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Introduction

The relationship between the mechanical strength of an

adhesive joint and the density of chemical bonds across the

interface is still somewhat uncertain. Previous work with

a simple elastomer layer bonded to a silane-treated glass

plate suggested that a direct proportionality exists under

near-equilibrium conditions, i.e., at low rates of detachment

and at high temperatures (1). The strength of the joint,

expressed as the work required to separate unit area of the

joint, varied from 1-3 J/mn when no covalent bonds were present

at the interface up to about 50 J/m2 when interlinking by a

free-radical process was inferred between reactive groups in

the elastomer and in the silane on the glass surface. However,

although the effect of chemical bonding was demonstrated un-

equivocally, and shown to be large under near-equilibrium

conditions, a quantitative relationship between adhesion

strength and the density of interfacial bonds could not be

established because no absolute measurements of bond density

were made. Attempts to carr-y out such measurements are in

.* progress now, using radioactive tagging techniques (2) but
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they are still far from complete. An experimental study has

therefore been carried out using a somewhat simpler model of

an adhesive joint that has several advantages, including the

major one that the density of interlinking between the two

components can be inferred with some confidence from the

known chemistry of homogeneous gelation (crosslinking) reactions

within elastomers.

The test procedure is as follows: two identical layers of

an elastomer are prepared, partially crosslinked to the same

extent. These layers are then pressed into intimate contact

and the crosslinking reaction is taken to completion, Figure 1.

By varying the extent of crosslinking before the layers are

brought into contact, the degree of chemical interlinking between

the layers can be varied over the entire rangefrom zero, when

two fully-crosslinked sheets were pressed together, up to a level

characteristic of the final density of crosslinking within a

sheet when the layers are brought together before any crosslinking

takes place. Moreover, the density of crosslinking within simple

elastomer systems can be determined by a variety of techniques

at various stages in the crosslinking process. In this way

the density of interlinking can be deduced for elastomer layers

bonded together as described.
9(
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3

Other advantages accrue with this simple experimental

system. Because the two-layer testpiece is symmetrical, no

shrinkage stresses are developed on warming or cooling.

Furthermore, the testpiece can be swollen uniformly by

compatible liquids so that the dissipative properties of the

elastomer are minimized, without introducing stresses at the

interface. Thus, measurements of the mechanical strength

can be made using swollen testpieces to test the hypothesis

t-hat a constant low value is attained in the absence of

mechanical energy dissipation within the adherends and that'

it is this threshold value which is directly related to the

degree of interfacial bonding (1).

Measurements of the threshold strength of adhesion are

reported here for two simple elastomers, poly butadiene and

poly(ethylene-co-propylene), with two crosslinking systems, a

peroxide recipe yielding intermolecular C-C bonds via a free-

radical reaction and an accelerated-sulfur recipe yielding

sulvhidic intermolecular bonds. Various amounts of interfacial

bonding were introduced between two layers of each elastomer,

as described above. The final degree of crosslinking of the

layers was also varied.

9 i
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Experimental

Two simple hydrocarbon elastomers were used in the

experiments. The first was an anionically-polymerized

polybutadiene (Diene 35 NFA, Firestone Rubber and Latex

Company), reported to contain 36 per cent cis, 54 per cent

trans, and 10 per cent vinyl butadiene units, and to have

a weight-average molecular weight of about 230,000 (3).

This material is relatively pure, non-crystallizing, and

has a low glass-transition temperature of about -900C,

so that near-equilibrium behavior can be obtained at

moderately high temperatures and low rates of deformation.

The second elastomer was an ethylene-propylene copolymer

containing about 45 per cent by weight of ethylene

(Vistalon 404, EXXCN Chemical Company). In this case, a

terpolymer (Vistalon 4608, containing about 3.2 per cent

of a diene comonomer) was used for crosslinking with

sulfur. The mix formulations used are given in the

Appendix.

Flat sheets about 0.5 mm thick were prepared from

each mix by premolding them for a few minutes at 800C

between films of polyethylene terephthalate (Mylar, Type

300A, E. 1. du Pont de Nemours and Company). After this

premolding step, the elastomer sheets were crosslinked to

a certain degree by heating them for a time t in a

heated press at 150 0C. After 24 hours at room temperature,

the Mylar films were removed and two sheets, crosslinked

to the same degree, were immediately pressed into intimate

contact and subjected to further

iii10' ' " ' " . .. . . : . .



5

crosslinking by a further period t2 of heating at 150
0 C.

