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SYNOPSIS

As a model for polymers, the pseudocrosslink of various sizes is proposed. The size of links,
lengths of connected chains, and the times 7’s for their translation or relaxation are derived.
According to the size, four transition temperatures (7T ’s) are proposed such as the linking
for the smallest size A (T,), that for the largest one B (T}j), the melting point (T,), and
the glass transition point (T,). The equation for T, is derived with an assumption that the
cooling time t is equal to the relaxation time of the segment at T, and T, is found to be
about 50°C higher than T,. T, decreases with t. T is twice as much as Ts. T,/Tpis 2/3 in
the general case and 1/2 for hindered polymers. T, is very close to Tz, but somewhat lower
than it when the cohesion heat is large. Related problems are discussed: The thermal
expansion coefficient above T, is about 1/10 T,. The rebound resilience of rubber at tem-
perature T is given by a ratio of (T — T,)/(T — T,). The sound velocities in glassy plastics
and rubber are 2000 and 50-100 m/s, respectively, depending on the elasticity. The tem-
perature-shift factor for the stress-relaxation spectrum is derived directly from the equation
for the relaxation time without use of the thermal expansion coefficient. © 1995 John Wiley

& Sons, Inc.

INTRODUCTION

A polymer is usually classified and characterized by
transition temperatures, e.g., the melting tempera-
ture T, for crystalline polymer, the softening tem-
perature Ty (according to the transition point in the
relaxation spectrum), and the glass transition tem-
perature T, for the noncrystalline one. T, is the
thermodynamical transition temperature, whereas
the latter two are affected more or less by the rheo-
logical condition such as the rate of cooling or that
of deformation. T} is a second-order transition tem-
perature. However, they are also associated with
thermodynamical conditions and T, runs parallel to
T,, or Tz in most cases.

The author!? proposed a pseudocrosslink model,
in which various sizes of links and various lengths
of chains exist, and they are determined by ther-
modynamical conditions. This article deals with
transition temperatures in terms of a thermody-
namical point of view.
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THEORY

Pseudocrosslink Model

A pseudocrosslink is formed by the entanglement of
polymer chains with the aid of the cohesion of seg-
ments in chains. It resembles the association of
molecules but they differ in size from an ordinary
association because segments in a polymer chain
form links of various sizes by the zipperlike nature
of a polymer chain. The outline of the proposed the-
ory is described as follows:

A chain consisting of n segments forms a spherical
coil of a diameter proportional to n*/? and is entan-
gled with overlapping coils. The total volume of the
entangled coils is given by a square of the volume
of a coil given by n2®/? in a segmental unit and its
entropy is R In n®. A pseudocrosslink of size b is
connected with a chain of a length of n, and the
following equation holds in the equilibrium condi-
tion:

bH, = RT In n}, (1)

where H, is a cohesion heat of a unit link composed
of two segments.
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After the dissociation of a link of b segments, it
translates to the next equilibrium position apart by
a distance of n}/% It is induced by an elastic force
of the chain whose energy is (a?/2)RT, o being the
elongation expressed by a ratio of the increased end-
to-end distance of a chain to the initial one. In the
successive dissociation of a link, the elongation of a
chain is assumed to attain its ultimate elongation
in each stage and « becomes n}’? Accordingly, it
follows that

n, = b? (2)

From egs. (1) and (2), b or n, are given as a function
of temperature T as

b/In b = 6RT/H, (3)

Equation (3) indicates that b becomes 1-4 and 16
at T4 and T}y, respectively, as explained later. It is
graphically approximated to

b= 12T/T, — 8 (3)

where T, is a transition temperature of a link A. b
is 4 and 16 at T4 and 27T, or Ty, and n, is 16 and
256, respectively.

