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INTRODUCTION

A. General and Historical

Vulcanized natural rubber is characterized by an ability to undergo
large reversible deformations. In the 19th Century, Gouth (11, Kelvin
2] and Joule [3] studied the peculiar thermodynamic effects which acom-
panied deformation, e.g. , the reversible heat evolution on stretching
and the positive temperature coefficient of the force necessary to maintain
a given elongation. These properties, as we know now are not unique to

natural rubber, but are common to all crosslinked elastomers.

In the classical theory of elasticity, applicable to small strains, the
hahavior of an isotropic elasiic body under any type of deformation can
be described completely if two material constants are known, one related
to the response to shear, the other to volume change. However, sinca this
theory is based upon the limiting condition of Hooke's law, it is not applicable
to rubber-like materials capable of large elastic deformations. A continuum
theory, developed in particular by Rivlin [4] -eeks to establish in general
terms the symmetry relation which governs the behavior of elastic materials
under different types of deformation. By comparing the resulting general
relation with the experimental stress-strain behavior, one hopes to deduce

the equivalent to Hooke's law, in terms of a finite number of material constants.

One might hope also to deduce such a law from our molecular picture
of rubbers as an entangled mass of randomly coiled mole cules, i.e.
deriving energetics from a statistical-mechanical point of view. The compli-
cations in this approach are that the picture of rubbers as above is really that
of a very complex viscoelastic liquid and that the approximations used tc
derive an equation of state on a molecular basis must be severe.

It is, of course, also pussible to proceed empirically to find an applicable
form of Hooke's law by starting from phenomenological observations and

casting them into functional-analytical form by observing the necessary
conditions of thermodynamics and mechanics. This leads to workable equations,

without, however, permitting a mechanistic understanding.



IIr -2

B. Treatment of Network Elasticity in the Gaussian Approximation

By 1932 Meyer, Susich and Valko [5], Mark and Guth (6] and Kuhn [7]
had suggested that the elastic retractive force of rubbers ari ses from the
decrease of entropy associated with the smaller number of conformations
available when this network of chaine is deformed by stretching. The re-
tractive force of a single Gaussian chain can be very ea=ily derived red.
hence most of our present theoretical knowledge concerning rubber-lie
elasticity ateme from tregtmsnts invoking the Gaussian chain approximation
and extending it to the entire network, Applying this approximation simplifies
obtaining the changes in conformational entropy of the network chains, but
leaves a number of difficu'ties associa*~d with the ""liquid-like' nature of
bulk elastomers unresolved, such as the volume requirements of the molecules
themselves, the volume dilation due to the isotropic component aof the sapplisd
tension, the {ree energy change accompanying this volume change, and othar
possible free energy changes which might arise from a change of shape at
constant volume. Many of the early treatments assumed simply that all
these effects could be neglected in comparison to the contribution from the

change in conformational entropy. Recent experimental work, however has

prompted a reexamination and modification of earlier theories [8, 91.

The first step in the molecular theory of rubberlike elasticity is the
derivation of the statistical properties of a single chain. It is necessary to
know the free energy of the molecule quantitatively as a function of its end-
to-end distance r and the relation between a given distance and the force
necessary to maintain it . Because of the Bruwnian motion of the chain, the
equilibrium distance r must be considered to be an average value and the
same must be true for the end-to-end distance during the period of application
of a force f . Assuming true randomness of the sequential arrangement of
segments, the probability of a given end-to-end vector from r to r £ dr in the

absence of an external force, W(r), can be approximated by the Gaussian
distribution function:

3 2 2

W(r)dr - (R'/F)° exp(-R" r°) - amZ ar (1)
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where the parameter 8 has the value 3/ 2r, (r, is the mean-square

end-to-end distance of the polymer molecule unperturbed by volume effects).
The error incurred by using the Gaussi an function in Equation (1) has been
found to be negligible provided r is less than one-half of the fully extended
chain length f107. The energetics are introduced by means of statistical

t hermeodynamics, ralating W{r) and the Helmholtz free energy of a set of
chains, By differentiation with respect to r one arrives at f , the force

needed to maintain a specified vectorial length r:
f : 3kT r/rt (2)

The steps of this derivation include considering that tha entropy of 2 chain

will decrease upon stretching as the chain assumes various conformations
which are characterized by average greater values of r (the entropy must be
a maximum at the most average probable value of r) . From the function of
the Helmholtz free energy, A, in the form of the conformational integral, the
retractive force is derived as the tangent with respect to L. as given by
Equation (2).

The second step in the theory consists in calculating the elastic free
energy, Agi, , of the network as a function of the macroscopic parameters
which characterize the deformation, The network can be considered as an
ensemble of chains, each '"chain'' now being that portion of an original
macromolecule wkich extend from one crosslink to the next. All these chains
together will determine the retractive force of the crosslinked sample, and
the behavior of this system is assumed to be the sum of the contributions of
2" in the undeformed state and

o
by r in the deformed state, contributes according to Equation (2). Since the

v chains. Each chain, characterized by T

material is supposed to be initially isotropic, one assumes that the components
of the vectorial length of each chain are changed by the external deformation

in the same ratio as the corresponding dimensions of the sample. This is
known as an "affine'" deformation, It is then possible to write the expression

for the retractive force in the case of a simple elongation as:
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VkT ;-iz 2
K
f - . (A-l/k ) (3)
» =
o]

where v: number of chains betwaen crossliinks, k: Boltzmann's constant,

Li: original length of sample, A = L/L;: elongation of sample, L:

iength of deformed sample, and ;f- / ‘r{ is the so-called front factor, in
which r€; 1is the mean-square end-to-end distance in the undeformed isotropic
state of a network for all the chains having the same contour length, and

;.i is the corresponding mean-square end-to-end distance for the undeformed
chains without crosslinks. Hence, the paramaeater (—;‘z /-;z ) 1/2 represents
the geomatrical mean of ths linear deformation existing in the undeformed
network relative to a state where the end-to-and distance for the set of chains

coincides with that for the chains unrestricted by the intermolecular links.

For the purpose of this study it will be helpful to reiterate some of the
more important assumptions and approximations used in the various derivations:

1. The v chains of the network are long enough (the degree of crosslinking
not excessive) and volume effects negligible in order to assure the
validity of the Gaussian distribution.

2. The initial macromolecules are of very high molecular weight in
order to assure a negligible percentage of free ends.

3. The contributions by the chains to the total retractive force are
additive.

4 The deformation of the chains must be af"ine to the deformation of the
sample, which takes place at constant volume.

As stated these approximations are rather restrictive and tend to over-
simplify many features.

Recently, the consequences of one of the major assumptions underlying

the simple Gaussian treatment - namely that the chains are volumeless and
do not hinder each other - have been reappraised [11]. Taking the volume

of the chains into account effects the conformational entropy of the network.



e mmp—— mm—— T

ur -

In the unstrained stats, the presance of intersegmental obstruction serves

only to modify the effective step length of the Brownian motion but does not
affect the form of the distributica function. However, whan the chains are
stretched, the medium is no longer isotropic and the end-to-end distribution
for a particular chaln becomes aifectad by its chain volume. Jackson, Shen

and McQuarrie [11]take into account the change of conformatlonal antropy by
intermolecular obstruction by modifying the end-to-end distribution function

in what they call a self-consistent way. If the usual "kinetic-theory'" expression
can be represented by:

f prop (\ -2 -2 (4)

then the equation of state for rubber elasticity of these authors can be
represented by:

f prop. (\-2% .z) rn.-fs

U £ Y SNt WV AR, BN )
IM(1 - fs)

where f and) have the same meanings as in ths previous expression, but
where f, is the fraction of space occupied by polymer molecules, and M is

the number of equivalent statistical chain segments. Plotting f / (A -A%)

as a function of (ZXz 4 1/X should give a linear relationship with a constant
slope. This was confirmed by using Roe and Krigbaum's data for Viton A [18]

Taking a usual value of M = 100, f. .

out to be 0. 94 which appears to be reasonable. The authors conclude that

the fractional occupied space turned

"One can at least assert that the volume-exclusion of network chainas accounts

for part of the C; term of the Mooney-Rivlin equation. Other effects, such
as chain entanglements, network connectivity, and nonequilibrium states may

possibly be the other contributing factors' .
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C. Thermodynamics of RubLer Elasticity

Considering a reversible process, application of the first and second

laws of thermodynamics gives
dE = T dS 4 4w (6)

where E {s the internal snergy, S the entropy, T the absolute temperature
and W {g the work done by the surroundings on the system. If P is the
external pressure, V the volume and f the force of extension, then

dW = fdL -p uV (7 -

Writing the first law
dE = TdSs -+ fdL - pdV (8)

and introducing Gibb's free energy, F = H - TS with HT E 4 pV

dF S dE 4+pdV 44 Vdg - TdS - SdT (9)
dF = -SdT + Vdp 4 fdL 110)
or (3F /3L) = f (11)
p. T
From F *H - TS,
(s F / 3L) = (H/aL) - T(3as / aL) (12)
p. T p. T p, T

and equating Equations (11) and (12),

f= (AH/3L) - T(3s/3aL) (13)

p. T p. T
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Equating further the second partial derivatives of I* with respect to T and L,

(*£/AT) > - (As/AL) (14)
p. L P L

weo obtain the thermodynamic equation of state of the rubber,

f = (AH/AL) _ -+ T(3F/AT) (15)
p. T p., L

These quantities are all at constant pressure and temperature which
correspon s to most experimental conditions. Howaver, the guantitias of
real interest are the partial differential expressions at constant volume and

temperature. At constant pressure the positive change in volume of the
rubber, referred to as dilation or dilatation(increased molecular aeparations)
gives rise to a change in enthalpy. This change in addition to that of the
entropy presents a condition precluded b y constant volume,

To obtain the equation of state at constant volume and temperature,
again the Helmholtz free energy is applied
Az E - TS (16)

A derivation analogous to the above, and remembering that

T(A1/3T) = - T(3as/L) (17)
V,L V, L

leads then to:

f = (8E/3L) - T(?/3T) (18)
v V,L

1 H

The problem can be reformulated by dividing the total retractive force,
f into the two components

f = fo & fg (19)
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where

f : reiractive force duve to chaage in internal energy,
e

f': retractive force due to change in entropy

Past authors have frequently neglected the energy contribution to the

retractive force 12, 13]at moderate strains. But later work has shown
that felf can be an appreciable fraction, Foi; an ideal rubber, for which
the internal energy does not depend upon the elongation r/r; of the chains,
the force f is proportional to the absolute temperature T, However, if

the internal energy of the chains depends upon r, then not only r -3/_-z

but even rzo will depend upon the temperature and the force f will no longer
be strictly proportional to T,

Having stated that

f - £, -+ T(BI/BT)V L (20)
we can write

fe - f - T(af/aT)V’L (21)
or

2
fg = - T (Bff/'r])
(22)
3T vV, L

from which >ne can derive that

fe/f . - T<Bln[f/T])

> R I o - g
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Previoualy we found that

-
£ o VKT i

= -2
T “?) (A-X%) (3)
o
—~ -1
or f/T - function( »r o)

and therefore, with equation (14), we find:

f/f = -T(3W[YT], : TEWlr%

(24)
aT V,L 3T V,L

An important advantage of the preceding derivation is that the theory
of rubber elasticity offers the possibility of interpreting the energetic

component f, in terms of the molecular properties of the chain.

An important corrzlation can now be established between the elastic
behavior of a crosslinked amorphous polymer and the properties of the
same polymer in dilute solution, At the theta-temperature, the intrinsic

viscosity of a polymer having a molecular weight of M can be expressed
as [271

3/2 1/2

(o] =a(r2 /M) M (25)
0 o
where® is a constant independent of temperature. Consequently
2/3@nlnl /3T) = dln rzo / at (26)

and from Equations (24) and (26)

f,/f = 2/3 * T3ln rrye/ AT (27)
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This equation establishes the interesting possibility to determine the
ratio of the anergetic to ths sntropic contribution of rubber elasticity
from the variation of the intrinsic viscosity for various soiutions of
varying theta temperatures or, vice versa, the iatter from force-temp-

erature measurements.

The caiculation of f./f via stress-strain mesasurements necessitates
measurements at constant voiume which are difficuit to perform. However
differentiation and rearrangement of Equation (24), gives[ 14, 15] :

(3 in [f/T'l/aT) - - (d ln_r—i / dT) -3~/ (13 - 1) (28)
pyL
and hence
d3in [£/T) 3
f/f = - T N ) - 3aT /A" -1) (29)
T

P. L

where ®is the linear expansion coefficient of the poiymer,

The sign of {, will depend upon the sign of d in r® / dT, where the
dependence of rzo upon temperature is determined byothe potentia! associated
with internal rotation. “or a long chain made up of bonds with uncorreiated
rotations which are hindered according to one or another type potentiais,
the sign of d In -r-zo !/ dT is easily predicted. If the potential of internal
bond rotation for a given poiymer is such that the deepest minimum is near
the transposition, then, -1'20 wiil decrease by increasing temperature, fe
will be negative and the stretching process is favored by a decrease of
internai energy or by iowering T, If however the rotationai minimum is
far from the transconformation, -;zo may increase with increasing temp-
erature, since many of the chains which were in conforamtions become
ionger by increasing the vwibrational energy and going tc transconformations.
Then fe will be positive and the stretching process wiil be opposed by an
increase in the internai energy. Oniy in cases where ail the possible minima
were isoenergetic wi'li:-zo be temperature independent and f° be equal to zero,

A decrease of entropy will aiways oppose the stretching process.
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Thare are several different msthods of calculaiing {,/f for a given
specimen, If the measurements can be carried out at constant volume
then, by application of Equation (17), it would give us an immediate measure
of fe’ However direct measurements remain difficult, only a few data exist
f91. If the change in volume were known as a function of elongation, one
could calculate f, via Equation (17), by applying :

GUAT) o (AT - evL) o v Te L
v p,L

L - p, T (W (30)

Unfortunately though the cubic thermal expansion coefficient((aV/3T)
and the compressibility ( (BV/ap)T L ) are readily measured as
long as the rubbers are isotropic, the change of volume upon elongation

P-L)

is very small (of the order of 10" cc/ec) and quite difficult to measure,
Holt and McPherson [16], and more recently Hewitt and Anthony [17]
reported the only available figures in the field,

The calculation based on Equation (29) supposes that the rubber network
obeys Gaussian statistics. Rearranging Equation (29) gives us

3
- - 3 -
fo/f z 1 ;(T%)p,l_. 30T/ (N -1)  (31)

The relationship is exact but is based upon the Gaussian network theory, In
contrast, the presence of nonvanishing values of C2 in the literature indicates
considerable deviation of the real network from the simple Gaussian theory,
and therefore Equation (31) cannot be strictly justified. Accepting, however,
that Cz arises from mostly failure to attain equilibrium conditions, then only

C, in Mooney's equation represents an equilibrium property, with the rubber
obeying the Gaussian theory

£ - 26; (A-1"9 (32)
from which
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f, /f

Ol

big. 1, Ref [8]: Variation with eiongation of the fractionai

contribution of the internal energy to the totai tension
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Aiso in this case the values of f‘/f calculated by application of (31) or
(33) should be equal. Checking with li terature data, shows that this is not

so TBJ(Fig. 1). Similarily, forcing the data to comply to Equation (32) by
setting C - 0, should show {/f to be independent of ) , which is not

the case. Even more disturbing is the fact that the approximations employed
in the Gaussian treatment should become more exact as ) approaches 1, yet
it is just in that region that f,/f varies the most.

Looking closely at fe/f, sl , (Fig. 2), as a function of ) , one can
see that the contribution of internal energy is real, is cften quite large, and
can be positive or negative. The strong dependence of felf on )\ runs counter
to the prediction from the Gaussian theory while the drop in t‘e/f at large ,
observed for natural rubber, could be associated with stress induced

crystallization by Smith, Greene and Ciferri [197, the rapid variation of
fe/f at very low ) is surprising since, from the nature of the approximations

employed, the Gaussian theory would be expected then to be obeyed more
exactly, A decrease in f,/f, which was observed with cis-1, 4 polybutadiene
(207, and similar trends can be detected in other systems, appears

to be a general phenomenon. There is as yet no satisfactory explanation from
a molecular point of view. Most probably, this phenomenon is associated

the vaiue of C;. Further, the sign of CZ seems to be always positive which
appears to correlate with the fact that f,/f always decreases with) , ir-
respective of whether f,/f is positive or negative. Splitting the C, term

into its own entropic and energetic components shows that about 50% of the
magnitude of C, arises frrom energy effects in natural rubber [8]. Finally,

(  contributes proportionately more to the total stress at low) , showing
a =xin that the deviation from the Gaussian theory is more pronounced.
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D, Phenomenological approach to Rubber Elasticity

For this approach one must first understand the nature of the concept
of the stored energy function W, which is defined as a function of the strain
parameter ) , and of the thermodynamic parameters specifying the enviroment,
such as the temperature T or the pressure p. The function W as g form of
free energy, represents the total amount of work stored elastically in the
body in the process of deforming it into the state of strain represented by
2. W, is furthermore a function of state depending only on the initial and
final free energy levels. Theories based on W are, therefore, concerned
with equilibria analogous to classical thermodynamics, and complications must
arise from non-equilibrium processes when comparing experimental data
with the theory,

Since the stored energy does not depend on pure rotation of a body, W is
a function of a symmetric matrix, \ ' , representing a pure distortion of the
shape. A suitable rotation of the coordinate axes reduces this matrix to a
diagonal form, whose three elements are the principal extension ratios
(M) = (\4 A 2 7\3 ) as defined earlier. If the body, as assumed, is
isotropic in the undeformed state, we may choose as the indspendent variables
for W some functions of the elements of which are invariant with a rotation
of the coordinate axes. Thsre are a large number of conceivable strain
invariants from which sets of three must be selected which are mutually in-

dependent. The simplest choice of such a set is given by

2 2 2
ro: A+ Xz + A (34)
2. 2 2, 2 2
TP S P T HE + 2,5 % (35
ST A (36)
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which are even, symmetric. functions of A L A_ . and \3 . Physically,
the third invariant 1, is related to the volume deformation by

I, - (v/v)? (37)
[«

where V. and V are the volumes of the body before and after deformation

o
respectively 47 ,

The stored energy W as a function of the strain invariants can be ex-
pressed in terins of a power series [4] :

k

Lo i
W s £ Cy I - 3 (1, - 3y (I, - 1)
d, k=

i, 0

(38)

where the coefficients Cijk are functions of T and p only. An approximation

to W can be obtained by retaining only a finite number of low order termas.
If only the first term is retained, we have

Wi 2 €00 ) - 3 (39)

which is an expression equivalent to that obtained from the statistical
theory of rubbers when approximating the rubber chains by Gaussian coils.
If the second term of Equation (38) is also retained,

W, = Cigollp -3) + Cyp(l; - 3) (40)

which is identical with the Mooney-Rivlin function for incompressible rubbers

r4).

In the case of simple elongation, and assuming incompressibi.ity:

Ay s\ = L/Lo (41)
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where Lo and L are the lengths of the material in the original and stretched
state, respectively. Deformation in the lateral direction is then given by

1/2
A1 a3 = (VAV) (42)

The principal stresses, t, (force acting {n the direction of the principal
strain )\ L and measured per unit area of tha deformsd body), are obtained
from W by:

1/2 TwW/v
oz g /13 ) /°]) + P (43)

A
A i

Replacing values for ) 2 and) 3 in Equation (43) , solving for p and
substituting for the value of p in the expression for t, obtained from Equation

(43) , we have that

AW Awo | 2
f”(_aq -»LZ—%—I; T)(A-I/A) (44)

f is now the force of elongation per unit cross-sectional area of undeformed
material [4) .

