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ABSTRACT: The dynamic mechanical and birefringence behaviors of two kinds 
of polyethylenes, low- and medium-density polyethylenes having different thermal his
tories, were investigated over the ranges of frequency from 0.008 to 4.3 Hz and of tem
perature from 30 to 90°C. Reducing the behavior at various temperatures to a given 
reference temperature of 50°C, both behaviors showed rather broad frequency dispersions, 
corresponding to the a dispersion of the materials, with activation energies of the me
chanical and optical relaxation processes of around 25 kcal/mol for every specimen 
tested. The behavior for a particular specimen of annealed low density polyethylene 
was further investigated by comparison with its frequency dispersion behavior of dynamic 
crystal orientation. The mechanical and birefringence dispersions were found to be 
definitely associated with the dynamic crystal orientation and could be assigned to an 
a 1 mechanism arising from the so-called grain boundary phenomena, but not to an a2 

mechanism resulting from a crystal disordering transition or pre-melting. 
The temperature dependence of the vertical shift factor for bringing the mechanical 

data to its master curve, br(T, To), was discussed in terms of Nagamatsu-Takemura's 
proposal, which takes into account the volume effect of the crystalline region, and of 
Wada-Okano's proposal, which takes into account the smearing out effect of the 
crystal lattice potential. Neither of the proposals gave any definite explanation of the 
temperature dependence nor any assignment of the mechanical dispersion. The tem
perature dependence of the vertical shift factor for optical data, pr(T, To), was also 
discussed on the basis of a two-phase hypothesis, i.e., additivity of crystalline and 
noncrystalline optical contributions, with the conclusion that the dependence results 
not only from that of the fractional volume of each phase but also from that of the 
orientation compliance of the noncrystalline chain segments for the particular specimen 
of annealed low density polyethylene. 
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Numerous studies on the nature of the re-
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laxation mechanisms of polyethylene occurring 
in the so-called "crystalline dispersion region" 
in the dynamic modulus functions have reported 
that the dispersion (a dispersion) consists of 
two or more relaxation mechanisms. The reso
lution of the a dispersion into two components 
was first investigated by Nakayasu, et al., 1 for 
a melt-crystallized linear polyethylene; they were 
designated mechanisms I and II, with activation 
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energies of the relaxation processes of 28 and 
46 kcal/mol, respectively. Since then, multiple 
types of crystalline relaxation mechanisms have 
been extensively studied by many authors, 
mostly in terms of the so-called "relaxation 
maps" from experimental sources of isochronal 
data of the temperature dependence of dynamic 
modulus functions of the polymers in bulk
crystallized as well as solution grown states. 2- 10 

The speculated assignments for the crystalline 
relaxation mechanisms can be classified into 
two categories: i.e., a mechanism associated 
with the crystal disordering transition or pre
melting and one with the grain boundary 
phenomena111 arising from various types of 
crystal orientation and/or deformation in an 
amorphous medium. 

Takayanagi has proposed two types of crystal
line relaxation mechanisms, designated as f3c and 
ac mechanisms, which are associated with the 
crystal disordering transition due to the onset 
of different modes of molecular motions of poly
mer chains around their axes and translational 
vibration of the polymer chain segments along 
the chain axis, respectively.4- 6 ' 9 He added later a 
mechanism, designated as ac', arising from fric
tion between mosaic blocks within annealed poly
mer crystals, 10 which may be classified as one of 
the grain boundary phenomena. The activation 
energies of the f3c, ac', and a:0 mechanisms for 
linear polyethylene, for example, have been found 
to be 16, 25, and 42 kcal/mol, respectively. 

On the other hand, Iwayanagi has proposed 
two types of crystalline relaxation mechanisms, 
designated as a:1 and a:2 ,12 which are associated 
with the grain boundary phenomena of defor
mation and/or rotation of crystallites (crystal 
mosaic blocks) within a viscous medium (the 
amorphous medium) and with the crystal dis
ordering transition due to the onset of torsional 
oscillation of polymer chains within the crystal 
lattice, respectively. The activation energy of 
the a:1 mechanism is, therefore, expected to be 
of the same order as that of the primary re
laxation mechanism (/3 dispersion), whereas the 
activation energy of the a:2 mechanism for poly
ethylene, for example, is expected from theo
retical13'14 and experimental (NMR and die
lectric)15-19 considerations to be several tens of 
kcal/mol. 
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Some mechanical and dielectric studies on 
the solution grown crystals of linear poly
ethylene have also assigned the crystalline dis
persion to be composed of two components; 
one arises from reorientation of the chain folds 
and the other is related to the coupling effect 
of torsional or/and translational motions of 
chain molecules within the crystals.8•9•17•20 •21 

These are related to the grain boundary phe
nomena and the crystal disordering transition, 
respectively. The effect of solvents on the a 
dispersion of polyethylene has been investigated 
by Hideshima, et al., 22 who indicated a definite 
effect on the lower temperature dispersion cor
responding to the a:1 mechanism but little effect 
on the higher temperature dispersion correspond
ing to the a:2 mechanism, and, consequently, 
suggested the a:1 mechanism to be associated 
with the grain boundary phenomena involving 
the molecular motions in the surface of crystal 
lamellae. 

Strictly speaking, however, the above as
signments for the so-called crystalline relaxation 
processes are still based on considerable specula
tion except for relatively definite, though still 
indirect, evidence for the a:2 mechanism. The 
recent results of rheo-optical investigations using 
the dynamic X-ray diffraction technique23 ·24 for 
dynamic orientation and lattice deformation of 
polyethylene crystals, 25- 27 as well as the dynamic 
light-scattering technique28 ' 29 for the deformation 
mechanism of polyethylene spherulites, 30 ·31 pro
vide the most definitive evidence to confirm 
that the so-called "crystalline relaxation pro
cesses" are really related to the crystalline 
responses. 

