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492  Mechanical Properties

independent of any other functions of { and w. The latter condition is tantamount to
the requirement that the results of action of the stress be invariant if the moment of
the beginuing of the deformation process is changed.  The elastieity constants by, ;e can
he expressed through constants ag .., (sce eq. 14).

3 3 B 3 ]
ell) = 2, 2 bewoull) + 2 > b* . il — wo(w)dw (51)
i=1 k=1 im] b=l 1]

I{ the higher terms of the expansion into a series of the funetionals in equation 50
are taken into account, nonlinear integral equations ean be obtained relating the de-
formation and stress tensors to any degree of accuracy.  Anoiher method of introdueing
nonlinear relationships is to consider nonlinear functionals direetly, as is done in the
eeneral theory of functionals developed by Volterra.

There ix no doubt that in precisely this way (using operator methods. which
fucifitates all caleulations constderably) & general nonlinear phenomenological theory
of elastoviscous and viscoelastic polymerie bodies can be developed and attempts can
be made to relate the parameters contained in the equations to the molecular and
supermolecular structure of polymers.

Mechanical Propertics and Structure of Polymeric Bodies

A phenomenological description of the mechanieal properties of polymers ap-
peared long before the first coneeptions of the molecular nature of these bodies were
formed. The discovery that polyvmer molecules arve very large and are flexible if their
strueture is linear led to o new stage in the development of the theory of the mechanical
properties of polvmerie bodies (61.62,78.79). This stage no longer confined itself to
a mere deseription of the mechanical properties peculinr to polymerie bodies, but
went on to establish the relationships between their mechanieal properties and the
hasie characteristies of macromolecules,

These characteristies are:  size of macromolecules (ie, their degree of poly-
merization or moleenlar weight), flexibility (ie, segment size), and the characteristics
of intermolecular internction.  Establishment of the relationships between these charue-
teristies and the mechanical properties gave an insight into the reasons for the appear-
ance of any particular properties, and thus made it possible to lind ways of synthesizing
new polymers of desired properties,

The theory of the mechanical properties of polymeric bodies was based on two
nuin premises:

1. Deformations of the polymer depend wholly on the behavior of its maero-
molecules, reversible deformations being due to changes in conformations of the macero-
molecules, and irreversible deformations, to their displacement.

2. Isotropic amorphous polymeric bodies are homogeneous bodies consisting of
randomly arranged macromolecules, isotropic crystalline polymeric bodies being re-
garded as the result of ordering of small regions of these bodies into microerystals.

It was considered that the macromolecules pass through several such ervstalline
regions and unordered (amorphous) regions separating them (see also CRYSTALLINITY).
The anisotropy of polvmerie bodies was attributed to straightening and orientation
of their macromolecules. The homogeneity of polvmeric bodies was taken for granted.

The first polymeric bodies whose mechanical properties rapidly became an object
of study were amorphous synthetic rubbers, the structures of which corresponded
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more than those of other polvmers to the basiec premises mentioned above, However,
as the sphere of polymeric objects expanded, various complications began to arise.
It was especially difficult to reconcile such simplified ideas of the strueture of a poly-
meric body with the mechanical properties observed in ervstalline polymers.  The dis-
covery of supermolecular structures (see wlso Morrnonoay) in amorphous and erys-
talline polymers (25-31,80,81) showed that the basie premises concerning the struc-
ture of polymeric bodies, which had previously scemed seli-evident., were no more than
a first approximation which could serve only in the simplest cases.  This marks the
beginning of the second stage ot development in the theory of the relationships between
the mechanical properties of polymerie bodies and their structure. At this stage the
theory was based on the following premises:

1. All polymerie bodies, whether isotropic or anisotropie, liquid or solid. amorphous
or crystalline, contain supermolecular formations of different degrees ol complexity
and of different sizes. Their existence makes it impossible to consider polymeric bodies
homogeneous or even continuous in some cases.

2. The deformations of a body and its mechanical properties are governed by the
specific forms of its supermolecular formations and their properties, which in their
turn depend both on their own characteristics (structure and size of the supermolecular
formation, ties between these formations, ete) and on macromolecular characteristics
(size of the macromolecules, their flexibility, and their chemical composition, the latter
determining their intermolecular interactions).

Thus, at this stage, polymeric bodies were in some cases regarded as continuous
and homogeneous, and in others, as heterogencous and rather even as microcon-
structions. Closest to the first group were polymer solutions and melts, and to the
second group, crystalline polymers.

The second, modern stage in the theory of the mechanical properties of polymeric
bodies features very rapid progress in both experimental and theoretical investigations,
and in separation of the structural mechanics of polymers into an independent division
of polymer mechanics.

