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- This article deals with the mechanical properties of plasties, raw and cured

ey elustomers. polymeric {ibers and films, and other materials made of polymers. Mechan-

. ical properties are the totality of properties determining the response of bodies to
external mechanical influences, manifested in the ability of the bodies to develop

viles reversible and irreversible deformations and to resist failure.
_— The basic characteristics of the mechanieal properties of solids wre usually deter-
wstie mined by tests resulting in various deformation-vs-stress dependencies. such as
s stress—strain diagrams. Ixamination of such dependencies readily brings out charac-
T teristics of elasticity, plasticity, and strength (expressed as eluasticity modulus. limit
il of proportionality, elastic limit, ultimate strength, resistance to failure, ete). The
Al mechanical properties of liquids are assessed by studying the dependence of the rate
Hon of strain on the stress applied. One of the most common mechanical characteristics
-|:-rI: determined in this way is viscosity.

- However, all these characteristies are insufficient to deseribe polymerie bodies
owing to the speeific mechanical properties peculiar to these materials.  The most
important of these properties are: (a) hizhly pronounced mechanical relaxation
processes (stress relaxation, creep, hysteresis, ete), owing to which the mechanical
properties of polvmers depend strongly on the temperature: (b) ability to develop
enormous reversible deformations (that eaused by axial tension. for instance. muy be

_ as high as SGYC[:&I hlumlrcd pc.rceut), this ability h.(.‘im: the most pronounced in cilu.‘s-
tomers; (¢) intimate connection between mechanical and chemical processes, which

L alfeet cach other substantially.

Closely related diseussions arc to be found under Anprasion rREsISTANCE; DEFOR-
MaTION; I'ractune; HarpNEss; IMPACT RESISTANCE; REINFORCEMENT; TEST
METHODS; VISCOELASTICITY. Sec also ANNEALING: CRYSTALLINITY: MORPHOLOGY;
fng, OriExTaTionN. Values of properties of individual polymers are listed in their respective
articles; see also BLOCK AND GRAFT COPOLYMERS; ISLASTOMERS, SYNTHETIC; FIBERS;
5 PoLyBLENDS.
ISI8= “

Thermomechanical Characteristics of Polyvmers in

Different Physical States

To bring out the peculiar features of the mechanical properties of polymers if is
necessary to study. apart from stress-strain diagrams (or diagrams of stress vs deforma-
tion rate in the ease of liquids). the temperature dependence of the strains or stresses
arising under given conditions of mechanical influence. Indeed. even stress—-strain
diagrams should be determined for various temperatures, covering as wide a range as
possible. '

The study of the temperature dependencies of the mechanical properties of
polymers makes it possible to outline a number of physical states which differ substan-
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Fig. 1. Thermomechanical curve of a linear amorphous polvmer.  Stress and duration of application
of stress are constant.  Symbols are discussed in the text.

tially from one another in mechanical characteristics. Tt will thercfore be uscful to
begin by discussing these states.

Polymers may be in the amorphous or in the erystalline state. Fxamples of
amorphous poly mers are polyisobutylene, uncured and cured elastomers under ordinary
conditions, atactic poly (methyl methacrylate), atactic polystyrene and other glassy
polymers. and very viscous polymeric resins. Examples of erystalline polymers are
polyethylene, isotactic polypropylene, gutta percha, and polyamides and polyesters
with regular structure, eg, nylon or poly(ethylene terephthalate).

Despite the pronounced diversity of mechanical properties of these and other
polymeric bodies, they readily lend themselves to classification.  The thermomechani-
cal method of investigation (1.2) is especially convenient for this purposo.

This method consists essentially of determining the temperature dependence of
the deformation caused by the action of a constant stress under given temperature—
time conditions. The usual practice is to measure, every 3-5 min, the axial compres-
sion strain caused by a practically constant axial compressing stress acting for a short
period (eg, 10 see); the measurement is earried out with uniformly rising temperaiure
(1-3°/min) beginning at a sufiiciently low temperature of about —150°C and going
up Lo a temperature of about 300-400°C or more, if necessarv. The results of these
measurements are then plotted as deformation-vs-temperature graphs known uas
thermomechanical curves. Some characteristic types of thermomechanical curves
are shown in Figures 1-3.

A related approach is offered by dynamic mechanical testing over a temperature
range; this is discussed in the article on TEST METHODS.

Amorphous Polymers. The thermomechanical curve in Iigure 1 is typical of a
linear polymer which is amorphous at all temperatures, such as polyisobutylenc.
In this case the thermomechanical curve gives an idea of the temperature regions
wherein the amorphous polymer exists in the glassy, rubbery (highly elastie), and
viscofluid states. The glassy state corresponds 1o the low-temperature region to the




tion

| to

ure

of &
ne,
ms
umnd
the

Vol. 8 Mechanical Properties 447

loft of the first rise on the thermomechanical curve. At these temperatures the de-
formability of the body is so low that on the seale used the curve merges completely
with the abscissa axis.  The rubbery state occupies the femperature region between
the first and second rises of the ther momechanical curve. At these temperatures the
polymer can develop high reversible deformations which reach their limit (under the
given conditions of force action) at a distinet plateau. The viscofluid state exists in
the temperature region to the right of the almost horizontal plateau up to the tem-
perature of thermal degradation of the polymer. The characterist ic featurc of the
viscofluid state is the development of indefinitely high irreversible deformatiops.

Attention should be drawn to the fact that no definite temperatures can be named
for the transitions from one state to another. This is because the different physical
states of amorphous polymers are due to differences in the mobilities both of the
macromolecules as a whole and of their segments. which are capable of moving relative
to one another in consequence of the flexibility of chain macromolecules.  In the glassy
state neither the macromolecules nor their seements can alter their relative mrange-
ment under the action of thermal movement alone. (The energy of interaction of the
segments, and. even more o, of the macromolecules, is much higher than the energy of
thermal movement.) In the rubbery state the energy of thermal movement becomes
sufficient to overcome the forces of interaction between segments, but is too low to
overcome the interaction between macromolecules as a whole.  Therefore, individual
sezments are displaced and the coiled maeromolecules are able to straighten out under
the action of external forces and coil up again under the action of their thermal move-
ment after the external forces are removed. These changes in conformations of
the macromolecules arc observed as the large reversible (highly clastic) deformations
characteristic of rubbery polymers (rubberlike elasticity). Naturally, a definite
period of time is required for such deformations to develop, and the more intense the
thermal movement, ic, the higher the temperature, the shorter is this time period.
Since each point of the thermomechanical eurve represents the same force acting
through the same duration of time, the deformation increases with the temperature and
reaches a maximum at the beginning of the plateau at which the temperature is so high
that the deformation can develop fully in the course of the time interval accepted as
standard for the measurement in question.

