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NOVEMBER-DECEMBER 1964

THE depth and breadth of the physical studies of fail~
ure in various materials is determined in many re-
spects by their extent of application in technology. The
furthest advances have been made in studying the fail-
ure of crystalline materials, especially metals. [1:2]
Here we can distinguish three major approaches, which
have successively developed from one another: 1) the
study of the macroscopic laws of failure, 2) the study
of the bulk and local changes in a stressed material
preceding and accompanying failure, and 3) the devel-
opment of a theory of failure. Naturally, these ap-
proaches must be undertaken in the study of failure

in any type of solids. This article will try to clarify
the current status of the problem of the nature of the
mechanical failure of solid polymers, principally
amorphous ones. It will not pretend to give a com-
plete review of all the material in the literature. It
will be confined to discussing only the fundamental
physical results obtained in this field in recent years.
Only the simplest forms of failure will be discussed,
since the failure of polymers in complex stress states,
under crushing or cutting, under the action of surface-
active media, etc., has been poorly studied. The sys-
tematic analysis of data on the effect on the strength
of polymers of such factors as the molecular weight,
chain structure, degree of crystallinity, scale effect,
and orientation, has also not been considered. Some
information on these problems can be found in the
reviews. [16,142]

I. SOME IDEAS ON FAILURE IN SOLIDS

The first ideas on the mechanism of failure in solids
were formulated in some theoretical estimates of the
strength of crystal structures.®-%] Here they meant
by the strength the stress at which the equilibrium be-
tween the external load and the internal forces due to
interatomic interaction was destroyed. In the simplest

case, that of tension, the destruction of the equilibrium
was ascribed to the separation of adjacent atomic
planes normal to the direction of tension to a distance
at which the interatomic attraction forces begin to de-
cline. Since all the atomic planes were considered
equivalent, failure of a crystal under tension was in-
deed represented as a simultaneous separation of the
crystal into individual atomic planes (into individual
atoms under homogeneous tension). The theoretical
strength of crystals calculated under these assump-
tions proved to be hundreds or thousands of times
greater than the ultimate strength observed experi-
mentally.

The search for the reasons for this discrepancy has
developed along two lines. Some of the researchers (6]
consider that the lattice theory itself is imperfect.
They point out that one must make a correct account
of not only the nearest neighbors, but also of the long-
range interatomic interactions. The important role of
the long-range interactions is illustrated by the exam -
ple of melting. Here a change practically solely in the
long-range order results in a radical change in the
properties of the crystal. According to [6], we must
first of all refine the theory of the strength of an ideal
crystal, and then try to compare it with experiment.

Most of the researchers '] are inclined to consider
the conclusions of the theory regarding ideal lattices
to be correct. They explain the discrepancy with ex-
periment by the fact that ideal crystals do not exist,
and that in real objects failure does not at all occur
in the way assumed in the lattice theory.

An impetus toward the emergence of this viewpoint
was given by the studies of Griffith based on the energy
theory of failure.["8] Griffith showed that the low
strength of solids can be explained by the appearance,
even under moderate loads, of great local excess
stresses at defects, which inevitably exist in every
real material. By defects one usually means empty
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microcracks. Under average stresses corresponding
to the ultimate strength, the excess stress at the end
of one of the cracks becomes equal to the theoretical
strength. The crack begins to propagate with a veloc-
ity close to that of sound, progressively dividing the
specimen into parts. At average stresses below the
ultimate strength, the material does not fail. The
cracks are stable. Thus, according to Griffith, the
discrepancy between the calculations and experiment
is explained by the fact that the failure is localized in
one or a few of the ‘‘weakest’’ cross-sections of the
object, and does not take place simultaneously at all
points of the fracture surface.

Subsequently, Griffith’s theory has been consider-
ably refined (see [9—13]’ etc.). Its main assertion on
the effect of cracks on the strength of real materials
has been most clearly confirmed in the studies of
A. F. Ioffe with rock salt. []

Surface cracks are the decisive factor for this sub-
stance. On the basis of experiments with thin glass
fibers, A. P. Aleksandrov and S. N. Zhurkov [14] have
called attention to the necessity of taking into account
the internal defects. According to [“], the strength-
reducing defects are distributed at random throughout
the volume of the object, and differ in ‘‘degree of
danger.’’ On the basis of these concepts, the increase
in strength with decreasing dimensions of the specimen
(scale effect) could be explained and a mathematically -
formulated statistical theory of strength was derived
(references [15:18] etc.).

Within the framework of the usual variant of
Griffith’s theory, failure arises ‘‘at a critical point,”’
i.e., only at a strictly defined stress. Consequently,
the ultimate strength must characterize the degree of
imperfection of the material and define the mean stress
level at which it can remain for an indefinitely long
time without failure.

However, experiment shows that solids can fail
under the action of loads several times smaller than
the ultimate strength. In engineering practice this
phenomenon is called ‘“static fatigue.””* For a long
time it was considered to be something incidental to
the seemingly general type of failure according to
Griffith’s scheme, and as something characteristic of
only certain materials or under specific conditions,
e.g., when corrosive media act on the specimen.

The studies of S. N. Zhurkov and his associates in
recent years have shown that the phenomenon of static
fatigue can be observed in any solid, when tested
either in air or in a high vacuum. It turned out that
static fatigue is described by approximately the same
empirical laws for materials of the most varied struc-
ture. These studies permitted them to state that fail-
ure is a result of irreversible changes in the material,
whose rate of accumulation is determined by the value

*The terms ‘‘delayed failure,’’ “long-term strength,”’ ‘“‘static
failure,”’ etc. are also used.
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of the stress, the temperature, and the structure of
the material. This implied that there is no point in
speaking of the ultimate strength as being the stress
at which the object is on the verge of failing unless
one specifies the time over which this stress acts.
According to Zhurkov, the course in time is one of the
most essential features of the mechanical failure of
all solids.

II. EXPERIMENTAL STUDIES OF FAILURE OF SOLID
POLYMERS

1. Test of the applicability of Griffith’s method

According to Griffith, the free energy I of a
stressed elastic object containing a crack is composed
of the elastic energy U stored in the object and the
surface energy S. We assume that S varies only be~
cause of changes in the dimensions of the crack, and
that the boundaries of the object are not displaced
(the external forces do no work). The condition for
equilibrium in the object, i.e., stability of the dimen-
sions of the crack, is defined as

oF  oUu N
T=F e Y
where ! is the characteristic dimension of the crack.

The possibility of describing the experimental data
on polymers using quantitative relations derived from
condition (1) for various cases of fracture has been
tested only recently.

In [17’18], tension tests were carried out on poly-
methylmethacrylate and polystyrene specimens con-
taining previously introduced open cracks of ‘‘natural”’
configuration (superficial cracks). The depth I of the
cracks could be varied by grinding off the cracked sur-
face of the specimen. The dimensions of the specimens
were also varied. It turned out that the ultimate
strength of increases in proportion to the quantity
INT (Fig. 1). Here hundredfold changes in the rate
of extension did not result in appreciable deviations
from this law. This result agrees with the formula
derived from condition (1):
=, @)
which relates the ultimate strength op with the elastic

Gf:
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FIG. 1. Graph of the relation of the ultimate strength oy to the
reciprocal of the square root of the length [ of the open crack for
polymethylmethacrylate. Calculated from data of[*”); solid line—
mean relation; dotted line—limits of deviation of the data,
6 = 20°C.
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modulus E, the specific surface energy T, and the di-
mensions of the crack. This formula has been derived
for an infinite elastic body under homogeneous tension,
containing a transverse crack of length 2! situated
perpendicular to the direction of tension. The specific
surface energy T of the polymers was calculated by
use of Eq. (2). It proved to be (3 + 0.8) x 10° erg/cm?
for polymethylmethacrylate and (1.7 + 0.6) x 10%
erg/cm? for polystyrene 1713

In %201 the failure of polymers upon splitting by
a wedge was studied according to Griffith’s scheme. A
diagram of the experiments is shown in Fig. 2. In order
to ensure linear propagation of the crack, the specimen
was compressed along the direction of splitting. This
method made it possible for the first time to carry out
a ‘“‘controllable’’ failure while maintaining a simple
geometrical configuration of the failing object. An
analysis of this case using Eq. (1) leads to the follow-
ing relation between the length I of the equilibrium
crack, its aperture &, the width b of the specimen,
and the constants of the material:

