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Kinetic Analysis of the Autohesion 
of Raw SBR Samples 

D. 0. BAUMBACH, Texus Research Center, TexasU.  S. Chemical 
Company, Parsippany, New Jersey 07054 

Synopsis 
A kinetic analysis of the autohesion of raw, cold, emulsion SBR rubbers having 

number-average molecular weights ranging from 74,000 to 169,000 was undertaken by 
using the modified Wallace tackmeter. The autohesion was observed to be a reversible 
process following firsborder kinetics with respect to the formation of elementary area 
bonds. The application of greater contact pressures during autohesion causes an 
increase in the kinetic work, bond strength, and time required for bond rupture. A 
practical aspect of the study shows that the contact time necessary to form a complete 
area bond is reduced by: (1 )  the annealing of samples to release internal stresses; (i?) 
production of clean and very smooth surfaces; (3) equilibrating samples under pressure 
prior to joining them; (4) lowering the sample temperature. The raw SBR offering the 
best potential autohesive properties has a a,, of 133,000 and ML-4 (212°F.) of 66. 

INTRODUCTION 

The increasing importance of the industrial uses of synthetic elastomers 
has prompted applied scientists to study in greater detail the chemical 
and physical properties of raw rubbers. Their wide acceptance today 
precludes any attempt to give a complete list of applications. The proper 
selection of an elastomer for a recipe, from the numerous synthetic polymers 
available, permits the production of unique structural bodies which depend 
upon both good molding and bonding properties in the unvulcanized 
state. In this respect, autohesion studies have been important in reporting 
the comparative bonding properties of many new elastomers. Excellent 
reviews of the problems related to autohesion and adhesion have been 
recently published by Voyutskii, Weidner and Crocker,2 and B~ssemaker.~ 

In this research, the autohesive properties of polymers are viewed with a 
kinetic interpretation which introduces the variables of time, temperature, 
and pressure. The basis for the development of the ideas presented here 
was taken from a paper published by Furukawa.* The extension of these 
ideas to the effects of contact pressure and rate of bond development 
provide a more comprehensive analysis of autohesion. 

In general, the two most important criteria in this study of autohesion 
are the rate of development of the elementary area bond and the energy 
required for its rupture. Ideally, the polymer exhibiting excellent auto- 
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hesion characteristics should form the area bond instantaneously upon 
contact and require large energies for bond rupture. The inability of a 
polymer to meet one or both of these conditions will cause inferior auto- 
hesive properties. 

It is the object of this investigation to  compare the autohesive properties 
of five cold-emulsion, raw SBR samples with respect to variations in the 
number-average molecular weights. The results of osmometric and 
rheological studies of these polymers are presented in Table I. The 
polymers were prepared with the same redox catalyst system and have a 
bound styrene content of 23.5 wt.-%. 

TABLE I 
Information on the Raw SBR Samdes 

Intrinsic Solubility Number- 
viscosity in ethanol- average 
(d, toluene 10% solution molecular 

Sample Sample MG4 30°C. in azeotrope, viscosity at weight 
number typea (212°F.) toluene 7Lb 25°C. x 10-6 

160 ASRC 36 1.72 M A 6 . 5  222 0.74 

161 1551 56 1.98 RA 7 . 8  (520) 1.07 
162 1-OST (66) 2.32 M A 7 . 2  1075 1.33 
163 1712 (91) 2.96 MA6.4  3675 1.44 
164 8214 (95 ) 3.14 MA 3.7  6300 1.69 

3105 

*Microstructure: 65-70% trans, 17-20% vinyl, 10-170/, cis. 
b MA = mixed acid; RA = rosin acid. 

KINETIC ANALYSIS OF THE AUTOHESIVE AREA BOND 

A description of the tackmeter and the procedure for determining 
autohesion has been reported by Skewk6 The samples were molded from 
raw latex crumb at 100-125°C. in Teflon-coated molds under a hydraulic 
platen pressure of 5 tons on a 5-in. ram, 4000-lb. tube. The molding 
operation produced rectangular strips of raw rubber 6 in. long, 3/4 in. wide 
at the base, 1/2 in. wide at the contact surface, and in. in thickness. 
These were cut into 1-in. lengths for the autohesion experiments. 

