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Polymer Elasticity Nature in the
Transition Zone

L. S. PRISS, I. I. VISHNYAKOV, and |I. P. PAVLOVA
Scientific Research Institute of Tyre Industry, Moscow, 105275, USSR

(Received April 12, 1978)

In the zone of transition from the glass-like to rubber-like state the change of polymer elasticity
mechanism takes place from entropy to energy nature. On the basis of phenomenological
photoelasticity theory in non-equilibrium state the separation method for the energy and entropy
components of stress is suggested. It is pointed out that the correction for kinetic factor
T/T, (T and T, are experimental and reduction temperatures, correspondingly) has to be
introduced not for the entire stress but for its entropy component only while using the time-
temperature reduction principle. The results of combined measurements on stress and bire-
fringence relaxation in butadiene-acrylonitrile vulcanizate are presented within the temperature
limits from —26.4 to 25°C and time limits from 0.4 to 1000 sec. From the data obtained the re-
duced master curves of entropy modulus component and entropy relaxation spectrum have
been calculated. The latter has the form in accordance with the predictions of the molecular
theory of polymer viscoelasticity.

INTRODUCTION

In the zone of transition from the glass-like to rubber-like state the non-
equilibrium (or relaxation) modulus elasticity of polymers, E(t), changes by
more than 1000 times. Glass polymer elasticity is of energy nature, i.e. it is
connected both with the strain of valent bonds and angles and with a distor-
tion of rotational isomers. Elasticity in rubber-like state is basically of
entropy nature and is caused by changes in the conformational set of chains.
In the transition zone, therefore, one elasticity mechanism must be replaced
by another.

Many years ago' these ideas already made it possible to state that pure
elastic deformation (caused by the changes in the particle-to-particle distances)

t Presented at the 10th All-Union Symposium on Polymer Rheology, held June 20-24,
1978, in Perm (USSR).
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precedes the rubber-like one. Later Stein? in discussing the data on the bire-
fringence in polymers pointed out that the change of Bruster’s coefficient in the
transition zone is connected with the change of the elasticity mechanism.
Summarizing the results of works on dynamical birefringence in the polymers
of different chemical structure, Read? indicates that these data may serve as
a basis for the separation of non-equilibrium stress o(t) into energy o () and
entropy o(t) components. Such a separation, however, was not accomplished
quantitatively in Read’s works, nor in those of other authors. That’s why it
is impossible to say now what is the ratio between these components at
different stages of the equilibrium setting, or give the maximum value of the
entropy component, E(t), of the non-equilibrium modulus. The paper
attempts to answer these questions. But before discussing the possibility of
quantitative o,(t) and o,(t) separation it is useful to refer to the modern
theoretical concepts of the relaxation processes mechanism in polymers.

The first substantial success in describing regularities of relaxation pro-
cesses in the transition zone was obtained by Rouse* and other authors®®
on the basis of a submolecule model. This theory proceeding from the ideas
about the purely entropy nature of elasticity correctly describes the shape of
the relaxation spectrum in the transition zone and theoretically substantiates
the principle of time-temperature reduction.” Its weak point is the assump-
tion that submolecules are in their equilibrium state during the entire relaxa-
tion process. This assumption excludes short relaxation times from the
consideration and, as a result, according to an estimation by Williams, sub-
molecule theory application® is limited to the range of observation times
when a non-equilibrium modulus value doesn’t exceed 1.0 Mn/m?, i.e. only
to a small part of the transition zone.

In attempts to overcome this difficulty, Tobolsky and Aklonis” postulated
that the relaxation spectrum of Rouse type has also to occur in the range of
short times, but in this case chain fragment elasticity will not be an entropy
one, but will rather be connected with rotations around the single bonds and
valent angle distortions. Although this assumption is essentially beyond
doubt the theory cannot predict o (t)/a (t) ratio, or maximum value of E (f)
due to its phenomenological nature.

The further progress in the theory of the viscoelastic properties of polymers
was reached on the basis of so-called discrete or lattice models.!®!! In this
theory as well only entropy mechanism of elasticity is considered, but all the
relaxation times which are connected with the conformational rearrange-
ments in the chains are taken into account. According to the theory of discrete
chains the maximum value of the non-equilibrium modulus is 100 Mn/m?!?

