coef-
ficients of expansion & L, @nd isothermal compressibility /3.1., whilst ,
for the polymers, direct measurement of the relev.ant factor

(2 PAI p) T)v enabled P, to be determined experimentally (P, being
atmospheric pressure). The data showed the Pi values to be independ-
ent of methylene branches and chain unsaturation for liquids, limiting
values being reached which were only 10 - 15%higher than that for

decane, for example.
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As a consequence, the internal pressures of all hydrocarbon polymers
can be considered similar, The specific energies of chain displace-
ment to overcome van der Waals attractive forces will therefore be

of similar magnitudes. Hence the relative facility with which a hole
is generated is governed by geometrical considerations. The contri-
bution of chain flexibility cannot fully account for the large differences
in tack magnitudes which exist between elastomers: in particular,

the spontaneity with which NR can autohere requires further explan-

ation.
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Chapter 5 Methods of measuring magnitudes of autohesive tack

Although the main requirement in technological applications which
utilise the autohesive phenomenon is to maintain the bond between the
participating surfaces prior to vulcanisation, any assessment of the
magnitude of autohesive bonding is necessarily destructive, Ultra-
sonic radiation has been used to inspect and quantify non-destructively
defects in adhesive bond lineslz?, but the technique is not yet suffic-

iently developed for autohesive tack testing.

5.1 Existing methods of test

128
An early assessment of tack strength was by Griffith and Jones 5

who measured the force required to roll a heavy rubber-covered
cylinder over a rubber sheet. 'The mode of separation during testing
of the rubber surfaces was quasi-peeling. Subsequent tests can be
largely divided into two classes defined by their mode of separation,
although other tests exist (e.g. pendulum tests). The two classes,
peel fests and tests in the tensile mode, are illustrated schematically

in Figure 18.

Peel tesfpieces are made by bringing together under pressure two strips
of rubber which are fabric-backed for added strength. A narrow
non-adhering layer is included between the strips at one end to give
two tabs to aid testing. Separation is performed by gripping each end-
tab in the jaws of a testing device and applying opposite forces. As
peeling occurs, the interface is continuously assessed, the line of
separation gradually sweeping the whole contact area. A represent-

ative separation force {(depending on contact width but not area) is
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noted. Decreases in the modulus of the rubber strips cause the

o
angle of separation to become nearer to 180 .

Samples for testing in the tensile mode take a number of forms. How-
ever, in principle, two surfaces are brought together normally and,
after contact under pressure, are separated in the opposite direction
Separation occurs almost instantaneously to give a representative
force for the whole contact area.

20
Tests in use before 1964 have been admirably reviewed by Bussemaker

and later tests have been well-described by the inventors (see refer-

ences throughout this chapter).

5.1.1 Tack tests in the peeling mode
Results from the early 'rolling' test of Griffith and Jone5128 were
noted by Bussemaker as being greatly affected by cont.ct surface
deformation, which is presumably the reason for its lack of subsequent
popularity. However, a class of tests termed peel tests is now well
established generally in adhesion science. For instance, using a
system in which a flexible strip is bonded by an adhesive to a rigid
substrate, Peel Mechanics have been applied129 to relate under cer-
tain conditions the measured separative force with the angle of peel,
and peel testing is frequently used to assess bond strengths between

pairs of fabric-backed rubber strips which are uncured at contact but

are tested after cure.

Since the early 1950's, Voyutskii and colleagues have performed many

1
peel autohesive tests on a specially-consiructed adhesiometer
The strip testpieces were prepared by coating a 6-8%polymer solution
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on to a backing fabric and allowing the solvent to evaporate: if neces-
sary, the treatment was repeated several times to obtain, at constant
weight, suitably-thick testpieces. The contact between two polymer
surfaces was performed by the doubling of single testpieces under
prescribed conditions. The test instrument recorded the force
required f;)r separation at 1800, a possible variant being the speed of
separation. The work of adhesion was derived from the peeling force

and an appropriate distance term.,

More recently, van Gunst et aln have also described the use of a
peel-tackmeter for assessing the tack of strips of rubber. A more-
publicised instrument which performs a similar function for rubber

- plies in the factory \va;s constructed by Bussemaker and van Beek130
The principle of this rugged tackmeter is still basically that of

Figure 18(a), but the three essential stages of testing are carried out
automatically to pre-set conditions. The testpieces are again strips

of fabric-backed uncured rubber (of approximate size 200 mm x 25 mm).
Contact is made through a window, of known contact area, in a thin
polyester film, the contact pressure bein‘lg_j,r applied by pneumatically-
driven blocks. On removal of the blocks, a powerful motor rotates
two wheels on to which the end-tabs of the plies are clamped. The
ensuing winding process causes the contacted area to separate immed-
iately after passing between_ two appropriately-situated rollers. The

tack strength is a measure of the torque necessary to drive the

collecting-wheels and is obtained on a chart as a trace against time.

The tack strength obtained from any peel test is usually quoted as a
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mean value of measured force per unit sample width. However,
measurements of the time tp required to peel apart at constant load
two previously-contacted plies are claimed57 to give better reprod -
ucibility than do the usual force assessments, the coefficient of vari-

-0.5
ation depending on tp :

5.1.2 Tack tests in the tensile mode

— e — — — — — — — — — e — —

131
Most tests of this type are based on the design of Busse et al or

an automated rncdiﬁc.m:ion1 32. Two rubber samples were pressed

normally together under a specified pressure and for a specified time
after which they were pulled apart (also normally), the force required
being the tack strength per original area of contact. A drawback in

design was that contact was made between a cylinder of rubber and

a flat rubber sheet.

A similar principle involving the weighted contacting of cylindrical
and flat rubber surfaces was used in a robust portable tackmeter con-
structed byl Pickup133 ostensibly for factory control use. The separ-
ative force is applied through a spring, an attached arm indicating

the amount of accompanying extension. The arm pushes ahead of
itself a slide-fitting ring which runs on a cylindrical calibrated scale.
Separation of the rubber surfaces frees the clamped end of the spring.
The resulting recoil causes the scale system to jump clear of the
moving arm so that the position of the ring, giving the tack force, can
be read from the scale. In practice, the tackmeter was easily influ-
enced to varying degrees by individual operators, and although other
workers automated the instrument, the small contact area involved

meant that reproducibiiity was not good.
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The obvious disadvantages of making contact between a curved and

a flat rubber surface have been eliminated49 by substituting cylind-
rical samples which were cut sectionally, usingla hot knife. The
tack was measured endwise between the fresh surfaces. A specially-
constructed instrument (although still based on the method of Busse)
performed the testing function, extra facilities being added for
assessing the effects on tack of temperature and humidity. Forbes
and I\/Icleocl18 carried out similar testing, but on an Instron inertia-
less tensile tester , The cylindrical testpieces were
elegantly prepared by moulding under evacuated conditions, two test-
pieces being formed in one mould by inserting, at the mid—point_, a
smooth disc made from polytetrafluoroethylene: the tack was
ascessed between the surfaces which had been pressed against the
disc. The preparation of further testpieces from the same elasto-
meric material with the omission of the disc meant that bulk strength
measurements could be obtained in a manner which was directly com-
parable with the tack testing. Thus relative tack values were easily

obtained.

Other tests which follow the same principle have been constructed.
Voyutskiilg has described two such instruments, one a modified
torsion balance for measuring very small forces, and the second for
somewhat larger forces. However, published data of Voyutskii
generally refer to the peel test already mentioned. Baranwal and
Beatty have dt«::&;cri}:)ed4'ir how improved instrumentation allowed the
manufacture of a compact portable tackmeter, the 'Tel Tak', which

effectively performs the same function as the tackmeter of Forbes and
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Mcleod: testing is carried out automatically to pre-set conditions.
However, the samples are pellets and the contact area is very small
(40 mm?2) so that samples with high tack ca;n distort to large strains
before finally breaking. The inventors have attempted to different-
iate between tackiness and stickiness by subtracting the measurement
from a second test performed between rubber and steel, The result-

ing value was empirically termed 'true tack".

As with peel testing, several workers employing the tensile mode of
: . 134 . 64

testing (notably Skewig , Petersen and Martin ) have chosen to

separate contacted testpieces by application of a constant force, so

that differences in tackiness are reflected by different times of

separation.

5.1.3 Miscellaneous tack tests
Methods of tack measurement other than those belonging to the two
main classes are limited in number. The most basic of these is a

subjective assessment, made by an operator pressing together by

hand the rubber surfaces, which is at best a sorting test only.

Two pendulum tests have been used by separate German workers,
one135 being a modified Schob rebound pendulum: by covering the
striker and base by rubber fabric, tackiness causes a decrease in
rebound elasticity compared with a control, uncovered result. The
effective contact time is obviouSIy extremely short. The contact
time is greater, however, in the Bir pendulum tackmeterlss, in

which two rubber-covered pendulum bobs are pressed together whilst

hanging in a stationary position. One bob is mechanically raised
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until the second bob falls away, the height risen being a measure of

tackiness.

Because the assessment of adhesive tack (section 1.2) is not of
10,311,137

present interest, the very different tests involved are not
described herein.

5.2 Disadvantages of existing tackmeters leading to the requirement
of a re-design

138
The writer began experimentation by specifying modifications made

to a Pickup tackmeter for use on an Instron tensile lester, coutact
during testing being necessarily made between two curved surfaces
(Plate 2). Ensuing measurements confirmed indications from the
literature that little difference could be shown in this way between the
extreme cases of NR and EPDM. One problem in such a tensile
tester was apparently that, except when assessing the lowest tack
values, the process of measurement was accompanied by considerable
distortion, so that doubt often arose as to the actual area of contact.
The problem might be less relevant with the cylindrical specimens
(tested end-on) of Forbes and Mcleodls, although testpieces would

still experience considerable extension.

In choosing a test to give tack magnitudes which reflect diffusive
abilities, tests in the tensile mode are inferior to the peel variety in
one important way. Tensile tack tests involve a single separation of
the whole contact area so that the representative value will be lowered
by local areas of insufficient contact, such decreases being mis-

leading in assessing diffusion aspects. In contrast, peel tack tests,
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concerning the separation of previously-contacted surfaces at a line
which advances across the contact area, indicate the local regions of
poor contact by troughs in the plot of separating force against time.
In addition, test magnitudes are such that the final representative
value usually applies to a larger area in the peel case. For studies
of the viscous flow aspects of tack (perhaps relating to a particular
technological process possessing areas of insufficient contact) tensile
tack tests would be preferable. However, peel tests should provide

information of greater reliability on autohesive diffusion.

A suitable tackmeter should reliably place the tack magnitudes of
different rubbers into a sequence agreeing with experience under
technologically realié tic conditions. High contact pressures are
required to produce intimate interfacial contact, and a non-varizble
contact time for the whcle contact area is desirable, the time prefer-
ably being short to minimise bulk strength effects. Unfortunately,
the contact times during the last stages of peel testing are affected by
the times taken for testing, this point be_ing especially important at
short contact times. Hence a new design of peel test was required

for the present researches.

The solution has been found in a dynamic test, with several attendant
advantages. Cheethalt:ralghas constructed a dynamic rolling ball spectro-
meter to measure the force required for the circular passage of three
steel balls indented under load into a rubber slab. The author of this
thesis considered that the replacement of the components by two shal-
low cylinders of uncured rubber in rolling contact would, with con-

siderable modification, produce the required tackmeter.
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PART II - THE CONTRIBUTION OF THE PRESENT WORK,
INCLUDING A PROPOSED STRUCTURAL MODEL FOR
AUTOHESIVE DIFFUSION

Chapter 6 The testing requirements and the Dunlop Rotary Tackmeter

In previous chapters it has been derived that
(a) an apparent difference of one order exists in the rates of auto-
hesive diffusion between the extreme cases of NR and EPDM
(b) the reason for the difference in ability to self-diffuse reason-
ably lies within a geometrical theoretical framework.
Before expanding point (b) (Chapter 9 et seq), various experimental
stipulations should be met. These are:-
(i) The experimentation giving rise to (a) must be weil-
substantiated.
(ii) The role of stress crystallization (considered by some
workers to cause the high tack of NR) must be ascertained.
(iii) Some tack measurements relevant to a theoretical model

to be proposed in Chapter 9 are desirable.

The experimental studies have been performed using the Dunlop
Rotary Tackmeter. The principle involved, viz a dynamig peel -
type test, was chosen for reasons associated with the technicalities
of testing as discussed at the end of the preceding chapter. The new
design was ideally requiredl to

(1) function under conditions corresponding to those met during

the construction of technological composites such as tyres

(2) place the tack magnitude values of different rubbery mater-

ials into a sequence agreeing with technological experience
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(3) be suitable for research purposes, i.e. exhibit good statist-
ical reproducibility
(4) assess the diffusive nature of tack rather than viscoelastic

or bulk strength effects.

Before describing the Rotary Tackmeter and relevant stages of its
development, a personal viewpoint is expressed with regard to these
requirements on the relationship of autohesive tack, bulk strength
and the ease of handling in practice of uncured elastomeric compon-

ents.

6.1 The practical handling of uncured rubber layers

From sections 3.1.5 and 3.2, the comparative tack testing of rubbers
with unit relative tack Fn (i.e. tack strength F divided by bulk
strength) produces measurements of bulk strength rather than auto-
hesive tack. The most suitable condition for both testing and handling
is thought to occur when both characteristics are well-developed, but
FR ié somewhat less than unity, To justify such an opinion, a

typical situation which occurs when constructing composites such as

tyres should be considered.

In one traditional manufacturing technique, tyres are built-up from
layers of compound or rubberised fabric on a drum or 'former' which
is rotated by an operator. Successive sleeves (or 'pockets') of com-
pound are added to the drum by-manipulation with a steel rod (or
‘poker') as indicated in Figure 19, After the first sleeve has been put
on the drum, the addition of subsequent sleeves involves autohesive

tack: during the manipulative stage, contact and separation at the
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poker occurs once per revolution, the contact time being in the order

of seconds only.

Whereas insufficient building tack will cause difficulties in keeping

a compound sleeve in its allocated position, an excess of tack can
cause gre;n: problems at the stage of each cycle when separation of
the compound layers is required for their re-positioning. Hence an
optimum range of tack exists. In addition, it is important that the
optimum tack is associated with a magnitude of bulk strength which
is sufficiently great (say P ) to permit only a minimum of perman-
ent stretching of the compound layer during handling. Figure 20
illustrates various hypothetical but typical stress/strain curves of
compounds. The behaviour varies from curve 5, which displays a
stress crystallization tail, to curve 1, which exhibits extensive post-
yield deformation. For curve 3, the yielding stress, of magnitude P,
is reached at low strains and is maintained at high strain situations:
the minimum requirement for handling is a similar curve with P

equal to Pm in magnitude.

The most convenient means of equating P and P, is by making the
molecular weight M sufficiently high, but this action will have retarded
the preceding diffusive step. An intuitive and approximate optimum
range for FR during tyre building is 0.25 to 0.75. The apparently
superior diffusive ability of NR compounds compared with that of
EPDM compounds means that the diffusive requirement can be met at
the molecular weight associated with P,, for NR, so that tack strength
F can lie within the range 0. 25P, to 0.75 Py,. This is not the case

for EPDM, as F <0.25 P,,, at such a molecular weight. The
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diffusive requirement for EPDM is usually only met at low M values,
when P< P, and the stress/strain curve is of type 1: consequently,

the compounds are sticky and unmanageable.

Applying a similar argument to tack testing, a sufficiently large
magnitude of bulk strength (P_,) is required to prohibit more than a
minimum of sample distortion during testing. P ! again largely
relates to the yielding stress P (Figure 20) of the test rubber, although
for materials displaying stress/strain curves of types 4 and 5, the
force applying to local areas of high strain at the interface might be
nearer to the breaking strength (which occurs at magnitudes much

greater than P).

Hence design-requirement (3) on page 87 involves the attainment for
any elastomeric material of a statistical variation which is sufficiently
low for the tack comparison between different rubbers to be signifi-
cant except at conditions of high practical difficulty when Fr
approaches unity. In the latter situation, bulk strength measure-

ments alone must suffice.

6.2 Principle and development of the Rotary Tackmeter

6.2.1 Principle

In summary, the Dunlop Rotary Tackmeter uses a "sun and planet"
motion for the continuous peel measurement of the tack occurring
between the peripheral surfaces of two squat cylindrical rubber
specimens. One specimen (the "sun') is attached axially through a
spindle to a strong, calibrated leaf spring. During testing, the sun

testpiece is in contact with the second "planet" specimen, the two
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testpieces being held together in the same plane by a calibrated
con;pression spring, and the planet is rotated concentrically around
the sun. Hence the planet specimen attemﬁts to drag the sun around
with it, the magnitude of this tendency being dependent on the tack
between the specimens. The magnitude is represented by the result-
ing distortion of the calibrated leaf spring, measured with a trans-
ducer system. The principle is shown schematically in plan and

side-view in Figure 21.

The measured test force also includes a small energy loss (sectionl1.1)
component. Other corrections which are applied to give the final
tack strength value involve both the time of contact and the velocity

of separation of the two surfaces. These parameters are calculated
from the orbiting rate of the planet and the mutual depression of the
rubber testpieces, the depression being measured by a Moiré fringe

system.

As outlined in section 5.2, a peel test would be overwhelmingly
preferable to a test in the tensile mode were it not for the variation
in contac_:t time arising from the time taken in testing. In the Rotary
Tackmeter: -
(a) The mode of testing is separation by peel. Moreover, the
use of rotating cylindrical testpieces means that contact is made at
a definite interval before separation, so that, for each test, contact
time is constant and short.
(b) The use of small testpieces enables relatively high contact
pressures to be applied and means that the separation force is
easily mea'surable.-
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(c) A dynamic equilibrium occurs between forces from the part
of the rubber testpiece being compressed, the trailing edge of the
testpiece at which separation occurs and' the leaf-spring which is
part of the measuring system. As the testpieces are being
simultaneously subjected to contact and separation on a continuous
basis, this equilibrium condition should be more stable than those

conditions imposed suddenly by static tests.

—— — —— — — —

As a first development stage, the preseant author assembled a crude
prototype model mainly from a Meccano construction set and a clock
spring to demonstrate the viability of the principle. The testpieces
used were normally employed in another form of rubber testing. An
approximate reading of magnitude was given by the movement of a
pointer around a clock face, corresponding to the degree of torque in
the clock spring caused by the tack between the testpieces. The
principle was the same as that in Figure 21 with the clock spring Iand
the pointer replacing leaf spring S and transducer system T respect-
ively. The reading caused by natural rubber (NR) testpieces was
greater thaun that for a styrene-butadiene copolymer (SBR) and sub-
stantially greater than the level for an ethylene-propylene copolymer
(EPM), an overall result agreeing with the observations of personnel

handling these materials.

Following the broad success of the crude prototype, the principle and I
requirements were presented to the Engineering Department, Dunlop
Research Centre, and a basic Mark I rotary tackmeter was duly con;
structed. However, thlst experimenting with this model, the
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The Mark I rotary tackmeter
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writer calculated the relationship (see later) of factors such as con -
tact time and velocity of separation with the mutual depression A of
the rubber testpieces when in contact, and constructed both a simple
device for measuring A and a leaf spring/transducer system for
assessing.the tack force. The tackmeter in this form is illustrated
during testing in Plate 3. Subsequently the need was established for
greater accuracy in the measurement of A and, for this and other
reasons of improvement, a second model was designed and constructed
by Toon, Springer et a1138 to the specifications of, and in frequent
consultation with, the present author. This second model is the

Dunlop Rotary Tackmeter in its present form.

As the principle of thé two models was basically the same, a separ-
ate description of Mark I is unnecessary. However, because of the
greater simplicity of the first model, an understanding of the des -
cription of the present tackmeter may well benefit by some reference

to Plate 3 which illustrates Mark I.

6.3 Description and use of the tackmeter

This section is related to Figure 21 and Plate 4. To aid the des -
cription, certain labelling letters are used which refer to these two

illustrations only.

The cylindrical testpieces of radius ca 20 mm and height 10 mm are
described later: they comprise steel centres with peripheral rubber
surfaces. The sun testpiecé is clamped horizontally to a vertical
spindle V, which passes through two bearings in the centre of a large

horizontal circular table D. When testing, a 75 watt D.C. electric
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The Mark II model

RPU 22728

Plate 4. The present Dunlop Rotary Tackmeter.



motor transmits a drive to the edge of D causing the table- to rotate.
To carry the planet system, a small rectangular table G is situated

on the circular table D by means of a horizontal PTFE slide-bearing
whiéh is positioned such that G can move radially. The plan;at test-
piece, positioned in the same horizontal plane as the sun, is sup-
ported on a freely-rotating bearing B which is mounted on the sliding
table G. A compression spring is mounted on D on a radius through
the sliding table G and pushes ou G in such a way that the planet test-
piece is permanently constrained to move inwards towards the sun
testpiece. The two tesipieces are held apart against the compression
spring by a screw clamp E, this being the situation at all times except

when actually testing.

The force of contact due to the compression spring is pre-set before
testing by a knurled nut on a screw thread using the previously-~

calibrated scale C.