In prineciple, it may be expected that irreversible displacement of macromolecules
also oceurs in the rubbery state as a result of random movement of their segments
under the action of the axial stress. However, owing to the very great length of the
macromolecules, irreversible deformations oceur practically only at the higher temper-
atures corresponding to the second rise of the thermomechanical curve. Therefore.
in the viscofluid state both the segments and the macromolecules as a whole are
displaced, resulting in the simultaneous development of irreversible and reversible
deformations manifested as the rubber elasticity of the fluid polymer flow (3,4).
This very essential feature of the mechanical properties of liquid polymers (melts and
solutions) determines a number of important effects (see also I'LOW BIREFRINGENCE;
MELT viscosiTY; SoLuTioN PROPERTIES) and is responsible for the great ability of
polymers to form fibers and films under isothermal conditions.

Thus, the three physical states of amorphous linear polymers. registered distinctly
by means of thermomechamc.li curves, characterize the internal mobility of polymeric
bodma, whleh increases contmuously with rising temperatures. It is clear that the
“transitions from one of these states to another have nothing in common with phase
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transitions, which involve a discontinuity in properties. That is why transition tem-
perature ranges are observed rather than transition temperatures. [t must be noted
at this point that the widespread opinion regarding the transition from the glassy to
the rubbery state as a “second-order phase transition” (5) is erroncous beeause it
is not a thermodynamic transition.

Transition Temperatures. It follows. moreover. from the above considerations
that the lgcation of the region of transition from the glassy into the rubbery state
(and from the rubbery to the viscofluid state) on the temperature axis depends on the
duration of time of stress selected as standard for the measurements.  Obviously, the
longer the stress acts, the larger will be the deformation developed. and the lower the
temperature region in which the transition occurs. Thus. transitions from one state
to another are pronouncedly kinetie in nature. It should be pointed out that tempera-
ture regions of transitions from one physical state to another are wsually about 20 or
30°C wide, but in the ease of polymers with sufficiently rigid macromolecules they
may sometimes expand to hundreds of degrees (see also I'RacTURE).

These important transitions eame to be characterized by the glass-transition and
flow temperatures, which are rather conventional values. Unfortunately, so far no one
has drawn attention to the desirability of simultancously characterizing the width of
the transition region. The values accepted as the glass-transition temperature,
T,, and the flow temperature, Ty are temperatures lying within the corresponding
transition range and determined by some stipulated principle. I‘or example, a tangent
may be drawn to the ascending branch of the curve in the region of the transition from
one state to the other. asis shown by the sloping dashed lines in Iigure 1. The temper-
atures corresponding to the intersection of these lines with the abseissa axis (77," and
T,") are considered the glass-transition and the flow temperatures. However, other
procedures of determining these conventional temperatures are in use: A certain
deformation value, ¢*, as small as possible. but easily determined, is selected; the
temperature at which the deformation on the thermomechanieal curve reaches the
selected value is then considered the glass-transition temperature. (In Figure 1 this
corresponds to the intersection between the lower horizontal dashed line and the
thermomechanical curve at the temperature 7°,’".) This temperature is analogous to
the “heat distortion temperature’” (5a) but differs from it in being measured under
other conditions, primariiy under other time conditions. Likewise. the flow tempera-
ture is determined as the temperature at which the thermomechanical curve rises
above its plateau by a deformation value of e¥. (In Tigure 1 this temperature cor-
responds to the intersection between the upper horizontal line and the thermomechani-
cal curve at the point on the abseissa 7',/"’.) There are other procedures of determining
conventional transition temperatures, one of which is estimation of the glass-transi-
tion temperature by the point of inflection of the thermomechanical curve (7,"").
The glass-transition temperature may also be determined as the point at which the
thermal expansion coeflicient undergoes a discontinuity (5b). See also Grass TRANSI-
TION.

When considering published values of flow and glass-transition temperatures for
various polymers it is always necessary to take into account the convention adopted
by the author in defining these points, and the time conditions of the measurements,
as these factors may affeet the resulting transition temperature values substantially.
Unfortunately, in many cases, no attention is paid to this in either thermomechanical
or other methods of measurement. and therefore glass-transition and flow temperature
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Fig. 2. Thermomechanical curves of various types of polymers: [ and 2, amorphous polymers;
and 4, erystalline polymers; 4 and #, supercooled eryvstalline polymers,

data given in publieations are, as a rule. of no definite sense and can therefore be used
only conventionally.

Types of Curves. Reverting to a consideration of types of thermomechanical
curves, Figure 2 will be seen to contain four such curves for amorphous and crys-
talline polyvmers. Curves [ and 2 are typical of linear amorphons polymers. but
differ substantially in arrangement on the temperature scale.  An examination
of these curves reveals that the region of the rubbery state of the polymer corre-
sponding to curve I/ covers the entire range of low and slightly elevated tempera-
tures usually encountered. whereas the polymer corresponding to curve 2 is in the
olassy state at those temperatures.  Therefore, a mere glanee at these thermomechani-
cal curves is enough to conclude that curve [ belongs to a typical clastomer, whereas
curve 2 is that of a polymer which can be used as a hard plastie.  Such an appraisal
is especially important in the synthesis of new polymers. when it is essential to decer-
mine at once the possibilities of application of a newly obtained polymer. Naturally,
the final decision as to the applieability of such a polymer ¢an be made only after a
comprehensive study of all its mechaniceal, physical, and technological properties.
However., the thermomechanienl appraisal immediately makes it possible to outline
the minimum of further investigations necessary.