The total time of heating tI + t2 was chosen so that the

crosslinking process was substantially complete after

this time, Figure 1. Only slight pressure was exerted

on the sheets during this second crosslinking stage, in

order to minimize elastic deformation.

Two measurements were employed to provide estimates

of the degree of crosslinking at various times of reaction

and hence of the degree of interlinking when two sheets

were brought together after partial crosslinking and then

crosslinked to completion. The first consisted of

measurements of the stress-strain relations in simple

extension. The results were plotted in the form suggested

by the predicted tensile stress-strain relation for a

material that conforms to the Mooney strain energy function

for rubberlike materials ( 4 ) ,

f/2A 0 (X - X-2 = C1 + C2/X (2)

where f is the tensile force, Ao is the cross-sectional

area of the test strip in the unstrained state, X is the

elongation ratio , i.e., the ratio of the stretched

length to the unstretched length, and C1 and C2 are elastic

constants. The tensile measurements were found to give

reasonably linear relations when plotted in accordance

with equation (1) and values of C1 and C2 obtained from

the intercept at I/\ = o and the slope are given in

Table i.
'p
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6

According to the kinetic theory of rubber elasticity,

the coefficient C is related to the effective number v of

molecular network strands per unit volume (5

C, = J- vkT, (2)

where k is Boltzmann's constant and T is absolute temperature.

Although the magnitude of the numerical term in this relation

is somewhat debatable, and v may include physically-entangled

molecular strands
as well as chemically crosslinked ones, the C, term

has'been found to be approximately proportional to the number

of chemical crosslinks, at least for one particular crosslinking

system ( 6) A sLnilar proportionality is assumed to hold for

the present crosslinking systems also.

The second method employed for studying the development

of crosslinking was by measuring the equilibrium degree of

swelling of the samples in n-heptane or benzene. Values of

the volume fraction c of rubber in the swollen gel are given

in Table 1, together with values of the number v of molecular

network strands per unit volume, calculated from c by means of

the Flory-Huggins relationship ( 7

= -A[ln(l-c) + c + XcZ ]/V 1 (c/ 3 -c/Z) (3)

where A is Avogadro's number, V, is the molar volume of the

et



7

swelling liquid and xI is the rubber-liquid interaction

parameter. Values of x, were obtained from published data;

the values used are listed in Table 1.

A series of samples was made with varying amounts -f

interfacial interlinking by varying the time t, and hence the

amount of crosslinking of the elastomer sheets before they

were brought into contact and the crosslinking process taken

to completion. The final degree of crosslinking of all the

samples in the series was identical, because the total cure time

t1 + t, was held constant. it corresponded to the fully-cured

state. Only the amount of interfacial bonding was varied, de-

creasing as the time tj increased. The extent of interfacial

bonding for each specimen was characterized by the increase

AC, in the elastic constant C1 , and by the increase Aj in the

number ,j of network strands per unit volume, as the time of

cure was increased from tj to t1 - t z .

A peeling test, shown in Figure 2 , was used to determine

the work G of detachment per unit area of interface. Variousa

rates of peel were used, ranging from 0.4 to 170 urn/s, and the

tests were carried out either at room temperature, about Z30C,

or at 90-1000 C. Also, some specimens were swollen uniformly

.4
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8

by a light paraffin oil before being peeled apart.

The work of detachment was calculated from the measured

peel force as follows:

G = ZX? F/w (4)a s
where % is the linear swelling ratio, ranging from 1.0 for

s

unswollen specimens up to a maximum value of 1.75, and w is

the width of the bonded interface. The factor %2 takes intos

account the reduced number of molecular chains crossing unit

area of interface Ln a swollen elastomer A)As will be shown

later, values of G for both swollen and unswollen samples
a

were found to agree closely when calculated in this way, pro-

vided that the measurements on unswollen samples were made

under certain conditions, namely, at low rates of peel and at

high temperatures. Contributions to the strength of adhesion

from viscous or dissipative processes in the bulk material are

minimized under these test conditions and the measured work

of detachment may be regarded as an inherent property of the

interface. It is termed here the threshold detachment energy,

to distinguish it from the (larger) values obtained under other

test conditions, i.e., at lower temperatures and at higher rates

of peel.

94
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9

Measurements of tear strength, or cohesive fracture

energy, were made for each fully-cured material, using a some-

what similar test method, Figure 3. Again, threshold

values of the tear energy G per unit area of the fracture

plane were determined by employing low rates of tearing,

high test temperatures, or samples swollen with paraffin oil (11, 12).