History of Concepts. The rise of the ideas of ordering in the arrangements of
macromolecules and of the supermolecular structure of polymeric bodies has a rather
instructive history, knowledge of which is indispensable to an understanding of the
highly contradictory views encountered at present in the literature.

It has long been known that the molecules of any condensed system ( liquid or
solid) are never arranged entirely at random. Owing to intermolecular interaction
some order always appears in the mutual arrangement of the molecules, resulting in a
correspondingly more compact packing. In the case of liquids this very imperfect
order covers a distance of only a few molecular layers (so-called near order), ie, the
mutual arrangements of the molecules are correlated only over small distances. Butin
crystalline bodies the order covers indefinitely long distances (so-called long-range
order) and manifests itself in the existence of relatively perfect three-dimensional
crystal lattices. It is quite obvious that these ideas, developed for low-molecular-
weight bodies, had to be reviewed critically before they could be applied to polymers.

The first ideas of the structure of polymeric bodies arose as a result of the discovery
of the chain structure and large size of their molecules. These specific features of
macromolecules, an inevitable consequence of which is the grenter or lesser flexibility
of the macromolecules, as well as the circumstance that all polymers (except for a few
natural ones) are always polvdisperse, ie, constitute a mixture of macromolecules of
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different length, resulted in rejection of the ideas attributing any substantial orvder to
polymeric bodies.

It seemed quite sell-evident that no struetures anvw here near perfeet. could form
from immense filament-like macromoleenles of varyving shapes and sizes. On the eon-
trary, it was naturad to assume that such macromolecules would get entangled at ran-
dom with one another and form a sort of moleculr matting. It would scem that an
amorphous polvmerie body of such u strueture should possess mechanical properties
zoverned by deformations of the entangled interacting flexible macromolecules.

The discovery of ervstallization in polymers and of the fact that ervstallization
(eg, of natural rubber) is o first-order phase transition had no substantial effeet on the

Fig. 36. CGenerally accepted scheme of the structure of a crystalline polymer.

development of the ideas of the relationships between the mechanical properties of
polymeric bodies and their structure.  Since x-ray investigations of erystallizing poly-
mers revealed that the size of the crystal in polymeric bodies was very small, much
smaller even than the length of individual macromolecules, it was assumed that ervstal-
lization oceurs only in the regions of local ordering of the chain macromolecules, ie,
only where they were arranged approximately parallel to one another. Sce ko
CRYSTALLINITY; ININETICS OF CRYSTALLIZATION.

It seemed natural that individual macromolecules should pass through a number
of such crystalline regions, separated by unordered, ie, amorphous regions. Schematic
representations of crystalline polymeric bodies (Iig. 36) often encountered in the lit-
erature correspond to this conception. Here the erystalline polymeric body is inevitably
regarded as a two-phase system; the solid phase (microcervstals) is essentiallv not de-
formed by mechanical influences, since it consists of particles, as it were, of an
active filler of the amorphous phase, particles which link the separate macromolecules
very strongly to each other. It is elear that with such an approach the mechanieal
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properties, for instance. the modulus of elasticity, should be governed by the content
of the erystalline phase, i, by what is known as the degree of erystallinity.

It secemed that it would be enough to determine only the degree of erystallinity
to assess the extent to which the properties of a partly crystallized polymer differ
from the properties of the same polymer in the fully amorphous state.  In all the
papers of this period the degree of erystallinity was the only structural charncteristic
of such polymers. This characteristie, determined by various methods (from density,
optical data. x-ray scattering data, spectral data), despite its conventionality, which
will be discussed below, was still found sufficient for weakly crystallizing polymers,
ey, for rubbers. and for erystalline polymers at temperatures close to their melting
points.

Subsequently. it gradually beeame elear that the actual strueture ol polyweric
hodies is considerably more complex than initially supposed.

e

Fig. 37. Development of a crack along spherulite boundaries (119).

It was discovered (25-31) that erystallizing polymers are eapable of forming very
perfect structures, even unit erystals with regular external faces. as well as less perfeet
structural forms, ie, spherulites, which are aggregates of crystalline fibrils grown from
4 common center or nucleus. The size of these formations may be fuirly large (single
crystals may measure tenths of a millimeter. and spherulites, up to several milli-
meters). The most common struetures (eg, those of polyolefins. polyvamides, and poly-
esters) are spherulite structures consisting of individual spherulites and thelr aggregates
(80,82) in the form of ribbons orsheets. Inmost cases, spherulites are from tenths of
micron to several dozen microns in size, and possess distinet boundaries along which
eracks often form (Fig. 37). Spherulites and their aggregates. ine most eases. become
readily visible under an optical microscope (the surface of the polvmerie body being
prepared in the saume way as the surface of metals, i, it is obtained by feneturing in the
brittle state or by eutting and etehing with a poor solvent).  (Theories of erystal forma-
tion, including ¢hain folding, the fringed-micelle model. reentry folding. order distri-
bution, ete, are discussed in CrysTanuiNiry. See also MORPHOLOGY.)
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(a) (b)

Fig. 38. Dependence of supermolecular structure of isotactic crystalline polypropylene on the condi-
tions of crystallization; heating time of the melt at 180°C is 5 see for (a) and 60 sec for (b) (92).

