VISCOELASTIC PROPERTIES OF AMORPHOUS POLYMERS
IN THE RUBBERLIKE ELASTIC STATE AS A FUNCTICON
OF THE NATURE AND LENGTH OF THE POLYMER CHAIN

G. V. Vinogradov, E. A, Dzyura, UDC 532.135
and A. Ya. Malkin

The effect of the fundamental molecular parameters on the behavior of polymers in the re-
gion of the rubberlike-elasticity plateau is analyzed to find "corresponding states™ of dif-
ferent polymers and methods for reducing the experimental data to a generalized form.

The core problem in the description of the viscoelastic properties of polymers is to determine the
parameters that can be used to characterize their individual features as simply as possible, along with
functions that predict the dependence of the properties of polymers on their molecular structure and the
parameters of whatever external influences are felt. The variation of the viscoelastic properties as a
function of the temperature and time is similar for many amorphous linear polymers, so that the problem
reduces to the selection of "corresponding states," in which the polymers are mechanically equivalent.
This problem has been expounded in the literature since 1939, at which time A. P. Aleksandrov and Yu.
S. Lazurkin demonstrated the equivalent influence of temperature and cyclic deformation frequency on the
properties of a polymer [1]. This result was later formulated as the principle of temperature —time or
temperature —frequency superposition and acquired significant development in the schools of Ferry [2]
and Tobolsky [3]. Also of considerable theoretical importance is the equivalence of the temperature de-
pendences of the relaxation times of various polymers for a proper choice of normalization temperature
4, 5].

In research on the properties of polymers in the fluid state the principle of "logarithmic additivity"
has been established [6], and it has been shown [7] that the viscoelastic properties of linear polymers in
the fluid state are determined primarily by two individual parameters, the glass-transition temperature
T, and the number of segments N = M/M,, where M is the molecular weight of the polymer and M, is the
critical molecular weight corresponding to the formation of a three-dimensional linkage configuration [8,
9]. Then, adopting the quantities Tg and N as the arguments of the viscoelastic characteristics, one can
derive a set of universal functions characterizing the principal features of the behavior of linear polymers
in the fluid state.

It has been established in the investigation of polymers in the glassy state that the viscoelastic prop-
erties depend only slightly on the molecular characteristics of the polymers [2, 3]. Also, the elastic
modulus of glassy polymers is of the order 10'° dyn/ cm?, irrespective of the nature of the polymer chain
[10].

The rubberlike elastic state is the most characteristic state of polymers. It occurs in definite ranges
of temperatures or application times, when the deformations of the polymers turn out to be mainly ir-
reversible; this irreversibility has an entropy character. The rubberlike elastic state has been meagerly
studied in the case of uncrosslinked polymers.

The rubberlike high-elasticity state is manifested in the temperature and frequency dependences of
the elastic modulus, as we know, by what we call the rubberlike-elasticity plateau. It is also well known
that the width of this plateau increases with the molecular weight [11]. For different polymers, however,
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TABLE 1. Characteristics of the Investigated Polymers

Microstructure} Lo
Polymer Tl ' E% Catalyst™
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Polybutad1ene PB-1 0,89 {6,51] 8,42 (1,05] 4 31 l 5 11931 0,5 [sec-Buli

Polybutadiene PB-2 » 13,42 3,72 |1,12 40 513356 193 " LI
Polybutadiene PB-3 0,895(1,63{ 1,43 |1,1 47 2 44 ' ,8 1180 0, 2 om
Polybutadiene PB-4 w |1,26[ 1,02 |1,1 14 180 » {n=Buli
Polystyrene 1,05 | — | 8,61111,1 Atacuc 388 — -

*The value of | 1| was determined for solutions in toluene at 25°C,

TThe molecular weights of the polybutadienes were calculated according to the equation
|n | = 1.56- 10~4M% ¢, starting with the values found for In | (see12).

1 The microstructure was determined by infrared spectroscopy.

* All the samples were prepared by anionic polymerization from "live" chains.

