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your hands is a non-working cat. Life is a level of complexity that almost lies
outside our vision (...).
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Chapter 1

Introduction:

The importance of Adhesion

“Begin at the beginning,' the King said gravely, 'and go on till you come to the end: then stop.

Lewis Carroll, in “Alice’s Adventures in Wonderland”

This chapter provides an introduction into the research described in this thesis
by giving a general view of rubber adhesion (tack) and its importance for a
great many applications.

1.1 GENERAL INTRODUCTION

Anyone who has once touched a pressure sensitive adhesive tape has an
intuitive idea about the phenomenon of tack. The application of adhesives is as
old as humanity. The first adhesives were natural gums and other plant resins.
Archaeologists have found 6000-year-old ceramic vessels that had broken and
been repaired using plant resins. Most early adhesives were animal glues,
made by processing animal parts such as hooves. During the times of
Babylonia, tar-like glue was used for gluing statues. Also ancient Egypt was
one of the most prominent users of adhesives, which the Egyptians used to
glue furniture, ivory and papyrus. The Mongols used adhesives to make their
short bows. Native Americans in what is now the eastern United States used a
mixture of spruce gum and fat as adhesive and as caulk to waterproof seams in
their birchbark canoes. In Europe in the Middle Ages, egg white was used to
decorate parchments with gold leaves. In the 1700s, the first glue factory was
founded in Holland, which manufactured hide glue. Later, in the 1750s, the
British introduced fish glue’.

The adhesion of rubber, apart from its scientific interest, is important in a great
many industrial processes. Good adhesion of uncrosslinked rubber compounds
is essential in tyre manufacturing to assemble tyre components before curing.
Uncrosslinked, elastomeric materials, are used in the pressure sensitive
adhesives?®. The performance of tyres depends on strong and durable adhesion
between rubber and the steel wires formed during curing process®*.
Furthermore, many rubber articles are composed of the intimately adhered
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rubber/steel, rubber/thermoplastic and other combinations, which have to
withstand most severe temperatures and environmental loadings without any
risk of failure: e.g. steel/rubber engine mounts for vibration damping, rocket and
satellite seals, etc.

The problem of the mechanism behind tack formation has been a controversy
for many years. There are two main mechanisms that are quoted as
responsible for tack: bond formation via polymer chains diffusion through the
interface and subsequent entanglements® on either side, and contact area
formation via wetting and viscous flow®. Although mass transfer through the
interface is not questioned, the problem lies in relevant timescales. The
discussion, which mechanism is dominant, still exists and there is no definite
answer yet to this question.

Elastomer tack is a very complex phenomenon, mainly because the large
amount of variables affecting it, namely: contact time and pressure, rate of pull
testing, material viscosity and degree of crosslinking, etc. Thus, accurate tack
testing is a complicated task, since the detailed testing conditions significantly
influence the values obtained. The ways of testing vary from already
standardized peel tests?, to somewhat microscale testing, like the JKR
method’.

In this thesis a tensile method of measuring tack is employed for silicone rubber
tack testing. In order to achieve this, a custom device is built, based on the Tel-
Tak principle®. The aim of the study is to gain insight into mechanisms that
influence poly(dimethyl)siloxane (PDMS) rubber tack. This includes a study of
the influence of network structure, polymer molecular weight, addition of loose
chains and type of contact on PDMS tack and tack-time dependence.

1.2 STRUCTURE OF THE THESIS

Chapter 2 provides an introduction into the subject of elastomer tack, as well
as the mechanisms behind tack creation and molecular models used to
describe it. Special attention is devoted to the diffusion-based tack theory of
Wool, derived from the reptation model of deGennes. A very brief overview of
the Hertz and Johnson, Kendall and Roberts (JKR) theories of elastic contact is
given at the end of the chapter.

The first part of Chapter 3 gives a description of the synthesis and properties of
siloxane polymers. Then the methods of crosslinking are described, with special
attention paid to the hydrosilylation reaction, as the method widely used in this
thesis. The second part describes the NMR methods, which are used for
polymer characterization with respect to the average number of crosslinkable
sites per polymer molecule.

Chapter 4 provides a general introduction into methods of tack testing in the
first part. The second part provides details about the construction of the custom
tack testing device used in the research described in this thesis. The device is
capable of accurately recording separation forces in the range of milli-Newtons,
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which is very important since PDMS rubber inherently exhibits very low tack
values. All technical features of this device are explained in detalil.

In Chapter 5 the influence of polymer molecular weight, crosslink density and
crosslinker functionality on PDMS rubber-rubber tack is described. These
factors heavily influence the amount of loose chains, as well as their ability to
entangle. The telechelic PDMS, containing crosslinking sites only on the chain
ends, is a very good substrate for preparation of well-defined networks. With
this, the changes in tack can be relatively easily related to network morphology.
The larger the ability of the polymer chains to entangle, the higher the tack of
the PDMS rubber. The crosslinker functionality does strongly reduce tack, since
crosslinkers with higher functionality are more able to couple with the polymer
chains.

In Chapter 6 the time-dependence of the autohesive behavior of loosely
crosslinked PDMS rubber is described. The autohesion data are gathered for
PDMS with different molecular weights, and the influence of molecular weight of
the polymer is found to be very pronounced. The data are interpreted on basis
of the Wool-deGennes reptation theory, and the application of first order
kinetics of wetting is also tested. The reptation model describes well the
autohesion data for high molecular weigh polymers, while Voyutskii's
viscoelastic wetting model is more apropriate for the description of the
autohesion of low molecular weight PDMS.

Chapter 7 focuses on the tack of dissimilar substrates. The effects of steel
versus PDMS, with varying molecular weights and crosslink densities, as
dissimilar contact substrates on tack are described. The tack heavily depends
on the type of contact, thus the range of observed behaviors is large. Rubber-
steel tack is generally lower than the rubber-rubber autohesive tack, due to
inability of chains to cross the interface by reptation. Dissimilar rubber-rubber
tack of PDMS networks based on different molecular weights and crosslink
densities, depends strongly on the crosslinking levels of the contacting sides.

In Chapter 8 the influence of addition of non-reactive silicone oil on tack is
described. This additive can be considered either as a tackifier or as so-called
“connector molecules”, and as such should be able to cross the interface and
entangle, promoting tack. This is true only to a certain extent, since the
thermodynamic incompatibility causes the silicone oil to migrate to the surface
of the samples, actually causing the tack to decrease.

' From Wikipedia, http://en.wikipedia.org/wiki/ Adhesive.
2Gent A.N., Hamed G.R., Elastomer Technology — Special Topics, ACS Rubber Division,

Akron Ohio, 2003.

$van Ooij W.J., Rubb. Chem. Technol., 57, 421, 1984.

4van der Aar, N., PhD Thesis, University of Twente, 1998.

>*Wool R.P. Fundamentals of Adhesion, L.H. Lee (Ed.), Plenum Press: New York, 1991.
® Hamed G.R., Rubb. Chem. Technol., 54, 576, 1981.

"Johnson K. L., Kendall K., Roberts A. D., Proc. R. Soc. Lond. A., 324, 301, 1971.

8 Beatty J.R., Rubb. Chem. Technol., 42, 1040, 1969.
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Chapter 2

Introduction:

Theories and Models of Elastomer Adhesion

“A man who knows how little he knows is well, a man who knows how much he knows is sick.”

Witter Bynner, in “The Way of Life” (1944)

In this chapter the phenomena of polymer adhesion and autohesion, as well as
the molecular models describing them on a molecular level are introduced. The
most important theories are: the adsorption theory, followed by the reptation
theory of DeGennes and the crack healing model of Wool. Then the opposing
viscoelastic contact theories are introduced. Finally, a brief overview of the Hertz
and JKR elastic contact theories is given.

2.1 INTRODUCTION

It is important to define some terminology at the beginning of this chapter to avoid
possible confusion. In polymeric materials, adhesion or tack is the ability to resist
separation after bringing separate surfaces together into contact for a short time
under light pressure’. If both materials have the same chemical composition, then
the phenomenon is called autohesion.

The thermodynamic work of adhesion is the work needed to break the bonds
formed across the interface, being the sum of all molecular interactions®>.
However, it has been proved many times, that the actual work needed to
separate polymer surfaces is much higher than in theory: there is no simple
relation between macroscopic adhesion and microscopic thermodynamic work of
adhesion?.
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2.2 ADSORPTION THEORIES

Adsorption theories attribute the formation of autohesive bonds to the
intermolecular forces of attraction or van der Waal's forces between surface
molecules. It was proposed by Fowkes, that the work of adhesion is the sum of
components coming from various types of bonds*:

g:gd +gp+gh (2-1)
where g is the surface tension or surface free energy, and with contributions
coming from dispersive, polar and hydrogen bonds, respectively. For a solid-

liquid contact Young® derived an equation, which is now written in the following
form:

gsv = gsl +g|v Cosq (2 - 2)

where the subscripts sv, sl and Iv refer to the solid-vapor, solid-liquid and liquid
vapor interface, respectively, and q is the contact angle as shown in Figure 2-1:

Figure 2-1. Balance of the forces on the three-phase line of the drop of liquid on
the solid body.

There is one special condition, which fulfills Young’s equation:

If g, - 94 >0, thencosq=1 (2-3)
Historically, the next development was due to Dupré®, who introduced the
concepts of work of adhesion (W?) and work of cohesion (W°). The work of

adhesion is the work required to separate two bodies of heterogenic nature, as
depicted in Figure 2-2.
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|

Figure 2-2. lllustration of thermodynamic adhesion process.

When two dissimilar bodies are reversibly brought together, the free energy
change per unit area DG° is the free energy of adhesion, the negative of the work
of adhesion W,; :

DG =-W5=0,-0,-0, (2-4)

It is important to note, that the surface free energies g and @ are those of pure
substances. The g,, term, the interfacial tension, corresponds to the additional

energy needed to create the interface. For identical substances this term equals
zero, and equation (2 - 4) is reduced to a form:

mcz_wc:_zg (2‘5)

where DG° represents the free energy change per unit area of contact, and W,
represents the work of adhesion upon contact. Combining equations (2 - 4) and
(2 - 2), the Young-Dupré equation’ is obtained:

DG; =-g,(L+cosq) (2 -6)

The Young-Dupré equation is valid only if adsorption of either component at the
solid-vapor or the liquid-vapor interface can be neglected.

As already mentioned, Fowkes® in a theoretical consideration of attractive forces
at interfaces suggested, that the total free energy on the surface is the sum of
contributions from different intermolecular forces. From Young’'s equation,
Fowkes derived an expression for the contact angle of a liquid spreading on a
solid in terms of the dispersion force contributions of each:

&2/qd 0
1+ cosq = 2@?;@? 2-7)

eg'V B
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where the g and g/ are the dispersive contributions to the surface energies of
solid and liquid, respectively. It is possible to approximate the value of g from

the single measurement of g, because values of g have been published for

many liquids®. The precondition is that only dispersion forces operate: i.e. the
liquid or solid is nonpolar.

The interfacial tensiong,,, can be also approximated using the Good-Girifalco
parameter F, which is expressed as*’:

0, +gz - O

2,/9,9, -8

from which the interfacial tension becomes:

F =

O :gl+gz' 2F 9.9, (2'9)

It should be noted, that the Good-Girifalco parameter depends on the type of
interactions (polar, dispersive, etc.), as well as on mutual configurations of the
interacting molecules™?.

Another type of thermodynamic approach was made by Wu'?. He suggested a
spreading coefficient to be the driving force for wetting. This coefficient was
defined as:

|, =W, -We =0,- 0, - Oy (2- 10)

where W and W¢ are the thermodynamic work of adhesion and cohesion,
respectively. On the basis on the concept of energy additivity it is assumed, that
surface and interfacial energies can be resolved into dispersion and polar
components. Wu has shown, that | 1, has a maximum when the mutual polarities
of both components are equal. In such case adhesion will be favoured. Wu
reported qualitative correlations between | 1, and adhesive strength™?.

The final remark about the adsorption theory is, that the work of detachment is
actually much higher that the theoretically expected value ofDG?, and only a
small fraction of it can be regained when the surfaces are joined again.
Detaching and adhering is a highly irreversible process. Taking into account only
molecular interactions on the interface, is not a good way to estimate strength of
an adhesive joint™3.
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2.3 DIFFUSION THEORIES

Diffusion theories state that autohesive bonding takes place as a result of self-
diffusion of polymer molecules across the polymer-polymer interface and
subsequent entanglement of the migrated chain ends with their new neighbors. If
the two contacted polymer layers are uncrosslinked, the interface will eventually
disappear and the strength of the junction, the autohesive bond, will become
identical to the cohesive strength in the bulk of the material.

2.3.1 THE REPTATION MODEL

Historically, the first systematic studies on the subject were undertaken by the
group of Voyutskii'*. He postulated, that due to diffusion of segments of
macromolecules, a sufficiently strong bond can be obtained, which results in a
high adhesive strength, as depicted in Figure 2-3:

=
7

Figure 2-3. The diffusion model of polymer-polymer interface healing.

The situation before contact is shown on the left. The chains are prevented from
extending through the polymer-air interface for energetic reasons. After contact
has been established, configurational relaxation takes place, leading to an
increase in number in junctions crossing the interface. The mechanical strength
of the joint reflects the number of intersections of polymer chains.

The problem of motion of individual chains in the polymer bulk has been
investigated by many researchers. Rouse™® and Zimm®® derived models for the 3-
dimensional movement of chains dissolved in a solvent of low molecular weight.
On the basis of these models deGennes developed a reptation theory of the
movement of polymer chains in a one-dimensional manner within a strongly
crosslinked polymer gel'’. Only this theory and its further extensions for polymer
tackiness and self-healing will be discussed in this chapter in details. For more
information reference is made to other texts'®!° on the subject of polymer chain
dynamics.
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In the model of de Gennes, a polymer chain is confined to a tube having a similar
shape as the chain conformation. The tube represents topological constraints
from neighboring chains, which restrict the motion of monomers to that along the
tube. Because of thermal motions, the chain wriggles around in its tube. These
wriggling motions are small in magnitude but occur rapidly, and over a large time-
scale, the chain moves back and forth along the center line of its tube with a
certain diffusion constant. For a change in its conformation, the chain has to
‘escape’ from the tube that was defined earlier. Disengagement occurs when one
of the chain ends moves out of the tube, and chooses its direction randomly. The
whole process is shown on the Figure 2-4. At t = 0 the chain is in its initial tube.
The chain ends are free to pick any random direction, at times t; and t; > t; the
memory of the initial tube is gradually lost and parts of the chain (called minor
chains) already escaped. After the relaxation time for reptation t;, usually only the
middle part of the chain still retains its initial position.

Minor

Initial tube

Figure 2-4. The reptation model for a random-coil chain.

2.3.2 THE MODEL THEORY OF CRACK HEALING

Wool applied de Gennes’ model for the development of a theory of crack healing
at a polymer-polymer interface®®?!. On a microscopic scale, the minor chain of
length | escaping from the tube is also a random coil and obeys Gaussian
statistics. From the reptation model there are some relations summarizing the
description of a linear polymer chain movement in an entangled melt. The mean-

square length of an escaped minor chain<|? > is:

10
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<’ >:16D1§ 2-11)

where the one-dimensional curvilinear diffusion coefficient, D;:
D,»M™* (2-12)

with M being the molecular mass of the full-length chain. The mean-square
monomer displacement of the minor chains is:

< X2 >n<|? Y2 (2-13)
The mean-square center of mass diffusion distance:
< X2 >» 2Dt (2-14)
with the center of mass self-diffusion coefficient D:
D»M 2 (2-15)

And the reptation time (time needed for a chain to fully escape its original
conformation) t.:

t, »M?® (2-16)

The above relations form the basis for the evaluation of the process of polymer-
polymer interface healing.

The foregoing considerations were applicable for only one chain, but interface

healing is a process involving reptation and entangling of many polymer chains,
as depicted in Figure 2-5.

interface

minor minor
. /> chains / @ chains
. end
segments (7 -
LN\
t=0 t=t, t=t,

11
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Figure 2-5. The interdiffusion process on the polymer-polymer interface.
O<ti<ty<ts

It is assumed that at t = 0, instantaneous complete molecular contact between
the surfaces occurs i.e. the wetting stage is instantaneous or immediately
complete. The minor chains are responsible for mass transfer: since they do not
encounter any obstacles at the interface, their growth to random confirmations
constitutes the interdiffusion of chains across the interface. As t ® ty, the
interface is said to be healed, since all initial conformations will completely be
replaced by new (Gaussian) ones of the now fully escaped minor chains. For
times 0 <t < t., partial healing will already have occurred, accompanied by a
measurable resistance to separation of the two surfaces; in other words an
autohesive bond has begun to develop.

From this model many molecular aspects of the interpenetration process can be
determined?:

Number of chains intersecting the interface, n(t) — the number of random coils
penetrating the interface as a function of time and molecular weight:

n(t) ~t"*M =" (t£ 1) (2 - 17a)
n, ~M ™2 (t3 ty) (2-17b)

The term t £ ty represents the healing period, and t 3 ty means that the healing
process is complete and the interface is again in its virgin state. For the fully
healed interface, time dependence disappears and only the polymer molecular
weight dependence remains.

Number of bridges intersecting the interface, p(t) — an interpenetrating chain has

to cross the interface back and forth to create a molecular bridge. The number of
bridges behaves with time as:

p(t) ~t*2M ¥ (2 - 18a)
P, ~M° (2 - 18b)

It is interesting, that the number of bridges for the healed interface does not
depend on the molecular weight.

Average interpenetration length I(t) — the average length of chain segments
diffused through the interface:

[(t) ~tY2Mm Y2 (2 - 19a)
l, ~M %2 (2 - 19b)

12
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Average interpenetration depth, X(t) — the average interpenetration depth of the
diffused monomer segments behaves as:

X (t) ~t*M 4 (2 - 20a)
Xy ~MY2~ |2 (2 - 20b)

Average length of a molecular bridge Iy(t) — the average length of a molecular
bridge across the interface is given by:

|p(t)~t1/4M—l/4 (2_21a)
| ~ M2 (2 - 21b)

Note, that this scales identically as the average interpenetration depth.

2.3.3 MICROSTRUCTURAL FRACTURE CRITERIA

In order to model the macroscopic interfacial bonding (or fracture) strength, Wool
adopted a strain energy fracture approach, which considered both chain pull-out
and chain fracture mechanisms.

Consider a volume element containing a small area of interface. A uniaxial stress
o is acting normal to the interface such that the strain energy density U of the
volume element is given in the linear elastic approach as:

u=3S_ (2 - 22)

where E is the tensile Young's modulus of the volume element. It can be shown
experimentally and theoretically that:

E~t°M° (2-23)
so that E remains constant during tack bond development.

The number of polymer chains per unit volume Ny is

(2 - 24)

with r being the density of the volume element and Na Avogadro's number.
When equations (2 - 22) and (2 - 24) are combined, the strain energy density per
chain Uc can be written as:

13
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‘ 2-25
, 2ErN, (2-25)

For polymer chains | ~ M, so that the strain energy of a (segment of) chain with
length | is associated with:

U, ~s (2 - 26)

If the stored strain energy in the chain is used to pull it out across the interface, a
fraction criterion for the interphase can be written as:

U.3U 2 -27)

p

where Up is the energy required to pull a chain out of its tube by a force f and
. dl

velocity —.
Y

The pullout force can be given by:

f:,Lt>d|
dt

(2 - 28)

where mis the friction coefficient for the chain segment of length I. The friction
coefficient is related to the monomer friction coefficient my viau = >l , such that

the force can be written as:

f:,u0>|>d|

2-29
dt ( )
Up can be derived from the integral of f-dl:
7 dl
Up =0f I = guod X )d (2 - 30)
1=0
with solution:
1 d
U,== — )42 -
p 2>$uo>(dt) (2-31)
or:
U~? (2- 32)

From (2 - 26), (2 - 27) and (2 - 31) it now follows that:

14
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o~ Y2 (2 -33)
And because X,~I"?, finally:
s ~X, (2 - 34)

Since X(t) ~t”* ~ 5, this model regards the average monomer interpenetration
depth as the controlling factor for o, the macroscopic interfacial bonding stress.

As already said, the aforementioned model takes into account chain fracture and
chain pull-out mechanisms. Chain fracture is favored by low temperatures, high
polymer molecular weight and high testing rate, as well as by long compression
times. In most cases, however, both mechanisms chain fracture and chain pull-
out coexist.

2.3.4 EFFECTIVE CROSSINGS DENSITY

A polymer chain is considered with a molecular weight M greater than 2Me, with
M. the molecular weight between two neighboring entanglements of the chain
with other chains®. The polymer chain is partitioned into m segments between
entanglements:

m=-—- (2 - 35)

It is assumed that an entanglement is found at the end of each segment,
excluding the final one. Consequently, there are m-1 entanglements along a m-
segment chain. Polymer segments that can support stresses are those being
confined between two entanglements. Consequently, a chain segment crossing
the interface is considered effective in terms of stress support only, if the two
adjacent entanglements are not located at the same side of the interface. If two
adjacent entanglements are located at the different sides of the interface, the
number of effective crossings is one, but not the actual number of crossings of
the particular segment (see Figure 2-6).

A P
¥ X

Figure 2-6. The effective (a, b) and not effective (c) chain crossings.

15
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Thus this puts a limitation on the effectiveness of chains crossing the interface, in
being able to support bonding stress. Only those chains or chain segments are
effective, which after crossing are able to hook into entanglements, at least one
on each side. This may be considered a modification of Wool's model described
before in the sense, that a minimum molecular weight of the reptating polymer is
required to be able to span the distance across the interface and to reach two
effective entanglements, one at either side. Below a certain minimum molecular
weight the load bearing bonding strength will not develop. The bonding strength
model developed before represents an ideal case as if all polymer molecules are
equally effective. The alternate approach can be summarized as follows:

o(t;) _ ntM,.M.)
Oy n(ty,M,,M.)

(2 - 36)

where n(t;, My, M) is the number of effective crossings per unit area as a
function of contact time t, molecular weight M,,, and molecular weight between
entanglements Me. The denominator is the number of effective crossings per unit
area of the interface after equilibrium conditions have been reached.

The total number of effective crossings per unit crossing area, neg, IS however
also predicted®*? to scale with t“* and claimed to be determinant for the time-
dependence of autohesive bonding.

2.4 VISCOELASTIC WETTING THEORIES

2.4.1 VISCOELASTIC CONTACT FORMATION

The above described models assumed that the dominant process in a time-
dependent autohesion is diffusion, and that the interface creation is an
instantaneous process. However, on a microscale, most surfaces have a rough
topography. Therefore, initially contact will only occur at the areas in which the
asperities and craters of one surface meet those of the other, as depicted in
Figure 2-7.

Areas of interfacial
contact

s =

Entrapped gasses
Figure 2-7. Schematic picture of a polymer-polymer interface.

16



Introduction: theories and models of elastomer adhesion

Even then, if gases such as air or moisture are trapped in the interface, actual
molecular contact between polymer chains of each surface will be prevented until
these surface impurities diffuse into the bulk of the material. Incomplete
molecular contact limits van der Waal’s bonding (from an adsorption theory point
of view) and interfacial diffusion (from the diffusion theory point of view) of
polymer molecules. In order for the contact area to increase, the material must
undergo viscous flow and displace pockets of entrapped gases.