In this paper, the dynamic birefringence be
havior of low- and medium-density polyethyl
enes, which is obtained by means of the ir-sector 
technique described in Part I of this series, 32 

will be presented in order to discuss the nature 
of the crystalline relaxation processes in more 
detail for a particular specimen of the poly
ethylenes whose dynamic X-ray diffraction be
havior has been observed in this laboratory. 
The dynamic birefringence is a sensitive optical 
quantity for detecting the dynamic orientation 
of polymer molecules, as a whole, but is not 
necessarily a quantity which is able to distin
guish the crystalline and noncrystalline responses. 
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In turn, however, a combination of the dynamic 
birefringence behavior with the dynamic X-ray 
diffraction behavior will enable us to investigate 
the noncrystalline responses in the semicrystal
line materials separately and to assign the a 
dispersion in terms of more definitive structural 
responses. 

TEST SPECIMENS AND EXPERIMENTAL 
PROCEDURES 

Test polymers used in this experiment are a 
low-density polyethylene (Sumikathene G201, 
Sumitomo Chemical Co.) and a medium-density 
polyethylene (Sumikathene KP119, Sumitimo 
Chemical Co.) having viscosity-average molecu
lar weights of 42,000 and 170,000 and degrees 
of branching of 2.5 and 1.3 CH3/100C, re
spectivery. Film specimens of the low- and 
medium-density polyethylenes were prepared by 
placing the pellets in an aluminum spacer 
sandwiched in between two stainless steel plates 
and melting at 140 and 160°C, respectively, for 
about 10 min in a laboratory press. A pressure 
of 200 kg/cm2 was applied for 10 min at both 

G201 (Q) 

KPII9 (Q) 

CA) 

molten states at 140 and 160°C, and the molten 
temperatures were slowly cooled down to 105 
and 115°C for moulding the film specimens of 
the low and medium density polyethylenes, re
spectively. The film specimens formed between 
the stainless steel plates were then plunged into 
ice water together with the plates and are desig
nated as quenched specimens, G20l(Q) and 
KP119(Q). The quenched films thus obtained 
were annealed at 95°C in a vacuum oven at 
free length for 2 hr and are designated as an
nealed specimens, G20l(A) and KP119(A). Ad
ditional specimens with a different thermal his
tory from the above, were prepared by allowing 
the moulded films to remain at 105 and l15°C 
for 2 hr after being slowly cooled from the 
molten states, then further slowly cooled down 
to room temperature. These specimens are 
designated as slowly cooled specimens, G20l(H) 
and KPl 19(H). 

The thickness of the film specimens was ad
justed by an aluminum spacer so as to fit the 
dynamic birefringence measurements, i.e., about 
140 µ for the medium-density polyethlene, which 
is two times thinner than that of the low-density 

CH) 

(A) (H) 

0 5 10 15° 

Figure 1. Hv ligth scattering patterns of two kinds of polyethylene films, low- and medium
density polyethylene films, with different thermal histories. 
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polyethylene films of more transparence. The 
densities of G20l(Q), G20l(A), and G20l(H) 
were found to be 0.916, 0.920, and 0.922 g/cm3, 
while those of KP119(Q), KP119(A), and 
KP119(H) were 0.932, 0.934, and 0.937, as 
evaluated from an 2-propanol-water density 
gradient tube at 30.0°C. Hence, it can be noted 
that the thermal history of the specimens does 
not appreciably influence the density, i.e., the 
degree of crystallinity. These film specimens 
were used in the polarized light-scattering study, 
which confirmed that all specimens contain a 
spherulitic crystalline texture ranging up to 
about 10 µ in size. The spherulites of the 
slowly cooled specimens are somewhat larger in 
size and more perfect in spherulitic texture than 
those of the quenched and annealed specimens, 
as recognized from the Hv light-scattering pat
terns in Figure 1. 

These film specimens were kept in a dessicater 
for about a week before being used in the 
dynamic measurements in order to prevent any 
absorption of moisture and to allow the speci
mens to reach a more stable state. The film 
specimen is cut into a ribbon shape, 1 cm wide 
and 8 cm long, clamped initially at a gauge 
length of 6 cm, and is subjected to 3.3-96 static 
tensile strain superposed with a dynamic tensile 
strain of 0.25 % . A preparatory vibration is 
applied for about 1 hr at a frequency of 4.3 Hz 
in order to assure the vibrational steady state 
as well as a sort of mechanical conditioning of 
the specimen. Then, the dynamic birefringence 
and mechanical measurements were carried out 
over a frequency range from 0.008 to 4.3 Hz 
at various temperatures from 30 to 90°C. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Mechanical Dispersion. As has been briefly 
reported in Part I of this series32 and is illus
trated in Figures 2 and 3 for G20l(H), for 
typical examples, the storage modulus function 
E 1(v) as well as the loss modulus function E"(v) 

of all of the test specimens decrease remarkably 
with increasing temperature. The decrease pro
duces the difficulty that the conventional fre
quency-temperature superposition simply by a 
horizontal shift of the modulus functions along 
the logarithmic frequency axis is invalid, and 
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Figure 2. Temperature dependence of the storage 
modulus function of slowly cooled low-density 
polyethylene. 
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Figure 3. Temperature dependence of the loss 
modulus function of slowly cooled low-density 
polyethylene. 

leads to the requirement of a considerable ver
tical shift of the functions in order to obtain 
good superposed master curves of the function:-. 
at a given reference temperature. 

The proper vertical shift in the superposition is 
performed after the horizontal shift of the modu
lus functions by using the shift factors obtained 
from the horizontal shift of the mechanical 
loss angle tangent function, tan o(v). That is, 
the time-temperature superposition for a system 
composed of multiple types of relaxation mech
anisms may be formulated as follows: 33 

I m I 
ET (v)= (p/p 0)[;(T, T0 )E;.T/vaT) ( 1} 

j=l j 

( 2) 

where aT i is the horizontal shift factor for the 
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jth relaxation mechanism, p0 is the density of 
the system at the reference temperature T0 , and 
(pf p0) is a correction factor due to the thermal 
expansion of the system. fi(T, T0) is also a 
correction fa<;:tor arising from the temperature 
dependence 6f the elastic moduli of the re
laxation elements, Eij T), composing the jth 
relaxation mechanism in the fashion of a gen
eralized Maxwell model, and has been conven
tionally taken as ( T/T0 ) for a relaxation mech
anism having entropic elasticity. (p/p 0)fj(T, T0 ) 

must be thus understood as related to the 
vertical shift factor br i for the jth relaxation 
mechanism, phenomenologically. 

