CHAPTER 11

THEORY

2.1 SILICONE RUBBER

2.1.1 Poly(dimethylsiloxane) [3]
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Metﬂyl (CH3)3Si-O-[(CHj3),Si-0-1,Si(CHs);
Hydroxyl HO-(CH;),Si-O-[(CH;),Si-O-]»Si(CHz),-OH
Vinyl CH,=CH-(CH3),Si-O-[(CH3),Si-O-],8i(CHz),-CH=CH,
Hydrogen H-(CH;),Si-O-[(CH);8i-O-]sSi(CH;),-H

None [(CH3),8i1-O-]3; cyclic trimer

Methyl [(CH3),Si-O-];SiH




Table 2.2 Product form and properties

Form Structure and properties

Fluids | Linear polymer. Liquid at low molecular weights and solid gum at
high molecular weights

Elastomers | Cross-linked solids. Reinforcement necessary for property

Resins | Highly branched cr

Group W umber(cm'l)
-Si(CHj3),-0O-Si(C 9 ,‘
Si(CH;)3 7.905-2.9¢ 50; 840; 765

Si(CH3), 4 59059 960:11.260; 855; 805

Si-CH; L 29052 960, 124541,275; 760-845
Si-H ( '

Si-OH (A

Si-CH=CH, = 159041610 1,410; 990-1,020; 940-980

2.1.2 Reactive End GEups

ug nenden
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Figure 2.1 Types of silicone rubber

R group is: methyl (CH3) in MQ , vinyl (CH=CH,) in VMQ

phenyl (C¢Hs) in PMQ | trifluoropropyl (CH,-CH,-CF3) in FMQ
PVMQ rubbers have phenyl, vinyl and methyl groups.
FVMQ rubbers have trifluoropropyl, vinyl and methyl groups.



Chemically, silicone rubbers are substituted polysiloxanes (Figure2.1). They
are denoted generically by the letter Q. The letter MQ denote the basic silicone
rubbers that have only methyl substituents in the polysiloxane chain. By replacing
small amounts of these methyl groups with other groups, significant variations in
properties can be achieved. The presence of the vinyl groups in VMQ improves
vulcanization rate and compression set resistance. The phenyl groups in PMQ and

PVMQ improve low-temperature flexibility and resistance to high-energy radiation.

The addition of trifluoropropyl groups polymer chain results in a special type of
silicone rubbers commonly VI a suiCone rubbers (FMQ and FVMQ). The
vulcanizates of these rubbers. exhit l@me to oils and many solvents

(e.g., less than 0.5 mol %) of vmyiigﬁﬁst_‘l
et ".-P"r ‘.; b

used polymers in siligone elastomer technolo T ethyl group substitution is the
L

most easily accomp -"':-::a':-"::a-e"—av:r:':-*"" quartz;coke, chlorine and water. A
flow diagram for the ian is given in Figure 2.2 The

coke is used to reduce si ‘;con in quartz to metalhc silicon, which can then be reacted
with methyl ¢ where ncanbe 0, 1,
2,3 or 4. Thﬂrﬂﬁ"aﬂﬂﬂ ﬁﬂﬁt‘jﬁﬁ xture of substituted
cyclic oiﬁji.l bbers can be
d1v1deﬁ ﬁﬁé&ﬁnﬁ Iﬁﬂ ng ﬁlﬁlz]:zable liquid

silicone rubbers (LSR) - designed for the automated production of molded parts and

room temperature vulcanizing rubbers (RTV) - usually flowable liquids supplied in a
“ready to use” form for such applications as building sealants, encapsulation, coating

and flexible molds.
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The average er is controlled to best

satisfy the properties desal,red from a given composmon The polymers used in high-
consistency ¢ sﬂoxane repeating
units, while @I}s usegaurnm ‘;blw m fj quid silicone rubber
(LSR) co dﬂj Oi‘ g