Early studies were done in the sixties of last century by Korenyevskaya and
coworkers?®: they studied the growth of the contact area with time to elucidate the
importance of each stage of the formation of the adhesive joint, using an optical
device of their own construction. They found that the joint strength increases with
the completeness of the contact as a function of time and contact pressure.
Further investigations done by Vouytskii and Lavrent'yev?’ lead to a contact
formation model. Lavrent'yev assumed that the contact formation probability, W,
is a function of time:

dW, = const(1- W,)dt

(2-37)
0<W:<1
If the fractional contact areaj is proportional to W, then:
dj =aj y(1-] /j y)dt (2-38)
where j y -] is the free surface and a is a constant. The solution of equation (2 -
38)forj =jyfort=«andj =jfort=0 gives:
i =] «[1- exp(-at)] +] , exp(-at) (2 - 39)

The authors assumed, that the contact formation process is governed only by the
creep properties of a polymer. A first approximation of the deformation process in
the contact zone can be based on the elementary Kelvin-Voigt element® (see
Figure 2-8), for which the following retardation equation applies:

J(t)=J,1- e"%) (2 - 40)

e . . . . -
where J =— is compliance, ¢ = deformation, o = stress. Differentiating and
S

rearranging this equation results in:

de =% (1- ) (2 - 41)

Ay €y

17



Chapter 2

where ¢k is the relaxation time of the Kelvin-Voigt element. If ee. = @/@.,
equations (2 - 38) and (2 - 41) are equivalent, and a = 1/gx. The dependence of

e(t) on

(]

Figure 2-8. The Kelvin — Voight model, spring combined with a dashpot in parallel
alignment.

viscosity h and applied pressure P was described by Rebincev?®. The coefficient
Ok behaves as:

g, =he/P (2-42)
Equation (2 - 41) then becomes:
hede = (e, - e)Pdt (2-43)
From the law of elastic deformation, the solution of the equation (2 - 43) is:

e, -e _ Pt
)re=-—— (2-44)

e, In
I -

With assumption ee. = @/@., equation (2 - 44) gives the apparent contact time
dependence of the contact surface:

In(l- j )+] =- pt/h (2 - 45)

This equation was found to properly approximate the autohesion curves of
different polymers®**.

It is important to note, that although the experiments of Voyutskii et al. have
shown that the contact area formation is not instantaneous, the interface strength
developed further even after full contact was achieved. Thus viscoelastic flow is a
controlling factor only during the early stages of contact.

Hamed raised the following argumentation®: when two surfaces are brought in
contact, the interface forms in a progressive manner. Thus after certain time t,
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there will be different portions that achieved interfacial contact at times between 0
and t. As a result, interdiffusion also progressed to varying extents in these
regions. The overall bond strength is then the sum of strengths derived from
various microscopic interactions. Two borderline cases then can exist:

1) The rate of contact formation: R is much larger than the rate of interdiffusion:
Ri. The whole process is then interdiffusion controlled, and contact formation
will finish before any substantial interdiffusion has occurred.

2) R << R;. The bond formation is contact-controlled, with interdiffusion
completed quickly after the contact is achieved.

Skewis® calculated the R; of typical industrial elastomers by their diffusion
coefficients. He calculated that after one second of contact an elastomer chain
interdiffuses around 45A: enough for substantial interpenetration. Thus, for
common industrial elastomers with molecular weight around 200 000 to 300 000
the bond formation is contact limited.

A strong argument for the contact-controlled bond formation is also the fact, that
diffusion should in fact be independent of pressure. Hamed® in his study
concluded, that in the case of NR and SBR tack was sensitive to the
compression load applied, what also points to the contact-controlled mechanism.

Anand et al.***** also suggested that the increase in adhesive joint strength is
due to an increasing degree of interfacial contact. The increase of adhesion
strength Anand attributed to the formation of secondary, van der Waals forces
across the interface. He calculated on the basis of Lennard-Jones potential®
intermolecular forces for polystyrene and their contributions to the adhesive joint
strength. However, when the quality of the joint was considered, especially with
regard to the deformability under the forces causing stress cracking, it was clear
that the connection through secondary forces only, does not give an adequate
explanation®” for the phenomena observed.

A model for random rough surfaces has been proposed by Greenwood and
Williamson®. They represented the surface as a series of asperities and craters
of constant radius of curvature, R, but with a distribution of heights relative to a
mean plane and a density of asperities per unit surface area: S. When a flat plane
is brought into contact with such a surface, there will be contact with any asperity
whose height z is greater than the separation distance d. The probability of
contact is given by:

pmma>d)=§jumz (2 - 46)
and the total number of such contacts is:

n, =NQj (2)dz 2 - 47)
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where N is the number of asperities. The total area of contact can be calculated:

Aq =NRQI (2)(z- d)dz (2 - 48)
and the total load:
P =NERY2Q)j (2)(z- d)*?dz (2 - 49)

For high pressures the distribution of heights can be obtained by using an
exponential distribution, given by:

. 1
i (2 »ge'z’s (2 - 50)

where s is the standard deviation of height distribution. With this distribution the
total contact area and the total load are given by the following relationships:

Aq =NSR (2 - 51)

P - nES3/2Rl/2 (2 _ 52)

tot

From these two expressions the relationship between load and area can easily
be obtained:

8€RC_')1/2£
E

A\ot » Ptot G~
eSg

(2 -53)
where E is again the Young’s modulus of the material. An important result is, that
A is inversely proportional to the elastic modulus and proportional to the applied
load pressure.

This result can be used to develop a molecular interpretation of tack®. The
simplest case is that of a monodisperse polymer above its glass transition
temperature. Entanglements impose topological constraints on the motion of
chains and control the relaxation process. There are two characteristic
timescales that define three different regimes®®. The entanglement time, te, is
defined as:

22
'[e»M (2-54)
KT
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where N is the number of monomers between entanglements, ny is the
monomer friction coefficient, and b is the monomer length, k is Boltzmann’s
constant and T absolute temperature.

The disentanglement time, t4, scales as:

.3
t,»t ¢—= 2-55
. ¥ e

where Z is the polymerization index. For short timescales, t; < te, relaxation
occurs on short distances due to Rouse-like motions. As a result the modulus
decreases according to a simple power relationship:

1/2
a0
E(t.)» E? gt—: (2 - 56)
c @

where E” is the plateau modulus on the E vs. log t curve in a relaxation
experiment, see Figure 2-9.

In E}

EN(O)

Rouse plateau " terminal

Figure 2-9. Schematic depiction of Young’s modulus of a high MW polymer in a
relaxation experiment.

For intermediate contact times, te < t; < tgy, the modulus practically does not
change. For relaxation, disentanglement of chains and times longer than ty4 are
required, thus only at contact times longer than t4 an adhesive joint deforms via
viscous flow. In the context of a tack experiment: if the relevant transition is the
one from the Rouse domain to the plateau region and is controlled by te,
combining equations (2 - 53) and (2 - 56) at times shorter than t. the area of
contact scales with contact time: A_, » t"2.
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This description has some implications. First, the contact time at which the tack
levels off should be strongly dependent on temperature, as it scales with the
monomer friction coefficient. On the other hand, this time should be independent
of the molecular weight of the chains, as long as the latter is larger than the
critical value needed for entanglements. Another implication is, that the transition
between good and bad tack is controlled by the disentanglement time: if t; > tg,
viscous flow takes place and tack is good. At shorter times there is not enough
viscous flow to create a good contact. If this is true, then the critical contact time
for good tack should show strong molecular weight dependence.

2.4.2 THE HERTZ AND JKR CONTACT THEORIES

This field of contact mechanics, concerned with deformations of solid materials
that are placed in contact with one another, has a long history, dating back to the
work of Hertz*® in 1882. He used optical microscopy to measure the size of the
contact zone, as shown on Figure 2-8:

| ._:-""
g -—ﬂn.wirl-—r'!"—h-r "'-.“'-“

)
%
L
!
—

B
ﬂl—n-i-m—l'.!! —| b

""--...,_‘_‘_h

Figure 2-10. The contact between two elastic spheres.

fiy

The radius (ap) of contact zone is given by:

RiR: o,

R, +R, (2-57)

3
ag =Zp(k1 +k2)

where P is again applied pressure, k; and k, are the elastic constants of the
material of each sphere:

_1'n§1

k, =

1-np,

and k, =
PE, PE,

where np is the Poisson ratio and E is the Young’s modulus of each material, Rs;
and Rs; are the radii of the two spheres, respectively.

Johnson, Kendall and Roberts** extended the Hertz theory. They noted that at
low loads, the contact areas between these bodies were larger that those
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predicted by Hertz, and tended towards a constant finite value as the load was
reduced to zero. At high loads the results closely fitted the Hertz theory. These
observations suggest that attractive surface forces are operating between the
solids. Although they are of little significance at high loads, they become
increasingly important as the load is reduced to zero. The Hertz equation
modified to take into account the surface energy effect reads:

2= "o+ R, +[oApR P+ (BpR )2 2-59)

where R, :&, K :fp(kl +k,), and W is the work of adhesion of both
Ri+R,)" 3

surfaces. The relationship between the pull-off force P, and the work of adhesion

for elastic bodies held together by interfacial surface forces is given by:

3
P, =~ JPRW (2 - 59)

Derjaguin, Muller and Toporov presented a different approach, based on
thermodynamics. In the DMT model*? the attractive forces act in the region
outside the contact zone, which is still Hertzian. Due to the complexity of the
analysis Derjaguin et al. limited the study to the contact of an elastic sphere with
a flat surface, with the condition Esphere/Esurtace << 1 **. Moreover, Espnere should
not be too small, or the intramolecular interactions would deform the contact
area. The relationship between pull-off force and contact area is given as:

P = Ksc - 2DRW (2 - 60)

The aforementioned theories look contradictory on first sight, and initially were
considered competing each other. The controversy was resolved by Tabor** who
proved that they apply to different limits of contact situations. Tabor introduced a
dimensionless parameter, which can be interpreted as a ratio of elastic
deformation to the range of action of surface forces, as defined by:

_32&RW? 0 ». 61
AR PR @D

where zq is the smallest distance in which two crystalline bodies can be brought
(depending on source: 3-4 A%) and Kpwr is the so-called combined elastic
modulus:
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1 _3&-n} 1-n¢ - 62)
I<DMT 4 El EZ B

The DMT and JKR theories apply to the opposite extremes of the range of u. The
DMT theory is applicable for small diameter spheres, high Young’'s modulus and
low surface energy, where pu < 1. For highly adhesive systems, where u > 1, the
JKR theory is most appropriate.

The JKR theory is a very broad subject, for a more in-depth overview the
interested reader is referred to other texts*°.

2.5 CONCLUDING REMARKS

As was shown in the previous paragraphs, the phenomenon of elastomer-
elastomer adhesion can be described in various ways. Different theories and
models can be used to fit experimental data concurrently, but they disagree when
it comes to molecular-level descriptions. Table 2-1 summarizes the different
approaches and shows in a compact form the tack dependencies on contact time
and pressure, as derived from the various theories and models:

Table 2-1. Summary of tack dependencies

Tack time Energy time Tack pressure
dependence dependence dependence
Reptation theory t/4 t'/2 p°
Vouytskii’'s model t - P
Greenwood- {12 i p

Williamson model

The JKR and adsorption theory are essentially different from the ones mentioned
above. While Wool's and Greenwood’s models deal with macroscale contacts,
where the viscoelastic contributions from the sample bulk are important, the JKR
and adsorption theory describe the adhesion phenomenon on a microscale.
Especially the JKR model, while still dealing with elastic solids, focuses on forces
acting on a surface and minimizes the rheological phenomena. These theories do
not predict the time dependence, but rather the relationship between the contact
load, pressure and contact area. The measuring techniques based on the JKR
theory are most suitable to characterize the surface forces of solid materials,
while in the case of macroscale contacts the main challenge is to decouple the
thermodynamic work of adhesion from the viscoelastic effects. More on this
subject can be found in Chapter 4 of this thesis.
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Chapter 3

Silicone Elastomers:

Properties and Characterization

“To know that we know what we know, and to know that we do not know what we do not know,
that is true knowledge.”

Copernicus

In this chapter the silicone elastomers will be described, starting from the
methods of synthesis from metallic silica. Then the methods of crosslinking are
described with the emphasis on the hydrosilylation reaction as a method used
further in the thesis for the preparation of samples. Next paragraphs describe
NMR and IR characterization methods in relation to the crosslinking reaction, and
finally some surface properties of silicone elastomers are mentioned. The
experimental section describes the quantitative NMR measurements used for the
vinyl group content determination.

3.1 INTRODUCTION

The term “silicones” is used to describe a whole family of organo-silicon
compounds, based on a backbone molecular chain containing alternative silicon
and oxygen atoms. Depending on the types of organic groups, silicone polymers
exhibit a wide range of properties. Special attention will be paid to
poly(dimethyl)siloxane (PDMS) rubbers, especially the ones containing vinyl-
terminated polymer chains.
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3.2 SILICONE CHEMISTRY

The unique chemistry of the silicone polymers is a result of their silicon-oxygen
backbone. The primary difference between silicone and organic polymers is
shown in Figure 3-1.

a) H CHH H H  H b) CH, CH; CH,
== —0—§i-0-5i-0-3i-0—
H H H CH, CH, CH, CH,

Figure 3-1. Organic polymer a) and silicone polymer b).

The silicone polymer molecules can be easily customized by the chemists to
optimize their performance and adjust attributes needed for certain applications®.
Some examples of the organic side groups are shown on Figure 3-2:

Class Silicone Type Chemical structure

MQ Dimethyl C|:H3
o
CH,

PMQ Methyl phenyl (|3H3 %HS
o t-So
CH, CeHs
Cabs
?I @)
CH,
VMQ Methyl vinyl HC CH,
+s. oHs. ot
FVMQ Fluorosilicone HC CH
+s. oHs. o

CH ,CH,CF,

Figure 3-2. Examples of silicone polymer side groups.
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3.2.1 SYNTHESIS

The silicone industry started in the late 1930’s, after Rochov discovered the direct
process for the production of chlorosilanes from elemental silicon and methyl
chloride®*. The first step in production of a silicone polymer requires the
reduction of silica to metallic silicon via the carbo-electro reduction process®:

High voltage

Sio, +2C Si+2co 3-1)

>1200°C

The silicon is then converted to methylchlorosilanes by the before mentioned
direct process reaction, a so-called MCS reaction, in a presence of copper as a
catalyst.

Me3SiCI
|\/|(-Z‘ZSiC|2 (3-2)
l\/leSiCl3

CH,CI + Si

The product mixture from a typical MCS reaction is subjected to several
distillation steps, where the monomers are separated from the reaction residue;
the residue usually contains siloxanes and disilanes. The dimethyldichlorosilanes
are reacted with water to form silicone hydrolyzate, which rapidly condenses to
form cyclic siloxanes and low molecular weight linear siloxanes. The latter are
reacted with base to product cyclic siloxanes, especially dimethyl tetramer, so-
called D4, which is the primary input for the dimethyl silicone polymer. The further
ring opening polymerization of D, is conducted with a strong base, resulting in
linear polymers, of which the molecular weight is controlled by the addition of
monofunctional silanes acting as chain stoppers. The process is schematically
shown in Figure 3-3.

2 Me,SiCl, + 4 H,0 —> 2 Me,Si(OH), + 4 HCI
hydrolyzate
H.C gsc\s’ C(I; ’
, KOH Tar o g O
HO[Me,SiIO H ———— >IN PN
Hc O—Si-O CH,
3 /N
H.C CH,
Linear siloxane Cyclic tetramer, D4
_ KOH _
D, + Chain stopper — = Linear polymer

Figure 3-3. Synthesis of a siloxane polymer.
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There is an alternative process consisting of the direct condensation of the
hydrolyzate, using an acid catalyst to obtain linear polymers. This process is
applicable rather for low molecular mass oils, since it results in higher levels of
branching.

3.2.2 CROSSLINKING OF SILICONES

3.2.2.1 PEROXIDE CURE

The traditional curing systems for silicone rubbers are organic peroxides. When
heated, peroxides generate free radicals that react with the pendant organic
groups on the silicone polymer>®’. This results in crosslink formation between
the polymer chains. The presence of vinyl groups in the chain speeds up the
reaction greatly, also improving the crosslink density. The peroxide cure reaction
is schematically shown in Figure 3-4.

1) heat
ROOR —— 2 R—0O-
2) CH, CH,
—?i—o— + R—0e —?i—O— + ROH
CH, H,Ce
3) CH

CH
2 —Si-0— — [ 2

H,Ce [ 2
—Si-0—

Figure 3-4. Peroxide vulcanization of silicone rubber.

The peroxide systems are commonly used. However, elastomers cured in such a
way may release peroxide decomposition byproducts, such as cumyl alcohol or
acetophenone, depending on a type of peroxide used’.

3.2.2.2 ADDITION CURE BASED ON A HYDROSILYLATION REACTION

An alternative method of curing silicone rubbers utilize the addition of a silane
group to an unsaturated -C=C- bond, usually vinyl or allyl groups. It can be
initiated in several ways, metal catalysis being the most common. The catalysts
can be metal salts, supported metals or transition metal complexes®. A wide
variety of catalysts has been investigated, but the most common ones in
synthesis and industrial processes are platinum complexes®. Speier's catalyst,
the hexachloroplatinic acid, is widely used in the commercial hydrosilylation of
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unsaturated substrates'®*'. Other platinum compounds also exhibit high activity,
especially in curing siloxanes containing vinyl groups, such as cis-
dichlorobis(triphenylphosphine) platinum (II), PtCly(PPh3)Cly; di-mchloro-di-
chlorobis(ethylene) diplatinum (Il), PtCl,(C2H4), or tetrakis (triphenoxyphosphine)
platinum (IV), [(PhO3)P]sPt [11]. However, the Karstedt's catalyst'?, a 2%
platinum divinyltetramethyl-disiloxane complex in xylene, is the preferred
hydrosilylation catalyst****. Its chemical structure is shown in Figure 3-5.

- /O -
Nsi s

AN

“pt

w\

Figure 3-5. Karstedt’s catalyst.

During the addition cure the hydride adds to a vinyl unsaturation, as illustrated in
Figure 3-6, resulting in a uniformly crosslinked rubber.
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I
H,C—Si=CH,

Q ¢Hs Pt catalyst

?H3 (|:H3 Pz | |
* Si—O—Si+ + H,C—Si-O—Si—H —_—
+| | n 3 | |
CH; CH, CI) CH,
H30—|Si—CH3
H
vinyl-terminated polymer trifunctional silane crosslinker

H C|ZH3
2
o
Ly cH,
H,C—Si—CH,
i I R AR N i
*+o—5i+c—C—Si—o—Si—o—Si—c—c+Si—o{—*
| XH H, | I | H, H, - | m
CH, 2 2 CH, CH, CH, CH

crosslinked siloxane polymer
Figure 3-6. The hydrosilylation crosslinking reaction.

The addition occurs mainly on the terminal carbon. The following mechanism has
been proposed™

H
=Si—C=CH,
| =—>= =Si-C—C—Pt-Si= ——

_Pt_ H, H,
=si H
- o =Qi—-C—C—Qj=
Pt =Si—C (H: Si=
2 2
Figure 3-6. The simplified hydrosilylation reaction mechanism. Triple bonds
represent the remaining valences of the silicon atom. Other Pt-ligands and Si
substituents are omitted for simplicity of the picture.

The reaction begins with an oxidative addition of the silicone to the platinum, then
hydrogen transfer to the double bond and then reductive elimination of the
platinum. Since the reaction proceeds actively at room temperature, inhibitors
play a crucial role in assuring adequate mixing and cure rate control. Lots of
different chemical compounds can act as inhibitors, including peroxides, copper
salts, crown ethers, unsaturated organic compounds, amines or
organophosphorous species. Unfortunately, the hydrosilylation reaction is very
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sensitive to contamination. Chemical compounds capable of forming strong
complexes with platinum can inadvertently poison the catalyst. Amines and thiols
as electron-donating substances are the most detrimental. Despite this
drawback, the hydrosilylation reaction is widely used in preparation of siloxane
networks, due to its high selectivity, which tolerates many functional groups,
including esters, ketones, amides, ethers, nitriles, etc.'® The absence of reaction
by-products, the homogenous degree of crosslinking in thick sections of rubber
goods and excellent reversion resistance, are additional benefits of using addition
cure systems.

Secondary reactions during the hydrosilylation process may occur'”*® and are
especially favored with an excess of crosslinker and during the so-called
postcure stage. The reactions involve catalyzed hydrolysis of SiH groups:

Pt catalyst
~—Si-H + H O —> ~—Si-OH + H, (3-3)
Heat

Crosslinking also occurs during this stage, when the newly created SIOH groups
catalytically react with the remaining SiH groups:

Pt catalyst
~—Si-H + HO—Sj—~ ——>= ~—Si-0—Si—~+ H, (3-4)

Another possible reaction for postcuring is the condensation of two SiOH groups
created in reaction (3 - 3):

Heat
~—Si-OH + HO—Si—~ — ~—Si-0—Si—~ + H,0 (3-5)

Reactions (3 - 3) and (3 - 4) are slower than the primary crosslinking reaction.
The condensation reaction (3 - 5) is even slower than the reactions involving -SiH
groups. The abovementioned processes are called postcure reactions, because
they occur only when the system is allowed or forced to proceed towards
complete conversion®®.

3.3 CHARACTERIZATION OF SILICONE POLYMERS AND VULCANIZATES

3.3.1 INFRARED SPECTROSCOPY

Infrared spectroscopy is one of the oldest techniques for the molecular
characterization of materials. It dates back to the work of Coblentz***° who
worked on instrument design, development of the experimental technique and the
determination of absorption and reflection spectra of a large number of
compounds. In the field of structural analysis and identification of polymers,
infrared spectroscopy has established a strong position. Much work has been

33



Chapter 3

done in the field of IR spectroscopy of rubbers???, including the silicone rubber

materials as well. The spectral patterns of the groups attached to the siloxane
chain are highly specific and identification can readily be made using the infrared
spectroscopy.

The IR spectrum of vinyl-terminated PDMS polymer (pure polymer film) is shown
in Figure 3-7a. Some characteristic peak assignments are as follows?*%*:

Adsorption band [cm™] Chemical group

2800-3000 C-H (CHsy)
1596 Si-C=C
1373 CH>
1264 Si-CH3
1019 Si-O
880 -CH=CH,
800 Si-C

The extent of the hydrosilylation reaction can very conveniently be determined
using the infrared spectroscopy*®??°. The Si-H bond gives a very characteristic
absorption peak around 2160 cm™, as shown in Figure 3-7b. This band is intense
and falls in the region where hardly any other chemical group gives a signal.
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Figure 3-7: IR spectra of a) pure vinyl-terminated PDMS?’; b) hydrosilylation
reaction mixture. The Si-H peak is marked.

Analysis of changes in the Si-H stretching adsorption band as a function of time,
gives the possibility of studying the reaction kinetics as well’®. An example of how
the concentration of silicone hydride in a crosslinker changes, like shown in
Figure 3-6, with time is shown in Figure 3-8. The intensity of the band decreases
with time and extent of the curing reaction. The hydrosilylation is known for the
absence of significant side-reactions, so the changes can be taken to be the
result of reaction between the hydrosilane and the vinyl groups®®. According to
the sources, the hydrosilylation reaction appears to obey first order kinetics?>%°.
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ABSORBANCE

WAVENUMBERS

Figure 3-8: Decrease of the silyl adsorption band®®. The arrow represents
increasing reaction time.

Though infrared spectroscopy can be used for end group analysis, it is limited
mostly to siloxanes capped with Si-H or Si-Mes. The first group takes advantage
of the strong signal in the unpopulated region, while the other one uses a Fourier
decogalolution to separate di- and trimethyl absorbances in the Si-C stretching
band®.

3.3.2NMR

Many groups attached to the siloxane chain have distinctive proton resonances,
and *H NMR is a useful technique for both qualitative and quantitative analysis.
For identifying molecular structures it is widely used in conjunction with other
NMR techniques, such as ?°Si or *C NMR.

Quantitative spectra are useful for analyzing mixtures. The use of the
hydrosilylation reaction for crosslinking requires knowledge of the Si-H/Si-vinyl
ratio in the reaction mixture, to achieve the best or required quality of product. *H
Nuclear Magnetic Resonance spectroscopy provides a very suitable tool for that
purpose, since the vinyl groups can easily be detected with NMR. A sample
spectrum of vinyl-terminated PDMS is shown in Figure 3-9.
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Figure 3-9: *H NMR spectrum of vinyl-terminated PDMS. The signals from vinyl
groups are enlarged. Pyrazine is used as an internal standard for quantitative
measurements.