If the observed modulus functions, E/ (1!) 

and E/ 1(1!), could be well separated into the 
contribution from the jth mechanism and those 
from the other mechanisms, tan aj,r(I!) could 
be written only in terms of arr and not of 
br i' as follows: 

tan oi.T(l!)=E;'.r(l!)/E;,rM=tan oi.T/l!ar) ( 3) 

Utilization of eq 3 will be a problem, however, 
unless either the separation of the jth contri-
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Figure 4. Tan o contour map of quenched low
density polyethylene. 
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bution from the others can be performed ex
perimentally or the modulus functions, Er' (1!) 

and Er'' (1!), and, consequently, tan or(I!) can 
be observed as isolated for the jth relaxation 
mechanism. 

Figures 4 and 5 show the so-called tan a 
contour maps which plot the observed tan a 
function against both temperature and frequency 
for G20l(Q) and G20l(H), for example. As 
can be seen in the figures, the ridge is rather 
monotonous in height and the contour lines on 
both sides of the ridge are guite parallel to the 
ridge. This fact suggests that the observed 
tan o function is fairly well isolated for the 
jth (crystalline) relaxation mechanism, and vali
dates the estimation of ar i by using eq 3 which 
is taken to be independent of br i with relatively 
small arbitrariness.* 
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Figure 5. Tan o contour map of slowly cooled 
low-density polyethylene. 

* Strictly speaking, however, the ridge is not 
necessarily even in height; it decreases with in
creasii:g frequency and temperature for G201(Q) 
and vice versa for G20l(H), and the contour lines 
are not perfectly parallel to each other with equal 
contour intervals. These facts suggest that the 
isolation of the jth relaxation mechanism is not 
sufficient enough, and is probably affected, more 
or less, by the contributions from the other re
laxation mechanisms. 
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Figure 6. Master curves of tan ii functions of a series of medium-density polyethylenes 
reduced to a given reference temperature of 50°C. 

Figure 6 shows a series of master curves of 
tan oi,T/l)aTi) for the KP119 specimens, all 
reduced to a given reference temperature of 
50°C. It can be seen that each master curve 
exhibits a distinct peak, which is not symmetric 
in form with respect to the reduced logarithmic 
frequency, and that the peak frequency shifts 
towards lower frequencies with progress of the 
heat treatment from Q to A to H. Figure 7 
shows a series of master curves of the loss 
modulus function, bT 1E/T/l)aT 1), also for the 
KPl 19 specimens, all reduced to the reference 
temperature of 50°C by means of the above 
mentioned procedure which applies the vertical 
shift as well as the horizontal shift of the ob
served functions at various temperatures. It is 
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seen that the frequency dispersion in the reduced 
master curve is quite broad, exhibiting no dis
tinct peak, and shifts towards lower frequencies 
with the progress of the heat treatment. Such 
a broad dispersion without any distinct peak 
may be expected whenever there exists more 
than a single contribution mechanism in the 
relaxation. In addition, the shape of the re
duced master curves is again asymmetric with 
respect to the reduced logarithmic frequency. 
Hence, if one assumes the contribution of each 
relaxation mechanism to the loss modulus func
tion to be represented in terms of a symmetric 
functional form, such as the Gaussian functional 
form, 33 the deviating portion at higher fre
quencies may be attributed to the contribution 
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Figure 7. Master curves of the loss modulus functions of a series of medium-density poly
ethylenes reduced to a given reference temperature of 50°C. 

from the (j-1 )th relaxation mechanism, corre
sponding probably to the f3 dispersion, while 
the deviating portion at lower frequencies, if 
any, may be connected with the contribution 
from the (j + 1 )th mechanism arising from the 
double components of the a dispersion. At 
present, however, the separation of the reduced 
loss modulus function into the respective con
tributions, which is quite important to under
stand the full nature of the mechanisms, cannot 
be carried out due to the lack of adequate data, 
especially at even higher frequencies and lower 
temperatures, for the (3 dispersion. 

The general behavior of the reduced master 
curves of tan o and loss modulus functions for 
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the G201 specimens is similar to that for the 
KP119 specimens just mentioned above, expect 
for the fact that the tan o peak frequencies and, 
consequently, the frequency dispersion in the 
loss modulus function, both reduced to the 
same reference temperature of 50°C, appear at 
higher reduced frequencies than those for the 
corresponding specimens of KPl 19. 

Figure 8 shows the temperature dependences 
of the horizontal shift factors ar(T, T0), which 
are obtained from tan or(!)) in order to compose 
the master curve of tan oi,To(l)ari) and are plotted 
in terms of logarithmic value against reciprocal 
of absolute temperature. As can be seen in 
the figure, each temperature dependence is 
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Figure 8. Temperature dependence of the hori
zontal shift factor ar(T, To) for constructing master 
curves of tan ii functions of two series of low- and 
medium-density polyethylenes, taking the reference 
temperature as 5O°C. That of horizontal shift 
factor or(T, To) for constructing master curves of 
complex dynamic strain-optical coefficients, K* of 
a series of low density polyethylenes is also plotted. 

represented by a straight line, showing the 
Arrhenius type of temperature dependence, at 
least over the temperature range covered, irre
spective of the kind of polymer and of the 
type of heat treatment. The slope of the straight 
line is a little steeper for the medium density 
polyethylene and becomes a little less steep with 
the progress of the heat treatment, giving acti
vation energies of the jth relaxation process 
ranging from 25 to 27 kcal/mol; these are quite 
consistent with the literature values of the a 1 
mechanism.1,3, 1,10,22 

Figure 9 shows the temperature dependences 
of the vertical shift factors br(T, T0), which are 
obtained by constructing the master curve of 
the loss modulus function br JE~'.r/liar J) after 
the horizontal shift of E/' (li) using arr As 
can be seen in the figure, the temperature de
pendence of br/T, T0) is given by a common 
straight line, irrespective of the type of heat 
treatment, when reduced to the reference tern-
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Figure 9. Temperature dependence of the vertical 
shift factor br(T, To) for constructing master curves 
of loss modulus functions of two series of low- and 
medium-density polyethylenes, taking the reference 
temperature as 5O°C. The calculated dependence 
using Nagamatsu-Takemura's proposal which 
takes into account the volume effect of crystalline 
region is also plotted for annealed low density 
polyethylene. 

perature of 5O°C and plotted in logarithmic 
value against linear scale of temperature, though 
the slope of the straight line is somewhat steeper 
for the medium density polyethylene than for 
the low density polyethylene, O.OO253/deg and 
O.OO243/deg respectively. 