To start testing, the electric motor rotates table D to cause the planet
testpiece to orbit the sun, the testpieces being not yet in contact. A
variable transformer is used to obtain the required revolutions per
minute n'(shown on the tachometer). At this point the planet is not
revolving around its own axis. With D in motion, a small motor M
attached to the underside of D removes the screw clamp E by rotating
a large cog attached to E. Hepce the planet is already rotating
(orbiting) at the required value of n' (nhormally 4 r.p. m.) as it moves
steadily inwards towards the sun at a radial speed of ca 10 mm/min.

until contact is eventually made.
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The contact force acts
inwardly on the line between
the centres

Increase in
contact forcetime

v Decrease in
modulus.

A A

Contact occurs along XY, which increases as A increases.

Figure 22 The Mutual Depression A of Rotary Tackmeter
rubber testpieces.



At the point of initial contact, the sun testpiece takes the place of the
screw clamp in acting against the compression spring. The force of
contact now relates to the setting on the calibrated scale. The test-
piece rubber regions are compressed until, braced by the steel
centres, the rubber modulus can resist the contact force. The
degree of compression (schematically described in Figure 22) has

been termed the mutual depression A .

As rotation continues through the contact stage, the planet commences
revolving around its own axis on bearing B. The planet testpiece
tends to drag the sun testpiece around (largely due to the tack between
the testpiece surfaces), the tendency being transmitted to the leaf
spring S by the spindle V and steel arm A. (The appearance of
typical testpieces during testing is chown in Plate 5.) The dis-
tortion of S gives the test magnitude on the Multimeter scale of the
transducer system T. The force measured is termed "drag'., A
dynamic ecjuilibriurn is quickly set up between the contacting forces,

the drag and the measuring forces.

The term "drag'" is necessary because at this stage:-
(1) I The forces applied during calibration act in a different
direction from that of the tack force during testing. The cor -
rection necessary is discussed in section 6. 3. 2.

(2) A small energy loss component is included.

The energy loss component arises from the compression of the rubber
as each region of the testpiece passes through the contact stage.

This component of the drag forces is determined by re-testing
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Rotary Tackmeter testpieces during testing

RPU 22925

Plate 5



replicate testpieces which are completely frée from tack (a condition
brought about by thoroughly dusting the testpiece surfaces with french
chalk): the resulting measured value involves both compression and
relaxation and is therefore twice the energy loss component associ-

ated with tack testing.

The magnitude of A is obtained by difference. Before testing com-
mences, the screw clamp E holding the testpieces apart is set to a
reference point. By substituting steel "'replicates' for the test-
pieces the constant distance d, moved by the planet until contacting
the sun has been accurately measured by the technique described in
the next paragraph. _(Alternatively, do can be measured using
rubber testpieces which only just touch, to allow for shrinkage after
moulding.) When replacing the steel "specimens'' by rubber t st-
pieces, the planet moves a further distance A from the reference

point as the rubber regions are compressed.

The distance moved from the reference point is measured directly
from the relative motion of two parallel diffraction gratings. One
grating is attached to the underside of the sliding table G whilst the
second grating is fixed adjacently to the main table D. The gratings
are part of a reversible Moiré fringe system, which operates so that
any movement radially inw_ards towards the sun is recorded in

cm X 10-3 on a three -decade counter. The system was designed and
constructed to the necessary fine limits by Hiron and Springer140
Hence the value of A (generally between ca 0.4 mm and 1 mm) is
obtained .for any test run by subtracting d, from the value shown on

the counter,
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The standard testing practice is to note the drag force and the

reading giving rise to A during the first revolution of the planet

testpiece but after the attainment of equilibrium conditions (i.e. when

the value on the three-decade counter is constant). Thus tack

measurement occurs on fresh surfaces. However, two exceptions

exist to this practice.
(a) When FRN 1, considerable distortion of the testpieces occurs,
leading ultimately to the transference of all rubber to one testpiece.
Hence the writer developed a technique to overcome this difficulty.
At the first sign of such distortion, the operator applies an early
reading technique by activating a system engineeredH0 to hold the
value on the counter and notes the Multimeter reading at the.same
time. As the geometrical considerations described below apply
frein initial contact onwards, the only departure from the norm is

" that the force of contact is less than the set value. However, the

very fact of unit relative tack means that the critical force of con-
tact has been exceeded.
(b) Further revolutions are permitted in experiments involving
different values of the speed of separation u and the contact time t.
In this case, use of elastomers of low tack and high strength means
that the testpieces will not deteriorate with successive revolutions.
A gradual build-up of "high-tack-points" on the surface has been
avoided by utilising radii which differ slightly for the two test-

pieces, viz 22.2mm (sun) and 20. 0 mm (planet).

The experimental determination of tack strength merely requires the

multiplication of the tack component force of the drag with a
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correction factor () which is a function of A. The theory behind
Q is simple, but rather lengthy, as shown in the following sections.
However, the use of a mastergraph of Q versus A makes the

experimental procedure quick and easy.

§.3.1 The magnitude of the tack component from the measured

— e ——— — — — — — — — — — —— —— — — — — — — —

The drag (the force medsured during tack testing) is described by:-
Drag = Tack Component F, +Energy Loss Component H.

The energy loss H acts along the 'cherd of contact' XY (Figure 23),
t can be shown that Hec ABlz to a first approximation. On page 95
it was noted that H was directly obtainable by halving the measured
value from replicate testpieces rendered non-tacky by coating with
french chalk. H is invariably the minor component, being ca 3%of
Fw for elastomers of high tack: however, this proportion might in-

crease to ~50% for elastomers which are practically 'non-tacky'.

At the measurement stage, the units on the Multimeter scale represent
spring displacements. For later use (in Table 8 and section 7. 1), the
displacement due to the Drag has been termed s, and that from the
second run on non-tacky testpieces involving the Energy Loss only
(2H) has been designated Sq

6.3.2 Calibration of the tackmeter

— e —— v — — o — — — — — — —

For calibration purposes, a metal "sun" testpiece of normal dimen-
sions was attached to the tackmeter, and using a cord, pulley system
and weights, a series of tangiential forces was applied to the sun. The
displacement of the leaf spring S (Figure 21) resulting from the applic-
ation of each weight was noted from the Multimeter scale, the result-

ing graph (largely of linear gradient 55 ,.lm.N“l) being shown in
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Figure 24. The substitution of displacements $1 and sy into Figure24
gives respective values for the Drag and '2H'in newtons. Then

Fw = Drag - H

However, the direction applicable to tack measurement is not that o
Fw‘ The angle between the direction of the tangiential calibration
force and the force of tack has been termed /3 (Figure 23). Then
(Total) tack force = F_ / cos/:l —————————————— 6.1.
To describe the direction of tack, i.e. the direction of separation of
the testpiece surfaces immediately after the contact region, consider
two metal (incompressible) testpieces of identical radius and in roll-
ing contact. During one complete orbit of the planet around the sun,
the locus of any point on the peripheral surface of the planet takes the
form of a cardioid. With two rubber testpieces of identical radius,
the locus of a surface point remains cardioidic, but with the cardioid

based on a reduced radius (R - A ) due to the compressibility of the

rubber.

The existing situation comprises rubber testpieces of radii which
differ by 10%. The locus of a planet surface point when orbiting, but
away from the contact region, is described by an epicycloid of similar
shape to a cardioid. Consequently, each point on the planet surface
passes through the contact region during testing until separation
occurs at X whereupon the surface point moves in the direction des -
cribed by the tangent to the epicycloid at X. The angle between the
direction of separation and the tangent at X to the sun testpiece is /ﬁ :
which is now derived in terms of radii a and R (R relating to the suﬁ)

and depression A .
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Figure 25 A detailed description of the direction of tack during testing.

* Reversed for convenience so that values of x and y are both positive.



Let the gradient of the tangents at X to the epicycloid and sun test-

piece be m, and m, respectively.
Then tan /9 A | so that the problem is reduced to deter-
1 mjm,

mining m; and my. In Figure 25 (a more detailed version of
Figure 23) the arc XX of the epicycloid subtends angle ® at the centre
O of the sun testpiece, and the semi-width w of contact subtends
angle & at O. Whereas m, is simply - cot ®, the calculation of mj
is rather more complex. For convenience let (%+ ®) = ¢ so that, as
X is constant throughout a test-run, d® =dé. To describe the
epicycloid,

x = (a+R-A)cos ¢ -acos((atR-A) ¢/ a)

y=(atR-A)sind -asin((atR-A) ¢/ a)
Thus, after deriving dy/dé and dx/dé,

dy - cos ¢ - cos ((a+R-A)é/a)
dx sin((@a+tR-A)y/a) - sin ¢

1 -cos(R-A)éd/a)+tan ¢ sin(R-A)éd/a)
tan ¢ cos(R-A)é/a)+sin(R-A)é/a)- tan ¢

At X, dy/dx = m; and in this unique position

cos((R-A)b/a) (a-6)/a andsin(R-A)é/a) w/a.
The ensuing substitutions and simplifications to obtain mj are outlined
in Appendix 1. The same appendix covers the subsequent deter-
mination of (m2 - ml) /(1 + mlmz) to give tan/j , further simplifi-

cations being performed to define finally ﬁin its most useful form
1

- 22+ R-A /A(R-A) .
eas { 2R ala+R-A) )

Substituting the values (for convenience in cm rather than mm) of a
and R for the testpieces invariably used, viz a =2.00 ¢cm and
R = 2.22 cm, and ignoring powers of A greater than one, gives

3
cosF = L, TR AR = MEIB A 58 e o = WS el pas
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An earlier section (4.5) has included a discussion on factors gener-
ally considered to influence the magnitude of tack and autohesion. In
testing terms, the dominating factors are contact force, contact time
and speed of separation. The speed at which the Rotary Tackmeter
testpieces initially touch is not a variant, being constant and slow

enough to avoid permanent rubber deformation.

CONTACT FORCE

Whereas the time and separation speed factors are concerned with
diffusion aspects during the tack process, the contact force was seen
earlier to influence the degree of contact occurring between the two
participating surfaces. The attainment of intimate contact results
from the degree of viscous flow which can occur within the contact
time, the phenomenon depending on force. Two series of tack tests
using different contact forces have been performed using replicate
testpieces of the same elastomer: results are presented in

section 7.2.1. The existence was shown of an empirical critical
level of force above which further increases in force resulted in neg-
ligible increases in tack magnitude, a condition implying that contact
is as intimate as can be expected. Rotary Tackmeter testing is

normally performed under such a condition of force.

CONTACT TIME AND SPEED OF SEPARATION

Consider Figures 23 and 25 which schematicall illustrate the two
testpieces being compressed whilst testing. In practice the applicat-
ion of compressive forces necessarily displaces some of the rubber

bulk. However, the design of the testpieces is such (section 6. 3, 5)
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Angles described in Fig. 25

Figure 26 The vector diagram at the point of testpiece separation.



that displacement largely occurs away from the test surface.

To obtain the contact time t, the contact width XY (Figure 25)
between the testpieces was compared with the total distance 2R
travelled per revolution by the peripheral surface of the planet when
contacting the sun testpiece, the ensuing ratio being multiplied by
the time per revolution, 60/n' seconds. The main problem of the
accurate assessment of XY (or 2w) can be solved geometrically as

outlined in Appendix 2. The solution is
1

2
T, 2(233.) A

L

(1 _ A@®-ar+Rr?) ‘)

a+R 4aR(a+R)
1 ;
_60 ( 3w \ _ 60 2\ i A(az--aRij))
n' \ 2R n'cr \R(a+R) 4aRf{a+R)
In practice R = 2.22 cm and a =2.00 cm. Hence
1
t=‘if—l°,—-5’A2 PR SRR Pl b R 6. 3.

To find the magnitude of the speed of separation u, one considers
the vector diagram describing the motions at point X in Figure 25.
The vector diagram is shown as Figure 26. The term Vg, acting
along the tangent to the sun testpiece, represents the velocity (at
the instant of time being considered) of the motion of the trailing
edge of contact. Velocity V] acts tangientially to the planet, being

the peripheral velocity of this testpiece.

The angle between v, and Vv, can be seen from Figure 25 to be

180° - (¢+(R-A)é/a). The resultant velocity u makes angle ﬂ

with vg: if the vector diagram (Figure 26) is considered, the concur-
rency of this angle and angle P already determined geometrically is

confirmed (as outlined in Appendix 1). The calculation based on this
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vector diagram to find velocity u is given in Appendix 3. The
solution is

3
u 2 @320 8 ¢ (1L=0,28 )~ =% =<5 <59 a2 6.4.

For most practical purposes, autohesive tack strength values are
required at standard conditions of contact time and velocity of separ-
ation, From equation 4.22 et seq, for any test
0.25 )

Tack force = K ut where K is a constant - - - - - - - - 6.5,
The performing of a number of test runs and the averaging of the
resulting values of u and t gave the following values which have been
taken as convenient standards:-

ug =0, 35cm.s—1, tey = 1s, so that TackSt is F, the iack

st
strength representing the particular elastomer at standard testing
conditions. Therefore, if suffix m denotes conditions at measure-

ment, from equations 6.5 and 6.1

= 0.35 F:!!m
i Ut 0725 = : )
mbim cos/:}m
KGR SR e BN L 6.6.

0. 25
The general term Q = (0. 35/ut cosf{ ) can be converted to f(A)
for normal testing conditions using the expressions 6.2, 6.3 and 6.4
for cosﬁ , tandu. Then

/4 As/s

Q = 0.57/(n'° P 0 o U L N - gio

( Abeing in cm). Q has been plotted graphically against A
(Figure 27) for the full range of Awhich has been met for n'= 4,

Hence, for a normal tack test, the tack component Fw of the drag is

21000



Table 8

Typical calculations of tack strength at standard conditions from measured data

- €07 -

Tested at 4 r.p. m.

Normalised to standard conditions u = 3.5 mm.s , t=ls.

* More realistically N. (IOmm)-l, the dimension relating to the height of the testpiece.

+ Using Figure 24.

Energy Loss obtained on replicate testpieces.

+ Using Figure 27.

Elastomer  Multimeter scale Associated forces Depression readings Tack
) readings strength

Due to Due to Drag+ Energlr

Drag Energy Loss

Loss “+
$1 g (2H) R SES do (do+ 4 ) A Q- QniFw),,

( pm) (pm) (N) (N) (N) (N) (cm) (cm) (cm) (N)*
Milled NR BTS 25 11.4 0.8 0.4 11.0 0. 513 0.549 0.034 9.2 101
SBR 1500 1000 50 20.0 1.6 0.8 19.2 0.478 0.567 0.089 3.2 61
EPDM 250 30 5.5 1.0 0.5 5.0 0.515 0.588 0.073 4.0 20
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Figure 28 The construction of Rotary Tackmeter testpieces.



obtained by subtracting half the magnitude of the energy loss term
measured in a repeat, non-tacky, test run. Multiplication of Fw by
that term Q, which (from Figure 27) applie;‘s at the particular
depression A m for the test run gives a value of tack strength at the

standard conditions, u= 3. 5mm. 571

and t= 1s, Typical calculations
are shown in Table 8 for three rubbers of widely-differing tack

characteristics.

6.3.5 Testpiece preparation

As mentioned previously, Rotary Tackmeter testpieces (Figure 28
and Plate 5) are cylindrical, of radius 20 mm and 22.2 mm and

height 10mm.  The testpieces are produced by a transfer-moulding
technique under conditions cf increased temperature and pressure:
the peripheral surfaces of the testpieces are formed against a smooth

pol;-ester film ("Melinex').

Although methods of transfer moulding are well-established, the ab-
sencé of crosslinks after moulding means that more refined tech-
niques are required to retain the moulded shape of the uncured test-
pieces. Testpiece deformation was limited by the present author by
arranging that each testpiece largely comprised a steel centre which
was encompassed by a rubber layer of minimum thickness: in addition,
high applied pressureswere sustained throughout the process until

the moulded testpieces were cooled to ambient temperature.

As the weight of rubber used was only ca 4g, a danger originally
existed of the testing force pulling the rubber away from the centres

with subsequent distortion of the rubber. The writer overcame the
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problem by employing steel centres engineered to the shape shown in
Figure 28 in order to enhance mechanical interlocking. This shape
and the use of a rough (knurled) steel surface ensured that, during
testing, the rubber layer invariably remained in contact with the

steel centre.

138
The transfer-moulding set-up (shown in Figure 29) was constructed

to the design of the writer and consists of a steel 'pot-and-plunger'’
transfer assembly together with a two-chamber assembly in which
the testpieces are formed. Each chamber contains a steel centre and
has Melinex strips fitted around the peripheral surfaces. Melinex
discs are also used to prevent the bases of the moulded testpieces

adhering to the mould.

During moulding, the two assemblies rest together, suitable location
pins ensuring that the transfer channels (of diameter ca 3mm) are
aligned. Experimentation showed that the channels functioned most
efficiently when positioned exactly in the direction of the applied
pressure, and that the channels in the chamber assembly should be
of a slightly greater diameter. All mould components need to be
pre-heated to ca 80°C and the uncured rubber (ca 40g) is similarly
hot when fitted as a rough disc into the steel pot. The heat is ob -
tained from the platens of a suitable press, which also applies the
load (ca 100 KN) to the plunger as the next stage. The hot rubber is
forced through the channels and completely around the steel centres,
thus eliminating the formation of voids. The temperature involved
and the time of transfer depend on the viscosity of the rubber: for

a well-milled sample of natural rubber elastomer, heating for
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0.5 minutes at 110°C is sufficient.

After the transfer stage, the mould is completely cooled by the cir-
culation of cold water through the platens whilst the moulding pressure
is maintained. On removal from the press, the mould is opened to
reveal the testpieces which are then detached. The peripheral
Melinex strips are peeled from the testpieces after mounting on the

tackmeter, immediately before testing.

Testpieces produced in this way have been found to be consistently
uniform and reproducible. Numerous tests have shown that unwanted
separation between moulded rubber and steel centre ﬁow only occurs
with materials for which the magnitudes of tack and bulk strengths

are similar.

6.4 Critique of the Rotary Tackmeter

Whilst the Rotary Tackmeter possesses the several advantages already
mentioned over more conventional tackmeters, some technical limit-
ations apply in certain areas:-
(a) The time of contact t and rate of separation u cannot be varied
independently.
(b) Because the initial stages of rolling contact involve viscous
flow, an exact assessment of the contact tinﬂe applying after
reaching the critical contact force is difficult to make.
(c) Test températures depend on ambient temperatures which

are not necessarily constant.

Limitation (b) applies to all tackmeters, but is only important at low

contact times, such as those employed here. Despite this drawback
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short contact times are still practically realistic and therefore
preferable.  Although (a) and (b) indicate that the separate influences
on tack strength of t and u are not easily aésessed on this tackmeter,
good agreement has been found between experimental results and

theory, for u especially (sections 7.2.1 and 8.1).

The particular design of the Rotary Tackmeter called for fine toler-
ances during manufacture to give the testing accuracy required:
however, the resulting engineering difficulties have been largely
overcome during familiarisation with the instrument, A crude
assessment of the order of magnitude of the errors which might
arise in readings observed during tack testing is included with other
statistical considerations in section 7.1. Such comments become
inadequate as FR approaches unity when, in common with all other
tackmeters, testpiece distortion enhances the errors involved:
however, the early reading technique (section 6. 3) minimises the
effect. The final comment on the Rotary Tackmeter must depend on
the degree of correlation with practical experience (see Chapters 7

and 8),

6.5 The experimental requirements

Because of the close connection of tack and tyre building and because
this branch of the rubber industry invariably utilises non-polar
rubbers, no measurements have been made on polar elastomers,
Polarity aspects are excluded from considerations of the autohesive
mechanism. (This restriction is not intended to suggest that the tack

property does not apply to polar materials when employed in approp-

riate branches of the industry.)
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The particular experimentation necessary to indicate the reliability
of the tackmeter and to satisfy the experimental requirements listed
at the beginning of the chapter is largely self-evident. However,
experimental requirements (ii) and (iii) (page 86) do require further

explanation.

Requirement (ii)

Cuneen79 has shown that isomerised NR containing > 21% trans
polyisoprene does not exhibit stress crystallization (Figure 6).
Hence, if the optimum tack magnitudes of sufficiently-isomerised
polyisoprenes are greater than those of all other elastomers, the

explanation can only lie in enhanced self-diffusion characteristics.

Requirement (iii)

By measuring the uncured adhesion between two different elastomers
which nevertheless are of similar critical surface tension ) c» and
selectively producing a unilateral diffusive flow by the use of
suitable -different molecular weights, comment is intended on the

microstructural model to be proposed later.

All measured test data are recorded in the following chapter and

most are discussed in Chapter 8.
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Chapter 7 Measured values of autohesive tack strength

All results of tack measurements made by the w-riter are recorded in
this chapter. Test data refer to a contact force greater than the critical
value (the force frequently relating to a mean contact pressure ~1MPa),
and have been normalised (section 6.3.4) to a contact time of 1s and a
separation speed of 3. 5mm. s_l, except when these factors are variants
(section 7.2.1): similarly, the planet testpiece is invariably rotated at
4 r.p.m. around the sun. A single set of data measured by a colleague,

but of considerable relevance, is included in section 7.1.