Taking v, and N as the number of linked segments
and total one in a unit volume or 1 cm?, respectively,
the equilibrium is given as

v/N = niK (4)

where K is an equilibrium constant and is expressed
with the heat AH and the entropy AS of linking. In
equilibrium among all sizes of links and all lengths
of chains, n is replaced by N/v as the average and

v/N = K = exp[({}(—AH/RT + AS/R)]

This means the formation of small links in the large
coil under the control of the large link. In other
words, there is a hierarchy of the network structure
between A and B. The links higher than ng do not
exist, because in the next higher hierarchy C, b be-
comes 64 and n is 10 or 10%%, which are too large
to exist except for crosslinked polymers. Taking H,
as the cohesion heat of a segment, the equation is

vp/N = explb(—Ho/RT + ASo/R)] (5)
H, is about 0.8 kcal for hydrocarbon polymers and

ASy is 2R. Below A, Hy/2RT is less than unity and
the link smaller than A is not recognized except in

extremely rapid or impact deformation. As a result,
the size of the actual link lies between A and B. T},
T4, and Ty are the transition or melting temperature
of the unit link, the link 4, and the link B, respec-
tively. According to eq. (3'), the transition temper-
atures for the size of bof 2, 3, 4, 10, and 16 are 0.962,
0.910, 0.962, 1.45, and 1,962 times T, respectively.
Between sizes 1 and 4, there is no difference. They
are expressed as

Ti.y =Ty = Ts = Hy/2R 6)
and
Tg =Ty =2T4 = Hy/R 7N

Another fundamental equation is that of the re-
laxation time 7 for the translation of a link or a
chain in a molecular coil. According to Eyring’s
equation for viscosity,? v for a single molecule is

7 = (h/kT)exp(E*/RT)

where h and k are the Planck’s and Boltzmann’s
constants, respectively, and h/kT implies a time for
a collision or 107" s, E* is an activation energy for
translation of a molecule migrating in a distance
equal to a molecular diameter [. E* is taken to be
one-third of the heat of vaporization and is of about
10 kcal/mol. As a result, an exponential factor is
10? and t becomes about 107 s.

On the contrary, the translational motion of a
segment in a chain differs from that of a simple mol-
ecule, because the former is limited in a coil of a
polymer chain and also the local motion is much
hindered by the neighboring segment.

The translational process involves dissociation
and translation of the pseudocrosslink. The time for
the process, i.e., the relaxation time, is of a function
of size b and is denoted by 7,. It is expressed as

7, = 7oexp{(3)(bHo/RT) n%® (8)

where 7, is the relaxation time of a unit segment
translating in a distance [ or the length of a segment.
The exponential factor is a fraction of the dissocia-
tion of b size link of an activation energy bE}, which
is taken to be } of the cohesion heat bH, (see the
Appendix). n$’ is a distance for the relaxation and is
equal to the diameter of the largest B coil composed
of 16% or 10** segments. The exponential factor is
replaced by n? by using eq. (1) and eq. (8) becomes

T = TonEny? (8)
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Figure 1 Hierarchies in polymer coil.

Equation (8) is applied to express the segmental
motion in a coil or the configurational change of a
chain smaller than the chain of a length ngp.

For a large deformation such as the viscous flow
of a molecular chain of a length of n, it is necessary
to account for the factors of the entanglement of
coils and the prolonged distance of relaxation. They
are (n/np)® and (n/ng)"®, respectively. Accordingly,
eq. (8) is modified to

T = 7on5’(n/ng)*® = Tonéln&s 9)

For an oligomer of small molecular length n less
than ng,

1 = 1on?° (10)

Equations (9) and (10) express the relaxation time
of the whole molecule, whereas eq. (8'), that of the
link or chain b in a molecular coil. The melt viscosity
n is expressed by a product of the elasticity E and
the relaxation time 7. E is inversely proportional to
n, and, therefore,  of the polymer and oligomer are
proportional to n*® and n'®, respectively.

In summary, the polymer chain forms a coil and
it involves small coils of various sizes and the hier-
archies A and B are formed as illustrated in Figure
1. The upper hierarchy is that of B, but in the cross-
linked polymer, the chains larger than chain B exist,
forming the hierarchies higher than B. The relax-
ation of stress or strain of each chain occurs by the
translation through the stage of hierarchies. Such a
process is observed in the creep of polymeric materials.