Terminal vinyl groups in siloxane polymers are reported to give the signals at
around 6 ppm®*“32. The intensity of the signal depends on the concentration of
vinyl-groups in the polymer. For polymers with high molecular weight, sometimes
special techniques have to be used to enhance the signal-to-noise ratio®?, since
the relative error of integration is proportional to the ratio. Thus the accuracy of
the integration and further calculations can be improved.

3.4 SURFACE PROPERTIES OF PDMS.

The surface properties of silicones can best be described by taking the pendant
groups as the primarily surface active entities. The polymer backbone then
controls the way in which they appear on the surface®. This is a useful
simplification in explaining the unique surface properties of siloxanes in general,
and PDMS in particular.

PDMS exhibits a uniquely low liquid surface tension ranging from 16 to 21 mN/m
at room temperature®; only fluorinated species have even lower surface
tensions. Such low surface tension gives PDMS the tendency to accumulate at
the surfaces in systems like polymer blends or block copolymers. This property is
a reflection of the molecular structure. The rotation around the Si-O bond is
virtually free, compared with an energy barrier of 14 kJ/mol for carbon-carbon
bond rotation in polyethylene, and more than 20 kJ/mol for
poly(tetrafluoroethylene)®. This free rotation is reflected in a very low glass
transition temperature of poly(dimethylsiloxane), of below -100 °C. Another
structural feature worth noting is the wide variability of the Si-O bond due to its
partially ionic nature, which also can contribute to the overall chain flexibility. This
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gives siloxanes an extended and flexible chain system in which steric hindrances
are little likely to impede the creation of a methyl-group rich, low surface energy
configuration, as shown in Figure 3-10. In combination with the methyl pendant
groups, which according to Owens and Wendt*® exhibit one of the lowest
intermolecular interactions, this explains the low surface tension properties of
PDMS.

Figure 3-10: The methyl “comb”, the way methyl groups in PDMS are organized
on the polymer surface.

The main consequence of the low surface energy of PDMS is, that this liquid
polymer will spread over any high-energy substrate. PDMS will also spread over
many low-surface energy materials, excluding various fluorocarbon polymers.
The high chain flexibility allows “rebuilding” of a surface, like regaining
hydrophobicity after exposition to corona or plasma discharges. Untreated
polymer chains migrate to the surface or hydrophilic groups turn away from the
surface®’. As a low surface energy component, PDMS tends to migrate and
accumulate on the surfaces of polymer blends®, its surface concentration can
even reach 95% at very small bulk concentrations. Therefore, the surface
properties of polymer blends can be altered by addition of poly(dimethylsiloxane).

3.5 QUANTITATIVE NMR MEASUREMENTS FOR VINYL-GROUP CONTENT DETERMINATION

As was mentioned above, the knowledge of the average vinyl-group content in a
batch of siloxane polymer is of crucial importance for setting the stoichiometry of
the hydrosilylation reaction, and thus controlling the degree of crosslinking of the
resulting silicone rubber. *H NMR measurements have been done for every new
batch of the siloxane polymer, before it was used to prepare silicone rubber.

3.5.1 SAMPLE PREPARATIONS
Materials. The PDMS polymers of various molecular weights were supplied by
ABCR. Pyrazine (>99%) and CDCI; were obtained from Aldrich.

NMR sample preparation. Weighed amounts of PDMS oil and pyrazine were
dissolved in CDCl; in a glass flask. The solution was then transferred to the NMR
tube, the tube was further filled up with the solvent to the volume needed for best
spectrum resolution, and the whole mixture was stirred again to ensure proper
mixing.
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3.5.2 'H NMR MEASUREMENT
Machine settings. The measurement was performed using a Varian Unity 300
MHz apparatus. The *H NMR spectra were recorded using the following machine

settings:

Variable symbol Explanation Value
NS Number of scans 16
DS Number of dummy scans 0
Olp Center of spectrum 5.333 ppm
TD Datapoints time domain 32K
Sl Datapoints spectrum domain 32K
PO Pulse 90°
D-1 Delay after pulse. Very important, 30 sec
because of the long T* value of
pyrazine protons in combination with
the 90° pulse
DE - 5.50 psec
SWH Sweep width 6024.1 Hz
LB Line broadening 1.0 Hz

A sample spectrum was already shown in Figure 3-9. The signals from vinyl-
groups appear in the 6 ppm region. The peaks of pyrazine protons show clearly
between 8 and 9 ppm, which range in the case of PDMS is always empty, thus
nothing can interfere with the measurement. After baseline correction the spectra
were integrated by hand. All the integrations included also the C* “satellites”
signals.

Calculations of the hydrogen-to-vinyl ratio. The amount of the vinyl functional
groups was calculated according to the following formula:

6
rnpyr X'I'O ><4.><| vinyl

roup count [mmol/kg] =
group [ al 803>, X

pyr
The symbols are as follows:

mpyr — Mass of pyrazine in a sample (in grams)

10° — factor for calculations to mmol/kg

4 — the amount of protons in pyrazine

lvinyi — the integration of vinyl signals

80 — the molar mass of pyrazine

3 — the amount of protons in a vinyl group

Mppums — the mass of PDMS in a sample (in grams)

lpyr — the integration of pyrazine signal
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The results from the measurements were compared with measurements made
within Océ Technologies®. They agreed within the measurement error of the
method.

3.6 CONCLUDING REMARKS

Due to their unique molecular structure, silicone elastomers exhibit a wide range
of properties. The way of synthesis allows for the preparation of polymers with
different sidegroups, which in turn contribute to the overall flexibility of the
polymer. Silicone polymers can be crosslinked in many different ways, depending
on the type of sidegroups. One of the best methods to use, with almost no by-
products and side reactions, is the hydrosilylation reaction. Still it depends
heavily on the stoichiometry, thus requiring the knowledge of the amount of
reactive groups in the polymer. This drawback can easily be overcome by using
the 'H NMR to determine the reactive group content. The measurement is
accurate and easy to perform, but may require some additional tuning to enhance
the signal-to-noise ratio, though.

Not only NMR, but infrared spectroscopy can also be used for the
characterization of silicone polymers. It is especially well suited for detecting the
types of sidegroups and changes in their concentration. The spectral techniques
are a powerful tool in the field of silicone elastomers.
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Chapter 4

Development of the Tack Testing Device

“We are stuck with technology when what we really want is just stuff that works.”
Douglas Adams

In this chapter the design of the tack testing device employed in this thesis is
described. The main goal was to build an apparatus capable of measuring very
low levels of tack on a macroscale. The chapter begins with an introduction into
different adhesion testing methods, divided into destructive and non-destructive.
Then a detailed description of the experimental setup and routine is given.

4.1 INTRODUCTION

To characterize the various properties of adhesives and adhesive joints, different
methods of testing are needed. Because of the great variety and versatility of all
sorts of adhesives, developing a universal testing method is not feasible. Till now,
many different techniques were invented to deal with the characterization of
surface phenomena. In general, these methods can be classified as destructive
and non-destructive®. The latter deal with the thermodynamic work of adhesion,
while the former measure the practical side of adhesive joints.

4.1.1 NON-DESTRUCTIVE ADHESION MEASUREMENTS

These methods are mostly used to determine the thermodynamic work of
adhesion. In this section some of the most characteristic techniques are briefly
described.

4.1.1.1 CONTACT ANGLE MEASUREMENTS
One of the most common techniques to determine the surface energy of solids is
the contact angle measurement. The method is depicted in Figure 4-1:
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Figure 4-1. Schematic illustration of the contact angle of a liquid on solid. gy, Gy
and g, are the solid-liquid, solid-vapor and liquid-vapor interface tensions,
respectively.

For a drop of a liquid placed on a smooth, flat, rigid surface, the contact angle q is
an indication of the wetting power of the liquid. If g = 0, the liquid wets the surface
completely. This happens, when the attractive forces between the liquid
molecules are smaller than the forces between the solid and liquid molecules.
The attractive forces for the liquid are indicated by its surface tension. From the
equilibrium of the components of surface tension and from the contact angle the
following relationship can used to estimate the surface tension of a solid:

95 =94 70, COSq (4-1)

A widely used method for determining the value of surface energy of a solid is to
measure the contact angle of a series of liquids of decreasing surface tension on
the material of interest®. The plot of cosq against g, is extrapolated to cosq = 1 to
find the surface tension of the solid. It should be noted, that the value generally
depends on the choice of liquids.

4.1.1.2 ADHESION BETWEEN AN ELASTIC SPHERE AND A FLAT SURFACE

In 1971, Johnson, Kendall and Roberts published their theory on contact
mechanics:® paragraph 2.4.2 of this thesis. In their experimental set-up a probe of
e.g. silicone rubber with a spherical shape was pressed against a flat surface of a
second material: Figure 4-2.
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Figure 4-2. Schematic representation of a JKR experiment.

The JKR theory then predicts, that the contact area radius at equilibrium is a
function of the adhesion energy G,. When the applied load is reduced to zero, the
radius ro of the residual contact provides a direct measure of Gg:

G, =(1/6p)Kri/R? (4-2)
where K is the so-called combined elastic modulus and R; is the radius of the

sphere. The negative force P, required to pull the probe away from the surface
gives another measure of Gg:

G, =(3 /2P, IR (4-3)
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4.1.1.3 AFM ADHESION MEASUREMENTS

Mirror

— . Q) gm e

Quartered \
photodetector \ |
N\

\\
|
\

Cantilever

F-signal
Z-signal

Specimen

Piezoelectric
scanner

;{ Z-axis ] 71
ernvo _system
Topography -
:‘ Computer I__| XY scanving
system

Friction I

Monitor

Figure 4-3. Schematic of an AFM apparatus.

Atomic Force Microscopy was primarily invented for surface imaging. A typical
apparatus consists of a cantilever acting as a deflection sensor, a positioning
mechanism and a cantilever-mounted tip, as depicted in Figure 4-3. AFM can
operate in different modes, but for adhesion measurements the so-called force-
distance curve recording is important*. The measured pull-off force can be
related to the work of adhesion via the JKR theory, or the Derjaguin, Muller and
Toporov (DMT) theory®. The DMT theory gives the following relationship between
the pull-off force P, and the work of adhesion W:

P, = 2pRW (4 - 4)

For proper calculations estimation of the tip radius is of crucial importance, as
well as proper calibration of the signal. The latter requires knowledge of the
spring constant of the cantilever. There are several methods, which provide an
elegant way to measure or calculate the cantilever spring constant®.

4.1.2 DESTRUCTIVE ADHESION MEASUREMENTS
When these methods of adhesion testing are used, parts of a specimen undergo

large deformations. Thus the values obtained are strongly affected by the
viscoelastic properties of the tested materials.

4.1.2.1 WORK OF DETACHMENT
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The work of detachment, Wy, is usually much larger than the thermodynamic
work of adhesion W?. Thus, detaching an adhering layer is an irreversible
process and the measured values contain large contributions from dissipative
processes in the bulk’. Andrews and Kinloch”® investigated adhesive joints of
different geometry trying to evaluate the dissipation component. They assumed
from the first law of thermodynamics, that the adhesive failure energy is the sum
of two components: dissipative and adhesive:

Wy =Wy, +y (4 - 5)
where Wy is the adhesive and y dissipative component, respectively.

Another important aspect is the influence of the separation rate:

W, =W, f (R,) (4 - 6)

where R, @baT(éis the crack propagation rate and ar is a WLF shift factor).

From this relationship authors tried to evaluate the dissipation factor. A similar
approach was proposed by Gent and Schultz®.

These considerations above are given to point out, that in order to understand the
various destructive test methods one needs to know how the measured breaking
stress depends on the test variables, as well as on the actual bond strength W4.

4.1.2.2 PEEL TEST

The most common method of destructive testing of adhesive joints, a peel test,
involves peeling away a thin elastic layer from a smooth, flat and rigid surface.
The layout is illustrated in Figure 4-4.

Figure 4-4. The principle of a peel test.
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When the distance Dc is debonded, the point of application of the peel force F
moves by distance Dx. From geometrical considerations:

Dx = (1- cosQ)Dc + eDc (4-7)

where e is the tensile strain of the sample after detachment. The work of peeling
is expended, partially to cause detachment and partially to elongate the strip:

FDx =[W,w+U wh]Dc (4-8)
where w is the width of the strip, h its thickness and U, is the energy per unit
volume spent to elongate the material after detachment. From combining (4 - 7)
and (4 - 8), the work of detachment is given by the general relation:

W, =(F/w)(1+e- cosQ)- U,h (4-9)
If the strip is linearly elastic:
e=F/whE (4-10)
and

U h=(F/w)?/(2hE) (4-11)

where E is the elasticity modulus. Equation (4 - 9) then takes form:

W, =(F/w)(1+e/2- cosQ) 4-12)

When the strain is relatively small and the peel angle Q not close to zero, the
following simple relation can then be obtained:

W, » (F/w)(1- cosQ) (4 - 13)

The special type of a peel test, where peeling is done at the angle of 0° is called
a shear failure test. For linearly elastic layers, the work of detachment can be
calculated form the following expression:

s2=2EW,/h (4-14)

where h is the layer thickness and sy, is the tensile stress.

4.1.2.3 TEL-TAK DEVICE
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The Tel-Tak device was introduced in 1969 by Beatty'®. It belongs to the
category of the tensile adhesion measurement devices, where thin layers of
rubber are compressed between flat, rigid surfaces. The maximum tensile force
required to break the bond is taken as a measurement of adhesion strength. The
machine layout is shown in Figure 4-5. Beatty claimed the following criteria for
the tack tester:

- simple and sturdy device;

- gives reproducible measurements;

- portable;

- able to give fast results;

The tested specimens are ¥4 or % inch by 2 inches strips of rubber placed in the
machine at right angles to each other, and thus define the area of contact. The
contact load can be varied. A timer is activated once the strips are pressed
together, allowing the selection of variable contact times. A motor coupled with a
gearbox provides a 2.4 mm (0.1 inch) per second separation speed. The
maximum separation force is measured by the spring gauge, calibrated directly in
psi (pounds per square inch). The device allows measuring rubber-rubber and

rubber-steel tack.
% <«—— Spring gauge
<«—— Sliding joint
<+— Loading weight
<+ Upper grip
<«——— Split nut clutch
<+«— Drive

©)

\ L

Figure 4-5. The layout of Tel-Tak device.

4.2 DESCRIPTION OF THE TACK TESTING DEVICE USED IN THE PRESENT RESEARCH

4.2.1 DESCRIPTION AND OVERVIEW

The Tel-Tak device was primarily designed to test rubber compounds for tire
applications, mostly based on natural rubber, known for its tack behavior thanks
to its ability to strain crystallize. Thus the usefulness of the Tel-Tak device for the
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testing of the very low tack values of the non-crystallizing silicone rubbers was
very limited. The spring gauge did not exhibit enough accuracy to properly
register the pull-off adhesion force, and the clamping system designed for highly
resilient natural rubber was unsuitable for holding samples of unfilled silicone
rubber, which in general exhibits poor physical properties. Still, the general idea
of an adhesion testing device developed for the purpose of this thesis, depends
heavily on the Tel-Tak principle.

The scheme of the device is shown in Figure 4-6. The instrument is based on a
tensile tester, Zwick Materials Testing Machine Z1.0/TH1S. The drive system of
the machine allows precise control and settings of the clamps separation speed.
The loadcell is capable of measuring small forces: in a range of milinewtons,
which is important for experiments with silicone rubbers usually exhibiting a very
low tack.

a—el I Eﬂ
Figure 4-6. Layout of the rubber tack testing device. 1) Zwick tensile tester frame.

2) Moveable crosshead. 3) Clamps. 4) Loadcell. 5) Electronics console. 6)
Computer.

i [[oo

e

In the original Tel-Tak experiment two flat samples are pressed together under a
90° angle. This allows for easy control of the contact area, but may create
problems however with air entrapment during the compression stage. For this
reason a completely different design of the clamps was chosen. The contact area
was adjusted from flat rectangular to hemispherical, so that the contact between
two hemispheres starts in the middle and proceeds towards the exterior. This
minimizes the probability of air entrapment and allows for better control over the
contact formation. During the separation stage of the tack experiment, this sort of
experimental setup also avoids a suction effect, which can appear if the
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contacting surfaces are flat. Thus the maximum separation force measured is a
direct measure of rubber tack.

The scheme of the experimental setup is shown in Figure 4-7. To achieve the
contact area curvature the rubber samples are pressed between steel plates (4)
and an orifice disks (5), which are then firmly bolted together with butterfly
screws. Part of the specimen is then forced through the opening in the orifice
disk, forming the desired hemispherical shape — the portion of rubber protruding
from the orifice represents the measurement area, as it is shown in Figure 4-8.
To achieve a reproducible surface area, the Teflon-made separator is inserted
between the two hemispheres, as seen in Figure 4-8. The separator has the
same shape as the orifice disks. Thus during the compression stage, the surface
area does not undergo any enlargement. This sort of setup has some limitations
though: the rubber sample has to be soft or elastic enough to protrude through
the opening.

Prior to the measurement the samples become under compression. The load
placeholder allows placement of different weights, thus adjusting the
compression force if necessary. This sort of setup also assures that the
compression applied is always the same, providing better reproducibility of
measurements.
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Upper clamp, side view Lower clamp, side view
o] 1 5
e
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Both clamps, bottom view of the orifice disk
Figure 4-7. The diagram of the tack testing device. 1) Clamp mount. 2) Freely
moving joint. 3) Load placeholder. 4) Upper plate. 5) Orifice disk. 6) External
changeable loading weights.

In order to ensure that during the compression no additional force is exerted on
the samples, the upper clamp is equipped with a freely moving joint. During the
contact formation it allows the machine crosshead to move freely to a position,
where the upper clamp rests on the lower clamp and is compressed only by the
weight of the applied load on the load placeholder.
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Figure 4-8. The specimens mount area. 7) Rubber sample. 8) Teflon separator.
The downward arrow indicates the compression force, upward arrow indicates

separation.

The signals from the force and displacement transducers: loadcell and the
crosshead (see Figure 4-6), are coupled into a computer via a serial cable. For
the data acquisition, treatment and machine operating, the computer uses the
TestXpert 10.0 graphical user interface software supplied by Zwick GmbH. The
program allows saving the whole test environment to disk, including any user
comments during the testing procedure, as well as exporting the experimental
results in text format, readable by all of the popular office suite programs.

!

Figure 4-9. The external exchangeable load; side and top view.
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4.2.2 COMPONENTS AND SPECIFICATIONS OF THE EXPERIMENTAL SETUP
In this section of the chapter the components of the tack testing device are
described in technical details.

Upper clamp: The upper clamp basically consists of a 10 mm diameter steel rod
with a mount (1) on one side to fix in the sample holder of a tensile tester, and a 6
mm thick plate on the other (4), with a diameter of 60 mm. The full length of the
upper clamp is 92.5 mm, with 7.5 mm of extra extension available via the freely
moving joint (2). The load placeholder (3), a steel ring with diameter 20 mm,
allows the placement of external weights.

Lower clamp: The lower clamp has a similar construction to the upper one, with
the exception that it does not have the freely moving joint and is mounted rigidly
to the loadcell of the tensile tester; its length is 88.5 mm.

Orifice disk: The orifice disk (5) is a 1.5 mm thick, 60 mm diameter steel plate
with a 17 mm diameter opening in the middle and four threaded bolts. The disks
can be attached to the clamps using four M3 butterfly screws.

External loading weights: The weights (6) are brass cylinders with an opening
allowing them to be placed on the loadholder, as shown in Figure 4-9. Two loads
have been used: “Small” — 43 mm diameter, 10 mm height, 100 g weight; and
“Large” — 60 mm diameter, 16 mm height and 325 g weight.

Separator: The separator (8) is a 1 mm thick 60 mm diameter Teflon® disk with
15 mm diameter opening in the middle, having 180 mm? net contact surface. It is
used to keep the contact area from extending beyond the openings of the orifice
disks. The use of Teflon® ensures the absence of measurable interactions
between separator and sample.

Zwick tensile tester: The Zwick Z1.0/TH1S is a table-top materials testing
machine with a maximum test load of 1.0 kN, equipped with 90 W DC drive
system capable of achieving 0.1 — 1800 mm/min speeds. Speed control can be
done with 1% accuracy. The drive system’s travel accuracy is 0.226 pm with
crosshead positioning accuracy + 20 pm.

Loadcell: The load cell converts the physical quantity force to a electrical,
measurable signal. In the tensile tester the originally mounted model KAP-Z was
used, with measurement range 1 — 500N (grade 1).

Computer: The computer was based on an ASUS P4 motherboard with the
processor Intel Pentium™ PIV 2.4 GHz and 256 MB of RAM installed.

Software: The host computer utilizes the Microsoft Windows® 2000 Service
Pack 4 operating system. The Zwick™ TestXpert 10.0 graphical user interface
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was used for the acquisition and introductory processing of the experimental
data. The user modified B069001.01 test method (ISO 37 standard tensile test for
rubbers) was used for the experiments.

4.2.3 DATA ACQUISITION AND CALCULATION

The data acquisition was done in two stages: recording of the force-displacement
curve and calculation of rubber tack. The first stage was done using the
aforementioned TestXpert software with the B069001.01 test method loaded. A
view of the program screen is shown in Figure 4-10.

% vimin testxpert vioa Master (conpouratianievey lsix]
File Machine Specimen management Configurstion Options  View  Help
1— 35 e | o n
W X e
’ / P
Machine Farce 0 LE Start Stop Inputs TRS Repart Print
i F3 Shift«F10 F10 e Shift+F4  Shift+Fg Cul+D
m AET tests | MERBT tests o | Fmax
X .lf X i ¥ s Legends
I f z 2074,5 3
oy 2065 55
= ] 25,00 [2060,94
Xe B it (s COCaLii L EUCOPRESE SE8 TEDPRRRRS o 25,00 [2061,79
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= H H : n=5 | mm | mN
: : : X | 2500 |2076,96
s H | H s 0,00 704 4
‘ i ; ‘ : 0,00 034
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Figure 4-10. View of the TestXpert program screen. 1) Machine controls. 2)
Graphical results. 3) Selected numerical results. 4) Statistics.

The most important parts are marked with the numbers 2 and 3. The graphical
presentation screen (2) basically shows the recorded force-displacement curves
of the tack experiment. A more detailed view of one of the curves is shown in
Figure 4-11.

The sign of the loadcell signal depends on tensile vs. compression loading. On
the graph the negative force means that the sample is under compression; a
positive force indicates separation.
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Figure 4-11. Force-displacement curve.

The force rises from negative to positive as the load on the sample is released,
with beginning of separation at the value of F = 0. The ascending curve indicates
that the two samples are still adhering to each other by the forces acting on the
interface between the two rubber hemispheres. The maximum force signals the
point where the two hemispheres are still in full contact. After that recorded force
quickly drops to zero, when the two hemispheres progressively lose contact. The
program records the maximum separation force for further calculations.

The measured values can be further interpreted in the terms of the fracture
energy of tack. Gent and Hamed'! propose the use of the fracture energy term,
while Voyutskii*?, Wool*® and O’Connor** show that the tack can be used as well.
Since tack is defined as a unit of force per cross-sectional area, it simplifies the
calculations. The cross-sectional area is constant during the experiment using
the Teflon® separator, and this contact surface area of 180 mm? is taken for the
calculations.

4.3 SAMPLE PREPARATION AND EXECUTION OF THE TACK MEASUREMENTS

The poly(dimethyl)siloxane rubber samples were prepared by mixing the vinyl-
terminated poly(dimethyl)siloxane (PDMS) polymer with the silane crosslinker, a
platinum cyclovinylmethylsiloxane complex: Karstedt-type catalyst, and 1-
ethynylcyclohexanol used as reaction inhibitor. All of the above materials were
obtained from ABCR, with the exception of the inhibitor, which was obtained from
Aldrich. PDMS and crosslinker were mixed together at room temperature using a
magnetic stirrer for 10 minutes, then 10 pl of inhibitor was added and
subsequently 2 pl of the catalyst was added to the mixture. The hydrosilylation
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reaction proceeds rapidly at room temperature, thus the order in which the
components were added was important. The prepared reaction mixture was then
stirred for five more minutes and subsequently degassed using an ultrasonic
bath.

