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I NTRODUCTI ON

Hydr of | uor ocar bon el ast omers, ASTM desi gnati on D1418-FKM are
produced domestically by Dupont and 3M Conpany under the trade nanmes of
Viton and Fluorel. FKM el astoners have been extensively studied, and anple
publ i shed information is avail able both from suppliers and from journals

such as Rubber Chenistry and Technol ogy (RC&T). This paper deals primarily

with interactions resulting fromincreasing wei ght-per cent of fluorine and
i ncreasi ng nmol ecul ar wei ght of FKM el astoners in the "sour" hydrocarbon
environment, not previously reported. Wth a few exceptions, nost of the
data utilized are available from RC&T and the Rubber Division's book

"Sci ence and Technol ogy of Rubber.™

EXPERI MENTAL

Early work on FKM fornul ati ons had indi cated high nol ecul ar wei ght pol yners
(FKMLC) had superior mechanical properties in gas-liquid refrigeration
applications. Initial testing in the sour crude environnent confirned this
observation. W believed increasing weight-per cent fluorine elastoners woul d show
further inprovenents, a fallacious assunption.

Backbone cl eavage was presunmed and subsequently proven as anot her
incorrect assunption®. This led to a nore rigorous eval uation of nol ecul ar
wei ght rel ationshi ps and physi cal modul us characteristics, key properties of

the original FKM seal conpounds.



DI SCUSSI ON AND RESULTS

El ast omer s- The Panor ama

Mechani cal properties.-"The strength and extensibility of an el astoner

depend on its overall viscoelastic properties.” This is part of Smith's
introductory statement in his paper, "Strength of El astoners-A Perspective."?
Table | fromthis work neatly defines the elastoner we are studying. Strength
and toughness are desired physical characteristics, one created by nol ecul ar
nobility and the other by nolecular immobility, a two phase condition, not
avai |l abl e i n hydrofl uorocarbon (FKM el astoners. FKM el astoners are categori zed

according to Smith as: filled, single-phase, non-crystalline materials

Physi cal state and tenperature.-Figure 1® is an idealized plot of shear

nodul us versus tenperature. This curve represents all single phase
non-crystalline, filled or unfilled, crosslinked el astoners. The hi ghest
shear value represents the fracture energy of a typical crystalline material
The 1000 fold decrease in shear nodulus with increasing tenperature is a
typical characteristic of this category of elastoners. Logically, increasing
nol ecul ar wei ght increases the nelt tenperature, and crosslinking extends the
rubbery pl at eau.

Fi gure 2, nodulus (Young's nodulus E) vs. tenperature is a plot of rea
worl d FKML data* representing the circled area in Figure 1. Shear nodulus is 1/3
to 1/4 Young's nodul us (dependent on filler loading). This transition zone should
be avoided in dynam ¢ applications

The dramatic degree of change in shear nodul us versus tenperature
poi nts out the viscoelastic nature of elastoners. A nore conprehensive

background is furnished by reviewing the failure envel ope concept:



Fai | ure envel ope concept.-Snith>% in some |andmark work, devel oped his

concept of ultimate properties, a major contribution. Earlier, WIllianms, Landel,
and Ferry, with their WLF equation, pointed out that all polynmers, regardl ess of
their chem cal structure, will exhibit simlar viscoelastic behavior at equal
temperature intervals (T-Tg) above their respective glass-transition tenperatures.
Smith has added to this concept by showing that the ultinate tensile properties of
a non-reinforced, anorphous, crosslinked el astomer can be characterized by a
failure envel ope which is independent of tine (strain rate) and tenperature.

Figure 3 from Reference 5 schematically illustrates the general effect of
strain rate and tenperature on the tensile, stress-strain properties of anorphous
el astomers. The lines originating fromO represent stress-strain curves determ ned
at various strain rates and tenperatures. The envel ope ABC connects the rupture
points. The rupture point noves counter clockw se around the "failure envel ope" as
either the strain rate is increased or the test tenperature is decreased.

