Mechanics of Fracture in Polymeric Solids

Wolfgang G. Knauss

A, Introduction

The intent of the study of the mechanics of fracture in a continuum is
to improve the predictability of the crack propagation processs this
observation is true regardless of the type of material with which one
may be concerned, While this predictability is usually employed to
prevent failure by fracture, it may be equally well utilizied to deter-
mine the optimal conditions for inducing fracture most favorably such
as in machining or comminution, Fracture mechanics finds a third
use in the description of certain macroscopic, nonlinear constitutive
phenomena which are occasioned by the appearance of cracks, With
regard to brittle solids we refer here to the compression properties
of rocks, In connection with polymers we note that the growth of
(surface) cracks can produce macroscopic stress relaxation while the
formation of (crack like) crazes in uncrosslinked glassy polymers lead

to a time dependent phenomenon which resembles the yielding of metals,

Because of the limits on the length of this paper it is not possible to
review here thoroughly the work on polymer fracture from the view-
point of continuum mechanics, Such a review has been accomplished
recently elsewhere [1] +. Instead it appears desirable and appropriate
in view of a largely non-polymer oriented audience to present a brief
exposition of the major similarities and differences between the frac-
ture of polymers, as representatives of strongly rate sensitive solids
on the one hand, and of the more conventional engineering moterials
featuring less rate sensitive - if not totally insensitive - properties,
on the other hand, Following that exposition we highlight several deve-
lopments in the fracture of polymers which use the fracture mechanics
of rate-insensitive solids to varying degrees as a point of departure,
Against this background we sketch an experimentally and analytically

integrated examination of crack propagation in a viscoelastic elastomer,

+Numbers in square bracketsdenote references at the end of the peper,
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This is done in the hope that this development provide an illustrative
and possibly even useful link between the mechanics of fracture in
(some) polymers and those materials which have been regarded con-
ventionally as rate insensitive,

B, Some General Problems in the Continuum Description of Polymer
Fracture

The process of fracture in polymers can be understood fundamentally
in terms of the interatomic forces that control the cohesion of the
material at the tip of a growing crack, An example of which atomistic
and molecular parameters may be required for such a description has
been given by Zhurkov{2] . Clearly, at this level of detail both the
concepts of the fracture process as well as the experimental methods
that can be brought to bear on their clarification can differ widely where
polymers and metals or ceramics are concerned, On the other hand,

if it is permissible to neglect such detailed differences in a more
macroscopic approach to fracture which emphasizes the continuity

of the non-fracturing part of the solid, the material difference is mini-

mized and the similarities in the fracture of diverse materials emerge,

But the molecular and microscopic dissociation of the crack tip material

depends, in general, on the stresg history transmitted to it via the time
dependently deforming material surrounding the crack tip, which de-
formations in turn depend on the deformation characteristics of the
disintegrating material, Thus a close interaction arises in general
between the decomposing crack tip material and the surrounding con-
tinuum, whose assessment is complicated by the fact that the macros -
copic or average properties of the disintegrating material cannot he
measured in a bulk specimen apart from a crack tip. One must there-
fore supplant $his lack of knowledge by assumptions which need to be
examined experimentally for their reascnablenesse such assumptions,
usually called fracture criteria, are thus an essential part of the ana-
lytical fracture mechanics of rate sensitive and insensitive solids,
However, whether specific criteria that have been found useful in the
fracture of rate-insensitive solids are also directly applicable to poly-
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mers is not obvious a priori,
Polymers may be classified molecularly according to whether they are
crosslinked or uncrosslinked, and their mechanical behavior further
according to whether they are below the glass transition temperature
(Tg) (glassy state) or above (rubbery state), A further distinction is
made with regard to the presence or absence of a crystalline phase,
This spectrum of molecular structure plus the thermal state engenders
a variety of mechanical properties which is also reflected in the frac-
ture behavior, Many elastomers (crosslinked polymers above T )
sustain large deformations, and some (e.g, natural rubber) forri a
crystalline structure under high strains due to the parallel orien-
tation of the chain molecules, This strain-induced crystallinity has no
direct parallel in metals; its formation and disappearance is time
dependent, and if it occurs at the tip of a crack itg high reinforcing
ability can prevent crack propagation effectively, Sufficiently far
below the glass temperature polymers are rigid and their rupture
response tends to have the appearance of a brittle solid (like an
inorganic glass) except that they exhibit a noticible rate sensitivity
under varying loads, The quasi-brittle behavior is especially pronoun-
ced for the crosslinked polymers while uncrosslinked ones may exhi-
bit a time-~dependent {“37 yield phenomenon caused by the appearance
of crazes as mentiored in the introduction @-7“7 ¥
In addition to their contribution to the yield-like bet;avior of certain
glassy polymers - which causes also the stress-whitening if the smaijl
crazes are numerous - crazed material is found at the tip of cracks
l7~ and its mechanical properties are distinetly sensitive to the defor-
mation history :8:1’ although any specific dependence on deformation
rate is only poorly documented, Thus, like the micro mechanics of
plastic deformations in metals crazes introduce microscopically in-
homogeneous deformations, represent the behavior of the material at
the crack tip and, like plastically deforming metals, introduce charac-
teristics that differ during loading and unloading, To what extend their
PL VI-313 '



time-dependence can be neglected in fracture experiments - if it can
be circumvented at all - is not clear at this time,