Equation ( 4 ) was adopted for calculating _ from the measured

tear force, the width w of the tear path being measured subse-

quently, by microscopy of the torn surfaces

'I
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Experimental results and discussion

(a) Polvbutadiene, crosslinked with dicumvl peroxide

Measurements of the work of detachment G are showna

in Figures 4 and 5 plotted against the rate R of peeling.

These measurements were carried out at a temperature of 100 0C

to minimize viscoelastic contributions to the observed peel

strength. At the lowest rates of peeling the results do,

indeed, approach asymptotically towards threshold values, G,

which range from 5 to 60 J/m , depending upon the degree of

chemical interlinking.

Further increase of the test temperature is neither an

effective nor a practical way to reduce viscoelastic contri-

butions to peel strength still further, since the internal

viscosity of polybutadiene is rather insensitive to temperature

at temperatures greater than 100 C or so, and the elastomer

itself becomes liable to thermal or oxidative decomposition.

Measurements were therefore made instead on selected samples

swollen with light paraffin oil. As shown in Figure 6 , the

dependence of the work of detachment upon rate of peeling was

greatly reduced for the swollen samples, but the extrapolated

threshold values at zero peel rate were approximately the same

.4
as before.

'7
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It should be noted that the measured work of detachment

for swollen samples has been corrected by the factor X, where

ss
X sis the linear swelling ratio (1.38 in the present experiments).

Thus, the numerical agreement obtained between the results for

dry and swollen samples confirms the extrapolation procedure

for determining the threshold work of detachment.

The time t, of crosslLnking the two sheets separately

before they were brought together for subsequent reaction for

a further time t, was varied from 0 to 90 minutes. As the

sheets were fully crosslinked after 90 minutes, the lowest

curve, t, = 90 min, in Figure 4 represents adhesion with little

or no chemical interlinking and the uppermost curve, tj = 0 min,

represents zero time of crosslinking of the sheets separately,

and full crosslinking together. In the second case the peeling

experiment consists of tearing through a single sheet. As

the energy required for tear propagation is formally equivalent

to a detachment energy, although larger in value, it can be

compared directly with the detachment energy for partially-

interlinked sheets.
.4

.4 In Figures 7 and 8, values of the detachment energy

Go under threshold conditions, obtained by extrapolating

'I
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experimental values over a wide range of peel velocities to

a zero-velocity condition, are plotted against the two measures

of the degree of chemical interlinking. In Figure 7, the

increase AC_ in the Mooney-Rivlin elastic coefficient C1 has

been employed as a measure of the amount of interlinking. As

can be seen, the threshold strength of adhesion was found to

increase in direct proportion to the degree of interfacial

bonding, from very low values up to the measured tear energy,

denoted by an open circle and square for the two levels of

crosslinking employed in these experiments.

The second method of measuring the degree of crosslinking

of the sheets and hence the degree of interlinking, was by

means of the equilibrium degree of swelling. Again, the threshold

strength of adhesion was found to be accurately proporUional

to the increase ,I) in the degree of crosslinking of the two

elastomer sheets whilst they were in contact, Figure 8

Thus, there appears to be a direct proportionality between

the mechanical strength obtained under threshold conditions and

the density of chemical bonding between the two elastomer layers.

This proportionality extended over the entire range of interlink-
fp'! ing, from zero, when only dispersion forces are assumed to

0I
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13

apply at the interface, up to the fully crosslinked state, when

cohesive rupture took place by tearing.

It is noteworthy that the sheets prepared with 0.Z percent

of dicumyl peroxide crosslinking agent were weaker under all

circumstances than the sheets prepared with a smaller amount

of dicumyl peroxide. They were weaker in adhesicn and weaker

in tear strength, in the fully reacted state. This change in

tear strength has been attributed by Lake and Thomas to the

polymeric nature of elastomers (13) . In order to rupture aof
molecular network strand, allAthe bonds in that strand must

be stretched equally. Thus, more energy is expended in breaking

longer strands than shorter ones. Materials that are more

highly crosslLnked and contain shorter network strands will

therefore be weaker than less highly crosslinked materials, as

is observed experimentally ( 12, 14).

it now appears that the same factor is present in the

detachment energy of partially interlinked layers. Although

the threshold energy is directly proportional to the number of

interlinking strands, it is also dependent upon their length,

being uniformly lower when the strand length is shorter.

V
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(bI Poly(ethylene-co-oropvlene) (EPR), crosslinked with

dicumyl peroxide

Similar experiments were carried out for EPR layers.