After mixing the degassed mixture was compression molded using a WLP
1600/5*4/3 Wickert laboratory press at 120 °C for 30 minutes. The sheet
thickness was 2 mm. In order to avoid possible sample surface contamination,
the cover plates of the mold were covered with thoroughly cleaned Teflon® foil.
Molded samples were then postcured in an oven at 120 °C for 48 hours, still
contained within the Teflon® foils.

Tack measurements: For the tack measurements square 30x30 mm strips were
cut from the initial sheets. After removal of the Teflon foil measurements were
performed in a manner described previously in this chapter. The load,
compression time and separation speed varied according to the type of
measurement. All experiments were performed under ambient conditions.

4.4 CONCLUDING REMARKS

A rubber tack testing device for low adhesion forces was constructed and
successfully tested, after the principle of Tel-Tak. The setup allows accurate
adhesion testing of soft rubbers and uncured rubber blends. The machine
records the force-displacement curve, allowing for further data processing. The
experimental setup was found to be capable of accurate measurements of
tackiness of silicone rubbers, which are know to exhibit very low tack. The setup
also allows a good control over a test contact area, which is a very important
issue in tack testing.
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Chapter 5

Silicone Rubber Tack in Relation to Network Structure”.

"The reward of a thing well done, is to have done it."
Ralph Waldo Emerson

In this chapter, the influence of telechelic silicone rubber network structure on
static rubber-rubber tack is described. Telechelic polymers have crosslinking
sites restricted to the ends of polymer chains only, giving well-defined networks.
Rubber-rubber tack is related to the network structure, mostly to the amount of
loose polymer chains not linked into the network, that can diffuse through the
interface. By controlled variation of the degree of crosslinking of the telechelic
silicone rubbers, various levels of tack are induced, which may be related to the
network topology.

5.1 INTRODUCTION

In order to create a network, polymer molecules have to be tied together mostly
by means of chemical reactions. This process, called vulcanization, differs
depending on the rubber type. A three-dimensional network is created, with the
junctions ordinarily formed by covalent bonds. However, in some instances
physical combinations of chains in the form of crystals may serve the same
purpose: conferring recoverability to the network.

Several theories were developed to predict the elastic or swelling properties of
polymer networks. The network structure, however, is not easy to define. In the
commonly used vulcanization processes primary chains are crosslinked
randomly leading to the formation of network defects: pendent, “dangling” chains,
loops, trapped entanglements, etc., which cannot be avoided during the reaction.

" Part of the work described in this chapter has been presented at the International Rubber
Conference in Lyon, July 2006, and this chapter has been submitted for publication to Journal of
Adhesion.
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trapped entanglement

dangling chain end

Figure 5-1. Network structure: crosslinks and network defects?

5.1.1 THE IDEAL NETWORK
For the definition of a network the concept of the ideal network of polymer chains
was developed. The “ideal” network can be defined as a collection of Gaussian
elastic chains connected with f-functional crosslinks®. The definition of the ideal
network has some additional requirements as well:
- the chains between crosslinks must consist of statistical chain elements
having the same length;
the network should be Gaussian: every elastic chain between crosslinks has
to contain enough statistical chain elements to obey Gaussian statistics;
the network should be homogeneous, macroscopically as well as
microscopically. The segment density and crosslink density should be equally
distributed throughout the whole network;
the functionality of the crosslinks should be known and constant throughout
the entire network.

5.1.1.1 AFFINE NETWORK

The first theory of rubber elasticity was developed by Kuhn®. The structural
assumption was made, that upon macroscopic deformation the dimensions of
polymer chains change exactly proportional to the macroscopic deformation.
This assumption is called “the affine deformation”. In addition to that, Kuhn
assumed that crosslinking immobilizes the junction points, which defines the
macroscopic state of the network. The variation of the elastic free energy DA
induced by the deformation | is expressed by the following relation:
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DA(I):%kBTn(I§+I2y+I§-3) (5 - 1)

where kg is Boltzmann’s constant, n is crosslink density expressed as the number
of elastically active chains per unit volume [cm?™], |y, ly, and |, are the
deformations along the three Cartesian coordinates X, y, and z respectively, and
T is the absolute temperature. The uniaxial stress, s the force per unit of
undeformed cross-sectional area is given as:

s =kgTn(l .- 1:%) (5-2)

With the Young’s tensile E-modulus defined as:

S
=— 5-3
- (5-3)
with e being deformation equal to | - 1, and expanding the right hand term of
equation (5 - 2) in series, it results in the following expression for the tensile

modulus:
S
E=—=3knT (5-4)
e

assuming a Poisson’s constant of 1.5.

5.1.1.2 PHANTOM NETWORK

The phantom network model was developed by James and Guth®. In the
phantom network polymer chains have no material properties: they may pass
through each other freely and they are not subjects to the volume exclusion
requirements. Under these circumstances, network junctions are free from
constraints, thus they undergo displacements that are affected only by the
connections to the network, not by their immediate surroundings’. The chains
pass through each other like phantoms. The variation of an elastic free energy is
expressed by the following relation:

DA(I)=%kBATn(I§+I§+I§-3) (5-5)

where the front factor A is unspecified. This theory was then developed by Duiser
and Staverman®, and further by Graessley®:

f-2
A=——= (5-6)

where f is an average functionality of the crosslink junctions. Combination of
equations (5 - 5) and (5 - 6) yields the following expression:
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12+12+12-3

DA(l ) = f f 2nkBT( (5-7)

For a trifunctional network A = 1/3 and for tetrafunctional A = 1/2. More generally,
assuming no loop formation happens, the variation of elastic free energy for a
macroscopic network exhibiting n elastically effective chains and m elastically
effective junctions is expressed as:

12+12+12-3
DA(I) =( - m)kgT( y2

(5-8)
For a perfect f-functional network:

2 = fir, 5-9)

After taking into account the abovementioned contributions, Flory reconsidered
his initial elasticity theory to be valid for networks of any functionality and
irrespective of their structural defects. The elastic free energy variation is then
most generally expressed as:

12+12+12-3
DA(l ) =xk T ( y2 ) (5 - 10)

where x is the cycle rank of the network. For a perfect f-functional network with
number m of elastically effective junctions:

2
f

I-I-O

x=0- m)=nl- (5-11)

Q

Note that DA(l ) of equation (5 - 10) for the phantom network for an average
crosslink functionality f=4 is half of that of equation (5 - 1) for the affine network.
Flory'®* considered that a real network should be expected to exhibit a behavior
intermediate between these two extreme cases, depending upon chemical
composition, topological structure and structure of defects, like pendent chains.

5.1.2 MODEL NETWORKS — SYNTHESIS AND PROPERTIES

Crosslinks based on an end-linking process are very important for preparation of
model networks, useful for testing the validity of different network theories. But,
even if the reaction conditions are chosen very carefully, it cannot be assumed
that the model networks are really fully developed. At least, they should satisfy
the following requirements:
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the linear chains of a model network should have known length, and, if
possible, a narrow molecular mass distribution;

each elastic chain should be connected by its two ends to two different
branching points;

the model network should be homogeneous, the segment and crosslink
density should be constant throughout the total volume;

the functionality of branching points should be known and constant.

The preparation of a model network requires a polymer fitted at both chain ends
with appropriate functional groups. Polyurethanes'? and siloxane polymers are
commonly used for this purpose, poly(dimethyl)siloxane (PDMS) being a good
example. PDMS chains are chemically stable, with good resistance to chemical
and thermal degradation. Due to its extremely low glass transition temperature
(Tg = -113°C) PDMS can be considered a low viscosity, highly mobile polymer at
room tegnperature, which allows the study of its elastic behavior in absence of
diluents®.

The synthesis of model PDMS networks has been the subject of many previous
studies™**. In many cases, networks were prepared by crosslinking linear PDMS
with g radiation. Networks obtained in this way are statistical in nature and their
structure is not well defined. Coupling end-linked chains, on the other hand, may
lead to networks with well-defined topological structures. The reaction depends
on the type of functional groups. For example, tetrafunctional model networks
have been prepared using PDMS with -OH groups at the chain ends:

HO -
\/W‘\/\OH + I:HsCz—O}SI ———>

4

OH
Ho/\/\/\/\ /\/\/\/\/
[ Sj + 4C,HOH

Figure 5-2. Tetrafunctional PDMS network preparation.

Networks with different functionalities can be prepared in a similar manner.

Hydrosilane functions, -SiH, are known to readily react with vinyl and allyl double
bonds in the presence of catalysts such as Karstedt's catalyst: a 2% platinum
divinyltetramethyl-disiloxane complex in xylene. The substrates can be PDMS
fitted at the chain ends with vinyl groups, or with silane groups. The former
requires the use of a multifunctional silane as crosslinker, while the latter requires
compounds with multiple vinyl or allyl bonds, like tetraallyloxyethane, which is
shown in Figure 5-3.
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H,C=CH-CH,0, O CHz CH=CH;
CH-HC
/ b _
H,C=CH-CH,-0 O—CH,CH=CH,

Figure 5-3. The structure of tetraallyloxyethylene, the 4-functional crosslinker.

While it seems, that exact stoichiometric amounts of end groups and crosslinking
sites need to be combined, the networks obtained are never perfect,
unfortunately. When crosslinking progresses and e.g. one end of a polymer chain
is linked to the network, the mobility of the other end is seriously hampered, so
that is has a problem to find a crosslinking site elsewhere. At the same time the
mobility is decreased by viscosity increase. Consequently, at stoichiometric
amounts imperfect networks are still the result. As far as the defects are
concerned, there can be pendant chains, and loops are formed to some extent.
Trapped chain entanglements yield additional physical crosslinks.

In addition to minimize the amount of loose dangling ends and uncrosslinked
polymer, the addition of more than stoichiometric amounts of crosslinker is a
solution. However, the consequence is that all crosslinking sites on the
crosslinker are not fully employed, so that the net functionality is lower than
chemically possible and aimed at. Detailed information about the hydrosilylation
reaction can be found in Chapter 3 of this thesis.

5.2 SAMPLES PREPARATION

Materials: Table 5.1 lists the vinyl-terminated polydimethylsiloxanes that were
used for the present study.
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Table 5.1. Materials characterization: polymers.

Material Viscosity Mw Average vinyl group  Supplier
[Pas] [g/mole] content [mmole/kg]

MQ 6 100 6 000 ~400” ABCR

MQ 9 200 9 400 ~230” ABCR

MQ 17 500 17 000 166 ABCR

MQ 28 1000 28 000 98 ABCR

MQ 50 5000 50 000 64 ABCR

" the VGC varies depending on the batch of polymer used.

The structures of the tri, and tetrafunctional silanes used as crosslinkers are
shown in Figure 5-4. A multifunctional silane was also employed, provided by a
proprietary source, of which the structure was not disclosed. The platinum-
cyclovinylmethylsiloxane complex was used as cure reaction catalyst. All the
above materials were obtained from ABCR, Germany, with the exception of the
multifunctional silane. 1-ethynylcyclohexanol (99%) was used as a temporary
reaction inhibitor, as obtained from Aldrich. The solvents used were all of pro
analysi quality.

a) b)
I )
? 9
H—Si-0—Si-0—CH, H=Si0—5i-0—%iH
Q 7
i —si—
¥ H

Figure 5-4. Chemical structures of a) tri and b) tetrafunctional silane
crosslinkers.

Sample preparations: For every batch of polymer the exact amount of vinyl
groups was determined using NMR measurements (Varian 300 MHz apparatus)
with pyrazine as an internal standard, as described in Chapter 3 of this thesis.
The results of these measurements are included in Table 5.1. From those results
and the molecular structure of the crosslinker, the hydrogen-to-vinyl ratio (H/V)
was calculated.

The samples were prepared using H/V ratios of 1.0, 1.2, 1.4 and 1.7, which
means starting with the stoichiometric amount, up to 1.7 times excess of
crosslinker. The curatives were mixed together with the polymer using a
magnetic stirrer. During the preparation it was important, that the inhibitor was
added to the reaction mixture before the catalyst. Without the presence of the
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inhibitor, the cure reaction proceeds quickly even at room temperature. While the
amount of crosslinker varied depending on the VGC of the polymer used, the
amounts of catalyst and inhibitor were kept constant: 10 and 50 ppm
respectively. The mixture was degassed and cured in a compression molding
machine (WLP 1600/5x4/3 Wickert laboratory press) at 120°C for 30 min. Clean
Teflon foil was placed between the cured mixture and the mold plates to avoid
surface contamination and sticking of the material to the mold. The resulting
90x90x2 mm sheets were post-cured in an oven at 120°C for 48 hours.

Tack measurements: Samples were compressed under a load of 2.5 N for 10
minutes. For each sample, several tack measurements were done and the
average was taken as the final result. The measurements were always performed
at room temperature. The separation speed was constant at 4 mm/sec.

Crosslink density: Crosslink density measurements were made by swelling the
rubber samples in toluene for 48 hours; calculations were performed using the
well-known Flory-Rehner equation®®:

_cvi+In(- v,)+v
V,(0.5v, - v¥®

" [mol/cm?] (5-12)

where n is the crosslink density, v, is the equilibrium volume fraction of rubber in
the swollen state and Vj is the molar volume of the solvent. A polymer-solvent
interaction parameter c of 0.456° was used for all calculations.

Sol-gel analysis: Sol-gel analysis was performed by extracting the samples in
toluene for 2 weeks. The samples were then dried till no further mass loss was
observed, and then the total weight loss was calculated.

5.3 RESULTS

5.3.1 TRIFUNCTIONAL CROSSLINKER

Figure 5-5 shows the rubber-rubber tack and crosslink density dependence on
hydrogen-to-vinyl (H/V) ratio for PDMS with different molecular weights
crosslinked with the trifunctional silane. Note the different scales used for the
various PDMS in order to accentuate the large differences in measured tack and
— to a lesser extent — in crosslink densities between the PDMS with varying
molecular weights.
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Figure 5-5. Tack and crosslink density of different molecular weight PDMS as a
function of H/V ratio. Trifunctional crosslinker.

The trend observed in crosslink density is interesting. In all cases, the crosslink
density increases at first with increasing amount of silane crosslinker. For the
stoichiometric amounts of crosslinker: H/V = 1.0, the samples are still clearly
undercrosslinked. The crosslink density of MQ 6 rises strongly with increasing
H/V ratio between 1.2 and 1.4, reaching a maximum at H/V = 1.4. Then the
crosslink density starts to decrease again. A similar trend is observed for MQ 9.
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The maximum is positioned at the H/V = 1.4 as well, but the crosslink density
increase at lower H/V ratios is much smaller: the starting crosslink density at H/V
= 1.0 is already quite high, though the overall maximal crosslink density is lower
then is the case for MQ 6.

For both lowest molecular weight PDMS, MQ 6 and MQ 9, no detectable tack can
be measured, no matter the crosslink density obtained.

The samples of MQ 17 crosslinked with H/V = 1.0 and 1.2 exhibit detectable
values of rubber-rubber tack. Tack decreases with increasing crosslink density,
finally falling below the detection level of the apparatus at H/V = 1.4. The
absolute tack values are quite low, in the range of 1.6 mN/mm? for the lowest
crosslinked sample. A small increase in crosslink density already causes the tack
to drop about four fold to 0.4 mN/mm?. The crosslink density trend is somewhat
similar to the lowest molecular weight polymer, but the crosslink density
increases more linearly with increasing silane excess. It can be seen, that at H/V
= 1.7 the maximum in crosslink density has not been reached yet. The crosslink
density is also much lower than that of MQ 9 and 6.

With molecular weight close to 30 000, MQ 28 starts to exhibit a substantial
amount of tack at low crosslinking levels, much larger than the tack of MQ 17 at
H/V ratio 1.0. The tackiness levels down much quicker though, with almost a
tenfold decrease with change from H/V = 1.0 to 1.2. At higher crosslink densities
rubber-rubber tack again becomes undetectable. The crosslink density trend is
very similar to MQ 17: a linear increase at the start followed by the beginning of a
maximum. The crosslink maximum or “saturation” point obviously has not been
reached in the investigated H/V range.

The highest molecular weight polymer tested, MQ 50 exhibits the highest tack,
approximately twice as high as MQ 28. Just like in the case of MQ 28, the rubber-
rubber tack levels down very fast with increase in crosslink density, becoming
one order of magnitude lower at H/V = 1.2. Higher crosslinked MQ 50 samples do
not exhibit any detectable tack again, similar to the other tested PDMS samples.
The crosslink density trend of MQ 50 is strictly linear: crosslink density rises
proportionally to the increase in silane excess. The plateau visible for lower
molecular weight PDMS does not appear in the range tested.
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Figure 5-6. The tack — molecular weight relation for H/V = 1.0, trifunctional
crosslinker.

Figure 5-6 shows the influence of the molecular weight of the prepolymer on
rubber-rubber tack for samples crosslinked with the H/V = 1.0, with a trifunctional
crosslinker. Tack rises substantially and more or less linearly with increase in
molecular weight of the prepolymer.
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5.3.2 TETRAFUNCTIONAL CROSSLINKER

Figure 5-7 shows the rubber-rubber tack and crosslink density dependence on
hydrogen-to-vinyl (H/V) ratio for different molecular weight PDMS, crosslinked
with the tetrafunctional silane. Note the same scale used for the tack values of
the various PDMS, but different scales for the crosslink densities.
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Figure 5-7. Tack and crosslink density of different molecular weight PDMS as a
function of H/V ratio. Tetrafunctional crosslinker.
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It can be seen, that for the tetrafunctional crosslinker the trend in tackiness
change is similar to the trifunctional crosslinker. However, the overall values of
recorded tack are significantly lower that those seen in Figure 5-5. MQ 6 and 9
lack any detectable rubber-rubber tack. Tetrafunctional-crosslinked MQ 17 shows
very low tackiness, almost two orders of magnitude lower than MQ 17
crosslinked with the trifunctional silane. The difference is even more pronounced
with increased molecular weight: almost three orders of magnitude lower in the
case of MQ 50. In addition, MQ 28 and 50 do not exhibit any tack at H/V = 1.2
anymore.

The crosslink densities follow a slightly different trend as well; the absolute
values are in general higher than those of the trifunctional-crosslinked samples at
the same H/V ratios. MQ 6 exhibits only a slight increase between H/V ratios 1.0
and 1.2, and then at higher ratios the crosslink density stays more or less
constant. MQ 9 shows a maximum at H/V = 1.4, while at H/V = 1.7 the crosslink
density drops below the level of H/V = 1.0. The MQ 17 behavior differs from the
lower molecular weight polymers: there is a large increase between H/V ratios
1.2 and 1.4, after which the crosslink density reaches a plateau. MQ 28 and 50
exhibit mutually similar behavior: the crosslink densities are almost constant, with
a slight decreasing trend for MQ 28 and slight increase for MQ 50 with increasing
H/V ratio. The values of crosslink density of MQ 28 are higher than the values for
MQ 50.

5.3.3 MULTIFUNCTIONAL CROSSLINKER

Figure 5-8 shows the rubber-rubber tack and crosslink density dependence on
H/V ratio for MQ 17 and 50, crosslinked with the multifunctional silane.

MQ17 MQ50
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Figure 5-8. Tack and crosslink density of MQ 17 and 50 as a function of H/V
ratio. Multifunctional crosslinker.

It can be seen, that the increase in crosslinker functionality above four does not
cause significant changes anymore. MQ 17 and 50 show very similar behavior as

72



Silicon rubber tack in relation to network structure

in the case of the tetrafunctional crosslinker, only MQ 17 looses tackiness
quicker: there is no detectable tack left at H/V = 1.2.

The changes in rubber-rubber tack caused by the crosslinker functionality are
further illustrated in Figure 5-9:

MQ50

16

-

-
N
\

\v

\

Tack [MN/mm?]

-

% 47, 2,

T T T T f
Trifunctional Tetrafunctional Multifunctional

Crosslinker type

Figure 5-9. The effects of crosslinker functionality on rubber-rubber tack of MQ
50, H/V ratio 1.0.

The data have been taken for MQ 50 and H/V = 1.0. Using the trifunctional
crosslinker gives samples high tackiness, which levels down drastically after
increase of crosslinker functionality by one. Further increase in functionality does
not cause significant changes anymore. The effect is basically the same for MQ
17 and 28, although the tack decrease is not as pronounced.

5.3.4 SOL-GEL ANALYSIS

Figure 5-10 shows the sol fractions of the crosslinked PDMS samples as a
function of H/V ratio for both trifunctional and tetrafunctional crosslinker. In all
cases the tetrafunctional crosslinker gives slightly, till significantly lower sol
fractions than the trifunctional one, indicating the better crosslinking ability of the
tetrafunctional crosslinker.
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Figure 5-10. The sol fractions as a function of H/V ratio.

The

litle high extractable fraction.
tetrafunctionally crosslinked samples show a trend corresponding to that of

The amounts of sol fraction in crosslinked samples correspond well with the
crosslinker shows a

trends in crosslink density. MQ 6 samples crosslinked with the trifunctional
crosslinker exhibit high amounts of extractable fractions for H/V = 1.0 and 1.2,
whereas the amounts drop significantly with higher H/V ratios. For the
tetrafunctional crosslinker, the sol fraction stays more or less the same for every
MQ 6 sample. MQ 9 exhibits a different behavior. The amounts of sol fraction are
smaller then in any other samples, and the sample with H/V = 1.4 and

trifunctional
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crosslink density. A similar situation can be seen in the case of MQ 17: the
extractable fractions follow the crosslink density trend closely. The amounts of
extractable fraction are in general higher then the amounts of low molecular
weight polymers, especially for H/V = 1.0.

The high molecular weight PDMS, MQ 28 and 50, perform in a similar manner.
Samples crosslinked with the trifunctional crosslinker and H/V = 1.0 have very
high sol fraction, which levels down quickly with increase in crosslink density.
Interestingly, the MQ 50 samples have a lower extractable fraction than the MQ
28 samples crosslinked at the same H/V ratio with trifunctional crosslinker. The
changes disappear when crosslinker functionality is increased.

5.4 DISCUSSION

5.4.1 THE NETWORK STRUCTURE AND CROSSLINK DENSITY

The crosslink density — H/V ratio relationships show different trends, depending
mostly on the molecular weight of the prepolymer and on the crosslinker type.
First, with the densities of all PDMS samples being the same, the maximum
attainable crosslink density for MQ 6 would have been eight times higher than for
MQ 50, as determined by the ratio of their molecular weights. A correction needs
to be made for the fact, that for MQ 6 eight times more crosslinker needs to be
added relative to MQ 50 to correspond to the same H/V ratio. However, this
correction does not account for the fact, that for MQ 6 in either case of the tri- and
tetrafunctional crosslinker only approximately three times higher maximum
crosslink density is found. It is an indication of problems involved in obtaining a
perfect telechelic network, particularly with the lower molecular weight PDMS.

Trifunctional crosslinker added in stoichiometric amounts: H/V = 1.0, to the
telechelic PDMS results in low levels of crosslinking. The amount of crosslinker
molecules per unit volume is too low, for the polymer chain ends to find and
attach themselves to the three-fold possible junctions, once the system solidifies.
Increasing the crosslinker amount results in a higher probability of reaction
happening, thus the increase in crosslink density. However this goes at the cost
of crosslink junction functionality: from three to a lower value. Once the
crosslinker excess reaches some threshold value, the crosslink density
approaches a maximum, see Figure 5-5, and then starts to decrease again.
There are most likely only two chain ends left to react with one silane crosslinker
molecule in spite of its 3-functionality. But if only two chain ends of a prepolymer
react with the crosslinker, then nothing else happens than a chain extension and
no network formation. So somewhere along the H/V ratio range an optimum
exists, where the best possible network is obtained. However, unfortunately, not
a perfect telechelic network. The more so, the lower the molecular weight of the
prepolymer, because there are more crosslink sites competing with each other for
crosslinkable chain ends. Therefore the position of the maximum is dependent on
the molecular weight of the prepolymer: where the maximum is reached at silane
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excess 1.4 for MQ 6 and MQ 9, MQ 17 and MQ 28 approach their plateau at 1.7.
For the high molecular weight MQ 50 the “oversaturation” level is not reached
within the measured range. The mobility of the long prepolymer chains and the
availability of crosslink sites are too low, that even 1.7 times excess of crosslinker
still causes a further increase in crosslink density. Interestingly, MQ 50 shows a
slightly higher crosslink density at H/V = 1.0 than MQ 17. This is most likely the
influence of the measurement method used. During determination of crosslink
density by equilibrium swelling also chain entanglements are taken into account.
MQ 50 with its long chains forms a loosely crosslinked network with a small
amount of chemical, but lots of physical crosslinks, like the entanglements.