ﬁrﬁﬂj RQ?T%W mﬂa flnggﬁ lar-weight

polydnmethylsﬂoxane is to control the hydrolysis of the dimethyldichlorosilane to
form cyclic siloxane intermediates, which are then polymerized via a ring-opening
reaction. A wide variety of catalysts may be used to polymerize the cyclic siloxanes.
These catalysts include proton acids, Lewis acids, acid clays and many bases. The
principle cyclic used in preparing high polymers is the tetramer, which may be
polymerized with alkaline catalyst as shown in Figure2.3. This is an equilibrium



reaction such that a certain ratio between linear and cyclic species is maintained at

equilibrium.
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Figure 2.3 Polymerizati Imanteer, 1981.)
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Silicone oil is contain between 2-1,000 siloxane

repeating units as sho 1 ire below.  Silicone oils have a very wide

temperature range of appli€atig . and EXCE oxidation and thermal stability. As

would be expected, snhcone 'rmll' }.

silicone oils, partic __,‘-_‘-

B| |
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components (particularly plasticizers) from the elastomers, causing them to shrink.

o swell and soften excessively in

The effect is most severe with low-viscosity silicone oils at high temperatures.
Plasticizers or softeners are small molecule that are added to polymer to lower its
glass transition temperature. They must be completely compatible with the crude
rubber and other compounding ingredients because incompatibility will result in poor

processing. Plasticizers are incorporated for various purposes:as an extender to make
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the final product less expensive, a processing aid to facilitate the manufacturing

operations of the compounded rubber or a modifier of certain vulcanizate properties.
2.2.2 Reinforcement

It is necessary to reinforce the siloxane polymers used in elastomer
applications. This is the case since the typical linear diorganosubstituted

polysiloxanes used in commercial, silicone elastomers are amorphous, flowable

polymers at room temperature and hay pximately 0.34 MPa tensile strength

when crosslinked. It is indeg rength can be increased by the

addition of special silica fillgis=Fig he-work of Polmanteer and Lentz show

that the strong bonding of 1 is related to the combination

of chemical and physicaldbonds T h¢ physics ; are strong and include both Van

der Waals forces and hygdfogen bonding-of 2 S with polymer silanols and

the polydimethylsiloxdnie ghain oXygen atoms I‘\,
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Figure 2.4 Stress-strain curves to rupture for silicone elastomers filled with low
and high structure silica. (Polmanteer, 1981)
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Most commercial high-consistency silicone elastomers contain a combination
of several fillers to give a specified combination of properties for a particular type of
application. For example, iron oxide and other metal oxides are often used in small
quantities to improve such properties as thermal stability and compression set or to
impart a particular color to the elastomer. Extending fillers are often used to improve
the processing properties and reduce the cost of the elastomer. Typically, lower-
consistency silicone rubber compositions such as those used for RTVs and LSRs

contain lower levels of fillers than hlﬁ stency rubber compositions.

2.2.3 Vulcanization

gel forms when ther
average molecules (on

crosslinking gives an ela

both with crosslinks formed by, EheTn cal bondi

i _,-i"!' "J" -?..“" ﬁ‘-
with crosslinks fo‘rﬂed by physwal “f)on"ﬁ including- entanglements between

bonds between estzf?ishéd—- polymer cul ora)y branching during the
polymerization process. grosshnkmg affects many mechanical properties of polymer.

As crosslinki eEm e ultimate properties
of tensile sﬁeﬂnﬁﬁ ﬁa:ﬂl h gene ?ﬂﬂoz xima while the strain at
failur olyen \Eﬁu mjs such as the
dleICCEGWia m S ij%dﬁiﬁmﬂfj of elastomer
networks also depend on the extent of crosslinking. Process and environmental
conditions that affect the extent of crosslinking clearly affect all of these properties.
The chemical routes to be described for the vulcanization of silicone elastomers will

be confined to the primary technologically important systems: (1) elevated

temperature cures (2) room temperature vulcanizing (RTV) mechanisms.
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Elevated temperature cures
Peroxides

The most commonly used vulcanizing agents for the heat curing silicone
rubbers are organic peroxides. Used in very low concentration, the action of the
peroxides appears to be that free radicals, produced as the peroxides reach their

decomposition temperature, capture atoms from methyl groups of adjacent

%

linear molecules, thus causing icone gum becomes a true resilient

rubber as a consequence:

i
== —S$i—0 —Si —0 —
CH ;
+2 ROH
C|H 3 4 Fd |
—O0 —Sli =0 —si—d W —5i—0 --sa|—o =
CH ;
The most popular o g agent is 2,4-dichlorobenzoyl
peroxide. It has the lowest vul ;.;.,, o {e ature combined with the highest rate

a very low vapor pressure,

Benzoyl pero@e anoth pera c@lyst that may be used to
vulcanize all types of sﬂiecg? and ﬂuorosﬂl&gne compounds. It has fewer tendencies

to scorch thaﬁﬁﬂ@eﬂmﬂﬁ@ﬂ ﬁjis better in molding

very thin sectiohs. However, because of its tendency to generate volatile gas, it is not