When the stored energy function is reduced to the first term Equation

(39) becomes:

1/3

2

o o

comparison of Equation (45) with the results of the statistical theory of
Gaussian networks then indicates that Rivlin's constant Cloo is given by

2/3

Cloo ° __é_va ( lVO-) (46)

*

where v is the number of network chains in the specimen, k is Boltzmann's

constant, T is the absolute temperature, and V, is the reference ‘rolume

independent of pressure 18]
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Fig. 3, Ref[18]: Biaxial stretching. shear and simple
elongation (dashed line represents the prediction of

Gaussian theory)
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Treloar [12] determined the stress-strain relationship for vulcanized
natural rubber in simple elongation, uniform biaxial elongation and for
strip biaxial stretch, Qualitatively he could recognize two types of deviation
2 = 0,
Fig. 3). Tlirstly, at large strains, the stresses tend to increase much more
rapidly than axpected from the thaory. Secondly, even at moderate strains

from the prediction of the Gaussian theory which requires that 2 W/A1

the curves derived from different types of strain do not coincide with each
other , which indicates that A W/a I, : C A 0. At large strain, the be-

havior could be expressed only by a large number of terms with arbitrary
coefficients for Equation (39).

On the other hand, the upturn in stress at large strains has been suc-
cessfully explained in terms of the finite extensibility of the netwerk chains

2. In this region of strain, where an appreciable proportion of the chains
becomes highly exiended, the Gaussian statistical treatment is no longer valid.
We quoted earlier that departures from Gaussian statistics first become
important when the vector length of the chain is between one-third to one-

half of its fully extended length. f217. In the case of a network of chains, in

which the chain length is related inversely to the degree of cross-linking, this
implies that the Gaussian theory becomes increasingly inadequate as the degree

of cross-linking is increased. At the limit a , "non-Gaussian'' theory becomes
esgsential aven under the smallest strains.
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E. The Problem of Cz

Behavior at moderate strain strongly suggests that the Mooney-Rivlin
function, Equation (44) , is a better approximation than the single-term
Gaussian function, Equation (45) . When one is interested in the stress-
strain relationship in simple eiongation only it is wideiy recognized that
the Moor.ey-Riviin function is a very good representation of the data. This
holds not only for natural rubber, but also for a wide variety of rubberlike
materials such as crosslinked silicones and polyethylene, polyisobutylene,
and Vitonfluoro elastomers.

No generally acceptable molecular interpretation of the C_ term has
emerged yet. Gaugsian statistics predict a zero value of C2 , but most
experimental work shows the existence of a C2 term as discussed before.

Ag will be shown later, extremey precise measurements are needed in order

to determine the value of CZ at small strains.

Values of C2 may be of the same order of magnitude as C1 . Ina few

cases C, is grerater than C; , but there are many cases reported where C
is very small. There is no clear cut rule by which one couid predict the

magnitude of C_ from knowledge of the structure of the material. The situation

2
is different for the behaviar of C, which increases regularly with increasing

crosslink density and with increasing temperature, as follows from the
Gaussian theory. Adherence to the latter could, as stated earlier, require
that the C, term goes to zero at low strains. Van der Hoff's [22] very
recent data tends to show that this might in fact be the case.

Experiments on swelling of vuicanized rubbers show that deviations from
the Gaussian theory become less noticeable with dilation [23, 24] i. e. with
reduced rubber -rubber interactions. In the work of Gumbrell, Mullins, and
Rivlin (247, the effect of various swelling agents on the stress-strain re-
lationship of natural rubber, butadiene-styrene, and butadiene-acrylonitriie
copolymers, showed that in 21l cases that the Mooney-Rivlin 2 term equation
was well obeyed and that, if the force per unit cross-sectional area of the
unswollen specimen is expressed as :

1/3

-2 t 1
foz (A= )(zc1 + ZCZA)/VZ (47)

(where Vz is the volume fraction of the rubber.) C'; , the equivalent of C
for the swollen network,

T S .

Ay T — ~ e R

.
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becomies independent of v, while the value of C'Z, the equivalent of

C2 for the swollen network, decreases linearily with dacreasing v_, and be-
comes zes0 atv 2z 0. 25 irrespective of the nature of the solvent. CJ'2 can
therefore bs represented by

ct C. (4v_ - 1) (48)

where Cz is the value of the constant for the unswollen rubber. Other workers
have essentially verified these results [25] with crosslinked networks of
silicone rubber, butyl rubber, and polymethyl methacrylate.

Another important observation was made by Ciferri and Flory, i.e. that
the magniiude of C2 can be influenced by the time scale of the measurements
[251. Their samples exhibited considerable stress relaxation when held at
constant length and the apparent values of C, decreased by 10 to 40 percent
when the time of relaxation between successive elongations was increased
from 15 mins to 10 hours. A similar observation of the effect of time was
made by Kraus and Moczvgemba [26).

Thus the values of C, may, at least partly, be affected by failure to achieve
equilibrium conditions during stress-strain measurements or when insufficient
time is allowed for completion of stress relaxation. But as decay of stress in
stretched elastomers is often approximately linear with the logarithm of time
[24, 27, 287, it is difficult to know when the criterion of equilibrium has been
adequately fulfilled. This led Ciferri and Flory [25] to suggest that under ideal

equilibrium conditions the values of (Jz might be expected to become negligibly
small. Blatz and Ko [29] reported that for polyurethane rubbers which
exhibited no detectable refaxation, the value of C, was zero.

Other facts, however, lead one to suspect that the equilibrium value of
C, may not vanish. Swelling the samples with a solvent and then deswelling

them improves their approach to equilibrium [29]. When this technique was

used by Ciferri and Flory 257 in a butyl rubber vuicanizate, the value of 2C

2 2

was found to decrease to 0.5 kg/cmz from the value of 1. 20 kg/cm® obtained
without the swelling and deswelling cycle, but did not become zero. Roe and
Krigbaum [ 8, 30) studied vulcanizates of natural rubber and Viton floroelastomer

by aliowing relaxation for at least 24 and 48 hr, and yet the values of 2C,
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obtained were 0. 88 and 2. 37 lltg/c:mz , respectively. These values of ZCz

are certainly not negligibie.

Contradictory results are also reported on the relationship between the
mlg:;itudo of C2 and the crosslink density. Gumbrell, Mullins and Riviin [24]
prepared a series of sulfur vulcanizates of natural rubber with 2C_ - 2.0
kglcmz » although their values of 2C; ranged from 2.0 to 6.2 kg/cm2 . Kraus
and Mocgvgemba [ 26] show that when polybutadiene polymers of different
primary molecular weights were crosslinked with controlled amounts of sulfur
80 as to give approximately the same value of C, , the value of C:2 depended
on the molecular weight of the original polymer. And Ciferri and Flory [25]
noted that in the case of natural rubber, a specimen crosslinked by gamma

radiation to give the same value C;, - 2.0 kg/cm as one crosslinked with

suifur with a 2’..C2 = 2.0, exhibited a lower value of Zcz,numely. 1.5 kg/cmz.

Consequently Krigbaum and Roe [18]urged the study of the effect of
structural differences on C_. The distribution of network chain lengths could
for example be of some importance. A knowledge of the factors effecting C2
would help in correlating experimental results such as the energy component

of the clastic force obtained by different workers from apparently identical
materials [31, 32].

Few studies have been carried out on the temperature dependence of CZ'
When CZ was evaluated from stress-strain data at very short times apparent
values of C, decreased with increasing temperature, reflecting a faster
approach to equilibrium at higher temperatures [28]. Under conditions where
relaxation effects could be neglected, the temperature coefficients of C_ were
found to be positive for natural rubber [8], silicone rubber 28] and nearly
zero for butyl rubber (28] . Roe and Krigbaum [8, 30] analyzed stress-strain
data with respect to entropy and internal energy contributions to elastic force
and found that in the case of natural rubber it is the internal energy effects
which are largely responsible for the C, term,

Blatz and Ko[297 working with polyurethane foam rubber containing 50%
air by volume, found that ZC1 was practically negligible and that all of the
elastic force arose from the 2C, term. This finding is a good reminder that

the existence of the C, term is real and that macroscopic as well as microscopic
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structural features will determine the relative importance of the Cz term,

In view of the oversimplifications inherent in the statistical theory, one can
assume that all the structural features neglected there will come into play such
as volume effects, local chain packing or ordering, non-Gaussian segment
distribution, free clLain ends, crosslink clustering, non equilibrium and
thermal effects, and others. In view of these complexities, and of the con-
tradictions so far encountered, an apriori deduction of Cz seema rather hope-
less at this stage, and that efforts should be concentrated on careful measure-
ments of values of Cz as a function of rubber structure.
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¥ Introduction to Dilatometry

Our knowledge of rubber behavior under simple elongation would
not be complate without an insight into the nature of the changes in volume

as a function of elongation and time. From a theoretical point of view, the
exact function of (aWaL)T P allows one to calculate directly the quantites
) .

of thermodynamic interest without having to assume certain approximations
as has been the case in previous studies. Following the change in volume
at a fixed strain level as a function of time, should permit also the study of
ordering or crystallisation kinetics, since at higher levels of order the
density of the overall sample must increase. When volume changes have
been used to follow the crystallization quantitatively over a range of temp-
erature [337, the final decrease in volume on crystallization was found to
lie between 2. 0 and 2. 7 percent. Experimentally, measurement of AV
accompanying elongation was first attempted by Holt and McPherson C16],
who found no volume change for elongations up to 200%. These authors were
specifically interested in effects of crystallization and also worked with
filled samples.

At elongations higher than 200% they found that even after 3 or 4 weeks,
the volume of the stretched rubber decreased at an approximately uniform
rate with the logarithm of time. These decreases were the greatsr, the
higher the elongation, the lower the temperature or the longer the time
the rubber was kept stretched. These observations were obviously related
to the kinetics of crystallizgation. In later work (341, Gent followed the
crystallization of the sample by measuring decreases in volume and re-

laxation of the stress. He found that the degree of crystallization as
measured by the dilatometer, was proportional to the reduction in stress.

In many cases the equilibrium value of stress reached was zero, in some
cases the test piece eventually extended, with the additional extension
amounting to up to 5% of the unstretched length. We have also observed

this phenomena of relaxation by crystallization, but only in the lower temp-
eratures. For the purpose of the thermodynamic studies, our lowest temp-
erature was 30°C and the highest elongation about 200%, so that we were not

in the crystallizing region of elongation and temperature. Lately Wolstenholme
measured the changes in volume upon elongation of a series of cured gum
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elastomers [35], Using a water-filled dilatometer submarged in a thermo-
stated water bathgnaintained at* 0. 015 °C, Wolstenholme claims that
changes in volume of 10°5 cc can readily be determined. He notices that

the volume of the sample changes with time after a change in length, which
changes were characterized by a rapid drift of the volume in the first half
minute after stretching, followed by a very slow change over a longer timae.
Reproducibla results were obtainable when successive elongation changes
were made every three minutes. However, water as a confining liquid,
presented the additional problem of swelling of the sample which gave rise
to a slow transient; these difficulties were minimized by pre-soaking the
samples in distilled water at test temperatures for a minimum of 24 hours.
This procedure is claimed to decrease subsequent water absorption by the
specimen and stabilizes the initial sample volume. Subtracting the volume
expansion due to the compressibility of rubber from the total volume change,
defines an inu.ced volume change which Wolstenholme attributes to the
crystallization of the sample. He tested several commerical elastomer
gums, such as Hevea, Neoprene, Butyl, SBR, Paracril B and Paracril C,
Elongations applied ranged from 0 to 600%, however no precise data was
given for the low elongations. Figure 4 shows the d.fferent volume changes
of a Hevea sar:3le . 1 function of stressed length, The compressibility
correction is the expansion of the rubber under a given stress, or in other
words defines a Poisson ration, ; smaller than the incompressible value

of 0. 5. In filled san .’3s, he could observe an apparent Poission ratio

greater than 0.5 due to vacuole formation [16]. Reduction of the temperature
from 35°C to 0°C lowers the elongation at which crystallinity becomes

apparent [35]. Finally, cycled dilatometer tests lead to a volume hysteresis
that was greatest in crystallizable elastomers and practically zero in
non-crystallizable elastomers.

The first people to measure the volume changes in detail at low and
moderate strains were Gee, Stern and Treloar [36]. From th. earlier
data of Holt and McPherson it was obvious that if there were any change in
volume upon elongating the sample up to 200%, these changes would have to
be less than 0. 2% expressed in AV/V, , and Gee (377 had predicted small
increases in volume at low strains. For any isotropic compressible body the
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Fig.5-Ref 36-Fractional increase in volume as a function of
Elongation from Gee, Stern and Treloar.
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tensite force may be resolved into shear stresses and an isotropic

tension, for a change from L to L and a compressibility K , the volume
expansion AV is given by ra7f

L
N 2 K X dL
* L ———
£ J (=) (49)
P, T

This equation applies so long as the material remains isotropic, and is
therefore probably not seriously incorrect for rubber at elongations of up
to 100%. By means of Equation (49), it is thus possible to predict values

of AV from the etress-strain curve, or else one can measure the change in
volume directly. Instead of a dilatometer, Gee and co-workers used the
method of hydrostatic weighing in water. An accuracy of up to 1 part in

60, 000 in volume is claimed. A pure gum rubber containing 2% zinc oxide
gave volume changes approximately double of those expected from application
of Equation (49). This deviation was explained by postulating the forming of
vacuoles around the filler particles, which markedly increase the volume of
the sample. Later tests were run on a sample crosslinked by means of di-
t-butyl peroxide and showed better the agreement of the resuits with

the theoretical predictions. Figure 5 reproduces Gee and co-workers data,
plotted against the predicted curve, '

Several years later, Hewitt and Anthony [ 38 ], redetermined the change
in volume of natural rubber crosslinked by di-t-butyl peroxide. The strains

at which they were working were lower than those used by Gee and his

group (40% to 110%). Again, to obtain high sensitivity, the experimental
technique was that of measuring the buoyancy in water. The temperature
control was of the order of 0, 005°C as measured with a Beckmann differential
thermometer. Figure 6 shows the percent expansion for sirains up to

ax = 1. 6. Application of Equation (49) results in the theoretical curve as

seen in Fig. 6. To evaluate (? f/aL)-p'-r these authors used the lst term

of the Mooney-Rivlin equation:

£ prop. (A- 1/A%) (50)
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and integrated (3 f/? L)p .. obtained from actual stress-strain measure-
ments. Generally, the agreement between experimental and theoretical
results is seen to be good .

Aller, Bianchi and Price, [9Jmeasured the change in volume indirectly
by following (8/39).1. L @and using one of Maxwell's relationships:

(3£/3 p) - (3V/3L) (51)
T,L T, P

Experimentally the problem consists of measuring (3 £/3T) at

constant volume, that is to say necessitating a hydrostatic v.L pressure
of some 120 atmospheres over a range of 5-10°C. An accurate estimation
of (&'/BT)V’ L.
degree intervals over 5 degrees in all. Indirect measurements of (3 £f/2T)

wag obtained by the increase in stress at approximately 1

. v. L
were made by measuring (af!Bp)T L (Bp/aT)V L and (af/BT)p L -

setting:
fo = f - T(H/T) y (49)

These authors obtain fe/f as a function of ellongation (Fig. 7). There is

by no means good agreement with the results of other workers who measursd
{a/f indirectly. In any case these results confirmed that, at moderate

extension ratios. the energetic contribution to the elastic force is approximately

20% . The tests were not at sufficiently low stresses to confirm Roe and
Krigbaum's claim that contrary to the behavior of a Gaussian network,
there is an energetic contribution to the elastic force which varies with

extension ratio at low values of elongation,

Finally in that very broad approach to all aspects of the thermodynamics

of rubber-like elasticity, Allen et al, [9] calculate the dilatiens of their sampiles

as a funetion of elongation, and compare the resuits with their data, (Fig. 8).
As can he seen, the agreament is not good, but never-the-less the authors

TSR A (YRR .. g — —me - — e ey e
s :
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suggest that their indirect method of measuring AV via (af/a'r) would
give better results than the direct measurement of dilation, llnce the latter
is so small.

Concerning the use of water as a liquid, we found in preliminary studies

that the weight of the samples immersed in water increased markedly as
a function of time. Extrapolation to zero time showed that there was an

immediate gain in weight upon immersion. The use of swelling or inter-
acting fluids is of course highly questionable because of the introduction

of new complexities; thus the choice of a non interacting fluid will be discussed
in the experimental section.

Rough estimates even suffice to show that the dilatometer cavity acts
as an extremely sensitive thermometer. With a capillary of 0. 04 cm
diameter, it is possible to detect changes of 0, 0001°C using an accurate
cathetometer. In view of the work by Wolstenholme, using water as confining
liquid, we thought first to set the lath temperature at 3. 97°C (maximum
density of HZO) so that, if water were used as the dilatometer fluid since its
coefficient of thermal expansion is zero at this temperature there should be
no thermometer effect on the dilatometer. Since, subsequent work showed
that water should not be used as the confining fluid, this line had to be
abandoned.
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G. "Fast" Stretching

The tamperature rise during adiabatic stretching of rubber has been
known for a long time. The first observations were reported by Gough
in 1805 1] , but it was Kelvin who first considered the thermodynamic
implications and suceeded in showing that the positive stress-temperature
coefficient was a necessary thermodynamic consequence of the evolution
of heat on extension. A simple application of the second law of thermodynamics
to rubber deformation leads, as stated earlier, to

dQ,,. °= TdS (52)

Thus, since heat is given off, and the sign of dliis negative, the entropy
must decrease presumably due to the aligning of the chains and thereby there is
loss of randomness.

There are three different ways of measuring the heat given off by a
rubber during stretching.

(a) direct calorimetric measurement of the heat exchanged when
rubber is stretched isothermally; (b) determination of the temperature
rise during "adiabatic'" stretching, and (c) measurement of the change
in heat content between stretched and unstretched rubber.

All work to date has been done by method (b). In the method used by
Dart, Anthony and Guth [39], two identical rubber samples were held to-
gether by twisting the samples and a thermocouple bead placed between them,
The authors found that usually the temperature change on extension was
different from that on retraction. Generally, samples which were capable
of crystallizing exhibited a marked temperature rise at the onset of crystal-

Unity and there was even less reversibility during the stretching-
relaxing process, and the cooling on retraction was generally greater than
the heating on extension, The last phenomenon was attributed to a time lag
in the crystallization process since as the time during which the rubbers
were kept stretched before retraction was increased the differences between

the two heats become larger., This was taken to show that crystallization
took place before retraction. In this Context it {s of interest to note that the

oy~ — v TS W L — g —— ™ ey i
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temperature response was immaediate for elongations of 1ess than 300 per
cent, but at larger ones thers was a lag of the temperature [39] which
amounted to as much as 5 seconds for high elongations and could not be due
to slowness in the galvonometer of thermocouple response. The authors
state: "This implies some process which takes a small amount of time must
be going on in the rubber during elongation''. One might suppose that there
is a diffusion process by which the chains accomodate themselves to the
strained positions,

Figure 7 shows the tamperature rise in so-called '"adiabatic' extension
compiled from the earlier measurements undertaken by Joule, James and

Guth[ 12]. The data showa, at small elongations, an initial cooling followed
by rapidly rising warming effect as the extension was increased. This course
of the thermal changes must be compared to the entropy changes derived from
stress-temperature measurements. Thus, the initial cooling corresponds

to the initial positive entropy of extension associated with the expansivity of
the rubbers and breaking of chain associati ons while the subsequent heating
corresponds to the large negative entropy term from the drop in number of
available conformations of the network molecules. At still higher elongations
possible crystallization phenomena can introduce further and larger heat
effects. It is of interest that rubbers which can not crystalline do not heat

as extensively as those that are capable of crystallization. For example, one

can obtain differences in temperatures of 14°C in natural rubber at 600%
elonation, but only 2°Cina butadiene-acrylic rubber at the same extension.
In this connection, fast stretching thermal measurements, which are less

accurate than stress-strain measurements, point out in a very direct manner
to a necessary consequence of the kinetic theorv of elasticity; namely that

"the process of deformation of rubber is capable of a reversible transformation
of work into heat' [121,

For '"fast-stretching', the thermodynamics will be derived as under
""adiabatic''. In the Discussion it will be shown why these two conditions
are hardly strictly equivalent., Under truly adiabatic conditions, the net
entropy change molecular ordering plus self-heating is zero, and the change
in temperature dT is given by:

dT = dH/Cp,L (53)

T D L e

e A et

[T
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where dH is the amount of heat developed in the process, and C the

L
specific heat at constant length, P

The total change in internal energy (adiabatic and at constant pressure) is
given by:

ot © JraL + f1as - fpav (54)

which can be written in its differential form

Mor, 1 4 [E, - p)  (59)
al BL p, T BLP’T

But from the Maxwell relationships, we have seen that

(X3 = - Xy .
3L 3T oL (14)
Thus
be,, - f[rar - friar, au -Jeav  (s6)
T

If the rubber is deformed adiabatically, then since d5 - 0 by definition,
l\El - fdL. - pdVv (57)

And now if the system is allowed to tranamit the heat developed during the

adiabatic stretching process, then

1
e, - - f Cy L dT (58)
To

But the pathways which lead to the combined enargy charge /El -+ AEZ
leaves the sample in the same final condition as in the total process
associated with AE,,, Hence AE; .- aE + AE, and
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[tav - 'lj"f)LdL-[pdV ffdx.. -IpdV -j’TI CV,L dT

: (59)
2
and we obtain finally,
T
J ey 6T T‘(i, dL (60)
T
To P L

If the further assumption is made, that Cy ;, is independent of T over the

range in question, then
( &)
T) ¥, L 6L
L (61)
C

V.L

However, as in most cases when dealing with a li quid or a solid, the
difference between the internal energy and the enthalpy, or the work term
pdV, is considered negligible. Thus we can write equally well:

f( D)
- T dL.
(62)
Cp, 1.
which has been given by Leaderman [40.1 in the differential form:
aT - T - (63)

(S“Esfp (e ve! FEL’p
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SECTION 1

FORCE VERSUS TEMPERATURE

MEASUREMENTS
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L EXPERIMENTAL
A Instrumentation and mechanical devices

In a study of the responses of rubbers to mechanical deformation
analysis of the results will require the use of thermodynamic, elastic and
rheological equations of state. Consequently it will be necessary to re-
present the variables in 3-dimensional space where the thermodynamic
functions as ordinate will be placed along the z-axis, whilst the x-and
y-axis will show the termperature and the extension ratio. Thus the
thermodynamic state functions will be treated as dependent variables.