Investigation of the structure of polvmeric bodies under the electron microscope
has revealed many simpler or underdeveloped forms of ordering of macromolecules
existing alongside and simultancously with the structural forms just described. (Sce
also ISLECTRON MICROSCOPY.)

Crystal Structures. Naturally, the coexistence in the same body of super-
molecular siructural elements of different types and sizes substantially affects its
mechanical properties. Since the development of particular forms of supermolecular
structure and the sizes of the individual elements depend on the conditions of erys-
tallization (the temperature prehistory of the melt before crystallization and the con-
ditions of crystallization proper), the mechanical properties of the erystallized poly-
meric body also depend essentially on the conditions of crystallization (Figs. 38—41).

All this indicates clearly that the crystalline state of a polymeric body cannot be
characterized fully enough by the degree of erystallinity as the only parameter. Not
only the relative quantity of ordered and unordered polymeric substance is important,
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Fig. 39. Stress-strain dingrams of the specimens from Figures 38a and 38b (curves I and 2, respec-
uvely) (92).
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(e) (d)

Fig. 40. Dependence of supermolecular structure of gutta percha on conditions of crystalliza-
tion: (a) ervstallized from melts (compression temperature 150°C): (b) ervstullized from CClL
solution (solvent evaporated during 48 hr at 20°C, then during 4 hr at 70°C); (e) erystallized {rom
benzene solution (solvent evaporated during 30 hr at 20°C); (d) crystallized from beunzene solution
(solvent evaporated during 330 hr at 20°C) (92).

but also the types and the relative quantities of the forms of the structures in which
it is ordered.

An essential distinguishing feature of polymeric erystalline bodies is that they
possess a complex structure, the separate elements of which are not macromolecules
but larger intermediate formations.

During the crystallization of low-molecular-weight substances the microcrystal
formed grows as a result of the addition to it of individual molecules, ions, or atoms
(depending on the nature of the erystal), but the crystallization of high-molecular-
weight substances involves the appearance of structural elements, aggregation of
which results consecutively in the formation of more and more complex forms. The
macromolecules combine into the simplest structural formations, packets, usually
containing several tens or hundreds of macromolecules arranged approximately paral-
lel; packets aggregate into larger structural elements, fibrils, or, by bending, into
sheets; fibrils or sheets form spherulites and single crystals; the aggregation of spheru-
lites into ribbons or sheets results in the largest structural formations in polymeric
bodies.
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Fig. 41, Stress-strain dingrams of the specimens from Figures 40a-40d (curves [-4, respectively)
(92).

Thus, the highest structural forms in polvmers are a result of a multistep process
of ordering.

Effects of Deformation. Stepwise crystallization is characteristic only of
polymers and plays a very important part in forming the mechanical propertices of
polymeric bodies. Itach of the structural forms deseribed has its own inherent fea-
tures of deformation. Therefore they deform differently under mechanical influences
and, moreover, are capable of changing into one another. Breakage of the body as a
result of deformation also occurs stepwise, various complex forms of the supermolecu-
lar structure breaking up first, while the body remains outwardly intact. This process
of decay will be more or less profound depending on the conditions of deformation.
Fventually, it will result in complete amorphization of the formerly ervstalline body,
that is, in destruction of the highest forms of ordering, which are not characteristic of
amorphous polymeric bodies. This will oceur only after drastic breakup of the super-
molecular structure.

Breakup of the supermolecular structure as a result of deformation is accompanied
by the simultancous formation of new supermolecular structural elements compatible
with the conditions of deformation. Therefore a crystalline polymeric body may be-
come amorphous during deformation if crystallization is too slow (32.33), but may
remain erystalline, although with struetural elements of other types or other arrange-
ments, if ervstallization oceurs rapidly.

The presence of the simplest forms of supermolecular structure in amorphous
polymers is responsible for the fact that similar, although simpler, stepwise changes
are observed in them during deformations. The principal types of structure in this
connection are globules containing one or several coiled macromolecules, and fibrils.
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On aggregating, the globules form complex clusters (eg, in silicon and fluorinated rub-
bers (83-85), as well as in different glassy polymers (86)), whereas {ibrils give various
dendritic forms, sometimes of surprising size and regularity (57).