Since the molding operation introduced stresses into the samples, the 
samples were annealed in their molds at 50-70°C. for l/Z hr. under the 
pressure of the mold cover (0.066 psi). If the samples began to deform 
by twisting in the mold, the annealing treatment was repeated. 

The relaxation of internal stresses considerably increased the autohesive 
strength of the raw SBR samples. The surface smoothness was improved 
by covering the contact surface with aluminum foil and warming the 
samples to 50°C. for 2 min. The aluminum foil was stripped after cooling 
to room temperature. This procedure was repeated until the raw rubber 
surface had a glassy appearance. The sample surfaces were protected 
by the aluminum foil covering, which was removed immediately before an 
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autohesion measurement. The surfaces were exposed to the air for approxi- 
mately 15 sec. prior to joining them. 

Briefly, the tackmeter experiment involves the contacting of two molded 
samples for a known contact pressure and contact time which is followed 
by measuring the time to separate them under a given breaking pressure 
at constant temperature. These experiments are divided into two cate- 
gories: ( 1 )  the use of an instantaneous contact pressure or non-equilibrium 
conditions; (2) the equilibrating of the samples under the contact pressure 
to be used for long intervals of time (2 weeks) prior to the autohesion 
experiment or equilibrium conditions. 

Equilibrium Conditions 
Under equilibrium conditions, the elastomer reaches a steady state with 

respect to the contact pressure prior to the autohesion experiments. The 
sample is kept under a constant pressure for a t  least 7 days either in a 
Teflon-coa$ed mold or the two elastomer surfaces are pressed against each 
other, aluminum foil being used to separate them in the tackmeter. In this 
manner, the free volume to be attained is available for the autohesion at 
the beginning of the surface contact. 

The autohesion process is viewed as an interdiffusion of polymer segments 
through a network of micropores. The ultimate crosslinking is due to the 
interaction of van der Waals forces between segments and not a chemical 
type bonding as in the vulcanization of rubber. 

By defining the time required for rupture, tg, as the number Zo of bonds 
per square centimeter divided by the rate of disappearance of the cross- 
links, -dz/dt, and applying a modification of Eyring's rate theory for large 
breaking forces, it is possible to derive an expression for the process of 
breaking a bond: 

tg  = Zo/ ( - dz/dt) (1) 

-dz/dt = kBe"/kT (2) 
In tg = h ( Z o / k ~ )  - (W/kT)  (3) 

w = F B  a2 ( ~ ~ ) * ' ~ a * / 2  A S  2 0  = Fga* 2.022 A S  2 0  (4) 

(5) F B  = -K In t g  + K In ( Z O / ~ B ) F ~ = ~  

where W is the work required for rupture of a crosslinked segment (ergs), 
kg is the rate constant for bond rupture (sec.-l cm.-2), F B  is the breaking 
force (dynes), A S  is sample area = 1.613 a2 is the area of a carbon- 
carbon segment (square centimeters) , (N0)2/3 is the number of carbon - 
carbon segments per square centimeter assuming a void volume of 26%, 
a*/2 is the distance (centimeters) moved by a crosslinked segment to cause 
bond rupture, K = 2.022 AS Zo kT/a*, k is the Boltzmann constant (ergs/ 
degree), and T is the absolute temperature. 

A test of the validity of eq. (5) is presented in Figure 1, where the range 
of application was found to vary from 3.92 X 106 to 9.80 X 1W dynes for 
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the rupture force. At lower forces, abnormally high rupture times were 
recorded due to the cold flow of the sample. The measurement was 
affected by both the cohesive strength and autohesive bonding. Moreover, 
at higher breaking forces, the experimental points tended to rise above the 
dotted line, which indicated that chain entanglement was becoming in- 
creasingly more important at short rupture times. The time for the 
surface separation was thus greater than expected from eq. (5) .  