During the force versaus temperature measurements, the force
is directly n:easured by a calibrated load cell or more accurately described
as a transducer., The instrument used in all the tests was supplied by
STATHAM Instruments, Los Angeles 64, model number G1-80-350. The
range of load is +- 80 oz. The excitation potential is 15 volts, and the
calibration factor is given as 53,08 microvolts (open-circuit) per volt
per oz. This unit is not temperature compensated, and therefore shows a
th ermal zero shift and a thermal sensitivity shift, Since, the transducer
should be kept at constant temperature during the experiments, thermal
insulation of the transducer was necessary. An Invar drop rod was used,
to hook up the sample to the load cell (Fig.10).

The strain sensitive wire elements of the transducer are arranged
in the form of a Wheatstone bridge. Direct current was used to excite the
tranaducer,. The value of the potential applied must be a constant in time,
A HARRISON Laboratories, Berkeley Heights, New Jersey, Model 801
C Power Supply was used in conjunction with a SOLA Electric Company,
Chicago, constant voltage transformer, catalogue number 30804, This
input potential circuit proved to be remarkably stable (of the order of

1 mv out of 15 v over a period of 3 months).

The force versus termnperature measurements being carried out
at constant length, both ends of the sample holders are clamped down, and
only the force varies as a function of temperature, The sample is con-
tained in a large converted refrigerator (Fig.1ll ) which can . sither be
maintained at constant air-temperature at any point between - 25°C and

+ 130°C, or can serve as an environmental chamber as the temperature is
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varied. The time~temperature profile is not linear, but as a complete
temperature cycle is of the order of 12 hours, thereby thermal equilibrium
throughout the sampel is ensured at all times. An added feature is that

the atmosphere afthe chamber can also be controlied; in most of our tests,

nitrogen gas surrounded the sample continuously,

A compressor and a series of strip heaters allow one to reach
any temperature in a given range. Most of the force versus temperature
experiments were carried out overnight in a time cycle of temperatures
from 25° C to 60° C. The heaters are wired tc large 15 ampere power-
stats , and it is possible to read the amperes of current which are
supplied to the various heaters directly. It isalso possible to calibrate
the temperature of the environmental chamber at equilibrium as a
function of the power supplied to the heaters. As expected (Figl2 ), these
curves are roughly linear, since the heat evolved is proportional to the
power which is in turn proportional to the square of the current. These
calibrations are extremely useful in obtaining the desired temperature,
or range of temperatures. To enable nightime testing, a spring loaded
relay w. s installed in the heating circuit; as the temperature rises above
a certain predetermined value, the relay opens the heating circuit, and
the temperature slowly decreases by losses to the ambient as a function
of time, Good thermal insulation ensured the obtention of a long tempera-

ture-time cycle and thermal equilibrium within the samrles.

A copper-constantan thermeocnuple from the OMEGA Engineering,
Box 47, Springdale, Connecticut was used to measure the temperatures.
The reference temperature of 0° C was established by the physical equi-
librium of ice and water, sustained by a thermoelectric cooler automatic-
ally controlled by a kellows-microswitch sensing mechanism which res-
ponds to the relative volurnes of ize and water in the hermetic cell, This
Ice-Point Thermocouple Reference System.is manufactured by the
Joseph KAYE and Co., Cambridge 38, Massachusetts; model 1150, and
must be specified for correct use of the 1160 interchangeable Thermocouple

Probe Assembly, also manufactured by the Joseph KAYE Cempany,

An x-y Potentiometric Recorder, of the HEWLETT-PACKARD,
MOSELEY division, Pasadena, California, model 7001 AM was used to

determine the force-temperature characteristics of the rubber. On

- BT R — ——— — - ~



111 - 45

smef Buyusiydyy-jiex jo J1wiep puw Jeploy aydures g7 ‘S g

WNOE -1
_f WNO! =

F—

dvd y388ny
3903m DITIVLIIN

(3903M H3A0) J13HS

430T0H 3903Im
WANINNTY

M3IHOS —




- potentiometric mode, large input resistances are allowable in thé'rrio_st'
- sensitive ranges, Tefnperature differences of the order of 0.001° C,
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and differences in stresses of the order of 1% were easily analyzed. The
pen system used was a tartridge loader, which after some adjustments,
proved to be satisfactory. '

A short description of the clamping system follows, Previous very
extensive efforts had failed to devise an adhesive bond which would hold
at elevated temperatures and elongations [47] Figurel3 shows the type of
self-tightening end clamps that were finally constructed. The fubber
sample is imbedded between two rubber strips tightly held by the self-
locking triangular aluminum wedges. As pressure is applied to the wide
surfaces of these wedges via the back-pressure screw, the wedges tend
to slide forward and lock the sample in its grip. While this method of
holding the sample is highly satisfactory at moderate and high levels of
strain, the inaccuracies of this system become quite large at very low
values of strain (A < 1.1, where \ is the extension ratio). This fact will
be illustrated further on, in the discussion of the weighting factor to be
applied to the Mooney-Rivlin type plot (See Appendix 1).

For the measurement of the elongation of the sample, an overall
length was measured between the pads of rubber. The rest length was
estimated in the same manner. Then after the test, the rubber was taken
out and a mark appeared on the rubber at the place of the pads. This
total length between pad marks was taken for the zero length, and all
other lengths were corrected by the difference in the two initial lengths
(these were not appreciably different). A trial run was carried out by
marking 6 lines on the rubber with white ink, and measuring the relative
distances between the markings with a cathetometer. Plotting the various
positions as a function of the initial positions (with the rubber at rest),
and applying a least square linear fit to the points so obtained, the slopes
of these lines should correspond to the different elongations, measured
by taking overall lengths. The "'best' elongations obtained by least
squares analysis correspond fairly closely to the elongations obtained
from an analysis of the overall lengths, however the standard deviations
are quite high, being of the order of 5 to 10%. A later section will be

devoted to the problems of sample shape and sample holders.

T
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B, Experimental Technique

1, Stress relaxation

Adopting the technique of previous workers[42) , the samples were
held for a long period of time at the highest temperature and at the highest
elongation to insure minimal relaxation of the stress as a function of time
during the actual time-temperature cycles of the tests. A blanket of N,
gas is kept surrounding the sample at all times to prevent oxidative de-~
gradation at the higher temperatures.

The total force on the sample is then read from the xy recorder and
plotted as a function of the logarithm of time. There is no claim made
as to the mechanism of relaxation, whether it be one of the forms of creep,
crystallization er aging. However, if the plotof F = { (loglo A t) where F -
is the tr.*al force is linear, then as can be seen from Fig.l4 and Fig.l5,
it is easy to calculate the time after which testing can commence, allowing
a two percent overall relaxation of force at the highest i :mperature and

elongation over the entire period of the tests,

From Figl4, the equation of the relaxing specimen is given by:
F=Alog, At+B (64)

where F is the total force, and A and B are the linear coefficients. The
coefficients A and B can be read from the plot. Let us now solve for tl’
where At = t, - t; = amount of time for total test, and where ¢F = (FZ-F]‘)/F1

= 0,02 : ¢F is the relative erroron F . From (64)
) A(log10 (1:1 AL) - log10 tl)

eF = (65)
A log10 t, + B
Rearranging (65), loglo L= M - BeE (66)

l1-¢F A(l-eF)

This equation can be solved graphically, as shown in Figl5 . Using

this technique, it is very easy to know when to start the actual testing.
Once the nominal relaxation for the period of testing, is less than two
percent at the highest elongation and temperature, then the relaxation is
considered sufficiently accomplished, and the temperature is decreased
by shutting off the heaters, and the sample is allowed to equilibrate at

room temperature and in the environment of NZ' Using the previously
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described technique of heating and then allowing the sample to cool over
a period of approximately 12 hours, a plot of F(force) expressed in mill{.
volts versus T(temperature) also in millivolts is obtained on the xy
recorder, as a series of F versus T lines at constant length of the sample,
Using thermocouple celibration constants given in the literature(43), the
temperature can be expressed in degrees Centigrade or Absolute, The
calibration of the load cell is done by hanging known weights on the sample
holder, and plotting the reduced output (output divided by potential applied)
as a function of the known weights, Plotting the apparent weights at first
allows one to extrapolate to the dead weight of the holder and Invar drop
rod. The second line of Fig.16 shows the true calibration curve. A
digital voltmeter was used to check from time to time the input potential
to the load cell. It was found to be constant to lmv (out of 15 v applied)
over a 3 month period of time,

Knowing all of the calibration constants (thermocouple and load cell),
and the zero values and ranges of the x and y axes, a simple computer
program (P 31) calculates, for each length, the forces (dynes/cmz) and
temperatures. (degrees absolute, degrees centigrade)., A listing of the
Fortran IV source deck as well as some typical entries and outputs (both

written and punched) are discussed in Appendix I.

At each length, two time-temperature cycles were carried out to
check upon the reversibility and reproducibility of the data, Figl7 shows
F versus T for four different elongations. It can be seen that the F-T
diagrams are reproducible, and except at the very highest elongations
(350%), all runs were completely cversible, In order to save time, sub-
sequent testing would only be carried out on a single cycle per length,

From this point on, all of the raw data has been collected and now
only needs to be processed, A series of consecutive computer programs
has been written to calculate the various quantities of interest. Each
punched output is, with some slight modifications, the input for the next
program., Thus a complete analysis of the various parameters at any

stage of the study is easy,

From the force-temperature data at constant length, it is possible
to calculate the stress-strain curves at constant temperature. But these

curves must be corrected for the thermal expansion of the rubber, thus
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obtaining corrected stress-strain data. It is possible to then recalculate
corrected force-temperature data at constant length, One can also fit

the data to a Mooney-Rivlin type plot. It is all of these calculations that
are done in the successive computer programs,

2, Sample preparation

The samples under discussion all came from the same supply (1/16'")
of DUNLOP NATURAL RUBBER with one percent dicumyl peroxide as
the crosslinking agent and were obtained by courtesy of Dr. DINGLE, The
samples were stored coldin the dark and, as much as pssible, all

experiments were carried out on specimens from: the same slab.

The actual geometrical configuration of the specimens used were
rectangular pieces 80 mm x 2 4 mm cut with a die manufactured by the
CLEAR CUT STEEL RULE DIE Corp., Plainview, Long Island. Great
care had to be taken in the cutting of the samples, in order to avoid nicks
or tears which serve as local stress concentration points and iritiate
rupture of the sample. A small hydraulic press was used in conjunction
with a slab. of a soft plastic placed between the press and the sample to
be cut. The cut sample was then carefully measured at different points
with a micrometer from STARRETT Number 1010M as to uniformity of
thickness and width, The standard deviations on thickness and width
were of the order of three percent. The length of the sample before
placing it in its grips was measured with a ruler calibrated in millimeters.
A reading could be easily estimated to within 0,5 mm.



111 - 54

2e-1vQ 304 3JAY¥ND NOLLYXVYI3™ 81914
(siH) + 9900

4 | o -

T | I

JHIHISONLY ©N
200S = 3¥NLVYNIJNIL | —
%121 = NOILLVONO13

oo¢

ol1e

0¢e

oee

ove

('swd) 305404



III = 55

€2-1 va

404 3AYND NOILYXVI3Y 61 94

tsaH) + %90
|

o
I L

JYIHJISONLY °N
3005 = JUNLYNIJNIL
%6.1 = NOILYONO13

— 002

— 0’12

— o2z

— O0'€e

— Obe

30404

('SwD)




—

Number of
Point

0

N O b WV e

Number of
Point

0

N O~ Ut B W N e

TABLE 1
hrt. loglo t

0 -
0.33 -0.478
0.66 -0,181

1 0
1.50 0.176
4,33 0.636
2l.12 11,324
43,62 1,639

of time

TABLE II
t loglo t
(hrs) _—

0 -
0.25 -0.699
0.50 -0,301
0.75 -0, 125

1.00 0
15,50 1. 190
19,33 11.286
49,25 1.692

23,40
23.30
23,20
23,15
23,70
22,65
22,30

Stress Relaxation of DA 1-23 as a function

of time

C mEw w
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RESULTS -
A, Qeometry of Sampleg

Two samples of natural rubber were analyzed exhaustively and thease
results shall now be presented. The samples examined are numbered
DA 1-22 and DA 1-23, All measurements taken after relaxation and con-
secutive testing cycles. The dimensione are given below:

Rest length Thickness Width Areca
(mm) !mm) (mm) (cm2)
DA 1-22 79 1.89 4,11 7.603 ,107%
-2
DA 1-23 77 1.82 4,06 7,389 .10

B. Relaxation of Samples

The samples were each held at about 175% elongation over a period
of several days, at the highest temperature of 500C, The force or total
stress on the sample was noted as a function of loglo t, where tis the
time in hours. From Figures 18, 19 and Tables I, I, it {s evident
that the relaxation of stress is linear with logm t . It was found or pre-
vious samples that either at higher temperatures (T > 50°C). or at higher
elongations (A > 3,00), the relaxation curves were initially linear but
then the strcsses sharply diminished with increasing times (Fig20 ).
Sometimes the samples even broke during the relaxation tests., Higher
temperatures would naturally increase relaxation, whether it be creep
due to viscoelastic or to chemical relaxation 44] , Higher elongations
would of course increase relaxation induced by crystallization, as well
as accelerating any crack propagation, We were notably unable to
""relax' the synthetic natural rubbers (NATSYN) or the Shell elastomer
(Figs.21,22due to failure after approximately 100 hours. However,
probable linear relaxation could be achieved by working at substantially

lower elongations and lower temperatures with both of these elastomers.

C. Treatment of data

In this section a brief description of the various calculations carried
out upon the raw data by means of a computer program will be given,
From therc a serics of consecutive programs carry out the prescribed
algebraic operations, From the F versus T data, as mentioned in the

introduction, it is possible to calculate various changes in state

S e ——— Pa— s — P T P P | Vg ——



STRESS - GRAMS /CM°

4000

3000

N
o
o
@

1000

O

38%

2

— T 3%

#

%

'°"_'T‘F=3-—-—<:—o-_1.307ﬁ

10 20 30 40 50 60 70 80 90
TEMPERATURE -°C

Fig. 23, ref [46] Stress-temperature curves obtained for

elongations ranging from 3 per cent to 38 per cent from

Anthony, Caston, and Guth




Il - 62

functiona, However, it is also possible to pregent the data in the form
prescribed by MOONEY and RIVLIN [48].

It must be remarked it the onset that all of the tests are carried
out at constant length. The thermodynamic relationships are a function
of ratio of lengths at a given temperature, At elevated temperatures,
the normalized length is the total length divided by the rest length at
that same temperature, If the slope of the force versus temperature
data were to be plotted as a function of length, one would find at very
low elongations negative values of the slope ( Fig, 23), This is the thermo-
elastic inversion phenomena, firat pointed out by Anthony, Caston and
Guth [467] , It is easy to calculate a corrected elongation on the basis of
the unstressed length at the temperature in question rather than at room
temperature, A set of stress-strain values is obtained at constant
length, Each value of strain is then corrected for thermal volume
expansion by means of the equation:

"c = A e AT (67)

where a is the mean linear temperature coefficient of the unstrained
rubber and A T is the temperature rise in °C above room temperature.
Equation (] ) is the most general form expressing the temperature de-
pendence of a given parameter, If a were to be replaced by a = a(T),
then in order to calculate the temperature dependence of the parameter,
one would have to integrate Equation($7)verall values of T,

Recently Allen, Bianchi and Price[9 ] showed that a is independent
of elongation and temperature in the intervals \ = 1,0 -2,2 and T = 30°C
-70°C. We shall use their value namely a = 2,196 x 10-% deg-l. This
is the only correction that these or other worker~ in the field mention,
However as pointed out by Blatzf.ﬁ] there is also a correction fecr the
stresses, These are forces per unit area, and the arca is equally
temperature dependent. Hence this work comprises also correction

terms on the stresses: namely,

c = o “23AT
c e (68)

However, these corrections are very small and most authors simply
neglect them [ 42}

e ey — - L - — =~y e ? Lot ek e
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In esecnce, the computer programs were written in order to
assemble and index the various data, to effect cuts in the implied
3.dimensional surface of F-T-\ perpendicular to the axis, to correct
for thermal expansion following Equ.uon. (67) and (68) the stress-strain
data, andfinally to recompute on the one hand the corrected force-
temperature data from which the changes in state functicns may be
decrived, and on the other hand to calculate the data in form of the
Mooney=-Rivlin typeplot, These various programs are described in
Appendix I, where a general summary of the programs used is given,
as well as a detailed analysis of each one,

It is interesting to note that the least square analysis is a weighted
least square, where the weight ascribed to a point is the reciprocal of
the variance of that point, But onc: th2 original data are considered to
be of equal weight, all of the subsequent weights are defined, This
allows for muh morc precise interpretation of the results, In the least
squares fitting technique, we assume no error in the independent variables,
This is not an essential assumption, but simplifies the computations

greatly.

In Appendix I, the explanation, listing and input-output formats
will be described, Thus the actual results will be presented in tabular

form just as they appear on the computer output sheets
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111, DISCUSSION

Force versus Temperature

Our study of the force-versus-temperature data for the two specimens
analyged brings out a number of interesting points. Tha first phenomenon of
interest are some aspects of the relaxation curves (See figs 18, 19). As already
mentionec in the Introduction, [26, 27, 28] where as the classical viscoelastic
relaxation iu given by a linear plot of log force as a function of time, we find
here a linear plot of the decay of force as a function of logarithm time. The
same was also found to be the case in a study of the tharmodynamic !nterpretations
of the elastic properties of rubbers obtained from Ethylene-Propylene copolymers
[49] . Why the relaxation should obey thia law is not clear; a further study would
be of great interest. It is well established however, that in order to ensure
reversibility of the stress temperature runs, the force at a given elongation and
temperature must remain constant to within the tolerances of our axperimental
technique. Few authors specify the cut off point where the relaxation becomes
too large so that we endeavoured to set a point arbitrarily. Thus we took a total
decrease in force over thae entire period of testing, of less than 1%{ at the highest
level of temperature and elongation) as applicable. A preliminary run of force
tamperature, carried out after such a relaxation, showed that sucessive runs
were undistinguishable. However since the second term of the Mooney-Rivlin
equation (2C,) is felt by some authors to arise from th~ lack of attaining equil-
{brium, by this criterion however small the relaxation, this procedure could not
be uscd to ascertain the existence of C, at true equilibrium, Before a decision

{s possible, one would have to wait for a molecular understanding of the relaxation
phenomenon to give us better insight into the true meaning of the 262 term, if
such a term exists in a true equilibrium state.