The time-temperature superposition of the 
storage modulus function E/(ll) by means of 
the above mentioned procedure using the hori
zontal and vertical shift factors, ar / T, T0) and 
br/T, T0), which are obtained from the tan a 
and loss modulus functions, is quite satisfactory 
in general; these results are not shown to save 
space. The facts that the temperature de
pendence of the horizontal shift factor is given 
by a single Arrhenius type equation and that 
the activation energy of the relaxation process 
is found to be near the literature values proposed 
by several authors for the a 1 mechanism, irre
spective of both the kind of polymer and of 
the type of heat treatment, may indicate that 
the observed mechanical behavior is associated 
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mainly with the isolated jth relaxation mecha
nism. 

Significance of the Vertical Shift Factor bT. 
The temperature dependence of the vertical 
shift factor for polyethylene has been discussed 
by Nagamatsu, et al., in relation to that of the 
degree of crystallinity, 34 based on a model 
proposed by Takemura. 36 The temperature de
pendence of bT for a low-density polyethylene, 
Alkathene, is also given by a straight line, 
when plotted in logarithmic value against linear 
scale of temperature ranging from O to 80°C, 34 

though the slope of the straight line is about 
three times steeper than those obtained here. 

Actually, the formulation of the temperature 
dependence of bT from Takemura's model, i.e., 
fj(T, T0) in eq I and 2 in the present paper, is 
based primarily on the temperature dependence 
of noncrystalline entropic elasticity which is 
supplimented in terms of the volume effect of 
crystalline region, i.e., the temperature de
pendence of the degree of crystallinity, but not 
substantially on that of the associated elasticity 
itself. Therefore, the formulation may be ac
cepted for the f3 dispersion rather than the 
crystalline dispersion, unless a considerable 
modification of the noncrystalline entropic elas
ticity is made so as to reflect the grain boundary 
phenomena for the a 1 mechanism. The dots 
in Figure 9 show calculated results for G20l(A), 
for example, from the formulation which takes 
into account the temperature dependence of X
ra y crystallinity shown in Figure 18. The agree
ment with the experimental results is not neces
sarily satisfactory. 

Hence, the mechanical relaxation at relatively 
high temperatures may be expressed by the 
following equations, as suggested by Kaneko, 
et a!.,36,37 

E;,T(t)=E;,T0(t/aT) exp [ -/31 (T-T0 )] ( 4) 

E7,T(li)=EJ,T/µaT j) exp [-/3' (T-To)l ( 5) 

where (3 1 corresponds to the slope of the loga
rithmic vertical shift factor bT plotted against 
temperature as shown in Figure 9. Let us check 
the temperature dependence of bT, i.e., (3 1 , in 
a different way by taking into account the tem
perature dependence of the crystalline elasticity. 

Wada et al., 13 ' 15 ' 38 and Okano14 have pro-
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posed that the crystalline dispersion occurs be
cause of the incoherent lattice vibration within 
crystals in which the intermolecular potential 
suffers a smearing-out effect. Peterlin et al. 39 - 41 

have treated the smearing-out effect as arising 
from either longitudinal or torsional lattice 
vibrations and have approximated the temper
ature dependence of the potential as follows: 

rfJT=rJJc exp [-rr 2NkT/(5fa 2)] ( 6) 
or 

rfJT=rfJc exp [-NkT/(5/')] ( 7) 

where rJ)T is the intermolecular potential at 
temperature T with the smearing-out effect, rJJc 
the intermolecular potential in the absence of 
the effect, N the number of atomic units along 
the crystalline chain axis, a the atomic distance 
between neighboring atoms along the chain axis, 
and f and f' the longitudinal and torsional 
force constants, respectively. 

Assuming that the temperature dependence of 
the elastic moduli of the relaxation elements 
Ei,i(T) which make up the jth relaxation mecha
nism suffer in equal magnitude the smearing-out 
effect, then /3 1 in eq 4 and 5 can be rewritten, 
as given by Kaneko, et al., 36 in terms of either 
type of the smearing-out effects, as follows: 

( 8) 
or 

/3' =[Nk/(5/')] ( 9) 

If we take a=l.25 A and N=70 and 85 for 
the low and medium density polyethylenes on 
the average, which are estimated from the long 
spacing obtained from X-ray small angle scat
tering for both kinds of polyethylenes as 190± 
20 A, and from the volume fraction of the 
crystalline region from the density values on 
the average for the two kinds of polyethylenes 
as 45 and 55 % , and (3' =0.00253 and 0.00243, 
then the force constants, f and f 1, are found 
from eq 8 and 9 to be 0.5 x 105 and 0.6 x 105 

dyn/cm per bond and as 0.8 x 10-12 and 1.0 x 
10-12 erg for the low and medium density poly
ethylenes, respectively. These values off are 
considerably smaller than those proposed by 
Kuhn and Kuhn42 and Shimanouchi, et al., 43 