As another feature of the polymer chain, it is also
noticed that a polymer chain is composed of many
segments and the translational motion of a segment
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is much hindered by the neighboring segments and
the relaxation time of the unit segment 7; becomes
very long, as much as 1077® s as compared with that
of the free molecule, i.e., 107! s. It is caused by the
entrainment effect of the accompanied segments in
achain, as is illustrated in Figure 2. With this effect,
the polymer chain exhibits various characteristic
properties such as the glass transition.

Entrainment Effect®

Calculation of the entrainment effect may be very
complicated and, instead, a simple assumption is
adopted such that the retardation effect is replaced
by the cohesion effect of the neighboring segment,
because it is connected chemically and is located in
a position to bring about a cohesive force to the seg-
ment. Since the cohesion heat is shared by two seg-
ments, the translational energy RT is diminished by
one-half of the cohesion heat Hy/2, which is equal
to RT, or RT, and

RT — Hy/2 = R(T — Ty) (11)

The equation may be too simple to estimate the
hydrodynamic effect but it affords an approximate

"magnitude. For hydrocarbon segments, T, is about

200 K and the actual translational energy is about
RT/3 at 300 K. Equation (11) is an origin of the
glass transition and also is concerned with various
rheological phenomena, such as the thermal expan-
sion of polymeric materials, the rebound resilience
of rubber, and the temperature shift of the stress-
relaxation spectrum. As a result, the time for the
unit segment translating a distance [ is

7o = (h/kTexpl(z — 2)(Ho/3)/(3)R(T — T4)]

where the vaporization heat is replaced by (z — 2)H,,
z being a coordination number of 8-10 for a free

Figure 2 Entrainment in chain.
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segment and that for the segment in a chain is less
than a simple molecule by 2. Also, the segmental
motion is limited to two directions perpendicular to
the main chain and the translational energy becomes
1 of that of the free segment. Consequently, RT is
replaced by (2))R(T — T,).

Taking 107 per second as h/kT, 2RT, as H,,
and 8 as z, it follows that

7o = (h/kT)exp[(z — 2)TW /(T — Ty)] (12)

At 300 K, 74 is of an order of 107"® s and 10° times
larger than that of a simple molecule. The relaxation
time of the unit segmenttranslatinga distance n%%s

T =T1on%’ =10"%%g

For 7, and 7,

74 =104 =10%%s
and

tp=Tng=10"18s

These relaxation times are to be applied to hydrocar-
bon polymers at room temperature and to other poly-
mers at the temperature about 50°C higher than 7.

Glass Transition

For a polymer, the translational motion of a segment
is not recognized when the time of cooling or defor-
mation ¢t is less than 7, and the glass transition takes
place at this condition. At the condition that 7,
= tin egs. (6), (8), and (12), it follows that

T, — Ty = (z — 2)T4{In(h/tkT) + In(nin%®)}

Taking 6 for z — 2, 10* for kT/h, 102 s7! for n,,
and 1 s for ¢ as a standard, it becomes

Tg - TA = 027TA(1 - 011 IOg t)
or
T, = 1.27T, = 0.64T5 (13)

Thus, T, is about (3)T5 and it is a standard re-
lation but is affected by the steric hindrance, e.g.,
of polyvinylidene halide. The glass transition is dif-
ficult to occur at T, and, instead, the apparent glass
transition temperature is T} or (3)Ts. Thus, T,/Ts
is £ or 1.

For a low polymer or oligomer, it is given by eq.
(10) and

Ty, — Ta=1(6/23-78)T,
X (1—0.121logt + 0.12-2.5 log n)
= 0.33T4{1 — 0.12 log t + 0.3 log n)

or
T,n) = T,(1 — 0.029 log t + 0.062 log n) (14)

According to eq. (14), T, decreases with time and
increases with the molecular weight or n for an
oligomer.

