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The dynamic birefringence behaviour of a high-density polyethylene film having a row-nucleated
crystalline texture of cylindrites oriented along the machine direction of fabrication was investigated
over frequency and temperature ranges covering the & mechanical dispersion of this material. The
results are discussed in combination with the dynamic X-ray diffraction behaviour of the material so
as to explore the structural origins of the @ mechanical dispersion, not only for this particular material,
but also for bulk-crystallized polyethylene having a spherulitic texture. Two deformation processes
contribute to the aq mechanism, corresponding to the lower temperature relaxation process in the

a mechanical dispersion; i.e. {i} a lamellar detwisting process involving the rotation of crystal grains
within the crystal lamellae or of lamellar segments around the crystal b-axis or the lamellar axis, which
predominates in the MD (machine direction) specimen, and (ii) lamellar shearing associated with the
rotation of the crystal grains or the lamellar segments around the crystal a-axis, which is accentuated
in the TD (transverse direction to fabrication) specimen. An additional deformation process, lamellar
bending, is also observed in the MD specimen as being likely elastic in the dynamic response, and its
contribution is found to be substantial, not to the « dispersion, but rather to the  dispersion of this
material. The az mechanism corresponding to the higher temperature relaxation process in the

a mechanical dispersion is observed to be more pronounced in the 7D than in the MD specimen. The
apparent dynamic crystal lattice compliance shows a definite dispersion during activation of the asy
mechanism, but a slight dispersion during activation the a1 mechanism, suggesting that the a; mecha-
nism must be related to an intracrystal relaxation process whereas the a4 mechanism must be associated
with an intercrystal relaxation process at their boundaries.

INTRODUCTION

In the previous papers of this series! 2, the deformation
processes underlying the « mechanical dispersion of an
isotropic melt-crystallized low-density polyethylene were
interpreted in terms of reorientations of lamellar segments
or crystal grains involving their preferential rotations
around the crystal a- and b-axes, respectively, within
orienting lamellae at the polar and equatorial zones of
uniaxially deformed spherulite. The specimens hitherto
employed in the rheo-optical studies! “® were the isot-
ropic melt-crystallized ones which possess the spherulitic
crystalline texture. The local strain at the equatorial zone
of uniaxially deformed spherulite is usually larger than
that at the polar zone’, reflecting from crystalline mor-
phology of lamellar aggregation in the spherulitic texture.
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The time dependent deformation behaviour is also dif-
ferent locally with respect to the angular position of the
spherulite®. The rheo-optical responses available from
these spherulitic specimens, such as optical absorption
and emission dichroism, are usually averaged over all the
azimuthal angles of the spherulite, thus leading to difficul-
ties in resolving the optical responses into fundamental
structural responses, if any, unless models of spherulite
deformation are postulated.

The polyethylene spherulite is composed of crystal
lamellae which have grown radially, with the crystal b-
axis parallel to the axis of growth (lamellar axis) around
which the crystal a- and c-axes rotate periodically to
result in the so-called lamellar twisting. Under tensile
deformation of a spherulitic film of polyethylene, the
crystal lamellae at the polar and equatorial zones of
uniaxially deformed spherulites are parallel and per-
pendicular to the principal stress. Preferential rotations of
the lamellar segments or crystal grains around the crystal
a- and b-axes have been proposed, respectively, as the
fundamental structural responses at the polar and equa-
torial zones of spherulite in association with the lamellar
shearing and detwisting® ¢
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The idea that is developed for overcoming the obscurity
in resolving the optical responses from the spherulitic
system, is to use a particular film specimen crystallized
from stress-melts of polyethylene which has a row-
nucleated crystalline texture grown in cylindrical sym-
metry along the machine direction (MD) of fabricating the
film specimen'’. The specimen has cylindrites in which
stacked crystal lamellae are oriented radially with their
lamellar axes highly perpendicular to the machine direc-
tion. Therefore, the structural responses that occur for
tensile deformation of the specimen along the machine
direction may represent those expected at the equatorial
zone of spherulitic texture, whereas the responses that
occur for tensile deformation of the specimen along the
transverse direction (T D) to the fabrication may reflect the
responses expected at the polar zone of the spherulitic
texture.