Increase in crosslinker functionality from three to four does not create large
behavioral changes in the case of the low molecular weight polymers, except that
the crosslink density is in general higher as explained before. MQ 6 and MQ 9
show maxima in crosslink density vs. H/V ratio, but shifted to somewhat lower
H/V ratio relative to the trifunctional crosslinker. Obviously, because of the
increase in available crosslink sites per crosslinker molecule: the chance of
simple chain extension by mere 2-fold attachment is much lower. The high
molecular weight polymers, MQ 28 and MQ 50 behave in a most conspicuously
different manner than when crosslinked with the trifunctional silane. Both of the
polymers show a saturation effect, crosslink density is high and an increase in
crosslinker excess causes only relatively small changes. This seems a little
contradictory behavior, if we consider that the concentration of tetrafunctional
silane molecules in the reaction mixture is actually smaller for the same H/V ratio,
than for the trifunctional ones. However, it confirms, that the tetrafunctional
crosslinker is much more effective compared to the trifunctional one by its
reduced chance of chain extension. The actual maximum in crosslink density for
MQ 28 and MQ 50 for the tetrafunctional crosslinker is therefore reached at H/V
ratios close to 1.0. At higher H/V ratios a decrease of crosslink density should
happen again (theoretically), however, the effect is so little that either a small
increase or a small decrease may be found, depending on experimental
fluctuations. Samples crosslinked with tetrafunctional silane have a much lower
extractable fraction than samples crosslinked with the trifunctional one, which
supports this conclusion.

MQ 17 behaves a little bit different, in particular in the case of the tetrafunctional
crosslinker. We tend to relate this to either a somewhat less well defined
molecular structure of the MQ 17 prepolymer (not extensively investigated) or
experimental fluctuations in preparing the compounds for the curing process.

The little difference in behavior after further increase in functionality of the
crosslinker to the polyfunctional one is now an obvious matter. There are
problems with reacting all, or even most of the silane groups on the crosslinker,
in addition to troubles with getting a relatively large number of polymer chain
ends all into a small space next to the crosslinker molecule'®. However, the large
surplus of crosslinking sites on the crosslinker makes sure, that practically all
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crosslinks have a functionality of at least three, and so contribute to network
formation and not to chain extension.

5.4.2. TACK

There is a clear trend visible: the rubber-rubber tack decreases sharply with
increase in crosslink density for most of the combinations investigated. This
phenomenon has been observed for many types of polymers!’*®: although
crosslinking of a polymer melt may initially increase tack, further increase in
crosslink density causes the opposite effect. Lower crosslink density results in
larger amounts of unattached chains, pendant network chains, as well as in a
less constrained network. All these phenomena are known to promote tack by
partial migration of polymer entities across the contact interface. Naturally, during
the contact polymers may also exchange other interactions, like van der Waals
forces or hydrogen bonding. However, it was already proven by others, that for
PDMS-PDMS contact the forces are dispersive: van der Waals in nature, due to
the presence of numerous methyl groups on the interface’®. The contribution
from these is negligible, thus the tack increase for low crosslink densities is
mainly due to the presence of pendant chains and increased chain mobility. In
the telechelic networks, crosslink sites are situated at the ends of the polymer
chains, thus free chains and pendant (dangling) chains are the most common
defects®. Taking this into consideration, the mechanism of tack formation can be
explained on basis of the de Gennes reptation model?’. Crosslinking creates
topological constraints — a crosslinked polymer network can be considered as
fixed obstacles, limiting the movement of chains. Second, increasing the amount
of crosslinker increases the probability, that the chain will get attached to more
than one crosslinking site, thus being effectively trapped and unable to cross the
interface. This explains the fast tack-decrease with increase in the H/V ratio,
particularly for the tetrafunctional crosslinkers, where much lower chance of chain
extension exists, which otherwise still would have allowed reptation and crossing
the interface.

The samples of MQ 6 and 9 in Figure 5-5 and 5-7 exhibit no detectable tack at
all. It could be expected, that very low molecular weight polymer would create
many more pendant and unattached chains per unit of volume than higher
molecular weight species. A different mechanism comes into play, though. In
order to create a strong enough interface to result in measurable tack, polymer
chains do not only have to cross the interface, but also entangle on the other
side. Thus the molecular weight (and length) of the pendant and loose chain
should be at least equal to the critical molecular weight needed to form
entanglements. The borderline for PDMS seems to be a molecular weight of
around sixteen thousands??3; MQ 6 and 9 are thus physically unable to form
entanglements, which severely limits the possibility of creating interface strength.
MQ 17 is just a borderline, which may explain its somewhat erratic behavior.
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The increase in molecular weight of the polymer results in large increase in a
tack values for the samples crosslinked with the trifunctional silane: Figure 5-5.
Again, the balance between the decreasing amount of possible bonds and
consequent pendant and loose chains, because of increase in molecular weight,
and increased ability of the chains to penetrate the interface and entangle should
be taken into account. Also, during separation the chains are extended before full
release. The extensions and disentanglements cost more energy for the longer,
higher molecular weight chains®*, also resulting in more energy dissipation.

5.5 CONCLUDING REMARKS

For telechelic PDMS the trends in crosslink density are strongly affected by the
molecular weight of the prepolymer and by the crosslinker functionality. High
molecular weight prepolymers react strongly on changes in crosslinker
functionality, whereas low molecular weight species only increase the overall
crosslink density. On the other hand, low molecular weight PDMS strongly react
to crosslinker excess, showing saturation effects on the crosslink density.

The network structure of telechelic polymer has a very substantial influence on
rubber-rubber tack. The pendent and left-over loose chains created during the
crosslinking reaction must be able to reptate through the interface and entangle
on the other side to contribute to the overall strength. For the very low molecular
weight rubbers, MQ 6 and MQ 9, where no tack is detected due to their inability
to entangle at the other side of the interface: their molecular weight is
substantially lower than the critical molecular weight between entanglements.
When the possibility of entanglement increases, rubber-rubber tack increases
significantly. Using crosslinkers with higher functionality and hence better ability
to bind polymer chains leads to a large decrease in tack, as visible especially for
the high molecular weight silicone rubber, MQ 50.
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Chapter 6

The Time-dependent Autohesion for Symmetric Rubber-Rubber
Contacts of Silicone Rubber

“The order, the symmetry, the harmony enchant us...”
Gottfried Leibniz

In this chapter, the time-dependent autohesive behavior of crosslinked
poly(dimethyl)siloxane is described. Loosely crosslinked, telechelic siloxane
rubber networks give some interesting options to test the applicability of the
Wool/DeGennes model for the crosslinked silicone elastomers. In this chapter the
interface healing, as well as the separation rate behavior of symmetric rubber-
rubber contacts will be shown.

6.1 INTRODUCTION

The problem of time dependence of polymer autohesion attracted lots of attention
for many years. It addresses the strength of materials, which is connected to
many practical engineering problems, such as polymer fusion and welding,
rubber tack, etc. Research in this field brings fundamental insights into the
physical processes of adhesive bond formation. Controversies, however, still
exist when it comes to determining the controlling physical process. It is believed,
that there are two basic mechanisms responsible for the time dependence of
polymer autohesion'?: contact area formation through viscous flow; and the bond
formation via chain penetration and entanglements across the interface.

As was mentioned in more detail in Chapter 2, Voyutskii appears to be the
earliest person to work on this problem. He investigated the contact formation of
the rubber-rubber interface and its influence on the joint strength®. With

" The work described in this chapter has been presented at the 1* International Conference on
Self Healing Materials, April 2007, Noordwijk, the Netherlands and this chapter has been
submitted for publication to Journal of Adhesion. Part of the work in this chapter has been
presented at the Rapra Silicone Elastomers 2006 Conference, September 2006, Frankfurt,
Germany.
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Lavrent'yev he constructed a model for the contact area-time dependence, with
the following time relationship as a result:

In(l-j )+j =-Pt/h 6 - 1)

where ¢ is the fractional contact area, related to the development of tack in time
as: @ ~ tack(t)/tack(«), P is the applied pressure and h is the viscosity of the
polymer. The experiments of Voyutskii et al. showed that the contact area
formation is not instantaneous; the interface strength developed further even after
full contact was achieved. Thus viscoelastic flow is a controlling factor during the
early stages of contact.

Wool* used the reptation theory of deGennes® to depict the process of a polymer-
polymer interface crack healing. Incomplete molecular contact limits the
interfacial diffusion of polymer molecules. Thus, for simplicity, Wool assumed
instantaneous wetting of the interface. According to the theory of reptation,
polymer chains are confined to a “tube” having a shape similar to the random coil
conformation of the chain. Due to the Brownian motion the chain migrates from
the tube, allowing it to cross the interface. The strength of the interface develops
in time, and the rate of adhesion development is a function of contact time,
temperature and molecular weight of the polymer. On the basis on the relations
summarizing the description of a linear polymer chain movement in an entangled
melt, Wool developed a molecular description of the interface as a function of
time, molecular weight of the polymer, contact pressure and temperature. The
topic is discussed in more details in Chapter 2 of this thesis, only the most
important theoretical predictions are summarized in Table 6.1.

Table 6.1. Summary of scaling laws for Wool's theory of crack healing*®

Molecular aspect Symbol* Relation Remarks
Number of chains n(t) Tl Ve t<t.
Number of molecular 1/2) 4-3/2 <
bridges p(t) t“M t<t.
Average monomer X(t) RIZST t<t.
penetration depth
Average bridge length lo(t) tam L4 t<t.
t1/4M-3/4 t<t.
Tack o(t) M2 t>t.
Strain energy at Ue(t) t/2Mm312 t<t.
fracture ¢ M t>t.
Time to reach 3
L tw M -
equilibrium

7 For the symbols, reference is made to Chapter 2.
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where t. is the time needed to reach equilibrium. Since X(t) ~ t“* ~ o, this model

regards the average monomer interpenetration depth as the controlling factor for
o, the macroscopic interfacial bonding strength. Still, it is important to note that
not every chain crossing the interface will be able to support the bonding. Only
those chains or chain segments are effective, which after crossing are able to
hook into entanglements, at least one on each side. This may be considered a
modification of Wool's model described before in the sense, that a minimum
molecular weight of the reptating polymer is required to be able to span the
distance across the interface and to reach two effective entanglements, one at
each side. Below a certain minimum molecular weight the load bearing bonding
strength will not develop. Wool's theoretical model was a depiction of an ideal
case, where every chain is equally effective. A more general approach can be
summarized in the following relation’:

ote) _ ntM,,M.)
Oy n(ty,M,.M,)

(6-2)

where n(t;, My, M) is the number of effective crossings per unit area as a
function of contact time t, weight average molecular weight My,, and molecular
weight between entanglements Me. The denominator is the number of effective
crossings per unit area of the interface after equilibrium conditions have been
reached. The total number of effective crossings is still predicted to scale with t**
and is considered to be the mechanism behind the time dependence of
autohesive bonding.

The proponents of the surface wetting mechanism point out, that the contact
cannot develop instantaneously between two surfaces. On a microscale there will
always be a rough topography, creating voids and disabling intimate molecular
contact. Under pressure, material spreads with time, filling the voids via viscous
flow. Increase in the apparent contact area causes the overall bonding strength to
rise. The bond strength develops in time with first-order kinetics of wetting.

Skewis® calculated the rate of interpenetration of typical industrial elastomers
from their diffusion coefficients, determined using radioactive-labeled polymers.
He calculated that after one second of contact an elastomer chain interdiffuses
around 45A: enough for substantial interpenetration. On the other hand, tack
development can take up to days to reach the equilibrium state. This would lead
to the point, that for common industrial elastomers with molecular weights around
200 000 to 300 000, the adhesive bond formation is surface contact limited.

Another strong argument for the contact-controlled bond formation is the fact, that
interpenetration should in fact be independent of contact pressure. Hamed® in his
study observed, that in the case of NR and SBR tack was sensitive to the
compression load applied, what also points to a contact-controlled mechanism.
However, the diffusion process is not strictly fully independent of pressure,
because of an influence of free volume®, where the free volume depends on
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pressure. This dependency, however, is several orders of magnitude lower than
the effect of the small loading pressure used in the present tack experiments on
viscous flow. This effect is thus negligible.

6.2 EXPERIMENTAL

Materials: Table 6.2 lists the vinyl-terminated polydimethylsiloxanes that were
used for the study.

Table 6.2. Vinyl-terminated poly(dimethyl)siloxane polymers.

Material Viscosity Mw Vinyl group content  Supplier
[Pa-s] [g/mole] [mmole/kg]

MQ 17 500 17 000 166 ABCR

MQ 28 1000 28 000 98 ABCR

MQ 50 5000 50 000 64 ABCR

As crosslinker trifunctional tris(dimethylsiloxy)ethoxysilane was used. The
platinum-cyclovinylmethylsiloxane complex was used as cure reaction catalyst.
All the above materials were obtained from ABCR, Germany, with the exception
of the multifunctional silane, which was provided by a proprietary source. 1-
ethynylcyclohexanol (Aldrich, 99%) was used as a temporary reaction inhibitor.
Pyrazine (Aldrich, 99%) was used as an internal NMR standard without further
purification. The solvents used were all of pro analysi quality.

Sample preparations: For every batch of polymer the exact amount of vinyl
groups was determined using NMR measurements (Varian 300 MHz apparatus)
with pyrazine as an internal standard, as described in Chapter 3 of this thesis.
The results of these measurements are included in Table 6.2. From those results
and the molecular structure of the crosslinker, the hydrogen-to-vinyl ratio (H/V)
was calculated.

The samples were then prepared using a H/V ratio of 1.0. The curatives were
mixed together for 10 minutes with the polymer using a magnetic stirrer. During
the preparation it was important, that the inhibitor was added to the reaction
mixture before the catalyst. Without the presence of the inhibitor, the cure
reaction proceeds quickly even at room temperature. While the amount of
crosslinker had to be varied according to the vinyl group contents of the polymers
used, the amounts of catalyst and inhibitor were kept constant: 10 and 50 ppm,
respectively. The mixture was degassed and cured in a compression molding
press (WLP 1600/5x4/3 Wickert laboratory press) at 120°C for 30 min. Clean
Teflon foil was placed between the cured mixture and the mold plates to avoid
surface contamination and sticking of the material to the mold. The 90x90x2 mm
sheets were post-cured in an oven at 120°C for 48 hours.

Tack time-dependence measurements: The cured samples of MQ 17, 28 and 50
with hydrogen-to-vinyl ratio 1.0 were compressed under a load of 2.5 N in the
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tack device described in Chapter 4. Times of compression were varied from 1 to
1000 minutes. For each compression time, several tack measurements were
collected and the average was taken as the final result. After each series of
measurements, samples were exchanged, to provide a fresh, uncontaminated
surface. The measurements were always performed at room temperature. The
separation speed after the compression was varied from 0.25 to 15 mm/s.

6.3 RESULTS
6.3.1 AUTOHESION BEHAVIOR

Figure 6-1 shows the beginning of PDMS autohesion development for short
compression times.
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Figure 6-1. Tack as a function of compression time for MQ 17, MQ 28 and MQ
50, all cured with H/V = 1.0.

Notice the large difference in tack values between MQ 17 and the other two
samples, MQ 28 and MQ 50. While the low molecular weight MQ 17 apparently
shows a maximum in autohesion level for short contact time, the shape of the
curve for the high molecular weight MQ 50 is more logarithmic of nature. The low
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molecular weight PDMS quickly reaches a peak in tack, and after that point tack
decreases again to a plateau. The situation is different in the case of the high
molecular weight PDMS: the tack level rises slower but steadily; within the
timescale of the measurement it cannot be determined if a saturation level is
already reached. In fact, the tack still rises after very long compression times,
ranging over 1000 minutes (not shown). That means that the ultimate interface
strength has not already been reached after that period: a further increase in
rubber autohesion was observed by Stacer et al. for times longer than 10 000
minultes, when finally the fracture stress achieved values independent of contact
time™.

6.3.2 THE COMPRESSION-TIME-DEPENDENT AUTOHESION OF INTERMEDIATE AND HIGH
MOLECULAR WEIGHT PDMS MQ 28 AND MQ 50

In order to test, if silicone rubbers behave according to deGennes/Wool’s theory,
another variable was introduced: testing speed. The theory predicts that the
slopes of the tack-time curves should change with separation speed from t** to
t¥2, indicating the change in the chain unraveling mechanism. The pull-out
mechanism is favored at low separation speeds, low molecular weights and high
testing temperatures. The chain fracture mechanism would be favored at high
separation speeds and high molecular weight of tested polymers. Where the
testing temperature remained constant, polymer molecular weight and separation
speed could be varied.
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Figure 6-2. Autohesion curves for MQ 50 at different separation speeds.

Figure 6-2 shows an example, how the autohesion of the PDMS — PDMS
interface of MQ 50 proceeds with compression time and increasing separation
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speed. With the increase in separation speed, the maximum forces of autohesion
increase as well.

This behavior is better illustrated in Figure 6-3, which shows how the slopes of
the log tack vs. log time curves change with increase in separation speed. The
slopes exhibit a local minimum at the speed of 4 mm/s, after which the exponent
values rise monotonically with increase in separation speed. When the
separation speed is decreased below 4 mm/sec, the exponent values also
increase very fast.

| = MQ50. Slope vs. separation speed |
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Figure 6-3. Slopes of the double logarithmic autohesion vs. compression time

curves of MQ 50 in relation to separation speed. The line is intended to guide the
eye.
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The situation is similar for the intermediate molecular weight PDMS: MQ 28.
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Figure 6-4. Slopes of the double logarithmic autohesion vs. compression time
curves of MQ 28 in relation to separation speed. The line is intended to guide the
eye.

The tack-time relationship for MQ 50 was measured over a somewhat broader
range of separation speeds. Still, the behavior of both types of PDMS is similar:
the minimum is located at the 4 mm/s speed and the exponent values rise later
practically linearly with separation speed. When the speed is decreased below 4
mm/s the exponents rise very quickly. The slope values observed for MQ 28 are
generally higher and closer to 0.25, as predicted by Wool, than for MQ 50.

The application of Vouytskii's equation for the autohesion data of MQ 28 and MQ
50 is shown in Figure 6-5. With j of equation (6 - 1) defined as tack(t)/tack(«),
plotting the In(1-j )+j versus compression time should yield a straight line, if the
contact formation obeys the first order kinetics of wetting. A limitation of the
approach is, that tack(~) was never actually reached. The tack after the longest
compression time employed was taken for the equilibrium value.
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Figure 6-5. The application of the first order kinetics of wetting for autohesion
data description for 4 mm/s separation speed.

For both MQ 28 and MQ 50, the plots do not give a straight line. It demonstrates
that wetting is not the predominant process.

A closer look at the influence of separation speed on tack, after constant
compression time, is given in Figure 6-6 for MQ 50 and MQ 28. For simplicity of
the picture, only the values of tack after 10 minutes of compression were taken
for comparison. MQ 50 clearly exhibits a maximum in tack, which levels down
with the increase in separation speed. The tack values for MQ 28 are
unfortunately much more scattered.
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Figure 6-6. The tack as a function of separation speed for MQ 28 and MQ 50.
The values after 10 minutes of compression were taken. The line is intended to
guide the eye.

6.3.3 THE COMPRESSION-TIME-DEPENDENT AUTOHESIVE BEHAVIOR OF LOW
MOLECULAR WEIGHT PDMS MQ 17
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The behavior of the low molecular weight PDMS is very different. First of all, the
tack curves clearly show the presence of a maximum at short contact times: the
tack rises quickly to its maximum value and then lowers down to a plateau. This
sort of behavior is completely absent for the higher molecular weight polymers.
The presence of this maximum makes it very difficult to fit a curve — fitting results
are obtained with a very large error. The m

aximum is present on each tack curve for separation speeds ranging from 4 to 10
mm/s. Moreover, it shifts with increasing separation speed to shorter contact
times, vanishing completely at 12 mm/s. The absolute values of tack increase
with increasing separation speed, but the increase stops at 8 mm/s.
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Figure 6-7. The beginning parts of the tack vs. compression time curves for MQ
17 at different separation speeds.
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It is important, however, to look at the tack curve for MQ17 at extended
compression times. Even after the tack seems to have decreased to the plateau
values after several minutes, after a long compression time, at 1000 minutes and
more, a substantial increase in rubber-rubber tack can still be seen. Figure 6-8
shows two autohesion curves of MQ 17, for 4 and 10 mm/s separation speeds.
The increase in the tack is very substantial for the low separation speed, and
decreases when the separation speed increases.
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Figure 6-8. Tack curves for MQ 17, at 4 and 10 mm/s separation speed.
This trend is better visualized in Figure 6-9, where the difference in tack values

between the plateau, measured at 50 minutes of compression and at 1000
minutes compression time are printed as a function of separation speed.
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Figure 6-9. The difference between the 50 min and 1000 min compression time
tack as a function of separation speed for MQ 17.

The difference in tack between 50 and 1000 minutes compression time

decreases very quickly with increase in separation speed, being close to zero at
the 12 mm/s.
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\ B MQ17, tack vs separation speed \
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Figure 6-10. The tack as a function of separation speed for MQ 17. Tack at
plateau (50 minutes of compression) was taken.

If the tack is plotted as a function of a separation speed, see Figure 6-10, it can
be seen that there is roughly one broad maximum, spreading over the range of
separation speeds. An exception is the 4 mm/s tack, which is anomalously low
compared to the other results.

As it was done for MQ 28 and MQ 50, the applicability of Voyutskii’'s model was
tested. The results are plotted in Figure 6-11:
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Figure 6-11. The application of the first order kinetics of wetting for autohesion
data description of MQ 17 for 4 and 12 mm/s separation speed.

If an overshoot maximum is present in the autohesion data in Figure 6-7, the

Voyutskii's model does not seem to be applicable: the points are scattered. But
when the overshoot maximum has disappeared with increase in separation

91



Chapter 6

speed, the plot gives a linear relationship, as opposed to the fitting results for MQ
28 and 50.

6.4 DISCUSSION

The presented results demonstrate, just like others have seen with different
systems™, how difficult it is to accurately and reproducibly measure tack,
respectively to analyze the data on basis of the few models available. The main
reason is, that the tack measurement encompasses two opposing, non-
equilibrium effects:

- the development of tack or autohesion during compression time, with extra
variables: compression load, temperature and a major effect of molecular
weight;

- cutting short the development of tack with time at the moment where
separation is imposed, is where the separation speed comes in as an
extra parameter.

As to the first effect, Wool's model assumes that the separation resistance of the
interface is dominated by molecules which diffuse through the interface.
Basically, it is the strength required to pull the molecules from the “tube” created
by the surrounding polymers and back from the interface. The longer the
molecules are, the deeper the interpenetration may be, and the stronger the
separation resistance. From this model there is a relationship predicted for the
time needed for achieving equilibrium te. This time scales with the third power of
the molecular mass of the polymer, see Table 6.1.

With the molecular weights of the two extremes MQ 17 and MQ 50 differing by a
factor of 2.9, the time span required for MQ 50 to reach a similar state of
equilibrium compared to MQ 17 is already 25 times larger! In other words, if we
assume that equilibrium has been reached in the experiments with MQ 17 after
compression time of approximately 50 minutes (see Figure 6-6), then for MQ 50 a
time span of 20 hours or more would have been required, which is a little
impractical experimental condition within the scope of this research. Therefore, it
is reasonable to assume, that the tack-values measured for MQ 17 more closely
resemble an equilibrium situation, while those for MQ 28 and far more for MQ 50
are tack values when equilibrium molecular interpenetration has not been
reached yet.