Attention should be drawn to the faet that in the ease ol an clastomer the glass-
{ransition temperature determines the temperature region below which the polymer
cannot (under the system of influences in question) display clastomeric propertics.
Thus, in this case, the glass-transition temperature can serve as a criterion of the
cold resistance of a rubberlike polymer. On the other hand, the glass-transition
temperature of an amorphous polymer which is a solid at ordinary temperatures
determines the temperature region above which the polymer softens: in the case of
such a polymer the glass-transition temperature is a eriterion of its heat resistance.
It follows from this that the cold resistance or heat resistunce of a polymer has no
absolute value but depends on the conditions of deformation. Thus, rubber, which
deforms quite readily at a certain low temperature when the deformations are slow
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(eg, during the operation of a conveyor belt), will be found to be very rigid and even
brittle at the same temperature if the deformations are rapid (eg. during the operation
of a very cold tire which has not had time to warm up). The same may be said of the
behavior of hard plasties.  With more rapid deformations the plastic will be more heat
resistant. Henee. thermomechanical curves, usually obtained under eonditions of suf-
ficiently prolonged (~10 see) stress action, characterize cold resistance and heat
resistance for low deformation rates, ie, the lowest values of these resistances.

Crystalline Polymers. The thermomechaniceal curves of erystalline polymers
may now be cousidered.  Figure 2 contains two such curves. Curve 3 corresponds to
a crystalline polymer with a melting point of 7', this polymer gives a viscous melt
above this temperature. The effeet of this on the thermomechanical curve is that it
rises abruptly immediately after melting. Curve 4 gives an idea of a polymer which
heeomes 2 rubbery amorphous polymer after melting, causing the appearance on the
thermomechanical eurve of a second almost horizontal plateau which starts just above
the melting point and ends when fluidity appears, ie, in the region characterized by
the flow temperature. 7.

At temperatures below the melting point. 7, the thermomechanical curve of the
crystalline polymer has a relatively unsharp transition to a still harder state when
cooled below the temperature marked 77,. This transition corresponds to a glass
transition of the unordered regions present in any ervystalline polymer.  The less
completely the polymer is ervstallized. the higher the thermomechanical curve rises in
the temperature interval between 7, and 7,,.  Naturally, if a molten polymer is cooled
rapidly to the glassy state it will change into a rubbery body when reheated to a
temperature 7',. The subsequent behavior of such a polvmer speeimen depends on
the rate of its erystallization (see INIxETICS OF crystTaLnizaTioN). 1f the polymer
crystallizes so slowly that the entire thermomechanical curve up to its flow temperature
can be obtained without any signs of erystallization appearing, such a supercooled |
polymer will not differ in any way from an amorphous polymer and its thermomechani-
cal curve will be typical of such polymers. [t will display a transition from the glassy
to the rubbery state in the region of 7. coinciding with the transition of the same
polymer in the ervstalline state, and a transition to the viscofluid state in the region
of 7',. However, two alternatives are possible in the latter case: 77, < 7, (curve 9)
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Fig. 3. Thermomechanical curve of a supercooled polymer rapidly crystallizing on heating
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and T, >T,, (curve ). Curve d depicts the behavior of a supercooled polymer which
has o thermomechanieal curve like curve 3 in the erystalline state.  Curve g corre-
sponds to a supercooled polymer with o thermomechanieal curve like curve 4 in the
crystalline state. This correspondence is quite understandable. beeause in the former
ease melting of the erystalline polvmer results in an amorphous polymer at a tempera-
ture above its flow temperature and, therefore. in the viscofluid state. In the second
case, melting of the erystalline polymer results in an amorphous polymer below its
flow temperature and, therefore, in the rubbery state.

However, if the rate of ervstallization of the supercooled polymer when heat ed
hecomes sufficiently high, the supercooled polymer may begin to crystallize ot a
certain temperature and will erystallize out completely while the thermomechanical
curve is being obtained. Tn this case, its rigidity begins to rise as it erystallizes and
the thermomechanical curve acquires the shape shown in Figure 3. Naturally, the
faster crystallization develops and the slower the specimen is heated during the
thermomechanical measurements, the lower will be the temperature range wherein
deformation decereases with rising temperature.  The extent to which the thermome-
chanical curve drops will naturally be the greater, the more completely erystallization
develops.

Thermal Degradation. Besides the glass-transition, flow, and melting tempera-
tures, there are other important, temperature characteristies which should be included
in a general discussion of the mechanical properties of polymers over a wide range of
temperatures. ‘Two espeeially important ones are the brittle temperature ((v), or
brittle point, 7T, and the thermal degradation temperature, 7',. Since brittleness
is the property causing bodies to break at small deformations. quest jons relating to
this property will be discussed together with the strength characteristies of poly-
mers (p. 446). Regarding thermal degradation. it may be noted that the decomposi-
tion or chemical change of macromolecules alters the main properties of the polymeric
body. Therefore the temperature of thermal degradation is always the upper boundary
of the temperature range wherein the polymer exists and displays any particular sets
of meehanical properties. In thermomechanical investigations of polymers, thermal
dearadation causes either () a sharp rise on the thermomechanical curve, owing to
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Fig. 4. Thermomechanical curves of polymers which degrade on heating; 1, polymer with 7'y > 7
> 7', and T4 shown by T; 2, polymer with T < 7', and 7'y shown by T
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Fig. 5. Thermomechanieal earve of a polymer which becomes crosslinked on heating,

decomposition of the macromolecules into low-molecular-weight substances, resulting
in liquids of low viscosity or even in gascous produets (Fig. 4), or (b) a decrease or
complete loss of deformability, owing to crosslinking and the attendant loss of molecu-
lar mobility. IMigure 5 is a typical thermomechanical curve of a polymer which becomes
crosslinked on heating. At temperatures above 400°C the polymer begins to change
chemieally, forming a harder body, which is manifested by the negative slope of the
curve. Then at temperatures of about 600°C the macromolecules decompose and the
body softens or even changes into a mixture of liquid and gaseous decomposition
products: the thermomechanical curve sweeps upward. registering a rise in mobility
of the body structure. See also DEGRADATION.