7.1 Statistical considerations

An irvony of tack-testing is that the testing process itself can caﬁlse
deformation and deterioration of the testpieces. It is, therefore, not
surprising that the reproducibility between different test runs has been
observed as being best for rubbers of low tack: however, their impract-
ical nature does not warrant statistical studies. In a Sseparate invest-
igatigg, Kirkham of these laboratories statistically assessed Rotary
Tackmeter results from ten pairs of testpieces moulded from a single

milled piece of natural rubber (NR): the data are shown in Table 9.

Because the size of the 'statistical sample' in Table 9 is small, comment
141

on the mean is best provided by 95% confidence limits.
If L; is the 95% limit on either side of the mean,
ng is the 'statistical sample', the number of testpiece pairs,

Oy is the standard deviation,

ts is obtained from a "student's t" table for (ng - 1) degrees of
freedom to give a confidence of 95%,

1
=2

then TL, = %t n
S SO-S S
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Table 9

85
Rotary Tackmeter test data for 10 replicate pairs of milled NR elastomer

Specimen No. Autoﬁesive strength
(N(10mm)T)
1 125
2 97
3 y 108
4 ' 136
5 127
6 101
7 138
8 104
9 119
10 90

Mean 114.5
o 16.8

L 12.0

There is a 95% statistical probability that the mean from any other
such series of testpiece pairs taken from this piece of milled NR
would exist within the limits 114.5 ¥ 12,0 N(lOmm)'l. Hence the
mean is apparently a genuine representation of the general magnitude

of autohesion for the milled NR.

An alternative assessment of the errors involved in tack determination
arises from reasonable uncertainties in the various measurements. To

obtain an expression suitable for such an assessment, an approximate
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solution for the tack strength F can be derived in terms of the
original spring displacements sy and S which apply to the Drag and
Energy Loss (2H) respectively. The linear portion of the leaf-spring
calibration graph in Figure 24 is of gradient 55 I.lm.N-l and, when
extrapolalfed, intercepts the load axis at 1 newton. Hence

Drag =((s;/55)+1) = 0.0182 (s +55)
Similarly 2H =0.0182 (s, +55)

.". Tack Component F, = Drag - H=0.0091 (251—3 +55),

2
Combining expressions 6.6 and 6. 7:-
-3/ 4
F=0.57F o >/t A~9/8
w
to a good approximation, where A is the mutual depression of the
testpieces and rotational rate n' is 4 r.p. m. for normal testing.
Therefore
-9/8
F =0.00183(2s; - s9+55) A

If the uncertainties associated with measured results can be indicated

by using the prefix d, the uncertainty in F is given by:-

% Error = £100 351 + 352 4+ 1.125, é&) ________ 7.1,
281 - S9 A

Reasonable values for the uncertainties are 25 P, 6 pmo and 0.002 cm
respectively, the difference in the two uncertainties read on the
Multimeter scale arising from the different full-range settings
employed. Insertion into expression 7.1 of the appropriate data

from Table 8 for milled NR, SBR 1500 and EPDM gives errors of

i 9.4,4.12and9.7% respectively: the percentage error is minimised
when values of (2s - szl and A are both relatively high. The tack

strengths calculated in Table 8 would therefore be better represented

+
as 101 T o, 9, 61 - 2.5 and 20 z 1.9 respectively for the three samples:

el



hence the autohesive differences between the samples are considerably

greater than the experimental uncertainties.

Autohesive values under optimum conditions fall conveniently into
definite regions within the numerically extensive range between high
and low tack. Therefore, because the level of tack strength required
for technological acceptance is quite well-defined (section 7.4),
representative values for rubbers are obtained from two, three or

four test runs only.

7.2 Factors influencing autohesive tack strengths

7.2.1 Experimental factors

CONTACT FORCE

(The contact force is applied non-uniformly over a contact area
2,

~ 65mm®”: its relationship with contact pressure is discussed in

Chapter 8.)

Eight replicate pairs of testpieces were moulded from a simple
elastomeric compound comprising SBR 1500 rubber and HAF carbon
black (of particle size ca 25nm) added at a loading of 40 parts by
weight per hundred parts of rubber (40 phr). Tack measurements
were performed at different forces of contact, the results being given

in Table 10.

Table 10

The influence of contact force on the tack strength of SBR 1500/HAF

Contact force (N) 20 30 45 52 55 70

-1 72 84
Tack strength (N(10mm) ) 45 b 79 o 95 90
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A similar exercise was performed on an EPDM elastomer of
relatively low molecular weight, but substantial stiffness, caused by
the presence of blocks of polyethylene due to a high ethylene content

of 80%. The results are expressed in Table 11,

Table 11

The influence of contact force on the autohesive strength
of high ethylene EPDM

Contact force (N) 22 36 45 53 58 64 67

Autohesive strength 15,0 12.0 14.0 20.5 20.5 20.5 21.0
(N(10mm)™1)

In both instances, initially raising the contact force from low values
increased the tack until a limiting level was reached. Above acritical
'~ contact force, the taci{ became largely independent of further increases
in force. The critical contact forces were ~30N for the SBR

compound and ~50N for the EPDM elastomer.

CONTACT TIME t AND SPEED OF SEPARATION u
These two terms are inter-connected. If Tack strength ec uYt?
and (Fw)l etc. represent tack components measured at appropriate
conditions, then (as will be shown in section 8.1)
at constant A,

(- 2) = (og; o(F,)); /(F,),)/log, oo [l = = = = = = = - - rin ik
at constant n',

(y +2) = {((2 log, ((F ) /(F ) ) log (B[ By -1} - - - - - - %2,
The testpiece depression A %s altered by varying the contact force at
values above critical. The measurements recqrded in Table 12 were

obtained at rates of rotation (n') of 1 and 4 r.p. m. on an EPDM
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elastomer. A low-tack elastomer was intentionally used so that one
pair of testpieces could be used throughout (the first measurement

being checked by a re-test after the completion of test runs 2 and 3).

The measurement of the tack component of an EPDM pair
of samples at two values of n' and A

Test run Con:;c)t force = pr_lm,) (cAm) _(Fléy_
1 67 4 0.083 3. 35
2 61 4 0.065 2.40
3 67 1 0,081 2.05

The values of A were effectively the same in test runs 1 and 3.
Hence the data could be substituted into equations 7.1 and 7.2. The

resulting expressions simplified to

y -z = 0.354

1.664

Yz
so that y = 1,01 and z = 0.66. The empirical solution
1.01 0.66

Tack strength o< u t

is discussed in detail in section 8. 1.

NR and other cispolyisoprenes

The molecular chains of cis polyisoprenes such as NR are broken down
by mastication on a mill (section 3.1.3). A single piece of NR elas-
tomer was banded around a mill and continuously masticated at 90°C,

samples being removed at regular intervals. The viscosity of
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solutions in benzene of each sample (1 to 9)weremeasured and the

[ . T4 2
molecular weight calculated using the expression

-4 0.74
[‘?}benz =1.85x 10 (MV)

Measurements from a simple indentation plasticity test were also
obtained. Bulk strength was measured in the tensile mode by testing
"die C dumbells"143 cut out of a flat moulded slab of each sample,

and the most appropriate shape(s) of stress/strain curve (see Figure 20)

noted.
Relevant details are given in Table 13,

Table 13

Experimental details of milled NR samples

Sample Molecular Wallace Bulk strength
No. weight My, plasticity Type ofcurve Mean yield Breaking
* strength P strength if>P

x 10° (units) (kPa) (1 Pa)
1 8.4 51 5 290 558
2 7.8 47 4/5 145 240
3 7.0 42 4 110 140
4 6.5 38 3/4 143 150
5 5.6 31 2 120 -
6 4.6 24 2 135 -
7 3.8 17 1/2 111 -
8 3.6 16 1 104 -
9 3,1 12 1 66 -

* As described in Figure 20,
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Figure 30 Plots of autohesive tack and bulk strength test data
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Tack measurements were also made under standard testing conditions
on samples 1 to 6, and are shown in Figure 30 as a function of mole -
cular weight. The early reading technique (section 6. 3) was neces-
sarily applied to samples 5 and 6, great testing difficulties being
experiencgd due to the similarity of bulk and tack strength {i.e. relat-
ive tack FR'Vl): not unnaturally, the tack -testing of samples 7 to 9
(of lowest molecular weight) proved to be impossible due to strength
deficiencies. The results from samples 5 and 6 were used to equate
empirically the units of test data from the Rotary Tackmeter and from
standard tensile strength testing. Bulk strength values from Table 13
(both for yield point P and breaking strength when gréater than P) are
also included at a suitable scale in Figure 30. Decreasing the mole-
cular weight MV generally decreased bulk strength (especially when
MV > 700,000), the extra strength due to stress crystallization appar-

ently disappearing when M, <500,000. (The variability which exists

v
between some bulk strength measurements arose because post-
moulding shrinkage gave rise to difficulties in assessing the cross-
section of the die C dumbell.) In contrast, decreases in MV increased

the autohesive strength F, particularly when MV was between 550,000

and 700,000

In a separate exercise, three tack tests were performed on another
sample of NR elastomer which had been extensively milled so that

-1
Fr~1l. The average measured tack strength was 127 N(10mm) .

Natsyn 2200, a synthetic cis polyisoprene ex Goodyear Rubber Co.

polymerised with a Ziegler catalyst (a Ti/Al alkyl complex) has also

been subjected to mastication at 90°C. Brief details of tack
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measurements are given in Table 14. The increase in autohesive
strength with decreasing molecular weight (i.e. with increasing
milling time) is similar to that found with NR. The molecular weight

of Natsyn 2200 ex bale was somewhat less than that of NR ex bale.

Table 14

Autohesive data from milled samples of synthetic IR

Milling time Wallace Rotary Tackmeter
at 90°C plasticity autohesive strength
(min) {units) (N. (10mm)~*)

5 34 i
10 29 14
20 23 45
25 21 103 *

+ Samples ripped whilst testing i.e FR is ~1,

A limited exercise under the same testing conditions also indicates
the increase in tack strength which occurs on masticating a simple
compound of NR and HAF carbon black (50phr). When just mixed,
F was 21 N. (IOmm)-l, the value becoming 133 N. (10mm) ™! after

substantial milling.

IIR and EPM elastomers

For synthetic elastomers other than cis polyisoprenes, mastication
alone does not significantly reduce molecular weight M. However, a
reduction does occur if chemically-induced during mastication by the

addition of certain organic peroxides, and a sample of IIR (with
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unsaturation of 0. 7% mole) has been subjected to this type of treat-

ment. Brief mastication details and tack results are shown in

Table 15. Although values for M and plasticity were not obtained,

the physical state of the masticated elastomer confirmed that a full

range of M had been covered.

Table 15

Autohesive data from milled samples of IIR,

some containing 2% dicumyl peroxide

Mastication time  Physical appearance
at 100°C

Mean autohesive strength

(min) (N (10mm)~1)
0 Rubbery and firm 13
Substantial time Still rubbery 17
+
5,plus 60 in oven Quite sticky - less 35
bulk strength
+
125 Sticky - low bulk 38.5
strength

+ Containing peroxide

The data in Table 15 indicate that the tack of butyl rubber (IIR)

does increase with decreasing molecular weight, but the effect is

small compared with that for cis polyisoprenes.

A similar exercise was performed on a single piece of EPM

(initial MV = 220,000), mill-mastication being at 150°C in the pres-

ence of a small amount of a ketone peroxide: the Wallace plasticity

covered the range ca 25 to 5 units. Tack and bulk strength measure-

ments were obtained from samples removed at regular intervals
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during the mastication: the bulk strength values all refer to yield
points as the stress/strain curves were of types 1 and 2 (Figure 20).
The test data and brief mastication details are shown in Table 16.

A possible decrease in the autohesive stre ngth of EPM occurred as

molecular weight was reduced.

Table 16

Autohesive and bulk strength data from milled samples of
EPM containing a small amount of ketone peroxide

Milling time Wallace Comparative Bulk
at 150°C plasticity  autohesive strength strength
(min) (units) (7 (kPa)

0 23.5 23,9 . 252

6 11.5 18.2 140
12 8.5 16.4 112
20 5.0 17.0 g4t

+ Inadequate strength for handling.

Measurements made on the Mark I rotary tackmeter and hence
expressed by comparison with a single NR control compound.

NR

A compound containing NR and HAF carbon black has been compared
with a similar compound which contained, in addition, a hydrocarbon
tackifying resin (2 phr). The compounds were prepared by normal
mixing techniques and then each subjected to a further controlled
milling experiment performed with cold water running through the

mill rolls. Samples for tack testing were removed at regular
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intervals, the test data being given in Table 17.

Table 17

The effect on tack strength of a hydrocarbon tackifier
in a compound of NR and HAF

Cold milling time Autohesive tack strength
. Without tackifier With tackifier (2phr)
(s) (N. (10mm) 1) (N. (10mm)~1)
0 33 51
75 35 70
150 67 48
225 53 56
*
300 62 85
5 %
600 j 47 54

The cold milling time excludes the time for initially mixing the cempaund.

* From observation, FRNL

A further comment on the effect of tackifiers and processing oils is

provided for NR compounds in section 7.4 (Table 21).

A series of three EPDM compounds in which the one variant was the
type of tackifier has been compared with a control compound con-
taining no tackifier. The general formulation comprised a 50/50
blend of two EPDM elastomers of different ethylene content and high
loadings of carbon black and processing oil. Details of the ensuing
tack strength, bulk strength (necessarily the yield point P) and

Wallace plasticity data are given in Table 18.

S 130



Table 18

The effect of various tackifiers on lev els of autohesive tack,
Yield point P and plasticity for a typical EPDM blackstock

Ll Mean autohesive Wallace
Tackifier present tack strength 2 lasticit
(10 phr) (N (10mm)~1) (kPa) p—(_t—?xum 5
None - control 62 360 26
A : 68 340 23
B 63 330 23
< 65 350 23

The composition of C was a phenolic / PIB mixture;those of
A and B were unspecified by the manufacturers.

It is unlikely that the increases in tack strength arising from tackifiers
B and C are significant, whereas that from tackifier A was probably
just 0.  The addition of any of the three tackifiers caused a small

decrease in bulk strength.

— e S ———— e — — w— m— —— — — —

Different amounts of HAF carbon black were mechanically incorporated
into samples of one lump of SBR elastomer. The milling time was
kept similar in each case (including the control). Tack measurements

from the resulting blackstocks are shown in Table 19.

Table 19

The effect on tack strength of adding different amounts of HAF
black to a sample of SBR elastomer

HAF loading (phr) 0 20 40 50 60 80

-1
Tack strength (N(10mm) °) 16.5 39.0 47.5 50.5 70.0 53.5

A different sample of SBR from those of Table 20.
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The magnitude of tack strength passed through a maximum region as
black loading was increased. The highest tack values occurred
between loadings of 40 and 80 phr and especially in the region of

60 phr.

7.3 Assessment of the autohesive strengths of different elastomers

The test data appropria-te to a comparison between elastomers are
naturally those measured at optimum conditions of molecular weight.
Hence some values have already been given in section 7.2. Results
obtained for several common elastomers are shown in Table 20: the
value for an experimental ethylene butene -1 copolymer (EBM) is also

included in the table.

Table 20

Measured autohesive data for several elastomers at
optimum molecular weight conditions

Elastomer Rdary tackmeter autohesive strength
F, F, Fq F

(N(lOmm)"l) (N(lOmm)_l) (N(lOmm)_ll (N(10mm) 1)

NR 136 122 123 127
Synthetic cis IR 103 - - (103)
SBR 1500 56 60 56 57
Gis BR 50 59.5 53 54
EBM 42 38,5 35.5 39
IR 35 38 E 37
EPDM 21 22 - 21.5

A clear sequence of autohesive magnitude is indicated, with
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cispolyisoprenes displaying by far the greatest values. Ethylene

propylene terpolymers are truly non-tacky.

More autohesive data for polyisoprene elastomers containing proport-

ions of both cis and trans isomers are given in section 7.5.

7.4 Assessment of the tack strengths of various elastomeric

compounds

A selection of test data which have been measured for rubber compounds
is given in Table 21,

Table 21

Measured tack data for a variety of rubber compounds

Rotary tackmeter
mean tack strength
Rubber compound (N.(10mm)-1)

+
Typical factory NR blackstock , excessively

milled 156

NR plus HAF black (50phr) only, ditto 133
+

Typical factory blackstock of NR and

synthetic cis IR 132
Typical factory blackstock  of NR, cis IR

and SBR 1500 101
SBR 1500 plus HAF black (40phr) only 93

: -
Typical EPDM blackstock with stress/strain
curve type 1 83

Typical EPDM blackstock with stress/strain curve
type 5 48

+ Including processing oil and tackifier.

* See Figure 20,

The cis polyisoprene compounds and the blend of NR, cis IR and
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SBR 1500 can be handled easily in the factory, whereas compounds of
lower tack values can give rise to practical difficulties. Thus a
minimum requirement to give a suitable degree of tack in practice
can be conveniently taken as 100 N (10mm)-1 . The EPDM black -

stocks do not reach the critical tack value.

The highest value in Table 21 was produced by masticating a typical
NR blackstock for times much longer than normal to assess the tack
potential cf the compound. In practice, for time -saving purposes,
mastication is stopped when the tack level of this compound is much
nearer to the minimum requirement level. Comparison with the
simple NR/HAF compound, also milled to optimum conditions,
indicates the contribution to tack enhancement of tackifier and proces-

sing oil.

7.5 Tack measurements on isomerised polyisoprenes

Initial autohesive measurements were performed on two isomerised
samples of de-proteinised NR generously supplied by Cuneen of
MRPRA. The details of the samples and subsequent tack results

are listed in Table 22.

The appearance of the samples indicated the presence of highly
crosslinked polymer, a condition confirmed by the insolubility values
in Table 22 and shown for similar isomers elsewhere79. The occur-
rence of such crosslinking can be easily rationalised (section 8.3).

- Hence the low levels for autohesive strength are to be expected. To
obtain optimum autohesive values for polyisoprenes which can display

no stress crystallization, the present author prepared a series of
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Table 22

The autohesive strengths and some relevant details
of isomerised polyisoprenes ex MRPRA

Sample 1 Sample 2
Degree of isomerisation (%ocis content) 17 40
Autohesive strength (N (10mm)-1) 14+ 13
Insolubility in benzene (%) 9.8 39.1

* According to Cuneen (by NMR)

+ Becomes 27 N (10mm)-1 after substantial milling.

isomerised polyisoprenes by modifying the approach of Cuneen79,

the series continuing until the required conditions were achieved,

7.5.1 Isomerisation details

—— —— —— — — — — — —

Suitable methods of isor\ner-i:saxtion?9 involve the treatment of NR with

sulphur dioxide, the latter being either applied directly or by heating

butadiene sulphone (éHzc::HCchzéoz) in a vessel with the NR.

(The isomerisation mechanism is discussed in section 8. 3.1).
However, for the present purpose, preliﬁinary experiments indicated
that the mechanical incorporation of the sulphone (BS) into NR was
experimentally more convenient and still allowed the isomerisation

to occur.

Initial experiments also confirmed that treatment with BS, if suf-
ficiently intense to give rise to.> 20% trans polymer, additionally
caused excessive crosslinking. Consequently, tertiary butyl
catechol (TBC), a well-known inhibitor by radical absorption of

unwanted crosslinking during polymerisation reactions, was also
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Table 23

Brief details of various isomerisation experiments

Expt. State of original NR Loadings Isomerisation Type of Trans
No. No. of Wallace BS TBC time at reaction content
mill  plasticity 160°C 170°C vessel (NMR)
passes
(units) (phr) (phr) (min) (min) (%)
I 100 30 3 1 90 - Open 12
II 30 50 < 2 - 105 Open 17
I11 15 61 4 2 60 - Closed 26
IV 15 61 E: 2 E 150 Closed 63
V' 15 61 4 2 120 - (i) Closed 61
(ii) Open 16
VI 0 74 5 1.5 180 - Largely T 23
closed

* Critical value for avoiding stress crystallization
+ See text.

The NMR values were also generally confirmed by infra-red spectroscopic measurements.

79

were obtained by il Y BN SEEENN of Dunlop Research Centre.

Observations

- *
<21%trans: quite tacky.

Crosslinked; non-tacky.
Highly crosslinked.
Highly crosslinked.
{Not crosslinked; tacky but
weak (Fp~1),

Not crosslinked; tacky and
suitable trans content.

These analysis results



incorporated into isomerisation mixes. However, the incorporation
on a mill could only be performed with care under cool conditions s
and, at first, the use of sufficient TBC to prevent excessive cross-
linking also inhibited the process of isomerisation. Experimental
conditions needed to be closely monitored to reach the required

compromise.

Brief details of selected experiments and appropriate data are shown
in Table 23. In the final experiment (no. VI) to obtain isomerised
polyisoprene at a suitable molecular weight for tack, the original NR
was high molecular weight ribbed smoked sheet. The incorporation
into the NR (100g) of BS (5g) and TBC (1. ﬁg). was performed on a
cold mill with a minimum of mechanical working: in this way, little
TBC was lost and the NR was still of high molecular weight. The
isomerisation was carried out in the steel pot (capacity ca 500 ml)
of the tack mould pot-and-plunger assembly (Figure 29), so that,
after the removal of small specimens for analysis, the isomerised
rubber could be immediately formed into tack testpieces. The
isomerisation, requiring 3 hours at 1600C, was performed in a
press in.such a way that the platens sealed off the reaction vessel,

which was therefore closed to the atmosphere but contained some air.

