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Uncrosslinked polymers show rubber-like properties above the glass transition temperature and at 
times short enough to prevent flow. This effect is thought to be due to a temporary entanglement 
network. Several studies indicate large entanglement contributions to the equilibrium elastic modulus 
of crosslinked networks. Three methods are discussed in greater detail: stoichiometric crosslinking 
with a suitable peroxide, the Langley method, and the two-network method. The two latter methods 
give equilibrium entanglement modulus contributions which are equal to the pseudo-equilibrium 
modulus of the uncrosslinked polymer. They also indicate that the entanglement contribution to the 
stress is responsible for departures from neo-Hookean behaviour observed in simpler extension. 

INTRODUCTION 

Uncrosslinked polymers exhibit a number of properties which 
indicate the existence of a temporary network h2 above 
a certain molecular weight; for example, the viscosity- 
molecular weight relationship shows a change in exponent 
from 1 to about 3.4 at a certain critical molecular weight; 
dynamic mechanical measurements show a pseudo- 
equilibrium rubber plateau; and the recovery is nearly com- 
plete for short time deformations. Figure l shows storage 
modulus plotted against frequency in a double logarithmic 
plot for a series of polystyrenes with different molecular 
weights. For samples of high molecular weight, the plateau 
is very pronounced, covering nearly 6 decades on the fre- 
quency scale. The recovery is nearly complete in the 
plateau region, while plastic flow takes place at low fre- 
quencies where the modulus decreases rapidly. The above 
properties are in agreement with the behaviour of uncross- 
linked elastomers. They bounce when dropped on the floor 
and flow like highly-viscous liquids when left on a table. 
The thermoelastic measurements on india rubber reported 
by Gough 4 in 1805 actually were performed on raw rubber, 
i.e. uncrosslinked natural rubber which exhibited consider- 
able irreversibility. 

Polymer chains in amorphous polymers are random coils 
in their unperturbed configurations. The mean density con- 
tribution of a particular polymer coil in the effective volume 
occupied by it is of the order of 1%. This means that a very 
large number of  other coils pervade the occupied volume of 
the first coil s. Although there are no chemical crosslinks in 
the system, the entangled chains are thought to form a net- 
work because of the inability of the strands to cross. Upon 
deformation, the constraints of the entanglement network 
should cause a reduction in conformational entropy, and 
thus a retractive force. However, the network is of a tem- 
porary nature; there are no permanent links to prevent the 
chains from slowly diffusing away from each other. A more 
detailed discussion of the evidence for a so-called entangle- 
ment network in uncrosslinked polymers has been given in 
reviews by Ferry 1, Graessley 2 and Smith 2. 

The contribution of entanglements to the equilibrium 

0032--3861/79/111336--07502.00 
© IPC Business Press 

1336 POLYMER, 1979, Vol 20, November 

elasticity after the introduction of chemical crosslinks is the 
subject of the present paper. If the temporary nature of the 
entanglement network of an uncrosslinked polymer carries 
over to the crosslinked system, no entanglement contribu- 
tion should be expected at elastic equilibrium. Many wor- 
kers have assumed simple additivity of the contributions 
from chemical crosslinks and entanglements 1'6'7, while 
Flory 8 recently has suggested a different mechanism. Com- 
paring a phantom network with a real network, he suggests 
that the presence of the other chains in a real network should 
reduce the junction fluctuations and make the fluctuations 
change nearly afffmely upon deformation of the network. 
For a network with tetrafunctional junctions, this should 
raise the front factor from one half(phantom network) to- 
wards one (real network), i.e. the modulus is increased by a 
factor of up to two. Flory 9 also derived stress-strain ex- 
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Figure I Storage modulus vs. f requency for  narrow dist r ibut ion 
polystyrenes. Molecular weights range from M w = 8900 (Lg) to 
/~w = 581 000 (L18). Data of Onogi, Masuda, and Kitawaga 3. 
[Reproduced by kind permission of Marcel Dekker Inc. from 
Macromolecules 1970, 3, 109 ©] 

LI6 L9 LI2 
1 I I I 

6 2 3 ,4 



12 

1 0  

0 
x 

o,J 

= 0 8  

_V: 
c 

o 
u 

'~ o 6  

8 

'~ 0.4 

-6 

AZ 
0 . .  