Typical peeling and tearing results for both unswollen and

swollen samples are shown in Figure 9. Again, good

agreement was obtained between the extrapolated results

for unswollen samples at low rates of peel or tear and

those for samples swollen in paraffin oil. These values

have been taken as the threshold energy of detachment or

tear energy.

As the initial period t of crosslinking decreased and

the t of interlinking increased, the threshold work of2

detachment increased continuously. In Figures 10 and 11 G

is plotted against the two measures of the amount of inter-

facial bonding, the increase AC in the elastic coefficient

C and the increase Iv in the density ) of molecular strands

calculated from equilibrium swelling measurements. Again,

a direct proportionality is obtained between the threshold

strength and the inferred density of chemical interlinking.

However, on extrapolating the peel strength results to the

full'z-interlinked state the value deduced for the threshold

fracture energy, about 40 J/m , is much smaller than the

experi-mentally-determined value, about 80 j/mz . This

discrepancy is much larger than errors associated with

either the peeling or tearing experiments. Moreover, it is

9' in marked contrast to the good agreement found for BR layers,

A
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as described in the preceding section. It is attributed

to microscopic roughness of the tear plane in EPR, and

in other samples (see later), in contrast to the relatively

smooth torn surfaces of peroxide-crosslinked BR(15), and

the smooth plane of separation of flat adhering layers.

Apart from the anomalously-high threshold tear strength,

however, the effects of chemical interlinking for EPR

layers are closely similar to those observed for BR layers,

raising the strength of adhesion from a low value, about

1 J/mz , when no chemical interlinking is present, up to a

value of about 40 J/mz in the fully-interlinked state.

.4
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(c) Polybutadiene, crosslinked with sulfur

Two vulcanization recipes were used; a conventional one,

giving polysulfide crosslinks, and an efficient one giving a

higher proportion of monosulfidic crosslinks. Two levels of

crosslinking were achieved with each recipe by changing the

amounts of accelerator and sulfur. Details are given in the

Appendix.

A series of interlinked sheets was prepared as before,

with varying amounts of interlinking. The degree of inter-

linking was determined as before, from measurements of the

equilibrium degree of swelling in n-heptane. The work of

separation was then measured at various rates of peel and

at a temperature of 120 0C. By extrapolation to zero rate

of peel, values of the threshold detachment energy G0 were

deduced. They are plotted in Figures 12 and 13 for the two

vulcanization systems.

Reasonably linear relations were obtained between Go

and the inferred degree of interlinking Av between the two

layers. Again, the extrapolated value of the detachment

energy for fully-interlinked sheets was found to be consid-

erably below the directly-measured value of tear energy for

the fully-crosslinked sheets, especially for sheets made
(Tabp 2.).

using a conventional sulfur recipeA This discrepancy is

again attributed Lo a marked roughness of the tear plane

on a microscopic scale, even at high temperatures and low

rates o4 tear.

4
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A further anomaly was noted in the present experimental

results. The threshold energy of detachment for fully-cured

sheets pressed together, when the degree of chemical inter-

linking should be zero, was found to be relatively large,

15 - 25 J/m z for the conventional sulfur recipes and 5 - 15

J/m2 for the EV recipes, in contrast to the small values

obtained previously for peroxide-cured sheets, of only I - 2

J/mz . Continued crosslinking of the contacting sheets is

known not to take place. However, rearrangement of existing

crosslinks, without much change in the total amount,has been

reported for networks containing polysulfidic crosslinks (16).

It is noteworthy that the level of adhesion obtained with

fully-crosslinked sheets is higher for the conventional

recipe, containing a greater proportion of labile polysulfide

crosslinks, than for the EV system. It is, therefore, sug-

gested that the abnormally high values of the energy of

detachment for fully-cured sheets pressed together arises

from interchange reactions of polysulfidic crosslinks,

• ' leading to chemical interlinking of the two sheets.

(d) Poly(ethylene-co-propylene) (EPDM), crosslinked with

sulfur.

SLmilar experiments were carried out with an ethylene-

-4 propylene-diene terpolymer, containing about 3.2 per cent of

the diene comonomer, crosslinked with a sulfur vulcanization

system. The results are given in Figure 14, where the
tG

threshold energy of detachment Go for two interlinked sheets

'1
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is plotted against the degree _v of interlinking, inferred

from swelling measurements on the sheets before and after

they were joined together. in this case a markedly nonlinear

dependence of G0 upon _v was found. Substantially the same

general results were obtained using the increases in the

elastic coefficient C as a measure of interlinking, so that

the nonlinearity cannot be attributed solely to errors in

measuring I by swelling.