The presence in polymeric bodies of a complex supermolecular structure consisting
of particles of different sizes and structures and capable of developing and decaying
stepwise, and the ability of its component particles to change into one another, make
it necessary to regard polymerice bodies as extremely heterogencous; their mechanieal
properties are governed not only by the chemical composition and length of the macro-
molecules, but by the mucroscopic characteristies of the supermolecular structure of
the body as well. Naturally, such characteristics as the particle size of the different
types of elements of the supermolecular structure, their quantitative ratio, the de-
formability and strength of these structural elements, their cohesion with one another,
cte, become very important,

Fig. 42. Neck in polyethylene (120).

Unfortunately, so far, there are no more or less distinet quantitative data in this
importaint and very young branch of the structural mechanies of polymers.  Data are
being aceumulated coneerning the forms of supermolecular structures. the dependence
of the appearance and disintegration of their various forms on external conditions,
the influence of the size and structural type on the clusticity and strength of polymeric
bodies, ete.

Neck Formation. A phenomenon of special interest is neck formation on ex-
tension of crystalline polymeric bodies.  Discovered in the 1930s (88), this phenomenon
clearly could not be explained on the basis of the early simple concepts of the siructure
of polymeric bodies.  Only the advent of the concept of supermolecular structure
made it possible to discover the nature of the neck and to clucidate a number of fea-
tures of the relations between structure and mechanical properties, which are peculiar
to polymers only.
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Fig. 4. Microneck in polypropylene (119).

The formation and development of the neck was described briefly in discussing
the general mechanical properties of crystalline and glassy polymers (see p. 4063).
The structural changes oceurring in the neck and their influence on the mechanieal
properties of polymeric bodies can now be examined in greater detail in the light of
the above review of supermolecular structure,

Figures 42 and 43 illustrate neck appearance in polyethylene and in polypropylene.
The abrupt change in structure and the transition from the nonoriented to the oriented
state can be seen readily. 1t should be pointed out that cases have been obscrved
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where erystalline specimens undergo considerable deformation with no visible neck
formation. However, even in these cases, microscopic investigations reveal micro-
necks (IFig. 44), indicating that the transition to the oriented state is always discon-
tinuous in nature even though it may be imperceptible macroscopically.

That orientation occeurs abruptly during neek formation is supported by x-ruy
diffraction data. Figure 45 is the stress-strain diagram of a crystalline polymer
specimen, showing a general view of the specimen at various stages of extension and the
corresponding schematic x-ray powder patterns. It can distinetly be seen that the speci-
men passes suddenly from the isotropic to the anisotropie (oriented) state at the
moment of neck formation.

This sharp transition is tvpical of highly ervstalline polymers which alter their
mechanical properties as a result of a transition. At the initial stage of deformation

Stress (arbitrary scale)

[\
I\
[\
[ \
\
\ \ .
f \‘ \\'i \\3 Strain (arbitrary scale)

Fig. 45. Stress-strain diagram of a crystalline polymer, showing appearance of specimen and corre-
sponding Debye powder patterns.

the polymer behaves like an elastic solid (high values of elastic moduli; reversible and
small deformations). At stresses below reerystallization stresses such polymeric bodies
are suitable materials for use in rigid constructions. Their properties are characterized
by their recrystallization stress values and elasticity moduli (at definite loading rates
and temperatures).

When the recrystallization stress is reached the polymeric body does not fail, but
forms a neck. The ensuing very large deformations, irreversible at temperatures below
the melting region of the polymer, and the appearance of anisotropy in the extended
part of the polymeric body substantially alter the possibilitics of usage of such ma-
terials.

During the transition to the oriented state strength anisotropy appears: the ma-
terial is found to be much stronger in the direction of extension. This increases the
resistance to crack development and brittle failure, owing to the appearance of a
neck, ie, a strengthened section, at the points of stress conecentration, eg, at the apex of
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the noteh or erack. which stops the development of the defect. This is the reason for
the high resistance of many ervstalline polymeric films to tearing, and of massive -
ticles, to impaet.

The characteristic set of properties related 1o neck formation is naturally dis-
played within a definite temperature interval (see Fig. 17) bounded below by the ap-
pearance of brittleness and above by melting of the polymer.

Thus, neck formation is of great practical importance and has therefore drawn the
attention of investigators for some time.  Charncteristic features of neclk development
greatly resemble those of a phase transition: (1) the appearance of two regions with
sharply differing properties (one isotropic. the other anisotropie) and a distinet bound-
ary line: (b) the discontinuous nature of the change; (¢) preservation of the properties
of each of the regions throughout the entire transition. which oceurs ot a constant
stress value and alters the quantitative ratio between the isotropic aud anisotropic
regions. I'or these reasons it was assumed that the mechanical stress ciused the iso-
tropie crvstalline polvmer to melt, and the melt to beeome oriented and erystallize in
the orientated state.  This reflected amorphization of erystalline polymers on exten-
sion in eases where crystallization took place very slowly. The formation of a second
neck on extension of an already formed neck at right angles to the first extension was
understood similarly.  (The oriented ervstalline polymer melts on extension at right
angles to the direction of orientation; the melt reorients and then reerystallizes in
the dircetion of action of the forees.)