MACk: W Oy Mo (1 )




13

Hydrosilation
Crosslinking can also be accomplished with a hydrosilation reaction whereby

a Si-H group will add to a vinyl group. A platinum catalyst such as chloroplatinic acid

is normally used in this reaction (Figure 2.5)

=Si—H + CH,=CH-Si= —> =Si—CH,~CH,—Si=

Figure 2.5 Hydrosilation reactio W%l)

mixed with a silicone polyimer having several ¥ " groups attached to silicon atoms.

several Si-H groups in it is

Eﬂed with low consistency

Room-temper:
silicone elastomers. Tg:/ are now available i 1n a range o
and easily po ﬁ e range and in many
applications ¢ ‘@ﬂﬂ ma(ﬂﬂm imetlmes in a matter
of seconds. Moreover, room-température vulcamization can be fdivided into two

s W IANTIIEU NN IINE1R Y

8ne—Part Systems

1scosities varying from thin

One-part cure systems can be placed in one package and remain non-
crosslinked. When the material is exposed to a reactant, normally from the
atmosphere, a sequence of reactions takes place leading to the formation of crosslinks.
Moisture in the atmosphere is the most common reactant of one-part RTVs.
Atmospheric moisture first reacts with hydrolyzable groups attached to silicon.
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(Figure. 2.6). The silanol formed can condense with either another silanol group or a
hydrolyzable group on silicon, thus forming a Si - O - Si linkage and a condensation
by-product (Figure 2.7). In most instances these by-products are acidic or basic
enough to act as catalysts for the crosslinking (Si - O - Si) forming reaction. The two
generalized reactions just described can be applied to a wide variety of specific
hydrolyzable groups. Suitable hydrolyzable groups such as: acyloxy, oxime, alkoxy or
amino. Although a specific catalyst may be applicable to only a certain type of RTV,

lead, amines, amine salts, titanati

'n'-

Figure 2.6 Hydrolysis
HO—H
=si-OH + | or —» i= + o
HO—X

Figure 2.7 Condensa?ﬂn

TW‘*‘ﬂ'%E‘J"ZI‘ﬂEJﬂSWEJ’Wﬂ‘i

Since thlS system cure readily, even at rgom temperature,swhen the three
neces sty Yomobr Skt rimker i cob@hifefpotymer ana
platinun’ catalyst, ére mixed tbgéthér, it is referred to as a two-pért system. In other
words, one part contains two components and the two parts contain three necessary
components. When vulcanization is desired, the two parts are mixed together. Hence,
systems involving the mixing of two components followed by vulcanization are
referred to as two-part curing systems. Condensation reactions can be used in two-part
RTV systems. The reactions normally involve a functional chain end and a

polyfunctional compound as shown in Figure 2.8
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CHy cH, CH  CH;
|
—0— Sl—OH + CHO— Sl— ——= —0—Si—0—Si— +CH;0H

Figure 2.8 End group reaction (lengthens molecule)

is to react a silanol chain end with a silicate

such as polyethylsilicate (reaction ¥ e 2.9) This cure system was filed
with the U.S. Patent in This is si sation reaction catalyzed with
fatty acid salts of tin, lead, cof xane linkage and ethanol. Thus
the silicate, being pol ain ends to tie the network
together. The catalyst g normally not added until it is
desired to have the cro : “ qulre atmospheric moisture,
hence deep section ctires ai siblg, However, i eferable for the alcohol by-

product formed to rapid! i it “of the system so as not tot retard the

crosslinking reactions via$ila

G
HO—S i » sli—o—— CoHy
CH, 9

ﬂﬂﬂ’)'ﬂﬂﬂ‘ﬁﬁﬁﬂ‘i

CROSSLINKED RUBBER &, + ;lil

YRI1ANNIEUNNAINE

Figure 2.9 Condensation crosslinking chemistry. (Polmanteer, 1981)