Temperature Effect on Relaxation Spectrum

The relaxation time decreases as the temperature
increases and the shift factor ar is expressed by a
product of two factors; one is the decrease of the
relaxation time 7, of the unit segment and the other
is that of elasticity E and

log(7/7,) = log(ro/7¢,) + 2 log(E/E,)
Since 7, and E are expressed, respectively,
Inty~ E*/R(T -~ T,) and log E ~ E*/RT

The latter is smaller by a factor of (T — T,)/T or
1_1. Consequently,

l(ﬂﬁmwﬂm- (T~ T,
1)  23(T,— T4) (T, — Ta) + (T —T,)
G -T)
C,+T—T, (15)

The coefficients C; and C, become 16° and 50°, re-
spectively, and they are very close to 17.44 and 51.6
of the empirical equation of Williams, Landel and
Ferry.* In the latter case, ar is taken as a ratio of
viscosity n/n,, which is equal to (r/7,)*®.

In relation to the thermal expansion the Doolit-
tle’s equation® of viscosity, 7 is derived from eq. (12),
taking V as the segment volume and N, as the Avo-
gador’s number:

n = (Ngh/V)exp{ E*/R(T — Ta)}
= (N4h/V)exp(1/f) (16)

Equation (16) may be used at near T,.



Usually, the Doolittle’s equation is employed for
derivation of the equation of the temperature-shift
factor for the dynamic relaxation spectrum, and,
therefore, the shift factor involves the free-volume
fraction f and the thermal expansion coefficient «
as variables. It is to be noticed that f and « are
not universally constant but depend on the type of
polymer.

Thermal Expansion of Polymer?

Thermal expansion is caused by the expansion of
the free volume. For a simple molecule, the free vol-
ume V; or its fraction f are given by Eyring et al.? as

fYPH = RT (17

This is derived from a geometrical requirement and
is to be valid for the solid state. Above T, or in the
liquid state, the following equation may be more
suitable from the mode of dynamic motion of a seg-
ment:

fH = R(T - Ty,) (18)

In eq. (18), f is about 10% at room temperature but
becomes a constant value of 2.3% at T, as

fe=R(T—-Ty/H=(T,— Ta)/2Ts(z— 2)) = 0.023

The molecular volume V is given by the sum of the
core volume V, and the free volume V; as

V=Vl +/f)

V, is equal to the molar volume in the solid state.
The thermal expansion coefficient « is the sum of that
of solid (s) and that of liquid (I} and is expressed as

a=dV/VdT = dIn V,/dT
+(df/dT)/(1 + f) = als) + all)

and «afl) for z of 8 is
a(ly = R/H = R/(z — 2)(2RT,) = éTg (19)

In other words, « is inversely proportional to T, or
the heat of cohesion. The value « of polymers is
almost same as that of the corresponding simple
molecule.

On the other hand, a(s) is derived from eq. (17):
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a(s) = df/dT = 3(R/H)T? = 3(R/H)f??
Taking f, or 0.023 as f, it follows that
a(s) = 0.25a(l) (20)

Thus, the thermal expansion of solid is one-quarter
of that of liquid.

Effect of Vulcanization

For an oligomer, T, increases with increasing the
molecular length n and also n increases to n’ with
chemical crosslinks whose number is v, or degree of
vulcanization is v;/N as

N/n' = (N/n) — v,
or

n' = n(l + nv/N)
Therefore, eq. {14) is modified as

Tyn) = T,1+ 0.062 log n
+ 0.062 log(1 + nv,/N)]  (21)

Equation (19) for the thermal expansion coefficient
becomes

a() () = a(l)[1 — 0.062 log(1 + nv,/N)]  (22)

For the solid state, however, the situation is
somewhat different, because the thermal expansion
in the liquid state is trapped by the glassification
and retards the shrinkage due to the glassification.
The internal strain trapped reveals an increasing
effect on thermal expansion of polymer glass. Thus,
a(s) increases by vulcanization:

a(s)(vy)
= a(s)[1 + {a(l)/a(s})0.062 log(1 + nv/N)]
= a(s)[1 + 0.24 log(1 + nvy/N)] (23)

Consequently, the nature of the glass is much af-
fected by the condition of glassification or the rate
of cooling.