NATURAL L O G  RUPTURE TIME 

Fig. 1. Tackmeter measurements of raw SBR 162 at 21.5"C. The three curves repre- 
sent a contact time of 400 sec. and contact force of: ( A )  2.94 X lo6 dynes, ( B )  5.88 X 
106 dynes, and (C) 9.80 X 106 dynes for equilibrated samples. 

The contact pressure was found to be a significant factor in promoting 
autohesion as shown by curves A ,  B ,  and C in Figure 1. As the contact 
pressure was increased, the rupture time was also greater at a given rupture 
force. A linear relationship was then obtained between the contact force 
and the rupture time for a complete bond at Fg = 0 which is illustrated in 
Figure 2. Particularly interesting is the finding that the slopes of curves 
9, B ,  and C in Figure 1 are equal to each other and equal to the negative 
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LN (ZO/KB)FB=O 

Fig. 2. Intercepts in Figure 1 at FB = 0 plotted against the contact force for equil- 
The intercept at Fc = 0 is the natural log of to, the ibrated raw SBR 162 at 21.5"C. 

average lietime of the autohesive bond. 

slope of the line in Figure 2. This means that the processes involved in 
forming an autohesive bond are the exact reverse to rupturing the bond. 

Again referring to Figure 2, one notes that the extrapolated part of the 
line starts at a contact force of 2.94 x lo5 dyne. It was impossible to 
obtain consistent measurements a t  lower contact forces Fc, probably owing 
to  poor surface contact. However, the intercept at FC = 0 is real and 
agrees in value with the evidence to  be presented. 

It is Figure 2 that provides experimental evidence for eq. (6) : 

FC = K In ( Z o / k ~ ) , = o  - K In to (6) 

where Fc is contact force (dynes) and 
area bond (seconds). 

is the lifetime of an elementary 
The addition of eqs. (5) and (6) gives: 

Fg - Fc  = --K In t B  + K In t o  

t~ = to exp { (Fc  - F B ) / K  } 

(7) 

(8) 

and 

The test for eq. (7) is presented in Figure 3, where the tackmeter data are 
fairly well represented up to F B  - FC = 6.86 X lo5 dynes. The intercept 
for curve C a t  F B  - F c  = 0 has the same value as the extrapolated portion 
of the line in Figure 2. It is, therefore, possible to obtain a direct measure- 
ment of to from the time clock which registers the time necessary for 
rupturing a complete bond by having F B  = Fc.  

Since to  is independent of pressure, it provides a useful parameter to 
measure the time required to  form a complete area bond. If one measures 

over a large range of contact times and a t  smaller intervals than shown 
in Figure 3, one can plot characteristic curves of contact time versus 
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2 4 
NATURAL LOG RUPTURE TIME 

Fig. 3. Application of eq. (7) to tackmeter measurements: ( A )  co1 act time 20 sec.: 
( B )  Antact time 50 sec.; (c) contact time 100 sec.; ( D )  contact time 200 sec. sample; 
equilibrated to a constant force of 2.94 X 1V dyne. 

rupture time for the development of the autohesion, as shown in Figures 
4-6 for raw SBR 162. The real value of i$ is represented by the line which 
is almost vertical to the abscissa. The point of inflection gives the earliest 
contact time to  form the bond. In Figure 3, this is represented by the 
intercept given by the line D .  Intercepts obtained from the lines A ,  B,  
and C are the rupture times &,’ of a fractional or partly developed area 
bond. 

The experimental information obtained on the autohesion for raw SBR 
samples 160, 161, 163, and 164 under equilibrium conditions are shown 
in Figures 7, 8, 9, and 10, respectively. These graphs show in addition 
to what has been described, the development of a more complex type of 
bonding, perhaps a three-dimensional bond, which is represented by an 
exponential curve. The area bond is seen to have been completed in 
contact periods aa short aa 32 sec. for SBR 160 and aa long as 600 sec. 
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Fig. 4. Development of autohesive area bonding for raw SBR 162 equilibrated to the 
contact force of 2.94 X lp" dyne at 21.5OC. 

for SBR 164. The more complex cohesive bond begins to form in contact 
periods as short as 150 see. as in the case of SBR 160. 