In this paper, the dynamic mechanical and optical
(birefringence) behaviour of a film specimen crystallized
from the stress-melts of an extra-high molecular weight
polyethylene possessing the row-nucleated crystalline
texture of c-axis orientation will be investigated. The
dynamic birefringence behaviour is discussed in con-
junction with the dynamic crystal orientation and lattice
deformation behaviour obtained from the dynamic X-ray
diffraction studies of the same material’® in order to
explore the structural origins of the « mechanical disper-
sion of the row-nucleated specimen as well as isotropic
melt-crystallized specimen of spherulitic texture.
Discussion will be extended to the ‘hard-elasticity’ which
is often found for the row-nucleated systems having the
lamellar morphology oriented perpendicular to the ma-
chine direction of fabrication.

EXPERIMENTAL

Test specimen

An extra-high molecular weight linear polyethylene
(Sholex Super 5551H, Japan Olefin Chemical Ind., Ltd)
having a weight-average molecular weight of 350 000 was
fed into a bumbery mixer where the pellets were melted for
several minutes. The melt kept at ~ 160°C at the exit of the
mixer was fed into mixing rolls controlled at 150°C and
then calendered into sheet form by passing through a set
of calender rolls. The temperature and relative surface
velocity of these rolls were controlied so as to crystallize
the melts under sufficiently high shear stress. The calen-
dered films thus prepared have a density of 0.951 gcm™*
and a volume-average crystallinity of 66.6%, assuming
that the densities of the crystalline and amorphous phases
are 1.000 and 0.852 g cm ™3, respectively. The detail of the
fabrication processes and the characterization of these
film specimens were described elsewhere!”.

Experimental procedure

Prior to the static and dynamic experiments, the above
mentioned specimens were annealed by placing them
between two polished stainless steel plates at 110°C for
more than 5 h in an vacuum oven in order to prevent
undesirable thermal effects occuring during the experi-
ments. For the dynamic birefringence experiment, the film
specimen of ~ 200 pm thickness was cut into ribbon shape
of 80 mm length and 8 mm width along the machine and
transverse directions, respectively, and were designated
hereafter as the MD and T D specimens. The ribbon shape
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specimen was mounted in a tensile dynamic deformation
apparatus at an initial gauge length of 60 mm and was
subjected to a static tensile strain of 3.3% to avoid
buckling of the specimen during imposing a dynamic
tensile strain of 0.25%. A preparatory vibration was
applied for ~1 h at 43 Hz at each measurement
temperature in order to assure the vibrational steady state
as well as to perform a sort of mechanical conditioning of
the specimen. The simultaneous measurement of dynamic
mechanical and dynamic birefringence behaviour was
conducted by means of a n-sector technique'® over a
frequency range from 0.008 to 4.3 Hz at various tempera-
tures from 20 to 110°C.

RESULTS

Morphology and static deformation behaviour

According to our previous electron microscopic (EM)
and small-angle X-ray scattering (SAXS) studies!’, the
above mentioned calendered specimen possesses a crystal-
line texture of cylindrites in which stacks of crystal
lamellae are oriented radially with their lamellar axes
perpendicular to the machine direction of fabrication.
These lamellae are thought to overgrow from rows of
nucleating points, as proposed by Keller and Machin?°,
to form a sort of lamellar network. The high degree of
lamellar orientation can be noticed in the lower half of
Figure 1 in which the appearance of two-point SAXS
pattern in the meridional direction for the unstretched
specimen and its change with stretching the specimen in
the M D are shown. Upon stretching the specimen in the
MD, the following changes in the lamellar network may
be seen in the Figure; (a) increase of interlamellar spacing,
which is associated with shifting the position (26,,,,) of the
merdional SAXS intensity maximum to a lower scattering
angle; (b) increase of interlamellar void formation or lower
density region as a consequence of the process (a), which is
associated with increase of the SAXS intensity especially
at lower angles than 26,,; (c) increasing degree of
lamellar bending and irregular deformation of lamellae,
which is associated with increase of lateral breathing of
the two-point SAXS patterns. The increase in the SAXS
intensity and the appearance of an equatorial streak at
relatively high degree of stretching, (Figure 1) is related
to whitening of the specimen which will be discussed later.

Another interesting property of this specimen which
arises from its inherent structural anisotropy is a high
degree of length recovery from relatively large elongation
up to ~40%-elongation along the MD, i.e., the tensile
behaviour characterized by the ‘hard-elasticity’?!-22.
However, such elastic property cannot be observed when
the specimen is stretched in the TD. It is characterized by a
discrete yielding phenomenon at relatively small elonga-
tion, ~5%-elongation, followed by plastic defor-
mation associated with macroscopic necking of the
specimen. The degree of length recovery after the yielding
is far less while the breaking elongation is much larger,
reflecting a much more plastic nature of the specimen
along the TD than along the MD.