0 2  

iS  • 
I • 

i I 
/ 

i I 
/ 

0 o 

CA, I 

~i /" 
¢/i / •p ,~ o • 

j p j f  

d J 
.¢ 

s" / s  
/ 

/ 
/ 

/ /  
/ 

is" 
¢,¢ 

,¢ 
¢- 

/ 
, t  

t ,,t 
I 

/ 
#, 

/ 
,# 

i 
O2 O 0'4 O I 6  O 8 

Chemicat determination of crosstinking (1/2 McJxlO 4 

Figure 2 Comparison of physical and chemical estimates of cross- 
linking. Data of Moore and Watson 21. [Reproduced by kind per- 
mission of John Wiley and Sons from J. Polym. Sci. 1956, 19, 237 ©] 

pressions which qualitatively reproduced departures from the 
expression for a phantom network. 

Evidence will be presented which supports the idea of 
topological contributions from so-called trapped entangle- 
ments, and it will be shown that the entanglement contri- 
bution to the modulus in highly crosslinked rubbers is equal 
to the pseudo-equilibrium modulus of the uncrosslinked 
polymer. 

ENTANGLEMENT THEORIES FOR UNCROSSLINKED 
POLYMERS 

For short time deformations, uncrosslinked polymers behave 
very much like crosslinked robbers: the material may be 
deformed several hundred percent without breaking and 
with complete recovery. The modulus is of about the same 
magnitude as for a crosslinked rubber. This has led to the 
application 1 of the Gaussian molecular theory of rubber 
elasticity, ,although it may be difficult to define what is 
meant by a network strand for an entanglement network. 
Thus, from the plateau modulus, apparent concentrations 
of strands terminated by entanglements may be calculated. 

To describe the properties under flow, Lodge l° and 
Yamamoto l~ modified the Gaussian network theory by intro- 
ducing temporary junctions with a distribution of lifetimes. 
They made the assumption that the concentration of junc- 
tions is constant and that each strand is created in a stress- 
free state. Bueche et al. 12, Eyring et al. ~3 and Graessley 14 
have developed theories based on the idea that entanglement 
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effects can be represented by an increase in the molecular 
friction coefficient. 

In spite of an overwhelming number of entanglement 
studies, the precise nature of an entanglement coupling has 
not yet been established. One approach is to view an en- 
tanglement coupling as an interaction between enly two 
chains. The above-mentioned use of the Gaussian network 
theory with tetrafunctional junctions is an example of this. 
Another example is the calculations of Ziabicki ~s who 
approximates the two chains by two pairs of half-lines with 
variable apex angle. A different approach is to view each 
polymer chain as being effectively restricted to a tube-like 
region as used in the calculations by de Gennes ~6, Edwards: 
and Doi and Edwards 18. When the polymer is deformed, the 
tubes are deformed, resulting in an entropy change of the 
system. 

THEORY OF RUBBER ELASTICITY 

Tire statistical molecular theory s'19 for a network consisting 
of Gaussian phantom chains (formed and tested in the un- 
diluted state) gives the following expression for the engineer- 
ing stress o: 

o = g R T M c  (~ - X -2) (1) 

where g is the front factor. R is the gas constant, T is the 
absolute temperature, p is density, M c is the mean molecular 
weight of effective network strands and X is extension ratio. 
Tire statistical theory has been amazingly successful in pre- 
dicting stress-strain properties of real rubbers. However, 
minor discrepancies are found. In simple extension, the ex- 
perimental curve drops below the theoretical curve at larger 
strains 19, and the predicted modulus seems to be somewhat 
too low. 

The front factor, g, for a phantom network is equal to 
0 " -  2)/]' 20 where f is the functionality of the chemical c ross- 
links. In a real network both the strands and the junctions 
are highly restricted in their motions. As mentioned in the 
introduction, Flory s'9 has suggested that this might cause 
the junction fluctuations to change nearly affinely, making 
g approach one in real networks. 