QA represents cl assical stress-strain behavior. DE and DF represent
stress-relaxation and creep ternminating in an equilibriumstate. The dotted |ines
fromG represent stress relaxation and creep termnating in a potential rupture
node.

The stress-strain curves represent the nonlinear viscoelastic response of
an anor phous el astoner to an inposed strain, increasing directly proportionally to
tinme.

In nore recent work, Landel’ shows an interesti ng series of FKM
el astomer stress-strain curves (Figure 4) plotted logarithmically. The curves,

progressively displaced upward as the tenperature i s decreased,



are termnated at a point representing rupture. The family of curves
represents a decreasing tenperature run at one strain rate with the
tenmperature nornalized to Kelvin. By plotting an envel ope around the rupture
points, the curve in (Figure 3) is now emerging.

Fai l ure envel ope.-Smith's next approach was to run a non-reinforced FKM2

el astonmer and plot the |og of stress and strain at break, as shown in (Figure 5)
(as opposed to the previous (Figure 4), which was plotted as the log of stress
versus strain). The data points reflect 10 strain rates (from0.02 to 20 i nches per
m nute) for each of the nine tenperatures noted. Again, the famliar parabolic
curve is apparent. The data scatter in the |low tenperature area i s understandable
in light of the Tg curve (Figure 1) and the Meyer-Ferri curve (Figure 10). Both
figures indicate that the rubbery characteristic is becomng "blurred" in this
tenmperature range because mcrocrystallinity is appearing.

Filler reinforcenent.-Table | points out the contribution of fillers to the

source of strength of elastomers. At elevated tenperatures, the contribution
becones greatly nininized® as evidenced by Figures 6° and 7'°. The data, devel oped
by Greensnith, Millins, and Thomas'! and plotted by Gent, represents critical
fracture energy G, or critical strain energy release. The validity of a high
tenperature design nodel based on stress-strain properties for an unfilled,

si ngl e- phase, non-crystallizable elastonmer is nore apparent after review ng these
figures. There is an obvious contribution by specific fillers at higher
tenmperatures, but it is the contribution toward hi gher shear nodul us rather than

true stress at break.



Crosslink density.-Increasing crosslink density affects physical properties in the

general i zed manner described by Figure 82 Dependence of true stress at break for an FKMLC
(hi ghest nol ecul ar weight) elastomer with varying dianine curative levels is illustrated by
Figure 9. The diamnes are not as efficient as the newer bisphenols. The physica
contribution of chain entanglenents is very apparent. The peak stress at break val ues are
formul ati ons that woul d be consi dered "undercured" by conventional conpoundi ng standards

Supplier data and other references®?®

give anpl e technical details of crosslinking
chem stry. Qur interest is primarily in the devel opment of hi gher-nodul us while optim zing

ot her various critical physical properties such as tear strength and conpression set.

Theory

Rubber elasticity.-"It is now well established that the stress in a

deforned rubber originates within the chains of the network. Inter-chain
interactions contribute negligibly to the stress ."! (Figure 10) from
Reference 18 illustrates the Meyer-Ferri experinent which hel ped to establish
the inportance of entropy as the defornmati on nechanismin rubber. The third

|l aw of thernpdynamics is essentially satisfied by this experinent,
illustrating that force is directly proportional to tenperature using absolute
(Kelvin) tenperature as a base. Thernodynanmics is thus firmy established as a
contributing discipline for the understandi ng of other polyneric responses.

I nternol ecul ar forces.-Internolecular forces are the attractive

forces between two nol ecul es due to electrical inbalances. W are



considering the three major internol ecular force conponents which
control physical strength, thernmal properties, and solubility
(compatibility).

Di spersion (London) forces.-0; , are conmon to all matter. They are

omi -directional and are a nmajor contributor to the physical properties of
materials. They are the only internolecular force in non-polar materials. The
i ndividual attractive effect is relatively insignificant but cumulative with
i ncreasing nmol ecul ar weight. Table Il illustrates that a change in physical
state froma gas, to a liquid, to a solid, is the direct result of dispersion
forces.