Upon stretching along the M D, the specimen starts to
whiten at ~ 10%-elongation, and whitening is completed
at ~20%-elongation. Upon further stretching, the speci-
men exhibits no trace of macroscopic necking, followed by
a break at ~75% -elongation which is far less than the
breaking elongation of several hundred percent in the 7D.
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Figure 1 The changes of WAXD and SAXS patterns upon stretching the film specimen along the machine direction {MD); the stretching
direction is vertical as indicated

Upon releasing the tension, the whitening disappears
almost completely unless the initial elongation exceeds
20%-elongation. The specimen also shows a marked
reduction of apparent density with stretching. This be-
446 haviour of whitening and reducing in apparent density is
definitely related to the development of interlamellar void
or lowered density region, as mentioned above, and must
contribute considerably to the dynamic birefringence
measurement along the MD, but not along the TD.
Figure 2 shows the change of birefringence of the
242 specimen with stretching along the MD up to ~60%-
elongation and with different immersing liquids having
refractive indices from 1.36 to 1.67 at room temperature.
As seen in the Figure, the birefringence increases in posi-
tive sign with stretching and shows a maximum value at
refractive index of ~ 1.6 of the immersing liquids. These
results suggest two contributions to the birefringence; (1)
resulting from orientation of some structural units having
positive intrinsic birefringence towards the MD; (2) the
negative form birefringence resulting from the generation
of interlamellar void or lowered density region upon
stretching.
86 Figure 3 shows the variation of second-order orien-
tation factors of the three principal crystallographic axes
of polyethylene crystal with %;-elongation of the specimen
along the MD at room temperature, in which the orien-
) . . | tation factor of the kth crystal axis is defined as F,°
3 14 5 16 7 =(3{cos?6,> —1)/2 with 0, being the angle between the
kth crystal axis and the stretching direction. In un-
Figure 2 The change of birefringence of the film specimen with Strgt,Ched state, the orleptatlon factor of the CrySt,al b-a.XlS
respect to the refractive indices of immersion liquids at various F," is ~ —0.5, suggesting that the crystal b-axis, which
%-elongations along the MD coincides with the lamellar axis, orients perpendicular to
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Figure 3 The changes of second-order uniaxial orientation factors
of the principal crystallographic axes, F;0, F0, and F .9, with
%-elongation of the film specimen along the MD
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Figure 4 The variations of orientation distributions of the reciprocal
lattice vectors of the [110], [200], and [020] crystal planes of the
specimen, in terms of the pole figures, with 0%, 3.5%, and 8.0%-
elongations along the TD

the MD. This agrees with the evidence achieved in the
previous EM study'” and the SAXS and WAXD results in
Figure 1. As a consequence of preferential c-axis orein-
tation along the M D, the orientations of the crystal a- and
c-axes are not random around the lamellar axis; ie. F,°
+ F 9 (Figure 3). Upon stretching, the orientation factor
F.° increases while F.° decreases, indicating that the
crystal ¢- and a-axes orient towards and away from the
stretching direction, respectively. The F,°, however, cha-
nges slightly as compared to F,° and F °. These changes in
the orientation factors should result primarily from the
lamellar detwisting process involving the rotation of
lamellar segments or crystal grains within the lamella
around the lamellar axis or crystal b-axis owing to
straining of interlamellar non-crystalline materials, such
as tie-chain molecules between the lamellae. The minor
change in F,° which increases with increasing %-
elongation may be attributed to a process of lamellar
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bending between tie-links in a fashion analogous to a
leaf-spring®®. The change of these orientation factors can
be interpreted in terms of two fundamental processes; i.e.
the lamellar detwisting and lamellar bending. The former
process is believed to have a much greater contribution to
the crystal orientation but is much slower in the dynamic
response than the latter process of lamellar bending.

Figure 4 shows the variation of orientation distribution
of reciprocal lattice vectors of the kth crystal plane with
stretching the specimen along the TD; i.e. the changes in
the pole figure of contour lines of normalized intensity
distribution of X-ray diffraction from the [110], [200] and
[020] crystal planes. The orientation distribution of the
kth crystal plane in the unstretched state is cylindrical
symmetry with respect ot the MD, (as expected from its
row-nucleated crystalline texture), but not with respect to
the TD. This invalidates the representation of the orien-
tation behaviour with stretching along the TD simply in
terms of the second-order orientation factor F,° with
respect to the 7D alone. Upon stretching along the TD, the
orientation distributions of the reciprocal lattice vectors
of these crystal planes change in such ways that the
distribution maxima accentuate in the thickness direction
of the film specimen. Although the pole figure for the
[020] crystal plane does not appreciably change near the
polar region (the region near the MD in Figure 4), it
drastically changes near the equatorial region (the region
near the TD) to set on the crystal b-axis parallel to the
thickness direction. However, the variation in the orien-
tation distribution for the [200] crystal plane changes
comparatively slowly with elongation ratio. Though a
possible deformation mechanism may include a slight
orientation of the crystal a-axis, intralamellar shearing
involving the rotation of the crystal grains around their
crystal a-axes, particularly in the lamellae oriented para-
llel to the 7D, may be considered as a major process
during stretching of the specimen in the TD up to the yield
point.