This value should be considered as an upper estimate of the maximum
magnitude of E(t) in polymers. As it will be shown below entropy component
can never reach this value.



13: 49 23 January 2011

Downl oaded At:

POLYMER ELASTIC NATURE 87

METHOD FOR SEPARATION BETWEEN ENERGY AND
ENTROPY COMPONENTS OF STRESS

Let us consider the case of an instantaneous rubber-like polymer stretching
followed by stress relaxation in it, taking into account the fact that polymer
strain is determined by the sum of the resilient and high-elastic components.
Then in accordance with the recent notions concerning the molecular motion
in polymers,!? if an observation time is very short, conformational rearrange-
ments have no time to occur and polymer strain is caused mainly by the
distortion of rotational isomers, i.e. by displacement of the angles of rotation
around the single bonds of the backbone from the positions corresponding to
the minimal potential energy. In this case entropy changes are small, because
macromolecule conformations described as a sequence of rotational isomers
remains unchanged, and the recovering force is of purely energy nature. The
first intramolecular rearrangements lead to the decrease of the potential
energy of the system, i.e. to the decrease of the distortion of rotational isomers,
but it is followed by a change in the chain conformations. Thus, the energy
component of the recovering force decreases (that is the origin of stress
relaxation in this range of times). but the entropy component increases. If
the process of conformational rearrangements has been profound enough,
the energy component becomes infinitesimal, and the relaxation processes in
polymer are connected only with the setting of the equilibrium distribution
of the chain conformations.

This consideration doesn’t contradict the temperature-time reduction
principle, since the relaxation of the entropy and energy stress components
is caused by the same conformational rearrangements. At the same time it
follows that the kinetic factor must be taken into account at time-temperature
reduction only for the entropy stress component.

The stress relaxation process in the transition zone is convenient to con-
sider using the model for separation of E(t) into entropy, E(t), and energy,
E (1), components (Figure 1).

The right hand part of the model represents non-equilibrium entropy
elasticity of polymer E(t), as a system of parallel-connected Maxwell ele-
ments, simulating chain stretching at the expense of the conformational
rearrangements, and elastic element, E_, identified with the equilibrium
modulus of elasticity.

This system is shunted by viscous element, 5, which determines the velocity
of rubber-like strain development. An elastic element E_(f) simulating
stretching of the chains at the expense of the rotational isomer distortions is
joined in series to take into account the energy elasticity of polymer.

Let us use this model to describe the non-equilibrium photoelasticity of
polymers. The non-equilibrium birefringence An(t) may be represented as a

an s
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FIGURE 1 Mechanical model for description of viscoelastic properties of polymer in the
transition zone.

sum of distortional An,(t) and orientational Any(t) contributions:
An(t) = An(t)+ Anyt) (1)
On the basis of submolecule theory Read has shown,'4 that Bruster’s law

must hold also for non-equilibrium state with the same stress-optical co-
efficient as for equilibrium one. This is the basis for statement that

An(t) = C,a (1) 2

it is assumed that similar situation is valid for the distortional component
of birefringence as well, i.e. that

Ane(t) = Ceae(t) (3)
then the formula (1) may be rewritten as:
An(t) = Ce ae(t) + Cs as(t) (4)
where
2n (2 +2)?
Cs - Cao_Ce - A5kT 7 (“1 _aZ) (5)

is the stress-optical constant according to the rubber-like elasticity theory,
C,and C_ are Bruster’s coeflicients in the glass-like and equilibrium rubber-
like state, 7 is the mean value of birefringence index, a; —a, is the optical
anisotropy of the statistical chain segment, K is Boltzmann’s constant and
T is the absolute test temperature.

It follows from the model that ¢,(t) = o(¢t). Then by dividing Eq. (4) by
a(t) gives:

oy(?)
C(t) - Ce+Cs O'(t) » (6)

where C(z) is the non-equilibrium Bruster’s coeflicient.

We assume that o (t) = E(t)f and a(t) = E(t)8, where & is the relative
strain.
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Then Eq. (6) may be written in the following form:

B EL1)
C(t) = C,+C, Q) (7)
hence
E0) = L9 Ce gy ®)

¢

According to the accepted model the energy component of stress and,
consequently, the distortional component of birefringence are present at all
the stages of the equilibrium setting. Thus at the equilibrium C,, = C,+C.,.
C, and C, correlation is different for various polymers. For most polymers,
however, C, exceeds C, in the absolute value by approximately two orders.
In these cases it may be considered that C, = C,.