T-5(5) % ®

The experiments were performed on polymethylmeth-
acrylate and polystyrene at room temperature. The
specimen dimensions and length of the equilibrium
cracks were varied over wide ranges. The experimen-
tal data plotted in coordinates of (6%/1)13 versus U/b
were represented by curves that asymptotically ap-
proached the theoretical straight lines in the region
of large /b (Fig. 3). It was shown in (211 that if one
calculates the elastic energy of the specimen more
rigorously, the experimental relations fit more closely
to the theoretical. The calculated specific surface en-
ergy T at room temperature proved to be 4.8 x 108
erg/cm? for polymethylmethacrylate, and 2.5 x 108
erg/cm? for polystyrene, i.e., near the values obtained
in 0171,

In [22] | analogous experiments on the same poly -
mers were performed at various temperatures. It

e & —1
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FIG. 2. Diagram of the experiments on controlled failure in
splitting by a wedge.[*"]

FIG. 3. Experimental graphs of the relations of (§°/1)% to [/b
for polymethylmethacrylate (1) and polystyrene (2).['*] The limits
of deviation of the data are indicated; 6 = 20°C. Dotted line = the
theoretical relation.
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turned out that when the temperature was raised from
20° to 80°C, the surface energy increases by a factor
of 11. In [?3]) Griffith’s hypothesis was applied to the
analysis of the tearing of rubber. Here the surface
energy was as much as 3 X 107 erg/cmz.

All these experiments show that in an entire series
of cases, the failure of solid polymers, as for other
materials, can be described by quantitative relations
derived from Griffith’s hypothesis. However, we can-
not consider them to be proof of the generality of this
hypothesis, treating failure as being a ‘‘critical’’
breakdown of equilibrium in the body + crack system.
Conversely, we can see its limitations even within the
limits, e.g., of the experiments on splitting. Indeed,
when one decreases the load, the splitting cracks in
polymers do not close, in contradiction to what is im-
plied by Griffith’s scheme. The value of T proves to
be greater upon splitting in wetting liquids than in
air.[20] This means that the ultimate strength must
rise according to Eq. (2). However, in fact the strength
of polymers under tension in liquids declines. Also,
the phenomenon of gradual, rather than instantaneous,
establishment of equilibrium crack dimensions in
splitting and other facts do not fit Griffith’s scheme.

In the above-mentioned studies it was shown that
T is a constant. Griffith ascribed to it the meaning
of the surface energy. For a polymeric substance, the
latter should be no greater than the energy of the
chemical bonds per cm?. With closest packing, the
energy of the C—C bonds amounts to ~ 5 x 102
erg/cmz. This is a thousand times smaller than ex-
periment indicates for the value of T.

The reason for this discrepancy consists in the fact
that the failure of polymers is accompanied by a con-
siderable deformation of the material in the region of
the end of the crack. Practically all the elastic energy
released in the growth of the crack is used up in bring-
ing about this deformation.* This is confirmed also by
more direct observations. Thus, it has been noted in
[24,25] that fracture surfaces of polymers seem bril-
liantly colored in reflected light. This is evidence of
the existence of a thin surface layer of oriented poly-
mer material (subjected to ‘‘cold’’ drawing). An anal-
ysis of the interference patterns observed at the ends
of the cracks in polymethylmethacrylate (28] Jed to the
conclusion that failure is preceded by the formation
of a narrow wedge-shaped zone of altered polymer
material. We see from the photograph of the emerg-
ence of a cleavage crack at the specimen surface
(Fig. 4) that the width of this zone (twice the thickness
of the surface layer) for polymethyimethacrylate at
room temperature amounts to ~4 u. If we assume that
the stresses and strains at the end of the crack are no
less than the corresponding macroscopic quantities re-
ferred to the instant of rupture (of ~ 8 kg/mmz, €5

*An analogous pattern had been previously established for
metals.[2977]
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FIG. 4. Micrograph in reflected light of the end of a crack
made by splitting a wedge in polymethylmethacrylate, 6 = 20°C.

~ 0.1), we can easily calculate that the energy of the
local deformation per unit area of the crack surface
must be no less than 104 erg/cm2 for this polymer.
This calculation directly shows that what the quantity
T characterizes is namely the local-deformation proc-
ess preceding failure. Since for polymers the defor-
mations around the crack are irreversible in the usual
sense of this word, * the quantity T is a measure of the
dissipation of energy, and loses the meaning of being a
thermodynamic parameter, as Griffith thought.

This same effect has had the result that, in an at-
tempt [1#%] to compare the theoretically -calculated
values of the rate of propagation of a Griffith crack T
in an ideally -elastic object with the experimental data
obtained upon fracture of polymethylmethacrylate
sheets, a sharp discrepancy between calculation and
experiment was observed in the initial stages of fail-
ure.

The possibilities of the phenomenological approach
to failure in real materials, the groundwork of which
was laid by Griffith, are far from exhausted yet. f13]
However, as we see from what has been said, at pres-
ent this approach permits us to analyze the failure of
polymers only under the conditions that we can repre-
sent them by the model of a material obeying Hooke’s
Law. Usually this is true in the last ‘‘rapid’’ stages
of failure. In the initial stages of failure, which are
the most interesting from the physical standpoint, the
relaxation laws of the mechanical behavior of the poly-
mer in the failure zone and the inevitably concomitant
time effects are manifested; the energetic theories of
failure do not describe these stages. Considerably
more information along this line has been obtained
by studying static fatigue in polymers.

*That is, they do not disappear upon removal of the load, al-
though they can be removed by heating above the softening temper-
ature. Such deformations in polymers are commonly called ¢‘re-
tarded elastic’’ ones.['*!] The laws for their appearance have a
clearly marked relaxation character. In essence, they are a ‘‘de-

. layed’’ rubbery deformation, the rate of establishment of which
depends markedly on the stress and the temperature.

. 1To do this, one must also take into account in Eq. (1) the
kinetic energy of the motion of the material as the crack grows.
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2. Time-dependence of the strength of polymers

The fundamental experimental characteristic of the
resistance of a material to static failure is its mechan-
ical life (breaking time), or the time 7 elapsed from
the instant of loading with a constant load to the instant
of failure. The fundamental law to be determined ex-
perimentally is the relation of the breaking time 7 to
the stress o and the temperature T, usually termed
the temperature-time-dependence of the strength. Most
often, one determines the breaking time under uniaxial
tension, while ensuring constancy of the tensile stress
independently of the amount of deformation of the spe-
cimen with the aid of special apparatus. (29-31 Consid-
erably more rarely, mainly in applied studies, the
time-dependence of the strength is studied in other
stress states.

The literature contains information on the tempera-
ture-time-dependence of the strength under tension for
polystyrene, [35-37] polymethylmethacrylate and its co-
polymers, 38422 polyvinylchloride, (857 ebonite, [427
polyamides, 1354347 cellylose derivatives, [35:41,45,42,32]
and fibers made of capron, polypropylene, teflon, and
other polymers. [46-50] The static failure of polyvinyl -
chloride has also been studied under homogeneous ten-
sion, [31,52] polymethylmethacrylate under torsion and
bending, (53] and laminated plastics under compres-
sion. [54J gstatic failure of polymers in the rubbery
state has been studied in (%551 and elsewhere.

The basic problem to be solved in the cited studies
consisted in determining the analytic form of the em-
pirical relation between 7, o, and T. The best-known
studies in this regard are those of S. N. Zhurkov and
his associates. In their very first paper [353 they
showed that the relations

T=2Ade~% for T =const, (4)
v
T=Be*T for o=const, (5)

which had been previously been established (467 for
fibers of nylon, rayon and cotton, give a good descrip-
tion of the breaking time under tension for a large
number of polymer (and non-polymer ) materials.