Figure 5 shows a diagram schematizing two types of
representative deformation processes during stretching of
the specimen along the MD and TD, respectively; i.e. the
lamellar detwisting and intralamellar shearing involving
the two types of preferential rotations of crystal grains
around the crystal b- and a-axes for the MD and TD
specimens, respectively.

Dynamic mechanical dispersion

Temperature dependences of the real and imaginary
components of complex dynamic tensile modulus func-

> 7

Figure 5 A schematic diagram representing two types of crystal
deformation mechanisms during stretching along the MD and TD



Deformation of semicrystalline polymers (I1X): Thein Kyu et al.

S
Q

Log £'{dynes/cm?)
©
wu

Log frequency (Hz)

Figure 6 Temperature dependences of the storage and loss modulus
functions of the MD and TD specimens

tion; i.e. the storage and loss modulus functions E'((v)
and E” (v),for the MD and T D specimens are shown in the
left- and right-hand sides of Figure 6. The modulus
functions decrease markedly with increasing temperature
(see Figure 6 and previous study on spherulitic low and
medium density polyethylenes®). This decrease does not
allow a conventional frequency-temperature superpo-
sition of shifting the modulus functions horizontally along
the logarithmic frequency axis by a shift of log a(T,T;). A
considerable vertical shift of the functions by log b (T, T,) is
required to obtain smoothed master curves at a reference
temperature of Ty, even though the master curves are only
apparent from linear viscoelasticity for a system having
more than one relaxation mechanism.

Therefore, the superposition was performed by a
combination of vertical and horizontal shifts resulting in
the apparent master curves. of the storage and loss
modulus functions reduced to a common reference tem-
perature of 50°C for the MD and TD specimens, re-
spectively (Figures 7 and 8). Broad mechanical dispersion
is observed for both specimens. The dispersion is steeper
in E’ and broader in E” for the the TD specimen than for
the M D specimen. These unusually broad dispersion peaks
in E” and somewhat asymmetric shape of them with
respect to the reduced logarithmic frequency, suggest that
more than one relaxation mechanism is contributing to
the dispersion. The relaxation intensity (the integrated
area under the loss modulus curve) of the dispersion in the
1D specimen is greater than that of the MD specimen.

Temperature dependence of the horizontal shift factor
a({T.T,) is plotted in its logarithm against reciprocal
absolute temperature in Figure 9. The Arrhenius plots can
be represented by two straight lines with activation
energies of relaxation processes of 25.2 and 33.6 kcal
mol ! for the MD specimen. The corresponding results
observed for the TD specimen are also composed of two
straight lines having the activation energies of 25.4 and
37.5kcal mol ™, respectively. Temperature and frequency
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ranges of the dynamic measurements in these experiments
to cover the storage modulus values from 1 x 10'°to 1 x
10%-° dyne cm ™2, primarily correspond to the vicinity of
the o mechanical dispersion of polyethylene. The acti-
vation energies for the relaxation process at the lower tem-
perature side, found to be 25.2 and 25.4 kcal mol ™! for the
MD and TD specimens, are consistent with the literature
value of the «, relaxation process of polyethylene®-24~ 27,
These results suggest that the low temperature process
should be assigned to the «; mechanical dispersion, the
structural origin of which will be discussed later in
connection with the dynamic birefringence and dynamic
X-ray diffraction data of these specimens.