The rate dependence of polymer properties introduces a further dis-
tinction: For rate-insensitive solids one is usually concerned with the
problem of whether a crack will or will not propagate at all, If it does
propagate its extension rate may be so high that for practical considera-
tion the propagation phase is uninteresting, The same is generally not
true for polymers, Speaking in molecular terms,the disinfegration of
the crack tip material is a continuous function of the applied load
history, But from a macroscopic viewpoint it may appear that the
crack remains stationary for some initial time span, after which the
crack tip material seems to give way to crack propagation, which lat-
ter may occur only slowly, One speaks thus of a crack speed initiation
and of a crack propagation phase, In some solids the initiation phase
may take up the major part of a structural life (natural rubber, poly-
styrene) although this observation may depend strongly on the initial
loading history, while in other solids the initiation phase is short and
crack propagation consumes by far the major portion of the structural
life (e, g, the material studied later in this paper), However, not enough
is known about the crack growth characteristics of the various poly-
mers to make general statements in this regard,

It is well known that the rigidity of polymers is a function of their
temperature, In the rubbery domain above the glass transition the
elasticity is derived largely from entropic processes and the rigidity,
say the shear modulus, is then proportional to the absolute tempera-
turet, Buta change in temperature can cause a much more dramatic
change in the relaxation (creep) behavior, In amorphous polymers,

for example, a change of 3% ¢ (just above the glass transition tempera-
ture) may change the time scale of the relaxation (creep) process by

a factor of tens at other temperatures this sensitivity is usually less,
Out of this temperature susceptibility can arise a problem which is (pos-
sibly) not paralleled in severity in the fracture of metals, and which
is_aggravated by the fact that polymers are generally poor conductors
+ Strictl%;és eaking this has been shown valid for the equilibrium be-

havior o astomers on the basis of the classical theory of rubber
elasticity,
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of heat: The deformation of a viscoelastic solid is accompanied by con-
version of mechanical work into heat, which conversion is a function
of the local deformation rates this change in the local temperature
affects the relaxation (creep) behavior locally, so that the local pro-
perties are a function of the local strain history as well as of heat
flow from neighboring points, This thermo-mechanical interaction
produces thus effectively inhomogeneous material properties at the
crack tip, Moreover, the energy dissipation in the crack tip vicinity
depends in general on the history of the applied loads as well as on the
(generally unknown) history of crack propagation, For repetitive
(cyclic) loading it has been demonstrated that heating is not negligib-
le[8, 10] but the conditions, if any, under which this effect can be ne-
glected for crack propagation under racnotonic or steady loads has not

been delineated satisfactorily to the writer's knowledge.

C, Some Special Problems in the Continuum Description of Polymer

Fracture

It has already been mentioned that below the glass transition tempera-
ture polymers tend to exhibit brittle fracture behavior, while sufficient-
ly far above that temperature crosslinked polymers exhibit elastic
properties, though not necessarily linearly elastic ones, When one
considers these two exireme cases of Viscoelastic limit behavior it

is natural o explore whether in these situations the mechanics of frac-
ture for rate-insensitive solids is able to correlate fracture, If the re-
sults were affirmative one could then use this lirnit behavior as a star-
ting point to investigate the time dependence of polymer fracture,
These explorations have been accomplished: In their review of the

machanisms of the fracture of polymers at the Swampscott Meeting

s, + W
in Fracture Bueche und Berry reported the successful application of

brittle fracture theory to glassy PMMA [11} , Much discussion was de-
voted to the fracture energy and its microstructural origin {12] s addi-

tional work on polystyrene reinforced the applicability of the Griffith

+ . .
A precursor of the International Conferences on Fracture



theory to glassy polymers [12], although no extensive variations in
loading histories were attempted, It was found however {12] that in con-
trast to the behavior of metals the fracture energy for PMMA increased
with decreasing temperature, but the question was not raised what
happens when the applied load is less than {hat producing immediate
and brittle fracture and is sustained for a long time, Vincent and
Gotham [ 13] determined on PMMA that under these conditions the
crack propagates with a velocity which depends on the magnitude of

the applied loads (see also 114]), The energy required for this pro-
cess was a function of the crack speed {or of the applied loads), It
seems to follow therefore, that although a load inecreasing monotoni-
cally to rupture can induce fracture behavior in agreement with the
Griffith criterion of brittle fracture, a different load history produces
a different fracture history®, in other words,the relation of the frac-

ture energy to the load and crack propagation history remains an open

n

pestion,

With regard to the fracture of elastomers Rivlin and Thomas pointed
out {151 that an energy balance criterion is valid for these solids pro-
vided they deform elastically (i, e, a strain energy density function can
be defined), It was soon found in tests {186, 17}however, that the energy
required per unit new surface increased with the (steady) rate of crack
or tear propagation, although the elastomer deformed macroscopically
in an apparently elastic manner, This observation prompted the sug-
gestion that like other rate sensitive properties of elastomers this
rate dependent fracture energy was a property function of the mate-
rial, Work on the exploitation of this concept and its application to
fracture inducing non-steady crack or tear growth was reported at the
first and second International Conferences on Fracture,respectively,
by Williams [18] and Lake, Lindley and Thomas [19), For loading
histories which invoke only the elastic response in the bulk of the
solid — excepting possibly a small region arcund the crack tip - a
total strain energy of the solid can be defined and its change with unit
crack extension can be determined, if necessary, by experimental
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means @9] . Equating this change in elastic energy to the rate depen-
dent fracture energy allows the calculation of the instantaneous crack
velocity commensurate with the instantaneous change in the elastic
energy content of the solid,