It follows from the above mentioned discussion that one needs to include
some corrections into the principle of the time-temperature reduction,
namely: a correction for the kinetic factor has to be introduced not for the
entire non-equilibrium modulus E() (as it is usually done) but only for its
entropy component E(t). That’s why E(t) value reduced to T, temperature
will be:

TLEL T)
T

The similar situation arises at time-temperature reduction of C(t). Let’s
consider this case.

We assume that C(t), a(t) and o(t) are related to the same stage of the
equilibrium setting. As C, doesn’t depend on temperature, then according to
the expression (6) we can write for T, and T':

as(t’ TO)

E(ta TO) = E(t’ T)—Es(t’ T)+ (9)

Cit, Ty) = C.,+C(Ty) o T) (10)
and
Ct, Ty) = C,+ C(T) ‘;‘((:’ ;)) (11)

Since a correction for the kinetic factor is necessary to introduce only for the
entropy component: o (t, To) = (To/T)a(t, T), then the difference a(t, T)—
o,(t, T) should be considered independent of temperature. Then, taking into
account that C(T) = Co(To)—C, and C(T) = C,(T)—C,, we obtain the
following equation:

C(t9 TO)_Ce - I:Coo(TO)_Ce E O'(t, T) (
ct,T)-C, | CAT)=C, | T a(t, T)—at, T)+(To/Tot, T)

12)
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Hence we find the relation for reducing the Bruster’s coefficient to T, tem-
perature:

cit, Ty =

C.+[Ct, T)-C.] [M} Ty o(t. Ty)

= 13
CAT)=C.| T ot D)= ot T+ Ty Tt 1) )
Finally by dividing the nominator and denominator in the right hand side of
(13) by & we obtain:

€t T) =

Co(To)— ce] T, E(t.T) (14

Co(T)—C, | T E(t, T) = E,t, T)+(To/T)E1, T)
The formulae (8), (9) and (14) were used in the present paper to calculate
E(t, To), E(t, Ty) and C(t, Ty) from the experimental data on the non-equili-
brium photoelasticity of rubber. :

C.+[C(t, T)—Ce][

EXPERIMENTAL

Transparent peroxide cured butadiene-acrylonitrile rubber (SKN-40) in the
form of ~1 mm thick sheets was used for studies.

Combined stress relaxation and birefringence measurements in stretched
rubber samples were made in the temperature range from —26.4 to 25°C and
observation time range from 0.4 to 1000 sec by means of a mechanical-
optical relaxometer whose diagram is shown in Figure 2.

Dumb-bell test pieces, 3.5 mm wide and 30 mm in operating part length,
were subjected to stretching.

Test samples conditioning in a thermostat during the experiment was
carried out with an accuracy up to +0.1°C in the thermocryogenic chamber
of the relaxometer, provided with multilayer glass windows for the optical
measurements.

. The samples were stretched by a steel spring (see Figure 2). Time of stretch-
ing varied depending on the preset strain and temperature in the range from
0.05t0 0.1 sec.

Stress in a sample was recorded by means of a stiff dynamometer and ten-
sometric circuit whose elements were connected in the following sequence:
strain gauge bridge, direct current amplifier and loop oscillograph.

The measurement of sample strain was performed by cathetometer accord-
ing to the marks plotted on the operating part of the dumb-bells. Rubber
deformation, &, changed depending on the test temperature in the range
from 1.5 to 309;.
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FIGURE 2 Mechanical-optical relaxometer: 1—test piece; 2—clamp; 3—traction; 4—lever;
S5—post; 6—rod; 7—rod set screw; 8—steel spring; 9—thermocryogenic-chamber; 10—glass
window; 11—dynamometer; 12—lazer; 13--iris; 14—quartz plate 1,/4; 15—interference light
filter; 16—glass plate; 17—analyzer; 18—-photomultiplier tube; 19—high-voltage source;
20-—dry cell; 21—strain gauge bridge; 22—amplifier ; 23—loop oscillograph.