The relaxation process at the higher temperature side
having the activation energies of 33.6 and 37.5 kcal mol ™!
for the MD and TD specimens, respectively, may be
assigned to the a, relaxation process, though the values of
the activation energy obtained are relatively low com-
pared with the literature values of ~45 kcal/mol**-?8, This
discrepancy may be due to the lack of proper separation of
the contribution of the «; process from the viscoelastic
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Figure 7 Apparent master curves of the storage and loss modulus
functions of the TD specimens, reduced to a reference temperature
of 50°C
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Figure 8 Apparent master curves of the storage and loss modulus
functions of the TD specimen, reduced to a reference temperature
of 50°C
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Figure 9 Arrhenius plots of the horizontal shift factors, ay(7, Tg)
and o{7,T,), for composing the apparent mechanical and optical
master curves for the MD and TD specimens

functions in the a, region. The temperature at which the
two straight lines in the log a; vs. 1/T plot intercross to
each other is found at ~70°C for both specimens. This
temperature corresponds to the crystal disordering tem-
perature at which the thermal expansion coefficient of the
crystal lattice spacing changes abruptly especially along
the crystal a-axis!®. The a, process has therefore, been
postulated to relate to the onset of rotational vibration of
chain molecules within the crystal lattice; i.e., the in-
coherent lattice vibration within crystals in which the
intermolecular potential suffers a smearing effect to
change the nature of crystal from elastic to viscoelas-
tic?°-3°. Some related evidences will be demonstrated later
in terms of the dynamic crystal lattice deformation
behaviour obtained from dynamic X-ray diffraction
measurements of the specimens.

The «, dispersion seems to be more pronounced in the
TD specimen than in the MD specimen, resulting in the
steeper change in E’, the broader peak in E”, and,
consequently, the more intensive « dispersion, as a whole,
for the TD specimen than for the MD specimen, as
mentioned above. This may be explained in terms of the
fact that stretching along the lamellar axis (7D direction),
which corresponds to the principal stress field direction
being perpendicular to the intralamellar chain direction,
can activate the «, process more easily than stretching
along the chain direction (M D direction).

In Figure 10 are shown temperature dependences of the
vertical shift factor b{T,T;) for the MD and TD specimens
in terms of their logarithms plotted against linear scale of
temperature. As can be seen in the Figure, the temperature
dependences can be approximated by straight lines
having almost identical slopes of 0.0033 and 0.0031 deg ™*,
respectively, for the MD and 7D specimens. Although the
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slopes are a little steeper than those for spherulitic low and
medium density polyethylenes; 0.0024 and 0.0025 deg™?,
respectively, the temperature dependence has been fully
discussed in a previous paper® in terms of the smearing-
out effect on the intermolecular potential within the
crystal lattice.

Dynamic optical dispersion

The dynamic birefringence behaviour observed simul-
taneously with the dynamic mechanical behaviour is
analysed in terms of the in-phase and out-of-phase
components of complex dynamic strain-optical coefficient
function defined as being the ratio of dynamic biref-
ringence amplitude to dynamic strain amplitude. In
Figure 11 are shown temperature dependences of the in-
phase and out-of-phase components of the strain-optical
coefficient function, K'(v) and K"[v), for the MD speci-
men. As can be seen in the Figure, K’ has negative values
at low temperatures or at high frequencies, but increases
to positive values with increasing temperature or with
decreasing frequency. K” exhibits distinct peaks at elevated
temperatures and retains negative values throughout the
experimental range. The peak value in — K" decreases
with increasing temperature, suggesting that a simple
horizontal shift alone is inadequate to obtain a super-
posed master curve. Superposition is performed by the
combination of horizontal and vertical shifts in both K’
and K”. The apparent master curves of the in-phase
component (K’ + p7) and out-of-phase component —(K”
—p7") of the dynamic strain-optical coefficient function
reduced to a reference temperature of 50°C are shown in
Figure 12, where the terms of prand o7 are the vertical and
horizontal shift factors, respectively, in the superposition.
The in-phase component (K’ + p;) decreases from positive
to negative values with increasing reduced frequency,
whereas the out-of-phase component -(K” — p;”) remains
in positive value with a distinct maximum at ~-2.2 in the
log reduced frequency.

The transition from positive to negative values of the in-
phase component, irrespective of the out-of-phase com-
ponent remaining in the same sign, suggests that the
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for the MD and TD specimens
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function of the MD specimen
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Figure 12 Apparent master curves of the in-phase and out-of-phase
components of the complex dynamic strain-optical coefficient
function of the MD specimen, reduced to a reference temperature of
50°C

dynamic birefringence changes in the phase relation from
lagging to leading with respect to the dyamic bulk strain
with increasing frequency. This change of the phase
relation should be understood in association with the
following two deformation process; namely, (i) the lamel-
lar detwisting process which gives rise to positive biref-
ringence due to molecular orientations, and (ii) the
lamellar bending or splaying apart process which causes
negative form birefringence. As shown in Figure 2, the
splaying apart of the interlamellar spacing or lamellar
bending process leading to the negative form biref-
ringence yields a greater contribution to the dynamic
birefringence than the lamellar detwisting process at low
temperatures or at high frequencies. The negatively

contributing lamellar bending or splaying apart process
may be activated evenly throughout the experimental
range, while the lamellar detwisting process is hardly
activated at low temperatures or high frequencies.
Consequently, the K’ must be positive at low reduced
frequencies in association with dominant contribution of
the lamellar detwisting process, but be negative at high
reduced frequencies in association with the dominant
contribution of the lamellar bending or splaying apart
process. The lamellar bending or splaying apart process
must be quick enough in the dynamic response with
almost zero contribution to the out-of-phase component.
A rather broad but distinct dispersion in the out-of-phase
component —(K” —p;”) must be understood as resulting
primarily from the lamellar detwisting process.

