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The relative change of the internal energy, fy//, during deformation of cross-linked clastomers,
poly(ethylene-co-propylene) and poly(ethylene-co-viny!l acetate), was determined at various
temperatures. Anomalies in the dependence of fy,/f on relative dilatation in the region of small
deformations (< 35%) are to a large extent besides other factors due to the sensibility of the formu-
la used to calculate fU/fto temperature changes.

During deformation of cross-linked rubber, nonnegligible changes of the internal
energy take place besides entropy changes'. The relative change of the internal
energy is given as

fU/f= 1 - (ﬁlnf/@ln T)V.Lx (1)

where fy = (aU/(?L)T_V, f denotes equilibrium force, V volume, L length, and T
temperature of the sample. The quantity fU/fis related to the change of the end-to-end
distance of the polymeric chain with the temperature according to the equation?

dIn F2JdT = fu/fT, ©)

where 7§ is the mean square end-to-end distance of the chain in the reference (un-
perturbed) state. The temperature coefficient of the unperturbed chain dimensions (2)
is a characteristic quantity for a given polymer and depends only on the temperature.

The use of Eq. (1) is connected with difficulties due to the condition of constant
volume of the sample. In practice, therefore, the ratio of fy/f is usually determined
from the equation derived by Flory and co-workers?:

folf =1 —=@1nflaIn T)y — BTJ(=> = 1), 3)

where f is the volume thermal expansion coefficient, P pressure, and « relative dilata-
tion of the sample.
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Eq. (2) shows that fy/f is at a given temperature a constant independent of the
deformation. Experimental results treated by Eq. (3) show, however, that mainly
in the region of small deformations the dependence of fy/f on a is considerably
curved®**, Our aim was to reinvestigate the dependence of f/f on « at various tempera-
tures in the region of small deformations for cross-linked ethylene-propylene and
ethylene-vinyl acetate copolymers.

EXPERIMENTAL

Poly(ethylene-co-propylene) was product of the firm Montecatini-Edisson and contained 50 mol%;
ethylene, M, = 70 kg/mol, density 861 kg/m> at 25°C. Poly(ethylene-co-vinyl acetate) was
product of Bayer AG, contained 75 mol% ethylene, M, == 473 kg/mol, density 968 kg/m3
at 25°C, crystallinity® about 7%, melting point of crystallites about 319 K (determined by dif-
ferential scanning calorimetry). Copolymers were precipitated from a toluene solution into
methanol. Bis(a,0’-dimethylbenzyl peroxide) (Perkadox SB)-product Akzochemie GmbH (m.p.
312:2 k)), used as a cross-linking agent was recrystallized from ethanol. It was added to the
copolymers in the weight ratios 4 : 100 and 2 : 100 and mixed on a laboratory stirrer at 310 K
for 15 min. The mixtures were vulcanized in a laboratory press at 438 K for 45 min in the form
of sheets of 1 mm thickness, from which samples were cut in the form corresponding to the norm
ASTM-D1708-59T.

The dependences of the equilibrium force on deformation and temperature in the range
between 300 and 400 K were obtained on an apparatus of own construction equipped with a tenso-
metric force detector and a digital voltmeter, The samples were annealed by heating under
nitrogen, their temperature was maintained within a range of 403 K. The force was measured
with an accuracy to within +5. 107 3N, The sample length and the temperature coefficient
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Dependence of Relative Increment of Internal Energy fy,/f on Deformation a for Cross-Linked
Poly(ethylene-co-propylene) a and Poly(ethylene-co-vinyl Acetate) b
Temperature: @ 1 303:16 K; 2 343-16 K; b 1 343:16 K; 2 383-16 K.
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of linear dilatation were measured with a cathetometer. The cocfficients B for cross-linked co-
polymers were determined as (2:25 + 0:05).10"* K™ ! for poly(ethylene-co-propylene) and
(2:55 4+ 0:05). 10”4 K~ ! for poly(ethylene-co-vinyl acetate).