Equations (1)-(8) do not express any quantitative relation between 
contact time and the rate of bond development. The equations refer to 
properties of a completely formed area bond which is undergoing bond rup- 
ture. 

Non-Equilibrium Conditions 

The formation of an autohesive area bond under nonequilibrium condi- 
tions involves the usual joining together of rubber surfaces by the applica- 
tion of an instantaneous pressure. The surfaces must bond through the 
processes of molecular segmental migration and reduction in the molar free 
(hole) volume. The change in the molar free volume with time distinguishes 
this method of bonding at3 non-equilibrium in nature. The derivation of 
the kinetic equations which expresses the contact time for bond formation 



1762 D. 0. BAUMBACH 

RUPTURE TIME, SECONDS 

Fig. 5. Development of autohesive area bonding for raw SBR 162 equilibrated to the 
contact force of 5.88 X 106 dyne at 21.5OC. 

I 

RUPTURE TIME, SECONDS 

Fig. 6. Development of autohesive area bonding for raw SBR 162 equilibrated to the 
contact force of 9.80 X 106 dyne at 21.5"C. 
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Fig. 7. Development of autohesive area bondingforequilibrated raw SBR 160 at 21.5"C. 
Fc = FB = 9.80 X 106dyne. 

as a function of the bond rupture time is given below, and has been experi- 
mentally verified to follow first-order kinetics. 

Starting with the general rate equation for the change in area bonding 
with time expressed by eq. (9): 

where k~ and k~ are rate constants for the formation and disappearance of 
area crosslinking, the concentration of area crosslinks C at a steady-state 
condition, dz/dt = 0, is: 
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I 

RUPTURE TIME, SECONDS 

Fig. 8. Development of autohesive area bonding for equilibrated raw SBR 161 a t  
21.5OC.; Fc = FB 2 12.74 X 1Wdyne. 

RUPTURE TIME, SECONDS 

Fig. 9. Development of autohesive area bonding for equilibrated raw SBR 163 at 
21.5"C.; Fc = FB = 4.90 X 106 dyne: (A) initial experiments; (B) re-run of same 
samples. 
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RUPTURE TIME, SECONDS 

Fig. 10. Development of autohesive area bonding for equilibrated raw SBR 164 at 
21.5"C.; Fc = FB = 4.90 X 1W dyne. 

where to' is the rupture time for an incomplete (or fractional) bond de- 
velopment when FB = Fc at  the contact time k. Applying the integrated 
first-order equation, 

c = c0 exp { -kk,to' 1 (11) 

gives eq. (12) by substitution: 

In tc = klto' + (In lo' &*/to) 
where b* is the contact time to form a complete area bond having the 
rupture time to. When In tc = 0, 

In to' k*/to = klto 

and 

In tc = k~to' + k~to (13) 

A more generalized equation would involve the occurrence of stresses as 
those produced during tackmeter measurements : 

In Ic = k l t ~  exp { ( F B  - F c ) / K )  + kit0 (14) 

(15) 

which can be rearranged into another useful form: 

FB - Fc = - K h l t g  + K h Q '  
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RUPTURE TIME, SECONDS 

Fig. 11. Development of autohesive area bonding for non-equilibrated raw SBR 162 
at 21.5"C. by plot of to' against contact time. The contact force is 4.90 X 106 dyne and 
is equal to the rupture force. 

T = 66."C. FB- Fc 

T = 21.5'c. 