2

In Appendix I {t has been shown how very sensitive the function /) - A- is

when applied to the Mooney-Rivlin plot. Van der Hoff (227 indeed corroborates
our findings doing the error analysis of our and his data, by showing the effect
of a very small change in rest length upon any fitting to the Mooney-Rivlin plot
(Fig. 24). It can be clearly seen that if Lo is not known with great accuracy,
the approach of the Mooney-Riviin plot to A+ 1, is meaningless. Van der Hoff
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asserts that extremely careful measurements of stress versus strain, and a
least squaras linear extrapolation to find the rest length, allows one to measure
a value of ZC2 = 0 when A is close to unity., We had found a substantial,
increasing,departure from linearity close to the rest elongation for both of our
samples. This departure was taken to mean tha the rest lengths were not
accurately known, Consequently in the sensitive range of the Mooney-Riviin
plot, the data were effectively discarded by the use of a weighting function as
described in Appendix I.

Similarily a careful analysis of the data published or available shows us
that Van der Hoff could be quite mistaken, His paper on the extrapolation of
his function of true stress versus strain, is based on the '"best' least squares
linear fit of measured stress at low atrains. But several points deserve
careful scrutiny of all the known stress versus strain data published for low
values of strain (See Figs. 25, 26, 27 and 28). In particular we note several
things from these figures,

1, That over a large vange of Mfrom XA = 1.05 toX - 1,60), the true
stress strain curve indicates a neo-Hookeian type behavior, i.e. the stress
strain curve is linear. We have fitted these data to a straight line over a range

of A\ = 1.05 to A - 1,80. The low variances and the variances of the coe'ficients

indicate a good ieast squares fit,

2, Often it is more important to indicate what a curve does not do, rather
than what it does. In ali four cases (data collected from Guth, Shen and two in
this study) the true stress strain curve does not extrapolate through the origin,
Even mure interestingly the plots indicate that in all four cases, there would be

finite stress at zero strain, Guth's data (Fig. 26) actuaily shows that at very low
strains (1. 01) there is actual curvature of the true stress. This curvature is

drawn in dotted lines on the other figures, as a trend rather than specific points,
It is hardly reasonable to suppose that all three authors estimated their original
length with the same sign of error. Rather if there were errors in the deter-
minations of the rest lengths, these errors would be sometimes positive and
sometimes negative, This is not the case. All samples even though they are
different, show finite intercepts on the stress axis at infinitesimal strains, In
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this context it should be noted that in 3 of the analyses,namely that of Guth and
our two, the stress strain curves were derived from force temperature data,
while Shen's were measured directly. It would be interesting to be able to plot
the points obtalned by Van der Hoff, before he extrapolates themtoA - 1.

3. Coming back to Van der Hofi's measurements, he postulates normal stress-
strain behavior, fits his experimental points to the various functions, and chooses
the function which shows the least fit variance as the best function which he wiil
exirapolate to rest length. .This seems to be a dangerous argument since, if
the stress-strain behavior is different at very low strains from that at low to
moderate strains, it could be incorrect to extrapolate the rest length following
the function describing the points at moderate straias. Guth's data (Fig. 26)
indeed seem to show that the point corresponding toA = 1.0l are not on the
linear curve described by the stress - strain relationship at higher strains.

The reason for insisting on this seemingly minor point is that, as was de-
scribed in our Appendix and in Van der Hoff's paper, the value of the rest
length is essential for deriving the behavior of the Moone y-Rivlin plot, and
as will be seen later, also the fraction fe/f (inte ‘nal energy contribution to the
retractive force), at low values of strain; it is there that one would expect the
Gaussian approximation to be fulfilled.

4. A last point to be brought up in this connection is the fact that the de-
parture from neo-Hookeian behavior is remarkably similar for all four samples.
Taking, as the measure for this departure, the value of the intercept of the true
stress at A = 1 from the least squares line, and -.'(rl. 00 divided by the true
stress at some arbitrary value of A within the linear stress-strain limit of all

4 samrples (A = 1.5) as a normalizing factor, we obtain

4 o

Guth: Az 100 / A= 1,50 - 0.0281
o o
Shen: A = 1. 00 ,’ A = 1. 50 = 0.0152
this study: o o
DAl-22 Az 1,00 / A - 1.50 = 0.0191
o a
DA1-23 A = l.00 / A - 1.50 s 0.0120
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Since the rubbars are different in the three authors' cases, it is not to be
expected that the values of & go / 91,50 should be equivalent, yet they are

at least of the same order of magnitude. Such is also the case for the values

of negative intercepts on the strain axis, extrapolated along the least square line:

=0
Shen: A - 0. 992

Cs O

this study:

DAl-22 A - 0. 990

=90
DAl-23 A - 0. 994

e* O )

Figure 29 shows the engineering stress as a function of strains for both
our samples at two different temperatures. Using the computer programs as

described previously in Appendix ] ,it is possible to calculate the stress-strain

behavior and any of the derived plots for as many temperatures as desired,
Figure 30 shows the Mooney~Rivlin plot for sample DAl-22 and for various

temperatures. A detailed digcusalon of the constants ZCl and ZCZz will be under-
taken in a later paragraph.

Comparing now the Mooney-Rivlin jlots of the data taken from Guth {Fig. 31),
Shen (Fig. 32) and this work (Fig. 33), we see that in all fuur cases, the Mooney-
Rivlin plot shows an upward departure from linearity as the sample approaches
its rest length, Even though many precise determinations of the stress-strain
curve at very low etongations would be necessary, we do not necessarily believe
Van der Hoff's assertion that at low elongations the value of ZC2 vanishes. How-
ever we recognize our own data taken around )\ - 1, is not sufficlently precise
to enable us to positively reject this aspect of Van der Hoff's work. Returning
to the Mooney=Rivliu plots of our data (Fig. 30, 33) (samples
DAl1-22, DAl-23) the weighting function as described in the Appendix I is applied
to the weighted least squares linear fit for the purpose of measuring 2C. and 2C_.

1 2
The linear portions of the Mooney=Rivlin plots are roughly parallel as can be

— r——— o e
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seen from Fig. 34. The pcints for both DA1-22 and DA1-23 are statistically
equivalent and are given for various temperatures. At 25°C, the values of ZC1
and ZCz are rg-poctivoly. 13z 87 . 10° dynes/cm? (1, 38 kg/cmz) and 10, 24 -
103 dynes/cm” (1. 05 kg/cm®). The value of 2C, is cften less than that of 2C,

as was mentioned {n the Introduction. In our case, however there was a finite
non zero value of ZCz calculated for intermediate values of strain.

The temperature dependence of these coefficients is given below and
graphed in Figure 35,

Temp ZC1 . ZC2
OC 1073 dynes/cm? 1073 dynel/cm2
25 13, 57 10, 24
30 13, 77 10. 27
35 14, 00 10, 32
40 14, 21 10, 36
45 14, 42 10, 41
50 14, 63 10. 46
55 i4. 83 10, 51
60 15. 04 10. 57

TABLE Il : Temperature dependence of ZCl and ZC2

ZCl is a linear function o absolute temperature. Comparing this table with

the data obtained by Roe and Krigbaum [ 8] and T. L. Smith [28], we see that

2Cy is appreciably temperature dependent, but that 2Cz is practically temperature
independ\lnt For a better view, the values of ZC1 and ZCz of Table III, normalized
to 30 C are compared to the corresponding values of ZC1 and ZC at 300 C of Roe
and Krigbaum, and are listed in the next table.
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This Roe and This Roe
work Krigbaum work Krigbaum
. 201/3C1 2Cy/2C, zc:z/ﬂzc2 2C/2C,

T°C at 30°C at 30°C at 30°C at 30°C
30 1. 000 1. 000 1. 000 1. 000
40 1. 035 1. 032 1.010 1, 009
50 1. 065 1. 062 1. 019 1. 028
60 1. 094 1. 093 1. 028 1. 042

TABLE IV: Comparaison of C; and C, with literature values

Thus the temperature dependéence of ZC1 is the same as that of Roe and

Krigbaum. The temperature dependence of ZC2 » still amall, seems to be

lar ,er in their case. Ours resembles more closely the behavior of T. L, Smith's
data [ 28].

One of the very important questions in the theory of rubber elasticity is

the question of the contribution of the internal energy to the total elastic re-
tractive force. Up to recently it was thought that most of the retractive force
at moderate elongations came from the decrease in entropy due to the re-
distribution of T2 towards higher values, and possibly to some chain alignment.

However lately, it has been shown that in the case of natural rubber, something
like 20% of the force is due to the internal energy even at small strains, By

application of Equation (31) it is possible to calculate f,/f knowing (H‘/BT)p’ L
and f vs. A at different values of the temperature. Figure 36 shows the
values of f,/f for both our samples. There is so much scatter in the data due
to the uncertainty in (PI/BT)p. L that iittle can be said about the value of fe/f
for low strains except that there does seem to be an energetic contribution to
the total retractive force at low strains , which shows a decrease at higher
strains, in accordance with the literature.

The only available figures on the dependency of fe/ f on A at low values of
strain come from a paper to be published by Shen, McQuarrie and Jackson [507,
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Fig, 37, Ref [50] : Dependence of fe/f upon elongation at low

elongations, from Shen, McQuarrie and Jackson



111 - 84

0.9+
0.8
0.7H
r ® PUBLISHED DATA
0.6 1Lg = 1.0l PUBLISHED L,

*Lg =099 PUBLISHED L,

fo/f

2 ol

0.l
0 L1 | | 1 | 11 i 1
0 Ll 12 1.3 14 1S5 16 1.7 |18 |19 2.0

NORMALISED LENGTH

Fig. 3% Internal Energy Contribution from Shen's Data



11 - 85

Figure 37 shows their values. While, for higher strains, all the values in

recent publications, seem to agree, Shen and co-workers at their low strains

show a very strong dependance of f,/f on A. A giance at Equation (31)
shows us that here again we have a particularly sensitive function of A, since

3
A" -1 goesto0asA+l.

In the following, we give an analysis of the data presented in tabular form

by Shen and co-workers. Just as Van der Hoff showed the sffect of a smal}
change of L, (the rest length) on the Mooney-Rivlin plot, we can show now the
effect of a small change of L° on the f,/f plot. Knowing a given change in L,

for example,ﬁ 0.01 L,, we can recalculate their values of fg/f. and plot them
as in Figure 38. This figure shows very emphatically, as did the earlier one
corresponding to the Mooney-Rivlin plot, the effect of very small (1%) chunges
in rest length on the plot of f./f. Thus onca mors we would have to know the rest
length with extreme accuracy to learn the true energetic contribution at very low

strairs,

We can, now summarize this topic of f/f by saying that, at low to moderate
strains, (A #1.2 to 2. 5) the contribution to the total retractive force of the internal

energy is of the order of 15 to 20%. At hizher elongations, (A »2. 5) there is a
loss of internal energy (f,/f becomes negative) due to alignment of the chains that
are about to crystallize. At very low elongations ()\ < 1. 2) the picture iz not at all
ciear. While, the Gaussian approximation shouid be best ohserved exy.erimentaily,
according to the data of Shen and co-workers the internal energy contribution rises
sharply while A~ 1.

Taking the data of Shen for a Mooney-Rivlin plot,(2C; + 2C,) shows an
upturn at low strain which Van der Hoff asserts does not exist if the initial length
is very carefuliy determined. However one must doubt Van der Hoff's assertion
of Hookelan behavior (straight line extending from the origin into the moderate
strain region) as discussed above. It remains then to find a better explanation
of the stress pattern at very low strains, especially the positive intercept on the
stress axis. Combining the evidence of Shen's finding of high internal energy
contributions at low strains with the downward curvature towards the origin of the
stress-strain plot we can postulate the existence of a type of superstructure

‘r.\'
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in the rubber that imposes some long range order at the very lowest strain,
this superstructure holds; it must be broken up for the rubber to assume
true through going random behavior at larger strains., This is the same as
saying that, at very low strains snergy must be supplied to distort the
superstructure. Oncae tha latter has been broken down, then the entropic,
or cooperative rotational, changes of conformation take over. More data
at these low strains would help clarify and corroborate the picturae.

A final paragraph may be devoted to the problem of equilibrium versus
non-equilibrium results. Ever since Ciferr! and Flory [25] showed the magnitude
of Cz was influenced by the time scale of the measurements, much debate has
been going on as to the nature of CZ' Unfortunately, since the relaxation of
force is linear with log t, no true equilibrium values have been reported and
therefore the interpretation of Cz as an equilibrium phenomenon has to be
postponed. In view of this, one must also doubt that Van der Hoff's measurs-
maents were at true equilibrium. Thus the whole question of C, is still very

much unresolved,
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Iv. APPENDIX I

General outline of programs:

A. P. 31. This program indexes and computes the raw data as it is
read off the xy recorder, as force and temperature. There follows a
listing of the program written in FORTRAN 1V, as well as an example
of the listed output. In general each program will have two types of
output, one punched that serves as part of the input to the next program
and the other written as a permanent record of the calculations.
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B, P 391. This program normalizes the data, calculates the normalized
lengths, calculates the various types of stresses and fits the data by
linear least squares analysis, The input to this program is but a slight
modification of the punched output from P 3],

The various types of stresses used we defined as follows:

o (engineering) = F/Area of unstressed sample

o (incompressible) = F/Area of stressed sample

where by incompressible we assume that there is no volume change upon
linear extension. If such is the case, then where F is the total force,
from its geometry, it is easy to calculate the area at any given stress or
strain.

AREA (\) = AREA (2)/:

The program also fits the stress (both engineering and incompressible)

as a function of the temperature. Both the written and the punched output \

list the least squares coefficients, their variances and covariances. A
listing of the subroutines is given in this section. There is a plot option,
which allows the checking of any mispunched data very quickly. The out-
put from P 391 is the linear least squares fit of the force-temperature
data. Up to this point no thermal expansion corrections have
been taken into consideration.




Nt

1e- N.rvntk«

: L
N o T/ T T T W39 ivne0d 102
: (102%x)Qvddy
¢ :20913;:0%R
. . L
. , SRV INECY a2

. [ LT PR
o ; - afwsliud - 01 :
. _ANNIINZD  IL
((XZ24GeZTIE*ATIIVNNOS €61
B TR I SR VUL TN S T35 TOLY VLSBTV T IU T AL R TOT o
(LAY 74417 Ve lr e ) OIDNAA=(re [ ) TS 54T
—— - ce e e AN S ZY ANy (L) IVARY ]
' ENPACIELZC =S INLgi=lre] ) 1dXL
STYINV/ALIC VST 1IO3OL4 (Ao 1DicsuLS .
CIX20Ce2131Z%2T)IVdCS s 1
(P 1IQAIYD* (ML) atdtla 185 00vaN
TELC 4

e e e e ALMANCERE

T T - {208 334 3.»; SINT W4 SR CINSIC HEFIAYWICT 251
(251491211

{ SSIULS*ONI CETINLNOONT IuOLYNSA-IL HEW)IV-HNY 16

CIST*9d sl
(G°213% = HIUNLT UISIIV.GD% HIC)L¥vel s uei
R S L] R TR (YT Y A
T SHITG/CTION s Tw=( ] JONSIN
(SOT1*9lallum .
.~..n~.n.-u.x~.~<x¢ou v
CHIINC*{DONIIVINCTI* S IgYI
( . {
. _HORIAYMYOD  £C1
T - (eGI%glovIy
; e NISImL (T Oy .
_x~.-..x~.n.-u.n.n~.w_.x~.p<:¢ou 201
i} (9°212¢ = INITUOHOL) LYKN0 4 . U O
ONIWUIOCT ) 5 lyn
[ [

: ’ (10149331 um :
i e e e L
HOB) 1vwa03~ 101
.. tlUT%elgVay :
toul*9daiinye
{ I
. HCRILYAHOF oot
R — el (nel49iqvay
h IN3IN Y3y

- - oo SAANINIIVAS AL D

—)N.a~_>ou.-ON-oNuNw-c 1
A5¢taZ*22)12<3

StpZen m_hn_nn
(o21re ¢ - -
) .—>ob|.eﬂ:~u>au..c~_nh&kb....aw.:u:..lwéuEEb
i VYASLOZ)TL4IVELOZIOLI=VYAS (21D 143v¢(rZ18040Z2ve (" Z1rs(02)TSEULSS (02 T
- “nlukhml.>~_~ubnuhm buAnulnlulhpbPMJzuhnwhhzhhhbhpwzuunlznhmnuibb\ :
SIN3WILVIS NOISNIWIQ b
-EEF

40 t0—»¢4:ua<u =INNLYHISHIL SNSHMIA IINOS -vivg 40 oznm_4¢z¢oz anvy u:-uuot-




e e — -

1 e e 5T

[ e

CE A

-

§

#

!
IIl=
92

uhd
AlXy 11¥2

il 4wl

. 2Nl 1%

(IVTZIADDS LTI TLAIVASLIIT I AIve 1)L dIvAs L) 141y~ 129L 1k av
: (162370222411 121150
(Z)am(1t1a4lvr
1Z1ysilr1s4y

we
114

(LduséididivA

B B tp)mtld idiy

(XY ANLOU ] WIOZOYS TS INIGO T il ol ) idi2Ta VIV
LESICA0ICAOYS O L IELSINLA 020NV IVD
(1L 619903810

(2°.299)2438%%

- 77 A1 COLT*I%* 81 7OKT ]

) . ((8°GT Iy TIwea°5T1I° Y1) AVAYNS
CLIIZAADD* U1 TassvAC (I T dawel]) L33VAC (L) S48 [2%L)asler
(1%21A00=(1 2 123A00

12142613 15 43%A

(2)¥s 131143V

1T

, 11190411 L43YA
— . s (REALTRRNYE ]
(XY or ] e2sys [CINLSO TN [4-10% 1% 417 YIVD
(E*ICADISGeys s TTULS IVad Lo 2% vl JVD
(11983 (614911 10P
[ LI TrTVIV

Nt b anlD

T o ipetrzsiziceiry ISTolS
(re1)25A8AS=L0) ISIVLS
(rel N i={r) ITNLd” ]
NCelsr 12 4C

R X1 ¥y 7 2N

(%4

(1) Inlsnfl

IXTAZIoxZ6°Z1aX1IAVNGCH

CIVIRCS (I IONSINING T L 3Ll yN

vl _

o Ntie) L2 06

LINZOG*Z13I2¢ X1 LYNNG S

-

HORYAYRND S |

€2

27t




IIT=-

93

SSIeLS * Mi

€0 I9€411°0
£0 22110
€0 3Le%11°n
€0 300911°9
€0 3069T1°0
€0 202911°0
§0 3tecli-0
€0 20s511°9
$0 302T611°H
€0 €Lo11°0
S0 39THI1°O
€0 se€iI®n
€0 IsTCTILI°0
€0 i%e211°0
€0 LezIL°C
€0 L211°7
$0 3e0Zl1°C
€0 3ev111°0
€0 306011°1
€0 Iteot1"~

SERuiS a3 FWALVEBWIL
10 IZCSTT°0 = ULIONIY B2S)WwuEN
€ WNN*uIe 2 T=NiNIN-1064

200064°0
6054°0
I9L66°0
30295%°0
340 24
299969°0
WEEEY°0
ILISS°0
WE08°0
040%°0
W00
ITEP°0
6T 0
MWLive*O
H0Y°0
21966%°0
ITCBEL°0
109%€v°0
JILEEY°0
J€1€E%°0

WIBS ¥3d SINAC WIOS Ude SIMAG’

SSIuLS NI

10 30L862°0

€0 J100€1°"
€0 306461°"
€0 IstLCY°C
€0 %09 €1°n
€0 3TZ¢LI°O
€0 3005€1°"
€0 Icvs€El"0
£0 IvereEl""
€0 3?e¥1°C
€0 3eEEi0
€0 3%9€E1°C
€0 3022€1°9
€0 I9€2€1°0
€0 IVLTEY"
€0 30t11€1°0
€0 I9¥0EL°C

WIBS ¥id SINAC NS ¥I¢ SINAC
$SIViS NI
s HI9N3T 03T I TVION

SSIvas Nl

10 3z2UL2°0

SSAULS M
s NIONIT 03] WVHUON

20 309%16°
20 308205°0
&9 20T16%°C
20 J0684%°C
TO 308493 °C
29 00%5%°0
20 0¥ °0
20 J0v2EL°.
20 206024°C
20 209904°0
20 0L96C*
20 300%0¢ " .
‘20 JOTLE°C
T0 3080%€°0
0 2000%€°
‘20 3009%€E° .
20 30242C°.
20 IOSTVE“L
20 20400€°0
20 20i082°..
$33¥930
Juniveidnil

Z A NIZC OTeNiMMIN-10€4

3v846%°0
30096%°0
I8ve+° 0
09€ev°0
28ET69°0
3T2064°0
309699°0
39198%°0
319E9°0
306E8°0
WITev 0
3698:9°0
IVELLY°O
H2sLe°0
He2Lv°0
FT9024°0

. 20 J0662%°(
6 00L9%°.
20 F00969°C
30 30T °,
20 JOVZEY°C
20 OE62y°:
20 309009 °0
20 OL9¢€° .
20 00V8E° 0
20 09210
Z0 0809 0
20 DOOOYE -
20 J009€€°D
20 L€
TO POYTIE".
20 IOVCOE°.