The sensitivity of thermomechanical curves to all changes in mobility of the
structural elements of a body is of great importance in investigating any physieal or
chemical processes affecting the hardness of a polymeric body. One of the important
applications of the thermomechanical method is the study of the thermal stability of
polymers at high temperatures (6). Since any chemical reaction resulting in decom-
position of macromolecules increases the deformability of the polymeric body, the
corresponding thermomechanical curve will show a greater or smaller rise. On the
other hand. for reactions resulting in crosslinking, ie, increasing the hardness of the
polymer. the thermomechanical curve will show a decrease in deformability, ie, will
descend. Curve 1 in Figure 6 shows the thermomechanical curve of an amorphous
stabilized polymer which passes from the glassy to the rubbery state at about 130°C
and to the viscofluid state at about 350°C. Curve 2 of the same figure represents the
results of thermomechanical measurements of the same polymer without stabilizers.
In this case the polymer begins to change chemically on passing into the viscofluid
state. As the temperature rises, different chemical reactions develop in the polymer.
as a result of which its hardness increases and decreases irregularly until the polymer
reaches a temperature at which it decomposes completely. This is reflected in the
complex shape of the thermomechanical curve. which shows a number of rises and
falls; by studying this curve some characteristics of the reactions can be ascertained.

The thermomechanical method of estimating thermal stability has another
advantage; besides characterizing the behavior of the polymer prior to its chemical
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Fig. 6. Thermomechanical curves of stabilized () and unstabilized (2) polymer.

changes, it makes possible an estimate of the behavior of the polymer during its
manufacture into finished articles by methods requiring transference of the polymer
to the viscofluid state (casting (qv), molding (qv), ete). An examination of the
thermomechanical curve immediately reveals the temperature to which the polymer
can be heated without undergoing chemical change and makes it possible to see
whether the polymer is stabilized.

It should be noted that far from all lincar amorphous polymers are capable of
existing in three physical states. If the flow temperature is so high that thermal
degradation of the polymer occurs before fluidity is reached, the polymer will have
glassy and rubbery states but will exhibit no viscofluid state owing to decomposition
of its macromolecules. A pertinent thermomechanical curve is shown in IMigure 4
(curve 1. degradation temperature 7,'). But if the glass-transition temperature is
very high, which may be the case with rigid macromolecules and macromolecules
which interact strongly with each other, the polvmer can exist only in the glassy state
at all temperatures below Ty. The thermomechanical curve of such a polymer, which
is a solid right up to the decomposition temperature 77"/, is represented by curve
2 in I'igure 4.

Effects of Molecular Weight. It is quite obviously very important to know the
dependence of the glass-transition and flow temperatures on the molecular character-
istics and various other factors. It is therefore appropriate to discuss the most im-
portant dependencies of T, and 7', on the molecular weight of the polymer and on the
content of plasticizer in the polymer.

The molecular-weight dependence of a number of amorphous polymer homologs
is illustrated by Figure 7. The lowest members of the series exhibit no rubbery state
at all, passing from the glassy directly into the viscofluid state. These are the low-
molecular-weight members of the series. Beginning from some glven molecular
weight, characteristic for each homologous series of polymers (ie, a series of monodis-
perse polymers differing only in degree of polymerization), a horizontal plateau
appears on the thermomechanical curve, the length of which on the temperature
scale is determined by the interval T, — T,. When this rubbery-state region appeurs.
a sybstantial change occurs in the dependence of the glass-transition temperature on
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Fig. 7. Dependenee of the shupe of the thermomechanical enrve on the moleenlar weight (for poly-
mer homologs, curves 1-7) and on the degree of spatial erosslinking (curves S-12).

the molecular weight. Ior the low-molecular-weight members of the series that are
incapable of displaying rubbery properties, the glass-transition temperature rises
with increasing molecular weight, owing to the increase in the energy of interaction of
the molecule in question with its neighbors as it grows in size. The higher the inter-
action energy, the greater must aiso be the encrgy of thermal movement of the mole- |
cules required to overcome the interaction forces and to displace the molecules. |
Therefore. the higher the molecular weight of the molecules, the higher the tempera- |
tures at which they exhibit mobility.

However, as the length of linear macromolecules grows. the nature of their
thermal movement changes. As soon as they reach a length sufficient, for them o
display flexibility, their thermal movement begins to take the form of shifts of separate
scctions of the flexible macromolecules, and rubberlike clasticity appears.  Sinee the
thermal energy required for the displacement of such sections is the same. independent
of the total length of the macromolecules. the appearance of rubberlike clasticity
corresponds to the temperature at which the thermal energy is sufficient to displace
such segments. This signifies that the transition from the glassy to the rubbery
state always occurs in the same temperature range, ie, the glass-transition temperature
becomes independent of the molecular weight (curves 3-7 in Fig. 7). Naturally, the
location of this temperature on the temperature scale depends on the energy of inter-
action of the segments, ie, on their composition and length. It should be pointed out
that in the ease of polymers based on monomers with the same empirieal composition,
the segment length may differ if the flexibility of the macromolecules is different.
(This accounts for the difference in glass-transition temperatures of polymers of iso-
meric monomers, eg, poly(methyl methaerylate) and poly(ethyl acrylate), poly-
(methyl acrylate) and poly(vinyl acetate), ete.)

The flow temperature has a different dependence on the molecular weight.
FFor the low-molecular-weight members of a series. 7', is always elose to the glass-
transition temperature (beeause softening immediately results in Auidity), and in-
creases with 7', as the molecular weight rises (curves /-3 in Fig. 7). The appearance
of rubberlike clasticity does not affect this dependence.  The appearance of fluidity
means that the macromolecules have begun to be displaced as a whole. The longer
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the macromolecule, the more difficult it is to displace it and the higher the flow temper-
ature. Indeed. the longer the molecule. the larger the number of seement displace-

ments thai have to be accomplished to displace aflexible macromoleeule. Therefore, |

to obtain a digplacement equal to that obtained with shorter macromolecules during a |
given time of action of @ constant stress, a more intensive thermal movement is |

required.

Thus. the rubbery state appears as a result of the divergence of the dependencics
of the flow temperature and glass-transition temperature on the molecular weight,
owing to the flexibility of the macromolecules.