A number of studies indicate apparent front factors which 
are several times higher than predicted by Flory's modified 
theory. The following sections will give a more detailed dis- 
cussion of three types of studies, all of which indicate large 
entanglement contributions in crosslinked rubbers. 

Resul ts  o f  Moore and Watson 

Moore and Watson 21 studied di-t-butyl peroxide-cured 
natural rubber. The crosslinking mechanism is well-known 
and is thought to proceed practically without side reactions 
for this system. Thus, by varying the amount of crosslinking 
agent, different but known degreees of crosslinking should 
be obtained. From swelling measurements, a physical esti- 
mate of crosslinking could be made. Figure 2 compares the 
physical determination of crosslinking with the chemical 
determination, the latter being estimated from the amount 
ot crosslinking agent. The physical values are clearly higher 
than the values estimated from the amount of crosslinking 
agent. The crosslinks are thought to be tetrafunctional 
which means that the front factor for a phantom network 
should be equal to one half. However, the authors assumed 
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Figure 3 Various entanglement entrapment criteria. Black dots 
indicate chemical crosslinks. ~produced by kind permission of 
Springer--Verlag from Graessley, Adv. Polym. Sci. 1974, 16, 111 ©] 

g equal to one, and even with this value, the observed moduli 
for the lower degrees of crosslinking are about two times the 
predicted values (shown with dashes). 

Extrapolation of the experimental values to zero cross- 
linking gives an appreciable finite intercept independent of 
the value of the front factor. Moore and Watson suggested 
that these results indicate a modulus contribution originating 
in the presence of 'physical' crosslinkages in the uncrosslinked 
polymer, i.e. an entanglement contribution to the modulus. 

It should now be possible, at least in principle, to calcu- 
late the entanglement contribution in the crosslinked net- 
work at any degree of crosslinking. However, there are seve- 
ral problems in applying equation (1). The numerical value 
of the front factor for a real network, formed and tested in 
the undiluted state, has not been properly established. Ex- 
perimental determinations of the front factor give values of 
about 0.5 for networks prepared in the dilute state 22'23 while 
the Langley method gives values closer to one for networks 
prepared in the undilute state 7'24'2s. The contribution of 
elastically effective network strands created by the crosslink- 
ing process may be difficult to assess. Some of the prob- 
lems which could be mentioned are the possibilities of side 
reactions, a distribution of crosslink functionalities and net- 
work defects such as intrachain loops and elastically ineffec- 
tive chain ends. And finally, it is also unclear whether the 
Flory 26 method or the Scanlan 2~ method should be used in 
counting the number of effective network strands terminated 
by chemical crosslinks. The two counting methods give diffe- 
rent values at small crosslink densities. At high degrees of 
crosslinking, there is no difference between the two 
methods. 

ENTANGLEMENT ENTRAPMENT CRITERA 

With increasing degrees of crosslinking in a system of linear 
polymer chains, disentanglement of the chains becomes in- 
creasingly difficult. As soon as a chain is connected to 
another chain, it can no longer disentangle by the reptation 
mechanism proposed by de Gennes ~6 for linear chains. Dis- 
entanglement may now have to take place by a slow diffu- 
sion of the chain end 28 towards the crosslinked point. In 
Figure 3, an entanglement is viewed as a constraint involving 
only two chains. Various entrapment criteria have been 
proposed for this simplified picture of an entanglement 
coupling, as shown in Figure 3. The Bueche-Mullins trap 
does not prevent the upper chain from diffusing away, 
thereby causing disentanglement. In a Langley trap, each 
of the four strands is connected to the gel structure, per- 
manently trapping the entanglement. 