When the load history on a cracked structure and its temperature are
such that viscoelastic deformations in the bulk of the solid cannot be
neglected it is also no longer possible to determine an elastic energy
change with crack propagation and the approach proposed in {}fif breaks
down. One must therefore search for a description of the fracture pro~
cess which avoids global energy arguments+ but concentrates on the
local conditions at the crack tip,

An early attempt in that direction was reported by M. L. Williams at the
Conference on Fracture at Maple ValleyH- @(g . Without resiriction

to any particular material, though motivated by Mullins’ work on
elastomers 21"7 , Williams considered crack propagation to be the
sequential breaking of bundels of polymer molecules at the crack tip.
For reasons of analytical simplicity these bundels were assumed to
obey a Voigt solid description and were supposed to rupture when they
attained a critical (uniaxial) stfain. For an infinite sheet under a
Heaviside tensile stress, directed normal to the crack, the problem was
reduced to the calculation of the time-dependent uniaxial strain in a
Voigt solid subjected to a particular stress history. In view of the con-
stantly applied external loads this siress history was the sole conse-
quence of the continuously enlarging crack. The calculations predicted
an exponential dependence of the crack speed on the first power of the
applied load, a result that was also corroborated by MecClintock ga?
for a Maxwell material under antiplane shear, A similarly simple model
of fracture, but incorporating non-linearly viscoelastic effects, Was
exploited sucecessfully by Bueche and Haplin -2?17

In a separate attempt to describe the time dependence of crack propa-

gation in polymers Barenblatt, Entov and Salganik 124: explored ana -

+ One might argue that the total elastic energy content of a solid can be
obtained by subfracting from the work done on the solid the ener v dig-
sipated and converted into heat, There is as vet no method of cafdula-

ting the energy dissipation for a non-linearly viscoelastic solid, and ca-
lorimetry seems to he a very arduous way to achieve this goal experimentally,

++ Another precursor of the Internaiional Conferences on Fracture,
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lytically the rate dependent deterioration of the material at the crack tip
which was embedded in an elastic solid, Rather than assume a visco-
elastic response for this crack tip material as Williams had done,
Barenblatt et al, used Zhurkov’s rate theory [25] to calculate the de-
gradation under the stresses imposed by the surroundi ng (elastic)
material, Intended for the analysis of glassy polymers, this model
attempts essentially to explain the time dependence of the fracture
process by the time dependent molecular processes preceeding or
accompanying craze formation, Instead of characterizing this process

by a constant or rate dependent macroscopically conceived fracture

energy this model employs the activation energy of the molecular frac-

ture process as the governing physical parameter, The mathematical
difficulties encountered by these researches are, however, formidable
and seem surmountable only through numerical methods, So far their
results are therefore of a qualitative nature,

We have now considered two approaches to polymer fracture which
emphasize either the glassy or the rubbery limits of the relaxation
spectrum and which draw primarily on experiments to extend the
classical global energy criterion for (linearly) elastic solids to poly~
mers, In addition we have cited two representative attempts to descrihe

the time dependent fracture analytically by considering processes

occurring at the tip of the crack, In the next section we review a further

crack-tip-related model of viscoelastic fracture under simultaneous
Sho o LANEOUS

consideration of experiments and analysis,

D, Steady crack growth in a linearly viscoelastic solid

It should be statet from the outset that the application of linear visco-
elasticity theory to the probiem of fracture may lead to an erronecus
or inadequate characterization, However, if one considers on the one
band the unresolved state in which the description of non- linear visco-
clastic behavior finds itself and the need for clarifying concepts of the
time dependence in fracture on the other hand, then it becomes clear
that any clarification of thought that can be provided through linearly

viscoelastic behavior is (potentially) more informative than no effort

w

t all, PL VI-313
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The motivation for the following developments may be stated in the
form of several questions; Are the classical criteria (energy criterion,
limiting strain or stress criteria) for the fracture of brittle solids
also valid for (some) polymers, provided proper account is taken of
the material rheoclogy? If an energy criterion is valid, how is the rate-
dependent fracture energy [191 related to the rheological properties?
How sensitive is a solution of the crack propagation problem to vari-
ations of experimental parameters, and what kind of experimental in-
formation is needed to predict the speed of crack propagation reason-
ably accurately?

Answers to these questions must be resolved ultimately through ex-
periments, Building on the encouraging results of earlier investi-
gations [26-28] we report therefore further experiments and analysis,
It is clearly beyond the scope of a review paper such as this to present
these developments in any detail, Because of this limitation on writing
space we record therefore only the salient points and refer the reader
to a more comprehensive treatment in reference [ 291] .

a) Material properties and crack propagation experiments, We precede

the analysis by a description of the physical properties of the elastomer
which is to serve as the test material, We use an optically clear and
highly birefringent polyurethane elastomer called Solithane 11 3%, Its
distinquishing features are that under small deformations it is thermo-
rheologically simple and that it breaks under relatively small strains
{(see later in this section)! this latter property nourishes the hope of
correlating a linearly viscoelastic analysis with experiments, The
material exhibits a fracture surface at any of the crack speeds en-
countered which is mirrorlike as for inorganic glasses and featureless
under the scanning electron microscope {301, This latter property

indicates that the mechanism of fracture at the crack tip is (possibly)