6.4.1 HIGH MOLECULAR WEIGHT PDMS: MQ 28 AND MQ 50.

The tack stress should obey a time dependence t* with 0.25 < x < 0.5, depending
on whether a pull-out or a chain fracture mechanism prevails: Table 6.1. How
well this describes the autohesion data, can be seen from Figures 6—-2 and 6—4.
Although the time dependence of autohesion manifests itself in forms of double
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logarithmic-type curves, the exponent values are lower that the theory predicts. It
is important to note, however, that the exponents were predicted for
monodisperse polymers. The data for polydisperse elastomers obtained by other
researchers show a slower increase of the stress with contact time'*?. Values of
x lower than 0.25 can be explained by the polydispersity of the initially used

polymer, which in the present case is around M=W = 2. This polydispersity is

n

w

. — ..M
related only to the material before crosslinking; after the crosslinking—— =¥ ,

because of the infinite molecular mass of the crosslinked polymer matrix related
to the uncrosslinked polymer and left over pendant chains that cross the
interface. Wool's model was developed primarily for uncrosslinked polymers. A
very important question to ask is how far it still applies for the partially crosslinked
species.

The other model, known to describe the tack time development, was based on a
first order kinetics of wetting. If the contact formation is flow-controlled, the plots
in Figure 6-5 should have yielded a straight line. This is not the case, which
strongly suggests, that the viscous flow is not the controlling process even during
the early stages of contact. These results, however, should be taken with caution:
in order to properly calculate the fractional fracture stress the value of tack at
equilibrium (j (»)) was required. It was already mentioned, that during the
timescale of the experiment equilibrium was not reached yet.

The interesting behavior observed during the separation speed experiments
(Figures 6-6 and 6-10) is, that a maximum in tack is observed over the range of
separation speeds. These results are similar to those obtained by Gent and
Petrich®®. They measured the force-separation rate dependence for butadiene-
styrene random copolymer and found a very similar pattern, as shown in Figure
6-12:
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Figure 6-12. Master relation for peel force against rate of peeling for butadiene-
styrene random copolymer, reduced to 23°C*°.

There are two transitions visible, one at low and one at high peeling rate. The
maximum of the transition observed for MQ50 and perhaps for MQ 28 falls in the
area of 0.1 cm/s separation speed (Figure 6-6); or -1 on the scale seen in Figure
6-12. The authors attributed the sudden change in strength at low separation
rates to an alteration of the sample bulk viscoelastic behavior during pulling. At a
certain speed the rate of deformation is so high, that the material is not capable
of liquid-like flow anymore and starts to exhibit rubber-like behavior. It should be
noted again, that the experiments of Gent et al. were performed on uncrosslinked
polymer. The crosslinked rubber is very unlikely to exhibit a liquid-like behavior.
However, silicon elastomers are known for their extraordinary chain mobility, due
to the very low glass transition temperature of below -100 °C compared to other
rubbery polymers. The results of separation rate experiments for PDMS suggest,
that there may be a second transition region at higher separation speeds than
have been measured.

The scattering of the MQ 28 data in Figure 6-6 is a result of an artifact from the
sample preparation stage. The liquid, uncrosslinked PDMS prepolymer always
contains some amount of an uncrosslinkable fraction: silicon oil. This is the
remains of the polymerization process, where the amount of oil varies from batch
to batch. Samples of MQ 50 were all prepared from a single, large batch of
material, while the samples of MQ 28 were prepared from different batches.
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During the testing stage, the oil can diffuse towards the interface, forming a thin
liquid layer interrupting the interface formation process. As a result, the absolute
tack values for MQ 28 differ, while for MQ 50 they form a consistent picture — this
is a problem often encountered in elastomer technology. Note, that the interface
strengthening process is not affected by this phenomenon, the slopes of tack-
time dependence curves are unchanged.

DeGennes extended the presence of maximum from the uncrosslinked to the
loosely crosslinked systems with large amounts of entangled free chains and
dangling ends™. In this view, the increase in force indicates a transition from soft
rubber, with the network dominated by few crosslinks, to hard rubber, with
network dominated by “frozen” entanglements. Figure 6-13 shows a schematic
visualization of the fracture profile:

HARD SOLID LiQuiD | SOFT SOLID

,//
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\_
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Figure 6-13. The crack tip profile’®. V is the separation speed, t relaxation time
and | is the low to high frequency modulus ratio.

If the crack propagation velocity is high enough, the entanglements do not have
time to relax and retract. The relaxation time of the polymer chains therefore
plays a crucial role here.

6.4.2 LOwW MOLECULAR WEIGHT PDMS: MQ17

The tack behavior of the low molecular weight PDMS is more complicated. The
tack curves show well-pronounced maxima for short compression times, after
which the tackiness levels down to a plateau. However, after very long
compression times, there is still an increase in tack level, showing that
interpenetration and chain entanglements at least partially take place at the
interface on the long term. Because of that sort of behavior, the fitting of the
curves of log tack vs. log time to obtain the exponent value is virtually impossible:
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it yields a large error. The maxima visible in Figure 6-7 shift to shorter contact
times with increasing pulling speed. This behavior is very similar to the
viscoelastic phenomenon known as stress overshoot®®, where the shear stress
vs. time passes through a maximum for large shear rates. Actually it is quite
logical, if the timescale of the experiment is taken into account: where the surface
chain interpenetration needs many hours to achieve an equilibrium value, pulling
takes place in a time of seconds, thus the chains do not have time to orderly
disentangle themselves®®. It is interesting, that this sort of phenomenon did not
appear during testing of the high molecular weight polymers, where one could
expect it to be even more pronounced if the effect was based purely on
viscoelastic dissipation. It should be noted however, that for the high molecular
weight polymer the saturation level may or will not have been reached at all for
interpenetrating chains in the range of contact times applied.

MQ 17 still shows a tack increase after very long compression times.
Surprisingly, the relative increase depends heavily on separation speed: Figure
6-9. The explanation of this phenomenon may be related to the minimum
molecular weight between the entanglements. Depending on the specific author,
Me of PDMS can be as low as 8100 g/mol, based on retardation spectrum
measurements'®, but the most often used value is 12300 g/mol*’. The molecular
weights of MQ 50 and MQ 28 are high enough to form entanglements,
contributing to the strength of the interface. MQ 17 is a borderline case.
According to some sources, PDMS with a molecular mass around 16000 can be
regarded as practically non-entangled*®*°. Even if the molecular mass of MQ 17
may be high enough for the chains to still entangle, they cannot bear the stress
well enough. If the interface is separated quickly, the polymer chains unravel very
easily, hence their contribution to the joint strength diminishes. This can be the
explanation for the different tack-separation speed behavior for MQ 17 (Figure 6-
10), where instead of the abrupt transition like in a case of high molecular weight
PDMS (Figure 6-6), one broad maximum over a whole range of separation
speeds can be observed. The very low tack values for the 4 mm/s separation
speed are again the result of the sample preparation process, mentioned before.

Fitting the first order kinetics to the autohesion data of MQ 17 encounters the
same problem as fitting the power curve. Where the maximum is present, fitting
yields a large scatter. It is striking, however, that when the maximum is gone, the
graph takes the form of a straight line. This would suggest that the interface
forming process for low molecular weight rubber MQ 17 is mostly wetting
controlled. This correlates well with the critical entanglement molecular weight
hypothesis.

6.4 CONCLUDING REMARKS

Wool's theoretical model for the diffusion-driven interface formation seems to
have somewhat limited application for the PDMS telechelic network. The
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autohesion curves of high molecular weight PDMS show a double logarithmic
tack-time-dependence, but the generally accepted t** power law does not apply.
Possibly due to the high polydispersity of the polymers used, but more probably
because the theory was developed for uncrosslinked polymer melts.

The autohesion curves of the low molecular weight PDMS exhibit an anomalous
behavior, most probably due to the polymer chains being at the edge of minimum
molecular weight needed for entanglements. The tack-time development quickly
reaches equilibrium, but the molecular weight is too low to follow Wool's model.
Fitting another model, i.e. Voyutskii's, shows that the interface forming can be
described in this way, when the maximum is not present, at least for the lowest
molecular weight PDMS.

For MQ 28 and MQ 50 the interpenetration process is not quite in equilibrium yet,
in spite of the fact that the molecular weight is high enough for the Wool’s model

to apply.

The tack — separation speed relationships exhibit sharp transitions for high
molecular weight PDMS MQ 50 and broad for the low molecular weight. These
are the signs of a viscoelastic response of the material, where the separation
speed exceeds the retardation abilities of polymer chains. The intermediate
molecular weight PDMS exhibits different behavior, due to the way samples have
been prepared.

The question whether the contact development for a silicone rubber-rubber
interface is diffusion, or viscous flow controlled, cannot be unequivocally
determined from the experiments shown in this chapter.
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Chapter 7

Adhesion of Dissimilar Rubber-Rubber and Rubber-Steel
Contacts of Silicone Rubber

“The universe is asymmetric and | am persuaded that life, as it is known to us, is a direct result of
the asymmetry of the universe or of its indirect consequences. The universe is asymmetric.”

Louis Pasteur, Works Vol. 1 (1 June 1874)

In this chapter, the influence of different various contact substrates on the
adhesion to PDMS rubber is described: steel and PDMS with varying
molecular weight and crosslink density. The tack phenomenon heavily
depends on the type of combination used; thus by changing the contacting
substrates, their molecular weight, respectively type and degree of
crosslinking, different behavior is observed. One of the most commonly used
combinations, especially in industry, is the rubber-steel combination. Due to
the lack of possibilities for interpenetration of chains into the steel substrate,
the mechanism behind the rubber-steel tack is mainly surface wetting and
physical or chemical bond formation. Dissimilar rubber-rubber tack strongly
depends on the various crosslinking levels of the interface forming samples,
as well as on the differences in molecular weight of the polymers used, due to
changes in concentration of obstacles obstructing chain interpenetration.

7.1 INTRODUCTION

The adhesion of elastomers is an important problem from the technological point
of view. In the field of elastomer-elastomer adhesion most of the studies in
literature considered similar, like-to-like autohesive joints, where chemical
composition, degree of crosslinking and physical properties were the same. Much
more work was devoted to adhesion of elastomers to rigid surfaces, like steel,
glass or plastic. The main difficulty in such studies arises from the amounts of
parameters that influence the dissimilar joint adhesion and have to be taken into
account.
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7.1.1 RUBBER - RUBBER DISSIMILAR JOINTS
Restricting the consideration to compatible polymers of the same chemical
nature, three main mechanisms are responsible for creating interfacial strength*:
polymer chains interdiffusion through the interface (the compatibility of the
contacting polymers is an important issue here), adsorption and co-crosslinking
of polymer chains through the interface.

Very much work on covalent bonding at the interface was done by Gent et al.
Gent and Chang checked the influence of the interfacial degree of chemical
interlinking on the adhesion strength of rubbers joints®. The strength of adhesion
was directly proportional to the degree of crosslinking at the interface, with the
limit being the tear strength of the material. If interlinking took place at contact of
dissimilar rubbers, with previously fully cured sheets of rubber, the measured
strength of adhesion was noticeably lower®. Vallat et al.' have studied the
curative migration on the contacts of dissimilar IR rubbers, crosslinked to different
degrees. They attributed a noticeable migration of curatives through the interface
as one of the reason for high interfacial strength.

The chain interdiffusion in dissimilar polymer contacts is more complicated than
for symmetric systems, since it involves the compatibility of the contacting
polymers. Voyutskii et al. studied the diffusion on interfaces of different
crosslinked polymer systems as a function of contact time* using electron
microscopy. For contacts of compatible polymers, noticeable chain interdiffusion
occurred after around 30 minutes compression times. The rate of interdiffusion
was higher for low molecular weight polymers. In incompatible polymer contacts
chain interdiffusion occurred to some extent as well, however the times needed
to achieve noticeable change on the interface were in the range of hours.

The problem of compatibility of polymer interfaces was investigated by Wool as
well®. The equilibrium structure of the interface is determined by the balance of
two forces. A favorable decrease in free energy due to entropic relaxation of the
surface chains is counterbalanced by the unfavorable enthalpy of mixing. The
postulated interface strength development with time should still proceed as:

G, () _ a_91/2
Gf,¥ tr B
where Gs is the fracture energy in time t or at equilibrium (=), and t; is a reptation

time for the polymer chains. For tack it means, that the interface strength should

develop with time as t**; see Chapter 2, equation (2—34) and following text.

(7-1)

7.1.2 RUBBER-HARD SURFACE CONTACT

The general difference between rubber-rubber and rubber-hard surface contacts
is the absence of interdiffusion of polymer chains. Thus the possible adhesion
influencing mechanisms mostly involve all kinds of viscous flow and chemical
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interactions between the two surfaces. Tack will increase with growing
completeness of contact.

Surface roughness turns out to be an important factor. Materials capable of flow
may fill asperities, increasing the actual contact area. If the surface is porous,
during contact formation rubber can penetrate into the pores; threads formed in
this way must either be pulled out or broken in order to detach the two adhesive
sides. Studies have shown that the strength of adhesion can largely be improved
in this way®. Surface roughness affects crosslinked elastomers as well, as they
are less capable to flow. The studies of Gent have shown, that adhesion of
crosslinked elastomers to a rough steel surface resulted in a 100% interface
strength increase compared to adhesion to a smooth steel surface’.

The adhesion development is not only influenced by surface wetting, additional
physical and chemical bonds may develop during contact time. A good example
is sulfur-cured natural rubber adhesion to brass-plated steel. Sulfur and by-
products of the cure reaction migrate to the metal surface and form a copper
sulfide film®. Vondragek and Gent performed some studies on adhesion of lightly
peroxide crosslinked silicone rubber to glass and quartz substrate®. They found,
that the adhesion to glass rises linearly with time of contact, the strength of the
joint increased strongly with increased compression temperature. A similar trend
was found during silicone rubber - steel contact. Authors attributed this to
hydrolytic processes within the silicone rubber, followed by creation of reactive
groups capable of reacting with surface groups on the steel. The formation of
surface covalent bonds can be augmented by addition of special chemical
compounds, called adhesion promotors™.

It is well known, that silicone rubber chains are capable of reorganizing due to the
outstanding flexibility of the polymer backbone, so that either the polar backbone
or apolar methyl side groups can present themselves on the surface. PDMS is
well-known for recovering its hydrophobic surface properties, even after it was
destroyed by plasma treatment'’. Similar behavior is then expected during
contact with different, polar or non-polar surfaces. The polymer chains will
rearrange to form as many bonds as possible.

7.2 EXPERIMENTAL

Materials: For the experiments MQ 17 and MQ 50 silicone rubbers were used,
with specifications described in Table 6.1, Chapter 6.

Sample preparations: The samples were prepared in the way as described in
Chapters 5 and 6 of this thesis.

Rubber-rubber tack measurements: Samples were compressed under a load of
2.5 N for 10 minutes. For each sample, several tack measurements were done
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and the average was taken as the final result. The measurements were always
performed at room temperature. The separation speed was constant at 4
mm/sec.

Rubber-steel tack measurements: Rubber sample was compressed against a
polished chrome steel plate (see number 4 Figure 4-7, Chapter 4) under a load of
2.5 N for 10 minutes. For each sample, several tack measurements were done
and the average was taken as the final result. The measurements were always
performed at room temperature. The separation speed was constant at 4
mm/sec. The plate was carefully cleaned with acetone and dried before every
measurement.

Tack-time-dependence measurements: The cured samples of MQ 17 and 50 with
hydrogen-to-vinyl ratio 1.0 were compressed under a load of 2.5 N in the tack
device, as described in Chapter 4. Times of compression were varied from 1 to
50 minutes. For each compression time, several tack measurements were
collected and the average was taken as the final result. After each series of
measurements, samples were exchanged, to provide a fresh, uncontaminated
surface. All measurements were performed at room temperature.

7.3 RESULTS

7.3.1 RUBBER-STEEL TACK

Figure 7-1 shows the rubber-steel tack dependence on hydrogen-to-vinyl (H/V)
ratio for PDMS with different molecular weights, crosslinked with the trifunctional
silane. Note the different scales used for the various PDMS in order to
accentuate the large differences in measured tack between the PDMS with
varying molecular weights. The rubber-rubber tack values are the ones presented
in Chapter 5 and have been included for comparison purposes.

W72 MQ117 rubber-steel tack 7774 MQ50 rubber-steel tack
V22 MQ17 rubber-rubber tack 16 4 V22 MQ50 rubber-rubber tack

Tack [mN/mm’]
Tack [mN/mm’]

7

T zz T T 1
2 14 16 18 10 12 14 16 18
H/V ratio H/V ratio

"

10

-
A\

Figure 7-1. Rubber-steel tack for different molecular weight PDMS as a function
of H/V ratio in comparison with the rubber-rubber tack. Trifunctional crosslinker.
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The PDMS rubber-steel tack is in general much lower than the rubber-rubber
tack. The difference is visible for both MQ17 and MQ50, however it is much more
pronounced for MQ50, where tack differs by a factor of ten. Still, for both tested
rubbers, for H/V ratios where rubber-rubber tack vanishes completely, there is
still some detectable rubber-steel tack present. Besides that, the trends in rubber-
steel tack are similar to the rubber-rubber ones. The H/V ratio = 1.0, and thus the
lowest crosslink density, gives the highest tack, which then levels down with
increasing H/V, but never completely disappears. The decrease with H/V ratio is
much less pronounced for MQ17: it is more like a linear decrease; whereas for
MQ50 the decrease is fast and resembles the decline of the rubber-rubber tack.

XY MQ17 rubber-steel tack 772 MQ50 rubber-steel tack
V722 MQ17 rubber-rubber tack 7222 MQ50 rubber-rubber tack

Tack [mN/mmz]
Tack [mN/mmz]

HIV ratio H/V ratio

Figure 7-2. Rubber-steel tack for different molecular weight PDMS as a function
of H/V ratio in comparison with the rubber-rubber tack. Tetrafunctional
crosslinker.

Figure 7-2 shows the rubber-steel tack dependence on hydrogen-to-vinyl (H/V)
ratio for PDMS with different molecular weights crosslinked with the
tetrafunctional silane. The results are quite different, when the crosslinker
functionality changes from three to four. PDMS crosslinked with the
tetrafunctional crosslinker actually exhibits a higher rubber-steel tack than the
corresponding rubber-rubber tack, although at a level generally in the same
range as for the trifunctional crosslinker. The difference is again more
pronounced in the case of MQ50 — a factor of ten — but still the levels of tack are
overall very low and do not exceed 1 mN/mm?. Just like in the case of the
trifunctional crosslinker the rubber-steel tack does not disappear after reaching a
H/V ratio of 1.2, it just seems to reach a constant level. The rubber-steel tack of
MQ17 again shows a less pronounced tack decrease with increasing H/V ratio,
although slightly sharper than when crosslinked with the trifunctional crosslinker.
The tack decrease of MQ50 is more conspicuous, it reaches the constant tack
level already at H/V ratio of 1.2.
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Figure 7-3. Rubber-steel tack for different molecular weight PDMS as a function
of H/V ratio in comparison with the rubber-rubber tack. Multifunctional crosslinker.

Figure 7-3 shows the rubber-steel tack dependence on H/V ratio for MQ 17 and
50, crosslinked with the multifunctional silane. After crosslinking PDMS with the
multifunctional crosslinker, the rubber-rubber and rubber-steel tack for H/V ratio
of 1.0 becomes more or less equal for MQ17; the rubber-rubber tack is slightly
higher for MQ50. Besides that, the picture remains very similar, after increasing
the H/V ratio to 1.2 rubber-steel tack lowers down to a constant level. It is
interesting to note, that the constant level of rubber-steel tack goes down with the
increase in crosslinker functionality, to reach generally very low values for the
multifunctional crosslinker.

7.3.2 TACK AND TACK TIME-DEPENDENCE FOR DISSIMILAR RUBBER-RUBBER CONTACTS
Figure 7-4 shows the tack values at 10 minutes of compression time for different
dissimilar rubber-rubber contacts.
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Figure 7-4. The tack values for dissimilar MQ17 and MQ50 contact.
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The tack values for MQ17-1.0/MQ50-1.0 and MQ50-1.7/MQ50-1.0 (where 1.0
refers to H/V ratios) contacts are comparable in the range of measurement error.
They are also approximately on the level of the MQ50 H/V = 1.0 tack, which was
shown in Chapter 5 of this thesis to be in the range of 14 mN/mm?. Using the fully
crosslinked (H/V = 1.7) MQ17 as one side of the interface results in a large tack
decrease, to the level of 2 mN/mm?. Still, the tack of MQ17-1.7/MQ50-1.0 contact
is significantly larger even than the MQ17=1.0 contact, not to mention the
MQ17=1.7 contact which does not exhibit any detectable tack at all, as it was
shown in Figure 5-5, Chapter 5.
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Figure 7-5. Tack as a function of compression time for MQ17 and MQ50
dissimilar contacts.

Figure 7-5 shows the tack-time dependence curves for the different dissimilar
rubber-rubber contacts for short contact times till max. 25 minutes. Notice the
large difference in tack values between the MQ17-1.7/MQ50-1.0 interface and
the other two samples. The most striking feature in this tack-time development
curve is the clearly visible induction period at short compression times, when tack
rises much slowly compared to the other curves. This effect is most pronounced
for the MQ17-1.7/MQ50-1.0 interface tack-time development curve. The tack
rises very slowly till 10 minutes of compression, and then it rises much quicker
forming the logarithmic-type curve, similar to the tack-time development curves
as shown in Chapter 6 of this thesis. If fully cured MQ50 is used, instead of
MQ17, the situation is similar. The tack values are much larger, but an induction
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period of similar length is still visible followed by further increase in tack, although
not as pronounced as in the previous case. Replacing fully crosslinked MQ50
with loosely crosslinked MQ17 results in a well-known logarithmic type tack
development, without any induction period.

Fitting the power curve to the MQ17-1.0/MQ50-1.0 data yields the exponent of
t°18. The other systems are more difficult to deal with. The results of plotting the
tack data of MQ17-1.7/MQ50-1.0 and MQ50-1.7/MQ50-1.0 on a double
logarithmic scale as a function of compression time are shown in Figure 7-6.
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Figure 7-6. Tack of dissimilar rubber-rubber contacts vs. compression time on a
double-logarithmic scale.

There are two tack developments present, that differ a lot in speed. The results of
curve fitting are shown in Table 7.1:

Table 7.1. The exponents of dissimilar contacts.

Contact Induction period Tack development
exponent exponent
MQ17-1.0/MQ50-1.0 - 0.18
MQ50-1.7/MQ50-1.0 0.07 0.17
MQ17-1.7/MQ50-1.0 0.09 0.55

Both observed induction periods are characterized by a very similar low
exponent, the tack development with time is almost the same. The situation is
different in the case of further tack development. The MQ17-1.0/MQ50-1.0
contact lacks the induction period; tack develops with an exponent of 0.18.
MQ50-1.7/MQ50-1.0 contact tack after the induction period develops with a very
similar speed. MQ17-1.7/MQ50-1.0 contact tack development is characterized by
an anomalously high time exponent 0.55, which is much higher than could be
expected.

First order kinetics of wetting™® was applied for both induction and further tack
development periods for the dissimilar rubber-rubber interfaces. The calculations
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were done in the same way as described in Chapter 6 according to the equation
(6 — 1). The results are shown in Figure 7-7.
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Figure 7-7. The application of first order kinetics of wetting for autohesion
description of dissimilar rubber-rubber contacts.

After applying first order kinetics it can be seen, that the autohesion data for
contact of MQ17-1.7/MQ50-1.0 do not form a straight line. This may suggest that
wetting is not the predominant process here. The MQ50-1.7/MQ50-1.0 and
MQ17-1.0/MQ50-1.0 autohesion data do form straight lines: Voyutskii's model
can be used to describe the contact formation in these cases. This would
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therefore suggest that the contact formation for the aforementioned dissimilar
rubber-rubber contacts is driven by viscous wetting.