' The sample was prepared at the Mellon Institute in the USA; the molecular weight data
were fumished by the Institute,

TABLE 2. Initial Viscosity of Polybutadienes at Various Temper-

atures CK)
Mo+ 1074
M-102 )
217,5 225 33,5 254 | 203 | 315 | 334 353 371
38 1260 295 ! 115 ‘18,6 1,26| — — -— t —
143 — — — — 200 | 72,5 | 39,8 22,9 14,1

the relationship between the molecular characteristics and width of the rubberlike-elasticity plateau, on
the one hand, and the height of the plateau, on the other, has been investigated by diverse methods and
with objects having different molecular weight distributions (MWD's). For this reason it is impossible
to compare the data obtained by different authors in order to develop general laws.

The present article is concerned with the investigation of the effect of the fundamental molecular
parameters on the behavior of polymers in the region of the rubberlike-elasticity plateau in order to find
"corresponding states™ of unlike polymers and methods for the reduction of the experimental data to a
generalized form.

We used polymers having various chain rigidities and narrow MWD's, so that they could be regarded
as essentially monodisperse, thus precluding the influence of the MWD and confining the investigation to
the influence of the length and rigidity of the polymer chain (i.e., the number of segments) on the visco-
elasticity in various temperature —time deformation regions.

EXPERIMENTAL METHOD

The objects of our study were polybutadiene and polystyrene having a polydispersity ratio no greater
than 1.1. The latter was determined by ultracentrifuge sedimentation rate measurements. The physico-
chemical characteristics of the samples are listed in Table 1. The densities of the polybutadienes at vari-
ous temperatures were found with the use of the bulk expansion coefficient given in {13], 7.5- 10-4. Our
antioxidants were N-phenyl-N'-igsopropyldiamine (for the PB-1 and PB-2 samples) and ionol (for the PB-3
and PB-4). The temperature dependence of the density was taken from [14] for polystyrene. The glass-
transition temperatures of all the samples were determined from the position of the loss maximum at a fre-
quency of 1 Hz by means of a torsional pendulum executing freely damped oscillations.

The torsional pendulum used in the investigation is described in [15]. The dynamical characteristics,
i.e., the elastic modulus G' and mechanical loss tangent tand, were calculated from the measurement re-
sults by conventional methods (see, e.g., [16]).

We obtained the dynamical characteristics over a wide frequency range by the temperature —frequency
superposition method, plotting the dependence of the reduced modulus .G{.e = G'(pyTy/ 0T} on the reduced
frequency waT (where p and p, are the densities of the polymer at temperatures T and Ty w is
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96 TABLE 3. Coefficients of the WLF Equationfor
- the Adopted Reduction Temperatures
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Coordinates log (G;.e), dyn/ em?; log (wat), sec™. curves along the axis over the entire tempera-

fure range.

We used the following methods to determine the functions a(T). It is well known (see, e.g., [8]) that
aT is independent of the molecular weight of polymers with M > M¢. Then the coefficient a can be deter-
mined at various temperatures from the expression at = (nT/nTo) (0 To/ pT) (Where nT and T, are the

initial viscosities of the polymer at temperatures T and T,), by using the temperature dependence of the
viscosity for samples in which such measurements are relatively easy to perform.

The foregoing method was used to determine the function a(T) for the PB-3 and PB-4 samples.
The values of the initial viscosity n, were determined on a constant-pressure capillary viscosimeter [17];
at low temperatures we used a polybutadiene sample with M = 3.8 - 10* whose microstructure was close to
that of PB~3 and PB-4. The resulting data are summarized in Table 2.

From these data we calculated the coefficients aT and, assuming that the function a(T) is described
by the well-known Williams —-T.andel —~Ferry (WLF) equation [2], we plotted the dependence of (T — Ty)
/logaT on (T — Ty). From the graph of this dependence, which forms a straight line, we determined the
coefficients Cy and C, in the WLF equation.