Rebound Resilience and Sound Velocity in
Rubber®

The rebound resilience (RR) of rubbery material is
expressed by a ratio of the rebound height to the
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falling distance. It may be difficult to calculate hy-
drodynamically, but it is thermodynamically given
by a ratio of energy revealed at the rebound to that
given by impact deformation and it follows that

RR = (T — Ty/(T — T4) — RR, (24)

where RR, is another energetical factor due to the
steric hindrance in the chemical bond.
The sound velocity ¢ in rubber is given as

¢ = (E/p)'"* = [(vy + vp)RT/p]"/* (25)

The frequency of sound lies between 0.1 to 0.001
s™* and, therefore, the rubberlike elasticity E is a
controlling factor. E is a function of the size of pseu-
docrosslinks b or the length of chains n, and at T:

E = (N/ng)kT = 10 *E,

This means that the sound velocity in rubber is
very small as compared with plastics and increases
with increasing T,. Plastics are used in the glassy
state and the elasticity is almost constant at E, or
10° dyne/cm? and the sound velocity is about 2000
m/s in contrast to 50 m/s in rubber.

Softening and Melting Point’

The melting point, T,,, is defined as a point of the
solid-liquid transition. For crystalline polymers, the
transition of polymer crystal to melt takes place at
T,.. However, for polymers of noncrystallization, two
points are measured and used, i.e., T or T}, and the
softening one T';.

They depend on the rheological conditions but
are also correlated with thermodynamical condi-
tions. According to the pseudocrosslink model, T,
is a critical point for translation of the link of the
smallest size and T}y is that of the largest one. T,
gives the brittle point, whereas Ty gives the flow
point of the polymer melt.

At Tp, the unit link is composed of two segments
but one of them is involved in the solids and, there-
fore, Ty is given by Hy/R as shown in eq. (7).

On the other hand, the melting point for crys-
talline polymer T, is given by the ratio of the heat
of fusion AH to the entropy AS. Here, AH may be
equal to b Hy,. Also, AS is proportional to AH, be-
cause AS is concerned with the molar volume V pro-
portional to the cohesion energy or is ¢ Hy, ¢ being
a constant. Since the crystallization propagates suc-
cessively, the entropy of the first unit is R but that
of the successive unit is R/2 and

AH = bH,
AS = b{R + (R/2)(cHy)}

Therefore,
T = (Ho/R) /{1 + (cHy)/2} (26)

Hence, T, is somewhat lower than is Tz. Moreover,
the crystallization is much affected by orientation
and T, is changed from the above equation. A linear
correlation is expected between AH and AS. It will
be discussed in a later article.

DISCUSSION

Pseudocrosslink Model

The pseudocrosslink model was proposed long ago
by several authors: Tobolsky et al.,> Yamamoto,’
Lodge,'® and the author.!! They assumed the for-
mation of temporary links for the explanation of
viscoelastic phenomena. The author' proposed later
the links of various sizes from the thermodynamical
concept by which the distribution of the size of links
together with the length of the chains connected
with the links are predicted. Links form and dis-
sociate with various relaxation times lying between
1077 and 107 s and the change is reversible but not
temporary in this sense. The size of the link is also
correlated with transition temperatures.

Link Size and Chain Length

In this model, the multisize links and their distri-
bution are assumed. It is in contrast to other models.
In this model, a segmental motion in a molecular
coil is dealt with for the viscoelastic region and the
motion of the molecular coil for the viscous flow.
Therefore, the translational motion of a segment is
allowed for two directions except that along the mo-
lecular chain.

In contrast to this, in the tube model of Doi and
Edwards,'? the motion of the molecule is dealt with
and, therefore, the translational motion of the seg-
ment is allowed only along the molecular chain. Ac-
cordingly, the tube model seems to be applied mostly
for the viscous region.

Transition Temperatures

T, is derived from the equation for relaxation times
and found to be about 50° higher than T, and this



is compatible with the prediction of Gibbs and
DiMarzio.!? The proportionality between the melt-
ing point and the glass transition point is known in
the literature: In most cases, a ratio of T,/T,, is 2/
3, but for polyvinylidene compounds, it is 1/2. Since
the heat of fusion AH is proportional to the cohesion
heat, T,, and T, are proportional to the cohesion
heat H,.