Figure 13 shows master curves of the in-phase and out-
of-phase components of the complex dynamic strain-
orientation coefficient function of the kth crystallographic
axis, C"y r(vey) and C"y r(veq), which were obtained from
the dynamic X-ray diffraction measurements of the MD
specimen and were reduced to a common reference
temperature of 50°C!8. As can be seen in the Figure, the
in-phase component of the crystal b-axis €', does not
appreciably change with the reduced frequency, whereas
the €', and C', for the crystal a- and c-axes decrease
markedly in their absolute values with increasing fre-
quency. The out-of-phase component of the C”, remains
almost zero, while those of the C and C; show distinct
peaks, both corresponding to the above dispersion be-
haviour of the in-phase components.

These characteristic dynamic orientation behaviour of
the crystallographic axes strongly suggest a dynamic
orientation dispersion of the crystallites in such a parti-
cular fashion that the dynamic rotation of the crystal a-

Cr,7,(ver)

Ref. temp. 50°C
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Figure 13 Master curves of the in-phase and out-of-phase compo-
nents of the compiex dynamic strain-orientation coefficient functions
of the kth crystallographic axis for the MD specimen, reduced to a
reference temperature of 50°C
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MD from lamellar orientation towards the 7D, but not as from
any development of the negative form birefringence. The
reduced out-of-phase component —(K” — p,;”) remains also
positive throughout the reduced frequency range, exhibit-
ing a distinct peak at the frequency region at which the
dispersion of the in-phase component occurs. These
results indicate that the dynamic birefringence lags be-
o / hind the applied bulk strain with a frequency dispersion at

~ —2.5 in the reduced log frequency, a little lower than
that found for the M D specimen.

Contrary to the orientation distributions of the crystal-
line structural units in the M D specimen, the orientation
in the 7D specimen are not cylindrical symmetry with
460 respect to the T'D. This leads to a difficulty of representing
the dynamic orientation behaviour of the units in terms of
the complex dynamic strain-orientation coefficient fun-
ction C*, defined as the ratio of dynamic amplitude of the
second-order uniaxial orientation factor AF,* to the
dynamic strain amplitude AA¥. It is, however, believed
that the birefringence dispersion is caused by the orien-
tation dispersion of the crystallites in association with
preferential dynamic rotation of lamellar segments or

. L M . crystal grains within the lamellae around their crystal a-
26 27 28 29 30 31 32 33 axes due to intralamellar shearing. These interpretations
1710 (K may be predicted qualitatively from Figure 4 in terms of

Figure 14 Arrhenius plots of the horizontal shift factors,

CT,k(T: To). for composing the orientation master curves of the kth
crystallographic axis for the MD specimen

170

!

Log Cr
|
T
o
w\
X AT)%

225 kcal mol™

and c-axes around the crystal b-axis. This dynamic
rotation definitely corresponds to the lamellar detwisting
process. The opposite sign in the in-phase and out-of-
phase components implies that the dynamic crystal
rotation is lagging behind the dynamic bulk strain. The
dispersion peaks of the C”, and C”, correspond to that of
the strain-optical coefficient function in Figure 12 appear-
ing at the same reduced frequenices ranging from 0.001 to
0.01 Hz. The activation energy as determined from the
Arrhenius plots of the temperature dependence of the
horizontal shift factor ¢ T,T;) was found to be 22.5 kcal
mol ™!, as shown in Figure 14. This value is in good accord
with those determined from the a{T,T;) and o(T,T;)

K'x102

versus T fo_r the dyngmlc. mechanical and optical Log frequency (Hz)
functions, as illustrated in Figure 9, as well as to the
literature values for the o, mechanical dispersion. The Figure 15 Temperature dependences of the in-phase and out-of-phase

components of the complex dynamic strain-optical coefficient function

lamellar detwisting process is the major contribution to of the 7D specimen

the o, mechanical dispersion for the MD specimen. The
C".and — (K" —p;”) remain almost close to zero at high
reduced frequencies, while the (K’ + p;) shows a remark-
able negative value at these high reduced frequencies. .
These facts suggest that the remarkable negative value ol °
should not be related to the lamellar detwisting process, °
but be attributed to the negative form birefringence
arising from the lamellar bending process of almost non-
delayed response with respect to the dynamic bulk strain.