2.2.4 Vulcanizing Agents

Vulcanization is the process by which the elastomer molecules become
chemically crosslinked to form three-dimensional structures having dimensional

stability. The effect of vulcanization on compound properties is shown in Figure 2.10
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Vulcanizing agents affect the rate of vulcanization, crosslink structure and final

properties.
Tear Strength
Fatigue Life
Vulcanizate Toughness
Property
Permanent Set
Friction
Figure 2.10 Vulcani =Y xtent of vulcanization
(Polmanteer, 1981) 1
el
2.2.5 Influence of Crosslink Density-
OEEL
Mechanical ropemsrﬁfw nd strongly on crosslink density

strength, pass throug -= maximum as crosslinking is inereased. The effect of a few

crosslinks is Iﬁﬁh t, creati hed molecules and a
broader molf]l ﬁdﬁﬁm m}iﬁ for these branched
molecules to dlsentangle and hence; strength increase. As crosslinking is increased
furthéof T b § F P BB b i e eprvorke forms
Some chains may not be attached to the network, but the whole composition no longer
dissolves in a solvent. A gel cannot be fractured without breaking chemical bonds.
Thus, strength is higher at the gel point, because chemical bonds must be ruptured to

create fracture surface. However, strength does not increase indefinitely with more

crosslinking.
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When an external force deforms an elastomer, part of the input energy is
stored elastically in the chains and is available as a driving force for fracture. The
remainder of the energy is dissipated through molecular motions into heat, and in this
manner, is made unavailable to break chains. At high crosslink levels, chain motions
become restricted, and the “tight” network is incapable of dissipating much energy.
This results in relatively easy, brittle fracture at low elongation. Elastomers have an
optimum crosslink density range for practical use. Crosslink levels must be high

enough to prevent failure by viscous f t low enough to avoid brittle failure.

)
2.3 GELATION AND ULATION [6]

f N
A characterisM ' Wion is the presence of a
- NN
critical transition called 4 3 t change from a liquidlike to

a solidlike behavior. ion of (zero-shear) viscosity,

elastic modulus and ion), as a function of the

reaches a mass so large that it inferconnect: ry boundary of the system. A similar
: - I N
way to describe th;ilcntlcal_ transition is by sta gelation is defined by he
k |

percolation of the g ,

A | vulcanisation V
‘o ' B.fransition

AUANYNITHEINT
ARNaeNgE InEaY

~<+——— liquid state ———>-3—— amorphous solid state —c=
crosslink density

Figure 2.11 Evolution of physical properties of the thermosetting polymer

as a function of conversion of reactive groups [7]
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Dynamic mechanical measurements describe both the liquid and solid sates. A
freely oscillating torsion pendulum can be used to provide shear moduli data of solid
specimens versus temperature or time. During such experiments, storage G'(®), and

loss G"(w) shear moduli and their ratio, the loss factor tand(®), are obtained:

Q
X
e
N’
[

G'(0) +iG"()

g
(oZ]
I
Q
Q

Three typical regions are ob ring ika, 1991)

(a)  The prege
G", corresponding to.&

ncrease in the loss modulus,
amic viscosity due to the
increasing molar mas orage modulus, G', is very
low and tends to zero a: re [0 th s region the loss modulus, G”, is higher

than the elastic modulus

(b)  The “cntical rggion” -F 2 SL dden increase in the storage
5 jod 1 .
modulus, G', by serveral orders of magnitudesAt the intersection of the G'(t) and G”

(t) curves, tan & = 1. After t -'P'-T- oint, G' becomes higher and tan &
becomes less than 1. The vise: ; minant in the liquid state. For this
reason, the G'- G” *"f’g:v"—--?-=m“‘7“‘=":';a 4 as the gel point (Tung
and Dynes,1982).