Di pole (Keesom) forces. -9,, also called orientation-electrostatic forces,

are created when the vector sunms of the various bond angl es do not cancel,
creating a net dipole. Methanol is an interesting nodel: two gases conbine to
create a liquid, (Figure 11). Dipole forces have a strong orientation effect often
creating geonetric species such as dimers, trinmers, tetramers, and pseudopol yners.
The nodel illustrated is conplicated by a third internol ecular force, the hydrogen
bond, Figure 12.

Charge transfer forces. -0, , is a catch-all contribution (including hydrogen

bonds) of a series of smaller internolecular forces, all relatively directional
like the dipole force. An interesting effect is illustrated in (Figure 13). CH, and
CF, are symmetrical, non-polar nolecules, the boiling points dictated by dispersion
forces alone, and the difference due to different CH and CF bi ndi ng energies.

Fl uori ne substitutions of hydrogen raises the boiling point due to HF

i nteractions. The highest boiling point is for CHF,, illustrating the highly

directional nature of the hydrogen bond.



Wei ght - Per Cent Fl uorine

PTFE pol yners. - PTFE (pol ytetrafl uoroethyl ene) was the first totally
fluorinated (perfluoro)/polymer (76 weight-%fluorine). PTFE represents the
maxi mum chemi cal and thermal stability available in an aliphatic carbon
backbone pol ymer. The "fol ded chain" nol ecul ar architecture, Figure 14
precludes a rubbery phase because of the high per cent of microcrystallinity
(50-70% .

FKM el ast oners. - The rubbery anal ogs, FKM el astoners, are created by

pol yneri zati on of two or nore fluorinated nononers subsequently referred to as
structural units such as vinylidene fluoride (VF,), tetrafluoroethylene (PTFE),
hexaf | uor opropyl ene (HFP), and perfl uorovinyl nethyl ether (PVME). The bul ky
side groups on the HFP (-CF3;) and PVME (-QOCF;) do not allow fol ded chain
structures, and the randomcoil structure results. A Tg bel ow room
tenperature, less than 30% mcrocrystallinity and a randomcoil structure are
m ni mum requirements for el astomers as we know them 2°

Fl uori ne. - Wi ght -per cent fluorine in FKM el astoners ranges from 66%
to 73.9% Table Il shows an estinmated wei ght-per cent of both fluorine and
hydrogen for the four generally utilized el astoners.

Hydrogen fluorine nunber ratio is also noted. Ml ecular weight
di fferences (19 versus 1) understates the effect of hydrogen, which has a

multiple role in FKML-3 el ast omers;



Hydrogen - Good effects
Cure site for dehydrohal ogenati on nechani sm
I mproves | ow tenperature flexibility.
Better physical properties at internedi ate tenperatures.
Hydrogen - Bad effects
Lowers thermal stability.
Attracts hydrogen bondi ng nol ecul es (nethanol, etc.).
I nherent site for acid-base interactions.

Tenperature-Fl uorine % -1ncreasi ng wei ght-per cent fluorine raises the Tg

because of nol ecul ar size and el ectronegativity differences, Table IV (hydrogen is
strongly positive, fluorine strongly negative). Tg is the point of change in the
sl ope of the curve of volume versus tenperature, Figure 15%'. It is generally
accepted that all single phase, anorphous polynmers have 0.025 (2Y,9% free vol une
at Tg?2. Conparison of physical properties of nost anorphous, single-phase

el astoners at equival ent tenperatures corrected to Tg should give simlar results.
The WLF equation can be used to predict enpirically, with surprising accuracy,

property shifts up to 100°C above Tg.

Mol ecul ar Wi ght

Degree of polynerization.-Single-phase el astomers usually reach opti num

processing properties at about 1000 structural units, Figure 16%. Lower and

hi gher degrees of pol ymnerization (nol ecul ar weight) are often available, with a
range of 500 to 2500 units not uncommon. Sone typical estimated degrees of

pol ynmeri zation are listed in Table V. A plot, Figure 17, of four FKML pol ymers

havi ng i ncreasi ng Mooney vi scosity



(ol ecul ar wei ght) shows inprovenents in tensile, elongation, and conpression
set. MLOO nodulus and duroneter are relatively unchanged
Conpression set inproves with increasing degree of polynerization

because of chain entangl enents.