7.4 DISCUSSION

The difficulty of accurate measurement of adhesion and autohesion was already
addressed and discussed in Chapter 6 of this thesis. Even more interpretation
problems arise, when dissimilar joints are taken into consideration. The already
substantial amount of variables that have to be taken into account increases
even further, depending on the type of joint studied.

7.4.1 RUBBER-STEEL TACK

The main difference between rubber-rubber contact and rubber-steel contact is,
that there is no interdiffusion possible in the latter case. This effectively
eliminates one of the mechanisms of tack formation. In the case of rubber-steel
contact, possible tack creation will come from viscous wetting of the interface,
and then eventual rearrangement of surface chains and hydrogen bonds
formation.

The large difference between rubber-rubber and rubber-steel tack for the
trifunctional crosslinker clearly shows, that the main mechanism responsible for
rubber-rubber tack is the chain interdiffusion. But, in contrast with the rubber-
rubber tack, rubber-steel tack does not disappear completely with increase in
crosslink density. However small, a certain measurable interface strength
remains. The tack reduction most probably reflects the difficulties in wetting the
interface — the more the sample is crosslinked, the stiffer and less compliant it
becomes. The remaining tack would then be a result of molecular rearrangement
in order to adjust to the polar surface of steel. It was already mentioned in
Chapter 3, that due to its extraordinary backbone flexibility, siloxane polymer
chains can easily rearrange themselves. Usually, in contact with air, PDMS
methyl sidegroups are exposed on the surface in order to reduce surface energy,
but in contact with a polar medium mostly polymer backbones will present
themselves on the surface.

Increasing the crosslinker functionality from three to four results in the rubber-
steel tack being higher than the rubber-rubber tack although the tack values for
the rubber-steel are within the same range as for trifunctional crosslinker. It was
already mentioned in Chapter 5 of this thesis, that using tetrafunctional
crosslinker means a drastic reduction of the amount of free, reptating chain ends.
In the case of rubber-steel contact this apparently does not strongly affect the
tack formation: the possible rearrangement of polymer chains occurs both in
crosslinked as well as in pendent chains. A slight tack reduction, visible
especially in the case of MQ50, can be attributed to the higher crosslinking level,
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which makes the viscous flow more difficult, as more numerous and longer free
chains favor surface wetting™®.

Further increase in crosslinker functionality results in a substantial reduction of
rubber-steel tack, again in contrast to the rubber-rubber tack, which does not
change. The question remains, if this phenomenon is only an effect of further
reduction in viscous flow, or if it is influenced by reduction in polymer
rearrangement capabilities, since the increase in crosslink density affects the
rotational freedom of polymer chains as well***°.

7.4.2 TACK AND TACK TIME-DEPENDENCE FOR DISSIMILAR RUBBER-RUBBER CONTACTS

It is important to note, that in the testing of the dissimilar rubber-rubber joints
several additional variables are added. First of all, the contacting sheets differ
strongly in crosslink density, and as a result of that in stiffness. In some of the
contacts studied, the tested rubbers differed in molecular weight as well, which
might result in some degree of thermodynamic incompatibility. The eventual
possibility of curative migration from the side with excess of crosslinker to the
uncrosslinked side of the interface was eliminated at the stage of samples
preparation: post-curing in the oven must have oxidized all remaining possible
crosslinking sites at the crosslinker molecules.

The tack of MQ17-1.7/MQ50-1.0 system is much lower then the tack of MQ50,
but significantly higher than the tack of MQ17. This is logical; loosely crosslinked
MQ50 exhibits a high tack by itself, but is pressed into contact with a tightly
crosslinked sheet of low molecular weight rubber. This seriously hampers the
possible interdiffusion of polymer chains. In addition, the entanglements can
occur only from one side of the interface; MQ17 chains have a molecular weight
still too low to form effective entanglements'®. This should significantly lower the
possible interfacial strength.

The tack of MQ17-1.0/MQ50-1.0 and MQ50-1.7/MQ50-1.0 contacts is
comparable with the MQ50 1.0 tack. In this case the comparison can be made
safely, since samples were prepared from the same batch of material. The nature
of the tack formation, however, cannot be derived only from looking at the static
values. However, it can be seen already that using a less crosslinked, more loose
network as a contact, has a huge influence.

The tack-time development curves of dissimilar contacts constitute a very
complicated picture. One of the most characteristic observations is the presence
of the induction period of some sort, during which the tack is low and develops
slowly. This sort of behavior is different from what was observed, for example, by
Gent and Kim'’ for dissimilar polymer contacts. It shows in the case of contacts
involving highly crosslinked rubber on one side. This would lead to an
explanation, that this is a period during which the interdiffusion of chains is
hampered by the presence of the tight network — more obstacles on the way to
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overcome for the penetrating chains. The further tack development proceeds
much faster later on, than in the case of symmetric MQ50 contacts, although the
exponents are still lower then the 0.25 postulated by Wool’s theory. There is an
exception, the MQ17-1.7/MQ50-1.0 contact, which shows an anomalously high
time exponent of 0.55. The reason behind this sort of behavior is still unclear.

Application of the viscoelastic wetting model for the autohesion data description
(see Figure 7-7) yielded some unexpected results. The data for the MQ17-
1.7/MQ50-1.0 contact would suggest that the tack formation is diffusion driven —
the data do not form a straight line. However, the data for the other investigated
contacts form a straight line on the plot. This is especially surprising for the
MQ17-1.0/MQ50-1.0 interface, where more diffusion-driven tack formation would
be expected. The diffusion should be much easier for the loosely crosslinked
network of MQ17 at the H/V = 1.0. It is possible that the numerous low molecular
weight free chains, present on the surface of MQ17 1.0 sample do not contribute
to the interface strength due to lack of entanglement formation, but they could
greatly promote viscous wetting. According to Gent!’, the strength of such
contacts is primarily governed by the extent of molecular contact, the
contributions from interdiffusion may only appear after very long durations of
compression.

7.4 CONCLUDING REMARKS

The problem of dissimilar adhesive joints is very difficult to address, mostly
because of its complexity. The rubber-steel tack is already relatively well
understood, mainly because of its practical importance. The tack of dissimilar
rubber-rubber joints poses more of a problem, since additional factors influencing
tack are introduced, and the influence sometimes can be hard to interpret.
Especially the problem of a governing mechanism arises: is it still diffusion that
controls the tack formation?

Rubber-steel tack is obviously driven by viscous wetting, for the lack of possibility
of any sort of interdiffusion. It reacts strongly to changes in crosslink density of
the rubber samples used. The influence of crosslinker functionality is a little more
pronounced, than in the case of autohesive (similar) rubber-rubber tack; but still
the reduction in polymer chains mobility does not affect the bonds formation a lot.
PDMS chains are already very mobile. The molecular weight of the polymer does
have an influence, although not very much; there is no possibility of
entanglement formation.

The time dependence of dissimilar rubber-rubber tack for substrates with different
molecular weights and degrees of crosslinking shows some unexpected
phenomena. Depending on the specific combination, there can be an induction
period of tack development. Its appearance is logical, if the tack formation is
diffusion driven, but application of viscous kinetics of wetting also describes the
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tack development pretty well. It appears that the contact formation is more
controlled by viscous flow than by diffusion, even in cases where interdiffusion
would have been expected as based on experience with similar rubber-rubber
contacts. The exact mechanism of the dissimilar interface formation requires

more in-depth studies, still.
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Chapter 8

The Influence of Loose and Semi-anchored Siloxane Polymer
Chains on the Tack of Crosslinked Silicone Rubber

“The more | want to get something done, the less | call it work.”
Richard Bach

In this chapter the influence of an addition of non-reactive silicone oil or semi-
anchored silicone polymer on PDMS rubber-rubber adhesion is studied. The
additive can be considered either a tackifier, or connector molecules, able to
cross the interface and entangle. In both cases, it should influence the tack of
elastomers. Additional variable is the molecular weight of the additive, which
affects the reptation of polymer chains. Polymer-polymer demixing, which is the
result of thermodynamic incompatibility of mixed polymers is another factor that
influences tack. It causes the free chains to appear at the surface forming a layer
of oil, which actually destroys the tack of PDMS samples. The resulting tack
phenomena as a function of oil respectively semi-anchored silicone polymer
chains, are difficult to interpret due to the transient nature of the polymer
reptation: in many cases the polymers have not had sufficient time to obtain
equilibrium in interphase crossing, or oil sweats out of the crosslinked polymers,
forming a liquid layer between the two phases resulting in a low tack values, due
to hydrodynamic wetting alone. This subject needs far more in-depth study to
clarify all phenomena.

8.1 INTRODUCTION

As explained in previous chapters, interdiffusion and entanglements of polymer
chains are the most important factors responsible for polymer adhesion?.
Reptating polymer chains may cross the interface and entangle on the other side,
thus contributing to the overall interface strength. In the present chapter the

" The work described in this chapter has been presented at Rapra Silicone Elastomers
Conference, September 2006, Frankfurt, Germany. This chapter has been submitted for
publication to Journal of Applied Polymer Science.
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possible role of free, non-attached silicone polymers and of silicone polymer
purposely linked to the network on one side only (semi-anchored) on adhesion of
crosslinked similar silicone rubber will be highlighted.

8.1.1 POLYMER-POLYMER MISCIBILITY
For most polymers it is thermodynamically unfavorable to form homogenous
mixtures with each other®. The necessary requirement for miscibility is:

DG =DH - TDS<0 (8-1)

where DG, DH and DS are the Gibbs free energy, enthalpy and entropy of mixing,
respectively. The contribution of the entropy change for polymers is generally
small due to their large molecular weights. On the other hand, the enthalpy
change in general is positive for most non-polar polymers; thus the necessary
Gibbs energy change is hardly ever negative. The miscibility can be improved by
introducing strong interactions between the mixed polymers, which results in a
negative specific heat of mixing.

The problem of polymer compatibility on chains interpenetration, and as a result
adhesion, was already early investigated by Voyutskii et al.*°. The adhesion
strength of incompatible polymers decreased with the increase in difference in
solubility parameters. The polymers were still capable of mutual interdiffusion.

8.1.2 FREE CHAIN DIFFUSION IN PDMS

Due to the common chain structure, PDMS polymer chains can easily penetrate
into a crosslinked PDMS matrix. The characterization of the diffusion of different
molecular weight PDMS loose chains (oils) into a siloxane matrix led to the
following observations:

- the chain penetration is heavily influenced by the network mesh size
(crosslink density) and the length of penetrating chains. It is obvious, that
the longer the polymer chain, the longer it takes to “crawl” between the
obstacles®; the penetration depth is lower as well.

- the diffusivity of linear PDMS oil is approximately independent of
molecular mass for polymers with molecular weight below the PDMS
critical M needed to form entanglements’.

Silicone oil, due to the very low surface energy of the siloxane liquid, tends to
phase separate and diffuse from the bulk to the surface. Depending on the
application, this can be a very beneficial or an unwanted phenomenon!

8.1.3 INFLUENCE OF OIL ADDITIVES ON ADHESION OF ELASTOMERS
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Depending on the point of view, an oil additive can be considered as a tackifier or
as connector molecules. In both cases it promotes adhesion. A tackifier loosens
up the entanglement network and so increases the compliance®. An excess of
additive should be avoided in order not to weaken the rubber. This feature is a
function of the molecular weight of the tackifier: if the molecular weight is too high
it will act as an incompatible solid, stiffening and strengthening the elastomer but
preventing wetting®. On the other hand, if it is too low, the tackifier may act as a
plasticizer, which to a certain extent promotes tack as well. In addition, tackifiers
with bad compatibility with the elastomer or used in large amounts can migrate to
the surface, thereby lowering tack'®. Thus, the effect of tackifier addition to a
rubber can influence tack either from the side of surface energetics, or by an
influence on the bulk viscoelastic properties. The latter is especially important
during the bonding stage of a compression test: reduction in modulus (increase in
compliance) is reflected in easier viscous flow. That may enable better contact
formation in the early stages of the test, and hence increase the rate with which
intimate molecular contact is achieved. The influence of a tackifier on the
debonding stage is difficult to estimate, since it depends heavily on the type of
contact. It was already mentioned, however, that tackifier addition affects the bulk
properties, and thus affects energy dissipation processes™'.

The effect on surface energy of a tested system is associated with the possibility
of migration of the tackifier to the surface of the sample. The effects can vary a
lot, since the migrating additive can promote wetting, and thus increase tack, but
can also form a layer between the contacting surfaces, effectively lowering tack.
Separating the surface energy influence from the bulk effects during tack testing
is a very difficult task. The general perception is that a large effect on tack can
be expected if the tackifier causes appreciable changes in surface energy. Small
changes do not affect the wetting stage, and the change in thermodynamic work
of adhesion is too small to influence the debonding force.

The influence of the amount of added tackifier on tack seems to follow a similar
trend, not depending on the elastomer and tackifier type: first, tack increases with
increasing concentration of tackifier, but after reaching a certain threshold level it
starts to go down. Curves of this kind were first noted by Wetzel*?, who
interpreted them in terms of a two-phase character of a rubber-tackifier system
and the presence of the maximum was attributed to a phase inversion. However,
this does not explain similar behaviors noticed in the case of single-phase
systems. The effect is there correlated with the influence of the tackifier on the
debonding process™.

8.1.4 MOBILE CHAINS BETWEEN TWO RUBBER BLOCKS

The problem of mobile chains connecting two identical rubber blocks and forming
a loose bridge has been theoretically investigated by Brochard-Wyard et al.'®* The
single loose bridge is shown in Figure 8-1.
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Figure 8-1. The connector molecule between two identical rubber blocks®.

Theoretical analysis of such “many stitch” systems shows, that the influence of
connector molecules on adhesion or fracture energy can be given:

G, ~pr1/2g 8-2)

with f being the volume fraction of connectors, N, their degree of polymerization
and g surface tension of a melt of connector molecules. This equation applies
only to the regime of very low separation speeds, where the viscoelastic
relaxation process near a crack tip is not important.

8.2 EXPERIMENTAL

Materials: The PDMS rubbers MQ17, MQ28 and MQ50 were used for the study.
Their specifications are listed in Table 5.1 in Chapter 5 of this thesis. Monovinyl-
terminated PDMS, MQ 41, with molecular weight 63 000 g/mol and average vinyl
group content 25 mmol/kg was used as an additive. The trifunctional silane was
used as crosslinker. The platinum-cyclovinylmethylsiloxane complex was used as
cure reaction catalyst, as described in Chapter 5. Ethyldimethylhydrosilane
(monofunctional) was used as end-capping agent. All the above materials were
obtained from ABCR, Germany. 1-ethynylcyclohexanol (99%) was used as a
temporary reaction inhibitor, as obtained from Aldrich. The solvents used were all
of pro analysi quality.

Preparations of unreactive chains: Unreactive siloxane polymer chains with
different molecular weights were synthesized through a hydrosilylation reaction of
MQ rubbers with monofunctional silane. A 5% excess over a stoichiometric
amount of silane was added to a flask containing vinyl-terminated PDMS
polymer. Then 10 ppm of catalyst was added and the reaction mixture was
heated to 120 °C and allowed to react, while constantly stirred. The extent of
hydrosilylation reaction was checked periodically using NMR and IR. The
disappearance of NMR vinyl peaks (d5.6 — 6.2ppm) was used as an indication of
full polymer conversion. The IR silane peak at around 2160 cm™ was used to
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check if there was still silane present. If so, the mixture was stirred further, until
the leftover silane groups were oxidized, so that they could not interfere with the
subsequent crosslinking reaction anymore.

Loose chains samples preparation: Crosslinked samples were based on MQ17
with H/V ratio of 1.7 as a matrix. This composition ensures that the PDMS matrix
does not have any detectable tack by itself, and thus does not interfere with
measurements, as shown in Chapter 5. Before the curatives, unreactive loose
chains were added to the prepolymer in amounts ranging from 5 to 120 phr. It
was impossible to make samples with higher quantities of loose chains, because
these samples did not cure anymore. Then the curatives were mixed together
with the polymer and unreactive chains using a magnetic stirrer. During the
preparation it was important, that the inhibitor was added to the reaction mixture
before the catalyst. Without the presence of the inhibitor, the cure reaction
proceeded quickly even at room temperature. While the amount of crosslinker
varied depending on the vinyl group content (VGC) of the polymer used, the
amounts of catalyst and inhibitor were kept constant: 10 and 50 ppm,
respectively. The mixture was degassed and cured in a compression molding
machine (WLP 1600/5x4/3 Wickert laboratory press) at 120°C for 30 min. Clean
Teflon foil was placed between the cured mixture and the mold plates to avoid
surface contamination and sticking of the material to the mold. The resulting
90x90x2 mm sheets were post-cured in an oven at 120°C for 48 hours.

Preparation of samples with monofunctional chains: Samples with embedded
monofunctional chains were prepared in a similar way as samples with
embedded unreactive loose chains. The amount of crosslinker was adjusted
based on the amount of monofunctional prepolymer added, so the H/V ratio was
always kept constant at 1.7.

Tack measurements: Samples were compressed under a load of 2.5 N for 10
minutes. For each sample, several tack measurements were done and the
average was taken as the final result. The measurements were always performed
at room temperature. The separation speed was constant at 4 mm/sec.

Crosslink density: Crosslink density measurements were made by swelling the
rubber samples in toluene for 48 hours; calculations were performed using the
well-known Flory-Rehner equation:

_cvi+In(- v,)+v,
V,(0.5v, - v¥'®

[mol/cm®] (8- 3)

where n is the crosslink density, v; is the equilibrium volume fraction of rubber in
the swollen state and Vj is the molar volume of the solvent. A polymer-solvent
interaction parameter ¢ of 0.456° was used for all calculations.
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DSC measurements: DSC measurements were performed using a Perkin-Elmer
DSC 7 machine with Pyris version 8.0 software. Samples weighing ca 10 mg
were put into aluminum pans, cooled rapidly to -170 °C from room temperature
and then heated at 10 °C/min.

8.3 RESULTS

8.3.1 THE INFLUENCE OF LOOSE PDMS CHAINS ON TACK

Figure 8-2 shows how the amount of blocked, unreactive chains derived from
MQ17 influences the tack and crosslink density of silicone rubber samples.
These chains cannot react with the crosslinker and remain loosely embedded in
the otherwise crosslinked matrix of MQ17.
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Figure 8-2. The influence of the amount of loose chains on the PDMS rubber
tack. M, of loose chains: 17 000 g/mol. The line is intended to guide the eye.

A small addition of blocked chains does not have any influence on the MQ17
samples tack. When the amount of loose silicone molecules or oil reaches 15
phr, the rubber starts to show some detectable tack, however still very low. If the
amount of silicone oil in the samples is further increased, the tack disappears
again. When the amount of loose chains reaches 100 phr, i.e. 50 weight % of the
sample, the rubber-rubber tack rises again, with values higher than previously
measured. Above 110 phr of silicone oil added, the tack starts to decrease again.
It is important to note, that samples having more than 100 phr of silicone oil were
already gel-like, and the addition of more than 120 phr of oil resulted in complete
inability of the samples to crosslink.

120



The influence of loose and semi-anchored polymer chains on silicone rubber tack

The first detectable tack appears in a region, where the crosslink density of the
samples is stable and does not change with the increasing amount of oil additive.
It starts to decrease only after the amount of loose siloxane chains exceeds 30
phr. The decrease is very pronounced at the beginning, and then crosslink
density lowers down slower. Crosslink density of the highest oil-containing
sample was impossible to measure, because the sample almost dissolved during
swelling.

Figure 8-3 shows the influence of the molecular weight of the loose chains and
their amount on the tack of a network based on MQ17.
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Figure 8-3. The influence of the amount of loose chains and their molecular
weight on the PDMS rubber tack. The lines are intended to guide the eye.

As can be seen, the addition of very low molecular weight loose PDMS chains
MQ6, also promotes tack, at a similar level as MQ17-based loose chains.
However, the tack increase happens at a higher amount of additive than is in
case for MQ17-based loose chains. Besides that, the picture is similar: the tack
rises at a certain amount of loose silicone oil added and later goes down to zero
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again. The addition of blocked lose MQ28-based chains results in much higher
absolute levels of tack achieved, as well as in a shift to smaller amounts of oil
needed to achieve that tack. After that, like in the two previous cases, tack lowers
down to zero after a certain amount of oil is embedded in the samples. It is
interesting, that the tack after addition of blocked MQ50-based chains is much
lower than after addition of MQ28-based chains. The maximum also spans a
broader range of additive amounts.

Crosslink density measurements were also performed for the samples with
addition of MQ50-based blocked chains. The trend is the same as in the case of
MQ17-based chains: the crosslink density initially stays constant, but this period
is much smaller than in the case of MQ17-based loose chains addition. Actually,
there is a small increase in crosslink density after some MQ50-based loose
chains were added, but most probably this is a reflection of an increased amount
of physical entanglements. The increased tack region already coincides with the
area of decrease in overall crosslink density of the tested samples.

8.3.2 THE INFLUENCE OF SEMI-ANCHORED PDMS CHAINS ON TACK
Figure 8-4 shows the influence of the addition of semi-anchored, monofunctional
PDMS chains of M,, 63 000 on tack of MQ17 samples.
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Figure 8-4. The influence of the amount of semi-anchored chains of My, of 63 000
on the PDMS rubber tack. The line is intended to guide the eye.

The tack of samples with some amount of monofunctional PDMS chains added
behaves in a different way than the tack of samples with loose PDMS chains. In
the range measured, the tack rises slowly but steadily with the addition of
monofunctional chains, and seems to reach a plateau after 30 phr are added.
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The values of tack are very low, lower than the tack of samples with MQ6 chains
added, however still detectable.

8.3.3 THE INFLUENCE OF LOOSE PDMS CHAINS ON TACK — OVERVIEW

The influence of addition of loose chains is better visible in Figure 8-5, where the
amount of loose chains was recalculated from phr to mmol, on basis of the initial
average vinyl-group content of the blocked chains.
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Figure 8-5. The tack as a function of amount of blocked loose chains — an
overview. The lines are intended to guide the eye.

The shorter the chains are, the more is needed to induce tack. For My, = 6 000
tack starts to appear at around 2.5 mmols addition. This point shifts to 1.3 mmols
for the molecular weight of 17 000, 0.7 for 28 000 and 0.4 for 50 000 molecular
weight. The semi-anchored, monofunctional chains addition works slightly
different: the tack shows up at 0.25 mmols of chains added and then rises slowly
with the amount of monofunctional chains in the sample.

Figure 8-5 also clearly shows the differences in tack caused by the addition of
different molecular weights of the blocked chains. The effect of MQ6 and MQ17
is similar, even slightly larger for MQ6. MQ28 addition causes a relatively large
tack increase, and the tack caused by the addition of MQ50 is again small, on the
level of MQ6.

8.3.4DSC

On the DSC curves of samples with blocked chains two glass transition
temperatures are commonly present, at around -150°C and -120 °C. The first one
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corresponds to the glass transition temperature of a siloxane prepolymer, the
second one then should be the glass transition of the cured PDMS matrix*°,

The dependence of the transitions on the amount of blocked MQ17 chains in the
polymer matrix is shown in Table 8.1. The dash indicates the spectra, where the
presence of a Ty could not be unequivocally detected.

Table 8.1: Glass transition temperatures for the samples with MQ17-based
blocked chains added.

Amount of blocked MQ17 T Tg2
chains [phr]
0 none -90

10 -148 -112
20 -148 -120
30 -142 -

50 -148 -120
60 -150 -120
70 -148 -122
80 -145 -122
90 -145 -120
100 - -120

The lower T4 does not depend on the amount of blocked chains added in the
samples, but the higher Tg shifts suddenly upon the addition of loose chains from
-90 °C for the fully crosslinked MQ17 sample without any additive, to -112 °C for
only 10 phr of blocked chains added, and further to -120 °C for 20 phr of
unreactive chains. Further increase in the amount of additive did not cause a
substantial Ty shift.