An example confirming the validity of Eq. (4) is
given by the data on polymethylmethacrylate [39)
(Fig. 5,a). It is valid for this material at 20°C over a
range of variation of the breaking time of 8—9 orders
of magnitude. However, in some cases the linear de-
pendence between log T and ¢ implied by Eq. (4) does
not hold even at room temperature (Fig. 5,b, ebonite,
from the data of [42:%9]), Usually this phenomenon is
explained by a change in the properties of the original
material during the time that it is under load. The
reason for the change in properties could be crystal-
lization (%87 or orientation hardening (%7 under tension. *
From this standpoint, it is hard to explain the behavior

*There is no consensus with regard to crystallization (cf.[*]
and(**+5¢]).
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FIG. 5. Time-dependence of the strength for polymethyl-

methacrylate (a), and for ebonite (b)**] at various tempera-
tures.[**]
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of ebonite, since crystallization and orientation hard-
ening are observed only at high strains. For ebonite
at 20°C, where the non-linearity of the experimental
log 7—0 relation is already evident, the strain does
not exceed 7—8%. Possibly this case is an example
of a premature ‘‘natural’’ deviation from Eq. (4), such
as is observed only in the low-stress region for other
" polymers. In this region, Eq. (4) loses its physical
meaning, since it implies that the material fails at
o = 0. The breaking time of a real specimen cannot
be less than the time for propagation of elastic vibra-
tions over distances equal to the transverse dimension
of the specimen. Hence, Eq. (4) is also limited in ap-
plicability on the high-stress side.[69]
As for Eq. (5), it is confirmed by all the existing
experimental data for polymers. The graph of the
log 7 — 1/T relation for polymethylmethacrylate and
ebonite is given (Fig. 6) as an example. The analysis
of these relations shows that the quantity U in Eq. (5)
is a linear function of the stress having the form U
= Ug—vo (Fig. 7), where v is a constant. In contrast
to solid polymers, it has been shown that U is inde-
pendent of the stress for rubbers. 959611 Ap expres-

sion of the type
Uy
T = Ao ek (6)

has been proposed (611 to describe the temperature -
time dependence of the strength of rubbers.

Bearing in mind what we have said concerning Eq.
(4) and the fact that direct measurements of the tem-
perature-dependence of the breaking time are re-
stricted to a rather narrow temperature range by vir-

7
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a) b)
FIG. 6. Temperature-dependence of the strength for: (a)
polymethylmethacrylate, and (b) ebonite, drawn from the data of
Fig. 5. The numbers give the stress in kg/mm*.

tue of the strong dependence of 7 on o, we must take
an equation of the following form in order to describe
rigorously the temperature-time-dependence of the
strength of polymers:

Up—vyo

T=f(o, T)e o7 | (7)

In order to determine f(o, T) exactly, we need a fur-
ther extension of the range of stresses and tempera-
tures in determination of the breaking time and a tho-
rough statistical treatment of the data. An attempt to
determine f(o, T) more precisely for polymethylmeth-
acrylate is found in (62]

As S. N. Zhurkov has shown, [¥*] we can neglect the
dependence of the coefficient of the exponential term
on o and T over a considerable range of stresses and
temperatures, and describe the experimental breaking-
time data by the relation

UQ—-‘YO’
T="Tge kT ’ (8)

where 7y, Uy, and vy are constant coefficients. The
same relation had been previously established for met-
als. Here it turned out [3%:83:84] that in most cases the
coefficient 7y is 10711 —1071 sec, coinciding with the
characteristic vibration period of the atoms in the
crystal, Uy is numerically equal to the energy of sub-
limation of the given metal, while y depends on condi-
tions of specimen preparation, such as cold work, an-
nealing, ete.

Recently S. N. Zhurkov and S. A. Abasov have stud-
ied the long-term strength of fibers of rayon, polypro-

2P~
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FIG. 7. Graphs of the relation of the coefficient U to the
stress for 1—polymethylmethacrylate,[*°} 2_celluloid, [*"] and 3—
ebonite.[**]
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pylene, capron, and other polymers. [47-50] They estab-
lished that Eq. (8) holds for all cases. An analysis of
the change in the coefficients in this equation as one
goes from one type of polymer to another, or varies
such characteristics as the degree of orientation, the
plasticizer content, and the degree of polymerization
for a given polymer, showed the following. The coeffi-
cient Ty remained constant in all cases, being 10712
sec. The value of U, proved not to depend on orien-
tation, plasticizer content, or molecular weight, but
varied only when one went from one polymer to an-
other. An essential feature was that U, coincides to

a high degree of precision with the values given in the
literature for the activation energy of the process of
thermal decomposition of the corresponding polymers.
Just as with metals, only the coefficient y proved to
be structure-sensitive. Every influence that increase
the breaking time, such as an increase in the degree of
stretching of fibers made of a given polymer, leads to
a regular decrease in y. Conversely, changes in the
structural characteristics that decrease the breaking
time bring about an increase in this coefficient. We
should especially note a study of the effect of the de-
gree of polymerization performed on capron fibers.[50]
The degree of polymerization was varied by decom-
position of the fibers by ultraviolet illumination. This
method permitted strict fixation of the other param-
eters (e.g., the orientation of the macromolecules ).
They were able to establish a quantitative relation be-
tween vy and the degree of polymerization P in the
form of the equation

(where P and vy, are constants). This result had
been predicted theoretically in (651 The experimental
relation of v to P for capron is shown in Fig. 8.
These laws made it possible for Zhurkov to formu-
late the following ideas on the physical peculiarities
of the process of failure of polymers. 1461 The fact
that the strength is time-dependent and that the em-
pirical time laws are general for all solid polymers
permits one to state that failure is a kinetic process,
and that time is a fundamental characteristic of fail-

™
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FIG. 8. Graphs of the relation of the coefficient y to the de-
gree of polymerization P for capron. 1-Oriented fiber; 2—unori-
ented fiber.{*]
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A comparison of the activation energy
U, of the failure process with the
activation energy Qg for thermal
decomposition and the theoretical
energies Wy of the corresponding

C—C bonds
r U,, Qos Wo,
Material kcal/ kcal/ keal/
mole 49 mole* mole 86
Teflon 75.0 76—80 69.6
Poly-
propylene 56.0 55—58 55
Polymethyl-
methacry-
late 54,0 52—53 —
Polystyrene 54.0 55 52.5
Polyvinyl-
chloride 35.0 32 36
*¥From various source references.

ure. The form of the temperature-dependence of the
breaking time is evidence that failure is an activation
process whose rate essentially depends on the energy
KT of the thermal fluctuations. Now, the pre-exponen-
tial coefficient 7y is equal to the period of vibration

of the atoms linked by chemical bonds. Also, the value
of U, equals the energy of the chemical bonds, depend-
ing on the structure of the side substituents (681 (see
the table). Further, U, coincides with the activation
energy of thermal decomposition and does not vary
with the factors determining the intermolecular inter-
action. These facts indicate that failure in polymers

is based on a process of breaking of chemical bonds.
This process requires the surmounting of the energy
barrier Uy—+yo, whose value depends on the stress.
From this standpoint, failure of polymers is a me-
chanothermal process in which the role played by the
mechanical stress amounts to accelerating the reac-
tion of C—C bond breakage through thermal fluctua-
tions. However, an important role is played here by
the intermolecular interactions, since the lowering of
the energy barrier is determined by the quantity v,
which depends on the factors determining the inter-
chain interactions. In Zhurkov’s opinion, the quantity
v is a characteristic of the uniformity of distribution
of the load over the polymer chains.

We can consider these ideas to be directly con-
firmed by some experiments showing that macroradi-
cals are formed in the mechanical crushing of poly-
mers (reference [1“], etc.), and that the chemical
products generated in thermal decomposition and fail -
ure are similar. 5] However, we must note that there
are experiments [146] comparing the amount of macro-
radicals formed in crushing with the free surface
formed and with the molecular weight of the crushed
material. These experiments indicate that the break-
ing of chemical bonds and the formation of macro-
radicals may not be the primary act in the failure of
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polymers.* The process of thermal decomposition is
also a complex combination of many reactions, and the
problem of the meaning of the activation energy for
thermal decomposition has not yet been elucidated.
Many studies have shown [41:45:46,35,40,67] that the
total time elapsed up to failure does not depend on
how the load has been applied: continuously until the
specimen breaks, or with interruptions (‘‘rests’’) of
any length. The fact that the breaking time in an ordi-
nary test is equal to the sum of the periods that the
specimen is under load in the case of interrupted load-
ing remains valid, independently of the conditions of
“rest’’ of the specimens, whether they be at the tem-
perature of the experiment, or at temperatures above
the softening point, or under irradiation. £40,42] Thege
ohservations show that the characteristic peculiarity
of the development of failure in the course of time is
its irreversibility. Every action of a force on the ma-
terial causes it to lose the ability to resist a subse-
quent stress. In [68], a series of hypotheses has been
proposed, stemming from the fact of irreversibility of
failure, and permitting one to describe quantitatively
the process of accumulation of ‘‘partial’’ failures. The
simplest of these amounts to the idea that the condition
for fracture must be that the sum of the partial times
of action of the load must equal unity. For stepwise
loading, the condition for fracture can be written as

At
2=t (02)
and for continuous loading, as *
g
dt
— = 9
g [0 (4)} ! (9b)

0

where Atj is the time of action of the ith loading, and
7{0j) is its corresponding breaking time, and t{ is the
time elapsed until fracture when the load is continu-
ously varied in time according to ¢ = o(t).