The flow temperature is dependent on the molecular weight of homologous
polymers but the glass-transition temperature is independent of it; this makes it
possible to determine the molecular weight of polvmers by the thermomechanical
method (1.2,7-11), by using equation 41, given on p. 4588. An advantage of this
method worth stressing is that it makes possible determination of the molecular
weight without dissolving the polymer. However, it is necessary for the polvmer to be
:apable of flowing, ie, for it to be linear and for the condition I’y < T to be observed.

Now let us consider the influence of increase of the molecular weight on the
values of 7, and T, when continuous, spatially crosslinked polymeric bodies are
formed. In regard to 7', it may immediately be noted that crosslinked systems are
incapable of flowing and therefore no fluidity is observed in them (sce p. H08) up to
their decomposition temperature (curves §-12 in Iig. 7). The effect of crosslinking
on the glass-transition temperature, 7', is somewhat more complex. At degrees of
crosslinking that are not very high and when the macromolecular sections between
crosslinked points (ie, between their nodes) are large relative to the size of the macro-
molecular segments, 7, does not change, but the height of the rubbery plateau begins
to decrease (curves 8 and 9 in Fig. 7). This reflects the gradual increase in rigidity of
the system as crosslinking progresses. Further increase of the degree of crosslinking
brings the distances between nodes close to the size of a segment. As a result, the
segments lose their independence of movement, and have to move in groups, which
requires a larger amount of thermal energy. Therefore the glass-transition temperature
begins to rise, and the height of the plateau continues to decrease (curves 10 and 11 in
Fig. 7). TVinally, at a very high degree of crosslinking, when no movement of the
segments relative to one another is possible, the thermomechanical curve comes
very close to the temperature axis (curve 12 in Fig. 7); this corresponds to complete
solidification of the polymer at all temperatures right up to that of thermal degrada-
tion. In this case, the glass-transition temperature becomes higher than the degrada-
tion temperature and cannot be determined.

Effects of Plasticizer. At this point it is appropriate to consider how plasti-
cization of polymers, ie, the addition of low-molecular-weight substances to a polymer,
affects the thermomechanical curve.

If the plasticizer is soluble in the polymer and forms a solution, then, obviously,
the more plasticizer is added to the polymer the lower should be the viscosity of the
plasticized polymer. This means that both T, and T, should decrease. At the same
time, owing to the decrease in the number of macromolecules contained in a unit
volume, the hardness of the polymer should also decrease. As is evident from Figure
S all these effects actually occur. With the addition of more and more plasticizer,
T, and T, decline and the plateau on the thermomechanical curve rises. At high
plasticizer contents the solution of the plasticizer in the polymer changes into a solu-
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Strain (arbitrary scale)

Temperature (arbitrary scaie)

Fig. 8. Effect of plasticizing 2 polymer with flexible macromolecules on the shape of its thermo-
mechanical eurve (content of plasticizer increases with ascending numbers of the curves).

Strain (arbitrary scale)

Temperature (arbitrary scale)

Fig. 9. Lffect, on the shape of the thermomechanical curve, of plasticizing a polymer with rigid
macromolecules which soften on interacting with the plasticizer (content of plasticizer increases with
aseending numbers of the curves).

tion of the polymer in the plasticizer, this being reflected in a gradual shortening of the
plateau and its complete disappearance on passing over to a dilute solution of the
polymer.

Such a picture of the change in thermomechanical properties of a polymer is
characteristic of polymers with flexible macromolecules that possess a rubbery state.
In the case of polvmers consisting of rigid macromolecules the behavior becomes much
more complex. Here. only the important case will be considered where the addition
of o low-molecular-weight substance to such a polymer causes a change in the flexibility
of its macromolecules as a result of the change in nature of the molecular interactions.

Softening of the polymer as more and more plasticizer is added results in the
appearance of a rubbery state if the polymer had none before (or in expansion of the
temperature region of this state if it was not very pronounced in the polymer to begin
with), ie. in & considerable lowering of 7', and a less considerable lowering of 7', with
a4 simultaneous decrease in the hardness of the body (I'ig. 9). Later, when the macro-
molecules become soft, increasing the plasticizer content has an effect similar to its
action on polymers with flexible macromolecules.
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Fig. 10. Temperature dependence of the amplitude of deformation under sinusoidal stresses of
different frequencies (frequency inereases with ascending numbers of the curves); stress amplitude is
constant.

Frequency-Temperature Studies. The thermomechanical method of polymer
investigation has found wide usage for primary assessment of newly synthesized
polymers. for investigating processes affecting the mobility of the structural elements
of a polymeric body, for controlling polymer quality, ete. However, it should be
pointed out that instead of the temperature dependence of the deformation at o
constant stress. some authors (12,13) consider the temperature dependence of the
modulus of elasticity determined under preset time conditions of stress action.
Obviously, both dependencies are quite equivalent.

Of great importance are the conditions of action of the forces on the polymer
sample. As has already been said, the faster the action, the less deformation has
time to develop and the higher the temperatures of transition of the polymer from
one physical state into another. The thermomechanical method which uses constant
stresses acting over periods of « few seconds to a few tens of seconds cannot he employed
for determining the deformation properties of polymers under rapidly recurring influ-
ences which last for small fractions of asecond. Meanwhile, many enginecering applica-
tions of polymers (for example, in automobile and aireraft tires) require knowledge of
the mechanical properties of polymers under stresses alternating at frequencies on
the order of front 1 to 10,000 eveles/min.  For this reason study of frequency—temper-
ature behavior (14,15) has found application alongside the thermomechanieal method.

The [requency-temperature method is bused on obtaining the temperature
dependence of the amplitude of strain during a steady process of deformation under
the netion of a sinusoidal mechanical stress of given amplitude.  As a rule, these

_dependencies are obtained for several frequencies.  Figure 10 is a schematic representa-

tion of a family of such dependence graphs. It is evident from the figure that increas-
ing the frequency shifts the curve toward higher temperatures. Conventional
values of T, and T, can be indicated, corresponding to each frequency. The data
obtained by the frequency-temperature studies also make it possible to consider the
dependence of the amplitude of strain on the stress frequency at constant temperature.
Figure 11 shows the corresponding family of curves, an examination of which reveals
that the effective stiffness of the polymer increases with increasing frequency. Iigures
10 and 11 show vividly that the cffects of rate of action (measured by the frequency)
and temperature on the strain amplitude can completely compensute one another,
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Amplitude of strain (arbitrary scale)

10 100 1000
Frequency, cycles/min

Fig. 11.  Dependenee of strain amplitude on frequency of a sinusoidal stress at different tem-
peratures (temperature decreases with ascending numbers of the curves); stress amplitude is con-
stant.