Langley me thod  

Langley 29 has developed a method for calculating the 

total concentration of elastically effective network strands, 
v, assuming additivity of the contributions from chemical 
crosslinks and entanglements. His method takes into account 
molecular weight, molecular weight distribution, functiona- 
lity of the crosslinks, and chain scission. Data at low deg- 
rees of crosslinking is needed, and it therefore makes a dif- 
ference whether the Flory 26 or the Scanlan 27 criterion for 
counting elastically effective strands is used. With the Flory 
criterion: 

u : UcwgTle/2 + v e t  e (2) 

With the Scanlan criterion 

v : ~AveTel/2(3 w g -  Tle/2) + ueTe (3) 

where v c is the concentration of network strands terminated 
by chemical crosslinks, Wg is the gel fraction, u e is the con- 
centration of potential entanglement strands and T e is the 
fraction of potential entanglements which have become 
trapped by the crosslinking process. Te depends on func- 
tionality of the crosslinks, initial molecular weight and 
molecular weight distribution, and on the fraction of repeat- 
ing units which have undergone crosslinking, g, or scission,p. 

When the functionality of crosslinks is known, sol extrac- 
tion measurements give wg, q, and p, allowing calculation 
of T e. A further determination of the elastic modulus, 
allows determination of the concentration of potential en- 
tanglements, v e, and the front factor, g. Dossin et al. 7 have 
recently published results from a very extensive study on 
polybutadiene (~8% vinyl) and ethylene-propylene co- 
polymer (~60 mol % ethylene). Figure 4 shows a Langley 
plot of the initial moduli, G 0. The intercept on the ordinate 
axis gives the potential entanglement modulus contribution, 
G max, and the slope gives the front factor, g. Table 1 sum- 
marizes the results for three different studies, using the 
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Figure 4 Langley plots of initial moduli. ~ is volume fraction of 
polymer during crosslinking. Data of Dossin et aL 7. [Reproduced 
by kind permission of the American Cherrical Society from Polym. 
Prepro 1979, 20, 224 @] 
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Table I Results from the Langley method for poly(dimethyl 
siloxane), polybutadiene (~8% vinyl), and ethylene--propylene 
copolymer. Moduli are given at 298K 

Polymer g G max (MPa) GN0 (MPa) 

Poly(dimethyl siloxane) 0.81 0.23 a 0.30 c 
(Langley and Polmanteer 24) 0.60 0.26 b 

Polybutadiene 1.22 0.45 a 1.3 
(Pearson et  al. 2s) 

Polybutadiene, ~ = 1.0 1.0 i .2 1.3 
Polybutadiene, ~ = 0.5 ~1.0 0.26 0.24 
Ethylene--propylene 1.1 1.6 1.7 

copolymer 
(Dossin et al. 7) 

~b is the volume fraction of polymer during crosslinking 
a Florycriterion. bScanlancriterion, c Ref 1, p406 
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Figure 5 Initial moduli for polybutadiene (/~w = 210000} cross- 
linked in bulk vs. radiation dose. Full lines show predicted behaviour 
with and without junction point fluctuations and a topological con- 
tr ibution based on plateau modulus. Data of Dossin et al. 7 
[Reproduced by kind permission of the American Cherrical Society 
from Polym. Prepr. 1979, 20, 224 ©] 
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Dossin et al. v also determined the Mooney-Rivlin para- 
meters for their samples Figure 6 is a plot of 2C 2 versus the 
topological contribution, T e G 0 .  The solid line corresponds 
to 2C2 = ½TeGO N. The interpretation given by the authors 
is that departures from the ideal Gaussian stress-strain re- 
lation are entirely dependent on the topological (entangle- 
ment) contribution. The other half of the effective topolo- 
gical contribution should then be included in C1. 

Two-ne twork  me thod  

For a Gaussian network crosslinked in the strained un- 
diluted state, the elastic free energy, AAel, of the composite 
network may be expressed as the sum of two terms3°: 

AAel = l/zGl (X; + }t. 2 + Xz 2 3)+ ½G2(~t22 + ~t;2 + ~ ' ;2 -  3) 

(4) 

where G1 is the modulus of the original network and G2 is 
the modulus of the network formed in the strained state. 
The extension ratios Xx, X), and Xz are taken relative to the 
initial state while Xx2, Xy2 and Xz2 are taken relative to the 
strained state. 