I 

1 I 

100 
RUPTURE TIME, SECONDS 

0 
50 

Fig. 12. Linear relationship between the natural log of the contact time versus to' 
for non-equilibrated raw SBR 162 at temperatures of: 66OC. and 21.5"C.; FC = FB = 

4.90 X 106 dyne. 
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RUPTURE TIME, SECONDS 

Fig. 13. Development of autohesive area bonding for nonequilibrated raw SBR 160 at 
21.5OC.; F c  = FB = 14.75 X 106 dyne. 
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Fig. 14. Development of autohesive area bonding for non-equilibrated raw SBR 161 at 
21.5OC.: (A) is correct measurement for F c  = FB B 12.74 X 106 dyne; (B) cold flow 
of sample with F c  = FB = 9.80 X 106 dyne. 
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RUPTURE TIME, SECONDS 

Fig. 15. Development of autohesive area bonding for non-equilibrated raw SBR 163 at 
21.5OC.; Fc = FB = 9.80 X 106 dyne. 

Equations (13) and (14) are used to determine the contact time required 
to form a complete bond. Plotting In b versus to’ or t~ exp { ( F B  - Fc)/ 
K )  gives a straight line having slope kl and intercept kit,,. Consequently 
the required contact time to form the completed bond is given by: 

In b* = 2klto (16) 

In order to determine the energy required to break the autohesive area 
bond the parameters, work needed for bond rupture W and W,,, are 
defined LIS given in eqs. (17) and (18). 

w = fB a*/2.022 As20 (17) 

where 

f~ = K In t o  + Fc 

and 

wmar = w - AF$ 
where F is the kinetic free energy change, 

F $  = -RT In (kB/kA) = -RT In (No)”’/& (19) 

The conventional treatment of the tackmeter data involves the calcula- 
tion of the work required to rupture the autohesive area bond. The 
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RUPTURE TIME, SECONM 

Fig. 16. Development of autohesive area bonding for non-equilibrated raw SBR 164 at 
21.5"C.; Fc = FB = 7.84 X l@ dyne. 

comparison of autohesive strength between various polymers in a practical 
situation depends more often, on the contact time restrictions. Con- 
sequently, the work done will depend on the degree of bond development. 
In  this case, the work required to break the complete area bond is multiplied 
by the ratio ( to ' /&) ,  where (&'/to) represents the fraction of bond area 
developed at  the desired contact time. 

A useful relation between the work necessary to rupture the area bond 
and the rupture time to for an idealized zero stress state can be obta.ined 
from eq. (8). Under these conditions, the value for t~ has the intercept 
value of 1 sec., which gives: 

to = exp ( w ~ / R T }  (20) 

This equation can be used to calculate Wo at the temperature of the 
experiment and & for the other temperatures, provided the elastomer does 
not undergo a physical transformation, such as crystallization, freezing, 
or, conversely, melting. 

The experimental data for the raw samples are presented in Figures 
11-16 for the nonequilibrium conditions. The curves were of the exponen- 
tial type and therefore did not show the sharp breaks at the completion 
of the area bond development which were common for the equilibrated 
samples. 

Logarithmic! plots of the experimental nonequilibrium curves are linear 
aa illustrated in Figure 12 for SBR 162 at 21.5 and 66°C. These lines give 



c,
 

-4
 

-4
 

0
 p ?
 

T
A

B
L

E
 I

1 
K

in
et

ic
 A

na
ly

si
s o

f 
th

e 
A

ut
oh

es
iv

e 
A

re
a 

B
on

d 
fo

r 
R

aw
 S

B
R

 S
am

pl
es

, E
it

he
r U

ns
tre

ss
ed

 o
r 

St
re

ss
ed

 a
t C

on
ta

ct
 P

re
ss

ur
e 

8.
82

 p
si

 a
nd

 R
up

tu
re

d 
at

 a
 

Pr
es

su
re

 o
f 

4.
41

 p
si

 
!? s 

R
aw

 S
B

R
 a

t 2
1.

5O
C.