2.0 x 105 and 4. 9 x 105 dyn/cm per bond, respec
tively, while the values off' are rather in close 
agreement with those proposed by Okano14 and 
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Table I. Values of W as evaluated by using four sets off and /' with different 
probabilities for the smearing-out effects arising from longitudinal and 

torsional lattice vibrations within polymer crystals 

Set I Set II Set III Set IV 

ptf(Pt +Pt) /=4.9x 105 dyn/cm /=2.0x 105 /=4.9xl05 /=2.0x 105 

/'=1. 1 x 10-12 erg f'=l. l X 10-12 /'=0.5 X 10-12 /'=0.5 X 10-12 

0 0.00055/deg 0.00134 
0.5 0.00223 0.00262 
1 0.00390 0.00390 

Szigeti, 44 1.1 x 10-12 and 0.5 x 10-12 erg. 
Table I lists four sets of calculated results 

of f,' by using the force constants, f and /' 
proposed by Kuhn and Kuhn, Shimanouchi, 
et al., Okano, and Szigeti, on the basis that 
the smearing-out effect arises from the longi
tudinal and torsional lattice vibrations, simul
taneously, with probabilities of Pt and Pt= i.e., 

f,' =Pt[rr2Nk/(5fa2)]+Pt[Nk/(5J')] (10) 

where Pt +Pt= 1. As can be seen in the table, 
the results with equal probabilities, such as sets 
I and II, or the results with, at least, a greater 
contribution of the torsional lattice vibration 
than the longitudinal one give closer values of 
f,' to those observed. In other words, the re
sults with the longitudinal lattice vibration alone 
give too small values of f,'. 

As briefly discussed above, neither of the 
theories proposed for explaining the temper
ature-dependence of the vertical shift factor bT 
in terms of the smearing-out effects of crystal 
potential can give any definite assignment of 
the relaxation process observed, except for a 
rather positive objection to the speculation about 
the crystalline relaxation mechanism due to the 
onset of the longitudinal lattice vibration alone. 
In addition, the value of the activation energy 
of the relaxation process, around 25 kcal/mol, 
which is obtained from the temperature-de
pendence of the horizontal shift factor aT fol
lowing an Arrhenius type equation, may be too 
small to assign the process to be the crystal
line relaxation due to the onset of the torsional 
lattice vibration, coupled with the longitudinal 
lattice vibration with probability p, at least 
greater than (1/2), i.e., the so-called a 2 mecha
nism. 
Optical Dispersion. The optical results obtained 
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0.00055 0.00134 
0.00125 0.00170 
0.00195 0.00195 

simultaneously with the mechanical data are 
analyzed in terms of the real and imaginary 
parts of the strain optical coefficient, K' and K". 
and the optical loss angle tangent, tan a, defined 
by K" / K'. As has been pointed out in a pre
vious paper32 and is illustrated in Figures 10 
and 11 for G20l(A) and KP119(A), respectively, 
both K' and -K" show maxima within the 
temperature and frequency ranges covered. The 
maxima increase slightly with increasing tem
perature at relatively lower temperatures for 
some of the specimens, but generally decrease 
with increasing temperature with a much greater 
rate for K' than for -K". The temperature
dependence of the optical coefficients on a given 
time scale shows, therefore, an inversion point 
of the dependence, which is consistent with 
those observed by other authors for poly
ethylenes, 45- 48 depending on the choice of the 
given time scale. The behavior is, however, 
considerably different in detail from those ob
served, for example by Takeuchi and Stein47 

for another kind of medium density poly
ethylene and by Onogi, et al. 46 for another kind 
of low density polyethylene; in both of these 
the time-temperature superposition has been 
performed only by using the horizontal shift 
of the data along the logarithmic time scale 
within a limited range of temperature up to Tm, 
which approximately corresponds to the apparent 
inversion point of the temperature-dependence 
of the coefficients on a given time scale. In 
other words, the simple phenomenological find
ings of the horizontal shift factors from the 
tan aT(JJ) function and, subsequently, of the 
common vertical shift factors for K' and - K", 
if any, on the bases of corresponding relations 
to eq 1 through 3, seem to be quite invalid. 
These complications, which are more obvious 
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Figure 10. Temperature dependence of the real and imaginary parts of the complex dynamic 
strain-optical coefficient K*(iv) of annealed low-density polyethylene. 

for the KP119 series than for the 0201 series, 
must be understood in terms of the coexistence 
of at least two types of optical relaxation mecha
nisms contributing to the bulk responses, K' 
and -K", to different extents. 

Figures 12 and 13 show the so-called tan a 

contour maps which plot the observed tan a 
function against both temperature and frequency 
for G201(A) and KP119(A), respectively. Re
flecting the above-mentioned complications, the 
contour map for G201(A) is rather simple, with 
a monotonous ridge line and almost parallel 
contour lines to the ridge, similar to the tan o 
maps in Figures 4 and 5, while that for KPl 19(A) 
is guite disturbed in its contour lines at rela
tively low temperatures and high frequencies, 
strongly suggesting an additional contribution 
from another optical relaxation mechanism than 
the jth mechanism, i.e., the (j-l)th mechanism. 

The separation of the contribution of the 
(j-1 )th mechanism, if any, from the observed 

Polymer J., Vol. 8, No. 6, 1976 

responses, K' and -K", must be performed 
more rigorously than in the mechanical data, 
before the procedure of the time-temperature 
superposition. The separation has, however, 
been neglected due to the same reason as for 
the mechanical data, i.e., the lack of adequate 
data at even higher frequencies and lower tem
peratures where the data must be affected 
more seriously than the mechanical data by the 
(j- l)th mechanism; the procedure of the time
temperature superposition is carried out by means 
of a conventional trial and error method with 
the restriction of finding a common horizontal 
shift factor oT between the data of K/ (v) and 
-K/'(v). Consequently, the vertical shift factor 
PT, which is obviously different for K' and 
-K", as well as the horizontal shift factor oT 

are more or less arbitrary and just apparently 
successful in the sense that they use an insuf
ficient, actually no, separation of the jth 
mechanism. 
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Figure 11. Temperature dependence of the real and imaginary parts of the complex 
dynamic strain-optical coefficient K*(iv) of annealed medium-density polyethylene. 