Eguations (9) have served as the basis for experi-
mental comparison of the time-dependences of the
strength with the results of tests in tension at constant
rate and with cyclic loading. (67] The object of study
was polymethylmethacrylate films. They were able to
show that if one knows the parameters of the time-
dependence of the strength [A and « in Eq. (4)], then
with the aid of Egs. (9) one can predict the results of
tests having other loading schedules. This means that
the time effects in failure, which are especially plainly
manifested in experiments under constant loading, also
occur under any other types of loading.

One cannot always make a quantitative transfer from
the static laws to the dynamic ones with the aid of Eqgs.
(9). For massive polymer samples, the basic reason

*See alsol*°], which indicates that the breaking of chemical
bonds occurs not only at the fracture surface, but also in the in-
terior of the continuous material.
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for this is that one cannot take into account the over-
heating of the specimens in the dynamic tests. In the
cases in which these and other methodological difficul -
ties have been eliminated, L'®? one still cannot get com-
plete agreement between the dynamic and static break-
ing times. In ("] this is explained by the fact that
under the dynamic conditions the value of v in Eq. (8)
cannot be considered to be constant. Indeed, if we
ascribe to the quantity y the meaning of being a meas-
ure of the uniformity of distribution of the load at dif-
ferent points of the specimen, its value for polymers
must be determined by the processes of stress relax-
ation at local defects. Naturally, these processes can
take place in different ways under static and dynamic
loading.

A considerable deviation of the data from specimen
to specimen is unavoidable in experiments to determine
the breaking time. The nature of the statistical dis-
tribution of breaking times for polymers has been stud-
ied experimentally in £35,403 On the basis of an anal-
ysis of the laws governing the deviations in the break-
ing times, the authors of 01,722 pave proposed methods
of statistical treatment of the data on the time-depend-
ence of the strength, and have discussed the problem
of taking the deviations into account in extrapolating
the time-dependence into the region of long breaking
times. The latter fact is of great technical significance,
since the direct determination of practical service
lives (breaking times of 7 ~ 107 sec and longer) is
difficult. Methods of extrapolating the experimental
breaking-time data based on the form of the analytical
relation 7 = 7(o, T) are described in [73-151 and else-
where.

It has been shown in (40421 that for polymers of
similar chemical structure {(e.g., pure and plasticized
polymethylmethacrylate and copolymers based on it ),
the graphs of the time-dependence of the strength
(log ¢ versus 7) for a single temperature are paral-
lel and displaced from one another along the ¢ axis.
The shift in the graphs is correlated with the values
of the strength of the polymers in tests under stretch-
ing at a constant rate of deformation. This implies
the practically-important conclusion that one can es-
timate the resistance of polymers of similar structure
to static failure from their strengths in fracture, pro-
vided that the time-dependence of the strength of one
of them is known. This fact is in full accord with the
results of [67:70],

3. The relation between the laws of failure and defor-
mation

In testing polymers for long-term strength, we can
easily note that they deform like other solids. The
process of accumulation of strain at a constant load
(creep) has been the subject of numerous investiga-
tions. One of the main problems is the search for
simple empirical laws describing the dependence of
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the deformation in creep on the time, the temperature,
and the stress, that are suitable for technical calcula-
tions. The best-known in this regard are the studies
of Marin and Findley (see, e.g., the reviews ["8-181),
An entire series of studies has been devoted to estab-
lishing the general rheological laws for the creep of
polymers on the basis of Boltzmann’s superposition
principle. 79-82] The molecular nature of creep in
polymers has been discussed in [81-84J

Usually creep and failure of polymers are studied
and discussed separately. As a rule, the experimental
studies on creep have been performed at low stresses,
where the time until failure is hard to determine ex-
perimentally. Under these conditions, one traverses
only the initial region of the creep. Conversely, the
long-term strength is studied under relatively high
stresses, and most often without recording of the creep
curves (the strain-time relation). In the theoretical
studies, failure is considered as a process involving
the breaking of the bonds that give strength to the
polymer. The breaking of these bonds is not consid-
ered in the study of creep.

The joint study of creep and long-term strength is
of great interest as the first stage in solving the gen-
eral problem of how the processes of deformation and
failure of polymers are related. Furthermore, it is
necessary in connection with the application of poly-
mevrs in stress-bearing structures. Such studies have
been widely undertaken for metals. Their fundamental
result consists in the fact that a regular relation could
be established between the macroscopic characteris-
tics of failure and deformation under static loads. It
has been shown in [35-8%] and elsewhere that there is
a simple empirical relation for metals between the
breaking time 7 and the rate of steady -state creep v:

10)

where a and A depend on the temperature and the na-
ture of the material. This relation is implied by the
fact that the relations of 7 and v to the stress and the
temperature are of the same type. [88)

Studies have been conducted in [**] on the laws of
accumulation of creep deformation up to the instant of
fracture in solid polymers. It was shown that under
these conditions the deformation laws become consid-
erably more complicated, as compared with those ob-
served in the usual creep tests. Thus, one could not
find a well-defined stage of steady-state creep for all
polymers. Usually the creep curves show an entire
series of regions in which the rate of deformation
varies with the time according to different laws. At
the same time, it seems impossible to separate the
deformation process into physically distinct stages.

In most cases, only retarded-elastic deformations ac-
cumulated in all the regions.

As was stated above, the resistance to static failure
is characterized by the breaking time r. The ratio
1/7 can be considered to be a measure of the mean

log 7

log T
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FIG. 9. Experimental relations between the logarithms of cor-
responding values of the breaking time and the rate of creep for
various polymers.[”] For polystyrene the symbols O indicate data
that can be determined from other studies.

rate of failure under the given conditions. If we take
into account the noted peculiarities of creep in poly-
mers and a number of other considerations (e.g., the
equivalence of different characteristics of the creep),
we might consider (42:%1] that in analyzing the relation
between failure and deformation in terms of the ex-
perimental creep curves, it suffices to characterize
the rate of deformation by its mean value

gf—Ee
T .

V=

Here €¢ is the elastic deformation under load, and ef
is the deformation at the time of fracture. The corre-
sponding values of 1/7 and v for various polymers
have been compared in (1] Asis implied by the ex-
perimental relations (Fig. 9), the quantities 1/7 and
v are related by the equation

L_tm4, (11)
which is fully analogous to (10). The coefficients m
and A depend on the temperature and the type of poly-
mer. For example, for polymethylmethacrylate m
varies from 1.3 to 1.1 as the temperature is raised
from 20° to 80°C.

For metals in many cases, m = 1. (8] This means
that the relation of the rate of creep to the stress and
the temperature is expressed by an exponential for-
mula having exactly the same numerical coefficients
as the corresponding expression for the breaking time.
Hence the conclusion has been drawn in (%8] that for
metals the processes of failure and deformation are
of the same physical nature. However, this does not
exclude other assumptions.

The existence of Eq. (11) indicates that we can pro-
pose a mutual relation between failure and deformation
for polymers as well. As has been stated, m = 1 for
polymers, and it varies with the temperature. This
means that the rates of accumulation of failure and
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deformation, as characterized by the quantities 1/7
and v, vary to different extents when the experimental
conditions are varied. Thus, if m > 1 (polymethyl-
methacrylate, ebonite, polystyrene, and other poly-
mers), we can say that failure is retarded more than
deformation with decreasing stress. Conversely, if

m < 1 (cellulose acetate), we can assume that defor-
mation ‘‘lags’’ behind failure, etc. Thus, this relation
shows that for polymers failure and deformation are
different processes.