The complementary results of the in-phase and out-of-
phase components of the complex dynamic strain-optical
coefficient function for the TD specimen are shown in
Figure 15 as a function of temperature. The corresponding
master curves reduced to the common reference tempera-
ture of 50°C after superposing the functions are shown in r )
Figure 16. The reduced in-phase component (K'+ py) : . . . . . .

7o

8 Ret temp 50°C
=]
o]

o o

. L . -5 -4 -3 ) E o) i
decreases rapidly with increasing reduced frequency, but, Log v, (Hz)
n Contr?St to the MD speqmen, i remal?s pOSltlYe except Figure 16 Apparent master curves of the in-phase and out-of-phase
fqr a sllght'negatlve at high reduced frequencies. T.hls components of the complex dynamic strain-optical coefficient func-
Sllght negative value should be understood as resultmg tion of the TD specimen, reduced to a reference temperature of 50°C
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the change of pole figure of the kth crystal plane with static
extension ratios up to the yielding, and were demon-
strated quantitatively in the previous paper'® in terms of
the dynamic behavior of the orientation distribution
function of the kth crystal plane, Ag,*(8,.¢). It is again
noted that the relaxation intensity of the strain-optical
coefficient function (the integrated area under the master
curve of — (K"~ p;") of the TD specimen is much greater
than that of the M D specimen. This is consistent with that
for the mechanical relaxation intensity mentioned above.

The Arrhenius plots of temperature dependence of the
horizontal shift factor o T, T,) are represented, in contrast
to those of a{T,T,), by a single straight line, as seen in

20 20
o MD
e 7D
% Of 1100
% - X
-2.0F J—\ 10
i

1 1 1
O 20 40 60 80 1OIO

Temperature (°C)

i
120
Figure 17 Temperature dependences of the vertical shift factors,

p7 and py’’, for composing the apparent optical master curves for
the MD and TD specimens

Figure 9, determining the activation energies to be 25.2
and 25.4 kcal mol ™!, respectively, for the MD and TD
specimens. The activation energy for the TD specimen is
also very consistent with those for the x; mechanical
dispersion. Though the orientational birefringence may
not be sensitive to the rotational vibration of chain
molecules within the crystal lattice, the intrinsic biref-
ringence of the chain molecule should be influenced by the
internal field effect, if any. The reason why no prominent
optical dispersion corresponding to the o, process is
observed in the Arrhenius plots of 0(7,T;), may be owing
to the fact that the internal field effect upon the intrinsic
birefringence is comparatively small as compared to the
orientational birefringence at these temperatures.
However, the cross-over of K’ at high temperatures and
low frequencies, as seen in Figures 11 and 15, and the
feathering off of (K'+ p;) at low reduced frequencies, as
seen in Figures 12 and 16, may reflect the contribution of
the a, process through the internal field effect. Actually,
the temperature dependence of the vertical shift factors
pr and p;’ do change rather abruptly at the high tem-
peratures, as can be seen in Figure 17.

To elucidate the nature of the a, process, a more
claborate and direct evidence can be achieved from the
measurements of dynamic crystal lattice deformation
behavior by means of dynamic X-ray diffraction tech-
nique*’, i.e. the measurement of complex dynamic crystal
lattice compliance J,*. Temperature dependences of the
real and imaginary components of the crystal lattice
compliance function are shown in Figure 18 for the [110],
[200] and [020] crystal planes for the TD specimen’®. The
real component does not exhibit any frequency depen-
dence and the imaginary component remains almost
zero both at low temperatures. However, they begin to
show frequency dependence at high temperatures cor-

x107 8
7D O 30°C
[110] © 40 [200] [020]
& 60
10k ® 80 L L
® 100
® 110
R )
<% (]
<} i % SN

e —— s = —— =
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S0

<
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a4k L L

.—.\* ok | | \
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Figure 18 Temperature dependences of the real and imaginary components of the apparent complex dynamic lattice compliance functions,
Ji' and Ji"', of the [110], [200], and {020} crystal planes for the TD specimen
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Figure 19 Separation of the optical dispersion K* of the MD
specimen into the contributions from crystalline, noncrystalline and
form birefringences

responding to the temperature region of the a, process. In
other words, the crystal is elastic in its response at the low
temperatures, but becomes viscoelastic at the high tem-
peratures, indicating that the o, process is an intracrystal
relaxation phenomenon, while the «; process is an
intercrystal grain-boundary relaxation phenomenon as-
sociated with dynamic orientation of the crystal grains.