+The equivoluminal composition of the two component system as
supplied by the manufacturer, The Thiokol Chemical Corporation,
The birefringence was used to determine the crack tip stress-~free
condition; glass transition temperatureTg = 180 C,

PL VI-313



10

insensitive to the crack speed or the applied loads, and it provides a
valuable upper bound estimate on the surface roughness produced in
the fracture process,
The material ig produced in sheets 12 x 12 x 1/32 inches, After an
initial high temperature cure (2 hrs, at 140° C) the sheets post cure
for several weeks at room temperature and change their properties
at a steadily decreasing rate until after some time they are consthnt
for practical purposes, In order to avoid changes during the weeks of
experimental work the material was first stored for one year over
silica gel, In spite of careful production methods the mechanical pro-
perties vary from sheet to sheet, To account for this variation the
c¥eep compliance of each sheet was measured and the results are
Summarized in figure 1, numbers in circles denote sheet identifications,
Although the shapes of the curves vary somewhat, only a normaliza-
tion with respect io time was mades: Upon bringing the different creep
compliances to an average coincidence by shifting along the log-time
scale and by using sheets(d) and ®as a faorm, time scale corrections
Were obtained which were later applied to the crack propagation data,
All tests on 2hy one sheet were concluded within a time span of two
to three weeks,
The cresp compliance was measured under constant tengile load, with
2 linearly variable differential transformer, allowing strains on the
order of two-io-three percent, The creep Specimens (0,5 x 6 x 1/32
inches) were cut from the crack propagation specimens after the Ilatter
had been used and broken,
The crack bropagation specimen is dimensioned in figure 2: Application
of a constant and uniform strain €po ACTOSS dimension?j’cf figure 2) pro-
duces a constant rate of crack propagation, provided the time of ob-
seri{/)ation is longer than the longest significant relaxation time { 1 min
at 07 C), E.xcepting three cases, all strains €, were chosen to produce
erack speeds lower than one inch per minute, primarily to eliminate or
reduce possible crack tip “heating, Both the creep compliance and the
erack propagation data shown in figure 3 were obtained at different
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temperatures and then shifted along the log-time axis to produce master
curves, All data sets were shifted independently of each other with the
corresponding shift factors recorded in figure 4, We point out that

the raw shift factors for the crack propagation data are shown as the

dotted symbols in figure 49 they were further corrected in accordance with
a temperature factor occasioned by the test method as described lat er

in the analysis discussion, The master curves for the crack propagation
data for all tests are shown in figure 5, while figure 6 displays data ob-
tained for one sheet only,in order to provide an assessment of how in-
fluential the sheet -to-sheet variations were,

b) Fracture criteria and conditions at the crack tip. We investigate two

criteria applied at the crack tip; One is based on an energy argument,
while the other relates to an ultimate strain which the material can
sustain, To this end we employ a crack tip cohesive force model, The
motivation for the use of this model comes from the observation that
many polymers produce a filament eous structure at the crack tip

while the latter moves or is stationary [4-8, 31} s This filamenteous
structure can occur macroscopically as an open "foam' - or (sub)
microscopically in an equivalent form - and provides cohesive forces
on the newly forming crack surfaces, For a steadily moving crack
these forces should attain a maximum somewhere within or at the end
of the cohesive zone and drop to zero continuously at the point which we
would define as the crack tip, In figure 7 we show an idealized force
distribution with the crack tip located at X = 0,

Several comments are in order in lieu of a more logical and complete
development of the crack tip model: First, the model assumes that the
mechanical disintegration of the crack tip material occurs in a vanishing-
ly thin strip along the crack axis, Second, the dissociating material
possesses no viscoelastic or elastic properties of its own and does

not therefore enter an interaction with the bulk of the fracturing solid,
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except through providing cohesion forces, For the present we need not
assume that the forces are independent of the crack speed with regard
to both distribution and magnitude since we are interested in steady
crack propagation] experiments only can and will show whether such

an assumption is called for, The timedependence of the fracture pro-
cess 1s thus implicitly dependent only on the vigcoelastic response of
the continuum surrounding the crack tip.Jr Third, we prefer the use of
the bilinear cohesive force distribution (8#0 in figure 7} over the con-
ventional constant distribution representing 'yielding' for two reasons:
On the one hand a steadily moving crack demands a continuous rather
than discontinuous force distribution for physical consistency, On the
other hand a discontinuous distribution associated with a "constant
vield stress" assumption engenders mathematical difficulties which are
resolved easily by resorting to a continuous distribition, from which
the result for a discontinuous one is obtained as a limit {(Bw0) - if
desired, Fourth, and finally, we remark that the present model differs
from the Dugdale slit model, beyond the minor distinction concerning
the force distribution, by the physical phenomenon underlying the rupture
process, The cohesive forces are not the result of a yielding mode
induced by the crack tip in a thin sheet' " but it is a consequence of

the manner in which the material is believed to come apart, regard-~
less of whether the solid represents a thick or a thin section,

In terms of the proposed line-fracture model the ultimate strain cri-
terion is expressed more appropriately as a crack opening displace-
ment criterion; With reference to figure 7 we require thus for the
ultimate strain criterion, with u a constant and & the crack tip speed

uy (o, 0,4) = u (1)