A portion of the polyisoprene produced by isomerisation experiment VI

143
was moulded conventionally into a slab so that tensile 'die C dumbells'
could be stamped out. A normal procedure for bulk strength assess-

ment was performed so that the percentage by which the uncured test-

pieces had elongated at break (%EB,,) could be measured: the average
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value was 500%. The mean Wallace plasticity of these samples was

15 units.

. A further sample of the isomerised polyisoprene was mill-mixed

with tetramethyl thiuram disulphide (3phr), stearic acid (2phr) and
zinc oxide (5phr), ingredients which give crosslinks on the application
of sufficient heat. The compound was moulded into a slab of thick-
ness 4 mm and cured for 60 min. at a temperature of 1340C. A
reference distance was marked on the cured slab which was then
clamped to a special jig designed to apply considerable extension to

attached samples. Measurement of the extended reference distance

showed the elongation to be 525%, i.e. a higher strain than EB,.

Apalogous compounds were also made from NR and from a synthetic
polyisoprene, Cariflex IR 305 (ex Shell Chemical Co. ) which contains
92% cis polyisoprene. After masticating to a Wallace plasticity of
15 units for matching purposes, the respective values of EBu were
measured as 450% and 350%. A similar curing process was per-
formed on these two compounds, the resulting slabs both being

attached in turn to the special jig and elongated to 500%.

The clamping jig was additionally designed for incorporation into an
X-ray diffraction apparatus situated in Analytical Section, Dunlop
Research Centre, and X-ray diffraction patterns for all of the
samples were obtained. The X-ray results are summarised in

Table 24.
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Table 24

The X-ray diffraction patterns of various polyisoprene gumstocks;
performed by Tarrant

Gumstock
Unstretched Stretched

NR NR IR 305 Isor'nerised

polyisoprene

*
Sharp peaks None Two, spacings None None
0
6.27A and

4.238

Broad peaks One,spacing One,spacing One,spacing One ,Spacing
o) o} o}
4.72A a.724 4.72A 4724

* Superimposed on broad peak

The broad peaks are due to polymer of very low crystallinity, whilst
the sharp peaks for stretched NR are attributable to crystalline cis
1,4-polyisoprene. In addition:

a) (For any of the polymers) a peak as amall as 1/30th of the
height of the 4.233 peak found for stretched NR compound
would have been positively identifiable against the background
trace.

b) The ratio of the crystalline peak area to the total peak area,
ailthough not an absolute measure, is used to arrange similar
polymers in order of crystalline content: the ratio was 56%

for the stretched NR.

Clearly the technique was well-capable of detecting stress crystal-
lization as evidenced in the case of NR: hence the absence of any

appropriate peak for both stretched IR 305 and isomerised polyisoprene
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Btrongly indicated that no stress crystallization occurred in these

polymers at strains up to EB,, and above.

7.5.3 Autohesive measurements_

Autohesive measurements made on three samples of the isomerised
polyisoprene from experiment VI (Table 23) gave the values 66, 5,
63.0 and 61.0 N(10mm1'1, the mean result being 63.5 N(0mm) .
The average value for Cariflex IR 305 (92% cis) polyisoprene at the
same Wallace plasticity (15 units) was 77 N(lOmm)-l.

7.6 The adhesion between different uncured elastomers at
various molecular weights

The adhesion has been measured between Intene NF 45 (ex ISR Co.
a low-cis polybutadiene elastomer at a molecular weight suitable

for processing, and high molecular weight natural rubber, Similarly,
tht_a adhesion level between the Intene elastomer and Figh molecular
weight cis BR has been obtained. The high molecular weight
elastomers were obtained by ageing standard samples in the open
atmosphere until substantial gelling had occurred, Four 'planet’
testpieces of Intene NF 45 and two 'sun' testpieces of each of the high
molecular weight elastomers were prépared so that two tests could
be performed on the Rotary Tackmeter in each case. The test
results are shown in Table 25 together with some details of the

elastomers.
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Table 25

Measurements on the Rotary Tackmeter for the adhesion of
Intene NF 45 to two high mol.wt.elastomers

Elastomer Wallace Adhesion level to Intene NF 45

Plasticity
F, F, F

(units)  (N(10mm) ) (N(10mm)™Y) (N(10mm) ™)

NR (high mol.wt.) 96.5 13.1 13:3 13.1

Cis BR (high mol.wt)100 approx 11.9 11.9 11.9

Intene NF45 . 30 P - -
polybutadiene

The autohesion of Intene NF 45 is irrelevant and was therefore not

- measured,

* Cis 1,4 isomer, 37%; trans 1,4, 52%; vinyl 1,2, 11%.

The implications of these data are discussed in section 10.86.
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Chapter 8 A discussion of test results and a re -appraisal of certain
factors which influence autohesive tack

The statistical assessments in the previous 'chapter have indicated that
the processes of moulding and testing produce data of acceptable sig-
nificance. The correlation with technological experience o the tack
strength magnitudes for rubber compounds (Table 21), in particular
the practical difficulties indicated for EPDM compounds, provides
further comment on the validity of the data obtained on the Rotary
Tackmeter. The sequence of autohesive levels obtained for a range
of elastomers (Table 20) similarly agrees with practical experience,
magnitudes being somewhat less than those of the corresponding com-

pounds.

The present work has confirmed the previously-noted existence
(section 3.1.4) of a loading of filler associated with maximum tack
magnitudes: for HAF black, such a loading conveniently éoincides with
the Io.adings which produce optimum levels of many post-cure proper-
ties. The measurements have also confirmed the existence of
critical values of contact force or pressure above which further
increases in force did not radically increase tack strength. The
critical force phenomenon has already been attributed to viscous flow.
Other measurements in Chapter 7 employed contact forces above the
critical value. It should be noted that average values of the contact
pressures utilised have been up to 1 MPa and that pressures in the
region of maximum rubber compression will be even higher. These
average pressure levels represent an increase of one order over those

8,28

1
used by other workers The higher pressures should give rise
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to tack measurements which represent the diffusive aspects of

autohesion.

8.1 The influence on autohesion of contact time t and
speed of separation y

Let Tack strength o uy

t“.  Then from equation 6,1

Tack component (Fw) oC (coslﬁ wt?).
Cos fi » Wand t are all functions of A, the mutual depression of the
tectpieces. Substitution from the appropriate equations 6.2, 6. 3,
and 6.4, and simplification, gives

1zH)/2

F_ o (1.016)(0.39)(12.59 (¥ H(AY )(1-(0.1540.23y+0.06 A ) - - - 8. L

Expression 8.1 gives equations 7.1 and 7.2 (recorded earlier) by
considering the following special conditions which can be employed for
testing, If A is kept constant by manipulation of the contact force
above the critical value, let values (Fw)l and (Fw)2 be associzied with

rates of rotation n'l and n'2 respectively.

Then
(FW)].,(FW,z = (n'1/n12)y-z so that
(y-z) = (logm((Fw)l/(Fw)z))floglo(n'lln'z) --------- 7.1

By further manipulation of the contact force, if n' is kept constant and
values (FW)3 and (Fw)4 relate (at super-critical contact forces) to

Aq and '62' then to a good approximation

H
()t 30 =R A R E so that

(+2) = (2 log)(((F)s/(F ), Nlog o(A /A ) - 1 == 7.2,

As noted in section 7.2.1, the solution of these simultaneous equations

from the experimental data has resulled in the expression

1.01 0.66
. Tack strength oc u t
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The appropriate theoretical relationship has already been expressed as

Tack force eoc uto'25 R e e )
Hence the power term for the speed of separation u has been well-
substantiated by the measurements described in Chapter 7. At first
sight, less agreement has been found between the theoretical and
practically-derived powers of t. However, the geometrical portrayal
of tack testing (Figure 25, section 6. 3.2), which contributes through
expression 6.3 to expressions 7.1 and 7.2, does not allow for the time
taken during the initial stages of rolling contact for each element to
experience viscous flow until reaching the critical force: in diffusive
terms the true contact time is less than that predicted by expression
6.3. The proportion of actual contact time involved in viscous flow
will be less as n' is decreased and A increased, so that, from con-
siderations of equations 7.1 and 7.2, one can speculate that
expression 8.2 would be expressed more accurately by

Tack strength oe u°2 L oD
The reasonable correlation found between theory and practice at the
very low contact times employed by the Rotary Tackmeter supple -
ments the similar agreement found at much longer contact times with

other tackmeters (section 4.5): indeed the correlation with speed of

separation is perhaps better in the present case,

The experimentally-derive(_i equation 8.2 could be considered as more
relevant to Rotary Tackmeter testing than expression 6. 5, and there-
fore more suitable for the purposes of normalising to standard con-
ditions (section 6.3.4). The correction-term Q arising from

expression 6,5 is

T
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Q = 0.57/ (n®
The analogous expression derived in a similar manner but from
expression 8.2 is

Q = o.zosl(n'o' i A1'335(1-0.42A et T e
The plots against A of Q derived from both equations when n' = 4r.pm.
are included in Figure 27 (section 6.3.4). At this commonly-used
rate of rotation the plots are fortuitously similar for the values of A
normally measured. Hence the present system of using the theoret -
ically-derived correction factor can be continued.

8.2 The role of molecular weight in optimising both autohesive
and bulk strengths

As already discussed, the autohesive strength F is increased as
molecular weight M decreases from ca 106 to 5 x 10° until F reaches
the bulk strength at a particular molecular weight M;. The graphical
portrayal of the present data (Figure 30, section 7.2.2) for a contact
time of 1 s exaggerates the effect shown by Forbes and Mcleod18
(Figure 16, section 4.6.1) for a contact time of 30 §, possibly because
of the enhanced contact force, Thus the influence of Mon F applies
to short_and longer contact times. An additional comment arising
from the present results is that, at realistic practical contact times,

stress crystallization was apparently absent in the M_ region.

1

Patterns such as those exhibited by Figures 16 and 30 can be used to
assess the practical suitability of .experimental changes which might
be made to a rubber compound. Consider the schematic represent-
ation for NR shown in Figure 31, Provided that the contact force is

above the critical level, a series of tack curves can be obtained for

- 135 -



Tack or Bulk Strength

A

v Hypothetical
= minimum bulk
strength for

: / handling purposes
Z /\ Lo o

Curve D

l b,

) Molecular weight

M; region for curve A

At R, Tack ~ 0.7 Bulk Strength
which is acceptable (section 6.1), whereas the same level of tack
at Q is associated with a bulk strength below the minimum handling value.

Figure 31 Various hypothetical curves of autohesive tack and
bulk strength as functions of molecular weight.



a variety of reasons. For instance, successive reductions in
contact times give the series of curves A, B and C, the reduced
diffusion causing a shift of the M1 region to lower levels of M. The
bulk strength curve X is considered to apply throughout at constant

temperature and jaw separation speeds for viscoelastic reasons.

The same curves can bé used to demonstrate other experimental
effects which alter the extent of diffusion. Suppose an elastomeric
material possesses at suitable conditions a value of tack such that

it 1:;Les on curve C at position O. Suppose also that a second mater-
ial exists, identical with the first except for the addition of a small
loading of tackifier. If the tackifier merely acts by decreasing M
(or, more strictly, M) for the system, its behaviour could be des-
cribed by point Q, still on curve C but nearer to the Ml region and
copsequently associated with a lower bulk strength. However, if the
tackifier truly enhances diffusive aspects, the system might be
represented by point R on curve B: here, the gain in autohesive

tack has not been made at the expense of bulk strength. Figure 31
also indicates a hypothetical case when the yielding stresses are such
that, at the appropriate contact times, adequate magnitudes for both
tack and bulk (handling) strengths could only arise with the genuine

tackifier.

In these terms, the tackifier which when incorporated into a NR/HAF
compound gave the data shown in Table 17 genuinely increased tack,
as unit relative tack FR was reached at a much higher level of tack

than the best reached by a control compound.
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Extending the argument, elastomers of low tack such as EPDM might
follow curve D (Figure 31), for which M, lies well below the minimum
M value associated with adequate magnitudes of bulk strength

(ca 5 x 10° from Figure 30). To reach curve B or A the contact

time is so long as to be completely impractical. Hence, curves

A - D represent as a function of M the degree of diffusion which can
be varied by technological means, (e.g. tackifiers, solvent wipes),

by choice of experimental condition (contact time, temperature), or

fundamentally (by choice of elastomer).

8.3. The useful, but supplementary, role of stress crystallization

8.3.1 The polyisoprene isomerisation mechanism

—— e — —— —— e —— — — — —— —

The logic behind experimental requirement (ii) (Chapter 6) required
the f.rmation by isomerisation of polyisoprenes possessing > 21%
trans polymer. Cuneen?9 proposed the following "on-off" mechanism
for such an isomerisation by thiol acids:-

-H
RCOSH ——> RCOS-

H CH, H

[ =4
£, REOSy . = 0 e s BOOR

—CH, CH2— —CH2 CH2— Composite radical
cis “\
CH—
3 | 2
=C + RCOS-

3

e 2 ot
—_0—T

T

Q—0Q—0

|
HZH

trans

The isomerisation proceeds to a 50/50 cis/trans situation providing
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that an additional step, in which the composite radical reacts with
more thiol acid to form an adduct, is inhibited by the conditions
employed. Cuneen also suggested that isofnerisation by sulphur
dioxide presumably occurs via a similar "on-off'" reaction at the
double bond, but claimed that free radicals are not involved since the
rate of isomerisation appears to be insensitive to free radical catalysts
and inhibitors. However, sulphur dioxide is known to participate in
copolymerisation reactions with olefin monomers by means of free-
-radical initiation144, the overall reactions being given by the general
equation

CH,=CHR + soz-—> -(CH2 CHR - 502-)—
Sulphur dioxide also forms 1:1 complexes with olefins, the complex

then reacting as a unit with a radical. Hence the isomerisations

herein employing butadiene sulphone, (‘:H2 CH CH CH, éoz (or

CH, CH==—CH CH
possibly SO 2) reasonably proceed by free radical
2

reactions.

With many of these types of reaction, the possibility of crosslinking
exists due to the juxta-position of monomer units from neighboﬁring
chains at the instant that the units become radicals. From the pract-
ical experience of the author, excessive crosslinking occurs in the
present isomerisation unless inhibited by tertiary butyl catechol.

TBC absorbs free radicals t.quite readily, presumably due to the form-
ation of new radicals which are stabilised by resonance with the approp-

riate quinonoid structure.

The conditions found necessary to obtain a sufficiently-isomerised
polyisoprene which was apparently free from crosslinks and o
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suitable molecular weight (Table 23, experiment no. VI) arose from a

compromise of the isomerisation, crosslinking and radical absorption

reactions together with a normal (at high temperatures) chemically-
145

induced chain breakdown involving the oxygen of the air, such as

R—~CH=CH—R'+0_— R-—CH-CH-R'— R—CH—CH—R'

: | ok
O—~0- O—
R—ﬁH i+ (IfH—-R' 2 R——-ClIH——CH-——R'
2 LB Q@ 9

8.3.2 Implications from the autohesive measurements of

T e " — — ———— — ———————— — w— — —

—— — — — —

The X-ray diffraction evidence showing a complete absence of stress
crystallization in polyisoprene sample VI containing 23% trans isomer
(Table 23) has confirmed the previcus findings79. The autohesive
strength magnitude quoted in section 7.5. 3 for sample VI is ca 11%
greater than that of SBR 1500, the most tacky non-isoprenic elastomer

(Table 20).

The onset of stress crystallization is inhibited by increasing packing
disorder and by decreases in molecular weight. Table 24 shows

that no stress crystallization was evident in a cured sample of extens-
ively-milled Cariflex IR 305 elongated to 45% greater than EBu’ eveﬁ
though this elastomer only possesses 8%trans polyisoprene. Although
high local strain might be met at the uncured interface during the
separation stage of tack testing, they are unlikely to be much greater
than EBu. Hence no stress crystallization should occur during the

tack assessment of this elastomer. The autohesive value of the
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IR 305 sample (section 7.5.3) was 35% better than the SBR 1500 level
(Table 20). For the purposes of section 4. 8, autohesive magnitudes
of the non-crystallizing polyisoprenes were greater than the EPDM

level (Table 20) by a factor of ca 3.

It is also noted that, at the relatively low average molecular weights
associated with the very high optimum autohesive strength for NR
(Figure 30), the stress/strain curves during bulk strength measure-
ments display no sign of the crystallization property: any effect
which may exist locally due to high molecular weight regions is un-
likely to be a major influence. Although for the present purposes

a measurement of autochesive strength was necessary for a polyiso-
prene under conditions ( >2 1% ‘rans) at which the absence of stress
crystallization was without question, a case exists indicating that
stress crystallization does not contribute in any way to the optimum
autohesive strength of even the 100% cis isomer. The usefulness of
the stress phenomenon for compounds, involving polymer of higher
molecular weight, is not being questioned - merely the validity of
its application at the relatively low molecular weights associated with

optimum autohesion levels of the unfilled elastomer.

Whatever the case, the exercise performed substantiated the approach
of sections 3.2 and 3. 3: the primary requisite for tack is the ability

to form an adequate interpenetrating polymer layer at the interface.
Stress crystallization is undoubtedly useful, but only for handling pur-
poses at the post-coalescence stage, in common with other bulk strength

properties. The crystallization phenomenon by itself does not satis-
factorily explain the hi‘gh magnitudes of autohesion which can be
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obtained for cispolyisoprenes.

8.4 General

Of the experimental factors reviewed in section 4, 5, only temperature
has not been studied herein. Such an investigation was not considered
relevant to the assessment of the tackmeter or to the experimental

requirements of the present work.

Having first indicated practically the viability of the tackmeter, the
data presented and discussed in the last two chapters have satisfied
the experimental requirements. The estimation of an apparent dif-
ference in diffusion rate cf one order for polyisoprenes and EPDM,
based on a comparison of autohesive test data, is reasonable. The
following chapters deal with a proposed geometrical model to explain

the difference in diffusive ability between the elastomers.
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Chapter 9 A proposed microstructural model for resolving
the autohesive problem

A microstructural model is now proposed which relates geometrical
features to autohesive diffusion rates. It arises from the observations
that elastomers possessing unsaturation, especially if associated with
side-group substitution, are more tacky than saturated rubbers. The
striking geometrical factor is the comparative permanency, during
normal chain movements, of the relative positions of those carbon
atcms linked by unsaturated bonds. A characteristic such as this,
which at one scale of organisation can influence the crystallographic
repeat distance of an elastomer73a, is associated at a smaller scale

with local surface features which can enhance autohesion.

The approach has been facilitated by studying Stuart molecular models,
c:onsidered”‘6 to represent accurately the van der Wnals and atomic
dimensions of molecular systems. Indeed, the existence of "perm-
anent' regions of free space associated with certain chain character-
istics was strongly supported by adhering plasticine to appropriate
Stuart models and noting that some plasticine could not be removed
either by reasonable rotations of all the model components or by
sensible movements of neighbouring "chains". Stuart models were
also employed to choose representative configurations for quantif-

ication purposes.

The influence of local microstructural regions on the generation of
holes is understood more clearly by classifying free space to accom -
modate the space finely-distributed around the chain surface micro-

structure.
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9.1 The 'classification' of free space into interchain and
intrachain components

Whilst recognising the unique pervasive nature of free spacé, a dis -
tinction is proposed between interchain free volume and space elements
(collectively defined herein as intrachain free volume) which are
localised in conjunction with certain chain structural features. All
polymers contain interchain free space, whereas intrachain free space

is more evident in some rubbers than in others.

Quantitatively, intrachain free volume is the minor component.
However, the proposal is that, at any instant, these local Space elem-
ents may possess extra usefulness from the point of view of potential
'filling' (displacement by matter). An analogy from the macro-scale
in which we live is demonstrated by an empty cup. Regarding the
general atmosphere as space for convenience, the space within the
cup is no different from, and is a continuum with, the vast regions of
surrounding space: yet only the space within the cup can be usefully

displaced by fluid.

The structural features causing intrachain free space are visualised
as 'containing' cavities of Space between themselves, such cavities
having one end open to the proximate interchain free space. Whereas
interchain free space (that is, all free space which cannot be classed
as intrachain) may be displaced by any haphazard movements of -
neighbouring chains, intrachain cavities can only be occupied by a

largely determinate approach from another chain portion.

The type of structural features considered to provide intrachain free

space cavities are now exemplified.
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associated with a pi-bond and substituted grouping,
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9.2 The illustration of intrachain free space cavities

The cavities are well-demonstrated by studying the configurations of
chain monomer units of NR and IIR (or PIB) ela.stomers. For the
general purpose hydrocarbon elastomers, the second case will be

seen to be the smallest cavity which can reasonably be considered as
such, whilst the cavities of NR and other cis polyisoprenes are
apparently amongst the largest cavities occurring in abundance through-
out a polymer. Larger cavities can be associated with polymers pos-
sessing bulky side-groups but such polymers are iﬁvariably of high

TG and not elastomeric at normal temperatures: large cavities of

this type are met in copolymers such as SBR, but in limited numbers

only.