For the PB-1 and PB-2 samples we determined the coefficients C, and C, in the WLF equation by
the same method, except that, due to the absence of low-molecular samples having a similar micro-
structure, we determined the values of logaT directly by shifting the dependences Gpq(w) along the fre-
quency axis in the temperature range from 260 to 373°K.

For the polystyrene (PS) we borrowed the function a1 (T — Ty) from [18].

The reduction temperature T, for the various polymers was determined on the basis of the condition
T,/ Tg = const, which, as will be shown presently, guarantees the analysis of the fundamental rubberlike
elasticity characteristics of polymers in "corresponding states.” The choice of values for the reduction
temperature was dictated by the fact that the viscoelastic properties of PS, according to published data
[18], are known for T, =473°K, i.e., for T,/ Tg =1.22. The values of Tg at 2 frequency of 1 Hz, T,, and

the coefficients C(i’ and Cg of the WLF equation for the investigated polybutadiene samples are given in Table
3.

RESULTS AND DISCUSSION

It is customarily assumed that the coefficients in the WLF equation are "universal” for calculations
of the shear temperature coefficient a. Then, at a temperature differing from the glass-transition point
by a certain amount (at T = Tg + AT), the relaxation times must decrease relative to the relaxation times
at T, in the same proportion for different polymers. It is not clear, however, whether the different poly~-
mers turn out to be equivalent at Ty + AT with respect to the regions of trangition from the rubberlike to
the fluid and glassy states when all three regions are estimated from the frequency scale. Inasmuch as the
curves for G{.e(waT) are similar for dissimilar linear polymers, in order to solve this problem it is neces-
sary to determine on those curves characteristic points in the transition regions from the rubberlike to
the fluid and glassy states. If these characteristic points on the curves for Gpe (waT) occupy the same
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Fig. 2. Normalized elastic modulus G;ﬂ - Z¢ (@) and mechanical
loss tangent (b) versus reduced frequency at Ty =1.22 Ty for poly-
styrene (1) and polybutadiene PB—4 (2). The numbers attached to
the curves indicate the number of dynamic segments in the poly-
mer chains. Coordinates log (Gp]- Ze), dyn/ cm?; log (war), sec™!.

position on the frequency scale for different polymers, then these polymers may be regarded as equivalent
from the standpoint of their rubberlike transition tendency.

Let us examine the experimental data for PS and PB4 (Table 1), processed so that the reduction
temperature in both cases differs by the same amount. This circumstance is illustrated in Fig. 1, for which
the reduction temperature was assumed equal to 473°K for PS and to 265°K for PB, i.e., in both cases the
reduction temperature was Tg + 85°,

We note first of all that the interval of rubberlike elasticity for monodisperse polymers corresponds
to an almost constant value of the modulus Gye. It is a well-known fact that the transition region from the
rubberlike to the glassy state is virtually independent of the molecular weight and is therefore specific to
a particular polymer homologous series. We denote the beginning of this transition by the point W which
we determine from the graph of Gl.(waT) as the value of w at which the tangent to the graph of Ge(war)
at high frequencies reaches 10°, Taking into account the essentially inconsequential variation of the modulus
in the vicinity of the rubberlike-elasticity plateau, we specify its low-frequency limit (transition into the
fluid state) as the frequency wg at which G}, decreases 0.2 of a decimal order (i.e., by 1/1.6) relative to
its value at w = wg. This definition of the plateau limits is conditional, but all that matters in the present
study is that the assessment procedure be consistent for the various polymers. Thus, the characteristic
point w, reflects the special features of the polymer homologous series, i.e., it is related to the seg-
mental properties of the polymer chain, and the influence of the molecular weight on the width of the plateau
is reflected in the distance of wf from the point wy on the frequency scale. The dependence of wg on the
segmental properties is a consequence of the fact that the rubberlike~elasticity plateau degenerates as the
molecular weight of the polymer decreases. The frequency wg moves closer to wg with decreasing molec-
ular weight. In the limit as the molecular weight corresponds to the onset of the plateau, wg merges with
wg- Then w, turns out to be an intrinsic characteristic of the viscoelastic properties of a polymer whose
molecular weight is equal to the "segmental®™ molecular weight for the polymer homologous series.