However. neck formation can be observed in glassy polymers. in which such ro-
erystallization was considered impossible. ax well as in ervstalline polymers.

This shows that neck formation should embrace a wider sphere of structural trans-
formations than the transformations due to recrystallization in the usual sense of the
word, ie, destruction and restoration of the crystal lattice in nmicrocrystals. The dis-
covery of supermolecular structures in erystalline and amorphous polvmeric bodies
made it possible to disclose the nature of these structuial transformations: besides
ordinary reerystallization, they also included various steplike discontinuous trans-
formations of different supermolecular struetures into one another.

Special attention should be drawn to the fact that owing to the extreme structural
heterogeneity of polymerie bodies due to their supermolecular strueture, and to the
multiplicity of structural transformations oceurring in them, thermodynamic concepts
must be applied to such systems with great care (89,90). If the main features of
a first-order phase transition can be noticed at the level of crystallization of macro-
molecular packets possessing a crystal lattice, on passing over to larger and more
complex crystal formations the distinet nature of the phase transition gradually dis-
appears in the polymeric body and transitions appear which are characteristic of ¢ol-
loidal systems. in which surface phenomena play the predominant role. Therefore.
such notions as phase, phase transition, and, in particular, crystallization, melting,
and recrystallization, require certain modifications when applied to polymers. In
passing, it may be noted in connection with the existence of supermolecular structures
in amorphous polymers that the coneept “amorphous” also loses its initial meaning.

Thus. neck formation is a vivid illustration of the exceedingly diverse ability of
polymeric bodies to change their structure and properties under external mechanic:l
influences. It is remarkable that the processes of structure formation in polymers are
so developed that in some cases extension results not only in breakup of the structural
clements into smaller ones. but simultancously in growth of some of the structural
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clements, for instance, the spherulites (91,92). [t is quite evident that when deforma-
tion is accompanied by profound structural transformations the polymerie body
possesses a different structure at the moment of its failure than it had in its initial
state. Since the entire complex of mechanical properties is related to the structure of
the body, no direct relationship can exist between the properties of the polymer at
large deformations and its initial structure.  This is one of the characteristies dis-
tinguishing polymeric bodies from other solids.

Range of Structural Changes. Naturally, the above discussion refers 1o
temperatures at which mobility of the structure is possible owing to molecular mot ion.
At very low temperatures, when such mobility is out of the question, mobility of
another type may appear.  Au example is the slow deformation of polypropylene with
well-formed large spherulites at temperatures down 10 that of liquid nitrogen (93)
(sce also CryoGENIC PROPERTIES). The large deformations oceurring in this case may
be due simply to displacement of comparatively large supermolecular formations,
fibrils in this case, without any change in internal structure.  (Evidence of this is the
fact that x-ray powder patterns of such specimens remain unchanged even though
the latter are extended to an extent of 100-1209%.) The deformation of the material
is conneeted with the displacement of large unchanging structural blocks which remain
isotropie during the deformation.

Thus, during the deformation of polymeric bodies two extreme types of phenomena
can be distinguished. One is the rubbery deformation of elastomers whose supermolecu-
lar structure is the least pronounced, and whose mechanical propertics therefore de-
pend most heavily on the properties of the flexible macromolecules themselves.  The
other extreme case is the deformation of erystalline polymers at very low temperatures
when the mechanical properties depend only on the displacements of the large elements
of the supermolecular structure. In the latter case, the polvmerie body approaches
metallic bodies in behavior, though it preserves a number of specifie features (for
example. its characteristic fibrillar structure due to the chain struceture of its macro-
molecules).

All other manifestations of mechanical properties related to changes in macro-
molecular conformation, reconstitution of all types of supermolecular strueture, and
deformation of the structural clements themselves, lic between these two extremes
(92,94,95).

Basic Structural Forms. The great diversity and mobility of st ructural forms
in polymeric bodies makes it necessary to develop the taxonomy of these forms and the
corresponding terminology (nonexistent as yet) and to establish the relationships be-
tween the main types of structures and the corresponding mechanical properties.

Although very little has been done so far in this field, some basie structural types
can already be outlined and the most important mechanical properties of polymeric
bodies can be related to then.

