C-9 Fracture of Amorphous Polymers*

R.F. Landel** and R.F. Fedors**

Fracture of elastomers depends simultaneously on many parameters,
and, therefore, a comprehensive understanding of fracture requires
knowledge of not only their separate effects but also of their interac-
tive effects. Thus, studies have been made on the influence of time(ll
temperature l), degree of crosslinking(2-3), details of chain structure
(3,4) and concentration of diluent(5) | but seldom has a sufficiently
wide range and combination of such variables been covered in any given

experimental program so as to provide an indication of the interactions.

In order to synthesize these experimental results into a more coherent
whole, fracture in viscoelastic bodies should not be treated as a sepa-
rate phenomenon, but rather as one facet of the problem of describing
their stress-strain-time (¢, €, t) properties(6), (Only tensile pro-
perties are considered here.) 1If these properties are considered as a
three-dimensional surface, which we call a physical property surface,
then fracture represents some limiting value or discontinuity on this
surface, or boundary to it(6), Figure 1 depicts such a surface for a
gum Viton B elastomer.

The projections of this boundary to the @ , t or €, t planes
depict the time dependence of fracture, while the projection to the g,
€ plane is independent of the time scale. This latter pro jection,
known as the Smith failure envelope, is of great importance because of
this independence. Moreover, the failure envelope appears to be inde-
pendent of the gath, so that the same envelope is generated in stress
relaxation( 9,7, ), creep(g), or constant strain rate(6,7,8) experiments
As such it serves as a very useful failure criterion.

Thus, in mathematical terms, a useful description of fracture be-
havior requires at least two functions which can be solved simulta-
neously to yield values of (", € and t at break. A possible pair of
such functions, for example, would be the set comprised of one expres-
sion for the property surface and one expression relating €y to tp.

* This paper represents one phase of research performed by the Jet
Propulsion Laboratory, California Institute of Technology, sponsored
by the National Aeronautics and Space Administration, Contract NAS7-
100.
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The;e is ample experimental evidence to suggest that over much of
the property surface, strain and time are factorable(9) so that the
equation for the surface may be written as:

0= Eb Fen (D

where E(t) is the time dependent, strain independent modulus, At
long times, E approaches equilibrium and becomes time independent;
here kinetic theory predicts E(eq) = 3¥RT. f(E ,n) is generally a
nonlinear function of strain which is independent of time. The func-
tion f however also depends on a parameter n which is a measure of
chain flexibility. A possible form for the function f(€ ,n) which
fits data very well has been proposed by Treloar 10 and is based on
an extension of the kinetic theory of rubberlike elasticity which takes
into account finite extensibilities of a polymer chain:

fen= %ﬁ L2y - j,\%iﬂ(;—é_ﬁf)] @

where A =€+ 1 and where~! is the inverse Langevin function, e.g.,

o (%)= 8

then
A L

= wthp- 5= = L(p

In (2), it is easy to show that f( € ;n)—eo as A —»nl/2 and thus, the

magnitude of n provides an upper limit to the maximum value which A
can attain. Thus, if eqn. (2) is valid for values at break, then

(A = NT (3)

where (Apdpax is the maximum value of Ay as obtained from the up-
turn in the failure envelope at the point where 9% = oo ., Equation
(3) can be recast into the more convenient form: 9€b

L
2

4

¥
(/\b)m=
VeN(l 1——[03’—)

Ve/Mn
where g is the gel fraction, N is the molar volume of a statistical
unit, @ is the density and Mn is the number average molecular
weight of the primary molecules. When Mn is large, the factor in pa-
renthesis approaches unity and (7Lb)max becomes inversely proportional
to }/el/z. There is experimental data(3) to support this type of de-
pendence on Ye-
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In addition, when A_ << nl/z, equation (2) becomes essentially in-
dependent of n and hence the effect of n on f becomes apparent
primarily when A — nl/2 To indicate how well (2) applies to break
data, figure 2 shows rupture data obtained with SBR gum at the indicated
rates and temperatures. The line shown in equation (2) with n = 50.

Experimentally, it has been observed(®) that in the €y, ty
plane, € p depends on both ty, and n i.e.,

Co= F(+,m) <5

Hence, equations (1) and (5) considered together define a space curve
on the property surface which defines fracture for all experimental
conditions for which (1) remains valid.

Differentiation and rearrangement of equations (1) and (5) yield
an equation which defines the shape and location of the failure envelope

in the "y, € b plane:

do _ ¢ (& 22| d
%= 'F-Eé%% + E%—%{%)%TQ+E@%J (6)

Equation (6) predicts that the shape of the failure envelope depends on
many variables simultaneously in a rather complicated fashion., It is
interesting to note that since the failure envelope is independent of
time, the left-hand side of (6) can only be a function of f and n.
This implies that functional relations must exist between the quanti-
ties in (6) which are time dependent. If the explicit expressions for
E, g and f were known, equation (6) in principle could be inte-
grated to yield the mathematical expression for the envelope.