The difference between failure and deformation of
polymers is especially clearly marked in experiments
with interrupted loading and annealing of the deformed
specimens during the period that they are in the un-
loaded state.[4%:*1] It turns out that in distinction
from failure, which always accumulates irreversibly,
independently of the ‘‘rest’ conditions of the speci-
mens, the deformation process is reversible in the
sense that annealing reverses the creep deformation,
and permits one repeatedly to reproduce anew the en-
tire course of accumulation of deformation. This re-
sult indicates that Eq. (11) is limited in significance,
being valid only under certain test conditions: when the
load acts continuously and the stress and the tempera-
ture are kept constant throughout the experiment.
Under these conditions, as (11) implies, failure takes
place only at a strictly fixed deformation. In the an-
nealing experiments, fracture can occur at consider-
ably lower deformations, although the breaking time
remains the same for the same for the same o and at
the previously-set T. This implies that failure is a
local process encompassing small regions of the ma-
terial and directly related to the deformation of these
regions alone. Evidently, as has been shown, in not
nearly all cases will the macroscopic characteristics
of the deformation be correlated with the local defor-
mation in the failure zone. From this standpoint, fur-
ther precision in the relation between 7 and v in order
to elucidate the physical nature of the interrelation be-
tween failure and deformation is not of great signifi-
cance.

4. Crazing of polymers under mechanical loads, prop-
agation of failure cracks, and morphology of frac-
ture surfaces

In studying the mechanism of failure, one inevitably
must come up against the problem of the origin and
growth of cracks. The theoretical treatment of this
problem involves great mathematical difficulties and
the introduction of arbitrary assumptions, even in
simple cases. Hence, experimental studies on cracks
are of very great significance. For many materials,
e.g., silicate glasses in an atmosphere of dry air, it
is very difficult to detect the cracks and follow their
growth under the conditions of a long-term strength
test. It is considerably easier to observe the cracks
in solid polymers. Hence it is often suggested to use
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them as model objects to study the failure of solids in
general. [38,92-04]

We must define crazing of solid polymers as the ap-
pearance of thin (‘‘hairline’’) superficial cracks. In
transparent polymers (organic glasses), the cracks
are easily detected by their intense luster, or reflec-
tion of light from their surfaces. Thus the term
“‘silvering’’ of organic glasses has come into use,
which will be used as an equivalent to the term
‘“crazing.”’

Here we are discussing the crazing of polymers
due to mechanical load alone. Unstressed polymers
also can craze under the action of organic and inor-
ganic solvents, ultraviolet, electron, and nuclear ir-
radiation, weather conditions, and other factors.[38,95798]
However, in most of these cases, the initial cause of
crazing is also mechanical stress due to internal in-
homogeneities in the material. [38,95,99]

Although the first observations of crazing of poly-
mers go back to the beginning of the thirties, [100] up
to now it has been mainly the subject of applied inves-
tigations. The fundamental problems of these studies
consist in the development of methods of estimating
resistance to crazing [101-103] 5nd of improving this
characteristic in polymers. Among the latter methods,
we should mention those such as preliminary stretch-
ing (orientation),[1%:1%] surface coatings, [1%:107] ang
the chemical cross-linking of linear macromole-
cules. [106,42]

The studies concerned with elucidating the general
laws of crazing, its nature, the structure of the cracks,
etc., are not numerous. In (1% the kinetics was stud-
ied of the crazing of polystyrene under a constant ten-
sile load. The ‘‘degree’’ of crazing was estimated
from the intensity of the light scattered by the cracks.
It turned out that the curves for creep and for relaxa-
tion of deformation after unloading are analogous in
form to those for the variation in time of the light in-
tensity under analogous conditions. Hence it has been
concluded that the appearance and growth of the craz-
ing cracks is one of the causes of creep in polystyrene,
since the cracks must relieve the stress in the surface
layer of the material. In 3892 the time-variation of
the length of the surface traces of the crazing cracks
and their concentration on the surface was studied in
polymethylmethacrylate specimens with varying plas-
ticizer contents under constant tensile force. It was
shown that the traces of the cracks are arranged per-
pendicularly to the tensile stress. The number of
cracks per cm? of surface first increases, and then
remains constant until the specimen fails. The higher
the stress is, the greater the concentration of cracks
and the smaller their dimensions. The rate of growth
in length of the surface traces of the cracks declines
monotonically with time. The stress-dependence of
the time 71, elapsed until the appearance of the first
microscopically-visible cracks is analogous to the
corresponding relation for the breaking time 7
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FIG. 10. Polymethylmethacrylate (data from[*2l). 1—Relation of
the breaking time to the stress at 25°C; 2 and 3—relation of the
logarithm of the time until appearance of the first crazing cracks
to the stress at 25° and 45°C.

(Fig. 10). Evidently, Ty < 7. Hence, the conclusion
has been drawn in [92] that the time until failure is
determined by the rate of growth of the crazing cracks,
rather than by the rate of formation of invisible fail -
ure ‘‘nuclei,”” and that the time-dependence of the
strength of polymers is directly related to the laws
for the former process.

Data for polystyrene on the kinetics of growth of
crazing cracks from the surface into the interior of
the material are given in [!%] It turned out that the
cracks grow into the interior at a constant rate de-
pending on the tensile load. It was also noted there
that polystyrene cracks during the time that it is under
load. There have been attempts to use this effect in
metals and crystals to analyze the changes occurring
in the stressed material. (41197 1n [“1‘“3], optical
and electron-microscopic methods were used to study
distortions in the surfaces of polymers arising from
crazing. They showed that the material expands near
the cracks, and signs of strong shear deformations are
observed at the ends of the cracks. They showed that
there are no cracks whose traces on the surface are
shorter than a certain limit. This amounts to ~ 2u
for polymethylmethacrylate. The refractive index in
a crack is less than that in the continuous material.
Hence it was concluded that the crazing cracks are
empty. Upon annealing, all traces of the cracks and
surface distortions vanish.

The prior assumption has been made in most of
the cited studies that the crazing cracks in solid poly -
mers are identical with the failure cracks of the type
of the Griffith cracks, i.e., that they are wedge-shaped
empty discontinuities. The observed regularities are
explained from this standpoint, although no decisive
confirmation is provided for it.

The first indications that the crazing of polymers
under load cannot be directly reduced to the growth
of failure cracks are found in [%6:19%,114]  They ob-
served no appreciable loss of strength in experiments
on the crazing of polystyrene under constant tensile
loads. Even when many of the crazing cracks had
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completely transected the specimen, its strength was
diminished by no more than 30—40% with respect to
the original value. At the same time, its deformabil -
ity increased. These and other facts are explained
in [36:109,14] 55 £5]1ows. A bulk amorphous linear
polymer is not a conglomerate of uniformly entangled
macromolecules, but a system of rodlike formations,
or ‘‘domains.’” The domains consist of macromole-
cules in parallel arrangement, and are distributed at
random in the bulk polymer. Under a tensile load,
part of the domains become exfoliated from one an-
other. Other domains, having an orientation near the
direction of tension, turn about and take up the load.
The features that were taken to be empty cracks are
actually regions of accumulation of microscopic ex-
foliations, linked by intact domains oriented in the
direction of tension. The existence of orientation in
crazed polystyrene is indicated by x-ray diffraction
patterns, while the possibility of combination of mac-
romolecules into elongated supermolecular formations
is indicated by electron-microscope observations.*
It is assumed in (36:109,114] tpa¢ crazing is much more
similar to the process of deformation than to failure
in the sense of formation of empty cracks.

These concepts on the nature of crazing of solid
polymers have been confirmed and developed in
(28,59,115-117] " A method has been developed for micro-
scopic observation of crazing cracks in transparent
polymers. It permits one to estimate precisely the di-
mensions of these structures (Fig. 11) from interfer-
ence patterns. The method has been applied to study
the growth of cracks in polymer specimens stretched
by a constant force at various temperatures of experi-
ment. At the same time, the breaking time and creep
deformation were determined. The experiments, which
were performed with polymethylmethacrylate and lin-
ear cross-linked polystyrene, made it possible to dis-
cover the following characteristic differences of craz-
ing cracks from classical failure cracks. During the
time that the specimen is under load, the crazing
cracks can attain dimensions comparable with its
cross-section, and even transect it completely at many
places. The dimensions of the cracks at the moment of
rupture becomes greater as the stress is reduced.
Even after the specimen has been completely ‘‘tran-
sected’’ by cracks, the time until rupture amounts to
a considerable fraction of the total breaking time:
20—25% for polymethylmethacrylate, and 70—90% for
polystyrene. The interference pattern of the crazing
cracks does not change when the load is removed from
the specimen, nor upon long standing at room temper-
ature. This means that the dimensions of these cracks
do not vary upon removal of the load, in distinction
from failure cracks. Upon annealing, the intensity of

*In recent years, the formation of supermolecular ‘‘bundle’”
structure in linear amorphous polymers has been studied by V. A.
Kargin and his associates.['*°]
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the interference decreases, and the bands disappear
on going through the softening temperature without
being displaced. The appearance of a mass of true
cracks growing from the surface into the interior of
the material would have to result in a monotonic de-
cline in the measured value of the elastic modulus,
owing to the decrease in the effective cross-section
of the specimen. The elastic modulus of crazed poly-
mer specimens practically does not differ from that
of the original material, no matter how large and nu-
merous these crazing cracks are.