$334930
2UNLVEIINIL

T NV NIS* TT=H19MI V-T10€e




=
aloh
-

| S

T e

Wiljotiongls, oy Bl M e

20 3€9ewE°"
20 32erec’

20 3I9¢€neE""
20 3926L€°"
Z0 3IESeLE"C

WIDS ¥Wid SINAD WIOS wId SINAC
SSINiS M3
10 3c2e81°2

SSIVLS M)

20 3s4242°0
20 ILETHZ°0
20 36€0%2°0
20 3696€2°0
20 3€26£2°0

20 J089€€°s
ZC 3nLe2€°
20 30%21¢°.
20 3209C0C°.
T0 30€992°°
$33w330
JeNivyIdNiL

= HAOMIT 0331 TveuON

9 NNU‘NIS ZI=HIONTI-TBCY

1n 389%L1°0

Z0 300€18°" 20 306£62°0 Z0 309%¢1S° .
Z0 3eT2I8°" 20 I1ZE€HT°0 20 30vZev-:
20 3verle*N 20 3s4282°0 ZO0 302164 .
0 3e5016°" 20 362T62°C Z0 30%61%°

20 IBC€606°” 20 3991620 20 306849

20 3INS00S°"" 20 3v1162°0 20 3009¢9°.
20 396905°" 20 396682°0 20 3CZyvy°.
20 3%€s0s"" Zn 362682°0 20 30%2¢€v°.
20 3ES¥0$°" 20 3c0882°0 23 30502%°.
20 31¢20%°" 20 3294020 20 30990%°

20 306f08°" 20 351992°0 20 30496€°.
20 30€b66%°" 20 3E0502°0 20 I00v9E"-
20 36%069°° 20 31€s02°0 20 3002¢€"°.
20 Ly ( 20 329020 0 30800€°.
20 ILvvos°r 0 310€82°0 T0 3CO8E° .
20 AL9tey°r 20 319202°0 20 3089¢c” .
20 3%916%° Z0 35%192°0 20 I0Lv2E"L
20 3Z988%°0 20 3ce622°0 20 30921¢°.
20 319988 °" Z0 3SY9L2°0 20 30%.CE°.
Z0 Jscv8e°r 20 362Lt2°0 0 J0€eeZ"

WIDS ¥3d SINJLD WIOS ¥3d SINAD $33¥930

SSINAS M SSIVAS NI 3WNLVNINNIL

= Hi9%31 03%) YYWYON

20 3Erv2Lcr
20 369¢2L°
20 2L n
20 3IvLozLr
20 3seERlL
20 JI69tL°r
20 39ssts°0
<0 302€ti°N
L4 B 114 A YR
Z0 3IBSi0L°"
20 3%190L°r
0 3eezoL°"
Z0 3€EscoL o
20 L1e69°n
20 35ese9°n
20 3¥5Z69°n
20 39L099°"
20 3€9989°C
20 3L0499°C
20 3ITLN99°"

WIDS ¥3d SINAQ WIS uid SINAQ

$SIVIS NI

10 300€02°0

T0 352608°n
20 I%iee*r
20 %360 °0
20 369260°"
20 36€068°0
20 250908°0

S NUNIS ETeHLIININ-TOCY

20 FL29%€°0
20 310esE0
20 31198€°0
20 3¢9€6€°0
20 30$26€°0
Z0 3TeleE°S
20 31118€°0
Z0 3966%C°0
20 3v%069€°0
20 3021%€°0
20 30699€°0
0 368%%€°0
20 3Ivi€vE 0
T0 3952%C°0
TO0 3021vc°0
20 3206€E°0
20 3I96L€€°0
20 3209¢€°)
20 3996€€°0
20 30$%€€°0

$SIvis oNl

20 30%%is" -
Z0 306205°.
0 30218%°:
70 308629,
20 30019y
20 3009se°C
20 3029940
20 3007€y°.
20 306024 .
Z0 30990%°
T0 30L96€° .
I0 308ev8€° -
20 3082:¢°.
20 3080%¢°o
20 30904¢° .,
T0 3089€€° .
20 30242¢°,
20 I0921€°
20 30v00€°C
20 306802,
$33¥930
IWNAVNINIL

® HAINIT 03T 1TVHNION

" MW RIT PTeHIONIN-18€d

20 31T666°0
20 31906£°0
20 364965°0
20 3T198€°0
Z0 31156€°0

Z0 30%18°¢
Z0 3062060
20 30218%°¢
20 30Selv°0
20 30019%°0

20 AR 20 J00954°C




III=-
9%

e e

10 3€T01T1°0LYIDNET 0351 VWO
. 6 WAYSHIL QeI INTN-1864

TO F99€91°0 20 ITVEET°0  TO 309915°0
ZO FVVE9T°C 20 FTICET°0 20 06050
TO F9%€91°0 20 JTICCI"0 2O 38TLev°0
20 220291°C IO ITEV°0 20 IV66LV°D
ZO 3LOZO1°C 0 ISITCI°0 IO IOBLP*°)
20 UBTII"0 20 INLET°9 20 I0O9EY°D
20 2ET91°0 2O PSITEID 20 FOTvev“
2O IVLIVI®O 20 MLIET°0 20 BOVZEY°O
ZO 99101°C  TO POEIE1°0 20 B0S02Y°O
2O LLTIT°C 2O INTICTI°0 20 30980%°0
20 00091°" 70 OIE1I°0 IO ICL%E°-.
20 319091°0 20 300061°0 IO 30008f° .
20 32€091°0 20 SOE1I“0  TO I0GTLC” . )
Z0 391681°" 20 ITIOCI"0 2O I0OCPE*H '
0 eS1°0 20 FONGZL°O IO 300099€° . :
2O INGNSTI°N 20 IT¥HII°0 20 3089¢C°.
20 I9€061°0 20 396821°0 IO 30482€°.
0 $%181°~ 20 LTH2TI°C 20 IONZIC°V
20 2261 20 Iv08ZI°0 IO IOWMOE°L t
Z0 326%61°0 20 308421°0 20 30€08Z°.
WI0S ¥id SINAQ WILS uIé SINAD $33w330
$SINAS M1 $SIVLL M JuNLVEIINIL
10 I9L221°C = HI9M3Y 031 TIWNNON
0 NNINIL dHLIING 1-T0E4

20 306162°~ 20 IZCHMI°0 ZO F0%4TS°-.
Z0 3891s2°" Z0 301%81°0 20 306206°0
20 weIK2°r 20 3°1e81°0 20 30216%°%
20 I9€CISZ°~ 20 I9VENT°0 20 30%6L4°C
20 3€2062°" 20 3I09E81°0 70 37019%°°
2O 3097262°7 Z0 ILTNENT°0  Z0 3009¢e° >
20 LLeve°" 20 i201°0 20 I0Zyee° .
20 IveRe°r 20 IZOZBI°0 20 20WZCH°.
20 326042°" 20 I0LI0T°0 20 30SCTY°-
20 w8Le2°C Z0 3ZE1eL°0 20 30990%°0
20 I9%1%2°" 20 399001°0 20 0296€°°
20 I€9992°° Z0 304081°0 20 308%8€°.
20 319$92°C 20 ITL6LV°0 20 I082L€°.
20 ILEsHZ-C 20 3096110 20 30809¢°2
20 IviveZ*" 20 3Z0641°C 20 ICOO¥E°
2O 3TT492°N 20 I968LT1°0 20 3097%€c°°
TO JeLE92°" 20 IEERLI*0 20 3I0Le2€°°
20 3IeLEN2°r 20 348LL1°0 ZO FONTUE“:
W8S w3d SINAC WIDS ¥I¢ SINAC $33v930
SSIWAS*IN] $SINisS M3 INAIVEIMNIL
10 ITLIET 0 = HiSM3T 03IS1TYyNuON
LNNY %I OT=NIININ-10¢4

20 ISTIOv " Z0 3€s€8Z°0 20 209%18°.
20 31000%°0 20 3v92§Z°0 20 306205°0
20 30L66€°7 20 I19LEZ°0 Z0 IOTIeY°
Z0 31986€°~ IO 3I2616Z°0 20 30%6i%° .
20 21sl6€°" 20 3€2162°0 20 ICOL9Y° :
20 ILv96E° " 20 3€6062°0 20 3009540
20 30966€°" Z0 320082°0 20 30T99%°v
20 366%6E°N 20 29642°0 20 3092€9°.
20 36vceE°" Z0 3698%2°0 20 3ICSLTY°.
20 ISEZ6E°N ZO IS6LYZ°0 20 309009°C
20 38506€°" 20 3$899Z°0 20 I0L496€°.
20 3I8ve0E°C Z0 3519%2°0 20 30099€° .
20 3z0e8¢° 20 3€26%2°0 TL 300TLE”°.
20 3¢cZ9se°" 20 IDTWOT°0  TO I08CE° L
0 INIEBE"C 20 FLEEVZ°0 IO IONONE“C

[ U )




III-
96

10 316210
10 6L
W IviIe2L-0
10 3%1822°0
10 IvieZL°n
10 Ivte2L°0
10 WielL°0
10 3vT6EL°0
10 PLe2L°0
10 309921 °¢
10 369924 °0
10 30982L°0
10 350921 °a
10 32§1TL°N
10 32s1TL°0
10 38681L°0

DS ¥I4 SINAD wIDS ¥ie SIMAD

ssIvas i

10 360¢99°0
10 360299°0
10 340299°0
10 360299°0
10 360299°0
10 360299°0
10 360299°0
10 #40299°0
10 300299°0
10 30L669°9
10 38i669°0
10 364459°0
10 310469°0
10 311869°0
10 311559°0
10 348259°0

30620%°9
FJOTT16Y°9
3086L%°C
F308L9%°y
200969°0
30TY9°0
3092€%°0
30503970
J0%00%°0
30L96€°0
J08v8€ "
F300TULE O
30009€ 0
F0007€°0
2009€8 <
0L92€°0
$33¥920

SSINAL AN .. IWNiVEIeNIL




IlI~

97

20-3

T0-3
20-3
TIn=3
20-3
T0-3

20-3
20-3
10-3
T0-3
10-3

20-3
20-3
20-3
T0-3
10-3

Zl6%6EC e~

»Z19622°6-
1MUET €~
02626L96°2
o0ZiIve2€ 2~
TZ90€L0°¢€

19999165
oZ11826°y
MWENLTT"T
11982€1°9
LETLERZ T

0962900° 4~
€Y06EVY 2

$620Z0s°2-
09665L9°L~
18418€2° 1~

3

28838

83338 33838

»0-39€£01011°0
10 I1619811°0

€0~-3 SsOLisL ¢

0000000 1 10
0000000° 1 10
0000000° 1 10
0000000° 1 10
0600000°1 10
0000000° 1 10
0000000°1 10
0000000° 1 10
0000000° 1 10
0000000°1 10
0000000° 1 10
0000000° 1 10
0000000° 1 10
0000000°1 10
0000000° 1 10
0000000°1 10

£44 41 7T 34

9256656y
06LESYS Y
5009€8°y
WeLC 0y
0912206 °

26€0980°%
1929298y
0€50960°y
€LE0EER Y
1E99120°%

*oL090L°y
€TEYEiL y
0se2TEL Y
*99262L "y
1T21908 v

T T €6-3 1v09002°¢-

SINWINWWADD 20 3revL
1 sox 80 3TOP9Le91°0
0 soxX 10 O0ETLLLTIO
SIMVINVA Vi1 OV SINIIO144307 SIWWNDS iSv3

=ild 3L 40 FMVIWVA

20 3 0001V °E
0 3 Mt

STUNOISIN ONY A*A*X Vive iRew]
10 322222°0 = NAOMBY .Q“ﬁ

FuN1vEIdNIL IINT0SEY SNSYIA SSIWLS 'u-iﬁuan__

0000112°¢

000€641 €
0006491 °¢
00LsLT ¢
0006€91 €
0000261 °¢

oedind St
0002921 €
000611 ¢
000EY01 ¢

L 74 1-1d S

000C008° ¢
000Ee90°¢
0002959°¢




III-

93

JE— -~

zo 3000€6°2

T. 3000€s ¢
1

1

1

1

* * .
1

1

1

1

. . *
1

¢

I

— -

- ° *
i

!

1

1

. . .
1

1

1

]

. » .
1

¥

1

H

- . .
'

i

1

!

+ . .
?

11

1

1

. . .
1

1

1

1

. . *
]

1

!

1

.

L 4

”

‘e

x °x
L3 S
..

*

llll.lli"!l‘lotll@tcll‘.l‘i!#l'l-‘l"l.COOUOQIl'OllO'O|‘!'0l00|0l!

~t-===e¢ 10 3 00091°%

1
1
1
1
. + 10
1
1
1
!
. + 10
1
1
!
]
. + 10
1
1
1
i
L4 > 10
1
*® -
1
1
* ¢ 10
L |
]
1
1
. + 10
1
|4
I
1
. +« 10
1
I
1
1
. + 10
1
1
1
1
- * O
1
1
1
1

—eprcnnfeccclencc)mcccpenanteee=d 10

00092y

00094 °y

0009¢ *»

00099+

00091y

00099y

o00% Y

00090°S

00091°$




IIl=-

99

10=3
Z.~-3
20-3
2C-3
1c-3

1c-3
to-3
w-3
12-3
10-3

10-3
rt-3
20~3
1r-3
12-3

(1161 1 Bl 4

£19€955°2~
L0 99° 8~
9906292°0
191621$°9-
832273 0al

126€0€6°1
Z62€99€°1
9€91040°C
2009669° 1
19L62ZLY°¢C

09LeEET" 1~
480€06L°9

nosSOLY L~
selivio“Z-
¥589929° €~

or

oc
arn
[+ 1ad
oC
ocC

Qo
02
onr
00
or

on
oc
oc
or
00

3

w W W W W

W W W

y0-JEETT6216°0
10 341650360°0

SIMMVINVA widMi OV SINIIDI 24307 SIWWNDS iSviII

20-3 LO2LYTN*Y

20000001

nooocoo“1 2o
. 0007 00° 1 zo
n000000° 1 20
7000200°1 20
7000000°1 z20
~000000°1 20
0000000°1 Zo
~000000°1 b Lo]
¢000000° 1 20
c07%0000°1 £4+)
€000000° 1 20
3000000° 1 4]
0000000°1 20
{020000°1 z0
000672001 20

W W W

3
3
3
3

2C 3 ceL019e°y

14 Z13 71881
o feLT2€"1
SLSS09€° T
Teeieoce t
189%688€°1

EveveseE”Y
108€ao€ 1
LILI9E "
yi626€€°1
[ 113 12

£96692¢°1
$220€2€°1
%0 ITE°T
€szZorieE 1
9009%0€°1

1 2 F0-3 9%200€0°2-

SIIMVINVACIY 0 3V

T eoX QO FTvEPIGCTIO O
G ssX 10 3900655C00°"

=114 3L 20 IMVINVA

Z0 3 ovootIZ t

zo
4]
0
20
20

SIVNO1SI¥ ONY M A'X VivO

10 2%

L2°0 = HINIT 0ISIIVHEON

COCEesl °¢
000ciel ¢
0004521 °¢
0006€91 °€
co000ZsT €

o0CI0vi E
000TeZL ¢
000€11°¢
000€Y0T €
000€Z80° ¢

000€080°¢
000€390°¢
000Z960°¢€
000199%0°¢
0006160°€
ANdM] 0 3eVL

IWNiveIdn3l IANTIOTEVY SNSUIA SSIULS 2701SSINGWOIN]I-T8Ed




ITT~
I0

20 300066°2

T 33006v°¢ 20 000€€°¢€ 2c 300062°€ 20 Jocott-g e F000:0°

* ¢ * * * * ] * . * + * * » + . * o

1 1
1 1
1 | 4
1 |
. * . * . . » . . * ® * . » » . . ¢ *
1 1
1 1
1 1
1 1
* . . . . + . . . * . . * * . . . . L4
H 1
1 1
¥ !
I ]
. * * .. * * - . 3 * 3 . * (3 . * * * *
¥ < ]
" L ]
1 i
1 .. 1
4 > . . - * * * . . L - ] . + . . . .
1 1
1 . |
| ] L ]
1 . 1
* * L g * * * . * . . + * * . * o ® o * L 4
1 | 1
1 } a4 1
[ ] 1
1 x°e I
- * * L4 > L g - * . * * * * ‘e * * * * L 4
1 | |
1 x I
4 I
1 . 1
- . . * * . * . . . *® o o * * . * . . .
1 X *x 1
~ e -
| X °x 1
] | i 1
» . . . 3 . . . | & . . . * * * . * * *
] e e | |
] * 1
]  }
| 1
» - * * * . * . * . ¢ * * * ) * * . *
[} b 1
| | * 1
] . ]
1 * I
* *- & L 2 + * . > * * + * * * . * * * +

z0

zo

20

44

7o

zo

20

+ 20 9 S0001°Y

0080Z°1

000€2°1

[ {1244

00082°1

00s0E°1

000€E°T

00091

000€e* 1




[II - 101

C. P. 392, This program calculates the streas-strain curves at con-
stant temperature from the previous force-temperature curves at con-
stant lengths, With this program added, one now has a complete 3-

dimensional picture of the stresses as a function of strain and temperature,

Some sort of decision must be reached as te the order of the fitting
polynomial, When a testing program was written, two important con-
clusions became evident. Firstly, as the order of the polynomial .
increased, the variance decreased markedly; there is a point however,
where, as the order of the fitting polynomial keeps on increasing, the
variance increases abruptly, This is to be expected since, as the fit
gets better, the residues get smaller, while raising the residues to a
high power can give number sufficiently small for the computer to com-
pound them with a zero value (underflow),

Degress of Polynomial Variance

0 2. 14 .10
7.35 . 10
1.97 . 10
3.22., 10
1.06 . 10
3.86 .10

(L T S
W o o NN B

Secondly it was found that both the x's and the y's to be fitted should
be of the same magnitude., Or, as the magnitude's change with respect
to one another, the coefficients should change by the same ratio, In the
case of the higher order polynomials, the coefficients were found to
change by a much larger order of magnitude. In this present work, it
was decided to use fourth order polynomials to fit the stress-strain data.
and also to multiply the data by a constant such that x and y were of the
same order of magnitude,

Once the stress-strain curves are stored in memory, one can
proceed tc the thermal expansion correcticns of stress and strain.
These corrections are small as was mentioned previously but should still

be taken into account,

Finally the program fits by least squares the corrected streas-
strain data, It is important to note that the weights given to the points

S reras IR

&

hs:
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are the reciprocal of the variances. The propagation of variance, or
mean square error, is described in DEMING's, Statistical Adjustment
of Datal 48], In general if

y=ax+b (App. I:1)
then

dy = x da + db (App, 1:2)
and '

dy? = x% da® + ab? + 2x da db (App. I:3)
where

dyz = o7 variance of y

daz, dbz = ga, ¢b variance of a and b

da db = ¢ ab covariance of a and b

We are acsuming no error on x . Equation (App. I:3)allows one to cal-
culate the variance on y (dependent variable) knowing the elements of
the reciprocal matrix and assuming the independent variable to be
error free.
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D, P 393. From the previous program, it is now possible to calculate
the Mooney-Rivlin fit of the data. From(4) :

- S 1
'ch+2CZ°Y

N o\ -2 (App. 1:4)

The form of this equation and the importance of the coefficients 2C ) and
-ZC2 are discussed in the main text, However, it need not be obvious that
any measurements at low strains (\—> 1) must be carried out with extreme
accuracy. The following sections will be devoted to the sensitivity of thev'

ordinate (g/\ =\ fz) and to the weight to be given to it any any given value
of the abcissa,

1t y= 2 App. I:5 |
N (App )
and
1
X=x (App. .I:6)

Then the Mooney-Rivlin equation can be written as

The variance of y as a function of the variances of (stress) and of 10 {the

uns.:288ed length) can be derived as follows: From Egquation (App, I:5)

-3
_ deo ag(l +2\ ")
dy = —/ = - dxs (App. I:7)

LS =279
but if
T
= 10 (App. 1:8)
1d1
dl o
then d\ = T: - 2 {App. I:9)
[o}

We can assume that the variance of lo (the unstressed length) and of 1
(the stressed length) are equal.