 
R

aw
S

B
R

 
16

2 
at

 
k 

Pa
ra

m
et

er
 

Sy
m

bo
l 

SB
R

 1
60

 
SB

R
 1

61
 

SB
R

 1
62

 
SB

R
 1

63
 

SB
R

 1
64

 
66

°C
. 

z 
Ti

m
e 

re
qu

ire
d 

to
 r

up
tu

re
 a

 c
om

pl
et

e 
bo

nd
 u

nd
er

 

A
ve

ra
ge

 li
fe

tim
e 

of 
a 

bo
nd

 a
t z

er
o 

st
re

ss
, s

ec
. 

st
re

ss
, s

ec
. 

tB
 

Fr
om

 e
qu

ili
br

iu
m

 d
at

a 
to

 

Fr
om

 n
on

-e
qu

ili
br

iu
m

 d
at

a 
tc

* 

C
on

st
an

t 
fr

om
 e

qu
ili

br
iu

m
 a

nd
 n

on
-e

qu
ili

br
iu

m
 

da
ta

, d
yn

es
 X

 
K

 
B

on
ds

/c
m

.2
 X

 1
0-

lo
 

2
0

 

Fr
om

 n
on

-e
qu

ili
br

iu
m

 d
at

a 
Ti

m
e 

re
qu

ire
d 

to
 fo

rm
 a

 c
om

pl
et

e 
bo

nd
, s

ec
. 

Fr
om

 e
qu

ili
br

iu
m

 d
at

a 

15
9 

20
3 

11
74

 
45

8 
18

7 
69

8 -
 

82
.3

 
11

1 
12

5 
11

3,
 1

48
 

74
 

85
.5

 
13

7 
11

7 
10

8 
68

.2
 

73
 

29
8 

12
13

 
42

8 
17

66
 

98
6 

16
,3

00
 

-
 

32
 

50
 

23
5,

 2
50

, 
55

0 
10

0 
50

,6
00

 

7.
44

 
8.

10
 

2.
15

 
4.

33
 

5.
28

 
2.

17
 

2.
92

 
3.

70
 

0.
84

3 
1.

70
 

2.
07

 
0.

73
9 



B
on

d 
ar

ea
 X

 l
ol

l,
 c

m
.2

 
Se

gm
en

ts
/b

on
d 

X
 

R
at

e 
co

ns
ta

nt
 fo

r 
bo

nd
 r

up
tu

re
 X

 l
o-

*,
 c

m
.-2

 

R
at

e 
co

ns
ta

nt
 fo

r 
bo

nd
 f

or
m

at
io

n 
X

 1
0-

2,
 o

m
.-%

 

R
at

e 
co

ns
ta

nt
 fo

r 
no

n-
eq

ui
lib

riu
m

 e
qu

at
io

n 
x 

10
2, 

B
on

d 
st

re
ng

th
 a

t z
er

o 
st

re
ss

 

Se
c. 

-1
 

se
c.

 -l
 

se
e.

 -l kg
Jc

m
.2

 
ps

i 

kg
. /c

m
.2

 
ps

i 

B
on

d 
st

re
ng

th
 a

t 
8.

82
 p

si
 c

on
ta

ct
 p

re
ss

ur
e 

C
ha

ng
e 

in
 k

in
et

ic
 f

re
e 

en
er

gy
 f

or
 b

on
d 

ru
pt

ur
e,

 

K
in

et
ic

 w
or

k 
fo

r 
bo

nd
 r

up
tu

re
, k

ca
l./

m
ol

e 
kc

al
./m

ol
e 

In
 u

ns
tre

ss
ed

 s
ta

te
 

U
nd

er
 c

on
ta

ct
 s

tr
es

s 

m
ol

e 
K

in
et

ic
 m

ax
im

um
 w

or
k 

fo
r 

bo
nd

 r
up

tu
re

, k
ca

1.
l 

In
 u

ns
tre

ss
ed

 s
ta

te
 

U
nd

er
 c

on
ta

ct
 s

tr
es

s 

1
 /zl
l 

3.
43

 
(N

o)
 '

/Z
o 

1.
82

 

k
B
 

3.
54

 

2.
70

 
1.