In [“8], the kinetics of growth of open cracks has
been studied in films of cellulose acetate under tension
by a constant force. They showed that the open cracks
grow in an accelerated fashion, since the stress ¢’ at
the end of a crack, which is proportional to the stress
o7 in the intact portion of the specimen, increases with
increase in the crack length I:

Oo

0’”"0’12 T

=T
where o, is the initial stress, and L is the width of
the specimen. The instantaneous velocity V of growth

of the crack depends on the stress according to

Bao
(A

Ve=Ve L.

Under these same conditions, crazing cracks grow
at a constant velocity depending on the initial stress
according to W = WoeBUO. This means that their growth
does not result in an essential stress redistribution,
as in the case of open cracks. This implies that the
rate of growth of crazing cracks does not depend on
the relation between the dimensions of the cracks and
those of the cross-section of the specimen. This fact
is illustrated by the example of the laws observed in
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FIG. 11. a) Diagram of possible ways of ob-
serving the cracks; I, II, IlI-directions of observ-
tion; 0— o = direction of tension. b) Surface
traces of crazing cracks in polymethylmethacry-
late as observed in transmitted light in direction
I; 0 - 0 = direction of tension. ¢) Crazing cracks
as observed in transmitted light in direction II;

0 -0 = direction of tension; the direction from
the surface to the center of the specimen is indi-
cated by the arrow. d) The same, as observed in
reflected light in the direction III; the direction
from the surface to the center of the specimen is
indicated (from['*°]).

specimens of various dimensions prepared from poly-
methylmethacrylate tested at identical stresses and
temperatures (Fig. 12). The opposite picture would

be observed for failure cracks under the condition

that the breaking time should be independent of the
specimen dimensions: the curves for the variation of
the absolute dimensions of the cracks should diverge,
while those for the variation of the relative dimensions
should coincide.

These data are sufficient to permit us to state that
crazing cracks in polymers are not cracks in the usual
sense of the word, although they resemble them in ex-
ternal appearance. Actually, they are wedge-shaped
regions of microexfoliations that are for the most part
isolated from one another. The intervals between the
microexfoliations are regions of strongly deformed
polymer material that has been subjected to orienta-
tion hardening.* The strains in these regions, as
shown by estimates based on comparing the dimen-
sions of the cracks, their number, and the macroscopic
deformation of the specimen, are hundreds of times
greater than the strains in the material surrounding
the crack. The crazing of polymers under load, like
the similar phenomenon of ‘‘milky’’ whitening, which
consists in the formation of a mass of microexfolia-
tions distributed uniformly throughout the volume,38:119]
is a consequence of the existence in amorphous linear
polymers of supermolecular structures such as elon-
gated ‘‘bundles’’ or ‘‘domains.’’> The lateral interac-
tion between the latter is relatively small, and appar-
ently does not contribute appreciably to the strength.

The definition of failure is generally accepted to be
a process of separation of a stressed object into parts

*In[*7], the existence of *‘braces’’ in the crazing has been
shown by direct observation.
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FIG. 12. Polymethylmethacrylate containing 6% dibutyl
phthalate, o, = 4.6 kg/mm?, 8 = 20°C; specimens of various di-
mensions. [5°] a) Creep curves; b) curves for the increase in the
mean depth Ar of the crazing cracks, c) curves for the increase
mean relative depth Ar/r, of the crazing cracks; r, = cross-
sectional radius of the specimen; @ —r, = 0.5 mm; 0 —r, = 0.7 mm;
A_ry=1mm; O—r,=1.5mm.

through formation of new free surfaces, i.e., through
transection by an empty crack. It is quite clear that
we cannot identify the crazing of polymers as discussed
above with such a process. From this standpoint, con-
clusions on the laws governing failure based on exper -
iments on crazing cracks alone (e.g., in [92’93]) are
unconvincing. Still, there are a number of data show-
ing that crazing is closely connected with failure. This
is indicated by the existence of simple empirical laws
relating the breaking time 7 with the rate W of growth
of crazing cracks. (2] They are analogous in form to
Eq. (11), which relates the breaking time to the rate of
creep. Experiment also shows that certain of the craz-
ing cracks determine the site of localization of rupture.
We can see this easily by comparing the dimensions of
the so-called ‘‘smooth zones’’ on the fracture surfaces
of polymer specimens with the dimensions of the craz-
ing cracks existing in them (115,42] (Fig. 13). Finally, a
thorough microscopic study has been made of the
structure of the end of a stable and slowly-growing
failure crack in polymethylmethacrylate under ‘‘con-
trolled’’ failure conditions. (2] These experiments
showed that phenomena analogous to crazing take place
near the end of the failure crack, and precede complete
failure of the polymer.

The data presented, along with measurements of the
surface energy, permit us to state with assurance that
the failure of solid polymers, as with all other mate-
rials, involves a roster of other processes, which are
a sort of ‘‘preparation’ of the material for failure.
For amorphous linear polymers, e.g., polymethyl-
methacrylate, these processes can be reduced to the
formation of a local system of microexfoliations and
to the deformation and hardening of the continuous re-
gions of the material between them, within the zone
immediately adjacent to the end of the failure crack.
Failure consists in the continuous incision of this zone
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and its re-formation upon growth of the failure crack.
It is quite clear that the rate of failure will depend on
the rate of relaxation of stresses in the pre-failure
zone, the concentration of microexfoliations, the na-
ture of the changes in properties in the continuous
regions in this zone when they are deformed, and other
factors. The quantitative laws governing these proc-
esses are not yet known. *

One of the long-known ways of getting information
on the laws governing failure is to study the morphol-
ogy of the fracture surfaces. It was noted long ago that
one can distinguish on the failure surfaces of solid
polymers a series of zones having a characteristic
relief: a ‘““mirror’’ or smooth zone, a zone of small
steps having hyperbolic or parabolic profiles, and a
zone of rough fracture, [3:120,121] The relation between
the dimensions of the zones depends on the stress, the
rate of deformation, the temperature, and the molecu-
lar weight of the polymer [114:122,123,141] ' 1t we decrease
the stress or increase the temperature, the size of the
smooth zone increases; the hyperbolic and rough-frac-
ture zones are, so to speak, crowded out of the limits
of the specimen. The microscopic study of the relief
of failure surfaces has made it possible for the first
time to construct a concept of the laws of propagation
of failure cracks in solid polymers. (38,120,1217 pe
smooth zone usually has a nearly circular profile, and
is the trace of a single “‘initial’’ failure crack. Some-
times we can discern on it.the ‘‘origin’’ of the failure,
or the defect which proved to be the source of the
crack. Since the dimensions of the smooth zone are
practically independent of the dimensions of the spe-
cimen being tested under the given conditions (Fig. 13;
see also [“1]), we can state that it is formed by the
transformation of one of the crazing cracks into a fail-
ure crack. The appearance of the hyperbolic fractures,
with their vertices pointed toward the smooth zone, is
due to the appearance of secondary failure sources that
grow in the form of circular cracks in planes parallel
to the plane of propagation of the initial crack. One
can determine from the geometric form of the fracture
boundaries what the relation is between the velocities
of propagation of the initial and the secondary
cracks. (%] Interferometric studies show consider -
able irreversible shear microdeformations at the frac-
ture boundaries. [1#1:124] The fine-grained rough relief
and the interference color observed in reflected light
in the smooth zone and the hyperbolic zone are due in
origin to the ‘‘domain’’ structure of the polymer, and
to the exfoliation and orientation of ‘‘bundles’’ of mol-
ecules. Electron-microscope study of the failure
‘‘sources’’ shows that they are lens-shaped cavities
of diameter ~ 0.3 u. (1213 The existence of these same
cavities has been found in the x-ray study of crazed

*The first attempt to take these effects into account has been
made very recently by G. M. Bartenev and 1. V. Razumovskaya
[(FTT 6, 657 (1964), Soviet Phys. Solid State §, 513 (1964)].
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[119]

and ‘““milky’’ polymer specimens.