The simplest type of supermolecular structure is the globular type. Any polymer
whose macromolecules are sufficiently flexible can be obtained in a globular structure
which will be stable or unstable depending on the temperature. Polymeric amorphous
bodies possessing globular structure lose all characteristic features that can be traced
to the flexibility of their macromolecules (provided, of course, their globules do not
straighten during deformation); they prove to be brittle, solid muaterials (eg, phenol-
formaldehyde resins) or very weak rubbers (in this ease, however, the globules may
uncoil partly). But if deformation involves a structure transformation, the globular
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structure changing, for example, to a fibrillar one, the complex of meehanieal prop-
erties also improves substantially.

Thus, when considering the influence of the structure of polvmerie bodies on their
mechanical properties two cases should always be distinguished: either the structure
is preserved until the body fails completely, or structural transformations oceur during
the deformation.

Another characteristic type of supermolecular strueture is the JSibrillar type.
Polymeric bodies with fibrillar structure are always more deformable and stronger
than polymerie bodies of the sume composition and moleeulir build, but of globular
structure (86).  In the case of erystallizing polymers of fibrillar structure a large num-
ber of more complex struetural forms appear with corresponding complexes of proper-
ties (sce also I'iBERs).

The next type of supermolecular formations is the lamellar tvpe.  As in the case
of the fibrillar type sheets aggregate into a diversity of more complex structural forms.
Polymers of sheet strueture also possess a better complex of properties than do poly-
mers of globular strueture.

(a) (b)

Fig. 46. Effect of adding artificial nucleating agents to a polymer on its supermolecular structure:
(a) polypropylene without nucleating agents: (b) polypropylene with 19 indigo (29,98).

Finally, it will be useful to discuss in greater detail the most common type of su-
permolecular structure in erystalline polymers, the spherulite type.

The smaller the spherulite, the more uniformly are the mechanical stresses dis-
tributed, and the more the behavior of the polymeric body approaches that of a
homogeneous body. This is why such bodies can withstand fairly high stresses before
they fail, and develop a neck, ie. change their spherulitic isotropie structure into an ori-
ented anisotropic structure. I‘or this reason, specimens of such bodies fail at larger
ultimate elongations and under considerable stresses.

But if the spherulites are large, interfaces appear between them, which may be
as large as cracks. Here, failure develops readily and the body suffers brittle rupture
at small elongations and comparatively low stresses. (Of importance in the origin of
mechanical properties are not only the size of the spherulites, but also their inner struc-
ture and the presence of coexisting structural formations. This accounts for the nu-
merous exceptions to this rule.) Therefore, spherulite growth, which may oceur
during storage or usage of polymer articles, is very dangerous to the stability of
property values.
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There arc & number of methods of preventing these phenomena, consisting of
inhibiting the growth of large structural formations, both during the manufacture of
the article and during its storage and use.

Among these methods are the int roduetion of snull amounts of for
which actively influence structure formation (29, 96-98), the introduetion of surface-
active substances (99), and chemical modifieations of the macromolecules, in particular,
grafting of other polymers (100,101).

eign particles

200 | 1
/_\/2
160 |- ﬂ _
L 120 =
€
o
E;
w
e
&
go H i
40+ -
0 ! |
0 200 400 600
Strain, %

Fig. 47. Stress-strain dingram of the specimens from Figures 46a and 46b (eurves I and 2, respec-
tively) (29,95).

To exemplify the influence of artificial nucleating agents on the crystallization of
polymers, photomicrographs of various struetures of a polymer obtained in the presence
and in the absence of nueleating agents are given in Figure 46, and the corresponding
stress—strain diagrams in Figure 47 (29,98). It can readily be seen that the introduc-
tion of nucleating agents substantially changes the supermolecular structure of the
polymer, making it finer and accordingly improving the mechanical properties of the
polymer. It should also be pointed out that the presence of nueleating agents has an
important influence on the stability of the resulting supermolecular structures.
Though remelted repeatedly, the type of supermolecular structure of such a polymer
remains almost unchanged, whereas without nucleating agents remelting of the poly-
mer coarsens its structure (Fig. 48) (98).
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(¢) (d)

Fig. 48. Fflect of adding nucleating agents on the stability of the supermolecular structure in
remelting cryvstulline polypropylene: (a) initial crystailine polypropylene; (b) the saume poly-
propylene as in (a) but remelted three times at 210°C; (e) polypropylene crvstallized in the presence
ol 1% of finely dispersed indigo particles; (d) the same polypropylene as in (e) but remelted three
times at 210°C (93),

In concluding the diseussion of the supermolecular strueture of polymers and its
influence on their mechanical properties it should be pointed out that during the past
decade concepts of the structure of polymeric bodies have been extended considerably.
It is now obvious that the entire diversity of mechanical properties of various classes
of polymers cannot be deseribed and predicted only on the basis of the erude ideas of
polymers as amorphous (rubbery, glassy, and viscofluid) homogeneous bodies, or as
two-phase amorphocrystalline bodies. The entire diversity of forms of supermolecular
structure observed in polymeric bodies must be taken into account; polymers must be
regarded as heterogeneous bodies whose properties are determined by the characteristices
of their supermolecular structure and its transformations during deformation, rather
than only by the flexibility and molecular weight of their macromolecules.