43
 

11
.8

 
6.

30
 

5.
89

 
4.

83
 

3.
12

 
2.

55
 

13
.5

 
4.

12
 

3.
33

 
0.

67
4 

1.
15

 
2.

80
 

1.
01

 
* 

1.
41

 
0

 
C
 

ci
 

3:
 

0
 

6.
66

 

0.
58

9 

k
A
 

19
.5

 
23

.2
 

1.
07

 
3.

68
 

10
.9

 

k 
3.

33
 

2.
60

 
2.

58
 

3.
46

 
5.

05
 

K
 I

n 
to

/A
s 

2.
07

 
29

.5
 

2.
41

 
34

.4
 

0.
65

6 
9.

34
 

1.
37

 
1.

44
 

19
.5

 
20

.4
 

8.
38

 
0

 
crl

 

1.
21

 
17

.2
 

4 
2.

69
 

38
.3

 
K

 I
n 

to
 + 

F
c/

A
s 

3.
03

 
43

.2
 

1.
28

 
18

.1
 

1.
99

 
2.

06
 

28
.3

 
29

.2
 

E 
-9

.0
1 

Y
 

A
F

 t 
-7

.0
9 

-6
.9

5 
-7

.8
2 

-7
.4

1 
-7

.2
9 

W
I wz 

2.
58

 
3.

35
 

2.
37

 
3.

04
 

2.
83

 
5.

50
 

2.
92

 
2.

52
 

4.
25

 
3.

61
 

9.
67

 
10

.4
 

9.
32

 
10

.0
 

10
.6

 
13

.3
 

10
.3

 
9.

81
 

11
.6

 
10

.9
 

12
.0

 
15

.0
 



1772 D. 0. BAUMBACH 

evidence that the time required to form a complete autohesive area bond is 
increased from 428 sec. at 21.5"C. to 16,300 sec. at 66°C. The value for to 
is 117 sec. at 21.5"C. and 73 sec. at 66°C. The dotted lines in Figures 12 
and 13 are used to  indicate that the intercept value for eq. (13) is an 
extrapolation of experimental values. The experimental points deviate 
sharply from the dotted line at low contact times. The experimental 
data for contact times exceeding 400 sec. for the curve in Figure 12 at 
21.5"C. are not shown. These data give a line of lesser slope possibly 
indicating the transition of the area bond to a more complex structure. 

Although the values for to and to' are independent of pressure, it is possible 
to introduce an experimental error due to the cold flow of the sample. In 
this instance, the values of to' will vary with the force used to break apart 
the surfaces, as shown in Figure 14. As the breaking force decreases in 
value, the value for to' increases for a particular contact time. Conse- 
quently, the effect of the cohesive bond strength becomes more dominant. 
This error is rectified by measuring to' with increasing breaking force until 
it remains constant at a certain contact interval. Measurements are then 
obtained for to' over a wide range of contaet times. 

DISCUSSION 

A characterization of the five SBR samples on the basis of the above 
equations is presented in Table 11. The information shows that there 
is good agreement between the values for to and K for the equilibrium and 
non-equilibrium conditions. The differences in the to values obtained from 
these conditions for each sample indicate that the experimental error in 
these measurements has an estimated standard deviation of 1.83%. The 
contact times required to form the elementary area bond are considerably 
reduced by equilibrating the samples under the contact pressure prior to 
joining them. Although the contact time needed to form a complete 
area bond is less for SBR 160, this sample does not offer the best autohesive 
properties with regards to the energy for bond rupture. 

When referring to the change in kinetic free energy, work, and maximum 
work for bond rupture in Table 11, it is SBR 162 that requires the largest 
energy exchange. Particularly in the stressed state, this sample requires 
the largest increase in work energy for bond separation. Apparently, the 
samples having either a higher or lower number-average molecular weight 
do not show the same improvement under compression. The data also 
indicate that SBR 162 has not only the largest bond area, but also the 
largest number of segments per bond. This kind of bond seems to be 
related in size to a supermolecular unit. In accord with the above energy 
considerations, the rate constants for bond rupture, kg and kl, are the lowest 
in value for SBR 162. 