Figures 14 and 15 show series of the apparent 
master curves of K' and -K", i.e., [K' + 
PTkr/vor) and -[K" -Prkr0(vor), for the 
KPI 19 specimens, respectively, all reduced to a 
reference temperature of 5O°C; here the sub
script j means the jth mechanism in a much 
more tentative sense than the mechanical one, 
and the vertical shift factor Pr is defined in a 
different fashion from br because there is no 
guarantee that the optical coefficients keep the 
same sign over the ranges of temperature and 
frequency to be covered. As seen in the figures, 
every specimen shows definite optical dispersion 
over the reduced frequency range covered; this 
is characterized by a decrease of (K' +Pr) with 
increasing frequency and the appearance of a 
maximum in -(K" -pr), The frequency dis-
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persion shifts towards lower frequencies with 
progress of the heat treatment from Q to A to 
H, similar to the mechanical dispersion in 
Figures 6 and 7, and is well-correlated to the 
mechanical dispersion, except for the fact that 
the tan o peak frequency appears at a slightly 
lower frequency than the -(K" -pr) peak fre
quency. The -(K" -Pr) peak is asymmetric, 
similar to the tan o peak, with respect to the 
logarithmic reduced frequency; both show a 
shoulder on the higher frequency side. This 
shoulder must be related to the additional op
tical and mechanical relaxation mechanisms and 
should be assigned as the (j- l)th mechanism. 
The general behavior of the apparent master 
curves of (K' +PT) and -(K" -PT) for the 0201 
specimens is similar to that for the KP 119 

Polymer J., Vol. 8, No. 6, 1976 
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specimens mentioned above, except for the fact 
that the frequency dispersion appears at a little 
higher reduced frequency, when reduced to the 
same reference temperature of 50°C, than that 
for the corresponding specimens of KP 119. 

The temperature-dependence of the horizontal 
shift factor or(T, T0) for constructing the ap
parent master curves of the G201 specimens is 
found to coincide with that of ar(T, T0), as 
plotted in Figure 8 with dot symbols, while 
that for the KPl 19 specimens differs from 
ar(T, T0), as shown in Figure 16, giving two 
segments of straight line which bend at a par
ticular temperature near 60°C to reveal two 
types of optical relaxation processes with acti
vation energies of 21 to 23 kcal/mol and 33 
kcal/mol at the lower and higher temperature 
sides, respectively. Although the magnitudes 
of the activation energies may be too crude for 
any quantitative discussion due to the arbitra
riness in determining oT(T, T0), the two types 
of optical relaxation processes must be under
stood in terms of more discrete contributions 
of the (j- l)th mechanism for the KPl 19 speci
mens than the G201 specimens and must be 
related to a more complicated tan a map in 
Figure 13 for KP119(A) than that in Figure 12 
for G20l(A). 

The temperature-dependence of the vertical 
shift factor fr(T, T0) for constructing the ap
parent master curves, taking the reference tem
perature T 0 as 50°C, is illustrated in Figure 17 
for the two series of specimens. As can be 
seen in the figure, the dependence is, in general, 
much less obvious for -K", than K', less obvi
ous on the lower temperature side than the 
higher one, and less obvious with progress of 
the heat treatment, except for some anomalies 
for particular specimens. The change of the 
shift factor in sign from negative to positive 
at 50°C is only a dependence on the choice of 
the reference temperature, and the appearance 
of shallow minima of PT, mostly found for 
G201 specimens at relatively lower temperatures, 
corresponds to the inversion point of the tem
perature-dependence of K' and -K" maxima 
mentioned above. 

Significance of the Vertical Shift Factor Pr· 
The temperature-dependence of the vertical shift 
factor PT has been only rarely studied in a 
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Figure 14. Master curves of the real part of the complex dynamic strain-optical coefficient 
for a series of medium-density polyethylenes, all reduced to a given reference temperature 
of 50°C. 

quantitative manner, except for a series of 
studies by Onogi et al. for a high-density 
polyethylene48 •49 in which the authors have 
concluded that the temperature-dependence 
mostly results from that of the orientation 
compliance26 ( or the strain-induced orientation 
coefficient) 50 of the crystal c-axis of the poly
ethylene crystallites and, further, from that of 
the mobile fraction of noncrystalline chain seg
ments, but not from that of the degree of crys
tallinity. The conclusion is actually based on 
the simplifications that the system be monophase, 
neglecting the optical contribution from the non-
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crystalline phase, and that the crystal orienta
tion be represented by that of the crystal c-axis. 
The objection to the temperature dependence 
of the degree of crystallinity seems not to be 
the case for the other kinds of polyethylenes, 
especially for a low-density polyethylene. Hence, 
let us discuss the problem in more general 
terms for a particular low-density polyethylene, 
G20l(A), for which the dynamic X-ray diffrac
tion behavior has been fully studied in this 
laboratory. 51 

Assuming the semicrystalline polymers to be 
a two-phase system, the measured complex 
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Figure 15. Master curves of the imaginary part of the complex dynamic strain-optical 
coefficient for a series of medium-density polyethylenes, all reduced to a given reference 
temperature of 50°C. 

dynamic strain-optical coefficient K* can be 
written for polyethylene as52 

K*=X0 [(na-n 0 )Ca * +(nb-n0 )Cb *] 

+(1-Xe)Ll~mc:m +(o.::lrorm/os) (11) 

where Xe is the volume fraction of crystalline 
phase, (ni-no) and Ll~m are the intrinsic bire
fringences of the crystalline and noncrystalline 
phases, respectively, C/ is the complex dynamic 
strain-induced orientation coefficients, and the 
subscripts, a, b, c, and am denote the crystal 
a, b, and c axes, and noncrystalline chain seg
ment, respectively. The last term in eq 11 is 
the contribution from the form birefringence, 

which is assumed to be negligible. One can 
expect that every term in eq 11 must be ex
pressed as functions of temperature and fre
quency, but possibly the crystallinity Xe and 
the intrinsic birefringences, (ni-nc) and Ll~m, 
are independent of frequency. Thus, eq 11 can 
be rewritten as a function of temperature T and 
frequency v into 

Polymer J., Vol. 8, No. 6 ,1976 

where C7,r(i;) can be further written as 

C7,r(i;)=C7, r/lJCr;)-d;i (13) 

579 



T. KYU, N. YASUDA, s. SUEHIRO, s. NOMURA, and H. KAWAI 

l
o 

2 

0 

g -I 

-2 

-3 
2.7 2-9 

2-7 

25 2.7 

KPll9 
H A Q 

3-1 3.3 
A 

29 3.1 33 
Q 

29 3.1 33 
3 -I 

1/Tx 10 (°K J 

Figure 16. Temperature dependence of the hori
zontal shift factor or(T, To) for constructing master 
curves of the complex dynamic strain-optical coef
ficient for a series of medium-density polyethyl
enes, taking the reference temperature as 50°C. 