9.2.1 Permanent molecular features associated with pi-bonds

- ————————————— —— —— — — — — — — — —— —— —

——— — — — — — —

A .monomer unit (i.e. a repeating unit originally derived from one
molecule of monomer) of cis polyisoprene possesses both unsaturation
and a substituted olefinic carbon atom. Consequently the five carbon
atoms in the unit exist permanently in the same relative positions

(due to the rigid pi-bond) independently of chain rotations and of thermal

vibrations of the chain as a whole. Rotating the peripheral carbon-

carbon sigma-bonds gives many conformations of the monomer unit,
two of which are illustrated in Figure 32. However, whatever the
conformation, a region of space (indicated in Figure 32 by broken
lines) exists permanently between the limits of influence of the chemi-
cal groups based on the five carbon atoms, both above and below the
pi-bond. These cavities, which can vary according to conformation
between a substantial and a minimal volume, are easily accessible to
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Repeating unit + -C H,-

Figure 33 Stuart Model showing a temporary cavity associated with
substituted groupings in the absence of pi-bonds,



a determinate approach by another chain portion. A mean or
representative cavity size has been considered to apply when equal
intrachain cavity volumes exist above and below the pi-bond

(Figure 32b).

For the same reasons, the chain carbon atoms of a cis polybutadiene
(cis BR) monomer unit possess a permanency of structure. However,
the absence of any substituted side-group means that the cavity has
little depth , no grouping of the size of the two cis methylene
groups existing in the monomer (repeating) unit on the opposite side

of the chain axis. Although a cavity volume can be calculated, the

value is small.

e e — — e G — e S e — e - S — o — — — —— — — — —

For saturated polymers with no substituted groupings the only pecm -
anent chain feature is the carbon-carbon sigma-bond, next nearest-
neighbour atoms adopting variable positions on the rotational cone
about the preceding sigma-bond. In EPDM elastomers (i.e. ethylene
propylene terpolymers), the (CH,)- units therefore have no intra-
chain space. The presence of the substituted grouping in the propy-
lene moiety of EPDM causes permanent features which give cavities of
"medium" volume but of limited access in terms of cross-sectional
area. Similar cavities exist in other copolymers of ethylene and
hiéher alkenes, and in greater numbers in butyl rubber (IIR) or poly-

isobutylene.

Figure 33 illustrates for IIR (o PIB) one monomer unit plus a methyl-

ene unit in such a conformation that a cavity exists between the
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peripheries of three hydrogen atoms, each hydrogen being bonded to
a different carbon atom. The limited accessibility of the cavity is
obvious, such a cavity defining the smallest free space allocation
considered relevant, as these cavities could only each accommodate

a small spherical segment of an incoming hydrogen atom.

Further study of PIB in Figure 33 reveals that a second similar
cavity exists on the 'face' of the chain portion. The construction of
a Stuart model involving several monomer units reveals the existence
of two cavities per unit: the conferinational variations which destroy
one cavity simultaneously produce a replacement elsewhere on the

monomer unit.

The substitution of a hydrogen atom for one methyl group belonging
to the PIB monomer unit illustrates a portion of polypropylene. It
can be clearly visualised from Figure 33 that the same type of
cavities occur in the two polymers: however, only one cavity exists
per unit of i:olyprOpylene. Obviously the number X of these cavities
per monomer unit of a typical EPDM elastomer relates to the mole

fraction present of propylene.

— e — — — — — e — — ——— — — — — — — —

Whilst the existence of cavities is a permanent feature of appropriate
polymer chains, rotation of groupings causes the continual size
change of those individual cavities associated with pi-bonds, and
axial rotation of chain portions plus rotation of groupings alters the
location (but generally not the numbers) of cavities in substituted

saturated elastomers. The largest cavities which can exist in high
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numbers are associated with both unsaturation and substitution: the
loss of either quality considerably diminishes the size of the intra-
chain space cavity. The point is emphasised by the following

estimations of cavity volumes and cross-sectional areas.

9.3 The estimation of cavity volumes c' and cross-sectional areas a'

Just as the existence on a time average basis of a consistent pattern
of generated holes has been accepted (section 4. 10), so the variations
due to bond rotaticns of molecular conformations give rise to cavities
of continually-varying size which can be described by representative

values.

The shapes of the cavities for each of several general purpose elas -
tomers have been studied using Stuart models. A laboratory-produced
elastomer, ethylene butene-1 copolymer (EBM), was also assessed

for interest. By approximating each cavity to a simple geometric

figure and calculating the volume using atomic dimensions (Table 26)

Table 26
o2 el ’ : I =
Useful atomic dimensions, largely after Pauling
Atomic radii van der Waal¥s radii Atomic bond angles
(&) ()
C-C;1,544 H; 1.200 Tetrahedral (sp’);;,  109.5°
C-H;1.085 C; 1.650% ']3riglona1p1anar (spz); 12¢° *

Aliphatic C =C; 1, 334
Aromatic C=C: 1, 397
1 Angstrom unit (8) = 0.1nm.

* After extra;l)olation.
+ Preferredi16 ¢ Pauling's 125°.
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Table 27
Details ¢f Monomer Units

Elastomer Mol. wt. My Length of No. of cavities
of monomer Copolymer Molar Volume of Cross-sectional monomer  per monomer
unit moiety  proportion, cavity c" area of cavitya' unit L unit X
(&)3 (8)2 (&)
NR and cis IR 68.1 3.25 18 4,40 2.00
. Styrene 2 5.34 2.11 1

SBR 1500 60.8 2.13 0.68 4.23 1.70
Butadiene 13 1.85 0.56 1.81

Cis BR . 54.1 1.00 0.40 4.40 1.99

IIR 56,1 1.47 .67 2.52 2.00
Ethylene 1 0 0 L 0

EBM 42.1 1.47 0.67 2.52 : 1.00
Butene -1 1 1.47 0.67 2 .
Ethylene 2 0 0 0

EPDM < Sy 1.47 0.67 2.52 0. 33
Propylene 1 1.47 0.67 1

Emulsion BR 54.1 Wi 0.54 4.46 1.83

For copolymers and isomers, average values are shown for My, L and X.

Butadiene isomers:- Cis BR elastomer 96% cis 1,4; 1% 1,2; 3%trans 1,4

Emulsion BR (typical) 19% 17% 64%

Emulsion BR in SBR 6% 19% 75%



Fig. 34(a)

Fig. 34(b)

Figure 34 A breakdown of the NR cavity.



largelsr as quoted by PaulingM?, estimates of the mean cavity volume

c'" and the typical cavity cross-sectional area a'" have been obtained.
The results are given in Table 27 together with details for each monomer
unit of the number of cavities X, the molecular weight MM and the

length L (the latter relating to a fully-extended monomer). For
copoiymers (including isomers), the appropriate molar proportions are

included so that the representative molecular parameters could be

derived from the contributing moieties,

1" _—T-_‘I
joe o= S TIELGE Sutg a" = EXaj
X X

9.3.1 The calculation of ¢ values_

For most elastomers, the calculations have involved the subtraction
from a Euclidean shape of a volume arising from intruding portions

of hydrogen atoms, the heights of the portions giving the representative
depth d, of the cavity. The Stuart models have indicated that, in
each of these instances, the total intruding volume vy is me half of

a spherical segment.

2
Hence vy = (1/6) wd, (3ry - d)) ----------- 9.1

where ry is the radius of a hydrogen atom.

Cis Polyisoprenes (including NR).

Study of the Stuart model illustrated by Figure 32 indicated that the
mean cavity size was best represented by the broken lines shown plus
an extra region of space which is shielded by two vertically protruding
hydrogen atoms. The cavity is suitably broken down in Figure 34(a)
for estimation purposes. Figure 34(b) indicates the mean depth d,

o 0
of the cavity, which is equal to (1.2 +(1.085 c0s19.5°) cos 30°- 1.65)A=0.436A.
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Figure 35 A breakdown of the cis BR cavity.



Then:-

11 = 1 + 1n + mn
¢ NR 4 €9 €3

where ¢} = (volume of right triangular prism UVWPQR) minus Vi

cll

2

C"

3
To find ci':

I

(volume of cylindrical segment UPSVQT) minus Vi

minor component below the plane of the general cavity base.

"

8]
WV = 1,334 + 2 (sin30°(1.544 +1.085sin19.5°))A = 3.240 &

L]

0
UW = 2 (cos 30°(1.544 +1.085sin19.5)) A

", c}'={0.5 x 3.240x 3.302x0.436) - (1r(0.436) ((3x1.2) - 0.4366)
0.3
= 2.332 - 0.315 = 2.017(A)" .
To find cg:
0
UV = 4,626 A (Pythagoras). Area of circular segment UPS
0
(where UP = d.)is 0.2805(A)2 by standard trigonometry.
0

. cy = (4.626x0.2805) - 0.315 = 0,983(8)% .
5 . ",

To find Cqt
Study of the Stuart model indicates that the extra depression is of

o)

depth ca 0.085 A by standard trigonometry, of length ~ the diameter
of the chain-substituted hydrogen atom, and width approximately half

the length.

.l =0.085x2.4 x1.2 = 0.245 (8>

" e =3.25 (A)3

-+ CNR™ S -

Cis Polybutadienes and isomers.

The replacement of the substituted methyl group by a hydrogen atom
considerably reduces the size of cavity, the cross-section now being

that of a wedge decreasing from height dc’ as shown in Figufe 35. The

length of cavity remains WV (Figure 34(a)) and vy is again 0.315 83

DL



Plan

Figure 36 ~ A breakdown of the styrene moiety cavity.



The distance BD (Figure 35) differs for the two extreme conformations
of the chain methylene groups: the mean distance is

0.5 ((1.544 cos 30°+(1.085co0s 54. 75°) cos 24.759) + 1.544 cos 30°) = 1.621 £,
From standard trigonometry AB = 0.1953 so that AD= 1.816 X

(8]
et op=(0.5%1.816x0.436x 3.240) - 0.315 = 0.97(8)°.

The value of 1. 00(;\))3 recorded in Table 27 arises because the
molecular chains of the elastomer quoted as cis BR in that table also
contain minor proportions of monomer units of trans BR and

vinyl (1,2) BR. The Stuart model of trans BR indicated the cavity to
be equivalent to twice the component c'2' of ¢!

N

0
c't'BR = 1.97(A)%. The cavity of vinyl BR visually relates to the

R* S° that

cavities of PIB, which will shortly be estimated to be of magnitude

1.47(8)3.

Styrene moiety

The styrene cavity formed between the benzene ring and adjacent
methylene éroup is reasonably represented in Figure 36: a
contribution vy again applies. The dimension not visible is given by
the breadth of the carbon atoms of the benzene ring,

2 x1.397sin60°, (2.420 g). 'i‘rigonometric treatment of the atomic
dimensions produces 4.0103 for base JK and 1. 688!? for maximum
cavity depth KL.. Applying the last dimension to expression 9.1
produces 2.853 (3)3 for vij.  Hence

O
c's = (0.5x4.010x1.688x2.420) - 2.853 = 5.34 (A)°.

PIB and other substituted saturated elastomers.

The shape of the cavity shown in Figure 33 approximates well to a
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Hydrogen atoms form vertices of equilateral triangle across section
marked ¥ ¥

Figure 37 A breakdown of the PIB cavity.



regular triangular prism from which are. removed three spherical
segments of intruding hydrogen atoms. The prism length is d..,
calculable as (1.544 sin19.5°+1.085 +1.2 - 1.65) = 1.1503 (see

Figure 37). The area of the triangular base formed by the hydrogen

3

o o
atoms is calculated as 2.752 (A)z so that the prism volume is 3.165(A)",

o
From expression 9.1, v_._is 1,697 (a)3.

H

' 0.3
ci:,IB*—- 1.47(A)".

9.3.2 The calculation of a'" values

— e e o s mmm s e - m e -

For many elastomers, the calculation of a'" follows from that of ¢,
The purpose of estimating a" is to assess the effectiveness of the
ciifferent cavities in assisting the formation of holes to enhance auto-
hesive diffusion. Hence the cross-section of interest is perpend-
icular both to the tangent plane between the intrachain cavity and the
adjacent interchain space, and to the most probable direction ¢:
approach by an incoming diffusant. Consequently, the section applic-
able to a" for cis polyisoprene lies on the extension through the cavity
of the direction given by carbon atoms I and II in Figures 32 and 34 (a).
For styrene moieties, the relevant section traverses the pendant
benzene ring whilst, for all other elastomers considered, the plane

acting across the cavity at 90° to the chain direction is employed.

In elastomers such as NR, Stuart models show that cavities are easily
accessible to the correct approach from another chain and that the
incoming chain can, under the right conditions, fully fill the cavity:
a' should then properly relate to the complete cavity. However, for

cavities which can only accommodate a partial segment of the smallest
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component of an incoming chain, namely a hydrogen atom , the
above treatment should not apply. Cavities of this type (e.g. as
shown in Figure 33) reasonably give rise to a' values derived from

the degree of penetration reached by an incoming hydrogen atom.

Cis Polyisoprenes including NR.

" n

aNyp = a3t a'y + a;

where a'l', a'y and a'3' are the area components respectively relating
to the volume components c'', c; and c; employed earlier in the
section.

To find a]

The cavity width (i.e. in the direction defined above) strongly depends
- on conformation, whillst the depth d, is as before (Figure 34).
Representative widths for the two conformations have been calculated
by standard trigonometrv to be 2.006 & and 1.647 A. Hence ai‘ is
best given by 0.5 (2.006 + 1.647) x 0.436 = 0.796 (A)°.

To find a;

Previously the area of circular segment UPS was calculated to be

o
0.2805 (A)z. The direction of section UPS can be shown to differ from

the line of carbon atoms I and II by 15°32'. Therefore
0
ay =0.2805sec15°32' = 0.291 (8)%,
T 2 "
o find ag

0
From the calculation of c's', a'sf =0,085x 1.2 = 0.102 (A)z.

o | 19(;{)2
NR : I

cis Polybutadienes and isomers

- - mn " - -
From Figure 35 and the calculation of ¢ R® 2 .pR 18 simply

B



(0.5x1.816x0.436).
- 0.396 ()2
& BR - .39 -
a'{gR is twice the area of circular segment UPS in the NR model

(o}
(Figure 34) = 2x0.2805 =0.56 (A)?, and al which will be

— 3]
BR ~ 2 PIB’
o
seen to be 0.67 (A)z.
The values of a' are suitably proportionated for the BR isomers

recorded in Table 27.

Styrene moiety

The most representative section for a" reasonably incorporates the
breadth of the benzene ring (which experiences no steric restrictions)
whilst the second dimension arises from an incoming hydrogen atom
(see Figure 36). By a series of geometrical and trigonometric
considerations the axial length of hydrogen atom inserted as far ss
possible into the cavity can be es!imated as 0;8?2 K.

| b= = o 2
a'g = 2.420x0.872 = 2.11(A)%

PIB and other substituted saturated elastomers

a”PIB arises completely from the degree of penetration possible by a
hydrogen atom (Figure 37), a value calculable by twice employing the
theorem of intersecting chords and applying the standard formula for
the area of a circular segment.

5 1 . 2
Then a'pig = 0.67(A)°.

9.4 The role of cavities in hole formation

Within the hole -distribution framework discussed previously, hole
formation is facilitated in appropriate elastomers when several

neighbouring segments, which may or may not belong to different
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Chain cross-sections in an ideal packing arrangement: n =4,

At C: cavities occupied by part of an incoming chain.

Figure 38 Hole formation involving the participation of large
accessible cavities (NR-type).



Ideal packing, n = 4,

Figure 39 Hole formation in\;'.olving negligible contribution
from cavities of limited accessibility,

The particular sections shown are of EPDM.



chains, are positioned momentarily in such a way that intrachain
cavities coincide. The space contributions of these cavities and that
of the intervening free space combine to form a hole of critical size in
situations of chain proximity close enough to prohibit critical hole

formation for those other elastomers which possess no cavities.

The concept is illustrated in Figures 38 and 39 for an ideal packing
arrangement conveniently comprising four chains: a system of NR
chain sections (Figure 38) is compared with an analogous situation for
EPDM (Figure 39). The chains are represented by photographic
reproductions of sections of Stuart models which were manipulated in
both cases to obtain no more than the critical hole size. Measure-
ments taken both with the sections closely-packed and in the

positions shown in the figures indicated that the increases necessary
in root mean square distance between chains to attain the critical

hole sizes are only ca 15% for NR but ca 27%for EPDM.,

Naturally, chains involved in hole formation during random thermal
fluctuations are rarely positioned in the ideal manner shown in
Figure 38. The following situations are more probable:-
a) When the local surface region of NR participating in the
formation of a hole is that of the methyl or methylene groups, the
neighbouring cavities are not presented to the hole. Viewed in
perspective, however, it seems reasonable that the cavities will,
at the same instant or very soon afterwards, assist the formation
of another hole.
b) Numerous variations occur in the number of participating chains

and their positioning or direction relative to each other.
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Nevertheless, when comparing polymers, the point made by
Figures 38 and 39 reasonably applies for all analogous situations:
the presence of cavities means that critical holes can be attained
after relatively less outward movement of each participating chain

portion.

From the considerations above, critical hole formation is clearly
enhanced by the total number of available cavities. In the calculations
performed in Chapter 10, the number X of cavities per monomer unit

is related to that per gramme (N,).

9.5 The resulting effect on the numbers of available 'critical holes

 Arising from the comments of section 9.4, the activation energy of
diffusion and the molecular friction should be minimised by the
presence of cavities which contribute to the formation of critical

holes. Hence, the number of holes attaining the critical size for
diffusion during normal chain fluctuations must be considerably greater
for elastomers containing intrachain cavities than that for elastomers
with negligible intrachain free space. The effect is tentatively

related to E 4, jump frequency and diffusion constant in Chapter 11,
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Chapter 10 Mathematical treatment of a simple model and the
proposed alternative

10.1 Free volume data for several elastomers

The case is made in section 4. 10. 1 for employing the Simha—BoyerlZl

concept of.free volume to compare the representative hole sizes of

various elastomers. Writing again equation 5.8,

P - (O - BT e e ce e e o m s s e nc i an 10,1
where ']D is the free volume (cc. g 1) and W'L and OCG are the....(cont.)
Table 28

The total free volume and other data for several elastomers

T = 2904°K
Elastomer (°‘-L- OCG) ‘-P General
reference.
(ce.g~leg.” 1) (cc. g 1)
x 107%
NR 4.7 0.138 148
SBR 1500 4.5 0.132 149
Cis BR 5.8 0:1%71 149
IIR 4.9 0.144 1
EBM" . 0.153 150
EPDM 5.55 0.163 149
. :
Emulsion BR 4.85 0.143 149

The data used for IIR were quoted for polyisobutylene.
+Tq = 217°K.

* From extrapolated SBR data.

The units of (%4 -0%) are discussed in section 4.10. 1.
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The degree of packing n is the number of chains packed around a space,

In any polygon joining the circle centre points, the ratio of number
of circles to number of spaces is constant. i.e. When n = 3, the
triangle contains one space and 3 sectors of total area one semi-
circle whilst the rectangle contains a total of 12 spaces and 6 fuil
circles. The number of spaces per circle Sy = 2.

When n = 6, the hexagon contains one space and 6 sectors of total
area 2 circles. " a8y = 0.6,

Similarly whenn =4, S, = 1 and whenn = 5, Sy = 0.67.

Figure 40 The two-dimensional packing of circles in ideal systems.,



respective volume expansion coefficients above and below TG' A
single source for data of O‘L and D‘G could not be found for the seven
elastomers described previously in Table 27. Hence values of 90
for these elastomers have been obtained (Table 28) from collated OLL
and O‘G measurements which are apparently representative by com-
parison with other data. In the absence of a value of (DCL “ a(';) for
EBM, the approximatio;x of an iso-free-volume fraction of 0.113 at
121
T (see secticn 4.10.1) has been employed, Sobeing obtained by

proportionation.

10.2 The distribution of free volume amongst monomer units

10.2.1 The mean hole cross-section for a simple model

— e S e — o — — — — — e — — — — ——— — — o — —

A simple exercise is first required for subsequent comparison with
the proposed model. To distribute the free volume Sﬂ amongst the
monomer units in the most simple model (where all space is tzken to
be interchain), the close and semi-close packing of circles (or
ellipses) representing ideal polymer chain cross-sections is con-
sidered. The space between circles is concentrated in interstices :
the number of interstitial spaces per circle (Sn) depending on the deg-
ree of packing n: whennis 3,4,5 or 6, Sn is 2,1,0.67 or 0.5

respectively (Figure 40).

Polymer chain packing will tend towards these ideal conditions, the
degree of packing continually fluctuating about a mean value f.

Hence a calculated average volume of free space for each monomer
unit is shared between S, regions of space. The mean cross -sect_ional

area A of such a space region is given for the simple model by
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B | .
A= S_Nj L for any degree of packingn, - - - - - 10.2
where NA is Avogadro's number (6 x 1023) and M,, and L are the
molecular weight and the length of a monomer unit: values of MM

and L were given in Table 27.