RESULTS AND DISCUSSION

Eq. (3) enables to calculate fU/f from the dependence of f on T. These dependences
were for the studied copolymers already described®’. The values of Julf for the
studied samples as functions of « are shown in Fig. 1 for two different temperatures.
It is seen that for @ < [-35 the mentioned function is anomalous. One of the pos-
sible explanations is that the last term of the right side of Eq. (3) is extremely sensitive
to errors in the determination of « (ref.*). However, in determining the dependence
of fU/f on o at various temperatures we found that their course for ¢ < 1-35 is vari-
able, the values of fy/f being lower at higher temperatures. In contrast, at higher
deformations the values of fy/f are higher at higher temperatures. The temperature
dependence of fy/f can be calculated from the equation®

Fa = nl*exp (¢[RT), 4)

where n is the number of segments of a model chain, I their length, and ¢’ intramole-
cular interaction energy. The equation was derived for a simple model, which is
related to the physical model of the hydrocarbon chain with trans and gauche
position of rotation isomers. On logarithming and differentiating Eq. (4) with respect
to temperature we obtain

dlIn F3/dT = —¢'|RT?. (%)

FiG. 2
Dependence of d(fy/f)dT on « for Poly-
(ethylene-co-propylene) (0) and Poly(ethy-
lene-co-vinyl Acetate) (@)
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By combining this result with (2) we obtain the relation

fulf = —¢[RT, ©)

which gives the temperature dependence of fy/f. Since ¢’ is a constant for a given
polymer, the value of fy/f should approach zero with increasing temperature, which
is at variance with experimental results. To explain this phcnomcnon we shall
analyse Eq. (3) by differentiating with respect to temperature:

d(ful /AT = (910 f[0T)p [T(91n f[T)p,. — 1] = 3p[(a® — 1) —
—93B>T|(o® — 1)2. (7)

A plot of d(fy/f)[dT against o is shown in Fig. 2. The points were obtained from
experimental values, the curve was constructed from the values of (3 1In f[0T)p,
obtained from the equation

(@1n faT)e, = —3f)(a® — 1) + ||T + &|RT? @)

and the value of ¢’ was determined as a mean value from four differently cross-linked
samples®. Eq. (8) was obtained from (3) and (6). The values of & for cross-linked
copolymers are 962 and 1120 J/mol for poly(ethylene-co-propylene) and poly(ethy-
lene-co-vinyl acetate), respectively. It is seen from Fig. 2 that the ratio of fy/f drops
considerably with increasing temperature for 1 < o < 1-2. The zero value of d(fy/f) :
:dT corresponds to a & 1+35 in accord with the fact that at about this elongation
there is an intersection of the plots of fy/f against « determined from Eq. (3) at dif-
ferent temperatures (Fig. 1). Hence, besides inaccuracy in determining the value
of a, the dependence of fy/f on a will be in the region of small deformations (¢ < 1-3)
to a large extent influenced by the sensitivity of Eq. (3) to temperature changes.

REFERENCES

_

. Treloar L. R. G.: The Physics of Rubber Elasticity, Chap. 2 and 13. Clarendon Press, Oxford
1975.

. Flory P. J., Ciferri A., Hoeve C. A. J.: J. Polym. Sci. 45, 235 (1960).

. Shen M, Blatz P. J.: J. Appl. Phys. 39, 4937 (1968).

Shen M.: Macromolecules 2, 358 (1969).

. Andreas F., Jahns R., Weiner R.: Plaste Kaut. 17, 153 (1970).

Romanov A., Polldk V.: J. Polym. Sci. 42, 8, 1879 (1970).

. Polldk V., Romanov A., Marcingin K.: Polymer 14, 290 (1973).

. Tobolska A. V.: Properties and Structure of Polymers, Appendix H. Wiley, New York 1960.

. Pollak V., Romanov A.:J. Appl. Polym. Sci. 23, 985 (1979).

IR - N VR SN

Translated by K. Micka.

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]