It is apparent from Fig. 1 that with reduction to Ty = Tg + 85° the value of wg for polybutadiene is
2.1 decimal orders higher than for polystyrene. Consequently, the reduction to Ty = Tg + const does not
guarantee the equivalence condition for different polymers in the sense that the characteristic transition
to the glassy state for the different polymers will be observed at the same frequency.

We therefore choose for the polybutadienes a reduction temperature T, such that the complete at-
tainment of the rubberlike elastic state corresponds to the same frequency as for polystyrene, i.e., in
both cases we let log wg = 3.2. The value of logwg 3.2 is attained for PB4 at a reduction temperature
of 220°K. A comparison of the reduction temperatures for polystyrene @73°K) and PB4 (220°K) with the
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TABLE 4. Characteristic Parameters for Various Polymers

< .10- 26 1.2 .10,
Polymer M, M, z, Gpl 10-5, dyn/cm Pl “e ,
1 dyn/cm
Polystyrene . 104 |1,94-10* 187 2,0 3,74
Polybutadiene PB-4 54 | 2,0-10° 37 8,7 3,22
Poly-a.-methylstyrene 118 1,2.104 101,6 3.4 3,46

* The values of 61'31 are based on the data of [20].

TABLE 5. Relationship between the Glass-Transition Temper-
ature and Monomer-Element Molecular Weight of Various Poly-

mers
No. Polymer Tg M, Tg/Mo
1 Polybutadiene (14% 1,2-; 42% trans-;
44% .cis~) 180 54 3.34
2 Polybutadiene (8.8% 1,2-; 44% trans-;
47.2% cis-) 180 54 3.34
3 Polybutadiene (28% 1,2-; 31.5% trans-;
40% cis-) 193 54 3,57
4 Polystyrene 388 104 3.73
5 cis-Polyisoprene 223 68 3.28
6 Polyvinylacetate 306 86 3.56
7 Polyisobutylene 225 56 4.01
8 Polybutadiene (70% 1,2-; 30% 1.4-) 236 54 4.37
9 Polyvinylmethyl ether 263 58 4,53
10 Polyvinylethyl ether 256 72 3.56
11 Polyvinylpropyl ether 246 86 2.86
12 Polyvinyl-n-butyl ether 241 100 2.41
13 Polymethylacrylate 298 86 3.47
14 Polyethylacrylate 268 100 2.68
15 Polybutylacrylate 239 128 1.87
16 Polyvinylchloride 363 62.5 5.8

Note: The values for Nos. 1-4 are taken from the results of the present study, for
Nos. 5-16 from [21]. In every case the values of Tg were measured by the dyna-
mic method at a frequency of 1 Hz.

corresponding glass-transition temperatures yields the ratio T,/ Tg =1.22. Analogous ratios were ob-
tained for the other polybutadiene samples, whose reduction temperatures are indicated above., The con-
staney of the ratio Ty/ Tg in correspondence with the above-indicated conditions is hardly fortuitous. On
the contrary, it is reasonable to assume that this fact is attributable to the behavior of the temperature de~
pendence of the relaxation characteristics of the polymers. In fact, an equal distance from the glass-tran-
sition temperature does not correspond to an equal molecular energy state; the latter is determined by the
temperature ratio.

It is clear from Fig. 1 that at T, = 1.22 T, the conditions for transition from the rubberlike to the
glassy state equalize for polystyrene and polybutadiene, but the corresponding values of the elastic modulus
do not become equal. The average values of the elastic moduli in the vicinity of the rubberlike elasticity
plateau, Gy, differ for polystyrene and polybutadiene; for the former it is 2-10° dyn/ cm?, and for the
latter (PB-4) it is 8.7-10% dyn/cm?. This disparity in the values of G} is not related to a difference in the
lengths of the molecular chains of dissimilarly structured polymers, but to the properties of the dynamic
segment, mainly its rigidity.