(c) Finally,mn the postgel region, a slow incgase in G’ that levels off in
the final stag t ‘i is ﬂl : fully cured rubbery
network. Addm:uﬁri mgt'mt eﬂﬂo:]en xture has the highest
final mod d the lowest final loss factor ( use it foris'the most perfect
RS T T
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2.4 PHYSICAL AND MECHANICAL PROPERTIES [8]

2.4.1 The Measurement of Physical Properties

The physical properties of silicones are useful for their identification,
determination of purity and characterization of structure. In general the same methods

used to measure physical properties of nonsilicone materials can be used for silicones.

ical properties of silicone compounds are
first, it is sometimes diffic % ample and second, many of the

common organosilicon m LS ‘/s

contamination during routine-r i paratus.

The two major difficulties in meas!

t be handled with care to avoid

PDMS species, and for narrowJ weight fractions of higher molecular weight
polymers. The pheiiy oxanes ‘and ~ lymers have similarly
wide viscosity ranges/The poly S [fected by molecular weight

distribution and by bec . 8. Commeércial fluids may contain a

wide range of molecular‘.weights resulting from the manufacturing process, or from

s oGS AN TNYINT
QRN IUNRIINYIAY
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Molecular Wt., Mw

Figure 2.12 Relationsh etween viscosity, of IS and weight-average

molecular weight.

Important pro Sarti pendent on the molecular

weights of the polymer molecules The molecular welghts in turn, depend on the type
and extent of f rocessmg such as the
removal of co mm‘ﬂﬁﬂ ﬂmjﬂlﬂ ending. For example, in
silico rs, low- im ofte include cyclic
ool St Mo e D A b

values become larger with an increase in the extent of the polymerization reaction,
with a decrease in the concentration of chain-terminating species in the monomer
composition, or with removal of low-MW cyclic and linear silicone species. The

molecular weight distribution (MWD) of a polymer sample describes the relative

numbers of molecules of all MW values.
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Effect of MWD on Properties

Performance and processibility of silicones and other polymer products
depend on combinations of their basic mechanical, thermal, interfacial, and
diffusional properties. These properties, in turn, often depend on the MWD. The
strong dependence of the viscosity and shear thinning of undiluted PDMS on Mw.
When Mw exceeds about 35,000 for PDMS (its critical or entanglement MW) the

The viscoelastic responses 2 % . on D, as well as on the test
temperature, time of d . polysiloxanes, relaxation of
viscoelastic deformatioz sanic polymers with their carbon

chain backbones. Thus L tower Miw, the deformation time must be short

MWD before curing

form the cross-links,

e functionally active and

becomes the distribution of

o

which cannot support deform CSSES, -t

BEL
A
-

elastomer.

2.4.1.3 Serviceg,ifeu

LI
it

PolysiWﬁa wtm%% Ejﬁ]xﬂ differential thermal
analysis(DTA),sare given in Table 2.4. The estimated service life of dimethylsilicone
elastomer: eyate A ﬁ 7 ﬁ e elastomer
commamﬂeﬂ,ﬁﬂmﬂfﬁ:l sﬁﬂﬂe table toward
degradation than the polymers without fillers and additives. Oxidation stability

depends on the pendant organic groups. The decreasing order of stability is CsHs>
CH3>C2H5>C3H7>C2H3 (v1nyl)
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Table 2.4 Polysiloxane degradation temperatures

Silicone Oxidation temperature
In dry air,’C
ethylmethylsilicone 240
dimethylsilicone 290
methylphenylsilicone

375

Table 2.5 Estimated se silicone &
iy Ty -

Temperature CC)*" | "« Perio t&}?ﬁm\\

90 a9 4 40
121
150
200
250
315

Silicone rub g;'“'!'“"':""!_ sidue is stiiveous s father than carbonaceous;

it has some structurat-integ ctor-ot electricity. The limiting

oxygen index for a typical formulation is 20. Flame-retatdant versions with limiting

/1o 1631 () 1T
U

2.4.2 The Measurement of Mechanical Properties. o/

JRAINITUNIINYA

Stloxanes are useful in such work because crosslink can be introduced and
chain lengths determined in a carefully controlled manner by applying various cure
chemistries. Stress-strain isothems in elongations up to rupture behavior have been
investigated.

Hookean elasticity [10]

The modulus is the most important strain mechanical property. It is the key

indicator of the “stiffness” or “rigidity” of specimens made from a material. There are
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three major types of moduli. The bulk modulus (B) is the resistance of a specimen to
isotropic compression (pressure). The Young’s modulus (E) is its resistance to
uniaxial tension (being stretched). The shear modulus (G) is its resistance to simple
shear deformation (being twisted).