Physi cal entangl enents. -Additi onal entangl enents are created

by crosslinking, Figure 18%. Kraner and Ferry?® note that a typical EPM (56 nole
% et hyl ene) has a physical entangl ement every 50 structural units. Polystyrene
has a physical entanglenment every 175 structural units. FKML pol ymers m ght have
a physical entangl enent every 150 structural units, and FFKM every 175
structural units (due to higher bulky fluorine ratios).

The concept of physical entangl enents does not lend itself to classica
sol utions. High nol ecul ar wei ght crosslinked pol ymers have properties that
normal |y would be predicted by a crosslink density twice as high as the known
val ue.

Mol ecul ar wei ght effects.-The effect of increasing nol ecul ar wei ght

on tensile strength is apparent at higher tenperatures. Noted later is the
ef fect on gas-liquid-elastoner interactions resulting in inproved resistance

to blistering and fracture.

Gas- Li qui d- El astonmer | nteractions

Fai | ure nodes.-The failure nodes of rubber components through
spongi ng, blistering, and rupturing are |ogically caused by diffusion of
gases into the elastonmer. The idea of diffusion is intuitive and is readily
acceptable, in view of all elastoners having 2Y,%void area at Tg, noted
earlier. Van Amerongen's classic work on diffusion® points out that the

di ffusion coefficient is dependent on nol ecul ar



construction, pressure, solubility and Tg. Sinplistically, we will define
gas-liquid-elastoner interactions by stating: DI FFUSION creates the
problem and SOLUBILITY exaggerates the problem

Diffusion.-Diffusion®® is the net transport of material within a single
phase in the absence of m xing. Experiment and theory have shown that diffusion
can result from pressure gradients (pressure diffusion), tenperature gradients
(thermal diffusion), external force fields (forced diffusion), and concentration
gradi ent diffusion.

Solubility.-Potential solubility of the C0, and H;S gases in
el astoners was reviewed by the solubility parameter concept.

Sol ubility paraneter concept.-Data for solubility paraneters, d , was

devel oped on the basis of the Hildebrand® ® regular solution theory,
usi ng the Hansen® nodification. This nodification considers & to be the

sum of three conponent forces: O = 8y + 62p + &% where

&y = dispersion (London) - common to all matter,

9, = dipole (Keeson) forces - created by permanent dipoles, and

& = charge transfer forces (including hydrogen bonds).
Hi | debrand states that a difference of four or less & units {(J/m% Y2 10 % bet ween
solvent and solute indicates a potential solubility interaction. Solubility
paranmeter data for Table VI and Table VII were derived by using the nol ecul ar
addi ti ve constants technique as advanced by Fedors® from unpublished data by
Beer bower 32,

Q0, solubility.-C0, with 8=15.1 has a theoretical conpatibility mx wth FKM
through FFKM 4, appearing nore soluble with increasing weight-per cent fluorine. In
terms of nolecular thernodynamics, it has a doubly degenerate bendi ng node® (nmeaning

that it vibrates both perpendicul ar
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and parallel to a plane surface), which makes it a very nobile nolecul e.

H,S solubility.-H,S with 8=22.6 al so shows theoretical conpatibility
decreasing with increasing weight-per cent fluorine. Previous testing by Seals
Eastern had indicated that increasing weight-per cent FKM el astoners equival ently

conpounded were | ess resistant to sour crude blistering.

Concl usi on

The contradictory results on H,S (theoretical solubility versus actual
data) lead us to believe we had both a physical problemof diffusion and a

t her nodynani ¢ conflict.

Physi cal problem|layers.-There is relative agreenment that a

sol vent -sol ute diffusion mechanismfor liquids is one or nore diffusion fluxes
created as gas-liquid transports into the elastoner. This phase phenonenon is
descri bed variously as:

"Plane of no net nmolal flow' for binary mixtures?® ,

t he t hernodynami ¢ concept of a hypothetical fixed

ref erence plane, Figure 20,

"Integral surface layer concept of sublayers"® due to

solvent-solute interaction (Ueberreiter-1968),

"Menbrane osmonetry concept "¢ whereby el astoner serves as

bot h menbrane (surface) and sol ute (body).