Attention was drawn to this fact as long ago as 1937-1939 (12,14,15) and correctly
interpreted at that time as a consequence of the kinetic nature of the deformation of w
polymeric body. Indeed, for the segments of macromolecules to be displaced enough
to result in a rubbery deformation, and for irreversible displacements of the mucro-
molecule as a whole to oceur in the case of viscous flow of the polymer, u definite
length of time is required. The higher the temperature. the smaller is this time period.
Therefore, the same regrouping of structural elements of a polymeric body can be
accomplished either during a longer time period at a lower temperature, or during a
shorter time at an elevated temperature. Outwardly this is manifested as the possibil-
ity of obtaining the sume strain value at corresponding pairs of values of time of
stress action (or Irequeney) and temperature.  Figure 12 demonstrates how the same

W) wz

Amplitude of strain (arbitrary scale)

Temperature (arbitrary scale)

Fig. 12. Liguivalent effects of frequency, w, and temperature on deformation.
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Arbitrary scale

Time (arbitrary scale)

Fig. 13. Phase shift A between stress and strain: Ap = wAf, where w is circular frequency and ¢ is
time.

¢ (arbitrary scale)

Temperature (arbitrary scale)

Fig. 14+. Dependence of the angle of phase shifts between stress and strain on temperature (w < w2).

deformation amplitude is obtained at a temperature of 7'y and a frequency of w as at
the temperature 75 and the frequency en.

Owing to this interchangeability of the influence of temperature and of frequency,
measurements of the deformation properties of polymers obtained in different fre-
queney and temperature regions become compatible, and characteristics obtained at
one set of frequency and temperature values can be recaleulated for other frequencies
and temperstures.

Caleulations of this kind have been practiced extensively in recent years, and the
corresponding principle has become known as the lme-temperalwre superposilion
prineiple (16,17).

The consequence of the lag of deformation behind stress is that these two values,
while varying sinusoidally, are shifted in phase with respect to one another (Fig. 13).
This phase shift determines the value of the mechanical losses characterizing heat
generation in the deforming polvmer due to the thermodynamic irreversibility of the
mechanical deformations.  For this reason, the temperature and frequeney dependen-
cies of the phase shift angle between stress and strain are measured along with the
temperature and frequency dependencies of the modulus of elasticity (18-20). I'igure
14 shows this dependence of phase shift in the form of curves with maxima in the
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regions of transition of the polymer from one state to another. It will casily be
appreciated that such dependencies make possible an estimate of the glass-trunsition
and flow temperatures, as well as their dependence on the frequency.

\%._ Stress-Strain Diagrams

The discussion so far has referred to the temperature dependence of the meehaniead
properties of polymers exhibited during small deformations duc to constant or inter-
mittent stresses.  Also of major importance, however, are the mechanical properties of
polymers in the case of large tensile strains.  Stress—strain dependencies under condi-
tions of isothermal extension are usually studied on various types of tensile testing
mechines (see Trst METHODS). However, for such measurements of the dependence
of the mechanical properties of polymers on the time and temperature ot stress,
cither the rate of application of the force or the rate of deformation (depending on the
type of test) must also be indicated, and tests must be performed within as wide a
range of temperatures as possible.  Only then will the data obtained yield an insight
into the physical nature of the specific mechanical properties of the polymers and a
correct estimate of the efficiency of the polymeric products for the particular conditions
of their usage.

Therefore. it is necessary to consider the relationship between the stresses and
strains obtained at various temperatures under conditions of axial tension wb a constant
rate. The corresponding families of curves for amorphous and crystalline polymers
are shown in Figures 15 and 17.

When discussing stress-strain relationships it must be agreed beforehand to which
cross-sectional area of the specimen the force acting on that cross section will be
referred. Owing to the very high values of the strains actually obtained when elasto-
merie, crystalline. and glassy polymers are extended, the cross-sectional avea of the
strained specimen may vary severalfold.  Tor this reason two values are ordinarily
considered, namely, the actual stress and the nominal stress. The former is the
quotient of the applied force divided by the actual cross-sectional area, and the latter.
divided by the cross-sectional area of the original specimen.

The stress—strain dependencies of polymers are complex. It can be seen from
Figures 15 and 17 that these dependencies are not linear in nature, and therefore
Hooke's law is. generally speaking, inapplicable to polymers. Iowever, at temperi-
tures below 7', and at deformations that are not very large the stress—strain curves
(eurves 1—4 in Figs. 15 and 17) approach straight lines, giving the impression that wnder
such conditions polymeric bodies obey Hooke's Law.  Nevertheless, the dependence
of the mechanical properties of polymers on the time conditions of force action must
not be forgotten. If the slopes of such linear stress—strain dependencies are measured.
ie, their Young’s moduli are determined. it is found that they are the larger, the higher
the rate of extension of the smmple. Only at very low temperatures, ie, far below the
olass-transition temperature, can the rate of deformation be neglected and such a
polymeric body be considered a quasi-Hookean solid (curves I and 2 in Figs. 15 and
17). ’

At {emperatures above 7', the stress strain dependence ol amorphous lincar
polymers at first glance also tends to linearity.  However, here the curve, on reetityving,
approaches the strain rather than the stress axis, as is the ease when the temperature
is lowered. This is due to the fact that as the temperature rises the polymer pusses
into the viscofluid state, ie, irreversible deformations begin to develop. Accordingly,
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the stress—strain dependence comes closer and closer (curve 9 in I'ig. 15) to the depen-
dence characteristic of viscous liquids, e, to Newton’s viscosity law. Naturally, the
Jlower the rate of extension, the smaller the resulting stress.