Fortunately, over a rather wide range of temperature, E(t) is
only a very slowly varying function of time which, hence, can be taken
as constant and set equal to its kinetic theory value of 3V eRT. Un-
der these conditions, (6) becomes

e (CTERE I

Thus for those conditions under which E can be taken as constant, (7)
predicts that the shape of the envelope depends only on f and on its
variation with boﬂ\&b and n and on the variation of n with re-
spect togyp. Furthermore, the dependence of the envelope on)fe can
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be removed by normalizing(fb, to unity4, i.e.,

Ot
Wur) - seihyem ]

In addiFion, since for small values of the ratio, €y/n, f is essen-
tially independent of n, then (8) becomes

A5 3,?[@;2]

déb >, (9

which can be integrated directly to yield

G—-
—’fr = 32'?(6) (10)

It has been shown previously(3»6), that when the breaking stress is
normalized to unit 4, then at temperatures sufficiently above the
glass temperature, the reduced stress is a unique function of the
breaking strain, independent of the chemical structure of the chain
(epoxy, silicone, butadiene, butyl, fluorocarbon, styrene-butadiene),
such that data for some fifteen elastomers can be reduced to a single
master curve as predicted by equation (10).

In figure 3a, the rupture data, obtained at a single rate and
temperature, are shown for four elastomers which vary in both chemical
structure and crosslink density. When these data are reduced to unit
crosslink density as suggested by equation (8) or (10), the data super-
pose to a single curve to within the experimental uncertainty in the
reported }/, values. The line shown in figure 3b represents the aver-
age behavior for this set of data.

As a more clear-cut demonstration of the independence of the re-
duced master envelope and chemical Structure, figure 4a shows the fail-
ure envelopes for five types of rubber, each at a constant crosslink
density. These envelopes were obtained by making tests at several
strain rates and temperatures. As the temperature is lowered or the
strain rate is increased, the data points move counter-clockwise around
the envelope. When these envelopes are reduced, as in figure 4b, their
high temperature portions Superpose as expected, even though Ye
varies by a factor of 40,
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It might be argued that, since not only )}/, but Tg and type of
backbone are being changed, the reduction is not real but only an arti-
fact stemming from the simultaneous change in several variables. Hence
we offer the evidence based on a single rubber, Viton A-HV, as measured
by Smith(z), Figure S5a is a plot of his tabulated rupture data, the
crosslink densities being given in the key. Figure 5b shows the re-
duced failure envelope and it can be seen that the high temperature
portions have all merged into a common response curve, independent of

ve

The master envelope or common response curve is independent of
statistical variations in the rupture properties. Hence, statistical
variations in the breaking properties as measured for a sample of a
given crosslink density at a given strain rate and temperature, permit
the delineation of portions of the failure envelope for that sample.
This is illustrated in figure 6a, where the unfilled squares show por-
tions of the envelope for an SBR rubber as measured at these different
temperatures, compared to the envelope formed by varying the strain
rate and temperature (the solid line). The filled squares denote the
segments formed at 25°C(11) .t progressively lower crosslink densities.
In figure 6b, these data have been reduced to unit )/, and compared
with the reduced master curve (solid line) obtained earlier. Again,
the reduction principle holds at high temperatures and hence is unaf-
fected by statistical variability.

Figure 7 shows the reduced failure envelopes for all the systems
discussed here., The high temperature portions of all envelopes have
been brought together into a master curve which is essentially the same
one shown earlier. Thus the reduced variable concept as proposed is
valid for wide ranges in polymer-type, T_,, crosslink density, test rate,
test temperature, and statistical fluctuations in the data.

Conclusions

At sufficiently high temperatures compared to the glass temper-
ature, both experimental evidence (figure 7) and equation (10) predict
that failure envelopes obtained from samples differing in Y e will
superpose to a common response curve f(&€ ) independent of chemical
structure of the polymer when 0 is normalized to unit'v’eT. At low-
er temperatures, experiment and equation (8) indicate that in such a
normalized plot, individual failure envelopes will diverge from the com-
mon response curve, f(€ ), due primarily to the influence of the chain
flexibility parameter n. As the temperature is lowered still further,
equation (6) shows that the shapes of individual envelopes may vary if
the time dependences of E and/or g differ. This effect is presumably
the factor which produces the difference in shapes between the Viton
elastomers and the others shown in figure 7. In addition, equation (4)
relates the maximum value which A p can attain to other readily meas-
ured parameters, notably Y’ e+ Thus the knowledge of these two para-
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meters, )}/, and n is sufficient to predict to a good approximation
the shape and location of the failure envelope up to the region of

( /\b)max-
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