It is interesting to note that eq. (13} also holds
for glasses of simple organic compounds. Figure 3
is obtained from data of T, of Seki'* and T\, of con-
ventional handbooks. Seki succeeded in the for-
mation of glass by rapid cooling with liquid helium.
Alcohol and even propylene are glassified. However,
the glassification of ordinary liquids is, in general,
difficult as compared with the corresponding poly-
mers. There is a possibility of the formation of a
chain structure before glassification for ordinary
liquid. But it is only an assumption at present.

The glass transition temperature is affected by
the rate of cooling and also by the molecular weight
of the polymer. The latter is regarded as the effect
of the terminal segment having a larger free volume
and T, is linearly correlated with the number-av-
erage molecular weight M, as*®

T, =T, + K/M,

The terminal effect is important for polymers of high
molecular weight.

However, the region of low molecular weight T},
seems to be affected by another origin. The plot of
T, against 1/M,, in the range of (1-5)107° or n of
(1-5)10° does not always afford a straight line and
gives curved ones for polymers of «-methylstyrene
and poly{methyl methacrylate) (PMMA). This
range is rather of oligomer and eq. (13) or

T, — T4 = A[1 + B log n]

affords straight lines. The constants A are 440 and
390 K and the slopes B are 0.19 and 0.11, respec-
tively. B is 2-3 times larger than the theoretical one
and it seems to correlate with the cooling rate, be-
cause the freezing of the state requires a sufficient
time at the end of polymer chains. The small value
of B for PMMA may be explained by a steric hin-
drance giving a large kinetic segmental length and
B becomes smaller. The cooling rate in glassifica-
tion may be important for the precise determination
of T,.

According to eq. (13), the constant A is same as
T, for the largest oligomer B, above which T, is not
affected by the molecular weight.
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Figure 3 Linear relationship between 7T,, and T, for
organic liquid: (1) propene; (2) carbon tetrachloride; (3)
chloroform; (4) isopentane; (5) ethanol; (6) methanol; (7)
toluene; (8) vinyl acetate; (9) water; (10) propylene glycol;
(11) glycerol; (12) diethylphthalate; (13) phenyl salicylate;
(14) cyclohexanol; (15) cycloheptene; (16) cyclohexene.
Polymers: {21) polyethylene; (22) polypropylene; (23)
natural rubber.

Thermal Expansion

Figure 4 shows the relationship between the thermal
expansion coeflicient « and the glass transition
temperature T, and it is compatible with eq. (19).
The effect of the chemical crosslink »; 1s interesting
to note. The thermal expansion coefficient o at 190~
250°C decreases with increasing v,, whereas at 50—
140°C, « increases according to Kinjo et al.'®

Above T,, the decreasing effect is due to the in-
crease in T,. However, below T,, the coefficient for
solid a{s) is smaller than «(l) by a factor of 1/4, as
expected from eq. (20). Also, a(s) increases with
crosslinks according to eq. {(23).

Effect of Vulcanization

The increasing effect of vulcanization on T, was
pointed out and explained in terms of the effect on
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Figure 4 Relation between thermal expansion and T
{1) poly(o-methyl styrene}; (2) poly(p-methyl styrene); {3)
polysulfone; (4) poly(vinyl chloride); (5) polystyrene; (6)
poly(methyl methacrylate); (7) poly{cyclohexyl methac-
rylate); (8) polycarbonate; (9) poly(n-butyl methacrylate);
(10) poly[bis(chloromethyl oxyethylene)]; (11) trans-poly-
isoprene; (12) poly(ethylene oxide); (13) poly(methyl vinyl
ether); (14) polychlorofluoroethylene; (15) trans-polybu-
tadiene; (16) polymethylacrylate; (17) polypropylene; (18)
poly(vinyl acetate); (19) poly{(ethylene terephthalate); (20)
poly(tetramethylene oxide); (21) poly(propylene oxide);
(22) poly(vinylidene fluoride); (23) polyoxymethylene.

the free volume or the segmental motion in the lit-
erature.” The T, of epoxy resin, polyurethane, alkyd
resin, and natural rubber increases with increasing
degree of vulcanization »; and follows

T,= A+ Blog
The slope B is high, about 180 K in most cases.