By crosslinking entanglement networks of 1,2. 
polybutadiene in strained states, Ferry and coworkers have 
developed a method 3~ to determine the entanglement con- 
tribution to the moduli of crosslinked polymers, using the 
two-network fomalism. After crosslinking and release, the 
composite network retracts to a state of ease. Stress-strain 
measurements relative to the state of ease allow determina- 
tion of the two moduli, G N due to entanglements and G X 
due to chemical crosslinks introduced in the strained state. 
The entanglement modulus contribution, G~, determined 
this way may be compared directly with G~, determined 
from measurements in the rubber plateau region of the un- 
crosslinked polymer. 

In the two-network method, the only assumption made 
is that the contributions from entanglements and chemical 
crosslinks, are separable and of the form shown in equation 

0 8  

Langley method. Except for the study by Pearson el al.ZS 
excellent agreement between G max and the stress relaxation 
inodulus G ° is obtained. The study by Dossin et al. 7, which 
includes a very large number of samples, clearly points to g = 
1.0 whereas the study by Langley and Polmanteer z4 gives 
somewhat lower values. 

Figure 5 is a plot of initial modulus in simple extension, 
G O , versus irradiation dose. The lull lines show predicted 
behaviour lk)r a number of cases. Starting from the bottom, 
the first curve shows the predicted modulus for a phantom 
network, g = ½; the second curve is for a network with 
greatly reduced junction fluctuations, g = 1 ; the third curve 
is for a phantom network plus a topological (entanglement) 
contribution. The last curve is for a network with greatly 
reduced junction fluctuations plus a topological contribu- 
tion. The circles are experimental points. It can be seen 
that, regardless of the junction fluctuation effect, the chemi- 
cal contribution is a small part of the modulus in these net- 
works. As stated by the authors, there appears to be no way 
to account for the observed behaviour without invoking 
something in addition to a chemical contribution. 
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Figure 6 Mooney--Rivl in 2C 2 parameter vs. the topological con- 
tr ibution. O, Polybutadiene data; • ethylene--propylene co- 
polymer data. Data of Dossin et aL 7. [Reproduced by kind permis- 
sion of the American Chemical Society Polym. Prepr. 1979, 20, 224 ©] 
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Figure 7 Stress-strain data at 323K for samples crosslinked and 
tested in three different types of deformation. Full lines are predic- 
tions from Gaussian theory. Scale for simple extension. (Unpub- 
lished data by Hvidt, Kramer, Batsberg and Ferry) 

C1N ~-- C2N , i.e. the entanglements contribute roughly 
equally to the C 1 term and to the C2 term of the crosslinked 
network. Strands terminated by chemical crosslinks con- 
tribute only to the C1 term. These results are in agreement 
with the results of Dossin et al. 7. 

Figure 9 shows the modulus contribution from chemical 
crosslinks, Gx, calculated from the two-network theory. 
G s is the composite network modulus measured directly 
on thin strips at small strains. It is clear that the chemical 
contribution calculated from the two network theory 
accounts for only about 25%of the observed modulus. This 
is also in agreement with the results of Dossin et al. ~, see 
Figure 5. 

Figure 10 shows the entanglement modulus contribution, 
G N,  calculated from the ideal two-network theory. There 
is very good agreement between the results from different 
types of strain, G ° is the pseudo-equilibrium shear modulus 
in the viscoelastic plateau region 1. These results show that 
G ° ~ G N from the two-network method. This means that 
the topological constraints which cause the pseudo- 
equilibrium rubber plateau become permenently trapped 
by the crosslinks, as assumed in the Langley method. 

Front factor 

It should be possible, at least in principle, to calculate 
the number of strands terminated by chemical crosslinks 

2.0 

Biaxiat 

(4). The functionality of the chemical crosslinks, the value 16 
of the front factor, and whether to use the Flory or the 
Scanlan criterion need not be known. More details on the 
two-network method are given in another paper at this con- 
ference by Ferry 32. 