L8]

+ We recall in this context the computations by Barenblatt et al.[24]
who assumed that the time dependence of fraciure derived from the
rate processes within the domain of disintegrating material,

++ We shall see that in spite of the small sheet thickness in the
present experiments (1/32 ") the conditions at the crack tip are
not those appropriate to generalized plane stress since the cohesive
zone is smaller than the thickness by several orders of magnitude,
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For the energy criterion we ask whether the work done per unit crack
extension by the fractions in the cohesive zone is a constant, which
constant may possibly be interpreted as the energy required to rup~
fure the chemical bonds of the polymer [281, Denoting by ﬁy(x, 0,a)
the velocity component of the crack boundary normal to the crack axis,
by T, the normal tractions and by " the constant fracture energy,
one writes the energy criterion as
o
an (x)'fly (x,0,8)dx = Ta (2)
o
For a constant crack propagation speed the time derivative is readily
converted to a spatial derivative, whereafter integration by parts
yields, in view of Tn(o):o, uy(ot, 0,a) =o and the definition of the func-
tion Ty in figure 7
A

. ar
caydx = 3
Z;/‘Lty(x,o 3) o (3)

It is evident from (1) and (3) that if [ and ¢, are constant (or I'/g, = const)

then for o the two criteria are equivalent and independently so of the
crack speed 3,

c) The viscoelagtic boundary value problem representing the moving

crack and the form of the fracture criteria, We resirict our attention

to the case when the size of the disintegration zone o is small compared
to any other (in-plane) dimension of the solid, This restriction allows
us to work only with the dominant part of the stress field in the crack
tip vicinity, We confine ourselves furthermore to conditions which cause
only growth along the crack axis,

Consider then the problem for a linearly viscoelastic half space which
is loaded at infinity by as yet unspecified tractions, and on the surface

v = 0 by the normal tractions

0 x ~-&t <o

. x-at .

Ty = Gy 3 o<x-at € 8 (4)
G, B<x-at € &

*tAssuming that uy is continuous at the crack tip for B0

PLVT-5%13



14

with the shear stress Txy 0 on -w<x-at<w, , The prescription on the
normal displacement of the crack surface is

uy (x,0,a) = o o £ x - at (5)
To the requirements (4) we add that of finite stresses at x -at=o,
For the exploitation of (1) and (3) we need the displacement u,(x,0,a)

The solution may be obtained by several methods £29,32-341 but the

bresentation of any exceeds the wirting space available, Therefore only

the essential results are stated below (for an incompressible solid)*
more detail may be found in {291, Let the far field stresses produce
a singular stregg field characterized by a stress intensity factor K in
the absence of tractions on the crack surface (including the segment

osxL ™), and of body forces, Let, furthermore,

X = x-at £ X/ T o= X))/«
R=g/a 7
Q = {i«r)i/?'

<o = (}va)]/?—
A(R) = {4{1~c¢w§(£“63)3/9+¢of'1

Fi{r)= AR R-v °
SR +“El[75‘ﬂf§§:f - &

(MR\[B_E{_& lc-—c.] _ ,cw

+4R 2 bn C+C, ?ﬁn C“’l
- (:~~<:°)(t+r)c+~‘5(;~c3)c}

D{t) = tensile creep compliance, Dy = D(o)

aD(t} = D(t)-D,
Then the normaj crack surface displacement u, (p,0,a) for p<1can

be written for K = const, ag

1
uy(ﬁ,O,a) = #ﬁh%z{ D, F(g) —-fAD{%-(I‘-f’)F‘(r)dr}
4 (6)

to which one must adjoin the condition on the tiniteness of the stresses
25 stated following equation (5); this condition requires the interdepen-

dence of K, o, B and 0, through
1 i T
G, = 5 \"*2 . —i.:_ A{R) (7)
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We note in passing that for a uniform cohesive stress (8=0) and for a
rate insensitive solid {aD(t)=0) (6) and (7) reduce to the familiar result
ohtained for the slit model of plastic fracture {357 ,

S0 far o, B or G, were not specified, There seems to be no 2 priori
dependence for them on crack speed (i, e, on the applied loads) as long
as the finiteness condition (7) is satisfied, Disregarding the variation
of B for reasons that become clear later, we can consider two extremes
which may bound the experimental crack propagation behavior: If we
silowolto remain constant, then G, has to increase with increasing
crack tip stresses (increasing K), Since increasing K results usually
in a crack velocity increase, an increase in 0o would be associated with
an increase in crack propagation rates such a possibility would be rea-
sonable for a viscoelastic solid and in keeping with Zhurkov’s reaction
rate model as presented by Barenblatt et al [24] . On the other hand
ohe may consider G, to be independent of the crack speed, but then
increases with increasing stress intensity K, In accordance with these
two extremes the two criteria {1) and (2) provide four limit relations,

L&t us use the notation

%}(?{;‘L )= Em{DnF(f) WJZXD[%(T—f)} Flee) dr }
fJ

R
AT

and particularize the probiem to the long-time or relaxed conditions

. { )
e} =
i"‘““R {2 =

need in the crack propagation experiments described in section

3, Bince the siress intensity for the gecmetry in figure 2 is then I =
s 10 1/2 ; . : . . .
Cw Eam (4h/3Y7/° | (9 = 1/2), we obtain, upon using the further notational

definition

2
b B A% (m)