Amorphous Polymers. At temperatures between 7, and T, the stress—strain
dependence curve for an amorphous polymer is 8 shaped (curves 6=8 in Iig. 13),
corresponding to the appearance of a rubbery state. At these temperatures and at a
given rate of extension. rubbery strains develop, caused by straightening of the
flexible macromolecules.  As a result of the development of these st rains the value of
the stress requived to cause the deformation reached by a given moment of time
decreases, and therefore the curve bends toward the strain axis.  On further extensiot.
when the macromolecules have practically exhausted their capacity for straightening,
ie, when the rubbery strain reaches values close to the maximum possible, the niechn-
nism of deformation changes; further extension oceurs only by extension of the straight-

Stress (arbitrary scale)

Strain (arbitrary scale)

Fig. 15. Stress-strain diagram of solid amorphous (glassy) polymers at different temperatures
(temperature increases with ascending numbers of the curves).

ened macromolecules, and this requires very large stresses. That is why the curve
passes through a point of inflection and bends sharply upward, ending at the point
corresponding to failure of the extended polymer specimen.

Rubberlike Llasticity Below T, At temperatures somewhat below T, (curves
3-6 in Fig. 15) what can be described as “forced rubberlike elasticity’ (21-24) appears,
its outward manifestation being that in the glassy state an amorphous polymer
becomes capable of very large strains. At first glance these deformations seem mainly
residual, because after the extending forces have ceased to act the specimen contracts
only to the extent of the strain corresponding to the ascending portions of the stress—
strain curve. However, they are of the same nature as the rubbery deformation, ie, are
due to straightening of the coiled macromolecules. This is demonstrated by the fact
that when such a polymeric body, first extended and then freed from the action of the
external forces, is heated, it regains its initial shape as soon as the temperature reaches
values above T, ie, as soon as the flexible macromolecules become sufficiently mobile.



462  Mechanical Properties

q
o

q
-

&

Stress (arbitrary scale)

Strain (arbitrary scale)

Fig. 16. Stress-strain diagrams of a polymer at brittle failure (1), and on development of forced
rubbery deformation before breakdown (2). Symbols are discussed in the text,

The development of forced rubberlike elasticity (forced high elasticity) possesses
several characteristic features. It can be seen from curves 3-5 in I'igure 15 that during
extension, almost direct proportionality is at first observed between stress and strain.
However, subsequently, a small maximum appears at not very large strains but at
fairly high stresses, following which the curve runs almost parallel to the strain axis.
After a certain strain value is reached (the horizontal section corresponding to the
development of “forced rubbery deformation” is usually several hundred percent long),
the curve sweeps sharply upward and ends at the point where the specimen fails.

As the temperature decreases, the horizontal section of the curve rises, and the
entire stress—-strain curve becomes gradually shorter (curves 3 and 4), ie, the lower the
temperature. the smaller the deformations at which failure occurs. Iinally the
specimen fails at the very first section of the stress-strain curve with very small
deformations, ie, brittle failure occurs.

Tigure 16 shows two stress—strain curves, the first of a glassy polymer displaying
forced rubbery deformation (curve 2) and the second, of one undergoing brittle
failure (curve 7). In the latter case the strength of the polymer can be sufficiently
well characterized at the given rate of extension and temperature by indicating the
values of the stress and the strain at the moment of brittle failure (o, and e,). In the
[ormer case it is important to know two pairs of values: the stress and strain at the
moment of failure (o, and ¢) and the stress and strain at the moment when forced
rubbery deformation begins to develop (o, and ¢,). The quantity ¢, has become
known as the yield stress. Another quantity of interest for characterizing deformabil-
ity is the length of the horizontal section of the diagram, ie, the region of the forced
rubbery deformation. Sce also FRACTURE.

The appearance of forced rubbery deformation is related to the fact that in the
glassy state the mobility of the macromolecular segments is suppressed by the forces
of their interaction. Ior this reason thermal movement by itself is not capable of
displacing them and the body remains solid. However, when the body is in a stressed

%



i foreed

S30SseS
during
strain.
but at
1 axis.
to the
long),
v fails,
ud ¢

eF Lia
'v the
small

laying
nrittle
iently
1g the
in the
at the
‘orced
come
nabil-
‘orced

n the
‘orees
le of
pssed

Yol. 8 Mechanical Properties 1463

state less energy is required to overcome the forees of interaction, because a part of
these forces is compensated by the mechanical stresses tending to extend the body.
Therefore. when a sufficiently high stress value has been reached, thermal movement
begins to overcome the forcees of interaction between the macromolecular segments, and
regrouping of the latter becomes possible.  Thus, when a stress equal to the yield
point is reached, the glassy polymeric body acquires an internal mobility similar to that
involved in the rubbery state. Naturally, this results in rubbery deformations.
However, after the body has been relieved of the external forces, mobility of the seg-
ments again becomes impossible; the reason for this is that now only thermal move-
ment is acting again, and the deformation which has appeared is “frozen” until the
bhody is reheated to a temperature at which the thermal energy is sufficient to move
the segments. At this temperature, which is, of course, above 71',, the shape of the
speeimen is restored.

Necking. TVorced rubbery deformation develops in a very charaeteristic manner.
At 1 certain cross section of the specimen a narrowing suddenly appears, which then
grows at the expense of the gradually diminishing initial thick part of the specimen.
The formation of such a “neck’ corresponds to the transition to the horizontal part of
the stress—struin dingram. From this point to the end of the horizontal part of the
graph the specimen is nonuniform, because it has a thick and a thin part, ie, cross
sections of two different arcas, the initial one and that corresponding to the neck,
coexist in the specimen. After complete conversion of the specimen into the neck, ic,
at the end of the horizontal section, the specimen again becomes uniform and is
subsequently extended as a whole. This is accompanied by a sharp rise of the curve,
and very soon failure oceurs.

Naturally, the development of forced rubbery deformation causes anisotropy in
the specimen. If the initial glassy specimen is isotropie, the neck and, hence, the
entire speeimen at the last stage of the extension process is a highly oriented glassy
body (sce ORIENTATION), possessing pronounced mechanical, optical, and other kinds
of anisotropy. This anisotropy is due to straightening of the macromolecules during
the development of forced rubberlike elasticity and remains as long as the foreed
rubbery deformation attained is preserved. It disappears after the specimen has
contracted to its initial size on heating.