For the proposed model, LP is shared between the total interchain free
space @' and the total intrachain free volume C'" where

(. s " :

c" = e Xe"N, /M,

values of X (the number of cavities per monomer unit) and ¢'" are

given with M, in Table 27. The estimates of C" and ' (obtained

" by subtraction) are shown in Table 29,

By analogy with the simple model, the average contribution A' of

interchain free space to the area A of a hole formed by the coinciding

cavities plus the intervening interchain space (Figure 38) is given by
k[? "My / S, N L : the contribution from the participating cavities,

depending on the number of chains involved, is na", so that

'M
A= pa™4 _LP__.M_ ................ 10.

SN, L
Values of A for both models when n is conveniently 4 are shown in

Table 29.

- 159 -



Table 29

Calculations of the specific intrachain (C'") and interchain (LP )
free volumes, and typical hole cross—sectlons

Ifn=4(Sn= 1)

Simple model Proposed model

Elastomer e LP ' A Al A=na'"' + A!
Gror ) leaa ) g (8)2 ()2
cis IR™ 0.057 0.081 3.56 2.09 6.85
SBR 1500 0.036 0.097 3.17 2. 31 5,03
cis BR 0.022 0.148 3.49 3. 04 4.64
IIR 0.031 0.113 5. 35 4.18 6. 86
EBM 0,021 0.132 4.26 3.68 6. 36
EPDM 0.009 C.154 3.53 3. 33 6.01
Emulsion BR  0.035 0.108 2.88 2.18 4.34

* Including NR.
For the proposed model, the magnitude of A is irrespective of the
number of holes which exist,

is calculated from Y-C".

10.3 The effect of the distributed free volume on the number of
critical holes

A diffusiﬁg chain end involved in the autohesive phenomenon varies
between polymers in shape and dimensions. For the simple model,
the number of areas of interchain free space attaining the critical -
cross-sectional area AO (to provide access to an incoming chain end)
during normal thermal movemeﬁts must proportionate to the average
interchain space area A for any chosen polymer, If Ao were the same
for all polymers, the most tacky polymer should possess the greatest

A value. As A, varies between polymers, the ratio A/A, is more
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applicable to autohesion.

For the proposed model, the autohesive properties of any polymer,
sensibly relating to the number of critical holes formed, will depend
on both A/Ao and the actual number of cavities per gramme (No) where
N, = XN, /MpoX= ZX; for copolymers).- - - - - - - - 10.4,
No is not an absolute factor, as each cavity would not participate in |
hole formation after every chain movement. For convenience,
rationalised values f representing NO for the various polymers, using

No for cis BR as the normalising factor, are presented in Table 30.

Table 30

Normalised factor f relating to the number of cavities per gramme

Elastomer N, ( N, )
f=100
o(cisBR)
x 102! (%)
cis IR 17.62 79.8
SBR 1500 16, 78 76.0
cis BR 22.07 100.0
IIR 21,39 96.9
EBM 14,25 64.6
EPDM 6.12 27,7
Emulsion BR : 20, 30 92.0

At this stage, the calculations of A/Ao and f(A/A ) for the simple
and proposed models require only the determinations of A,, which are

now performed.
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In the absence of a direct method, representative cross-sections
would ideally relate to measurements from model hydrocarbons.
However, no comprehensive range of measured Ao data utilising mole-
cular sieves is available for such hydrocarbons. For consistency,
all Ao vah;es were therefore estimated: where possible, certain
sequences of A data involving molecular sieves are also provided for

comparison.

Stuart models were used to determine the most representative regular
chain aspect for A,: an arbitrary length of ca. 5 g was considered,
hopefully to relate to the initial autohesive jump across the interface.

- The most bulky cross;section was assumed to be circular or ellipt-
ical (as appropriate to each polymer) and radii (semi-axes) were cal-

culated trigonometricallv from the atomic dimensions of Table 26.

Estimated data are shown in Table 31, each cross-section being taken
in the same plane as a'' (section 9, 3. 2) for that elastomer. Values
were proportionated for copolymers and isomeric polymers, molar
ratios being in Table 27. The additional possibility of "end-on"
diffusion of the styrene moiety (during initial diffusion) gives rise to a
second A value for SBR. A comment on the validity of the A values

is made by the following model measurements made 21193

employing
molecular sieves:-
(i) A sieve of representative pore size 19, t-’i(}i:\’)2 selectively absorbed
1-butene from a mixture with 2-me thylprope ne151. In Table 31,

o
the cross-section for cis IR is greater than 19.6 (A)2 whilst the BR

o
values are less than 19.6 (A)z :
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Table 31

Estimated AD values for the seven elastomers

Copolymer Estimated elastomeric

Elastomer Moiety cross-section A

(A)“
cis IR 19.8
(including NR)

Styrene 17.4,41.6

SBR 1500 18.0,21.3
Butadiene 18.1

cis BR 18.0

IR . 35.5
Ethylene 21.1

EBM 25.1
Butene-1 29.1
Ethylene 21.1

EPDM 23.2
Propylene 27.4

Emulsion BR 18.2

The proportions of cis 1,4 , trans 1,4 , and 1,2 isomers in the
various polybutadienes are given in Table 27. The values shown
for A were computed from the following estlmatlons for the 100%
1somers - cis 1,4= 18.0(82; trans 1 ,4 = 16.6(8)2; = 24. 3(3)2
The minor (ca 1%) moieties in IIR and EPDM have not been
considered.
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: 159
(ii) Sieve measurements have indicated cross-sectional areas of

the higher n-paraffins (up to ca Cy¢), the isoparaffins and
2,2,4-trimethylpentane to be ca 19.0, 24.5 and 28.5 (E)2 respect-
ively. Some agreement is shown with the A, data in Table 31 for

the ethylene moiety, EPDM and IIR respectively: it should be noted
that an appropriate unit of IIR possesses more side groups than
2,2,4- trimethylpenta;xe -

(iii) The selective absorption of propene from a mixture with propane
has shown153 that Ao for a saturated material is greater than the
equivalent unsaturated value (cf in Table 31 values for the ethylene

and butadiene moieties).

More details of some of the trigonometric calculations are provided

in Appendix 4.

. 10.4 The correlation of autohesive strength measurements with
f(A/A_) at reasonable levels of chain packing n

Sufficient data are now available to compute factors f(A/A,) and (A/A)
at several degrees of packing n for the elastomers being studied.

Graphs of the appropriate factor plotted against n for both the simple
and proposed models are shown in Figures 41 (a) and (b) respectively:
the two SBR 1500 plots for each figure arise from the two possible
values of A for styrene (see preceding section). For the simple model
at any value of n, no correlation of AIAO with autohesive magnitude
data (Table 20) is exhibited, the main discrepancy involving NR. In
contrast, Figure 41 (b) shows for the proposed model that at any value
of n which might reasonably be met during normal chain fluctuations,

the factor f(A/A ) is greatest for cis IR and least for EPDM, the
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intervening elastomers being placed in a sequence which generally

correlates with autohesive magnitudes.

As discussed in section 10. 3, the magnitude of f(A/A ) reasonably
relates to the number of critical holes available as potential tack
sites. Hence the mathematical appraisal provides general support
for the proposed model. A slight reservation arises from the neces-
sity to employ more than one source for the original free volume data.
However the representative nature of the values chosen suggests that

any resulting deviations should not be large.

Because A is a mean area term, the magnitudes of A/A, (simple model)
and f(AIAo) at the mean packing level n for each elastomer should be
obtained for comparison purposes.

10.5 The correlation of autohesive strength measurements with 3
f(A/A_) at the most probable ideal mean chain packing level n

The estimation of values of n has necessarily been made by a method

based on ideal, static packing situations.

10.5.1 Calculation of values of n

In a hypothetical form of packing, the molecular chains of a polymer
can be visualised as parallel cylinders lying only between two opposite
faces of a cube. The diagrams already used in section 10.2.1 to
obtain S, (Figure 40) represent chain cross-sections (radius r) :
contact-packed in this ideal way for various values of n. The sections

are better represented by ellipses for some elastomers: however, the

general argument is not thus affected.
As discussed at intervals throughout this work, micro-Brownian
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thermal movements of chain elements provide continually-varying
local density fluctuations around a consistent mean on a time average
basis. The mean is associated with an average {ralue n which is
specific to each polymer. The determination of n for a polymer
involves the comparison of (i) a packing ratio estimated from measured
data with (ii) a graphical representation of the equivalent ratio
estimated geometrically for several values of n.

(i) For the plane given by Figure 40,

let Ratio RA = Y chain cross-sectional areas

S, interstitial space areas
For a cube, side 1,, containing 1g of a polymer, the_ number of
ideal parallel chains is NALI Mpsl.- Hence the total volume occupied
by polymeric matter is (N, L/My1 )A 1, = N,LA /My, and the
total volume of free space in the cube = 1c3 -(NALA /My, so that
(NALAOIM]\')I]'(\ NALAD

R, = =
A 3 3
(o - (N, LA /M1, My

- LAO

A

At the mean packing level n, by the definition of lc,

density P = 1{;3 g. cm S (or Mg. m-3)
By = AT P SR N i ¢ v 10.5
My-N, LA, 0
(ii) In this case R = 2 circle (or sector) areas

2 interstitial space areas
A study of Figure 40 shows that, whatever the packing, Rp is repres-
ented for N space areas within a defined boundary by
Nrrr2 —(ﬂé—zl

RA =
N nr2 tan(—-—golin_zf - Nor? ____(n2—2)

s e e e A T it &
2ntan(g{')_fl_—ﬂl_“z—j;J -1 (n-2) 2
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The experimentally-derived R 5 value
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curve 2. Therefore curve 2 is
invalid (section 13. 3).
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Figure 42 The change in the ratio of occupied area to space area
as the degree of packing is altered.




Hence RA can easily be plotted against n, the resulting graph being

given in Figure 42 (curve 1).

For each elastomer, the substitution of data for N L,A, M

A’ (o s\

and/o into equation 10.5 provides a value of RA associated with n.
The substitution of the value of R A into Figure 42 (the graphical form
of equation 10.6) gives n as a result. As magnitudes of NA’ L, AO
and M, are known from the preceding sections, the only measure-
ment.s necessary involved/o . The test data measured at 21°C on a
gravitometer against anhydrous ethanol (/0 =0, 789) are included in
Table 32 for the elastomers described earlier in Table 27: after the
assessments in air, samples were steeped in the ethanol until (after

48 to 68 hours) consecutive readings of the density were constant.

The estimated values of n at 21°C for the elastomers are also shown
in Table 32.

Table 32

Estimated ideal mean levels of packing o for the two models

Measured Simple model Proposed model
Elastomer density /2 n n
(Mg. m 9)
* .
cis IR . 0.91 4,75 5,55
SBR 1500 0.89 4,00 4,20
cis BR 0.91 3.90 4,05
IIR 0.88 3.65 3.80
EBM 0.90  3.85 3.90
EPDM 0.84 3.10 3.10
Emulsion BR 0.89 3.90 4,05

* Including NR
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Two sets of results are given because, for the proposed model, the
level of chain packing in the vicinity of cavities should be estimated by
the replacement in equation 10. 6 of A, by (Ao—xa"): to allow for all
regions along the chain, n was weighted for each elastomer on alength
basis between the modified and unmodified equation 10. 6 according to
the length of the particular cavities. Although the estimations of n
are based on a hypothet.ical model, for comparable elastomers the
greater values of n apparently relate to the bulkier polymers or those

with relatively-large side groups.

— — ——— — — ————— — — — — —— — —

The estimates of n from Table 32 have been indicated for each elas-
tomer on the graphs in Figures 41 (a) and (b) by the insertio;l of a
circle. The associated readings for (AIAO) or f(A/A ) as appropriate
have been collated into Table 33, together with the autohesive test data
alfeady recorded earlier in Table 20. Comparison of.the columns in
Table 33 indicates that, at mean levels of chain packing, both models
correlate reasonably with autohesive properties in order of magnitude,
However, in terms of actual magnitude, the proposed model can explain
more realistically the superiority of the autohesion of cis polyiso-
prenes over that of the other five elastomers. The further advantages
for the proposed model at values of n other than n were noted in

section 10.4,
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Table 33

Calculated factors to monitor autohesion for the
two models at mean levels of chain packing i

: Measured

e A g e i

%) (%) (N(10mm) )
NR*. 24.8 41.6 127
SBR 1500 (a)17.6 (b) 14.9 (a) 22.8 (b) 19.3 57
cis BR 18. 4 26.5 54
IIR 12, 4 17.3 37
EBM 15.7 15.7 39
EPDM 8.4 ] 21,5

* Also other cis polyisoprenes

The estimation of A, for SBR includes (a) the ""end-on' cross-section
of styrene units (b) "face-on'' styrene.

n is given in Table 32 and applies at 21°C.

Comparison of the results of Figures 41 (a) and (b) suggests that IIR,
although not a tacky rubber, possesses a higher magnitude of auto-
hesion than the EPDM value for reasons due to the presence of cavities
and to its higher value of n. The relatively high rating of cis BR
arises mainly from total free volume aspects only, whilst the presence
of a few, very large, cavities in SBR 1500 probably contributes some -
what to the appropriate level of autohesion. The numerous, large,
cavities of NR cause a higher autohesion magnitude than that of cis BR

in spite of the smaller total free volume of the former.

- 169 -



10.6 The experimental comparison of recipient surfaces employing
unilateral diffusion

The semi-quantitative estimations just perfprmed have indicated that
NR might reasonably possess more critical holes than cis BR, despite
the greater total free volume of the latter, because of larger contri-
butions by NR intrachain cavities. Although autohesion levels have
been rationalized by the proposed model, a more direct experimental
comment on the model can be made if the elastomers being compared
are compelled by the use of very high molecular weights to provide
only recipient surfaces. Unilateral diffusive flow can then occur by
applying a suitable, third, low mol. wt.elastomer, so that differences

in bond strengths reflect differences in the recipient surfaces.

Naturally, this approach is only valid if the thermodynamic require -
ment s of making contact and interruingling are both satisfied. |
Table 25 (section 7.6) gives the appropriate results for the bonding of
Intene NF 45 low-cis polybutadiene to high mol.wt.samples of either
cis BR or NR. Because the contact force will cause Intene NF 45 to
flow rather than the high mol.wt.rubber, good contact should follow if
the surface energies allow the Intene elastomer to wet the other rubber.
As Y1y 'ié similar to Y. for hydrocarbon polymersg, Intene NF 45 \;vill
wet either of the high mol.wt rubbers according to the values of 9(:
shown in Table 2 (section 2.1).  With regard to the requirements for
intermixing, the solubility parameters of the two polybutadienes are

1

_1 4
Y 10wer34. For unilat-

identical and the NR value is 0. 3 (cal. cc.
eral diffusive mixing, the proportion of high molecular weight species

will be dominant in the interfacial region, and, under these conditions,

such a difference in solubility parameters can be reasonably tolerated.
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From the experimental data of Table 25, the bond strength of
Intene NF 45 to the high mol.wt. sample of NR was 10% higher than
that to high mol. wt. cis BR. The implication is that the NR
recipient surface possesses more critical holes than the cis BR

surface.
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PART III - THE PROPOSED MODEL RELATED TO VARIOUS FORMS
OF DIFFUSION AND TO OTHER PHENOMENA WHICH DEPEND ON
s CHAIN PARAMETERS

Chapter 11 Autohesive diffusion and its relation to the proposed
model and chain flexibility

A strong case now exists that differences in autohesion largely occur
for geome.trical reasons arising from chain structural and packing con-
siderations. Hence the relationship between chain flexibility and the
proposed microstructural model should be discussed. However, as the
microstructural model (unlike flexibility) is not an established concept,
a brief discussion is first appropriate on other situaticus where the
fine -scale distribution of free volume around local gebmetrical

features has apparently influenced measured properties.

11.1 Other instances of the application of microstructural geometrical shapes

After considering the molecular structure, submolecular motion and

mechanical behaviour of amorphous polyolefins, Martin and Gillham

have concluded that the shape of the free volume contributes to the

relation of free volume and the glass transition temperature TG' The

geometrical effects which could influence the shape of interstitial apace
121

regions might contribute to deviations from a proposed iso-free

volume state at Ta (section 4.10.1).

155 :
Another suggested partitioning of free volume has followed a dis-
agreement between experimental observations of the internal pressure

P; and the theoretical asseésment of P, arising from reasonable mag-
nitudes of the fractional free volume. A considered explanation was
that only part of the total free volume is available for configurational
changes. Wake96 .had already suggested that some free volume is
employed in 'loosening' processes, functioning within the influence of
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the sixth power law of intermolecular forces, whilst other free volume
outside this influence always exists as holes (albeit in ever-changing
positions). Allen155 contemplated that the free volume might be
dispersed in pockets smaller than the volume occupied by a segment
of the polymer chain so that a configurational change could only occur
when a sufficiently large amount of free volume had been collected in

the appropriate region.

After an extensive study of the diffusion rates of various penetrants
(of size CIB or C36) into several elaslomers, Auerbach et algg noted
that the removal of double bonds from the elastomeric molecuiar
chains tended to decrease the diffusivity of octadecane through the
elastomer. A 47-61% decrease in diffusivity was measured upon
saturating (i.e. hydrogenating) three elastomers, namely BR, SBR
and IR. Chain unsaturation was considered to increase the possibility
of hole formation due to the localised rigidity at the double bonds and
a subsequent hindrance to close packing.

11.2 An apparent explanation of the extremes in tack behaviour in
terms of the proposed model and chain flexibility

The proposed model has demonstrated semi-quantitatively (in terms

of high opportunities for hole formation) the order of autohesive
strength obtained for six elastomers. Comparison of the calculated
data for two models has shown that the main role of the proposed model
is to offer an explanation for the high tack of NR rather than to grade
the tack of all elastomérs. Cis polyisoprenes are unique amongst
common rubbery polymers in containing numerous cavities of substant-

ial size and high accessibility to incoming chains.
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The spontaneity with which the most tacky elastomers adhere possibly
suggests a rapid initial diffusion, from each surface, of short

chain ends or portions into the opposite recipient surface, utilising
the relatively numerous critical holes formed by the coincidence of
cavities in these polymers. This possibility might relate to the

98
Type A diffusion of Frisch = (section 4.2 et seq).

The subsequent development of bond strength depends on the
diffusion of statistical chain segments of length 20 to 40 carbon

100,96
atoms

(or Type B diffusiongs). Such diffusion requires a
high degree of cooperative segmental organisation within the polymer
bulk to form critically-sized holes. From an established viewpoint,
saturated systems are generally associated with high internal energy
barriers to rotationns: unsaturation is desirable for cooperative
organiSation. Furthermore, the effective size of szturated
diffusive units will be high. From the viewpoint proposed herein,
the microstructural model can also be applied to this scale of
segmental organisation. The presence of cavities should facilitate
the cooperative alignment of discrete holes, thus enabling the critical
segmental hole size to be attained with less chain cooperation:
consequently, critical segmental holes will again occur in greater

numbers. The structure of cis polyisoprenes is such that these

elastomers derive benefit from both viewpoints.

The factors which govern the diffusion constant D have been seen
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(Chapter 4) to be the activation energy Ed, the frequency factor D,
the. molecular friction (the product of the segmental friction fo and the
number of segments per chain Ng), the jump frequency @ and the jump
distance Sj' The apparent difference of one order in rate of diffusion
between NR and EPDM arises from differences in those factors which
in turn areé influenced by the geometrical considerations discussed

above.

To reiterate briefly

D= kT/NSfO ------------ from 4.9
2
and D—(st [BNg===-==commceea 4.15
2 2 Ko o0 St
so that f_= 6kT/ Sj ............. 4.16

(T being temperature -and k being Boltzmann's constant)
whilst D = Doexp(-Edi (NAKT))} = = = = = = == = - - 4.10

where NA is Avogadro's number.

Do exists at quite different magnitudes for different systems of dif-
fusion in polymers, the magnitude depending on the dimensions of the
penetrating moleculesg, and has been considered to be an entropy
term®?. D, is not relevant to hole formation in the matrix (or
recipient surface for autohesion) and consequently not relevant to the
present proposals. According to equation 4. 10, diffusion is naturally
enhanced by a decrease in the magnitude of the activation energy.
Wakeg'3 has pointed out that holes already in existence within a polymer,
if participating in the formation of a larger Icritically—sized hole, do

not require a contribution from Ed‘ A similar logic reasonably

applies to intrachain cavities which can be classed as holes (albeit

small) already in existence. In the particular chain packing
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arrangement shown in Figure 38, for example, the formation of
critically-sized holes only required chains to move outwards by a
root-mean-square distance of 15% for NR chains (possessing intra-
chain cavities), whereas the outward movement required by EPDM
was 27%. Clearly,Ed will be lower in the first case, as the degree
of chain rotation requirfad against the hindering potential of internal

92
rotation is smaller.