Thus 2
a? - 2 + L d1 2
- 2 1 o
1 o
o
2
2 dl'o 2
d\“ = = N + 1) (App. I1:10)
o

e o 1 - ma b M. gy 1
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Replacing the value of d\ 2 from Equation (App 1:10) into Equation

I RNCIE W, geind |

(App I:7), we obtain
142\ ’{‘
‘—‘—2' ¥ —L—‘r)a of 4 l)—z (App. L:11)
(h =X (\ <\ g
This may be written as i:
dy? = B ci.;z+132dl"2
Yy =5 2° TZ' (App. 1:12) .

o

where B1 and BZ are functions only of A\, There are therefore two con-
tributions to the total variance on y, the first from the variance of the
stress and the second from the variance of the unstressed length., It
will be seen in Appéndix I that the larger effect comes from the second
term. As previously, the weight given to each point in this plot is equal

to the reciprocal of the total variance of that point.

A careful scrutiny of Bl and Bz show immediately that by far the 7
most important factor is the variation of the denominator ss a function 3
of A\, Clearly, as A—» 1, both denominators approach sero, hence the
variance of y approaches infinite as A approaches unity, The important
conclusion of this study is therefore that as the elongation goes to unity,
or in other words when the sample is close to its unstressed length, the
uncertainty of the corresponding Mconey-Rivlin stresses tends towards
infinity,

e AR AN -
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E, P 394. From the punched output of P 392, itis now possible to re-
vunstruct the corrected force-temperature curves. It suffices to inter-
polate the corrected stresses as is the case of P 392, as a function of
temperature, keeping the strain a constant. A least squares linear fit
gives the slope and intercept of the force-temperature lines, which are
of thermodynamic importance.
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SECTION 1I

"FAST-STRETCHING" of NATURAL RUBBER
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LENGTH OF SAMPLE (cms}

30

20

. E=10mv

SPAN: 5.00
RECORDER # |
1 | ] ] ! | ] ] ] 1
20 40 60 80 100

CUTPUT ON RECORDER (defl.)

Fig, 39 : Calibration of Linear Polentiometer
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I11, EXPERIMENTAL

For the purpose of determining tine temperature rise in the sampile
upon elongation, it was necessary to embed a small temperature measur-
ing device, This '"thermometer' must have a lurge thermal response, since
we are interested in analyzing temperature changes of the order of 0. OloC.
Referring back to Part lI, it is now much more obvious why that study had
been t.ndertaken, The use of thermocouple sensors requires very sensitive
micro-voltmeters, the usual sensitivity of a thermocouple such as copper-
constantan is 0, 040 mv per degrees Centigrade. The measurement of 0, 001 °
would require the measurement of 4 - lO'5 mv, which is outside the reaim

of nor.nal type instrumentation.

Thermistors exhibit several interesting features, one of which is a very
high temperature coefficient of resistance, For example, with the type of
bead thermistor that we used, a sensitivity of 10 mv per degree Centigrade
is easiiy obtainable. This means a sensitivity of about 250 times the magnitude
th.at could be obtained with a thermocouple sensor. Embedding the thermistor
in a siit made in t:e rubber with a razor biade, this sihroud have tittie e ec:
upon the stress distriubution throughout the sample, even though the

thermometer head is finite, approximately 0. 03 inches in diameter.

Once the thermistor probe is embedded, it is held in piace by a iittle
drop of rubber cement applied to each side of the slit. By operating a i.inear
Power Activator (POLYNOID). model numher 01 A, {Skinner Precigion Induc-
tries, New Britain, Conn.} it is possible to stretch the sample over a distance
of ahout ¢ inches in less tharn 0.1 secs. This is a fast stretch, and helow
will be referred to as such (fast-stretch tests). As will be seen in a further

section, to labei these tests as being truly adiabatic requires further discussion.

The increase in length upon extension can be measured with a l.inear
Motion Potentiometer. Such an instrument was purchased from Bourns, inc.

Riverside, California; model number 156, with a total travel length of &, & ",
Knowing the rest length of the sample, the stressed length frem which the
extension commences, it is possible to calibrate the linear potentiometer
directiv in cen..meters of rubber sample. This was done in 'ig. 39. It is

thereiore easv 10 read off the stressed length directly from *a1g. 39, and o
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calculate the elongation of the sample knowing what its unstressed length
{s. The final stressed length is determined by the position of the rest against
which the Polynoid Activator comes to. Small magneta hold the Activator's
core in place and prevent needless bouncing as thes sample is stressed or

relaxed. The height of the rest is controlled by a lab-jack, which was
mounted in such a manner that the platform can :aove without changing the

position of its central torque axis. A hole was drilled through tha constant
temperature chamber, and the stretching of the sample was controlied from
the outside.

All tests were run at constant temperaturs. It was much sasier to analyze
the data if the base lines were roughly horizontal. A 25 W white light bulb
connected to a small powaratat suffic ad to keep the chamber at approximately
30°C. A 15 W fluorescent bulb produced a very noisy interference with the
thermistor circuit and had to be eliminated, Figs. 40, 41 show smali portions
of base lines the differences batween them is attributed to the nolse emitted
by the fluorescent lamp.

in the course of these tests, & atudy of the time depandency of a stress
"spike'' was also carried out. This was done by activating the load cell or
transducer and measuring tha change in force with tire,

On the other hand, the progreas of relaxation was not followed at the

highest temperature. Instead, ths sample was stretrhed a few times to a A
of approximately 2. 50, and then hold there for about 12 hours for conditioning.

In paraliel with the measuring of the thermal effects of 'fast-stretching,' we
will now develop certain relationships that were implied in Part II, There it

was shown that:

() - -
14 = _T;l_ + 1 1 a Part II: Equation
ﬁ 2 I &~a
2 2
Ae‘“ - 4 Ti B Bl Part II: Equation
“ 1/
Bett - 0 Part II: Equation

| 3
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Thus while thae reduced output, Acu » at the inflection point is a function of

(a) the bridge ratio: the tangent at the inflection point is independen® of the (a)
ratio. In most cases to obtain any sensitivity at a given point, it is necCOssaAry
to compensate or buck the output & the given point and just measure the net
voltage of the total circuit. This presents several inconveniences. the most
important of which is the difficulty to obtain a very stable compensating or
bucking source. Looking at Equation II:12, it is obvious that Ac“ is a function
of Tl and Bi which are fixed and (a), the bridge ratio, which is variable. Thus
by changing the value of (a) (obrained by changing either Rl or Rz ), one can
supress the reduced output to any value desired. Cver a large range of {a)

(a z 0 to a - 4 ), the valne of 8e); variesfrom T; 4 0.5to Ty - 0.5,
5 LY

and, as in our case T§{ =~ 0.1, Ae“ varies approximately from 0.6 to - 0. 4.
I

There exists therefore a value of (a) , such that A‘ll = 0, and for which the

tangent at the inflection p oint is finite and indspendent of (a). Experimentally

then, tt is possible to measure changes of temperature of very small magnitude

(0. 001 C).

While carrying out these fast-stretch tests, it was noticed that the thermistor
output was not returning to its original base line, even after a relatively iong
period of time. From a rough caicuiation of heat dissipation through the sample,
it was deduced that all of the heat should have been dissipated within a few
minutes of the stretch so that the thermistor could not indicate residual stretching
heat. From Fig. 41 it can be seen that at the end of some 3 minutes { x axia:

50 secs/cm) the signals reached a ateady value. Even though the base lines are
different, they are paraliel. Therefore, either the thermistor is responding to
some other variable than temperature, or there is some process taking place in
the sample which is exothermic. It is alsc very important that the applied
potential across the Wheatatone bridge be a constant. A small drift in E can
give a considerable change in base lines.

We examined the latter hypothesss first, but sincs neither rslaxation nor
crystallization could be seriously considered (stress relaxation work convinced
us that under these conditions the relaxation was minimal, while at amall
elongations of the order of 100% there could nct be any crystallisation phenomenon

accounting for an exothermic process), we turned our attention to the possible
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TRUE STRESS AS CALCULATED FROM ASSUMING THE
MATERIAL INCOMPRESSIBLE

80

60

40

20

I - 129

—

DAl - 23
Te=25°C
1 . {
1.0 20 30

>

ELONGATION

Fig. 43 : Truestress as a function of strain
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responss of the thermistor to some other variable. Plotting the reversible
diiference in base lines as a function of stratn (+ig. 42) , we found that,
neglacting some scattering, a straight line could be drawn through the point

at which we started to stretch. This observation combined with the fact that,
{f atretching took place slowly, the difference in base \ines cvbserved was the
same as for a fast stretch, led us to conclude that the thermistor was pressure
sensitive and that the plot of (Fig. 42) amounts to a measurs of true stiess as
a function of strain. A careful compari~on of the trus stress as a function of
strain, (Fig. 43) shows a linear relaticaship between this and the course of
the thermistor bage line. Thus monitoring the fast stretching experiment

by a thermistor leads to the combined measurement of the stress and the
temperature rise. Unfortunately, thare is too much scatter in the points

(Fig. 42) to enable us to use this technique to measure the stress in the rubber
directly. Howaver due to the differences in time response of pressure and
temperature on the thermistor (temperature time response is practically
immediate), the temperature rise upon stretching is given by the total peak ,
while the incremental pressure is given by the differences in base lines.

Calibration of Thermistor 4

Using a LEEDS-NORTHRUP CO., Wheatstone bridge, catalogue number

4760, in conjunction with a large 2 volt WILLARD battery and a Dc miliivoltmeter
from SENSITIVE RESEARCH Instrumaent Corp. , Mount Vernon, New York,

tancs R of the thermlisior al a series of temparaiures,

< TI
Treating the R-T data as shown in Part I, it was readily possible to caiibrate
the thermistor (Appendix 1I),
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Summary of fast-stretching experiments

L of
A °
Run # recorder rubber {cms) final ATC
1 30. 6 11,8 1. 62 0, 028
1t 0,017
2 _ _ _ 0. 028
rA 0,014
3 40,2 13. 6 1.87 0. 073
3! 0. 064
4 _ _ _ 0. 065
4! 0. 058
5 50. 0 15. 5 2.12 0.105
5t 0. 068
6 _ _ . 0.105
6! 0.078
7 62.2 17.9 2.45 0.170
A 0.160
8 _ _ . 0.162
8t 0.157
9 77.8 21,0 2.88 0.232
A 0. 224
10 _ . _ 0. 226
10 0. 207
11 68.0 i9,1 2.60 0,168
11t 0. 168
12 — — - 0.170
12¢ 0.165
13 54,5 16. 4 2.25 0.129
13! 0.109
14 . _ _ 0.126
14 0.120
TABLE v
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"Ag"cml

—

——————
————
————

0.55
0. 60
0. 60
0. 60

0.90
1. 00
0.95
1. 00

1. 30

1. 30
1. 30

1.40

1. 65
1.70
1,55
1. 40

1.00

1.20
1.10

1.25

0. 85
0.85
0. 85
0.90
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TABLE V Cont'd

L of

A
rascorder rubber (cms) final A1 ¢
43. 6 14. 3 1,96 0. 081
0.078
. — 0. 086
— 0. 073
36.0 12. % 1.72 0. 061
0. 056
— 0. 067
- - 0. 056

r‘:
m-13 ;
g
1y En ems .
0. 60 “
0. 60 !
0. 60
0. 60 ,
0. 50
0.45 3
0. 60 )
2.50
: -
% ]

}
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CHANGE IN TEMPERATURE

03 * ELONGATION
+ RETRACTION
0.2}
ol |
|
|
' .
' +
|
|
| +
| +
| 1
1.0 2.0 3.0

NORMALIZED LENGTH (A)

Fig. 45: Change in Temperature upon elongation and
retraction of Rubber
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1. . RESULTS

A typical sample of natural rubber cut out from the same sheet as those
used in other experiments (numher DA1-26) was employed in the experiment

described in detail below. It had the following dimenaions:

Zero length - 80 mm, width = 4.02 mm, thickness : 1,90 mm, length

at rest - 73 mm, area = 7.638 ° 'lO'Z cmz

The operating temperature was 28. 25 °C, and the thermistor circuit set at
(Fig. 44):

E - 1volt, R

1 = 1430, R, - 999.9 & R, = 4123 a- 1000

The stretching of the sample starts from a slightly elongated position A - 1,10)

s0 as to minimize errors attending the ''rest' state and also to reduce the effect
of the relaxation spike, The whole problem wil! be dwelt upon in detail below in
the Discussion section but, briefly, what seems to happen is that when the rubber
is rapidly brought back by our sample holder from the stretched to the unatretched
condition, its own retraction speed is slower than the movemaent of the solenoid,
and its shape becomes momentarily buckled during the relaxation to sero force.
The sample returns then to its original shape and etongation of 1.1 slowly and

thus returns to a state of stight st: 1s. This return i{s better defined than one to
complete rest,

Fig. 39 shows the linzar calibration used for determining the increase in
length of the sample upon atretching., Table V shows the final elongations to which
the rubber was sireiched, as well as the differencas in base lines and changes
in temperature,

Figure 45 shows the increase and decrease of temperatura as a function of
elongation, remembering that the original elongation from which rubber is
stretched is 1,10,
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The experiments of fast-strotching approximate adlabatic conditions. 1If
the stretching of the sample is performed sufficiently fast, then the heat developed
on account of the loss of entropy (dQ rev " Td:s) is measurable as the temp-
erature rise of the sampla. Retracting, the sample turns colder, as the entropy
returns t owards its maximum value at rest. In the process of retraction, in the
ideally adiabatic experiment, one should be able to measure a hysterisia in the rate
of return of the sample to the unstressed state since A S is positive, the reaction
endothermic and yet no heat available from the environment. In the case of

atomic gases, which would expand in analogy, the increase in entropy would be
{mmediately halanced by corresponding cooling. In the case of rubber tha

additional number of conformations can be assumed onily by drawing on the snergy
resarvoir of rotational and vibra'ionaal degrees of freadom which means that
while the rubber becomes more random it also becomes less mobile. This is

the same process which causes thegps atoms to cool but cooling in the case of
rubber means lower mobility and thereby a slower return to its rest length. In
other wor ds, for rubber to return to its original shape with the same spaed with
which it could be extended would require an influx of heat or a not fuily adiabatic

experiment,

It is then interesting to notice the time effect on the force (Fig. 46) when the
sample is being atretched, while all three variables, namely the rise in temp-
erature of the sample, the length to which the sample is being stretched, and the
tatal force applied on the sample, z2re baing plotted simultanecusly, Thers sssms
to be a relaxation of the force to a reasonably steady value after ssveral minutes
after the sample has been stretched fast (1/10 second) to a constant length, This
phenomenon was much more clearly established when a counter &, m, {, (bucking
force) of approximately 12 mv was used to measure the total e.m.,f. of 13 mv,
{Figs. 47, 48). In order to elucidate the nature of these force peaks, two functions
were examined. Firstly, the effect of the pre-elongation from which the sample
is stretched, and secondly the infiuence of temperature. From Figures 49
and 50 it is clear that for stretches to the same finai iength, the lower the initial
length, the steeper is the relaxation from the maximum height of the spi ke.

Figure 49 shows the relaxation curves for the elongating samples. The equilibrium

force attalned is the same whatever the initial elongation, as it shouid be. One
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can catcuinte a relaxailon iline {or the recovery irom the overshoot force which
turns out to be the shorter the more the sample has been pre-stretched. This dif-
ference in stretching distance arises of course from the fact that different elong-
ations were ob ‘ned. We find for the sample stretched from rest langth to a

A - 2.00, arelaxation time of about 150 minutes for the slow retaxation range

of the sample stretched fromA = 1,50to 2,00, As might be expected from the
sharpness of the spike marking the overshooting of force, there ia also a very
fast relaxation regime which for all the runs is of the order of ¢ = 1,5 minutes.
Interastingly encugh the rslaxation process {or this internal lecal cveroxtension

of the sample has only two relaxation steps. On retraction the samples start
from the same strain, arrive at the different elongations so that equilibrium forces
at the end of the experiment are correspordingly different, Again an overshooting
is observed, now towards the low side of the force. In fact the sample can be
observed temporarily to buckle so that it is obvious that it does not retract with
its spontaneous speed but is being pushed. The recovery to the equilibrium force
again differs for the 3 samples but the relaxation times are difficult to establish
because the time when the sample assumes its equilibrium length are hard to

ascertain,

To explain these observations it is postulated that the overshooting of the

force at the end of the stretching is due to the high speeds of the test, too high
for the chains to follow the motions in an affine manner and the net effact is an

increase in labile entanglements, that act as temporary additional croaa-links
and raise the modu.us, When the motion stops, the force decreases stcadily
because of relaxation and disappearance of the network of lablle crosslinks.
Stating it differently, the chains are impeded in their extension and aligning by
preexiating entanglements and internal viscosity. Thus one can understand that
the relaxation of the force in the experiments producing the greatest elongation
should have the fastest decay since in this case more labile crosslinks (shorter -

7 ) have been created. Pre-stretching the sample to an appreciable slongation
means that the chains are more equilibrated towards the final strain and there is
leas additional entanglements on further stretching.

During the retraction process complications of molecular motion should be
less due to entanglement processes and more to the fact that the internal friction

may not allow the chains to return to thelr random conformations during the
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Fig. 52: Effect of Temperature upon retraction of rubber
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instrumental time interval, This lag will be enhanced by the largely

adlabatic character of the retraction which permits the chains only to a

small extent to acquire the necessary influx of enthalpy from the surround-
ings and has to rely largely on conversions from the internal energy reservolir,
The picture is one of a substantial number of molecules not recovering their
rest length fast enough, the sample stays longer than if it would contract in
less than the instrument time and in fact it can be seen to buckl 2 and bow
during the fast push back, In this context, it is interesting to follow the

effect of temperature on these phenomena, Figures 51 and 52 show the
action of temperature on the relaxation of the force as a function of timae,
Figure 51 demonstratas that at higher temperature the force relaxes faster.
This is to be expected, especially on the basis of our picture of labile entangle-
ments. One can see also on Figure 5! that the results are completely re~
producible, (runs 1 and 2) and that the points lie on the same relaxation curve.
Figure 52 shows the comparable behavior for the retraction relaxation curves.
It would be interesting to examine the phenomenon of time dependent moduli

as affected by the speed of stretching more quantitatively. Ordinarily the
relaxation times of a well vulcanized rubber are too short to becoma noticeable
during ordinary stretching exporiments. In our case we have a rather weakly
cross-linked rubber which permits entanglements to become more effeactive
and to form time dependent cross-links which, as the experiments show,
exhibit much longer relaxation times,

Finally the specific heat of our rubber at constant length and pressure
was calculated using Equation 63 :

fc ar - T[T, L
L,p | ——

Ve

and integrating this expression between I.J° and L assuming the approximation
that C;, p is independent of T, which is acceptable because of the small AT
we obtain that

c - Tfearm,; a

pVv AT
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Thia expression can be further simplified, by setting

Az I“““o
or d\ - dL/L°
and since V = Vo = Lo Ao , then
where Ao : initial area

T (M (%___ /3T) d\
)
C H X 8 P
L,p (69)

with feng as the stress per unit undeformed area.