The coarse-relief zone arises from the branching
of the rupture cracks and the deviation of their growth
directions from the normal to the tensile stress. [1%%]
It corresponds to the greatest rate of failure. A com-
parison of direct measurements of the rate of propa-
gation of failure cracks in polymethylmethacrylate
with the relief of the failure surface [126:127] has con-
firmed these ideas.

As we see from the above, the topography of frac-
ture surfaces indicates the very complex nature of the
propagation of failure cracks, especially in the last
stages, when secondary failure nuclei appear and
branching takes place in the fracture crack.

III. THE THEORY OF STATIC FAILURE OF POLY-
MERS AND OTHER SOLIDS

In most current studies, failure is considered to be
a process of crack growth consisting of two stages:
1) the stage of ‘‘slow’’ crack growth until stresses
near the critical stress appear at one of the cracks,
and 2) the stage of ‘“fast’”’ crack growth by the Griffith
mechanism. The problem of the growth of Griffith
cracks is usually considered within the framework of
the ‘‘equilibrium’’ theories of elasticity and thermo-
dynamics. The solution of the problem of the growth
of cracks under loads below the ultimate strength, i.e.,
the explanation of the nature of static fatigue, has re-
quired the introduction of kinetic concepts.

Murgatroyd (1817 has explained static fatigue of sili-
cate glass by ascribing a two-phase structure to it.
The time course of failure was treated as involving
the gradual increase of stresses in the elastic phase
up to the critical value, owing to relaxation of stresses
in the viscous phase. This scheme can be normally
applied to any viscoelastic bodies. Orowan (132] thinks
that static failure takes places by variation in the de-

FIG. 13. Failure surfaces of specimens of var-
ious dimensions made of polymethylmethacrylate
containing 6% dibutyl phthalate, at g, = 4.6 kg/mm?,
6 = 20°C, in reflected light at the same magnifica-
tion.[+2] a)r,=1.5 mm; b) r, = 1.0 mm; ¢) r, = 0.7
mm; d) r, = 0.5 mm; r, = cross-sectional radius of
the specimen (cf. Fig. 12).

gree of ‘“‘danger’’ of Griffith cracks, owing to gradual
decrease in the surface energy through adsorption of
moisture and surface-active substances on the walls
of the cracks. From this standpoint, the strength
should not be time-dependent in vacuo, as is con-
firmed in 1337, However, there are data contradict-
ing Orowan’s ideas. (154]

In [135'137], a relation was assigned a priori between
the rate of crack growth and the stress at the end of
the crack. Thus they derived a theoretical relation be-
tween the breaking time and the load in the form 7
= Co™Y, agreeing with the experimental data for glass
and rubbers. 5% Iy essence, here they chose a law
of crack movement satisfying the cited experimental
relation of T to o,

In many studies, the time-dependence of the strength
has been considered on the basis of molecular-kinetic
concepts. Taylor [138] considers that under any load an
object contains bonds whose strains are near the ulti-
mate values. The kinetics of failure consists in the
process of concentration of such bonds into a single
cross-section through thermal fluctuations. He as-
sumes that the activation energy U of this process
depends on the stress as U = Uy/c. In this case, the
time for concentration of the critically strained bonds
into a single cross-section, i.e., the breaking time is

Vo
T=Ae kT,

This corresponds to the experimental relation for glass
established in [1397,

The first study on the interpretation of the molecu-
lar nature of static fatigue of polymers is that of
Tobolsky and Eyring. f82] They suggested that the
breaking time is determined by the rate of the acti-
vation process of bond breakage, whose nature was
not specified in advance. Under a mechanical stress,
the recombination of broken bonds can be neglected.
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Then the rate of decline of the number N of un-
broken bonds per cm? of cross-section is defined as

AF o)
—%—:ANT(; AL g RT |

Here A is the deformation of a bond at the point of
rupture, and AF is the free-energy barrier to be
overcome in the rupture of bonds when ¢ = 0. Integra-
tion of this expression under the condition that N = Ny
initially and N = 0 at the moment of rupture, respec-
tively, gives the following expression for the breaking
time:

AF—ah
N ———
1:=A—0° e NokT |

As is stated in [82], the data on the breaking time of
polymer fibers in [4e] correspond to values AF = 27
kcal/mole and Ny =7 x 10'2 cm™2. However, it is dif-
ficult to relate these values to the characteristic mo-
lecular bonds existing in polymers.

In fact, Coleman %] has developed the same theory,
and arrived at an expression for the breaking time
under constant tensile force in the form:

Yg—(1-+ep)ASo

7 ,
where €p is the strain in the specimen at the break-
ing point. He assumed that the relative stretch in the
bonds and in the entire specimen were the same. A
treatment of the data for nylon-66 fibers using this re-
lation has shown that as one increases the degree of
extension of the fibers, U, decreases from 41 to 36
kecal/mole, while the product AS decreases from 567
to 200A3. If we identify S with the cross-sectional
area per chain, then at the greatest extension A proves
to be approximately the distance along the chain be-
tween adjacent hydrogen bonds. Hence he concluded
that, in the polyamides, failure involves breaking of
hydrogen bonds. However, it is still not clear why
the quantity U,, which in meaning is a characteristic
of the same bonds, is tens of times greater than the
energy of hydrogen bonds.

G. M. Bartenev %] has proposed a theory of failure
of polymers in which crack growth is considered to be
due to the breaking of bonds at the end of the crack hy
thermal-motion fluctuations. The existence of over-
stresses in a crack shifts the equilibrium in the re-
action of breakage versus reformation of bonds in
favor of breakage. He assumes that a group of bonds
can participate simultaneously in the elementary event
of rupture. He also assumes that when the critical
stresses have been attained, a ‘‘fluctuation’’ crack is
transformed into a Griffith crack. He derived the fol-
lowing formula for the breaking time under constant
load:

Q—go

T_—‘A?e kT »

where Q has the meaning of the energy of the group
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of bonds participating in the elementary fracture event,
and q is the volume of these bonds. He assumes that
in polymers no changes occur in the properties of the
material near the end of the crack. The nature of the
bonds is not specified.

V. E. Gul’ [142] considers that the failure of poly-
mers is due to the gradual activated rupture of inter-
molecular bonds and the increase in the stresses on
chemical bonds up to the critical values. As we see,
Murgatroyd’s ideas are concretized here on the mo-
lecular level. He assumes that the load on the chemi-
cal bonds increases in proportion to the probability
e UKT of breaking of the intermolecular bonds, and
in inverse proportion to the rate v of crack growth.
By assuming that ‘

1
UZUO_YG’ vN’,Eﬁ)

he derived a formula for the breaking time:

Uy~y0
k e okT n

= o—o™

T

’

where k, m, n, and ox are empirical constants. For
small values of o, this expression agrees with the ex-
perimental data for rubbers, and for large values of o,
with those for the breaking times of solid polymers.

According to Bueche, 371 the only bonds participat-
ing in failure of polymers are chemical bonds. He
ascribes to each of these a potential curve having a
barrier U whose height depends on the load F per
bond as U= Uy;—F6 (where 6 is the deformation of
the bond at the breaking point). He takes into account
the fact that upon breaking of each bond, the stress on
the unbroken bonds is increased. He takes as the
breaking time 7 the time necessary for breaking of
all the stressed bonds occurring in the cross-section
of the specimen. Bonds are considered to be stressed
when they are parallel to the axis of tension (one-
third of all bonds for an isotropic polymer). The
breaking time is calculated from the condition pwTt
~ 1, where

Uop—Fb
p=e T TRT

is the probability of breaking of a bond, and w is the
vibration frequency. The condition pwt = 1 determines
the time t at which the load on the unbroken bonds be -
gins to increase sharply. On transforming from F to
the average stress o, Bueche obtained

Up—2.7850
T= R e AT |
(0]

where S is the cross-sectional of a C—C bond (~ 1071
cm?), and w is the characteristic vibration frequency
of the bond. Using his data on breaking times for poly-
styrene and polyethylmethacrylate, Bueche calculated
that 6 > 4A. That is, the C—C chemical bond must
stretch threefold in breaking. If we assume that U,
= 60 kcal/mole, then Bueche’s data and his formula
imply that the vibration frequency w = 104 sec™t,
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which is also unreasonable. Later, (143] Byeche tried
to perfect his theory by taking into account the fact
that the directional distribution of the bonds and the
distribution of the stress over the bonds are chaotic.
He assumed that failure begins with the breaking of
the most heavily stressed bonds, and continues by
successive breaking of bonds around the perimeter
of a circular planar crack. With these factors taken
into account, w and & proved as before to be consid-
erably larger than expected. Then he made the as-
sumption that the increase in the stress on the chem-
ical bonds arises not only from their decrease in num-
ber, but also from relaxation of the stresses in some
of the stressed bonds through viscous slip of the poly-
mer chains with respect to one another (Murgatroyd’s
system ). This effect probed to be very large. The
new final formula for the breaking time

te A, NaT

©g

contains, instead of the characteristics w, 6, and U,
of individual bonds, those of the segmental motion of
the macromolecules: the amplitude a and the frequency
w, of segment vibrations. The segment length is as-
sumed equal to the length of the monomer unit, although
obviously the representation of a solid polymer by the
model of a system of absolutely flexible chain mole-
cules is not justified. Besides, the last equation im-
plies that 7 increases with the temperature. This
contradicts Bueche’s own experimental data.