Referring to equations 4.9 and 4.15, the only parameters which might
be influenced by the presence of cavities according to the proposed
model are f, and @ (all jumps for hydrocarbon polymers being of
similar magnitude). Indeed, at constant temperature, foot:§ = from
equation 4.16. The segmental friction factor, the force fo required
to pull a single freely-orientating segment through its surroundings at
unit speed27, is almost completely required to push chains suf_f‘ic -
iently apart to allow the passage of the segmentl. As such, fj should.
be the force associated with activation energy Ed' after correction for
the number of segments involved, and is reasonably smaller if the
presence of cavities means that the cooperative chain movement
required is decreased. In such a case, the concomitant frequency @
is suitably increased. Hence for the simple model of distributed free
space considered herein, one might assume

@ oc fo_l o A/A,
and for the proposed model

$ o 1,7t oc 1(a/ay
where f is the normalising factor for the number of cavities existing in

an elastomer (section 10.3). The sum total of these considerations is
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that, during normal chain fluctuations, the number of critical holes,
which act as potential tack sites, is increased by the presence of

cavities.

In short, the effects of chain structure on both flexibility and the
provision of intrachain cavities are largely complementary. The
chain flexibility sequence shown in section 4. 10. 2 relates reasonably,
although not absolutely, with an order of autohesive strength, and the
proposed model can well explain the discrepancies. The explanation
in structure terms of the apparent difference of an order of magnitude
between the diffusion coefficients for NR and EPDM is feasible under

such considerations.
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TABLE 3),

Collated Data for Diffusion of Ga:ss and Solvents in Several Polymers

Diffusion Constant D Values, c.mz/s x 107
Diffusion of Gases °© Diffusion of Diffusion of Long-chain
Solvents Hydrocarbon Solvents 118
T, 1o b TR 99
Diffusion 159 Diphenyl 1577 157 ) ( ~24 =C= Octadecyl”™™
Polymer Temp. (°C) Ho Mo O COs Benzene-  ethane Dodecane Hexadecane Octadecane atoms)  stearate
NR 25 102.0 1.0 15.8 11.0 1.4 0.55 1.02 0.76 - - -
10 i & 2 - U] 1.86 - 5 1.69 - 1.02
(Ls°c)
50 222.0 34.2 L47.0 35.0 - - - - 2.85 - 1.40
60 - - = o = & - = 3.95L = 1.94
100 - - - - - - - - ~3.5 -
SBR 1500 25 - - - - - 0.21 0.40 0.27 - -
1,0 = - = - - = = - 1.38% X
50 “ - - - 0.96 o W 2.29* %
(L8oC)
60 - - - - - - 325" - -
100 = - - - 2 “ = v1.9 -
cis BR 25 - - - - - L.l 5.75 L.57 . - :
100 - - - - - - - - - ~ 6.l
Emulsion 25 96.0 11.0 15.0 10.5 = 0.83 - 0.83 = 5 L
BR 10 - - - - - = - - 2.78 - 0.95
50 180-0 29-0 3?.0 28 00 - - - - 3;62 - 1 -Ll1
0 i o d, i . - - i 6.19 - .80
TIR 25 15.2 0.45 0.81 0.58 pr 0.004" 0.007* 0.006* # I B
L0 “ - - - 0.ou7* = = = . & i
50 L3.8 2.2 3.8 2.76 - 0.03* - - - = >
(L8oC)
EPY (31-33 23 - - - E 1.05 - - - - =
male § P) Lo - - - - 2t - - - - - -
- 100 - - - - - - - - ~2.6 ki
*GRS 1006.

** Pilled compounds.
*Polyisobutylene,

Typical microstructure of emulsion BR:

cis 19%, trans 6L4%, vinyl 17%.



Chapter 12 Correlationof the proposed model with diffusion
through elastomers of gases and solvents

Whereas the diffusing chain portion in autohesivé diffusion varies in
size between elastomers, gaseous and solvent diffusion permits com-
parison of the same diffusant in a range of polymers. Thus any relat-
ionship of diffusion and distributed free volume might be studied. The
absence of matrix-penetrant interaction fc:um:!ls6 for several solvent/

polymer systems allows such a comparison.

Various workers have measured values of the diffusion coefficient D
for different systems. Typical data have been collated in Table 34.
Values of D are sensibly decreased by the presence of side-groups
and with increasing diffusant size and molecular weight, the nature of
the rubber matrix being the major factor in diffusion” . The rates

8z 10‘7cm.2s-1) are high relative to

of diffusion involved (D ~10"
those for autohesion. Gaseous diffusion (for the smaller molecules
especially) involves Type A Fickian diffusion, whereas, for larger

98
penetrants, Type B becomes the dominating influence. A more

detailed appraisal of the data in Table 34 now follows.

. 157
A general relationship of solvent diffusion and total free volume

cannot be applied to gaseous diffusion according to the data of van
Amerongen158. However, the situation is apparently rationalised by

studying in particular two elastomers, NR and emulsion BR, assuming

once againthe presence of intrachain cavities.

12.1 Natural rubber and emulsion polybutadiene

In summary, for the smallest penetrants, especially hydrogen, and
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for the largest diffusant (octadecyl stearate),DNR > DeBR' whereas

for diffusants of intermediate size Dyp < DeBR' These apparently
paradoxical comparative data may be resolved by the proposed con-
cept: the discussion refers to diffusion at near-room temperatures,

higher temperature diffusion data facilitating certain comparisons.

12.1.1 The diffusion of molecules of comparable size to

_— e e — — — — — — — — — — — ———— — —— —

polymer segments
With the bulkiest diffusant (octadecyl stearate) the sequence of diffusion
rates is NR > emulsion BR. This diffusant is roughly as big as a
polymer chain segment (20 - 40 chain carbon atoms). Critical hole
formation reasonably requires considerable cooperati.ve chain
organisation, the role of chain flexibility being important, as with
autohesion. Hence, as discussed in Chapter 11, the presence of
cavities should minimise the chain cooperation necessary so that many
more critical holes can form, especially in the case of NR: the total

number of cavities, No, is again a relevant factor.

The appropriate diffusion coefficients are ~ 10-7cm. 2 sﬁl. It might

therefore be speculated that D is also ca 10-7cm. 28_1 for the initial
stages of autohesive diffusion (section 4. 3), the much lower values

-11
c

(<10 m. 5-1) actually recorded by tracer technigues relating to

whole -chain movements.

As the other solvent penetrants in Table 34 are considerably less
bulky than octadecyl stearate, they can pass easily through the holes
discussed in section 12.1.1. Moreover, additional diffusion occurs

through smaller holes (being part of the thermally-driven local
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density fluctuations which continually vary throughout any polymer),
varying in dimensions down to the critical sizes which now apply. The
formation of these critical holes requires leéss chain cooperation, with

lower activation energies, than before.

From Table 34, these penetrants (unlike octadecyl stearate) diffuse
more quickly through emulsion BR than through NR (the rate being even
greater in cis BR). Comparison with Table 28 (Chapter 10) shows
that the same sequence also applies to the magnitude of total free vol-
ume for these three elastomers, a relationship157 between free volume
and solvent diffusion already having been noted. It is therefore
reasonable to assume that, in elastomers, the general magnitude of
kinetic energy at normal ambient temperatures is highly likely to
produce many holes which, whilst of super-critical size for solvent
penetrants, do not require excessive amounts of activation energy (or
associated chain cooperation). The presence of cavities would not be

expected to influence significantly the numbers of critical holes for

these penetrants.

The diffusion of gases cited in Table 34 (other than hydrogen) involves
all holes Idiscussed above plus the relevant critical holes (and all inter-
mediates). The formation of these critical holes requires a minimum
cooperation estimated at four or five -CHz-unitslz4 : 146. D values
in the two elastomers are similar, to mark the onset of another trend

which is emphasised by the relative rates of diffusion of hydrogen in

these rubbers.

A single -Csz unit probably possesses enough associated free volume
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to permit the occurrence of a diffusive step of a hydrogen molecule

and its jump frequency is sufficiently rapid to utilise fully every hole

of sufficient sizelss. As hydrogen easily passes through all holes
discussed so far in th_is chapter, differences in the diffusion rates
between elastomers should arise from the efficiency of its transport
through the tightest-packing situations. To obtain a hole be twee'n
close-packed chains by reducing a larger hole requires chain move-
ments which combine a decrease in the level cf packing n and a moving-
together of chains at constant n. In either case, the proportion of
intrachain free space increases with decreasing hole size: the influence

of cavities becomes a major factor once again.

Hyt-:lrogen diffuses more quickly through NR than through emulsion BR.
(A hydrogen molecule is only of circular cross-section 4.5 32 and
elliptical cross-section 5.. 9 Ez if estimated from atomic dimensions as
before (Chapters 9 and 10)). During normal chain fluctuations, con-
tinually changing regions of close-packing occur, and holes of minimum
cross-section A, for any level of packing n may exist by the coincidence
of cavities plus the closest-packing interchain free space relevant to n.
Whereas equation 10. 3 described a mean hole area A, the interchain
componént of A, may be estimated by ideal close -packing geometry.

From section 10.5.1 (by consideration of equation 10. 6),

Ay = B’ # Ao( ::_ tan(ﬁ)—(%_—z-)-j) - (n-2)) -----12.1

2

Although both elastomers possess numerous cavities, the large NR
cavities cause Ac values of magnitude equal to the critical cross-

sections for a hydrogen molecule to occur when n is as low as 3.0 - 3. 3,
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whereas the equivalent packing for emulsion BR is 3.55 - 3. 8. Clearly
NR can offer critical holes for hydrogen diffusion even when tightly
packed whereas emulsion BR only provides large enough holes at n
values quite near to its mean packing level n of 4.1. BR must possess
many holes of insufficient size, the free volume being utilised much

more fully in NR for hydrogen diffusion.

12.2 Elastomers in general

A complete comparison of the diffusion rates of the full range of pene-
trants in elastomers in general has not been pessible due to insuffic-
ient data (Table 34). However, those values of D which are provided
support the arguments of section 12.1 for all elastomers considered
except butyl rubber (IIR). The comparison is limited to the diffusion
of solvents and an oil, the latter possessing on average 24 carbon
atoms per molecule and hence being of similar size tc a polymer seg-

ment.

For the smallest diffusant which can be considered (benzene), the

effect of NR cavities on diffusion through closely-packed chains is still
apparent, as EPM possesses the higher total free volume, but

DNR > Dppy- With other solvent diffusants, the values of D in

NR, SBR 1500, cis BR and emulsion BR follow the sequence of approp-
riate free volume magnitudes (Table 28). At the scale of chain organis-
ation required for oil diffusion through NR, SBR 1500, cis BR and EPM,
although the amount of free volume still largely dominates, the paft-
icipation by NR cavities improves DyR to a value which is once again
greater than DEPM' thus upsetting slightly the correlation with total
free volume.
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12.2.1 The relatively low diffusion rates in butyl rubber (IIR)

D values for all diffusants considered are very low in IIR (or PIB).
Although a Stuart model of the elastomer shows two accessible cav-
ities per monomer unit (X 5 2), other shielded free volume cavities
exist at any micro-Brownian segmental conformation. In addition,
although the cavities are of moderate size, their shape precludes more
than partial ingress, even by a hydrogen atom (Figure 33, section
9.2.2). Free volume data derived from the combined expansivity
behaviour of all chains (i.e. an energetic source) should reasonably
include shielded free volume regions. Hence, the useful free volume
for IIR may be considerably less than initially expected, to explain at
least in part the low values of its diffusion coefficients. The escist—
ence in benzene-swollen IIR of many holes of insufficient size to accept

further diffusing benzene molecules has already been indicatedlss.

Further support for such a picture arises by studying Table 34 to com-
pare, for every possible penetrant, the diffusion coefficient through
IIR with that through NR by means of the ratio DIIR/DNR' The ratios

are shown as percentages in Table 35.

Table 35

A comparison of values of D for several diffusants in IIR and NR

100 DyjRp/Dyp (%)

DiffusantH, N, O, CO, 1,ldiph-Cy Cy, C

2 16
Temperature 8
(°c)
25 149 41 5.1 53 0.7 0.7 0.8
50 197 64 82 179 - - -
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Although the overall rate of diffusion through NR is by far the greater,
the extent of its superiority varies with size of penetrant: the general
trend is one of decreasing ratio with increasing diffusant size. As
indicated in section 12. 1, diffusion through NR is apparently efficient,
because a network of critical holes for hydrogen diffusion exists
throughout. the elastomer even at the closest conditions of packing and
the high mean packing level n of 5.6 suggests that ample space will be
available for the passage of larger penetrants. Therefore the variat-
ions of the ratio in Table 35 are reasonably influenced by character-
istics of the butyl elastomer. As a consequence, the high value of the
ratio for hydrogen diffusion compared with the other ratios quoted
suggests that many more holes exist of magnitude similar to that of
a hydrogen molecule than exist of larger magnitude: a proportion of
the smaller holes should exist permanently in such a way that they
cannot contribute to a larger hole in the event of the appropriate local
chain fluctuations. The shielded cavities discussed earlier conform

with such a conclusion.

From Table 34, DIIR< Dppy for benzenel diffusion, whereas, for
autohesion, DIIR > Dppy from tack test results. Hence, although the
collated data in Table 34 do not cover the point, a reversal of the trend
shown in Table 35 might be expected for large diffusants. Comparis.on
of of;her99 values of D at elgvated temperatures for IIR and NR suggests

that the reversal in trend might have started for octadecane as diffusant.
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Chapter 13 Implications arising from the present work on autohesion

Before discussing implications which arise if the existence of intrachain
cavities is accepted for certain elastomers, the relationship of auto-
hesion and the bonding of two adhesive coatings (section 1.2) can be
viewed perspectively according to the approach used herein regarding
the role of molecular weight M. Whilst accepting that M has been long-
established as a factor in these processes, the approach of using short
(and realistic) contact times, so that diffusive and bulk strength char-
acteristics can be largely differentiated, is less common.

13.1 The relationship of autohesion and the rubber/rubber aspect
of adhesive tack

Figure 43 shows a schematic portrayal of Figure 30 (section 7.2.2)
with the curve suitably extrapolated so that the molecular weight scale
extends down to values associated with viscous liquids. The term M
relates to a representative value of molecular weight with contributions

from elastomer, plasticiser, tackifier and, where appropriate, solvent.

When adhesive coatings are brought together, several workers have
shown (section 1.2) that considerations of ViSCOElaStiCityzl?’l and mass
flow are of gréater importance to bonding than isdiffision: in the terms
of Figure 43, the relative tack FR is unity essentially as soon as the
surfaces touch. The contribution of diffusion is now only minor. An
applied constant stress causes segments to move despite the retarding
influence of the product of the segmental friction force fo and the
velocity of the segments. At constant temperature, the relative move -

ment per unit stress is given by a complex expression which includes:-
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(i) a constant governing static and dynamic molecular considerations
(ii) summations of exponentials raised to power terms governed by
the magnitude of time.
The high bond strengths which follow contact and viscoelastic fusion
are enhanced for contact adhesives by evaporation of any residual sol-
vent and by the support given by the proximate rigid substrates: the
bond strength applies to the composite as a whole. Other adhesives
increase M after contact by chemical crosslinking to give

strong bonds.

In contrast, autohesion requires sufficient bulk strength for the pract-
ical handling of rubber compounds (sections 6.1 and 8.2) so that mole-
cular weights must be much greater (ca 250,000 to 500,000). Usually
M > M, (Figure 43), and the times of viscoelastic and mass flow
response to the contact force are longer than the appropriate contact

times applicable to the thermodynamically-driven diffusion phenomenon.

13.2 Conclusions regarding rubber tack

The theoretical justification which the proposed model gives to the
sequence of autohesive strengths for different elastomers at optimum
molecular weights (section 7. 3) also emphasises the practical problems
facing technologists when handling the compounds of certain elastomers.
Compounding techniques, at least by conventional means, only improve
the optimum autohesive magnitudes of elastomers by a relatively small
amount (section 7.4) Consequently, if the chain structure of an elas-
tomer means that its magnitude of autohesion cannot be high, the tack

strength of its conventionally-mixed compounds will also be inadequate.
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For the greatest autohesion, the minimum requirement for the struct-
ure of a repeating unit combines the associated presence of both
restricted rotation and one or more bulky side group, in a form of
sufficient disorder to avoid substantial crystallization at room temp-
eratures. Such a structure will probably possess a significant amount

of free volume besides possessing cavities of considerable size.

13.2.1 The particular implications concerning the tack of

—— — o —— —— —— — —— — —— —— —— — —

The theory described in Chapters 9 and 10 totally opposes the poss-
ession of a high degree of autohesion by EPDM and, consequently,
conventionally-mixed EPDM compounds could never be expected to be
sufficiently tacky for technological purposes. The balance between
sticky, unmanageable compounds and non-tacky compounds of high
strength (the choice resting mainly with the representative molecular
weight of the system, section 6.1) is unlikely to be overcome by con-

ventional compounding means.

A common technological method of overcoming processing difficulties
or deficiencies in property level associated with a particular elas-
timer is to blend the elastomer in suitable proportions with another
polymer which separately satisfies the particular requirement. Thus
a compound-blend of NR and EPDM can be obtained at an acceptable
level of tack. However, certain advantag;as associated with EPDM,
such as resistance to post-cure atmospheric ageing, are partially
removed by the dilution with NR: the compromise can rarely be re-

- stricted to the area of interest only.

A similar argument would presumably apply to an alternative approach,
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that of chemically-modifying the EPDM chains during polymerisation.
Although resulting alterations in chain packing might enhance auto-
hesive abilities, the change in structure could again reduce the
oxidative ageing resistance. Additionally, after excessive chemical

modification, the elastomer ceases to be EPDM.

If a solution exists to the tack problem of EPDM compounds, it lies
most probably in novel approaches which may not wholly involve dif-
fusive properties. A substantial advance has been claimed71 by
employing the following preccedure. The diffusive/bulk strength
requirements are both optimised by utilising an EPDM elastomer of
molecular weight probably no more than 250,000 but with a high
ethylene content of 80% to produce stress crystallization readily:

in addition, the termonomer of the EPDM should be specifically
ethylidene norbornene which when polymerised into the rubber chains

is of structure:-
H
&
i
H

CHCHS

The apﬁroach concerns compounds and not the EPDM elastomer alone.
These compounds comprise a mixture of the elastomer and compound-
ing ingredients which, although standard, must include phenolic tack-
ifier and aromatic oil: in addition, a sensitiser for photochemical
reactions (e.g. tetraphenyl -porphirin) should be incorporated. These
materials must be included in both components to be adheréd. The
surfaces of the uncured rubber compounds are next irradiated by
visible light, using fluorescent tubes as Sources. The resulting
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ille existence of cavities in a tackifier molecule.

RPU 24499

ik £ Do = Y. i S 1 . . 42 .
Plate 6. Stuart model of a molecule of abietic acid (wood rosin)



surfaces are claimed to possess sufficient tack for the subsequent

construction of articles such as tyres. Work at Dunlop Research
68 : \ el

Centre  has confirmed an increase in tack for a similar EPDM

compound when irradiated by UV.

The mechanism of such an approach or that of other studies involving
irradiation (see section-3.1.6) is not clear. The effect of the radiat -
ion on the ethylidene norbornene termonomer has been shown by

vau Gu!‘lSt?l to be the formation of hydroperoxides: in addition, a
two-phase system at the surface has been observed, the second ﬁhase
being rich in tackifier. Whatever the case, novel compounding tech-
nigques such as these are apparently required to obtain EPDM com -
pounds possessing adequate tack: the answer theoretically cannot lie

with the polymer itself.

— ——— —— ——— — — — — — — — ——— — — —

As detailed in section 3. 1.5, the main function of tackifiers is to
migrate to the surface sufficiently to improve diffusive aspects, excess-
ive migration being avoided so that no weak boundary layer is formed:
the term "controlled incompatibility" thus arises. However, the
pre-occupation of the present work with chain structural and packing
details leads to a further tentative suggestion concerning the role of

tackifier molecules.

Plate 6 illustrates a Stuart model of a molecule of abietic acid, this
being the main constituent of wood rosin, a common tackifier. It is
apparent that several "intrachain' cavities of a substantial size exist

over the surface of the molecule. Hence, although the tackifier cannot
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reasonably contribute to the strength of the system, the passage of a
diffusing chain portion into the recipient surface might be facilitated
by the formation of extra critical holes which are made possible by
contributions froml the cavities of tackifier molecules. Consequently,
the tackifier which has migrated to surface regions can be visualised
as not only enhancing the fluidity of outgoing chain portions, but also

improving the efficiency of the recipient surface.

13.3 General comments on the packing of elastomeric chains

The speculative model which has been proposed has indicated the
influence of particular regions of finely distributed free space on
those characteristics of an elastomer which regulate an incoming dif-
fusing species. These characieristics can also be monitored by fac-
tors at a higher scale of organisation such as chain structural sym-
metry (causing crystallinity), chain magnitude (or molecular weight)
and free volume when crudely distributed throughout the polymer.

NR possesses a high degree of autohesion because of the local supple -
mentation of space distributed on a relatively massive scale amongst
the dynamic thermal movements of long molecular chains by specific

void features from a lower scale of organisation.

The phenomenon is considered to be an example of a more general
hierarchical viewpoint held by Wilson]L61 and others concerning the
structure and construction of pqumeric materials, and the relationship
of these forms to various properties. Briefly, solid polymeric mat-
erials need not exclusively be considered as the result of infinitely
ordered (crystalline) or limitedly disordered (glassy) cohesions of

fine particles. According to Wilson, a valid alternative lies in
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agglomerating the fine particles into larger particles to produce a
coarser-scale complementary geometry between the agglomerated
units and free space. The process can again be performed on a yet
larger scale, although the complementary species may now be two
components rather than one component and space. A succession of
such formal jumps in scales of organisation, each scale eclipsing its
finer predecessor, offers a concomitant number of approaches which

can be attempted in order to influence a property of interest.