Mechanochemical Phenomena and Related Mechanical Properties

Besides structural transformations due to changes in mutual arrangement of
flexible macromolecules there is an extensive range of structural changes which are
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due to chemieal transformations of macromoleeules.  These ehanges in the structure
of u polymeric body may naturally have a substantial effeet on its mechanieal proper-
fies. For example, as aresult of various oxidative processes, “he development of which
may be aceelerated pereeptibly by the action of light, heat, ozone, cte, a polymer may
lose ifs initial set. of properties entirely and become quite useless.  The oceurrence of
other chemical reactions resulting in degradation, in crosslinking, or in a change in
chemical structure will have similar consequences. All the phenomena mentioned.
known as aging of polymers, ean be retarded by means of various small additions of
«uhstances which inhibit these processes, and more or less improve the cfficiency of the
polymeric articles (see also DEGRADATION).

Tt should be noted that such processes of chemical change of macromolecules may
he sensitive to mechanical stresses.  For example, stretehed elastomers age at b rate
different from that of unstretehed elastomers. This is due to the fact that nechanically
ctressed valence bonds react more readily with oxygen or ozone than do unstressed
bonds. ie, the mechanieal stress lowers the energy of activation of these oxidative
processes (102,103). Therefore chemical processes altering the structure of macro-
moleeules. which do not oceur in a polymer in the absence of mechanical influences,
may become perceptible in stressed polymeric bodies.

It is natural to eall chemical processes initiated by mechanieal influences mechano-
chemieal processes.  They should not be confused with mechanochemical phenomena
(110) that are changes in mechanieal properties due to changes in the chemical proper-
ties of the environment of the polvmeric body, eg, the reversible contraction and elonga-
tion of certain polymeric fibers due to changes in pH of the medium. It would be
more correct to call the latter “*chemomechanical” phenomena.

The effect of mechanical stresses on the chemical strueture of a polymer has also
proved very important in the case where no chemieal changes of the macromolecules
oceur at all at first glance (104-109). It has been shown that rupture of macromole-
cules at a chemiceal bond, eg. at a C-C bond, may be duenotonly to the action of quanta
of sufficiently powerful radiations, chemically active atoms. ete, but also to deforma-
tion.

As a result of such a purely mechanical rupture of a bond. free maeroradicals ap-
pear possessing very high chemical activity and capable of initiating various chain
processes, the nature of which depends naturally on the chemieal structure and compo-
sition of the polymeric substance.

Thus, mechanical action causes chemical changes in the polymeric substances,
notably degradation of macromolecules, appearance or enhancement of macromolecular
branching, crosslinking, etc.

Fatigue. It is quite clear that such changes in structure should exert a percepti-
ble influence on mechanical properties, this being displayed as a number of effects.

These include fatiguing of polymeric bodies due to repeated deformations, since a
polymer is capable of withstanding a large number of deformation cyecles without any
perceptible change in mechanical properties, but fails suddenly at the end. It is quite
obvious that each deformation evele should cause certain practically imperceptible
changes in strueture, because if this were not so the condition of the polymeric bodv
would not differ in any way from its initial state after any number of deformation
cyeles, and no failure would oceur. It would seem that the accunwlation of barely
perceptible structural changes should result in a gradual change in the properties of
the body, including its mechanical propertics. Iowever. it has been found that in
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many cases stich changes hardly oceur, and even the fragments of the broken body
possess almost the same me: nanical characteristies exeept for one, namely, the ability
to resist repeated deformations.  Such fragments ean withstand fower deformation
eycles than the initial body, ie. their endurance is lower.

The explanation of the mechanism of fatiguing of polymeric bodies follows from
an examination of mechanochemical phenomena (104-106,109). A certain number of
macromolecules are ruptured during each deformation cvele;  the macroradieals
formed perish on interacting with the molecules of the inhibitors always present in any
polymer, as well as on interacting with one another. or for other reasons. Therefore,
the mechanical rupturesof macromolecules during the first eveles of deformation do not
result in the development of chain processes and do not essent inlly change the strueture
of the polymer.  However. as time passes. and the deformation cyveles are repeated
again and again, the inhibiting substances are gradually exhausted. Since the number
of ruptures of macromolecules depends on the stress values. ie, on the amplitude of
deformation. the inhibitors will be entirely exhausted sooner or later in some region
which has been subject to greater mechanieal action owing to the nonuniform distri-
bution of stresses, or is impoverished in inhibiting substances owing to their nonuni-
form distribution: the newly formed free macroradieals then prove capable of initi-
ating chemical chain processes. This results very quickly in an essentially loeal change
of structure and a corresponding change in mechanical properties. The consequent
heterogeneity of structure and propertics of the polymerie body easily leads to the
formation of a microcrack.