A. I. Gubanov and A. D. Chevychelov (657 have re-
fined the first variant of Bueche’s theory. They use
the Morse potential to describe the potential energy
of adjacent atoms in the chain. The probability p of
irreversible breaking of a single bond is assumed
equal to the difference in probabilities of dissociation
of the stressed bond and of its recombination after
‘““‘unstressing’’ upon dissociation:

AE

TRT __g kT

’

p=e

where AE is the potential barrier for dissociation of
the stressed bond, and D is the dissociation energy of
a free bond. By calculating the relation of AE to the
load and taking as the condition for rupture the equa-
tion pwt = 1, the authors 8] derived the following for -
mula for the breaking time:

i—i_ln]e [ aoe
T kT %P | iTN

In (1+mZN)]-1}. az)
Here 1y = 1/w, a characterizes the curvature of the
potential well near the minimum, N is the number of
stressed bonds per cm?, and e is the base of the natu-
ral logarithms. For polymers having carbon chains,
for which the orders of magnitudes of D and a are
known, in an experimentally-attainable range of ¢ and
T, Eq. (12) can be written approximately as

T D Yo

==
IITO

kT kT ° (13)
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where y ~ 1/N. Equation (12) has been compared with
the experimental data 1477 for oriented polymer fibers.
The quantity D was assumed equal to the activation
energy U, of the failure process determined in ' by
treatment of the experimental data by Eq. (13). The
theoretical curves were calculated for disordered and
ordered polymers. We see from Fig. 14 that only in
one case (Capron) do the theoretical curves fit the ex-
perimental ones on both sides. As a rule, the slope of
the theoretical curves [the coefficient y in Eq. (13)] is
smaller than the slope of the experimental relations.
This means that the experimental strength is lower
than the minimum theoretical strength. The reasons
for the discrepancy could be such effects as the finite
length of the polymer chains, inhomogeneity in the type
of cracks, etc. The account taken of the finite length
of the chains in [%%] gives the result that the effective
number N; of chains bearing the load proves to be
smaller than the total number N of chains per cm?:

Ne=N (1L,

where P is the degree of polymerization and p is a
constant characterizing the mutual friction between
the chains. This leads to a corresponding dependence
of the coefficient y on the degree of polymerization.
As was stated, this is confirmed by experiment.

If we examine the molecular theories of failure of
polymers as a whole, we cannot but convince ourselves
that they are to be considered only as the initial at-
tempts at treatment of this process. The authors of
many studies have been satisfied with qualitative
agreement of the theoretical formulas for the breaking
time with the empirical relations, without taking into
account the fact that other authors have arrived at the
same result by starting from completely different as-
sumptions. The fact (18] Kas not been taken into account
that many experimental data can be described by dif-
ferent empirical laws., These contradictions have been
nowhere discussed. Many of the theoretical formulas
for the breaking time imply that 7 is finite when o = 0.

kT log 7:-1, kcal/mole

o
SRS
- ’,/

’d
/
/

/

/

N

s 3
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0 20 49 60 60 0 120
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FIG. 14. A comparison of the theoretical relations for the
breaking time with the experimental .[**] 1_Polypropylene; 2 —
capron; 3 —polyvinylchloride. a)and b) Calculated for the ordered
and disordered polymers, respectively; c¢) Experimental, for the
ordered fibers.
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One can put up with this well-known defect of expres-
sions such as Eq. (8) when they are proposed only for
description of the experimental data within a limited
rangeof stresses. Allthe theoretical formulas hold only
for the case of tension (¢ > 0); in compression (o < 0)
they imply that 7 increases with the load. Experi-
ment (%] leads to the opposite result. One could con-
sider the criterion of the validity of a theory to be that
the coefficients such as Uy and vy in the theoretical
formula for the breaking time as derived from com-
parison with experiment should agree numerically with
the characteristic values based on calculation from the
molecular mechanism of failure. However, most often
the value of only one of these coefficients agrees with
the adopted molecular model. In a number of

cases, 3141 attempts to get complete quantitative
agreement of calculation with experiment lead to con-
tradiction of the original model. We can cast doubt on
certain of the fundamental assumptions of the theories,
such as the unreserved application of the absolute-
reaction-rate theory to individual bonds in a solid
polymer without taking into account cooperative ef-
fects, the formal transition from the average macro-
scopic stresses to the forces acting on the individual
bonds, and the treatment in most cases of failure as
being a bulk, rather than a localized process, etc.

The theoretical studies have also made no essential
contribution to elucidating the fundamental question of
the nature of the elementary event of failure, even as
to indicating the most probable nature of this event or
aiding in setting up the appropriate experiments. It
sufficies to say that the most highly developed concep-
tion of failure due to S. N. Zhurkov, according to which
the failure of polymers is a process of breaking of
chemical bonds by thermal fluctuations in a stress
field, could be formulated only on the basis of experi-
ments that had been set up independently of the theo-
retical studies, the detailed theoretical analysis of
which is a task for the future.

Quite understandably, this lag of theory behind ex-
periment is occasioned in many ways by the lack of a
general theory of amorphous substances.

IV. CONCLUSION

The problem of the laws and nature of failure in
polymers is at present one of the central problems in
polymer physics. In many ways, success in the prac-
tical application of these materials depends on the so-
lution of this problem. As we see from what has been
said above, the study of failure in polymers has become
the object of numerous studies increasing in number
from year to year. Especial attention has been drawn
to the time effects in failure, which apparently are of
prime significance for polymers. The fundamental
empirical laws governing these effects and their rela-
tion to other time-dependent processes proceeding si-
multaneously with failure have been established. At-
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tempts have been made to study the processes of alter-
ation of the polymer material that precede failure and
evidently determine many of the laws governing the lat-
ter. An entire series of hypotheses has been advanced
on the molecular mechanism of failure. The first ex-
perimental data have been obtained on the breaking of
chemical bonds in failure and on the similarity of this
latter process with that of thermal decomposition.
Nevertheless, it is difficult to draw a complete
physically lucid and finished picture of failure in poly-
mers, just as with other solids. Apparently, the rea-
son for this consists in the fact that thus far the major
efforts of researchers have consisted in establishing
the macroscopic laws of failure such as the tempera-
ture-time dependence of the strength, and in trying to
explain these laws directly on the molecular level.
Bearing in mind the defects of the molecular theories
of failure and their limited possibilities with regard
to bulk solid polymers, conceivably we should consider
the most reliable way to elucidate the nature of this
phenomenon to be the accumulation of experimental
material permitting us to bridge the gap between the
macroscopic laws of failure and the molecular laws
that it is based on. In this regard, we should mention
the necessity of solving the problems of the origin of
failure cracks in a continuous polymer, the laws of
growth of cracks in the ‘‘slow’’ stage of failure, the
quantitative characterization of the processes of mi-
crodeformation and microfracture that take place at
the ends of the cracks and in the adjacent ‘‘prefailure”’
zone, the further study of the physicochemical proc-
esses in failure, etc. Luminescence and electrifica-
tion observed during failure of polymers have not been
studied at all. The connection must be made between
failure and the existence of supermolecular structures,
such as bundles, domains, spherulites, etc. The idea
has not been ruled out that their role here will prove
to be the same as that of grains, etc., in the structures
in polycrystals. Apparently, only when these and many
other complex problems have been solved can we con-
sider the problem of the nature of failure in polymers
to have been elucidated.
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