Calcuiation of the integral of the force-temperature coefficiant is done

by the use of a planimeter. Figure 33 shows the piot of (af.n /13 T) L
as a function of A. All elongations startatX = 1.1 for rouo!n P

that we have already diacussed.

S i Ty e
1. 50 0. 031 1,225 0.91
1.75 0. 072 2. 840 0.91
2.00 0,121 4.780 0.92
2.25 0,179 7. 060 0. 92
2.50 0. 247 9. 750 6. 93
2. 80 0. 351 13.880 0.93

TABLE VI: Values of (3!’/2§T)P L snd o estimated

Application of Eqult101‘69) permits one to calculate CL as mentioned before.
P
The specific heat at 300 ° K 1is given below

-+ - A |

AR

M R Y Pl P T

R VRTINS i 2L 0




et i O

PpvE—

IIT - 148

] L

A final 1078 AT €, Lcal/gC
1. 50 3. 675 0,019 0. 505

1,78 8. 520 0, 045 0.495

2. 00 14.340 0, 080 0. 465

2.25 21. 180 0,120 0. 455

2. 50 29. 250 0.165 0. 452

2. 80 41. 640 0,225 0.470

TABLE VII: Values of Cp' L at different elongations

Thus the specific heats calculated from the adiabatic temperature rise and
from the force temperature measurements are quite similar to those of
natural rubber measured by calorimetric means [ 51 ] i.e. have a value of
0. 480 cnl/g° C at 300° K, The agreement is deemed good considering the
fact that there is appreciable scattering of the measurement of ATadhbatic

and also the fact that we were engaged here in an indirect method of
meaguresmant.

The specific heat of the rubber as expected, decreases with increasing
elongation. Our numbers should be taken as approximate rather than quantita-
tively, The decrease in specific heat observed is 10% . Bekkedahl and
Matheson (51] have shown that there is a decrease of some 8% in the specific
heat of partly crystalline rubber versus the amorphous sample. When chains
stretch and align, there is a loss of some degrees of freedo:n, In the random
conformation, the molecules have 3 vibrational degrees of freedom, and some
of the possible 3 rotational . When they align and or start to crystallize, there
is a freezing of vibrational degrees of freedom along the long dimensions of the
chains and also of some rotational motions expressing itself as a net decrease
in specific heat. It would be very interesting to measure the specific heat of
various elastomers at different elongations and temperatures. These results
should then be compared to the results obtained from direct calorimetric
measurements, and x-ray, I.R, and birefringence data.
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v APPENDIX 1I g
Calibration of Thermistor £ 4
A. Resistance as a function of Temperature
Run °C _ RA - TC R.JL 1°C RA
1 33. 99 1740 29. 96 2018 25.91  23.48 '
2 33.94 1744 29,92 2023 25.90 2350
3 33.91 1744 29. 89 2025 25. 88 2353
Ave. 33.95 1742 29.91 2022 25. 89 2350
TABLE VIII: Resistance as a function of temperature
B. Determination of R30.00° C
1°C T°K 1/T 1/%K R A logjo R B°K
33.95 307. 10 0. 0032563 1742 0. 2410 3446
29.91 303, 06 0. 0032996 2022 0. 3058 3385
25. 89 299. 04 0. 0033440 2350 0. 3211
TABLE IX: Determination of R 30. 00°C ]
where R - 2,3026 (logjg R; - log;o R ) i
l/Tl - ”To i '
and at 29.91°C, A. 3415°K, R : 2022

P
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THERMISTOR ¢4
R, = 14308}
Rp= 9999}
Re= 14120
E = 100mv

SLOPE = 0.88 mv/°C
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Fig. 54 : Calibration of Thermistor ¢ 4

imbedded in rubber specimen
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C. Determination cof R-t !
R4 : R_“ _L,-__j_-_r_‘__ : 2022 (3415 - 606, 12) - 1412

A +2T, (3415 4 606.12)

D. Checking of Therm stor L 4

Ley; = TRy - 0.500 for a : 1000

BAey; - - 0.4113 mv/mv

Using E - 100 mv, Ry = 100A RZ - 0.1 and R‘ = 1412 A,

Pe « = 0.4137 mv
i v

2 2
Ae'“ - 4 Ti - ni
R 2
4R Ty
Ae' - - 9.002 ' 1073 mv /°C
i mv
0
TC mv
30, 33 1. 39 See Figure 54 , which shows the calibration
30. 44 1.30 of the thermistor actually imbedded in the sample:
30. 56 1.19 :
30. 71 l. 06 Ae|li :_o. 88 N 10'3 mv / °C "

mv
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SECTION III

DILATOMETRY OF NATURAL RUBBER
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L EXPERIMENTAL

The change in total volume of a typical rubber during stretching as
we have seen previously, is very smail, of the order of 10°4 cc/cc (36, 37
38] . Our basic design of the dilatometer and the method of testing resembles
ciosely the methods used by Dr. Buckely at the Esso Research Laboratories.
Figures 35, 5, 5° show sket.hes of ti.e aluminum dilaiometer machined
by R. Parla at the Brookiyn Polytechnic Institute., Following Buckelv's
ciaims, we planned first to place the dilatometer in an air bath controlled
to ¢ 0.01°C; it, was thought then to be easy to obtain a control of £ 0, 001°c

in the dilatometer cavity on account of the large heat sink constitutad by the
o
mass of metal. Constancy to 0,001 C was thought necessary to ensure that

thermometer effects would be an order of magnitude smaller than the volume
changes due to the stretching of the sampies. Buckely and his group

used Nichrome wire, commercially available, and showed that the variation
in thickness of the wire was negtigible, so that the construction of the di-
latometer could be based on a design witl: pull from the outside . As will be
shown in the Results section, this was proved to be correct. Unfortunately
other essential features of the Esso dilatometer proved to be unworkable, and

- ———

P S

our dilatometric technique had to be extensively changed. In particular, Buckely

and co-workers' use of water as the confining liquid iike others quoted before,
again supported our original idea of working at 3. 97°C, at which the co-
efficient of thermal expansion of water is nil, had to be abandoned, since water

was found to sweli rubber, even over short periods of time (s2].

It was aiso noticed that our natural rubber became discolored upon long
immersions in water and a detaiied analysis of the behavior of this slastomer
in various liquids was undertaken. Tig. 58 shows the perceni. weight change
as a function of time of natural rubber in various liquids. [ 527 While no
claim is made as to the change in volume upon immersion. these tests do show
a distinct and reproducible change in weight., A truly acceptahle non-inter-
acting, confining fluid for the dilatometric studies, must not cause any measur-
able uptake over a substantial period of time. Various salts were added to
water. Their effect on the "swelling' is shown {n Fig. 58. Many other fluids
were tried such as fluorocarbons, other known non-solvents, mono, di-, and
trifunctional and aikali salts. Glycerine, pentanediol and Li salts were the

only non-swelling agents found for natural rubber. It was rationalized that Li

Mol 4%
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salts were inert bacause as a result of their large solubility and because of
the high charge to volume density of the Li-salts thay hold their solvating

water most tightly, Li-chlorides as well as nitrates sesemed to have no
swelling cffects. Rather than pentanediol or glycerine, which were too
highly viscous and hygroscopic under our conditions it was decided to

use the concentrated nitrate solutions because of better metal passivation,
For a peried of over 200 hours, there was no detectabie weight pickup, but
unfortunately these salts had a corroding effect on the zluminium block.
Various tests were run, and it was shown that a 3 to 5 mil deposit of Nickel

metal plated electrolyticaily on the aluminium seemed to protect the latter
from corrosion. All holders, screws and other accessories were also nickel

plated or made of stainless steel. A nechrome wire was used to elongate
the sample. The sample hdider was of the type (self-tightening wedges with
rubber pads) as that used in the force-temperature measurements (Fig 13).
A detail of the pads is also shown. They were bonded to the wedges with an
epoxy resin and, as the sampie is stressed, are kept in place by tightening
of the wedges. Again, this type holder was found to be very efficient at
moderate to high elongations.

The design of the dilatometer is featured further; 2 rubber gaskets form
a tight seal with the glass plate (thickness of 5 mm) to which a female joint
is attached. A specially constructed doubly inverted teflon seal was designed
to allow passag'e of the nichrome wire through the block, without leakage.
Fig. 57 shows a detailed crossectional view of this special gasket. The
interchangeable capillaries attached to a fitting male joint can be inserted in
the dilatometer fitting. It was found that the thermometer effect of the I..iNO3
solution in the cavity required 0. 0001°C to ensure base iine stability. A
constant temperature bath controlling to better than 0. 001°C was then designed
(Figs 59, 60).

To this end, a few basic principies concerning thermal control had to be
observed or elaborated. Firstly ail individual factors must be isoiated and
tested separately. A thermistor bead was used to ascertain the fluctuations
in temperature in various areas of the bath. Careful checking with Beckman
thermometer in conjunction with the thermistor teated for random departures

from the base iine of no more than about 5 * 10 °C. It was

T -
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essential to hold the temperature within 0, 001°C for several days. Tothus
end, a lightening heavy duty stirrer was placed in each corner of the bath.
The thermistor control probe was hooked up to a Bayley proportional con-
troller, model 123, Bayley Instrument Company, Danville, California to
sense and anticipate the changes in temperature. This unit is guaranteed
to 20.001° C. In view of the good insulation a glo-quarte immersion 190
W heater was the only heat source for the overall bath,

The evaporation of the water from the bath was the singte biggest dis- .
turbance. It was found necessary to enclose the water by a surrounding air
bath and to heat the air about 3°C above the water temperature which was
kept at 34°C and to control the air temperature by a thermistemp on-off
contoller, model 171, Slabs of polystyrene foam provided thermal insulation

from the room, and a squirrel-cage fan was used to mix the air. Since the
lightening stirrers were running quite hot, the air temperature was maintained .
at approximately 3i° c by blowing in cool alr with a fan. To maintain a water
temperature over a period of days of 20, 0005°C greatest care must be taken
in handling the whole system. Two holes were cut out of the front poiystyrane
slab and rubber gloves inserted. Further to perform the stretching of the
rubber, two axies were guided through the walls of the bath gasketed with 0
ring seals. By turning the shafts, the sampies can be stretched without

PR

disturbance of the thermal equitibrium.

The solutions of 60 g of LiNO3 /100 cc of Hzo were refiuxed for about
24 hours and fiitered through milipore filiters. The rubber sampies were
placed into the dilatometer, all gaskets tightened with a torque wrench, and
the concentrated LlNO3 solution poured into the dilatometer cavities. The
latter were then degased thoroughly by applying a vacuum: since small bubbies

el 1 A s B

could cause variations in capilllary height, due to sither atsmospheric and
or thermal changes, orders of magnitude larger than the effect we were : -
looking for. For example, a change in pressure of 0. 01 atm. on a bubble
of .1 cc, would cause the level in the capillary to change by 1 cms while the 1
expected change in volume by stretching the rubber is of the order of 1 mm !
Small thermal changes create of course, similar changes in the height of the

capiliaries.

After the dilatometer is placed into the bath gross thermal control is

e it o i
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obtained by using the thermistemp on-off controiier. After a period of
approximately 12 hours to ensure thermal equilibrium, the excess LiNO3
solution is wiped off the top of the capillaries, and the bath is aliowed to

cool a few hundreths of a degree. The proportional controlier is then switched
on, and the whole thermal system is allowed anew to come to equilibrium.

The height in the capiliaries is plotted as a function of time to establish the
base lines. Generally after a horizontal or a slowly varying base line has
been reached, both samples were stretched simultaneousty and the changes

in volume plotted as a function of time.

In view of the paramount importance of maintaining constant temperature
of at teast £ 0.001°C over long periods of time as stressed above the true
temperatures of the bath and in the dilatometric cavities were also recorded,
To this end, thermistor probe was placed near the Beckman in the bath, and
the readings from the Beckman as well as the changes in height of the capiliaries
foliowed. The Beckman thermometer showed a stability at 34°C of at least
0. 001°C over a span of several hours, while the thermistor probe and the
height of the liquid in the capiliaries indicate a stabiiity better than 5 * 10-4°C,

Testing for the degree of leak proofedness of the dilatometer wires,
pulling them with no sample present showed no movement in the capiilaries.
We can thus assume also further that there are no variationas in the diameter

of the wires.

The helght of the liquid golumna, in the capillaries
(precision bore) was calibrated as a function of degrees Centigrade by plotting
the height in the capillaries versus temperature read on the Beckman. We
ascertained an average value of 59. 5 cm/degree Centigrade for the capiilaries
of diameter of 0. 0383 cm, and a volume calibration of 1.15 - 1073 cc/cm.

The samples used were natural rubber cut from the same sheet as used in

the other tests.

length at Thickness Wwidth Area
Sample rest (mm) (mm) {mm) 102 c¢m?
DAl -24 49 1.90 3.96 7. 524

DAl-25 149 7.83 4. 11 7.521
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After the stability of the systems was ascertained both samples (DA1.24

and DAl-25) were stretched by the same amount at the same time. As both
samples were from the same sheet, one would have sxpected the same resuits
from both cavities. Unfortunately , before a sufficient no.ceudl ha tested, we
ran into some slow leakage problems of the gaskets and were able to get
acceptable data for just 2 runs. The trouble is almost certainly due to corrosion
of the metal of the gasket grooves. The decision to place the dilatomater in
water instead of in an air bath, and the rubber into salt solution instead nf into
pure water had to be taken long after the dilatometer construction so that
aluminium turned out to be the wrong metal to use, For further work the
dilatometer should be constructed of a stainless steel resistant to salt corrosion,

and the flat gaskets be made out of teflon to minimize their swelling.

[E—
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Dilation run No. 2
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Fig. 63 ; Relative Dilation for sample DAl -24
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11, RESULTS

In view of the limitations discussed above, we present the dilatometric
data more to show trend and magnitude rather than as a quantitative resuit.
Vigures 61 and 62 show the behavior of the capiiiaries as a function of the
elongation of the samgies and the time for which they were heid at a given
elongation. As can be seen, the base line is very stable for the rear cavity
({DA1-25) and sliightly increasing for the front cavity (DAl-24). Thus it wouild
be difficuit to subtract the ili-defined base line to obtain the diiation effect on
sample DAY -24. Tigures 63 and 64 show the same resuits expressed in
changes of volume (AV/V _ - 10'4) as a function of normalized length,

There can be no doubt that the volume of the rubber increases from the
very first stretching, but that the amount of increase is very smali.
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I it

Calibration Whee! - 0.2394 cms/tooth vV, - 0.3700
Sample: DAl-24 Cap. - 1.15 - 10°3 cc/em
L.ength
(mm) A Ay(cm) AVicc) AVNC cc/ec
49 1 0 0 0
49 -+ 23.94 - 72.94 1,49  0.015 1.72 © 1075 4,65 - 1073
49 4 47.88 : 96.88 1.98  0.045 5.20 - 1075 1.40 - 1074
49 4 71.82 - 120.82 2.46  0.110 1.26  10°* 3,40 - 1074
49 4 95.76 - 144.26 2.96 0.120 138 - 10+ 374 - 107
49 4 105.33 = 154.33  3.24  0.140 1.56 - 1074  4.40 - 107t
TABLE X: Dilatometry, First run on sample DAl-24
Calibration Wheet - 0.2394 cms/tooth Vo = 0.3700
Sample: DAl-24 Cap. = 1l.15 ° 10°3 ce/em
Length (mm) A AV(cm) AV(cc) AV/IV. cc/cc
49 1. 09 0 0 0
53.8 1.10 0 0 0
58. 6 1.19 0. 005 5.70 - 1078 1.54 - 1070
63. 4 1.29 0. 010 1.15 - 1073 3.12 - 1073
68. 2 1.39 0. 015 1.72 - 10-5 4.65 - 10°5
72. 94 1. 49 0. 015 1.72 + 1073 4.65 - 107
77. 74 1. 59 0. 025 2.86 -+ 107>  7.78 - 10°5
82. 54 1. 69 0. 045 5.15 © 107> 1.37 - 1074

i
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Length (mm) A AV(em) AV(ice) Ay/ ccl/ce
87. 34 1.79 0. 065 7.45 + 10-5 2.02 - 1074
91. 14 1. 89 0. 075 8.60 - 107> 2.32 - 1074
96. 88 1.98 0. 080 9.20 * 10°° 2.48 © 1074

TABLE XI: Dilatometry, Second run on sample DAl-24
A A A VIV

Length (mm) V{cm) V{cce) A kN cc/ce
72. 94 1. 49 0. 030 3.45 © 1073 9.30 - 1075
96. 88 1.98 0. 060 6.90 * 1075 1.89 - 10°4
120. 82 2.46 0. 060 6.90 © 1072 1.89 - 1074
144. 76 2.96 0. 030 3.45 © 107° 9.30 - 10-5
154. 33 3.24 - 0,040 - 4.60 - 1075 1.22 - 1074
TABLE XII: Diiatometry, First run on sampie DAl-25

Length (mm) Y AV{cm) AV(cc) AV/X cc/cc
49 1. 00 0 0 0
53.8 1.10 0. 010 115 -+ 107 3.1 - 1073
58. 6 1.19 0. 020 2.30 * 107 6.2 - 1075
63. 4 1.29 0. 030 3.45 *© 1070 8.8 + 10-5
68. 2 1. 39 0. 030 3.45 * 1073 8.8 - 1075
72.9 1. 49 0. 030 3.45 ° 1075 8.8 -+ 10°5
7.7 1.59 0. 030 3.45 + 107° 8.8 - 1075



Length (mm) A A V(iem) AV (cc)
82. 5 1. 69 0. 030 3.45 + 107°
87. 3 1.79 0. 045 4,80 * 1073
91. 1 1. 89 0. 040 4.25 + 1073
96. 8 1.98 0. 040 4,25+ 1073

TABLE XIII: Dilatometry,

1 - 171

AV/V_ cc/cc

8.8 « 105
1.30° 10-*%
1,15+ 10-4

1.15. 10-4

Second run on sample DAl1-25

el

1

[ el
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111, DISCUSSION

One of the most important aspects of this study of dilation was the
swelling of naturai rubber in different liquids. Water itself is definatety
a swelling agent, up to 3% weight change is recorded after an immersion
of several days, I/ this weight uptake were transiated entirely into a
volume change, this would correspond to a /\V/Vo of 3 10-2 which is two
orders of magnitude above the expect : change from ditation due to the
isotropic tension.

Thus one of the first considerations is to question any resuits in the
literature that give the dilation of natural rubber from experiments carried
out in water, almoat the only kind of axperiment used to date. Holt and
McPherson [161 and Wolstenholme [35Tboth measured the dilation in water,
although the form:r do mention that for longer periods of immersion they
used mercury. However we found that water uptake was certainly not
negligible at even small immersion times. For the resuits obtained by
hydrostatic weightings 36, 387, one should ask oneself how much water is
taken up immediately by capiilary action tuto the rubber voids. A fraction
of a percant wouid be stiii an order of magnitude above the expected mechan-
ical dilation. According to Grove's resuits [53}; water is not automatically
eliminated as dilatometric, fluid because much of the imbibed Mquid does not
seem to change the overalil volume. But even if the overali volume did not
change during weight pick-up of liquid, the iiquid fmbibsd must respond to
the stretching in several ways:

1. by flowing out of the larger volda and pores, it will make the

dilatometric voiume of the rubber upon stretching seem larger.

2. parallel to this effect, the liquid that has gone into the molecular
interstices will only reappear in the bulk of the liquid very slowiy,

and hence restricts the motion of the rubber chains and prevent
accomodailon to the new length, This will tend to decrease the Poisson
ratio and make a contribution to the apparent large volume increase upon
stretching.