The microerack grows rapidly (owing to the overstresses at its edges) and ends in
breakage of the repeatedly deformed body. The structure and properties of the re-
sulting fragments differ little from those of the initial bady, but they contain fewer
inhibiting substances, ie, their fatigue resistance is lower.

Thus, the mechanochemieal nature of fatiguing of polymers should be taken into
account. when manufacturing articles intended for operation under prolonged evelic
mechanical influences.  The polymer fashioned into such articles should contain as
large quantities as possible of substances inhibiting chain processes, and the articles
should be designed with allowance for maximum reduction of the stresses arising in
them.

Chemical Flow. Another very important example of a mechanochemical process
is chemical flow (111-113). At sufficiently high shear stresses and simultancous vol-
ume compression, fluidity may develop in a polvmer which is ordinarily incapable of
flowing, eg, in a spatially crosslinked polymeric body. Chemical flow is due to mo-
chanical breakup of the macromolecular spatial network into free macroradicals capable
of being displaced. If the stresses are applied quickly, as by impact, the resulting
macromolecular fragments can shift under the action of the same stresses and react
with one another in their new positions, combining into a new spatially ecrosslinked
svstem, not differing in structure, on the average, from the initial one, but, resulting
in a different external shape of the body (see also Inpact RESISTANCE). Naturally,
the more difficult is the ordinary flow due to displacement of the macromolecules, the
more pronounced the ehemieal flow will be. It is thus the only possible kind of flow for
spatially erosslinked polymers, although it may also oceur in linear polymers, especially
at low temperatures and under drastic conditions of treatment.

Polymer Processing. The mechanochemical processes occurring during the
manufacturing of polymers into articles must be taken into account. On the one
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hand, the consumption of inhibiting substances due to the formation of free ma

cals may be so considerable that their quantity is insufficient to protect the

article properly from aging or to impart to it the necessary resistance (o repe
formations. On the other hand, the formation of free macroradicals during processing
makes the polymer chemically active and may result in a change in its chemical strue-
ture, and hence in its mechanieal properties. In particular, the well-known method of
obtaining block copolymers by mechanical action of a mixture of two polymers or a
polymer and a monomer (114) is based precisely on the possibility of initiating cheni-
cal reactions by applying strong mechauienl forees 1o the polymer (sce also BLock
AND GRAFT COPOLYMERS).

Strength and Life Time. The substantial influence of mechanochemical
phenomena on mechanical properties of polymers shows that it is fundamentally
necessary 1o take into account the chemical properties of the polymer when discussing
the mechanical properties of polymeric bodies.

An especially important mechanical property is strength. It was thought formerly
that there exists a definite eritical stress value (eg, on uniaxial tension) at which the
deformed body instantancously breaks. Many handbooks give the strength values of
different materials determined in one way or another (see Test meETHODS). However,
it appears that failure of o body is not an instantancous act, but a complex process
which develops in time (115-118) (see also Fracrere). It was found, morcover, that
a definite rate of the failure process corresponds to each stress value, and therefore
breakage of the body will oceur after a definite time at any given constant stress value.
Thus. no eritieal stress value can be indieated separating smaller stresses at which the
body does not fail from larger ones at which the body fails instantancously.  Instead of
the strength expressed 2 the value of such o nonexistent. as it turns out, critieal stress,
it is necessary to indicate the “life time,” ic, the length of time during which a body
kept at a constant stress will remain intact. Naturally. such a stressed body will
exhibit ereep, ie, will gradually become longer (see also p. 471). This involves complex
processes of rearrangement of the various levels of the supermolecular structure of the
body, and mechanochemical processes as well.  In the end failure occurs.

As a result of detailed investigations of the life time. (s, T), at various stresses,
o, and temperatures, it was established (115-117) that the following relationship
exists, applicable to all polymerice solids
7(0;T) = yygt P RY (¢ = const) (H2)

where 7' is absolute temperature, R is the gas constant, and Uy, 7, and 7 are constants.

Table 1. Activation Energies of Degradation Processes

[ -Drn H'h
Polymer keal/mole keal /mole

poly(vinyl chloride) 35
polystyrene 54
poly(methyl methacrylate) 4
polypropylene ETH 3H-08
polytetrafluoroethylene 5 T6-50
nylon-6 45 43

“ From mechanical data.
* From thermal degradation data.