It appears to be a feature of the particular cross-

linking system employed. The present recipe gives an

extremely large threshold tear strength, of about 200 J/mz

CTable 21, so that the rapid rise in the detachment energy

at high degrees of interlinking may reflect the onset of

gross roughening of the plane of separation. However, the

low initial rate of increase of the energy of detachment

with the degree of interlinking requires further examination.

It suggests the presence of a surface contaminant preventing

intimate contact of fully-cured or nearly fully-cured sheets.

Such a contaminant could well be produced during this sulfur-

accelerator crosslinking reaction, in the form of a relatively

insoluble by-product.

"4
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Conclusions

1. With the single exception noted above, of a sulfur-

cured EPDM system, the threshold mechanical strength of adhesion

between two elastomer layers has been shown to be directly

proportional to the degree of chemical interlinking.

2. At any degree of interlinking, the threshold strength

has been found to be lower for networks composed of shorter

molecular strands, which are thus interliked by shorter

strands. This is in accord with the Lake-Thomas theory for

the threshold strength of elastomer networks.

3. The extrapolated value of the strength of adhesion for

fully-interlinked layers agreed well with the measured tear

strength for BR layers crosslinked with peroxide, but in all

other cases the measured tear strength was higher than the

extrapolated value, Table 2. This discrepancy is attributed

to a marked roughness of the tear plane during tearing

experiments in contrast to the smooth plane of separation

for two adhering layers. :t is noteworthy that the peroxide-

cured BR materials gave relatively smooth torn surfaces. They

were also the weakest elas6omers studied. Observations of torn

surfaces of elastomers are described elsewhere (15).

4. Unusually high levels of adhesion were noted between

fully-crosslinked sheets of sulfur-cured BR. They are

provisionally attributed to an interchange of labile polysul-

fidic crosslinks across the interface.

'i
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Appendix

The following mix formulations in parts by weight were

employed to prepare test specimens. Crosslinking was effected

by heating at 1500 C (1400 C for recipe VIII).

Polybutadiene (BR), Peroxide Crosslinking

I. Diene 35 NFA (Firestone Rubber And Latex Company), 100;

dicumyl peroxide, 0.08.

II. Diene 35 NFA, 100; dicumyl peroxide, 0.20.

Poly(ethylene-co-propylene) (EPR), Peroxide Crosslinking

III. Vistalon 404 (EXXON Chemical Company) 100; dicumyl

peroxide,2.7; sulfur, 0.32.

Polybutadiene (BR), Conventional Crosslinking

IV. Diene 35 NFA, 100; zinc oxide, 5; stearic acid, 2;

pheny!-2-naphthylamine 1, benzothiazyl disulfide,

1.5; sulfur, 2.

V. As for recipe IV, except: benzothiazyl disulfide, 3;

sulfur, 4.

, Polybutadiene (BR), EV Sulfur Crosslinking

VI. Diene 35 NFA, 100; zinc oxide, 5; zinc 2-ethyl-

hexanoate, 2; Agerite Resin D (Vanderbilt Chemical

Company), 1; 2-morpholinothio benzothiazole, 0.72;

tetrabutylthiuram disulfide, 0.3; sulfur, 0.3.

VII. As for recipe VI, except: 2-morpholinothio benzothiazole,

1.44; tetrabutylthiuram disulfide, 0.6; sulfur, 0.6.

Polv(ethylene-co-propylene) (EPDM), Sulfur Crosslinking

VIII. Vistalon 4608 (EXXON Chemical Company), 100; zinc oxide,

4; stearic acid, 1; 2-mercaptobenzothiazole, 0.6; 50/50

A

tI
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mixture of tetramethyJlthiuram disulflide and tetraethyl-

thiuram disulfide, 1.5; sulfur, 1.5.
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Table 1. Kinetics of crosslinking for BR trecipes I

and i), EPR (recipe II, and EPDM (recipe VIIII.