Each type of modulus is defined in terms of the stress required to deform a
specimen by a strain () in the limit of deformation of the type quantified by that

modulus. For example, Young’s modulus is defined by equation 2.1

(2D

Materials with ore force or stress to obtain a

given elongation th: e elongation or strain is

defined as equation 2.

e 22)

5 has been applied

Toughness is-the result of the ef fects of molecu .._,,- ors related to the nature

. e« Y |
of the materials. A V, g ese'factors by means of a set
of new quantitative --1' ture-property relationships, which will be summarized later.
Chemical crosslinks, whiChsare a special type.of molecular feature that can also affect

e tughmess s nintandrintz| ] 3 Y 2V 713

Curve for typical silicone rubober is shown g Figure 2.13. It Ql} a soft material.

SRR BT T 2 e
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Stress

Because PDSS is relativel: :{' h human body, medical grade

elastomers, gels, and-#¥h e used for a wid i ;1 pf medical devices and

therapeutic agents. D D de' ‘ ery systems, and adjunct

devices such as rubber tubmg for extracorporeal blood circulation, catheters, and the

like. '1'"herapenﬂ ﬁxﬂﬂ%rﬂmmeﬁﬁhysmlogwaﬂy active

materials.

N o) O TR

been strong Such materials are of two categories: organosilicon compounds that are
themselves bioactive, and conventional bioactive materials (drugs) that have been
modified either by inclusion of a silicon bearing moiety, or by direct substituted of Si
for C in the molecule. Even PDMS-based materials can evoke a “foreign body” tissue
reaction under certain conditions. This reaction seems to be related to particle size and

surface texture of the foreign body rather than its chemical constitution.
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2.5.2 Mathematical Modeling of Human Breast

Many researchers have proposed imaging the stiffness distribution in breast
tissue to enhance diagnosis of disease. They suppose that cancers are much stiffer
than the surrounding tissue. In order to estimate the elastic modulus of the tissue from
the punch indentation tests we will assume that the different types of tissues (tumor,
normal glandular, fat etc.) can be modeled as homogeneous, and that their behavior in

compression can be modeled as a ly isotropic. Further, we will make the

/wt the tissue is approximately
L

In order to determing the-elasti ' ue at various strain levels we

assumption, as have other

incompressible.

need a mathematical me

in the breast, but 10€ Vi
in the breast, bu a\?ﬁgcvﬂ

glandular tissue, a d-can :
different tissue types-l re use V ss-qain curves obtained from

uniaxial loading of breast tissue. The elastic modulus E, for tissue type » is given as

we T NUNTNENT
RIANTUNRINIAY
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Table 2.6 Material properties of human skin [13]

Material properties Values Units

* Poisson ratio 0.49999

Glandular tissue: Egjaa(€giand)= Dgiana. € 8land “gland N/mm’
*  boland 0.0151 N/mm’
* Mgjgnd 12.3

Tumor tissue: Eumor(Eumor)= Dumor.€™ g Stumor N/mm?
*  bumor® 1/ 0.0379 N/mm’
*  MmMymor P \“ 199

Fat exponential model: E; b 2 N/mm?
o b 0.00446 N/mm’

" N, 7

Updated fat model: Ey, ,ﬂ /[ﬂ i ‘u&.\ s

15.5 %

* climit Illmﬂk"&&\

where
A=((81imit -mgland —1) Oglang
B=((2 - Elimit -Mgiand)- Ogitina.€}

C= bfat %'i:!.p = _ 4

Skin model: Egin(€rr) = a; &ﬁ* =

e 2,(0<esin<0.54) ' = 3.43 N/mm?
o ay(0.54<Esn<0.68) i/ i 28.89 N/mm’
o a3(0.68<gu, <o 157.13 N/mm’
e Skin thickness | === 1.0 mm

= F B —
Notes:" Ductal carcmmn

* Poisson's ‘uﬁm mg ﬂﬁbjlﬁﬁulus G as the shear
modulus; and oduli are measures
of stiffness. They are ratios of stress to strain. Stress is force per mpit area, with the

aneolb) PGP VI E TR E
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