E(t) values were calculated according to the formula:
o(t)A
E() =+ (15)
where ¢(t) is the stress calculated per cross-section of an unstrained sample;
A = (1+ &) is the extension ratio, equal to the ratio of the stretched sample
length to the initial one.

The E(t) values of rubber were within the limits of the linear viscoelastic
behaviour of the material.

The elements in the optical scheme of the relaxometer were positioned in
the following sequence : a gas He—Ne laser with light wave length 1, = 632.8
nm, iris, interference light filter, glass plate and an analyzer (see Figure 2).
The glass plate was positioned at a 45° angle to the light beam and the exten-
sion axis of the sample was used for shaping a reference light beam in order to
exclude intensity fluctuations in the light source and optical density changes
in the sample during the experiment when calculating the birefringence value.

The intensity of light after passing through the plate and analyzer (D) and
reflecting from plate (R) were recorded by means of the photoelectric circuit,
whose elements were connected in the following sequence : a photomultiplier
tube, a direct current amplifier and loop oscillograph.
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Let us briefly consider an experimental method for birefringence measure-
ment used in the present work.

When passing through a stretched polymer sample the plane polarized
light wave is decomposed into components with amplitude 4 and phase
difference §: A Cos wt and A Cos(wt — 9J).

Hence, using the known Frenel’s formulae for the polarized light the R
and D values may be represented in the form

cos?(g +x) +cos* (@ —y)

R = A%*tg* (0 — .
g e—n s’ @+ 7)

(16)
and

D =24?

cos? ¢ sin? y I:sin“((p/z— /2, 5] a

: +sin? 2
sinf(p+y)cosio—x)| coso—z) o 2

where ¢ is the incidence angie of rays on the plate and x is the refraction angle.
The ¢ and y values are interconnected by relationship:
sin @ = ng sin x (18)

where n, is the refraction index of the plate material.
Expression (17) is convenient to write in a simple form:

D= D0<B+sin2 g-) (19)

When ¢ = 45° and no, ~ 1.52 then B =54x10"* (i.e. B=1) and the
formula (19) is reduced to the expression

D~ D, sinzg (20)

This relation is valid only under the conditions of the constant optical density
of the sample and constant incident light intensity, while the D/R ratio doesn’t
depend on these factors and is determined only by 4 value. Hence it follows

that
D Do . ,o
R> ROsm 5 (21)

where D, and R, are the values of the corresponding intensities at a time
moment when sin? §/2 = 1.

Thus the value of 6 was found from the following equation :

6 DR
. 2_ ~ 0
sin® 5 DR,

(22)
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The non-equilibrium birefringence in the sample was calculated by the
following formula:

0o/ A
An(t) = bj{{ 23)
0

where d, is the underformed sample thickness. The sign of An(t) was found
by means of a quartz plate 4,/4, placed into the light beam in front of the
sample (see Figure 2).

The positive An(t) values for both glass-like and rubber-like states were
observed in butadiene-acrylonitrile vulcanizate under discussion.

In accordance with Bruster’s law the values of the non-equilibrium stress-
optical coefficient were calculated by the formula:
An(t)

a(t)A

The temperature dependence of the Bruster’s equilibrium coefficient C,
of the butadiene-acrylonitrile vulcanizate was determined in the following
manner. Equilibrium values An(t) and o(t) were measured for a rubber sample,
stretched to 4 = 1.5 at 25°C. Then the stretched sample was subjected to
slow cooling. During this process An(t), o(t) and A were measured at appro-
priate temperatures. The values of C,, were calculated from formula (24).

Temperature dependence of butadiene-acrylonitrile vulcanizate is shown
in Figure 3. An abrupt decrease of C, in the low temperature range is caused
by the glass-transition of the vulcanizate.

clr) = (24)

Co' 107 }
m%,’n

357

Jor

0 -3‘0 20 -tb 0 1b éu 35 t,°c

FIGURE3 Temperature dependence of equilibrium stress-optical coefficient C , for butadiene-
acrylonitrile vulcanizate at A = 1.5. Glass transition temperature (T,) of butadiene-acrylonitrile
rubber is shown by dashed line.
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As in accordance with the linear dilatometry data glass transition tem-
perature of butadiene-acrylonitrile rubber is —23°C, then C, = 3.34 1077
m?2/Mn was found for the vulcanizate by means of the combined An(z), a(t)
and A measurement at — 58°C under the conditions of step-wise stretching
of the sample.