Q= ) {9
A 6 G;Z i
far the g}g,zga.gewsg{?agx_gl;i;g:iqg
Oy for i
e 22,0) = B IR oly = const, (10)
o 8 Vba,
N g 2 oy
2./ €&
€nTH{A ==, "} - AU, 07 = const, (11}

“4 Feo b AR)
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and for the energy criterion

Ao - 30 ®, = const. (12)
-0 = Zex
o 13+
€=\ _ 3 G, = const. (
6;@9\(@ @ 3 T 4ELeb

’ . id of
If the rnat erial is thermorheologically simple one sees with the a
i hift
(8) that a change in temperature affects the time scale through a sh
ity a is of
factor 36 which multiplies the velocity a. Moreover, on the basi
. i ilibri dulus
; i 1 uilibrium mo
the classical theory of rubber elasticity the eq . -
is proportional to the absolute temperature Ts in (11) an - )
- i v rite
enters the argument of 490r @) through Q (see equation 9), If we w
) i , we ob-~
thus the temperature dependent equivalent of {13), for example
‘ i equilibrium
tain, with T, as a reference (here 273°K) and with Bxthe equilib
3 V a b
modulus at T,
3N T. (14)
AR - 1 S
Pbégg“i ”{ 'f“‘qb } 4E.Th

ssari ime-ternperature
Thus the crack velocity data ueed not necessar ily time-temp

cs O,
shift according to the shift law for thermorheologically simple solids
but I}:{‘f)’ involve further temperature corrections, h‘?oreover, hﬂ_‘e:;
possible corrections as evidenced in (14) are occasioned by' the ____
method since they result from the prescription of the load in the form
of displacements (strain) rather than tractions, e
We sdd here a brief observation on the relation of the rate depen o
fracture energy mentioned iu section Bs let this energy be denote _yed
S(a), For the strip geometry in figure 2 this qﬁantity can be express

for constant temperature by L28]

Ay = = | (15)
s(8) = 3 Eop €5 b
Substituting, for example {(15) into (12) yie}ds e
S(a) = —5— (=2I"; a=o)
B,%)

esuit given in {36]
] imi uati 13) reduces to the resu
T For the limit of B0 equation { il
ng(lz equation (13) - as well as (10-12) - apply strictly Oéx)ly 1t;)e i A
crack propagation due to assumptions incor porated n‘lto «(k e .
in ?L’ 3871 is derived w ith the intent to treat a general crac r 3
i < 8
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Thus the rate dependent fracture energy [ 19] is the product of the in-
trinsic fracture energy I, presumably of molecular origin, and a non-
dimensional function [, (f’(»/aL)]—i which embodies the (viscoelastic)
rheology of the material surrounding the crack tip, This result contra-
dicts the suggestion in ref [18] that the rate dependent fracture energy
be the sum of the intrinsic fracture energy (surface energy) and of the
viscoUs contribution, Finally, if (15) is combinéd with (13) instead of

(12) a less simple relation results, namely

S(a) @Q[TBF mA(Rs s(a)] A

The relations (10-13) are plotted in figure 8 in such a way that they
coincide for & >o? this adjustment affects only the right hand sides
of these equations which await yet experimental interpretation, These
results were obtained by integrating (8) numerically with the material
properties recorded in figure 1 (sheets@and@) A variation of R
from zero to unity had no significant effect on the shapes of these cur-
ves? R = -2 was therefore used,
It is perhaps surprising that the ultimate strain and the energy criteria
for @, = const, agree so well over the whole velocity range displayed
The agreement is not one in principle but a consequence of the fact
that the maximum of the log-log slope of the creep compliance in
figure 1 is not any greater, It is thus a consequence of the material
properties, and it can be shown that for a standard linear solid possessing
the same short-and long-time properties as those in figure 1 the two
criteria predict different results, though not markedly so, However
many materials exhibit log-log slopes smaller than those shown in
ligure 1] since the present material is more representative of other
materials than the standard linear solid, one can argue that for prac=-
tical purposes the ultimate strain and the energy criteria lead to the
same result, provided the maximum cohesive stress remains indepen-

dent of the crack speed,

d, IFxperimental Evaluation: We have yet to examine whether the re-

tations (10-13) are able to correlate the experimental results in fi-

gures 4 and 5, In each one of these criteria there are two unknown pa-
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fameters: the possible pairs are (ug, &5 (ug, T} for the ultimate
sirain criterion and (M o6), (T o) for the energy criterion, The
quantities u, or [~ may be chosen so that the proper limit is obtained
as &-=o0, The parameters o or G5, are obtained by matching the theo-
retical and experimental velocity scales,

The best fit of the data was obtained with the ultimate strain and energy
criteria for which Uy = const, Thesge relations, (11) and (13) are shown
as the solid lines in figures 5 and 6, In view of the marked difference
for the criteria (10) and (12) exhibited in figure 8 the data ¢clearly favor
the criteria (11} and (13),

The parameters which one extracts from fitting to the data are

I = 0,018 1b/in

% = L7t02,5 - 10% pg

“o = 1,3 1076 inch (300 £)