Cure time C C ca M b b _1-
__ _ _ _1 2 v 1

(Min at 150'C) (k Pal Ck Pa) (kg/mole) (m- 3 )

BR, 0.08 per cent DCP (Recipe I)

15 0 93 0.090 56.5 0.10

20 17 143 - - -

25 20.5 162 0.201 14.9 0.36

30 - - 0.220 12.8 0.42

35 52 176 0.239 11.1 0.49

50 87 208 0.259 9.6 0.58

90 107 212 0.308 6.9 0.81

140 114 240 0.335 5.8 0.92

BR, 0.2 2er cent DCP (Recipe II)

1.1 14 167 - - -

15 53.5 201 0.262 9.1 0.59

20 70 229 0.316 6.55 0.82

25 118 235 0.336 5.8 0.93

40 176 243 0.392 4.05 1.34

60 228 211 0.427 3.2 1.67

80 247 308 0.438 3.0 1.79

)
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EPR, 2.7 per cent DCP, 0.32 per centS(Recipe III)

10 5.5 162 0.193 40.0 0.13

20 32.5 193 0.271 8.8 0.59

30 58 189 0.324 5.0 1.04

40 68 191 0.338 4.3 1.20

60 79 201 0.362 3.5 1.47

90 85 206 0.360 3.5 1.49

EPDM, sulfur-cured (Recipe VIII)

15 0 350 0.081 84.1 0.06

17.5 - - 0.094 62.5 0.08

20 1,820 401 0.166 17.3 0.30

25 8,010 405 0.246 6.5 0.80

30 10,000 410 0.280 4.6 1.12

35 - - 0.292 4.1 1.25

70 13,800 385 0.312 3.45 1.51

100 14,700 395 0.324 3.1 1.67

a BR~swollen in n-heptane, EPR swollen in benzene.

b Calculated from c by means of equation (3) using the

following values for X

= 0.37 + 0.52c for BR/n-heptane system (9).

X = 0.485 + 0.256c for EPR/benzene system (10).

X = 0.44 for EPDM/n-heptane system (11).

.I

r.
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Table 2. Comparison of the extrapolated threshold work

of separation G0  for fully-interlinked sheets with theGd

measured thres Hod tear energy G0 t"

26
Polymer Recipe Cure time v x 10

(min at 150C) (m-3 ) God ot
(J/m 2 ) (J/m2 )

Peroxide crosslinking systems

BR I 90 0.85 62 58 + 4

BR I1 80 1.75 41 45 + 4

EPR III 70 1.45 41 76 + 4

Sulfur crosslinking systems

BR IV 80 0.70 56 140 + 15

BR V 80 1.10 42 115 + 10

BR VI 60 0.95 45 76 + 5

BR Vii 80 1.35 38 62 + 12

zPDM VIII 80 (140'C) 1.55 - 215 + 15

01'1

i"

OI

i.-
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Figure Legends

Figure 1. Sketch of crosslinking reaction.

Figure 2. Peel test.

Figure 3. Tear test.

Figure 4. Detachment energy Ga at 1000 C vs. rate R of peel

for partially-interlinked BR sheets (recipe I, 0.08

per cent dicumyl peroxide).

Figure 5. Detachment energy G at 1000 C vs. rate R of peela

for partially-interlinked BR sheets (recipe II, 0.2

per cent dicumyl peroxide).

Figure 6. Detachment energy Ga or fracture energy G at 1000 C

vs. rate R of crack propagation for partially-

interlinked BR sheets, recipe I, dry (0) and swollen

with paraffin oil (0), X5=1.38.

Figure 7. Threshold detachment energy Go vs. increase AC in

the elastic coefficient C1 while two BR sheets were

crosslinked in contact. Recipes I and II.

Figure 8. Threshold detachment energy G vs. increase Av in the

density v of network chains while two BR sheets were
01

crosslinked in contact. Recipes I and Il.

Figure 9. Detachment energy Ga or fracture energy Gc at 900 C

vs. rate R of crack propagation for partially-

interlinked EPR sheets, recipe III, dry (0) and

swollen with paraffin oil (0),As= 1.50.

Figure 10. Threshold detachment energy Go vs. increase ACI in

the elastic coefficient C while two EPR sheets
'11

f-
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were crosslinked in contact. Recipe I__-& , &C (O)

Figure 11. Threshold detachment energy G0 vs. increase _v in

the density v of network chains while two EPR

sheets were crosslinked in contact. Recipe III.

Figure 12. Threshold detachment erargy G0 vs. increase A,) in

the density of network chains while two BR sheets

were crosslinked in contact, using conventional

sulfur recipes (IV and V).

Figure 13. Threshold detachment energy Go vs. increase Av in

the density of network chains while- two BR sheets

were crosslinked in contact using EV sulfur

recipes (VI and VII).

Figure 14. Threshold detachment energy G0 vs. increase A'_ in

the density of network chains while two EPDM sheets

were crosslinked in contact using a sulfur recipe

.I

°,
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