The molecular weight Mg of the dynamic segment can be calculated from the average modulus _G'l
by using the well-known relation between Mg and GE)I from the theory of rubber elasticity [19]. The seg-
mental rigidity is characterized by the number of monomer elements contained in it, Zg = Mg/ M, (M, is the
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Fig. 3. Reduced elastic moduli G,., versus reduced

frequency. Coordinates logG;,e, dyn/ cm?; log (waT),
sec™l. a) PB-1 (1); PB-2 2); PB~3 (3); PB-4 4); b)
polystyrene with molecular weights 8.6-10° (5); 5.1
-10° (6); 2.67- 105 (7).

molecular weight of the monomer element). In polymers having different segmental rigidities and dif-
ferent monomer elemental structures the density of the three-dimensional fluctuation entanglement of
physical bonds differs, as determined by the number N of segments per unit length, i.e., the frequency

of entanglement nodes and the length 7, of the monomer element. It is instructive, therefore, to compare
the moduli, normalized on the number of linkage nodes per unit chain length and on unit monomer element
length, i.e., the quantity Gp1/NI,. It is readily seen that NI Ze =1, so that Z, =1/N; and @bl/ NI, = Gpy
- Zg. This normalization of the moduli enables us to compare the properties of physical linkages that are
equivalent in terms of the node frequency (spacing) and length of the monomer element. In other words,
the characteristic parameter 5{01- Ze = PRT/ M, may be regarded as the elastic modulus of a rubber for
which the linkage node spacing is equal to the length of one monomer element.

A comparison of the dependences of -G_I'Dl' Zg on way for polystyrene and PB~4 at T =1.22 Tg is made
in Fig. 2a, from which it is evident that the indicated normalization procedure can be used effectively to
align not only the values of wg, but also the elastic moduli in the vicinity of the rubberlike-elasticity plateau.

Processing of the experimental data given in [20] for monodisperse poly-o-methylstyrene yields for
this polymer a value of the characteristic parameter Gbl‘ Z o close to the corresponding values for poly-
styrene and polybutadiene. This conclusion is evident from the data presented in Table 4.

In order to ascertain the generality of the above-described method of reduction on the plateau heig_ht
for dissimilar polymers, we use the relation Gbl = ppRT¢/ Mg and recognize that T = 1.22 Tg to obtain Gi)l

As the latter equation attests, the comparison of different polymers on the basis of the characteristic
parameter Gi)l *Zg is equivalent to their comparison on the basis of the ratio Tg/ M, (we neglect the factor
pg, Since it varies over the narrow interval from 0.85 to 1.00 g/ cm?® for the polymer group considered here).
The values of _Gbl have not been determined for a large class of monodisperse polymers, but the values of
Tgare reliably known for many polymers; consequently, in Table 5 a large number of amorphous polymers
are compared on the basis of the ratio T g/ M,.
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It is evident from Table 5 that for one group of polymers (Nos. 1-7) the ratio Tg/ M, is close, on the
average, to 3.62, with £10% deviation from the average. As the length of the side substituents is increased
the values of Tg/ M, decrease (in the case of polybutylacrylate, for example, Tg/ M, = 1.87), and with the
addition of polar substituents they increase (for polyvinylchloride, for example, Tg/ My = 5.8). These data
characterize the tendency of the polymer rigidity to vary as a function of the specific attributes of the inter-
molecular couplings and reveal that the method proposed above for normalization of the plateau modulus
is only universal for nonpolar polymers without long side branchings in the monomer element.