X = 2,5 t01,3:1074 % inch

o

= 6.3t03,1- -10% 2 g

i

where the range in 0, and « corresponds to the solid aurves in figures
3 and 6, The intrinsic fracture energy is of the same order of magni-
fude as that determined earlier on nominally the same material but

with a different pretest history [ 28], To our knowledge there exists

no good estimate for the magnitude of 0‘0 . If the material were a crvstal
one would expect a value on the order of ten percent of the elastic mo-
dulus, The fact that the above range of ¢ o 18 between seven and ten per

cent of the glassy modulus (2, 5 x 105 psi) may be significant, but cc

equally well be fortuitous if one considers the amorphous molecular
structure of the material and the large deformations which this siruc-

4 - and o _— % : K7+ ? 4 <
ture experiences at the eraclk tp, Wih regard to the size of the coht

zone we recall the appearance of the fracture surface, whoge glassy
and mirror-like smoothness indicates roughuess bejow a guartor of a
wavelength of light, Using, for example, 5000 A?‘ as an indicative wave
length one finds that the roughness should be below 1200 _.lf, although
the cohesive zone might be larger, For a strain of € = 0, 1 one finds
%600 (300)4 while at the limit of &-p for €w=0,01, =6 {3) A On the
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average the value of « is acceptable in the light of the upper bound pro-
vided by the smoothness of the crack surface, but for 4 ~ o the zone
represents clearly molecular rather than continuum mechanical dimen-
sions, In looking at these small values of & critically we must not for-
get, that this datum (and the value of U,) is the result of matching the
theoretical velocity scale to the experimental one which was, in turn
assembled by a none-too-accurate time~temperature shift factor, In
addition we recall that we have not accounted for the non-linearly vis-
coelastic response of the highly deformed material at the crack tip, If
the large straing® at the crack tip have the effect of shifting the relaxa-
tion spectrum to longer times then thisg would result, for the present
developments, in a value of o which is erroneously too small, The
meaning of u, is probably more strongly dependent on the mechanical
model of fracture (a slit zone of zero thickness) than any of the other
oness but it affords a rough estimate of the shape of the deformed co-
hesive region at small strains e {(€x=0.01, Ug = 300 A, =6 A)

as well as larger ones ( € = 0, 1, vy =3004, «= 600A),

Finally we must be aware of the possibility that the parameter o does
not literally correspond to the size of the zone in which fracture occurs
actually in the experiments, It could possibly also stand for the size

in which the molecules reach their ultimate extensibility, If this were
so then 8 would have 1o be considered as the actual length over which
the material breaks down, However, « would probably still determine
the local size scale in the crack tip region which measures the domain

in which the most significant portion of viscous energy dissipation occurs,

I, Concluding remarks

We have attempted to review briefly the major problems in the macro-
scopic description of crack propagation in polymers, In addition we have
presented an experimentally and analytically integrated investigation

of a fracturing viscoelastic solid, which investigation suffers probab-

ly most from an inadequate assessment of non-linearly viscoelastic

+ We deal here potentially with strains so large that they induce crystalli-
zation in natural rubber,
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constitutive behavior, Such shortcomings notwithstandirg the relative-
ly simple model for crack propagation is able to correlate the steady
crack growth of a low strength elastomer rather adequately, It was
found that either an ultimate strain {crack opening displacement) cri-
terion or a;x_;r;rgy criterion describes the fracture growth of the
particu;r polyurethane elastomer studied, provided that in either case
the maximal crack tip stress was independent of the crack speed, It
was found also that for thermorheologically simple solids the time-~
temperature shift of crack propagation data need not necessarily be
precisely the same as that obtained from the reduction of relaxation
or creep data, Furthermore, the parameters describing the average
properties of the cohesive maierial at the crack tip are reasonable
when measured against the little information that is available for an
estimate apart from the curve fitting procedure, Finally we empha-
size that we have investigated only steady crack propagation and that
on the basis of past experience, but not on the strength of this analy-~
sis, the results may be applicable also with good approximation for
monotonically increasing stress intensities, However, for decrea-
sing stress intensities one must resglve how the properties of the
cohesive material influence the crack tip stress field in the unloading
process,
in conclusion we hope that this study can clarify concepts of fracture
in some viscoelastic solids, Since we know already of some elastomers
to which this model does not apply we expect that the results presented
here aid nevertheless in posing new questions on the fracture of other
materials in a rational manner,

Acknowledgements

A part of this work was supported by the National Aeronautics and
Space Administration under Research Grant NsG-172-680, GALCIT 120,
The assistance of the staff of the Institut fiir Mechanische Verfahrens-
technik of the University of Karisruhe (TH) in the preparation of the
manuscript is greatly appreciated,

PL VI-313

References

1 Knauss, W,G.: The Mechanics of Polymer Fracture;California
Institute of Technology, Pasadena, California; GALCIT SM 72-5,
August 19723 to appear in Applied Mechanics Reviews

2 Zhurkov, S, N, : International Journal of Fracture Mechanics,
Vol, 1, No,4, p. 311 (1965): see also the contribution at this
conference,

3 Klemperer, W, B, : Applied Mechanics, Theodore von Karman
Anniversary Volume, p, 238, California Institute of Technology
(1941)

4 Kambour, R, P,: Journal of Polymer Science, Part A, Vol, 3,

p. 1713 (1965)