1.0 0.5 

0.5 0 

0 
" 

0 -05 

20 40 60 80 100 

TEMPERATURE (°CJ 

Figure 17. Temperature dependence of the vertical 
shift factor pr(T, To) for constructing master curves 
of the complex dynamic strain-optical coefficient 
for two series of low and medium-density poly
ethylenes, takmg the reference temperature as 
50°C. 

580 

ct, r/1JOr)=Ct, r/1Jcr) +[Ct, r 0(1JOr)-Ct, r 0(1JCr)] 

(13') 

where er. and d0. are the horizontal and ver-
' ' tical shift factors for constructing the master 

curve of the respective dynamic orientation 
coefficient, C; *. 

The vertical shift factor Pr, which is defined 
by K0/1Jor)-Kr *(v), can be given by 

a, b 

-Xc(T)(n;-nc)r]+Xc(T0 ) I; (n;-nc)r 0 

' 
X [Ct_ r/1JOr)-Ct, r/1JCr)] 

a,b * 
+Xc(T) I; (n;-nc)rdr 

i ' 

+c:m,r/lJCTam)[{l-Xc(To)}.J~m,T0 

-{1-Xc(T)}.J~m,T] 

+{1-Xc(To))d~m,TJC:m,T/IJOr) 

-c:m,r/lJCTamlJ+{l-Xc(T)}.J~m, rd0am (14) 

Equation 14 is a general expression of the ver
tical shift factor Pr on the basis of the bi-shase 
hypothesis with different C; *, and reveals that 
the vertical shift factor is not only temperature
dependent but also frequency-dependent, which 
is a self-contradiction to the experimental defi
nition of Pr in a strict sense. 

Let us further discuss the vertical shift factor 
under certain conditions. First, let us assume 
cr.=Or, d0,=0, and that the intrinsic bire
fri'ngences ~re temperature-independent; then 
eq 14 reduces to 

1 = Xc(To)-Xc(T) [K' (1JO ) 
Pr Xc(To) To T 

o c' -dam,T0 am,r/1JOr)] 

11 = Xc(To)-Xc(T) [K"'(IJO ) 
Pr Xc(To) To T 

o c" -dam,To amT0(1JOr)] 

(15) 

Second, let us assume Xc(T0)=Xc(T), Cri=Or, 

d0i=O, d~m.r0=d~m,T, and nc,r0=nc,T; then eq 
14 reduces to 

fr=Xc(T0 )[(na, To -na, T )C:,r/lJOr) 

+(nb,r0-nb,r)Ct,r/1Jor)] (16) 

Third, let us assume cri=Or, and that the 
intrinsic birefringences are temperature-inde
pendent; then eq 14 reduces to 
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a,b * 
PT= (n;-n,)TJ{Xc(T0 )-Xc(T))Ci,r/vor) 

' 
+Xc(T)d; J + Ll~m. rJ{Xc(T) 

-Xc(To))C:m,r/vor)+{I-Xc(T))dtmJ 

(17) 

If one further assumes Xc(T0 )=Xc(T), then eq 
17 reduces to 

a.b * 
Pr= 4 (n;-n,)r 0Xc(T0 )dri 

' 
+L1~m.r0{1-Xc(To))dr:m (18) 

Equation 18 may correspond to the conclusion 
given by Onogi, et al., 49 for a high-density poly
ethylene for which the temperature-dependence 
of the vertical shift factor Pr arises mostly from 
the temperature-dependence of the orientation 
compliance C; * through d; ;' as E1 * arises 
though f 1(T, T0) in eq 1 and 2; i.e., by the ease 
of the crystal orientation associated with the 
temperature-dependence of the mobile fraction 
of surrounding medium, though their definition 
of Pr is in the usual way as the ratio of 
[Cr *(v)/Ci0(vor)] and is thus different from our 
definition. 

Dynamic X-ray diffraction studies of orienta
tion responses of crystallites in particular low
density polyethylenes have revealed that the 
strain-induced orientation coefficient, Cf r(v), 
can be superposed without any vertical shift 
and with a common horizontal shift factor Cr, 
irrespective of i. 26 ' 51 That is: 

C'i,r(v)=Cfr/vcr) (19) 

where i=a and b. Assuming similarly that the 
strain-induced orientation coefficient, c:m,r(v), 
can be superposed without any vartical shift, 
then 

c:m,r(v)=C:m,r/vcraml (20) 

Figure 18 shows the temperature-dependences 
of the horizontal shift factors Cri and of the 
volume fraction of crystalline phase Xc(T) ob
tained from dynamic and static X-ray diffraction 
measurements, respectively, for the G20l(A) 
specimen. 51 As can be seen in the figure, the 
temperature-dependence of cri is represented 
by a straight line, irrespective of i, when its 
logarithmic value is plotted against the re
ciprocal to absolute temperature. From the 

Polymer J., Vol. 8, No. 6, 1976 

·- I ... 
<..) 

(!) 

0 
...J 0 

-I 

-2 

G201!Al 

22.5 Kcal/mole 

2.8 2.9 3.0 3.1 3.2 3.3 
1/Tx 10 3 (°K" 1) 

0 
x 
t:: 

<..) 