In the present case, the magnitude of the autohesive property can be
influenced at several levels of organisation. For instance, an
exposed tacky surface can be rendered non-tacky on progressively
finer scales by the application of talc, soap solution and UV irrad-
iation. Bulk effects which lessen autohesion are, in order of dimin-
ishing scales of organisation, filler particles (excessive loadings
decreasing autohesive strength (section 3.1.4)), the blooming of
curing ingredients or oils (section 3.1.6) and the immobilisation of
polymer chains (high molecular weight or crystallization). However,
if these effects are absent, the production of high autohesion relies
only on three scales of sub-colloidal organisation:-
(i) the scale of chain organisation involved in producing coop-
erative movements of segments and statistical segments
(ii) the scale of chain organisation and agitation giving rise to the
general distribution of free space through the polymer
(iii) the geometrical details of the molecul.'-ar chain providing the
local structural features giving rise to cavities.

On a complementary basis, the production of autohesion can be con-
sidered as being due to the free volume (associated with (i) to (iii)
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above) also existing in hierarchical classes, viz that resulting from
chain cooperation of such a magnitude to provide a critical hole for a
segment, that which is distributed more or less evenly amongst the
polymer chains and that contained by cavities (i.e. ¢"). A ‘sub-
cavity scale apparently exists in polymers such as IIR, effectively
using up some free volume and inhibiting the diffusion even of

hydrogen molecules. (I;'l addition, finer scales of organised space
occur within the environs of atoms themselves, but these are outside

the definition of free volume given in section 4. 10.1).

The scales of organisation which are apparently relevant to auto-
hesion (and to forms of viscoelasticity such as those monitoring
adhesive tack) do not necessarily apply to other properties, or to
systems comprising more than one elastomeric component. The
present work may, however, suggest one possible approach when
stﬁdying such problems. Indeed, earlier work by Pechold ne des-
cribes in detail for polyethylene the effect of rotational isomerism on
molecular order and mobility (that is organisation at the microcrystal-
lization scale) by correlating many conformations with plots of the

complex shear compliance versus frequency and/or temperature.

Although the free volume of a polymer has been seen as greatly
_influencing certain properties, a part of the present work has drawn
attention to its relative sparseness. The estimation of the average
packing level n for elastomers (section 10.5.1) assumed an ideal
situation (Figure 40) comprising parallel contact-packed chains with
thermal fluctuations effectively being restricted to the highly organised

cooperative motion of all chains within the relevant cube. Suppose
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A typical representation of the molecular chains

in mbber using a wire model
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instead that the chains were considered to be separated from nearest
neighbdurs by a small distance 2s. The ratio Rp of area occupied

by matter to that occupied by space now depends on a modified form

of expression 10.6, with the term ar? substituted by n(r + s)2.  Avalue
of s (namely 0.01r) has been arbitrarily considered, the subsequent
estimations being plotted against n and shown in Figure 42 as a broken
line (curve 2). The alternative experimentally-derived ratio Rp
(obtained for any elastomer utilising expression 10.5) is 8. 76 for
EPDM at 21°C, the ensuing values of n from curves 1 (s =0) and 2 in

Figure 42 being 3.1 and 2. 9 respectively.

Clearly, a packing level < 3 is meaningless for the model being con-
sidered. Hence, by inference, curve 2 does not apply and s < 0. 01r,
i.e. the average distance between the chains is less than 1% of the
chain diameter. As real polymer matrices must cortain a large dis-
tribution of chain crossover points (presumably involving bigger free
volume interstitial regions) s must actually be considerably less than
0.01r. Consequently the influence of s was disregarded when esti-
mating n in section 10.5.1. But, more to the present point, chains
exist in a state of continual flux at situations of proximity much closer
than the popular representation (e.g. 162) illustrated by Plate 7.
Whereas such models are helpful visually when discussing the random
nature of intertwined, fluctuating chains, or the development and
response of networks, a more realistic picture is of holes dispersed
throughout a closely-knit system with considerable contact invariably
being maintained during segmental movements. The importance of

molecular friction and activation energy is thus emphasised. The
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point has been separately made 4 with regard to microcrystalline

effects.

13.4 The way for future developments

Following previous points of discussion, possible areas for further
work are:—‘
1) For established elastomers which lack basic autohesion, further
studies of novel compounding techniques.
2) The chemical modifications of elastomers (possibly during poly-
merisation) to introduce intrachain cavities as structural features
(remembering the reservations expressed in section 13.2.1).
3) For the production of new tackifiers, geometrical as well as com-
' patibility considerations: the possibility of incorporating extra cav-
ities as molecular surface features.
4) The production of new elastomrers with geometrical features spec-
ifically designed to produce high tack when at optimum molecular
weight.
(a) Unsaturated polymers would undoubtedly be modelled on NR,
hopefully to attain large cavities but with sufficient disorder to
minimise crystallization: elastomers possessing five chain carbon
atoms per monomer unit might be of interest.
(b) Saturated polymers would presumably require the incorporation
of bulky side-groups, possibly producing steric hindrance to enhance
the size of cavities.
It is, however, unlikely that i:solymers which might evolve would find
commercial outlets due to the competition of existing elastomers and

for cost considerations.
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5) The utilization of a hierarchical approach: the possibilities could
be considered of the bonding of elastomeric materials by mechanisms
which function at higher scales of organisation.
6) The use of packing considerations to increase further the imperm-
eability of rubbers by causing a decrease in rates of gaseous diffusion.
7) Radiocl;emical studies of the self-diffusion of NR and EPDM over
a range of molecular weights.
8) Corishlss has pointed out that tack testing and other work in the
following areas could provide further information on the understanding
of autohesive tack:-
(a) The extension of the proposed model to other no'n—polar elasto-
mers such as the polypentenamers and poly-2, 3-dimethylbutadiene,
and certain low-polarity non-hydrocarbons (e.g. polypropylene oxide).
Free volume data would be required.
(b) Similarly applying the proposed model to polar elastomers such
as acrylonitrile -butadiene copolymers and polychloroprene.
(c) Studies on the effects of molecular weight distribution (M. W. D, ):
comparison could be made between different cis BR elastomers which
are produced with similar average molecular weights, but different

163
values of M. W, D,

As a point of general relevance, the measurement in one laboratory of
free volume data for many common polymers would facilitate compar-
isons such as those performed in Chapter 10. The approach (cf section
4.10.1) might be a fundamental summation of the appropriate van der |
Waals radii or the accurate assessment éf expansion coefficients “L

and OLG for all of the polymers on a single dilatometer.
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Chapter 14 Concluding appraisal

The early chapters have considered the areas of established science
relevant to autohesion, a bonding phenomenon applying to polymers
which, for reasons of chain packing and magnitude of molecular
weight (M), exhibit elasticity and other rubbery qualities. The
analogous bonding property associated with rubber compounds (i.e.
elastomers with additives incorporated for practical reasons) is
autohesive tack. The coalescence of two similar elastomeric surfaces
satisfies appropriate thermodynamic requirements, but, when M is
high, constraints due to viscoelasticity are only overcome by the
application of a sufficiently large contact force. When contact con-
ditions are acceptable, a sequence of autéhesive strengths exists for
elastomers, ranging from high magnitudes for NR and other cis poly-
isoprenes through the levels of other synthetic elastoriers to low
values for EPDM polymers. The explanation has been found in a fine
study of the bonding mechanism of the coalescence, which is broadly

the interdiffusion of polymer chains across the interface.

The general bonding mechanism must also apply to the more frequently-
met autohesive tack. An analogous sequence of tack strengths exists
for different elastomeric compounds. Certain technological pr_oblems
caused by low tack can often be overcome by improving chain mobility
to enhance the rate of interdiffusion. Examples are:
(i) (for cis polyisoprenes) the mechanical reduction of M, a major
factor influencing autohesion. This process can be enhanced by the
presence of fillers in compounds, due to increased shear forces.

(ii) the addition to compounds of processing oils and tackifiers, -
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the latter now being chemically-designed to migrate to the surface
region for maximum effectiveness.
In contrast, autohesive ability can be diminished by effects of radiation,

surface contaminants and excessive filler loadings.

The relationship between tack strength and bulk strength influences
both the constructionof composites and tack testing. The use of
excesgsively-long contact times can lead unintentionally to the assess-
ment of bulk strength when tack testing, the confusion broadly arising
because tack strength o M_l whilst bulk strength o< M. The distinct-
ion exists between the terms on the grounds that the diffusive step must
precede the development of bulk strength. The ability to form an
adequate interpenetrating interfacial layer is the primary requisite of
autohesive tack. Consequently, other characteristics which increase
bulk strength, such as stress crystallization, reasonably influence tack
strength in a supplementary fashion: whereas permanent crystal -
lization inhibits the initial diffusive step to destroy tack, the following
of a successful coalescence by the onset of stress crystallization

increases the resistance to separation.

Existing methods of tack testing fall largely into two groups, peel tests
and those in the tensile mode. A case can probably be made for
preferring peel tests, despite the variable contact times involved.

Both groups of test provide useful evidence concerning the effects of
experimental conditions on autohesion, but generally fail in different-
iating between the test magnitudes obtained f-rom different elastomers.
The sequence of tack strengths mentioned earlier in the chapter, known

to exist from the practical experience of handling elastomeric materials,
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was obtained using the Dunlop Rotary Tackmeter. This tackmeter
(designed and constructed during the study described herein) is a
dynamic test in the peel mode but with constant time of contact during
any one test due to the sun-and- planet motion employed. The contact
time is realistically short, as in technological handling. A necessary
theoretical appraisal has been performed so that tack strength at
standard conditions can be obtained from two direct readings followed
by the elimination of a small energy loss contribution and treatment
with a normalising factor. Many test measurements have been madeto
confirm known trends arising from variations in experimental conditions
and other influencing factors (viz molecular weight, the addition of
fillers and tackifiers etc.), to relate the autohesive tack sequence
arising from elastomers and their compounds, to indicate the supple-
mentary role of stress crystallizatiun by studying isomerised polyiso-

~ prenes and to assess briefly adhesion between different elastomers.

As indicated above, the explanation of the elastomeric tack sequence
(now experimentally substantiated) rests in the bonding mechanism.
The mutual diffusion of chain portions across the interface between the
participating surfaces has received firm experimental support by
radiometric techniques (especially) and by microscopy. The dif-
fusion can be treated as Fickian, but the application of the general
differential equation of diffusion includes a compensation for the
increasing size of diffusant with 1I:ime. An alternative approach
relates the self-diffusion coefficient D to the jump frequency and dis-
tance, where a "jump', by analogy with liquid diffusion, is a determin-

ate movement which fills a suitable hole. A third treatment links D
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with viscosity or molecular friction, a certain inter-relation between
the different approaches being possible. The diffusing chain segments
have been shown by activation energy studies elsewhere to contain 20
to 40 carbon atoms: however, the initial step during the autohesive
process rn.ight involve smaller chain pbrtions diffusing very rapidly

into suitable apertures in the recipient surface.

The extension of the Fickian approach gives a theoretical expression
for the strength of a developed autohesive bond. FExperimental
studies of factors in the expression agree well with the theory. From
a comparison of optimum autohesive magnitudes of the extreme cases
cis IR and EPDM (under conditions such that the single variant of

- the theoretical expres;sion is polymer type), the rate of autohesive ciif-
fusion of cis IR is apparently an order of ten greater than that of
EPDM, thus defining the autohesive problem. A detailed study of the
relevant chain parameters indicates that the cause of the problem lies
in the ease with which critical holes form in the elastomeric recipient
surfaces. Estimations of the hole sizes_, made around a time-average
representative distribution, conveniently utilise a quantification of
free volume, the space existing within a polymer between chains. A
breakdown of the factors governing hole formation shows that the
enhanced diffusion in NR arises for geometrical reasons concerning the

packing and motion of chains.

The main contribution of the present work is the proposal of a geomet-
rical model which apparently explains the autohesive problem. NR
and other cis IR elastomers possess microstructural geometric

features which cause the existence within each monomer unit of
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permanent ''cavities", albeit of continually-varying sizes, the

cavities indenting the cylindrical aspects more usually visualised as
describing polymer chains. During normal chain fluctuations, holes
form between participating chain portions: the coincidence of cavities
in the chains with the intervening free space causes a critical hole to
form in situations of ch:flin proximity close enough to prohibit critical
hole formation for other elastomers not possessing cavities. Clearly,
the number of holes formed is greater for cis IR elastomers for the
same expenditure of energy per unit mass: the appropriate self-
diffusive properties should therefore be considerably enhanced. Certain
other elastomers also possess cavities, but either of smaller size or
in less numbers than in NR.  Estimates have been made of cavity

sizes and cross-sections.

The free space collectively associated with cavities hes been classed
as "intrachain' free volume, the remaining space being "interchain"
free volume. In a mathematical treatment of the model, the sub-
traction of the intrachain free volume estimates (the sum of the cavity
sizes per unit weight) from literature free volume data has given
values of the interchain free space which can be distributed to give in
each case a representative interchain cross-section of a hole. The
complete hole area requires the addition of a cavity cross-section
from each surrounding chain. The ease of hole formation (and the
numbers of holes which should form per unit gxpeflditure of energy)
depends for each elastomer on the product of the number of cavities
and the ratio of the representative hole area divided by the chain cross-

sectional area. The solutions varied with the degree of chain packing,
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but plots against packing indicated a polymer sequence correlating
with that of tack strength. The point has been emphasised by employ-
ing mean packiﬁg levels for each polymer (estimated specifically for
the purpose). An analogous treatment of a simple alternative which
did not recognise the existence of cavities gave a less convincing

solution.

The argument can be extended to cover chain segmental movements.
The presence of cavities can still facilitate critical hole formation at
this scale. Activation energy and molecular fricticn aspects are
thus minimised so that an increased number of segments can partici-
pate in diffusion per unit energy. An additional geometrical factor

~ controlling cooperative movements during hole formation arises from
the increased chain flexibility associated with unsaturated syster:s:
this factor, whilst unablc to explain the full tack sequence in its own
right, largely complements the proposed model so that the apparent
difference of one order between the self-diffusion of cis IR and EPDM
is feasible. Further justification of the proposed model arises from
its application to the diffusion through elastomers of gases and liquids,
- to resolve the apparently paradoxical diffusive behaviour of diffusants

through NR and emulsion BR.

The implications from the present work centre around the mi.crostruct-
ural requirements of polymérs and tackifiers for high magnitudes of
autohesive tack, the resulting problems regarding EPDM and possible
novel practical solutions, and comments on the overall influence on
rubber properties caused by chain packing aspects. The usefulness

of a hierarchical scale of semi-organised matter is noted.
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AEEendix 1

Calculations involved in obtaining testing parameter Cos f(section6.3.2)
7

From section 6.3.2 and referring to Figure 31, m, =-cot 6and m, is
dy/dx of the epicycloid at X. In this unique position,
cos ((R-A) ¢/a) = (a—61)la and sin((R-A)é/a) = w/a,

so that m; = (1-((a- 61)/a) +(tan @) (w/a))
(tan ¢) (a-6;)/a + (w/a) - tan ¢

= (61 +w tan ¢ )/ (w - 61 tan ¢)

Hence tan B = ((mz— m,)/(1 +m;m,})

-cot@ - (61 +w tan ¢)/(w - 61 tan ¢)

1-cot® (61 +w tan é)/(w - 61 tan ¢)

- From Figure 31, ¢ = x+8 so that tan ¢ = (tana+ tan ©)/(1-tanxtane.

After substituting for tan ¢ and rearranging conveniently, a further
substitution is made, as
tanot = w/(R - (B-6)))
The expression for tan 2 can now be reduced to
| tan B = W(R—ﬁ)/(sl (R-A +51) +w?
w2 can be written as §,(2a - §;) (theorem of intersecting cords).

From this tan 8 = w(R -A)/( §, (2a +R-A)) -- - == == c - - Al

.cos B = 6(a+R-A) _ ",
(w® (R-A)* + 9,7 (2a + R -A)%)°

As 51(2a - 61) (=w2) = 52(2R - 62) and 52 =A- 51 we can obtain

§, =AQR -A)/2(a +R -A)

2

Substituting for w“ and 51 gives an expression which reduces to

cos# =2a+R -A \l A (2R -A)
2R ala +R -A)
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App.1 (cont.)

The use of a vector diagram (Figure 32) can also be used to derive

expression A.1l above.

In Figure 32, tanf = vy sin(&+((R -A) bla))
Vo = vy cos(®+((R -A) é/a))

In the time t which woulld be required for point Xo (Figure 31) to
progress to X, the trailing edge of contact moves through angle ¢
whilst the planet rotates through (R -A) é/a.

Hence v, = Ré/t and vy = al( R-A) é/a)/t so that vy/v,=R/(R -A)

. tan p =sin(x+((R -A) ¢/a))
R/(R-A) - cos(x+ ((R-A) é/a))

Expanding, substituting for sin&(w/R), cos&{(R -A+ 51)/R),and as
above for sin(R-A) ¢ /a), cos((R -A) é/a) and &,, and collecting the

terms gives once again equation A, 1:-

tan_'ﬁ = w(R =A)/( 51_ (2a +R -A)).
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AEEendix 2

Calculation of the width of contact (2w)

(For use in estimating the contact time, section 6. 3. 3).

In Figure 31, A- 81 + 62,
51 and 62 being the contributions to the depression from the planet
and sun testpieces respectively.
From Appendix 1,
w? = 51 (2a -81)
and &= A(2R -A)/2(a +R-A)
Substituting in the first expression and taking the square root

= (@A@R -A)/(a + R -A)? (1 - AGR -4) )

" 4alatR-A)
Expanding binomially, and as A2 terms and above are negligible for

reasonable values of a, R and A ,
1

(aA)%(zR-A )2 (1_ AGR -4)
a+R~-A 8ala +R~ A)

1 1 ;B
(ZaRA)z (1__4_)2(1_ )"’( AR -A) )( '1)
a+R 2R a +R 8ala + R) a+ R

Again expanding and neglecting terms of A>2,
A
f2aRA [, _ A) [;,__A )(1-(A(2R-A))
+R 4R 2(a + R) gafa +R)
8
. 2aRA)2 1_A(1_‘ et o1 + 2R )
a+R 4R 2(a + R) 8a(a +R)

L 1
w { 2aR )2 Ao (1 ¥ l(a - aR +R2))>
(;+R \4aR (a + R)

n

W
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Appendix 3

Vector calculations for section 6. 3. 3

In Figure 32,

22 v,2 +v,? - 2v; vy cos (& +(R -A) $a)

u

n

R é/tand vy =a ((R -A) é/a)/t = (R -A) &/t

=
2

ug = (6/0)2 (R -A)Z +R2 - 2R(R - A) (cosx cos(R -A) é/a - sinx

sin (R=A) 6 /a))

Specific values for cosX, etc., have all been described in Appendix 1,
Substitution, collection of terms as before and reduction gives
w=(8/(A@R -4) (@ +R - a)/a)?
As the planet revolves at n'revolutions per minute
é/t = 2mnY/60 | to give

a = Unol30) CACR - K)(a + R - Ala) cond,

B

As before, in practice E = 2,22 em and a = 2.00 cm
so that

1
u=0,32n A% (1-0,234)

- 206 -



Cis IR
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Fig.44(a)

IIR (or PIB)

Fig.44(b)

Figure 44 Typical conformations used to estimate chain
cross-sectional areas Ag.



Appendix 4

Some details of the trigonometric estimations
of chain cross-sections (A ) for three typical cases

Natural rubber.

The mostfepresentative regular chain cross-section for NR, lying in
the direction given by carbon atoms I and II in Figures 32 and 34(a),

is shown in Figure 44(a) which is a suitable projection of Figure 32.
The chain when viewed end-on resembles an ellipse of major axis AB,
its minor axis being the mean distance across the methyl or methylene
units (Figure 34(b)). Using the atomic dimension of Table 26:-

0
1.65+ 1.544(1+sin30°)+ 1.085sin(109.5°- 30°%1.2 = £.23A

Major axis =
Minor axis = 0.5((2.4 +1.085(c0s19.5%+ c0os54.75% 05 35.25°)) +
2(1.2 +1.0855in54.75°))
(9]
= 4,05A
(o}
A, = area of ellipse = 12.8 (A)
Cis BR

The best section is perpendicular to the axis of the double bonds. Then
(0}
major axis = 2.4 +1.085(sin60%+sin(109.5°- 60°))} 1.544sin60° = 5.50A
(o}
Best minor axis is given by 2(1.2 +1.085sin54.75°) =4.17A

o 2
Ao = 18.03 (A)

IIR

The chain construction is cylindrical in form and well-packed, so that
the cross-section is effectively circular. The most representative
radius (Figure 44(b)) is given by (L2 +x) which is 3368, as x=216A

: 0 2
by the Cosine Rule. .. A, =385.5(4) .

Other A, values (Table 31) were estimated similarly.
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