Lowering the activity coefficient of the water by addition of highly soluble
salts, we found, as mentioned, gave negligib.e swelling after several days of
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testing. , Since K or Na salts were not so effective, one has to deduce that
the Li with its stronger capacity to bind water molecules quite strongly,
inhibits water sweliing of \he rubber network at concentrations where theras

is no free water ieft [547. This in itself was & very interesting resuit,

i
!
Before examining and discussing the experimental data, it might be !
of interest to analyze on the molecular level why an isotropic body expands upon g
simple tension. In the case of liquids, which relative to the appliied streosses !
are incompressibie, all forces immediately cause motion, The packing in a
liquid is loose enough (the order is short range) so that the moiecules need
not penetrate over a geomaeatrical barrier, as there are enough voids to take
up any motion and stress relaxation is practically instantaneous. In the case
of an elastic solid or a glass, the molecules require more than fluctuation
space to move past surrounding denser ciusters. During recoverable
aeformation the molecules need not move from one tzough to another, but
merely move up the energy quadient and then faliback into the old position on
removal of the stress. If the molecuies really moved, we would no ionger be
in the elastic region, but irreversibie plastic flow would take place. Hence, !
as the molecuies tend to "rise" on their neighbors, they increase their inter- 5
molecular distances and as a result there is a net increase in volume. Further, :
as the moiecuie is in a potential energy well increasing its distance to some
of its neighbors must increase also its potential energy. But potential energy
is free energy, and hence whenever there is a change in stored energy due to
distortional stress, there must be a dilation in volume. An interesting
coroliary is that, when in the case of a swolien network the molecules can
move by the way of the voids present in the sweliing liquid there can be an
elastic storage upon stretching for which one wouid not expect any change in
volume. In general, though, one can say that any isotropic eiastic body wiil
undergo dilation due to the negative isotropic stress compone:nt in tensile

deformation.

The four runs that were carried out (see Tables X, XI, XII and XIII
also Figures 61 and 62) even if not quantitatively reliable, show unequivocally
that natural rubber exhibits indeed volume dilation upon small elongations.
At the higher elongations, the supposedly identical samnples begin to differ.

We are not in a position at this time to explain the differences, and more work
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would have to be carried out with a new dilatometer. A possible explan-
ation might be that the motion of the wires enhance osmotic leakage

or promotes gas nucleatiam following corrosion. As for the observed voiume
changes, we conclude that the volume expansion is very small, corresponding
to a Poisson ratio of 0.499. That s, rubber doas indeed behave at first
almost iike a true liquid, and voiume expansion occurs 1 cally and near cross
link points. In our weakly cross-linked rubber this must be expected to be

a small disturbance. More tightly vulcanized or partly filled rubbers aught
to exhibit more dilation even initially,

Evantualiy, once the experimaental technique is sufficlently retiabie, it
is planned to measure, amongst others, ths volume effects of stress re-
laxation, the dilational reversibliity of the stress-straln cycle, ths volume
dilation at low to moderata strains to establish the nature of the Poisson
coefficient of the rubbers, and finally the kinetics and density changes at
higher elongations due to crystallization . It will be particularily worthwhile
to study these same parameters in the case of non-crystaliizing rubbers.
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V. APPENDIX 11l

A. Change in voiume upon uniaxial tension - Theory

Consider a cylindrical isotropic material, of radius R, and of length

Lo The initial volume is given by:

Vo = TR o Lo (App. II:1)
at a given Length L,
2 ,
vV : TR L (App. 11:2)

where R and L. are the radius and the length respectively at any given time.

AV -V -V, (App. 1I:3)
where V = (R, -+ An)z (Lo + AU) (App. I:4)
2 2
and Vo = TR ° L °
thus AV = [m(R, + ARZ(L, + AL) - #RZ L 1/#R? L
° o ©
vO
(App. 1I:5)
1, FPoisson ratic defined in A strains
We wiil define the A Poisson Ratio, as being:
Ve - AR/ R (App. 11:6)
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and if furthermore
€= /\L/L,° (App. IL:7)

then /\R/Ro + - e¥ (App. 11:8)

App. II, Equation (5) can be written as:

2
AV/VO (1 -~ AR/R ) (1 4 AL/L))

-1
(1 4 2AR/R, + (AR/RHZ) (1 =+ BL/L) - 1

1 -4 AL/L, -+ 2 AR/R_* AL/L, -I-(AR/RO)Z -*
2
(AR/R }* AL/L, - 1 + 2AR/R,

€-2ev- 2eV e+ &V 4+ S (App. 11:9)

App. II, Equation (9) can be written in two forms:
A"\{/Vo - €{l-29 +cz(v2-z» + ¢3y? (App. 1I:10)

AVIV, ze+v(-2€¢2 -20 + v2 (¢ + ¢3) (App. IL10)

These equations (10, 10') are exact expressions giving the change of volume
of an lsotropic sample deformed under Simpie  tension,

a. Case of an incompressible body

If AV = 0, then the body by definition is incompressibie. Setting AV
equal to zero in App. II: Equation (10'),

vZ Telie + - 2¥lele+ 1] 4 ¢z 0 (App. IL1D)

solving for v i:

Viz ele+ 1) (e2le+ 12 - Elet 1) )
(z(¢+1)

1/2

1/2
c(et 1) e€(e2 +2¢+1-¢& - ¢

€ (¢~ 1)
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dividing both the numerator and denominator by ¢,

1/2
Vl - € -+ (¢ -4 1)
de -+ 1) (App. 1I:12)
1/2
v,z L F (1 e 4+ 1) ] (App. 1L:12")
¢
for €2 a0 !
v = 1 £ 11/2 = 0 (App. II:13)
L -+
2
Vi -1 - Lo (App. 1I:13')
X
Tor €0
1/2
Vi 4 = 1 —/-O (09 ) which is indeterminate
Applying Hospital's rule,
-3/2
(Ul‘,‘) ‘ = (-1 )le-+1)
€: 0 2 - - % (App. IL13") |
-3/2
(v, - (L)(e+ 1) z ~+ 1(App. L:13'")
€0 2 2 ;
l =

Thus for € approaching to zero, the negative root approachas the value for
vof 0.5. Hence in analogy with the classical development of I\V/V0 z 1l -21,
and where for a material of ¥: 0.5, there is no change in volume whatever i
the elongation, we choose the nagative root of App. II: Equation (12').

-1/2 i .
Tl - (e-+1) ! ] (App. 1I:14) ‘ Lﬁ

s et e
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What are the values of the tangents to this function?
-3/2 -1/2 .2

v, =1 T1 (€ 1) J-Tla(e+ 1 Je
¢ ¢
-3/2 -1/2
« €(e- 1) '-%?.Ll - (e~ )4 (App. 11:15)
<
Applying Hospital's rule
At€ - 0
-3/2 -5/2 -3/2
v'y) : (€4 1) o+ €-3) (e~ 1) - (e 1)
€. 0 2
2¢€ )
-5/2 -5/2 -7/2
: 3(e-~ 1) -3 e+ 1) + 15 de~+ 1)
2 2 4
2
-5/2
3 (e 1)
2
2
-3 3 43
2 2 2
2
(v'i) - - _3
¢€-0 4 (App. II:16)
ate-g (V') : 0 (App. 1I1:17)

€

Thus one conclusion is immediate, and that is that at very small strains,
the value of the incompressible Poisson ratio approaches the predicted vaiue
of 0.5, but along a non zero tangent. At small strains, the value of Poisson's

ratio is not 0. 5 for incompresalblie bodies.
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v Crse of a compressible body

Rearranging App. II: Equation {10'),
vie2ie -+ 1)]- 20l e+ 1)] ¢ - AV/Vy - 0 (App. 11:18)

Ir analogy with the compressible body, we shall choose the negative root.

2 1/2
VI oe(€t (€l (b Dellek 1) (€ AV/IV,))

€ (e-+ 1)

1/2
V 2 (€ D-((€4]) e+ 1-€+ AV/IV,))

c{e-+ 1)

1/2
v 1 (1 - (V/IVy (e -+ 1) ] {App. 1I:119)
€
trom App. II: Equation (19) it would be possible to solve for one of the thre:
variabbs knowing the two others. To enabie one to solve this equation easily

we will use the reduced variables.
Let us call V/Vqo - d (dilation)

(¢+l)-d:S

1/2
then ev: 1 - d
d - §
1/2
= b ) (App. I1:20)
1 -4~ S/d
i x - S/d (App. IL:21)
y = €V fApp. 1:22)
-1/2
then y = 1 - (1 « x) (App. 1:23}
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A two-dimensional plot of y - {(x) can be drawn up, and the Poisson ratio
of a compressibie body as a function of the change in volume (d) and a function

of the elongation (¢) can be calculated,

2. Poisson ratio defined in natural strains

if the Polsson ratio, % - in (1 -~ AR/R)) (App. 11:24)
in (1 -+ AL/L))

m(R, + ARY (L 4 AL)

then v -
Y, n 2
Vo ﬂRo Lo
2
= (1 4+ AR )" (1 + AL )
R, Lo (App. 1I:25)
-UN
and if (1 +AR) - (1 4 AL ) {App. 11:24)
R L
o o
1-2 VN
then v = (1 -+ AL ) (App. I1:26)
VY L
o o
1 - ZVN
and AV -V -1 : (1 -+ ¢ -1 (App. 1I:127)
v v
o o

Contrary to the expression for AV/Vo obt ained by using the Poisson ratio
as defined in '\ strains, this expression for /\V/V0 is always zero for a

Poisson ratio of 0.5.

Thus an isotropic incompressible body has a Poisson ratio as defined by
natural strains, aiways equal to 0.5 and this value of V Nis independent of

the elongation ¢ .
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B, Plots of Poisson ratios as a function of dilation and elongatlon

From App. lI: Equation (19) it is possible to calculate the Poisson ratio
for any given dilation and any given elongation. This equation has been set
up on the computer, and Figures (65, 66, 67) show the Poisson ratio for
various ranges of elongation and dilation .

1 igure (67) shows the figures for both large elongations and large diiations _

Here it is quite apparent that in the case of Poisson ratio defined from X\ strains,
a material of such a constant equal to 0. 5, would show a strong contraction

in volume upon elongation. Aiso at ¢ = 200%, one would actually have no
volume left at aill T'igure (66) shows intermediate Poisson ratio as defined

by A strains as a function of small values of elongation and dilation. There
it can be cleariy seen that the tangent at the origin (¢ - 0) for v, : 0.5 1is

not equal to zero, Thus even at infinitesimal strains, for a Poisson ratio as

defined here equai to 0.5, the dilation (actually a contraction) is finite.

Figures (68, 69) show the Poisson ratio, as defined for various natural
strains, as a function of elongation and dilation. In this case, negative values
of dilation (or contraction of volume) are not possible for v,y < 0.5. Also
if the material is truly incompressible, then the Poisson ratio is 0.5 for all
elongations.
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CONCLUSION

~ ! Of the three different experiments carried out on/ﬂaturd,aubber, the
force versus temperature measurement have verified that the decay of stress
in stretched elastomers is approximately linear with logarithm of time for
a considerable period, as was found by Kraus and Mocsugemba {26] —~Gent
[27], and Smith [28]. A viscoelastic mechanism for this decay according to
a spectrum of Maxwell terms, can be rulad out as the basis for this form of
relaxation because of the nature of the time dependence. As a further difficulty
small local defects leading to crack propagation by stress concentration and
crystallization of the sample complicate this relatively simple but unexplained
form of relaxation. Thus, there is a natural difficulty in the way of de-
termining when the criterion of equilibrium has been adequately fulfilled. In
our experiments, the sample was considered fully relax ed when the lncx}g}ont
authors simply indicate without further elucidation that they waited for the
decay of stresses to ha "'negligible'.

Over the ranges of temperature (30o C - 60° C) and elongations A z (1. 00
- 3. 00) studied, the force temperature curves were reproducible, re-
versible and linear, A series of computer programs were written in order
to correct the raw data for the thermal expansion of the rubber. (Before
correction, the slope of the force temperature data is negative at low valiues
of strain, and becomes positive at higher values; this phenomena is known as
the thermo-elastic inversion, first pointed out by Meyer and Ferri [55] and
corrected for by Anthony, Caston and Guth [46] . This thermo-elastic
inversion simply shows that at the lower elongations the thermal expansion
of the rubber by increasing its length at constant stress, reduces the tension
at constant length, In other words at very low strains the reduction of tension
by thermal expansion exceeds the increase of tension with temperature to be
expected from the kinetic theory of elasticity. The thermo-elasti¢c inversion
point is the strain at which these two effects balance exactly, The thermo-
elastic inversion influences also of course, the adiabatic temperature change
in elastomers, which if (XlaT)p. L Tremains uncorrected will be calculated to
have a negative sign at very low strains (Fig. 23). Unfortunately, our ex-
periments were not sufficiently accurate at these low strains to observe this

inversion,
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The Mooney-Rivlin parametric equation as was stressed in the Intro-

duction has no molecular basis, and really describes a purely hypothetical
body. It was also shown that, even though several authors (22, 50] have
done extensive work on the dependency of both, C, of the Mooney-Rivlin
equation and of f,/f (the internal energy contribution to the total retractive
force ) upon the elongations at low values of strain, Roe and Krigbaum [18]
feel that precise data gathered from the low strain values would cast addi-
tional light upon the validity of the Gaussian approximation, which should be
valid as long as the chains are only slightly stretched. Unfortunately, the
behavior of the samples at these low strains might well suffer from a lack
of well defined response to a stress. At moderate eiongations the network
is deformed as a whole, and we are truly seeing average properties taken
over a large population, but at very small strains, many fewer chains, or
small sections of the network, may participate in the deformation, and the

averages become accidental functions of minor disturbances.

Moreover as shown in the Appendices, it is mathematically obvious that
at very low strains the errors of the measurements, be they on the Mooney-

Rivlin strain (A - A Z) or the internal energy contribution ( A 3 . l)’l , must
become very large i, e. a small uncertainty on X is greatly magnified as A
approaches unity. The available data at low strains, particularily that ob-
tained from Anthony, Caston and Guth [46] show in all cases that, if the
actual stress is plotted as a function of strain, a straight line is obtained that
does not pass through the origin. This we have attributed to a type of super-
structure, that first must be broken up (requiring energy to do so), before
the material exhibits truly rubber elastic response. This fact would tend to
negate Van der Hoff's [22] ascertion that for very low values of strain, the
C, term of the Mooney-Rivlin equation is nil. Van der Hoff defines his rest
length (critical because of the sensitivity of both C, and f¢/f to its value at
low strains ) by assuming Hookeian behavior and placing the origin into the
straight extension of the line of his points, We do not dispute a linear type of
response at moderate strains (from A z 1,2.t01.3) but we do question that this

linearity can be presumed to extend into the region of stiil lower strains.

With the aid of a weighting factor it was possible to calculate the values
of the Mooney-Rivlin parameters (2C) and 2C,) for the combined data of the
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two samples. Cl depends linearly on T as predicted by the simple kinetic
theory, while C, was found to be relatively insensitive to changes in T.
Again, it is difficult to read the data pertaining to C,. In our analysis, all
data at values of A smaller than 1, 25 were discarded as being error prone.

It ean similarily be deduced that f,/f must depend strongly upon the
rest length at low elongations and that, in fact, Shen's data tend to show a
rapidly increasing value of C, in agreement with others in the literature
and in contrast to Van der Hoff's data. Small changes in rest length indeed
changes the aspect of felf, drastically from an increasing contribution of
internal energy at the low strains, to a decreasing one, depending on the
chosen value of the rest iength. Cne might sum up the outcome of this study
with respect to C, and C, into the foll owing way with reference to the idealized
diagram where the stress is directly proportional to the Mooney-Rivlin strain
(A - 1/A2) , Referring to this linear extension graph the Gaussian line rep- -
resents the final approximation with ail of its well known oversimplifying
assumptions. The Mooney-Rivlin curve, cutting off after the second term, is
a good second order approximation. According to this investigation C, is
not zero, probably not even in the limit of A4 1. Thus linear back extrapolation
to the origin are not justified, though an experimental verification is extremely
difficuit because of the indetermination of the magnitude of deformation (zero
length) at small elongations and possibly also because of the fluctuations of
structures in undeformed rubbers themselves, and because as soon as these
fluctuations became less important on account of larger deformations, the
rubber has become anisotropic and ordinary continuum theories can no longer
apply. To judge, by the thermal inversion point, this may become true at
much smaller elongations than hithert o thought. The first deviations from
Gaussian behavior, as encompassed by the Mooney-Rivlin theory and indirectly
by experiment, are, similar to many other cases, probably best understood
in terms of Van der Waals type attraction or repulsion forces, and here also
as anigotropic volume terms. There may be also, but not decisively con-
tributions from non-equilibrium states. While none of these suggestions is
entirely new, it is believed that as matter of their emphasis, confirmation of
certain previous information, and interelation of these and previous findings,
the present is a new aspect of rubberlike behavior at low and moderate

elongations.
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The results obtained from di'atometry are encouraging. Preliminary
teats show that the samples do dilate upon elongation, and that the dilation is
of the expected magnitude, of 10-‘ cc/cc. The Poisson ratio, defined in terms
of natural strains, turns out to be approximately 0.499 which is very ciose to
showing that our rubber is incompressible. Experimentaily the difficuities
so far could not yet be overcome. The water bath in which the di'atometer is
immersed must be controlied to better than 0. 001°C over reiatively Long
periods of time. Secondly the dilatometer must be leakproof better than one
part in a miilion and stay quite uncorroded. Thirdly, the swelling of the
rubber upon immersion of the sample must be less than 1 part in 1000 and
change little with temperature or state of strain, We could fulfill the first,
and practically also the third condition, but failed so far in the second.

Before investigating the thermal effects of fast stretching, it was necessary
to derive a linearized output of the Thermistor as the fourth leg of a Wheat-
stone Bridge as a function of temperature. The reduced open-circuit output
potential was found to be an inflected function of temperature; knowing the
resistance and the temperature coefficient of the resistance at a specified

point allowed one to choose the position of the Thermistor Function at inflexion.
The slope of the tangent as well as the value of the inflection point were

accessible to theroretical calculations.

The use of a thermistor bead as a temperature measuring device presents
many advantages (its size, its sensitivity, and its fast response to thermal
changes). Unfortuuaately, in this particular case it is aiso pressure sensitive
and this effect must be corrected for in the totai response. Since the pressure
response apnears to be much siower than the thermal response. the original
peak may be taken to be whc;l'ly due to thermal changes in the rubber. With
the help of the temperature changes during elongation and retraction thus
measured and of the previousiy determined force-temperature curves, it was
possible to calculate the specific heats of the stretched elastomer, independ-
ent of temperature and at vrrious stages of strain, It was found that the
specific heat is a decreasing function with increasing elongation. A resuit not
unexpected in view of the effective aligning of chaina and therefore loss of
entropy. Compared with the literature these results are found tc agree quite

closely with the few available other data.
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Stress-strain data from isothermal stepwise stretching experiments are

usually difficult to evaluate because it is so hard to ascertain whether one
deals truly with equilibrium data. Therefore, not withstanding the siow
relaxation encountered by us and other authors during (3 £/ T) measure-
ments, stress-strain relaxations derived from force- temperature data shouid
in general be closer to mechanical e quilibrium, especially when the data have
been derived after some temperature cycling at constant strain. This should
be true for the data on which we based the previous discussion of C2 values,

In contrast to this, the '"adiabatic'' stress-strain data should be extensively
of non-equilibrium nature. The rapidly relaxing streas peak must then be due
to the presence of relaxation mechanisms which are slower than our fast-
stretching experiments. While the data are too few to aliow any other con-
clusions, the principle, if established, should offer one important approach
to the so elusive problem of chain entanglement . In a slighty different way,
the force tracings during retraction can throw light on the mechanism of
internal viscosity and, thermal extension and the re-partition of energetic

degrees of freedom.

Finally some suggestions for further work in the investigation of Rubber-
like elasticity may be permissible. The nature of C2 of the Mooney-Rivlin
equation has been puzzling for a long time. It would be valuable to study the
internal energy contribution to C2 and to the total retractive force by employing
systematically a number of well defined elastomers of various different types.
To learn more of the effect of conformational changes as related to bond angles
and rotational energics upon the siga and magnitude of fe/f would be of major
interest. The same is true for extensive work in dilatometry and further
studies of adiabatic stretching. The experimental system developed here
would appear to have many advantages over others. For adiabatic work,
since no direct measurements of specific heat as a function of strain have
been reported, and it would be most worthwhile to compare the values of Cp' L
obtained from the measurement of force temperature and elongation curves

with those values ob.tained directly from calorimetry.
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