5 Kambour, R,P,: Journal of Polymer Science, Part4&-2, No, 4,
p. 17 (1966)

6 Kambour, R.P,: Journal of Polymer Science, PartA-2, Vo, 4,
p. 349 (1966)

7 Kambour, R, P, : Applied Polymer Symposia, No, 7, D215
(1968)

8 Kambour, R, P,
p. 281 (1968)

Polymer Engineering and Science, Vol, 8, No, 4,

9 Regel, V.R,: Leksovsky, A, M. : International Journal of
Fracture Mechanics, Vol, 3, p.99 (1967)

10 Constable, I, Williams, J, G.s Burns, D, J,: Journal of
Mechanical Engineering Science, Vol, 12, No, 1, p.20 (1 970)

11 Bueche, A, M, Berry, J,P,: In Conference on Fracture, an
International Seminar on the Atomic Mechanisms of Fracture,
Paper No, 13, Swampscott, Mass, 1959, National Academy of
Sciences, National Hesearch Council,

12 Berry, J.P,: Brittle Behavior of Polymeric Solids, in Fracture
Processes in Polymeric Solids, p, 195, Rosen, B,;editor,

Interscience publishers 964"

13 Vincent, P,1,: Nature,Vol, 210, No, 5042, p, 1254 (1986)
14 Benbow, J,7,° Roesler, F, C,: Proceedings of the Physical
Society, 70B, p.201 {1957)

15 Rivlin, R, S,; Thomas, A, C,: Journal of Polymer Science,
Vol. 10, No.3, p, 291 (1953) '

15 Greensmith, H, W .3 Thomas, A, G, Journal of Polymer
Science, Vol, 18, p. 189 (1955)
17 Greensmith, H, W, : Journal of Polymer Science, Vol, 21,
p. 175 (1958}
PL VI-313



18
19

20

21

- Mueller, H, K,:; Knauss, W, G, : Transactions of the Society of

22

Williams, M. L, : Int, J. of Fract, Mech,, Vol, 1, No, 4,p,292 (1965)
Lake, G, J, Lindley, P.B,; Thomas, A.G,: in Fracture 1969,

Pp.493-502, P.L, Pratt, Editor in Chief, Chapman and Hall 'T‘*"ﬁ‘“*“‘*ﬂ'*‘zfﬁ*' *‘**~’r~-ﬁ‘—~j
Lits 5 0% e con e {
London E J,:;,’..‘,gffm y i
Williams, M, L, : In Fracture of Solids, Drucker and Gilman, ; f B //f |
eds, Interscience Publ, p, 157 (1963) { A.?f!;?; Jﬁ;’{k @ oo [
da , = . |

Mullins, L, : Transactions of the Rubber Industry, Vol, 35, = f Cj if/ 1
p. 213, London (1959) e L »"‘J. = & |
McClintock, F. A.: Proc. of the Roy, Soc., Series A, Vol, 285, S RRC I
|

D 7 a

p. 58 (1965)

Bueche, F,s Halpin, J.C.: J, of Applied Physics, Vol, 35,
No, 1, p. 36 (1964)

Barenblatt, G, 1,3 Entov, V., M. Salganik, R, L. : Inelastic Be-
havior of Solids, Kanninen, M, F,s; Adler, W,F,y Rosenfield,
A,R.; Jaffee, R, 1, : editors. McGraw-Hill (1970)

Zhurkov, S.N, : Int. J. of Fract, Mech,, Vol, 1, No, 4, p.311(19865)

ot -pioy
ol 1)

|
]
" eme !

|

| I i ) i |
)

I Sy s ey 5] 3

v 3

log 1/ min

Mueller, H,K,; Knauss, W, G.: J, of Applied Mechanics, Vo, 38,
Series E, No, 2, p.483 (1971)

Knauss, W, G, : Int.J. of Fract, Mech, Vol. 6, No. 1, p, 7 (1970),
and Fracture 1969, p. 8943 P, L, Pratt Editor in Chief, Chapman
Hall Litd,, London

Figure 1: Master curves of the creep compliances

Rheology, Vol, 15, No, 2, p,217 (1971)

Knauss, W,G,: On the steady propagation of a crack in a visco-
elastic sheet: Experiment and analysis, To appear in Proc, of
the Batelle Colloguium on Deformation and Fracture of High
Polymers, Sept, 1972

Jones, W, J,: Northamerican Rockwell Corp. Rocketdyne
Divisions McGregor, Texas® private communication, 1971

Knauss, W.G.: Trans, of the Soc, of Theol, Vol, 13, No, 3, p. 291 (1989)

for different

sheets of Solithane 113 (equivoluminal composition),

*312 o ——— 12° -
Graham, G, A, C, : Quart., of Appl, Math, Vol, 26, p, 167 (19868) [i -
T
; : | " 4
Graham, G, A, C, : Acta Mechanica 8, p. 188 (1969) f2b=1.38 !
P BN Emi
Mueller, H.K,: Int, J. of Fract, Mech,, Vol.7, No, 2, p.129 (1971) A o - J
Rice, J.R.: Fracture, an Advanced Treatise, Vol, 2, p, 192, / . 1 5" ot INITIAL  CRACK
1, 3" BrAss LENGTH

Liebowitz, H,, ed,: Academic Press, New York, 1971 T X% srocn

Kostrov, B,V,: Nikitin, L, V,: Archiwum Mechaniki Stoso-
wanej, Vol, 22, No. 8§, English version P. 749 (1970)

PL VI-313

Brass stock was Joined to elastomer with
adhesive,

Figure 2: Crack propagation specimen (pure shear specimen)
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