In all cases, the equilibriumgas-liquid conbination diffuses into the
solute (elastonmer) until equilibriumis again attained. A change in equilibrium
causes a reverse flow, rate dependent on solubility. The boundary |ayer, the weak
menber, is dependent on nol ecul ar wei ght for physical strength through chain

ent angl ement s.

11






Fai | ure Mechani sns

Critical flawsites®. - Natural flaws, 40 pmor |less, inevitably occur

in elastoners. Tear propagates fromthese sites when a | arge enough stress
is applied. Many conpoundi ng ingredients (Ex.-litharge-a typical FKM acid accepter)
have particle sizes in this range so potential fracture preconditions are well
establ i shed.
Table VI11% is a conprehensive cross reference offering a perspective
of size relationships between elastoners, fillers, and other ingredients.
Assuming a natural flaw site, Figure 19%, is occupied by diffused gas, an
equi li brium change creates a positive internal pressure. At a critical pressure
(P),the result is a probable blister or rupture node occurrence.
Blistering.- Blistering, usually associated with a highly elastic
solid, results when the followi ng conditions are net:
a. gas supersaturated,
b. duroneter-|ow (I ow shear nodul us),
c. crosslink density-1ow,
d. el ongation-high (>200%.
"Equation(1l)" appears to adequately describe this occurrence

(E=Young' s nodul us).

P.= 5E/ 6 (1)
Fracture.-Fracture (rupture) is the failure node of a linear elastic
solid. Gent suggests this nechani smoccurs when the follow ng preconditions

exi st :

12



a. duroneter-high (high shear nodul us)
b. crosslink density-high,
c. elongation-1ow (<100%
"Equation(2)" is suggested by Gent to nunerically define this node
of fracture.
P. = 4/3 AyOp (2)
Log A,Op (true stress at break) values are available fromFigure 9. The
rupture failure node is typical of high nodulus seals. The surface "flaking" or
I enticular failure probably occurs with an equilibriumshift before steady state
di f fusion occurs. The deeper internal fissuring, normally parallel to the
di ffusion plane, is assuned to initiate at a natural flaw site near the "plane of
no net molal flow', (Figure 20%°), during an equilibriumshift. The failure
proceeds as a high speed propagation mechanisnf! until there is sufficient

internal energy dissipation to arrest the crack growth

CONCLUSI ONS

Di ffusion of gas into elastoners is assumed unavoi dabl e due to physica
and thernodynam c interactions. On deconpression, the blistering or rupturing
isinitiated at naturally occurring flaw sites. Resistance to blistering is a
function of pressure, flaw size, and el astonmer shear nodul us. Shear nodulus is
the only variable we have control over. Figure 21, devel oped by Gent* |, is an
excel l ent story describing graphically the interactions of the three
vari abl es. To vary shear nodul us, the technol ogi st can vary crosslink density
and filler type. Increasing nolecular weight is predicted to increase fracture

energy*® and has been verified by functional and field testing.
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NOVENCLATURE

C Cel sius tenperature

E Young' s nodul us

Ep el ongati on at break

G shear nmnodul us

G critical fracture energy (critical strain energy)
K Kel vin tenperature

Pe critical pressure (elastic instability)

ro radius-original (internal flaw or crack tip)

RR pl ane of no net nolal flow

Tg glass transition tenperature

T tenperature

\Y, vol ume

o) sol ubility paraneter

&4 di spersion force paraneter

on hydr ogen bond forces, paraneter

O, orientation-electrostatic (dipole) paraneter

€ strain, elongation % 100

€ strain at break

A Extension ratio (length of the stretched speci nen per unit

initial |ength)

Mo Extension ratio at break
(o} stress (load per unit initial area)
gy stress at break

ABBREVI ATI ONS

FKM hydr of | uor ocar bon el astoner (D1418)
FFKM per fl uoroel ast omer (D1418 prop.)
FKML Il ow fluorine content
2 medi um fl uori ne content
3 hi gh fluorine content
FKMLA | ow viscosity (mol ecul ar wei ght)
B nmedi um vi scosity