X 

3.6 

3.2 

2.8 

Figure 18. Temperature dependences of the hori
zontal shift factor cr/T, To) for constructing master 
curves of the complex dynamic strain-induced 
orientation coefficient (orientation compliance) of 
the crystal ith axis and of the fractional volume 
of the crystalline phase Xc(T) for annealed low
density polyethylene. 

slope of this straight line, the activation energy 
of the relaxation process of the crystal orien
tation is found to be 22.5 kcal/mol, which is 
very close to those obtained from the temper
ature-dependences of Or as well as of ar, as shown 
in Figure 8. This fact suggests that Cr/~ or, 
where i,=a, b, and am, and the validities of 
eq 19 and 20, if any, also suggest that dii~0, 
both showing further the validity of eq 15 for this 
particular system of G20l(A). In other words, 
the vertical shift of Kr *(v) for constructing 
K;/vor), results from the temperature-depend
ence of the volume fraction of the crystalline 
phase, Xc(T). 

Figure 19 shows the results of the temper
ature-dependence of the complex dynamic strain
optical coefficient of the noncrystalline phase, 
K:m,rM, i.e., Ll~m.1•0C~m.r(v) and Ll~m,rP~;,,,r(v), 
separated from Kr *(v) as given in Figure 10 on 
the basis of eq 15 by using the dynamic X-ray 
diffraction data, Cfr (vcr.), 51 It must be em-

o II i 
phasized, first, that Cam,r(v) remain almost 
zero within experimental error. That is, the 
optical response of the noncrystalline chain 
segments is well in-phase with the dynamic 
bulk strain, which is in contradiction to the 
much delayed response of the crystal orientation, 
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Figure 20. Collected results of the dynamic me
chanical and optical responses of annealed low
density polyethylene in terms of the frequency 
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with respect to the bulk strain and reduced to a 
reference temperature of 50°C. 

as will be shown later in Figure 20. On the other 
hand, the temperature dependence of c:m,r(J.J), 
especially of c;m,r(1,) thus separated, is quite 
unexpected in the sense that the data at lower 
temperatures must be shifted, in general, to the 
lower frequency side to construct the master 
curve of C~m,T/1,cTam); this is opposite to the 
assumption of CT/~0T, which requires the shift 
to be performed to the higher frequency side. 
This contradiction must be explained in terms 
of diam-:f=0, especially for C~m,T(1,), and eq 15 
must be rewritten as 
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Pr' X 0 (To)-X0 (T) [K' (1,o ) 
Xc(T) To T 

-.d~m, rP~m, r/1,oT)] 

+ [1-Xc(T)].d~m,Tod~am 

11 = X 0 (T0)-X0 (T) [K" (1,0 ) 
PT Xc(T) To T 

where d:)am~o. 

(21) 

Figure 20 shows the collected results of the 
dynamic mechanical and optical responses of 
the G20l(A) specimen in terms of the frequency 
dispersion of loss angle tangent functions, all 
referred to the dynamic bulk strain and reduced 
to the reference temperature of 50°C. The 
dynamic crystal lattice response, which is also 
obtained from the dynamic X-ray diffraction 
measurements, 51 is added. It should first be 
noticed that the mechanical and optical dis
persions represented by tan a and tan a, respec
tively, are definitely associated with the disper
sion of crystal orientation given by tan o0,;, 

though the peak frequencies of tan o0,; shift to 
somewhat higher frequencies than those of tan a 
and tan a, and that the dynamic lattice defor
mation of the crystal, represented by tan a1 ,;, 

is well in-phase with the dynamic bulk stress 
of the specimen. Actually, the complex dynamic 
lattice compliance is hardly frequency-dependent, 
with almost zero imaginary compliance over 
the ranges of temperature and frequency cov
ered, 51 and the mechanical dispersion observed 
here should not be assigned as an a 2 mechanism. 

The most striking problem is, however, how 
to associate the considerably delayed responses 
of the crystal orientation, especially that of the 
crystal c-axis, with the noncrystalline orientation 
which is, by contrast, well in-phase with respect 
to the bulk strain. The crystal orientation must 
be primarily governed by that of the noncrystal
line chain segments and be, more or less, in
phase with that of the chain segments directly 
connected to the crystals. In other words, there 
should be at least two distinctive frequency dis
persion regions for the noncrystalline orientation 
responses. One is associated with the delayed 
crystal responses over the ranges covered, and the 
other is associated with the primary dispersion, 
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i.e., the p dispersion appearing at higher fre
quencies and lower temperatures than the ranges 
-covered here. The former noncrystalline dis
persion may be masked in K:m in Figure 19 
by the latter response, except for the appearance 
-of a slight frequency dependence of K~m,T(li). 
Although the interrelation between the former 
and latter noncrystalline dispersions may differ 
from specimen to specimen, mostly depending 
-0n the microstructure of the noncrystalline re
gion in relation to the crystalline texture, the 
former dispersion associated with the delayed 
-crystal orientation, if separated, must be un
derstood as the origin of the grain boundary 
phenomena, i.e., the a 1 mechanism. A little 
more quantitative discussion in relation to the 
mechanical dispersion and the deformation 
mechanism of spherulitic texture of the material 
will be presented elsewhere together with original 
data of the dynamic X-ray diffraction study. 51 

The present definition of Pr, i.e., K;/!!OT)
KT *(!!), seems to be unavoidable for the bulk 
quantities of K' and -K" which have no guar
antee of keeping their values in the same sign. 
However, the definition comes out as a self
-contradiction, as discussed just after eq 14, in 
a strict sense, simply because of the two-phase 
hypothesis in which different kinds of optical 
relaxation mechanisms are assumed with dif
ferent temperature-dependences of oT; and dr;· 
Therefore, the vertical shift factor must be de
fined in terms of Pri=K';,r(!!)/Kl,r0(l!OT) for each 
mechanism, as for fi(T, T0 ) in eq I and 2, not 
in terms of PT=Kr *M/K; 0(l!OT), for further quan
titative discussions. The most significant step 
is to investigate PT r especially for the non
crystalline orientation compliances c:m,T(li) as
sociated with the a and p dispersions separately 
and to understand the temperature-dependence 
of PT given by other authors49 in terms of a 
more quantitative approach. Some work along 
this line is now being carried out by using the 
series of KPl 19 for which the contribution from 
the p dispersion seems to be more obvious than 
the series of G201 specimens. 
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