Most of the work has been done on samples crosslinked 
in states of simple extension 3~-3s. In the latest experiments~ 12 
2-polybutadiene was strained in different types of deforma- -6 
tion at only 8K above the glass transition temperature, n 
cooled to well below Tg, and then crosslinked in the strained 
state with 10 MeV electrons. 

Figure 7 shows three samples, each of which have been 0 8  
crosslinked and subsequently stress-strain tested in the same 
geometry - starting from the top: equiblaxial extension, 
pure shear, and simple extension. Fuil lines are theoretical 
curves, using the ideal Gaussian theory. The well-known de- 
parture in simple extension is also observed here. Unfor- 
tunately, the samples break at rather low extension ratios 0-4 
when tested in equibiaxial extension or pure shear, but in 
no case were significant departures from theory observed. 

Thin strips were cut from the composite networks and 
then tested in simple extension. Figure 8 shows the results 
for samples crosslinked in simple extension, pure shear, and 
undeformed during crosslinking. It is clear that the so-called 
C2 effect is found in simple extension irrespective of sample 
geometry. The departure from ideal behaviour for simple 
extension samples may be described using the Mooney- 

33 34 3"7 38 Rivlin expression for the entanglement contribution ' ' ' . 
For samples which have experienced negligible relaxation 
prior to crosslinking in the strained state, it is found 38 that 

Pure shear 

rained 

1C) 1'2 1 '4 1.'6 
J~ 

Figure 8 Simple extension stress-strain at 323K for samples 
crosslinked in unstrained, pure shear, and equibiaxial states as indi- 
cated. Solid lines for biaxial and pure shear are calculated from 
Gaussian theory, using moduli determined by inflation experiments. 
Scale for unstrained. (Unpublished data by Hvidt, Kramer, Batsberg 
and Ferry) 
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Figure 9 Composite network modulus, Gs, and modulus contribu- 
tion from chemical crosslinks, G x (Q), vs. extension ratio during 
crosslinking, h0. Solid lines are predictions from the two-network 
theory, calculated with G X = 0.26 MPa and G N = 0.73 MPa. o, 
Equibiaxial; D, pure shear; A, simple extension sample. (Unpublished 
data by Hvidt, Kramer, Batsberg and Ferry) 
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Figure 10 Entanglement cont r ibu t ion  to the equi l ibr ium modulus, 
GN, vs. extension ratio during crosslinking, h O. G ~  is the pseudo- 
equil ibrium stress relaxation modulus at 323K. ©, Equibiaxial; D, pure 
shear;/~, simple extension sample. (Unpublished data by Hvidt, 
Kramer, Batsberg, and Ferry) 

tanglement contribution is less than G O. This is due to re- 
arrangement of  the entanglement network structure or com- 
plete disentangling of  part of  the network. 

Both the Langley method and the two-network method 
indicate that the entanglement contribution to the stress is 
responsible for departures from neo-Hookean behaviour ob- 
served in simple extension. 

from the gel dose. The two-network method should there- 
fore allow a rather direct determination 36 of the front factor 
for the modulus contribution from strands terminated by 
chemical crosslinks. 

However, the functionality of  the crosslinks must be 
known and should preferably be uniform. This is unfor- 
tunately not the case for high-vinyl polybutadiene,  since 
the crosslinks may partly be formed by a chain reaction, 
involving several vinyl groups 2s'39. The mean functionality 
should therefore be expected to be higher than four. For 
the sake of  illustration, the front factor was calculated for 
two cases. Assuming tetrafunctional crosslinks, g = 0.6; 
assuming hexafunctional crosslinks, g = 1.2. Experiments 
with other polymers have been planned. 

CONCLUSION 

In highly corsslinked rubbers, the entanglement network 
structure is made permanent by the chemical crosslinks. In 
this case, the entanglement contribution to the equilibrium 
modulus, GN, is found to be equal to the pseudo-equilibrium 
modulus of  the uncrosslinked polymer, G O. At lower degrees 
of  crosslinking or if chain scission has taken place, the en- 
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