C high viscosity
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TABLE |

Strength of El astoners

El ast oner type Source of strength
Si ngl e- phase non- Vi scoel astic processes
crystallizable Mol ecul ar net wor k

Orientation of chains
Filled, | ncreased energy dissipation
non-crystallizable Def | ecti on and bifurcation

of m crocracks Cavitation

Crystallizable Formati on and deformation

of crystalline domains

Bl ock copol yners Pl astic domai ns

TABLE |1
Bui | di ng Mol ecul ar Wi ght

By Adding CH 2 G oups

Chem cal Common Mol ecul ar Physi cal
For mul a Nane Wi ght State
CH, Met hane 16 Gas
G Hs Et hane 30 Gas
G Hg Pr opane 44 Gas
CaHio But ane 58 Gas
CsHi2 Pent ane 74 Li qui d
Ci7Hss Ker osene 240 Li qui d
CigHss Paraffin 254 Sol i d-soft
CsoHho2 Hard Waxes 702 Solid-brittle

CrooHz02 LMW Pol yet hyl ene 1402 Sol i d-t ough






TABLE 111

FKM El astoners - W. % Fl uori ne

W % F W % H Mlal % HF
FKM 1 66. 0 1.86 53.5
FKM 2 68.5 1.40 38.9
FKM 3a 69. 4 1.24 34.0
3b 70.0 1.14 31.0
FFKM 4 73.9 0.0 0.0
TABLE v
Glass Transition (Tg) vs. Fluorine Wt.-%
Fluarine-%
5%
[
FFKM
®
To% FKM3
®
FKM2
']
FEKM1
85X .
250K 280K 270K a*c 280K

Temperature
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TABLE V

Degree of Pol ynerizati on

FKM - Structural Repeat Units*
FKM 1 FKM3 FFKM
Mooney Val ue:
a Low 750
b Medi um 1100 950 400- 800
c Hi gh 2200
* estimated
TABLE VI
FKM Sol ubi l ity Paraneters’?
1 2 b 4
Oy 15. 4 14. 3 13.5 12. 1
5 6.8 5.1 4.7 2.9
o 9.2 7.2 8.8 3.5
o 19.1 18. 8 15. 7 12. 9

v &y + &, + &%

A. Beerbower 3/18/80

CGS Conversion (=) 2.046

based on Group Contri butions (unpublished)



TABLE VI |

Gas Solubility Paraneters

Q0> H:S CHy \
o 11.1 19. 4 9.2 8.1
S 7.2 8.2 0 0
On 7.2 8.2 0 0
o) 15.1 22.8 9.2 5.1

1. A. Beerbower 3/29/80
2. STP - 25°c

3. CGS Conversion (+) 2.048

23
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TABLE | X

Fai l ure Modes - Equations — Preconditions

Fai | ure Mode Fai |l ure Equation El ast omer Preconditions

Blistering PC - 5E/ 6 Lower duroneter,lightly crosslinked
el ongation > 200% highly elastic
gas supersaturated

Lenticular (rupture) P. = 4/ 3 opAp H gh duroneter, tightly crosslinked
el ongati on <100x, linearly elastic

1. A. Gent, Conversation 3/31 /80
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Stress-Strain Curves, Plotted Logarithmically,
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FIG. S

Fluoroelastomer Failure Envelope
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FIG. 7

Fracture Energy-G

Amorphous Elastomer-Reinforced
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FIG. 9

Curative Level Response
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FiG. 11
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FIG. 13

CH, - CF, Derivatives - Boiling Points
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FIG. 15
Amorphous & Crystalline Polymers
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FIG. 16
Tensile Strength vs. Degree of Polymerization
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FIG. 17

Molecular Weight - Physical Properties
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FIG. 18

Generation of effective entanglements during crosslinking.



Cavity Expansion - Triaxial Tension
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FIG. 21

Critical Pressure - Cavity Size - Shear Modulus
Relationships
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