As evinced by Fig. 2a, the widths of the rubberlike-elasticity plateaus for PS and PB-4 are close
together when their molecular weights differ by a factor of approximately eight. This result is attributable
to the fact that both of these polymers have similar numbers of dynamic segments {44 for polystyrene and
51 for polybutadiene) and, according to our earlier paper [22], the plateau widths for these polymers must
be close (amounting to 2.9 and 3.3 decimal orders for these respective polymers). It is reasonable to as-

sume that, with an equal number of segments in the polymer chains, these substances should be equivalent
at Ty =1.22 Tg.
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As for the dependence of tand on waT, as seen in Fig. 2b, the values of tané,,j, and the positions of
these minima on the frequency axis for PS and PB~4 are close together, confirming the inference of Mar-
vin's theory [23] concerning the proportionality of tan éyjn to the number of segments, irrespective of the
nature of the polymer chain. At this point a more general conclusion asserts itself regarding the equi~
valence of the dependences of tand on waT over the entire frequency range under the condition T = const
- Tg for polymers with strictly identical numbers of segments in the chain.

We now analyze the width of the rubberlike-elasticity plateau in the frequency dependence of the
dynamic modulus.

The method of estimating the width of the plateau region on these curves was described above. It
has been shown in [22] that the plateau width Alogw is directly proportional to X, where X = log (M/ Mph)
and My, is the molecular weight corresponding to the onset of the plateau. The experimental results of
the present study permit us to confirm the conclusions and to refine the values found for the coefficients in
our earlier work.

The dependence of the elastic moduli Gre(warl-) for the polybutadienes and polystyrene and widths
Alog w of the rubberlike plateau are given in Fig. 3a and 3b. Also shown in Fig. 3b are the experimental
data of [18] for two polystyrene samples with molecular weights of 5.1 -10° and 2.67°10°. The molecular
weights M, of the dynamic segments for the investigated samples have the following values: 2.33- 103 for
PB-1 and PB- 2; 2.0-10° for PB-3 and PB—4; 1.94 - 10? for polystyrene.

The dependence of the rubberlike plateau width & logw on the logarithm of the number of segments
M/ M, in the polymer chain is shown in Fig. 4. Also plotted in this figure are the analog-processed data
of [13] for two polybutadiene samples (molecular weights of 5.1 -10° and 1.8 - 10%) and of [24] for two poly-
vinylacetate samples (molecular weights of 7.5*10% and 3.2-10%. The molecular weights Me of the dynamic
segments for these polymers are 2.22-103 and 1.75-10%, respectively. As apparent from Fig. 4, which
is plotted in log—log coordinates, the plateau width exhibits a power-law dependence on the number of
dynamic segments in the polymer chain. The power exponent, which is equal to 3, is universal for all
the given polymers. It is important to note that the relationship between A logw and log (M/ Mg) is in-
dependent of the choice of reduction temperature. It is only important at each reduction temperature to
estimate Alog w by the same method and to calculate Mg from the value of 5'1 For example, the data of
[13] for polybutadiene at T; = 298°K and the experimental data given in this article for the polybutadlenes
provide comparable results on the dependence A log w (log M/ Mg).

The line given in Fig. 4 intercepts the horizontal axis at log (M/ Meg) = 0.6. This fact indicates that
linear polymers have a critical molecular weight Mp1, at which the frequency dependence of the elastic
modulus begins to acquire a rubberlike-elasticity plateau. It is evident from the cited data that Mp] = 4Me.
Consequently, the dependence A logw(log M/ Mg) can be described by the relation

Algeo = 3lg(M/4M,). 1

This dependenceis universal both for a typical thermoplast having a long rigid chain, such as polystyrene,
as well as a typical elastomer having a very flexible chain, such as polybutadiene.
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It has already been demonstrated above that under the condition Tq = const - Tg the dependence tané
‘ (waT) is determined solely by the number of dynamic segments in the polymer chain, irrespective of the
nature of the latter. The numbers attached to the curves in Fig. 5 indicate the number of dynamic segments
for each sample. It is clear from the figure that for monodisperse polymers the dependence tan é(waT) bas
in the plateau region a distinet minimum, which shifts toward higher frequencies as the number of segments
is diminished. Moreover, the minimum value of tané(war) is lower, the greater the number of dynamic
segments composing the polymer chain.