C,, = 2.60 107° m?*/Mn at 25°C was found for the butadiene-acrylonitrile
vulcanizate in a similar way.

RESULTS AND DISCUSSION

Time dependences E(t) and C(t) for the butadiene-acrylonitrile vulcanizate
at various temperatures are shown in Figures 4 and 5. On the basis of these
data the values of E(t, To), E{t, Tp), E (1. Ty) = E(t, T,)— E(t, T,) and C(t, Tp)
were calculated according to the formulae (8), (9) and (14). Then using known
procedure’ we have plotted their master curves versus t/ar, reduced to 25°C
(ar is a shift factor). These curves, shown in Figures 6 and 7, cover about 14
decimal orders of time. As can be seen in Figure 7, in the range of long
observation times, rubber elasticity is actually of completely entropy nature
but at the short times it is completely an energy one. In the middle part of
the transition zone E(f) and E(r)— E(¢t) are comparable and elasticity is of a
mixed character.

GEt),
{M'}/m')

30

35

20} 264

-20°C
g -163T
15°C

. " P

o 15 20 25 10 Giseg

of
K=]
[£2]

-5

FIGURE 4 Time dependences of relaxation modulus E(f) for butadiene-acrylonitrile vulcani-
zate at different temperatures.
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FIGURE 5 Time dependences of non-equilibrium stress-optical coefficient C(t) for butadiene-
acrylonitrile vulcanizate at different temperatures.
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FIGURE 6 Reduced master curves of relaxation modulus E(t, T) and non-equilibrium stress-
optical coefficient C(t, Ty) for butadiene-acrylonitrile vulcanizate at T, = 298°K: 1 - E(, T),

2-C(t. Ty).
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FIGURE 7 Reduced master curves of E(t, Ty), Eft, Ty) and E ft, Ty) = E(t, Ty)— E(t, Ty) for
butadiene-acrylonitrile vulcanizate at T, = 298°K: 1—-E(t, Ty); 2— E{t, Ty); 3—E(t. Tp).

While passing into the range of short times E(z) increases and reaches
maximum the value of 12.7 Mn/m?2. This value is about one order less than
the maximum value estimate, E(t) = 100 Mn/m?, made in the work.!? At
least two reasons of such difference may be indicated. Firstly, the estimate
was made for polyethylene having the shortest size of the minimum chain
segment, capable of the conformational changes. In the case of butadiene-
acrylinitrile rubber the sizes of corresponding chain segments are larger and
this must lead to the decrease in the presented estimate. Secondly, the estimate
given in the work'? was made on the assumption that distribution of chain
conformations deviates as much as possible from the equilibrium one. At the
same time it is clear that such a state is actually not feasible. This statement is
confirmed by the study of the relaxation processes mechanism in the transi-
tion zone. The stress entropy component, arising during the relaxation
process of the energy component begins to relax at once. That’s why the
maximum value of E(r) is determined by the conditions when, due to these
factors, the increasing and decreasing entropy velocities are equalized.
Naturally, because of this the maximum value of E(t) must be significantly
lower as compared with the estimate made when these factors are neglected.
Thus the result obtained should not be considered contradictory to the
theory.

From the data, given in Figure 7 time relaxation spectra, H(r) and H(t),
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FIGURE 8 Relaxation time spectra H(r) and H(r) for butadiene-acrylonitrile vulcanizate:
1 — H(t); 2— H(7).
were calculated by Schwarzl-Staverman method*® and are shown in Figure
8. In the same Figure a theoretical spectrum for the entropy component is
shown by a dashed line; the spectrum is represented by a straight line with
a slope—1/2. As it is seen in this Figure, theoretical dependence is in good
agreement with the spectrum of entropy component, obtained experimentally.
The above experimental data show, that relaxation of the entropy stress
component defines the shape of spectrum only in a comparatively small part
of the transition zone. The range of applicability for all the theories of
viscoelastic properties proceeding from the purely entropy nature of elasticity
is limited only by this part of the transition zone. The theoretical description
of relaxation processes in the entire transition zone requires a combined
study of both elasticity mechanisms.
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