A characteristic feature of the rise of forced rubberlike elasticity is the small
maximum preceding the horizontal section of the graph. This maximum is the less
pronounced, the slower the extension occurs and the more efficiently heat exchange is
effected between the specimen and the thermostat during extension. It may be due to
disturbance of the isothermal conditions of extension, because at the moment the
neck appears the nonuniformity of the deformation causes overheating in the zone of
narrowing of the sample, which lowers the stress required for further development of
the neck. Other explanations have been offered to account for the appearance of this
maximum: one of them concerns a possible drop in stress on appearance of the neck
owing to breakdown of the elements of supermolecular structure at sufficiently high
stresses, making possible development of larger deformations at lower stresses.

Crystalline Polymers.  Stress—strain diagrams of crystalline polymers at dif-
ferent temperatures should now he considered. 1t is evident from Figure 17 that these
dependencies bear a general resemblance to those just considered for glassy polymeric
bodics. At very low temperatures crystalline polymers behave like quasi-Hookean
solids (curves [ and 2); at higher temperatures they become similar 1o glassy bodies
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Fig. 17. Stress-strain dingrams of crystalline polvmers a different temperatures (tempersaare
inereases with ascending numbers of the curves).

eapable of foreed rubberlike elasticity (eurves S-3); and at still higher temperatures
(below the melting point of the ervstalline polymer, however) they approach the
behavior of rubbery bodies in regard to the shape of their eurves (curves 6 and 7).

1t should be pointed out that on extension of crystalline polymeric bodies neck

formation is still more pronounced than that in the case of glassy polymers, and
involves all the peeuliar features mentioned above. However. when the temperature
15 lowered, neck development is cut off owing to premature failure, and at a iairly
low temperature brittle failure occurs with small straing when the specimen is still
quite uniform. On the other hand, if the temperature is raised sufficiently, neck
formation becomes less distinet owing to the erystalline specimen becoming progres-
sively amorphous, and the features of deformation of & rubbery body are exhibited more
and more strongly: the previously horizontal section of the eurve begius to slope,
reflecting the growth of the stresses upon extension: the regions of neck appearance
and of transition to extension of the fullv anisotropic specimen become blurred; the
ralue of the forced rubbery deformation, ie, of the apparent residual deformation,
deereases. and the value of the reversible part of the deformation increases; and the
stress required to cause large deformations decreases sharply. After the melting
point is reached the polymer becomes rubbery or viscofluid. and all effects of ervstal-
linity disappear entirely.

In the temperature range wherein the crystalline polymer possesses pronounced
forced rubberlike elasticity its mechanical properties can also be characterized by the
vield point and the breaking stress, and by the corresponding strain values, as in the
case of glassy polymerie bodies.

However, the mechanism of development of foreed rubberlike elasticity in erystal-
line bodies is of a somewhat different nature. In this case the mobility of the flexible
macromolecules is suppressed by the ervstalline state of the body, ie, by their ordered
arrangement, and they ean be vegrouped only by rebuilding the ervstal structure, ie,
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For this reason the vield stress of crystalline polymers is als0
At sufficiently high stresses, recrvstallization of
of its ervstal strueture reeryst allize

by recrystallization.
known as the reerystallization stress.
the polymer oceurs, during which the elements
under the action of the applicd external stresses.

I 2 polymer on which no external forees are acting erystallization results in the
ure, and the body becomes
Under uniaxial tensile
depending on how

The

fornution of variously wrranged clements of crystal struet
isotropic as 1 whole (see alzo CRYSTALLINITY; ORIENTATION).
stresses the melting points of these structural elements change,
they are arranged with respect to the direction of the forees aeting on them.
melting points of some of these structural elements rise and they become more stable,
whereas those of others, arranged in other directions, drop. and these elements may
melt at sufficiently high stresses.

Since the melt is unstable at any given temperature at which extension takes
place (since the poivmer is erystalline it is at a temperature below its melting point). it
does not become a liquid. but elements of its crystal structure change their form of
spatial wrrangement. ie, clements so oriented with respeet to the external stresses
that they beecome unstable recrystallize into clements =0 arranged that the external
stress raises their melting point.

It must. however, be pointed out that in a real polymer this picture is greatly
complicated by the presence of many different forms of the crystal structure elements,
ie, by the coexistence of various forms of supermolecular structure, capable of passing
into one another (23-31), as well as by the low rate of erystallization often observed in
polymers (sce MORPHOLOGY; TSINETICS OF CRYSTALLIZATION). In the latter case,
complete conversion of the ervstalline specimen inso the amorphous state may oceur
as a result of extension, because the specimen is incapable of erystallizing in the course
of the time available during the test (32,33).

Comparison of Glassy and Crystalline Polymers. A few words of ex-
planation can be offered concerning the resemblance between the behavior of glassy and
erystalline polymenrs.

The reason is that both glassy and erystalline polymers are solids in which the
mobility of macromolecules or their segments is areatly limited by forees of interaction.
The macromolecules in both kinds of bodies are more or less ordered, although in
degree of ordering and in diversity of forms of ordering crystalline bodies surpass
glassy ones by far. Nevertheless, these common traits are sufficient for the stress—
strain diagrams of these two types of solid polymeric bodies to resemble each other in
their main features. The difference in their phase states is manifested in the location
of the various temperature regions on the temperature seale, in their strength values,
and in other properties.

A vivid example is isotactic polystyrene which crystallizes slowly and can there-
fore be obtained both in the crystalline and in the glassy states. With respect to
composition and structure, one and the same polvmer, when in the solid physical
state but in different phase states, displays different sets of mechanical properties, but
the temperature dependencies of these properties are similar in general features.
Indeed, although they are both brittle at low temperatures and eapable of developing
forced rubbery deformations at higher temperatures, glassy polystyrene becomes a
rubbery body (which may subsequently crystallize) at as low a temperature as about
80°C, whereas erystalline polystyrene only loses its brittleness at such temperatures
and begins to display a capacity for forced rubbery deformation which remains,