This result admits the following interpretation. We know that the value of tané for vulcanized rub-
bers decreases more rapidly, the higher the crosslink density., The fluctuation linkage configuration in
unvulcanized rubber differs from the chemical crosslink configuration in that each linkage has a definite
lifetime, i.e., disappears and reappears at a definite frequency. Only at frequencies commensurate with
or greater than the natural frequencies of the generation and disintegration of the temporal linkages can
this network produce an effect analogous to the spatial network of chemical bonds. From this point of view
the position of the minimum for tané(war) on the frequency axis must be attributable to a certain charac-
teristic ("mean") frequency of disintegration and generation of physical linkages in the polymer. The de-
pendence of the position wmip of the minimum of tan d(war) along the frequency axis on the number of seg-~
ments in the polymer chain is shown in Fig. 6a. As the molecular weight increases the mobility of the
chain as a whole is reduced, causing an increase in the "mean" lifetime of the linkages; this effect is
equivalent to the position w,,;,.

With increasing molecular weight the value of tand,;p also decreases. This behavior is illustrated
in Fig. 6b, in which the number of dynamic segments in the polymer chain for polystyrene and polybutadiene
is adopted as the argument. This figure was plotted on the basis of our original experimental results as
well as the data of [13, 18].

The dashed curve represents the dependence corresponding to the theoretical equation [23]
tg 8min = 1.02 (M/2M,)™*2, (2

As seen in Fig. 6b, for N = M/2M, less than 70 the experimental and theoretical dependences are
close. For N > 70, however, the value of tan &,,;, becomes constant, deviating from the theoretical,
This result is probably a consequence of the fact that, beginning with a certain value of N, the ends of the
polymer chains introduce a negligibly small contribution to the deformation losses, inasmuch as they are
small relative to the fotal length of the polymer chain. The effect of the finite chain length is not incor-
porated in the theory of [23].

The concept of the rubberlike-elasticity plateau was treated above solely as an interval defined on
the frequency curve of the dynamic modulus under isothermal conditions. However, there is a widely held
view of the rubberlike plateau as a temperature interval AT corresponding to a constant modulus (or
compliance) measured for a constant stress—time regime. A general quantitative correspondence be-
tween these two types of plateau was established in our earlier paper [22], using the following relation as
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the basis of the theoretical analysis:

BAT
lg(M/Mp1) = , (3)
g (M/Mpy) Cr AT
which was first proposed in [11, 25]. Here B and C are empirical constants. The width of the plateau on
the frequency dependence of the modulus, according to [22], is expressed in terms of the ratio of these
constants.

The temperature dependences of G' obtained in the present study at a frequency of 1 Hz for the poly-
butadienes are given in Fig. 7a. Their processing, which was analogous to that for Fig. 1, made it pos-
sible to find the plateau width for the various samples investigated. The relationship between AT and log (M
/Mp)) is shown in Fig. Tb, from which it is apparent that the solid curve plotted according to Eq. (3) agrees
well with the experimental data for values of the constants B = 3.22 and C = 1.22. The ratio B/C =2.6-107%,
which is close to the value obtained in [25], aithough the values of the constants themselves differ for poly~
isobutylene and the polymers investigated in our work. It may be assumed that the cause of this discre-
pancy lies both in the disparity of the methods used to determine the thermomechanical curve and in the
fact that the character of the rubberlike plateau depends on the MWD.

The results confirm the motion of equivalence between the rubberlike~elasticity plateaus in the tem-
perature and frequency curves of the dynamical properties of a polymer (cf. Figs. 4 and 7b), as well as the
universality of the plateau width as a function of the number of segments in the chain, irrespective of the
chemical nature of the latter.

Therefore, the main inference to be drawn from the foregoing experimental facts is that the visco-
elastic properties of different polymers are quantitatively determined by two parameters: the glass-transi-
tion temperature and the size of the dynamic segment. This conclusion was obtained earlier [7] in applica-
tion to the properties of different polymers in the fluid state. In the present study it is confirmed and
generalized for the rubberiike interval.

The authors express their appreciation to V. A. Grechanovskii for determining the polydispersities
of the investigated polymer samples and to G. V. Montseva for assistance with the experiments.
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