As compared with eq. (21), the expression is some-
what different but of the same order. The above re-

lation was observed at small degree of v, as 107273

corresponding a semivulcanization of the oligomer.
Conventional vulcanized rubber of high molecular
weight is known to have good low-temperature
properties below —50°C for hydrocarbon rubber.
Below T, the phenomena are complicated due to
the condition of glassification. The contraction of
free volume on cooling may be retarded by the elastic
deformation caused by the formation of crosslinks.
Such a negative effect is trapped in the glass by
quenching and remains as an internal strain. It de-
creases « from the thermodynamical value. In fact,
the molar volume V increases but the elasticity E

decreases with increasing the degree of vulcanization
in contrast to the vulcanized rubber.

The property P in the solid state such as E, V,
and « is expressed by Kinjo et al.’® as

P=A+Bloguw

The effect denoted by B/A is calculated. It seems
rather smaller than that for T,. «(l) and a(s) (above
T,) are —0.047 and 0.125, respectively, and almost
of the same order as that of the theoretical ones.

For V and E, B/A is 0.018 and 0.5, respectively.
Theoretically, the molar volume is a function of free
volume or thermal expansion and the effect of vul-
canization runs parallel to the effect on the thermal
expansion.

A very large decrease in elasticity may be due to
the increase of the free volume. The elasticity is ex-
pressed as an exponential function of the free-vol-
ume fraction similarly to the viscosity and eq. (16)
may be used also for elasticity.

Rebound Resilience of Rubber

Poly(vinyl ether) of various alkyl groups showed a
relationship like that of eq. (24) in the literature.'®
A similar relation is roughly recognized from liter-
ature data of several kinds of rubbers, despite that
of different conditions of vulcanization.

Sound Velocity in Rubber

As compared with plastics, the sound velocity of
rubber is very low,? because the former is glassy
whereas the latter is rubbery. However, the softening
temperature T is proportional to T, and, therefore,
rubbers of high T, show high elasticity E and the
sound velocity C. In fact, C and E tend to be in
parallel to T}, in most cases. Rubbers having high
steric hindrance such as polyisobutene, silicone
rubber, and chlorosulfonated polyethylene show
high velocity. A high value of cis-polybutadiene is
due to a low T, as compared with other rubbers such
as natural rubber, styrene-butadiene rubber, poly-
chloroprene rubber, and acrylonitrile-butadiene
rubber.

CONCLUSION

The glass transition and softening of polymers are
concerned with rheological factors, but are expressed
thermodynamically with aid of a concept of the
pseudocrosslinks of various sizes. The melting point
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Figure 5 Schematic reaction path.

of the crystalline polymer and its correlationship
with the glass transition temperature is roughly dis-
cussed. As related problems, the thermal expansion,
the rebound resilience of rubber, and the sound ve-
locity in polymers are predicted. The temperature
shift factor for the relaxation spectrum is derived.

APPENDIX?'

Let us consider the following reaction process as
shown in Figure 5:

AB+C—> [A—B—C]—> A + BC

The energy levels of each stage are expressed as
functions of the bond energies D’s of the compounds,
i.e.,, AB, BC, and the activated intermediate [A—
B—C] as Dug, Dg¢, and Di4_p_cy, respectively.
Dys_p_¢) is assumed to be equal to an arithmetic
mean of the initial, final, and nonbonded stages or
A + B + C and the contribution of each stage is
assumed to be all equal to 1/3. Then, the activation
energy E* is given as

E*

Dap — (§)(Dap + Dgc + Daspic)

= (3)Dap — (3)Dac (A1)

because D4.p.¢ is zero. Since the heat of reaction
H is given as the difference Dy — D,g, E* becomes

E* = (5)D4p~ (5)H (A.2)

which indicates that E* decreases with decreasing
the stability of the compound AB and with increas-
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ing the heat of reaction H. For the decomposition
reaction, Dpc is zero and E* becomes (3)D4p and
it corresponds to the calculation of the activation
energy in the case of eq. (8). On the other hand, in
the viscous flow, the initial and final stages are both
on the same level or H is zero and E* becomes
(1)D4g. 1t corresponds to eq. (12).
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