8.4 DISCUSSION

The addition of free, not crosslinkable chains to the PDMS matrix does influence
the tack of the crosslinked polymer. Figure 8-2 shows, that this influence can be
divided into two regions: the tack rises, disappears and rises again. The second
tack maximum appears at more than 50 wt% addition; at this point the non-
crosslinkable siloxane oil addition has substantially loosened the polymer
network already. It should be noted, that the preparation of samples resembles
the preparation of polymer gels, with the unreactive chains acting as a solvent.
The tack increase after a large addition of loose chains results in a large
decrease in crosslink density, thus decrease in the sample’s modulus. The
resulting tack is a combined effect of viscoelastic flow and a heavily diluted
network.

The first maximum in tack is far more interesting. The addition of uncrosslinked
siloxane chains can work in two ways: one is already mentioned as diluting the
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crosslinked network, what is usually combined with a decrease in segmental
friction®, so that the chains can much easier penetrate and entangle. This is the
general effect of a tackifier. The second mechanism is an increased amount of
free chains, which can diffuse through the interface and entangle on the other
side, thus increase tack.

The important factor to take into account is the critical molecular mass of PDMS,
above which it can only form entanglements. The borderline for PDMS seems to
be a molecular weight of around sixteen thousands'’. Thus MQ6 should be
completely unable to form entanglements and MQ17 is a borderline case. It can
be seen in Figures 8-2 and 8-3, that both of them still promote tack, when added
in small amounts to the crosslinked PDMS samples. Since none or just very few
entanglements can be formed, this should be an effect of network loosening.

With the increase of molecular weight of the uncrosslinked chains the tack first
increases for MQ28 and then decreases again for MQ50: see Figure 8-5. This
may seem contradictory at first glance, but there are several aspects to take into
account. First of all, the MQ28 polymer is the first one from the series tested that
can form entanglements. This explains the almost threefold increase in tack.
Following the same reasoning, addition of MQ50 chains should increase the tack
even more. However, their molecular weights differ by a factor of 1.8 in
comparison with MQ28. If it is assumed, that a chain reptation is the factor
responsible for the tack increase, then MQ50 chains would need 5.8x more time
to achieve a similar level of interpenetration, since the reptation time scales with
the third power of molecular mass of the polymer*®. Thus, on the timescale of the
experiment, the MQ50 chains may not have had sufficient time to reptate and
entangle to their full extent.

The addition of monofunctional semi-anchored PDMS chains also promotes tack.
Still, the situation here is slightly different from the case of free, uncrosslinked
chains. Monofunctional chains are anchored to the polymer matrix at least on one
side; the interdiffusion or reptation will therefore be seriously hampered, which is
visible in Figure 8-4. The tack detected is very low, lower than the MQ17 addition
effect. However, even an addition of a small amount of anchored chains gives a
detectable tack as a result, which rises with increasing quantity of the additive.
The molecular weight of the monofunctional PDMS can be patrtially responsible
for this effect; the monofunctional chains have a M,, of 63 000, even larger than
for MQ50.

The effect is better visible in Figure 8-5, where the amounts of additives were
recalculated to milimols of chains, on the basis of the average vinyl group content
of the blocked and monofunctional polymer. The amount of MQ6 chains needed
to induce tack is far larger than the amount of MQ17 chains. This may actually
explain the higher tack after MQG6 addition: the possible network dilution is larger.
With the increase in molecular weight of the additive, the tack maximum shifts
towards lower amounts of blocked polymer chains. Starting from the MQ17,
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PDMS chains are able to entangle; the longer the chain, the more entanglement
formation is possible. Figure 8-5 illustrates the difference between anchored
chains and loose chains as well. Addition of loose chains causes a sharp
increase, and then decrease in tack, whereas tack created by anchored chains
rises slowly.

The question remains, why there is a sudden tack decrease after the addition of
loose chains. If we consider the mixing of two polymers, as it was described in
the introduction, we may see that the enthalpy of mixing, DH, will be most
probably close or equal to zero: both polymers are essentially the same
poly(dimethyl)siloxane. The change in entropy, however, can be large and
negative. The loose chains are restricted in their mobility after being embedded in
the crosslinked matrix. Thus, the overall change in Gibb’s free energy of mixing
will be positive — the system will tend to demix and PDMS uncrosslinked chains
will diffuse to the surface of the samples. This phenomenon can be even
promoted by the testing procedure, where samples stay under compression for a
certain period of time. PDMS oil will then gather on the surface forming a layer of
liquid with a very low surface tension. As a result, the tack disappears when more
uncrosslinked chains are added. Anchored chains, due to the fact that they are
crosslinked to the matrix on one side, cannot demix. They may only be able to
partially migrate to the surface.

The DSC data confirm the fact, that the systems containing uncrosslinked PDMS
chains embedded in the crosslinked PDMS matrix are immiscible. If they were
fully miscible, the presence of only one T4 should be expected. On most of the
curves two glass transition temperatures are present, a proof of phase
separation®.

It should be noted, that the tack of systems with free, uncrosslinked chains
purposefully added to crosslinked matrix is a complicated phenomenon. The
polymer-polymer demixing, and as a result oil gathering on the surface of
samples, is an unavoidable factor which is in addition hard to quantify. The
molecular weight-tack dependence of these chains needs far more in-depth study
to fully understand the mechanism of tack formation.

8.5 CONCLUDING REMARKS

The addition of uncrosslinked and mobile siloxane chains to a crosslinked PDMS
matrix influences rubber-rubber tack to a small extent. The increase is quite small
and visible only for minor quantities of the additive. Further addition of
uncrosslinked chains results in a tack reduction. The tack is influenced by the
molecular weight of the loose chains — the higher, the less material is needed to
induce tack. This dependence is more complicated: increase in molecular weight
causes first a tack increase, then a decrease again. This effect is most probably
caused by the timescale needed for the chains to reptate and entangle.
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The tack disappearance at large amounts of mobile chains added is caused by
migration of the PDMS oil to the samples’ surface and the formation of a liquid
layer. Because of this layer, two sides of the interface cannot come into direct,
molecular contact, and further interface strengthening is then restricted. This
problem does not exist if the chains are somehow attached to the matrix. The
addition of monofunctional, semi-anchored PDMS polymer that can be
vulcanized with the network does not seem to cause such a layer formation.
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Chapter 9

Summary and Final Remarks

“He's beginning to believe”
Morpheus, Matrix the movie

This chapter provides a summary of the work done and described in the thesis.
Some final remarks, and suggestions for future research are given.

9.1 THE RESEARCH

The objective of this work was to investigate the relationship between different
factors characterizing the network structure on the tackiness of silicone rubber
(PDMS). A custom tack testing device was constructed, based on the existing
Tel-Tak principle. The experimental work involved testing the tack of silicone
rubber in relation to crosslink density and type of contact, the development of
tack with time of contact in relation to the molecular weight of the polymer, and
the influence of loose, uncrosslinked polymer chains embedded in the
crosslinked network.

9.2 GENERAL SUMMARY

Chapter 1 gives a general introduction into the problem of elastomer tack, while
Chapter 2 provides the necessary theoretical background, as well as the
various descriptions in literature of the mechanisms behind the creation of tack
and the models in use for the interpretation of experimental data. Special
attention is devoted to the diffusion tack theory of Wool, based on the polymer
reptation model of deGennes, as the main model on basis of which the
experimental results in this thesis are interpreted. A brief overview of the
alternative Hertz and Johnson, respectively Kendall and Roberts (JKR) theories
of elastic contact is given at the end of Chapter 2.

Chapter 3 gives a description of the synthesis and properties of siloxane
polymers, including the methods of crosslinking. Then the NMR methods, which
are used for polymer characterization, are described. Every batch of silicone
material needs a vinyl-group content determination in order to establish the
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required stoichiometric amount of crosslinker, with different functionalities, to
obtain well defined telechelic networks. The fastest and simplest method for
this is an NMR measurement, with an internal standard.

Chapter 4 provides a general introduction into methods of tack testing, in the
first part. The second part describes the design and construction of the custom
tack testing device used in this thesis. The main motivation was to build a
simple, yet effective tool capable of accurately recording separation forces in
the range of millinewtons, which is required since PDMS rubber exhibits
inherently very low tack.

Chapter 5 describes the influence of polymer molecular weight, crosslink
density and crosslinker functionality on PDMS rubber-rubber tack. The
telechelic PDMS, containing crosslinking sites only on the chains ends, is a
very good material for preparation of well-defined networks. Crosslink density
and crosslinker functionality strongly influence the amount of loose chains that
are left uncoupled in a sample, and the molecular weight of the PDMS its ability
to form entanglements. The PDMS with very low molecular weight hardly
exhibits any detectable tack, no matter the crosslink density. The tack rises
very quickly with increase in molecular weight of the PDMS; on the other hand,
a high functionality of the crosslinker used favors low tack.

Chapter 6 describes the development in time of the autohesive behavior of
loosely crosslinked PDMS rubber networks. The autohesion data are gathered
for PDMS with different molecular weights. The influence of molecular weight of
the polymer is very pronounced. The data are interpreted on basis of the Wool-
deGennes reptation theory; the application of first order kinetics of wetting is
also tested. PDMS with a molecular weight only partially permitting to form
entanglements, exhibits a remarkably different and unusual behavior compared
to the high molecular weight polymers. The latter develop tack in the form of
logarithmic type curves, while the former show the presence of local maxima in
the tack-time curves.

In Chapter 7 the use of steel and PDMS with varying molecular weight and
crosslink density as contacting substrates is described. The tack depends
heavily on the type of contact, thus the range of observed behaviors is large.
Rubber-steel tack is generally lower than rubber-rubber autohesive tack, due to
the inability of polymer chains to interpenetrate the interface. Tack of PDMS
against PDMS with dissimilar levels of crosslinking strongly depends on the
crosslink levels of the contacting sides. The tack-time dependencies differ from
the ones studied in Chapter 6; the behavior is much more complicated, with the
presence of induction periods during which tack develops slowly.

In Chapter 8 the influence of addition of non-reactive silicone oil of various
molecular weights on tack is described. These additives can be considered
either a tackifier or so-called “connector molecules”, and as such should be
able to cross the interface and entangle to promote tack. This turns out to be
true only to certain extent, since thermodynamic incompatibility causes the
silicone oil to migrate to the surface of the samples, actually causing tack to
disappear. The molecular weight of the loose chains influences the tack: the
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tack rises with increase in molecular weight of the additive, but then goes down
again, which is most probably an effect of the increase in time needed for the
high molecular weight polymers to fully reptate.

9.3 FINAL REMARKS AND SUGGESTIONS FOR FURTHER RESEARCH

The tack of elastomers is a very broad subject, especially because of the
number of factors that can possibly influence it. Some of them are quite well-
known and there was a lot of work devoted to them already, like the
development of tack with contact time. Some other areas are still mostly
uncovered, however. Chapter 7 contains an investigation into dissimilar rubber-
rubber contacts. Although the subject of rubber-steel contacts has been
extensively studied, the rubber-rubber joints with dissimilar degrees of
crosslinking pose a future challenge, especially the tack-time dependence.

The research described in Chapter 8 only touched a very broad subject as well
in a preliminary way. The studies of semi-anchored, monofunctional chains
additions could add a lot to the understanding of the mechanisms of tack
formation. It would be necessary to prepare monofunctional PDMS chains with
different molecular weights, and then study the tack as a function of the network
structure of the samples.

The research in this thesis has again demonstrated, that tack of rubber is a
complicated phenomenon. Thanks to some theoretical treatments of e.g. Wool,
a reasonable understanding of the phenomena can be developed. However,
due to the extreme molecular weight dependence of the overall reptation time
of polymers, time restrictions do not permit testing after equilibrium in reptation
has been reached. Consequently, one measures transient phenomena,
catching a certain tack level somewhere in its development in time, particularly
for the higher molecular weight polymers. | do express the hope, that with the
work described in this thesis the understanding of the underlying mechanisms
for tack has been increased. Far more in-depth study will be required to
(hopefully) once fully understand the mechanism of tack formation with rubber.
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Samenvatting en afsluitende opmerkingen

Dit hoofdstuk geeft een samenvatting van het werk dat beschreven is in dit
proefschrift. Enkele afsluitende opmerkingen en suggesties voor toekomstig
onderzoek worden gegeven.

HET ONDERZOEK

Het doel van dit werk was het onderzoeken van de relatie tussen verschillende
factoren, die de netwerkstructuur en de ‘tack’ van siliconenrubber (PDMS)
karakteriseren. Een speciaal tack test apparaat werd ontworpen, gebaseerd op
het bestaande Tel-Tak principe. Het experimentele werk omvatte het testen van
de tack van siliconenrubber in relatie tot de crosslink dichtheid en het type
contact, de ontwikkeling van tack als functie van de contacttijd en in relatie tot
het molecuulgewicht van het polymeer, en de inviloed van losse, niet
gecrosslinkte polymeerketens ingebed in het gecrosslinkte netwerk.

ALGEMENE SAMENVATTING

Hoofdstuk 1 geeft een algemene introductie in tack van elastomeren, en
hoofdstuk 2 geeft de vereiste theoretische achtergrond, als ook de
verschillende beschrijvingen in de literatuur van de mechanismen achter de
totstandkoming van tack en de modellen die gebruikt worden voor de
interpretatie van experimentele gegevens. Speciale aandacht wordt besteed
aan de diffusie-theorie van Wool, gebaseerd op het polymeer-reptatie model
van deGennes. Op basis van dit model worden de experimentele resultaten van
dit proefschrift geinterpreteerd. Een kort overzicht van de alternatieve Hertz en
Johnson, respectievelik Kendall en Roberts (JKR) theorién van elastisch
contact wordt gegeven aan het einde van hoofdstuk 2.

Hoofdstuk 3 geeft een beschrijving van de synthese en eigenschappen van
siloxaan-polymeren, inclusief de methoden om ze te vernetten: crosslinken.
Vervolgens worden de NMR-methoden, gebruikt voor polymeerkarakterisering
beschreven. Elke batch siliconen vereist bepaling van het vinyl-gehalte om de
benodigde stoechiometrische hoeveelheid crosslinker, met verschillende
functionaliteiten, te kunnen bepalen, teneinde een goed gedefiniéerd ‘telechelic’
netwerk te kunnen bereiden. De snelste en simpelste methode hiervoor is een
NMR-meting met een interne standaard.
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Het eerste deel van hoofdstuk 4 geeft een algemene introductie van de
methoden om de tack te meten. Het tweede deel beschrijft het ontwerp en
constructie van een speciaal tack test apparaat, dat gebruikt wordt in dit
proefschrift. De belangrijkste motivatie was het bouwen van een eenvoudig
maar effectief apparaat, dat in staat is om nauwkeurig de scheidingskrachten
te meten in de orde grootte van milli-Newtons. Dit is nodig, omdat PDMS
rubber een inherent lage tack bezit.

Hoofdstuk 5 beschrijft de invloed van het molecuulgewicht van het PDMS-
polymeer, de crosslink dichtheid en de crosslink functionaliteit op de PDMS
rubber-rubber tack. De ‘telechelic’ PDMS, die alleen op de uiteinden van de
ketens crosslinking sites bezit, is een erg goed materiaal om goed
gedefinieerde netwerken te verkrijgen. De crosslink dichtheid en crosslink
functionaliteit beinvloeden in sterke mate de hoeveelheid losse keteneinden,
die niet gekoppeld zijn binnen een monster, en het molecuulgewicht bepaalt de
mogelijkheid om verstrengelingen te vormen. PDMS met een heel laag
molecuulgewicht laten een nauwelijks waarneembare tack zien, ongeacht de
crosslink dichtheid. De tack stijg zeer snel met het molecuulgewicht van de
PDMS; aan de andere kant, een hoge functionaliteit van de gebruikte
crosslinker geeft een tendens naar lage tack.

Hoofdstuk 6 beschrijft de ontwikkeling in de tijd van het autohesieve gedrag van
licht gecrosslinkte PDMS rubber netwerken. De autohesie gegevens zijn
verzameld voor PDMS met verschillende molecuulgewichten. De invlioed van
molecuulgewicht van het polymeer is weer erg groot. De resultaten worden
geinterpreteerd op basis van de Wool-deGennes reptatie theorie; de
toepassing van de eerste orde kinetiek van benatting is ook getest. PDMS met
een laag molecuulgewicht, dat alleen gedeeltelijke verstrengeling toestaat,
vertoont een opmerkelijk verschillend en ongebruikelijk gedrag vergeleken met
de polymeren met een hoog molecuulgewicht. De laatste ontwikkelen tack in de
vorm van logaritmische curves, terwijl de eerste lokale maxima bevatte in de
tack-tijd curves.

In hoofdstuk 7 wordt het gebruik van staal en PDMS met variérende
molecuulgewicht en crosslink dichtheid als contact substraten beschreven. De
tack hangt in grote mate af van het type contact, daarom is het scala aan
waarnemingen groot. Rubber-staal tack is in het algemeen lager dan rubber-
rubber tack, doordat de polymeerketens niet door het grensvlak kunnen
diffunderen. De tack van PDMS tegen PDMS met verschillende crosslink
niveaus hangt sterk af van de mate van crosslinking van de beide
contactoppervlakken. De tack-tijd relaties verschillen van die van hoofdstuk 6;
het gedrag is veel gecompliceerder, door de aanwezigheid van
inductieperioden, waarin de tack zich langzaam ontwikkelt.

In hoofdstuk 8 wordt de invloed beschreven van de toevoeging van niet-
reactieve siliconenolie met verschillende molecuulgewichten op de tack. Deze
toevoegingen kunnen opgevat worden als tack-vergroters of als
verbindingsmoleculen, die als zodanig in staat zouden moeten zijn door het
grensvlak te diffunderen en zo aan beide kanten verstrengelingen te vormen
om zo de tack te verhogen. Dit blijkt maar gedeeltelijk te kloppen, omdat door
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de thermodynamische incompatibiliteit de siliconenolie naar het oppervlak van
de monsters migreert, en zo de tack verlaagt. Het molecuulgewicht van de
losse keteneinden beinvioedt de tack: de tack neemt toe met toenemend
molecuulgewicht van de toevoeging, maar neemt dan weer af, wat
waarschijnlijk een gevolg is van de toename in tijd die nodig is voor de
polymeren met een hoog molecuulgewicht om volledig te repteren.

AFSLUITENDE OPMERKINGEN EN SUGGESTIES VOOR VERDER ONDERZOEK

Tack van elastomeren is een erg breed onderwerp, vooral door het aantal
factoren, die deze kunnen beinvloeden. Enkele van deze invloeden zijn bekend
en veel werk was er al aan gewijd, zoals de ontwikkeling van tack met de
contacttijd. Enkele andere gebieden zijn nauwelijks onderzocht. Hoofdstuk 7
bevat een onderzoek naar ongelijk rubber-rubber contact. Hoewel het
onderwerp rubber-staal contact uitgebreid onderzocht is, vormen rubber-rubber
contacten met ongelijke crosslink niveaus een uitdaging voor de toekomst,
vooral de tack-tijd afhankelijkheid.

Het onderzoek beschreven in hoofdstuk 8 stipt ook slechts een breed
onderwerp aan. Studies van toevoegingen van half-verankerde,
monofunctionele ketens als toevoegingen, zouden een grote bijdrage kunnen
leveren aan het begrip van de mechanismen van het ontstaan van tack. Het
vereist om monofunctionele PDMS ketens te bereiden met verschillen
molecuulgewichten, en vervolgens de tack te bestuderen als functie van het
netwerkstructuur van de monsters.

Het onderzoek in dit proefschrift heeft wederom aangetoond, dat de tack van
rubber een gecompliceerd verschijnsel is. Dank zij enkele theoretische
beschouwingen van bijvoorbeeld Wool, kan een redelijk begrip worden
verkregen van deze fenomenen. Echter, door de extreme invioed van het
molecuulgewicht op de reptatietijd van polymeren, laten de tijdsrestricties niet
toe te testen tot evenwicht in reptatie is bereikt. Daardoor worden slechts
overgangsfenomenen gemeten, bij enkele niveaus van tack ergens in de
ontwikkeling in de tijd, vooral voor de polymeren met een hoog
molecuulgewicht.

Ik druk de hoop uit dat het werk beschreven in dit proefschrift het begrip
vergroot heeft van de onderliggende mechanismen van tack. Veel meer studies
in de diepte zijn vereist om ooit (hopelijk) een volledig begrip te verkrijgen van
het mechanisme van het ontstaan van tack in rubber.

135



136



Symbols and definitions

Symbols in Latin alphabet

Symbol
DG/,
<X c2m >
EY

C

<>
<X?>
do

ar
Aot

Definition
energy change per unit area

mean square center of mass diffusion distance

plateau modulus

crack propagation rate

mean square length of escaped chain
mean square monomer displacement
Hertzian contact zone radius

WLF shift factor

total area of contact

monomer length

diffusion coefficient

separation distance

curvilinear diffusion coefficient

Delay after pulse.

Number of dummy scans

Young’'s modulus

the tensile strain of the sample after detachment

force
peel force

number of elastically effective chains per unit volume

elastic modulus

fracture energy (e - in equilibrium state)
peeling strip thickness

integration of pyrazine *H NMR signals
integration of vinyl *H NMR signals
compliance

combined elastic modulus

elastic constants

chain segment length

average interpenetration depth

average interpenetration depth after reaching
equilibrium conditions

Line broadening

MPa
MPa

Hz
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average length of a molecular bridge

average length of a molecular bridge after reaching

equilibrium conditions

molecular mass

molecular mass between the entanglements
mass of PDMS in a sample

mass of pyrazine in a sample

number of effective chain crossings

overall number of asperities on a surface
number of chains intersecting the interface
number of chains intersecting the interface after
reaching equilibrium conditions

number of asperities contacts on a surface
number of monomers between entanglements
degree of polymerization

Number of scans

number of chains per unit volume

Center of spectrum

pressure

number of bridges intersecting the interface
Pulse

number of bridges intersecting the interface after
reaching equilibrium conditions

pull-out force

total load

radius of curvature

radius of contact area

rate of contact formation

rate of interdiffusion

Herzian radii of spheres

separation rate

standard deviation

undeformed area

Datapoints spectrum domain

Sweep width

time

absolute temperature

contact time

Datapoints time domain

time to equilibrium

reptation time

strain energy density

stored strain energy density

energy needed to pull the chain out of the tube
work of adhesion

strip width

thermodynamic work of adhesion
thermodynamic work of cohesion

contact formation probability

work of detachment

33=2z2Z2
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average monomer interpenetration depth
average monomer interpenetration depth after
reaching equilibrium conditions

asperity height

polymerization index

the smallest distance in which two crystalline bodies
can be brought

network theory front factor

change in elastic free energy

debonding distance

Gibb’s free energy change

enthalpy change

entropy

the distance, by which the point of application of
peeling force moves

L3 e 3

T

Jm
J-mol?

J-mol?
J-(mol-K)*
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Symbols in Greek alphabet

Symbol

o
®

|y gV! %V

TeQQQe

—
~
N
~

j!jOaj'x’
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Definition
deformation; «: at equilibrium conditions
Good-Girifalco parameter
surface tension
surface tension, dispersive component
surface tension, hydrogen bonds component
surface tension, polar component
interfacial surface energies
viscosity
distribution of heights
fractional contact area; O, «: at contact start and
equilibrium, respectively
friction coefficient
monomer friction coefficient
number of elastically effective junctions
Poisson ratio
crosslink density
contact angle
peel angle
relaxation time of Kelvin-Voigt element
density
uniaxial stress
fracture stress (as a function of contact time)
fracture stress after reaching equilibrium conditions
tensile stress
disentanglement time
entanglement time
deformation
deformation along the axis
force per unit of undeformed area
cycle rank of the network
volume fraction

Unit
%

Jm?, N'm
Jm? Nm
Jm?2 N-m
Jm? Nm
Jm?, N'm
Pa's

N = =

mol/cm?®

S
g-cm™
MPa
MPa
MPa
Pa
s
s
%
%
N-m™



Symbols and definitions

Abbreviations

D4
IR rubber
MQ
VGC

dimethylsiloxane tetramer
Synthetic isoprene rubber
Synthetic silicone rubber
vinyl group content
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