It is possible that, as the number-average molecular weight of these 
raw SBR samples is increased from 0.74 X 106 to 1.33 X lo6, the lattices 
become less isotropic and more nematic, i.e., they have orientation without 
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periodicity. This type of phase would provide a micropore volume which 
would permit easy penetration of the polymer segments. The compression 
of SBR 162 may cause segmental flow into these micropores with an at- 
tendant reduction in void volume. The presence of a micropore system 
would also permit flowing and closer alignment of a larger number of seg- 
ments at internal surfaces with higher contact pressures. The rupture 
of these surface bonds would also require additional energy over the 
unstressed state conditions. 

At molecular weights higher than 1.33 X 106 for these raw SBR samples, 
it is possible that the penetration of polymer groups into the micropore 
volume is obstructed by the presence of additional crosslinks and less 
terminal groups. The autohesion properties then reflect the movement of 
smaller chains having greater fluidity; consequently a decrease in auto- 
hesion strength would result at 21.5”C. 

The author is indebted to Dr. W. S. Bahary for the number-average molecular weights 
and viscosity measurements presented in Table I. 
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RbUIllQ 

L’analyse cinktique de l’autoadhbion de caoutchoucs bruts, froids et d’bmulsion SBR, 
ayant des poids molbcdaires moyens en nombre variant de 74.000 A 169.000 a Bb5 BtudiBe 
en utilisant le tackomhe modif% de Wallace. L’autoadhBsion a BtB trouvBe &re un 
processus dversible suivant une cinbtique de premier ordre par rapport 8, la formation 
des liens de surface elbmentaires. L’application de pressions de contact plus Blevbes au 
cours de l’autoadh6sion cause une augmentation du travail cinbtique, de la force de la 
liaison et du temps requis 8, la rupture du lien. Un aspect pratique de 1’6tude montre 
que la durBe de contact nbcessaire B la formation d’un lien de surface complet est rBduit 
par: ( 1 )  le traitement des Bchantillons de faqon B faire disparaltre les tensions internes; 
(2) la production de surfaces propres et  trbs 6gales; (3) des Bchantillons Bquilibrb sous 
pressions avant de les unir; (4) abaissement de la temperature de 1’6chantillon. Le 
SBR brut offrant les propri6tRs autohBsives potentielles les meilleures avait, un poids 
molBculaire moyen en nombre de 133.000 et M I A  (212’F) de 66. 

Zusammenfassung 

Eine kinetische Analyse der Autohiision von rohem KaltcEmulsions-SBR-Kauhchuk 
mit Zahlenmittel-Molekulargewichten von 74000 bis 169000 wurde mit dem modihierten 
Wallace-Tackmeter unternommen. Die Autohiision envies sich als reversibler Prozess 
mit einer Kinetik erster Ordnung in Beeug auf die Bildung der Elementar-Flachen- 
bindungen. Die Anwendung grosserer Kontaktdrucke wahrend der Autohiision ftihrt 
zii einer Erliohung der kmetischen Arbeit, der Bindungsfestigkeit und der zum Bruch 
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der Bindung erforderlichen Zeit. Als praktischer Aspekt der Untersuchung ergibt sich, 
dass die aur Bildung einer vollstandigen Flachenbindung notwendige Kontaktdauer 
durch: (1 ) Temperung der Proben zur Aufhebung innerer Spannungen; (2) Erzeugung 
reiner und sehr glatter Oberflachen; (3) Einstellung des Druckgleichgewichts der Proben 
vor ihrer Vereinigung; (4) Erniedrigung der Probentemperatur verringert wird. Roh- 
SBR mit den besten potentiellen Autohiisionseigenschaften besitzt ein M,, von 133.000 
und M I A  (212°F) von 66. 
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