Separation of optical dispersion into contributions of crys-
talline, non-crystalline and form birefringences

The optical dispersion in the M D specimen is attributed
mainly to the lamellar detwisting process. Also an assign-
ment for the negative form birefringence, which leads to
the negative (K’ + p') at high reduced frequencies, is made
to the lamellar bending or splaying apart process. All
these discussions are confined to a qualitative manner,
and it is uncertain either to what extent the crystalline
contribution is to the optical dispersion associated with
the lamellar detwisting process or whether the lamellar
bending process is a time-dependent process. Therefore, let
us separate the optical dispersion observed into three
contributions from crystalline, non-crystalline and form
birefringences on the basis of an approximation of the
two-phase hypothesis of semicrystalline polymers.

The strain-optical coefficient can be expressed for a
uniaxially oriented polyethylene as follows*2:

K = (6A/6i)|»1=).0 = Xc[(na - nc)ca + (nb - nc)Cb]
+(1 = XA 1 C o+ (6A /57)
=Kcr+Kam +Kf (1)

where X, is the volume fraction of crystalline phase, n; is
the principal refractive index of polyethylene crystal, C, is
the strain-orientation coefficient, and A°_,, is the intrinsic
birefingence of noncrystalline chain segment. The sub-
scripts, cr, am, and f denote the crystaline, noncrystalline
and form birefingences. For the complex dynamic strain-
optical coefficient function, equation (1) can be modified
simply by rewriting the K and C in terms of the complex
variables as follows;
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a,b
K* {iv) = X(T)}(m — n)7C*1(iv)
k
+ [1 - Xc( n]Aoam,TC*am,T(iv) + (5Af*/5i*)"f

= K*ch(iv) + K*am!"(l.V) + K*fj(l\’) (2)

The last term of equation (2) is usually assumed to be
negligibly small for spherulitic crystalline specimen.
However, for the MD specimen, the contribution of the
form birefringence is substantial, as demonstrated in Figure
2, and cannot be ignored. Assuming the principal re-
fractive indices of polyethylene crystal to be the same as
those of n-paraffin; n, = 1.514, n,=1.519, and n, = 1.575, as
determined by Bunn and Daubeny??, and to be tempera-
ture independent, the separation of crystalline contri-
bution from the optical dispersion according to equation
(2) is conducted using C*, r(ivcy) in Figure 13 and X (T) in
Figure 14. The results are shown in Figure 19 in terms of
dash-dot lines.

Obviously, the out-of-phase component of the complex
dynamic strain-optical coefficient function of the crystal-
line phase, K", ;.. is found to be quite consistent with that
of the total strain-optical coefficient function, K"7(vo,),
hence the (K", 7 +K"7) must be almost zero in the
reduced frequency range covered here. The K', is
determined to be considerably larger than K';(voy),
decreasing from much larger positive value to slightly
negative value with increasing reduced frequency. The
shape of the K',, is, however, similar to that of the K’,
leading to the separated (K',,, 7 + K1) to be negative and
hardly frequency dependent. These results suggest that the
optical dispersion of K* is mainly attributed to the
crystalline contribution associated with the lamellar
detwisting process. Now, one can conclude that the large
negative values of K’ at high reduced frequencies are
caused by the negative contribution of (K',,,, . + K',7,). It is
felt that the K’,,, may contribute to the positive value,
therefore, the negative contribution should be inherent in
K', which is believed to be associated with the lamellar
bending or splaying apart process. The reason that the
frequency dependence of the (K, + K) is not appreci-
able, may be due to the fact that the lamellar bending
process as well as the orientation of amorphous chains
between the bending lamellae respond quite in phase with
the dynamic bulk strain, at least, in this reduced frequency
range. The frequency dispersion of (K',,,+K')), if any,
must be expected in the f§ dispersion region which is much
higher than this reduced frequency range.

DISCUSSION

As a general and concomitant discussion, let us survey the
assignments to the o mechanical dispersion of po-
lyethylene proposed by other authors, hitherto, in com-
parison with those achieved by the present authors
through a series of rheo-optical studies of polyethylenes
bulk-crystallized from isotropic as well as stressed melts.
The assignment to the a, dispersion corresponding to the
higher temperature process of the « mechanical dispersion
seems to have been established as being caused by the
onset of rotational vibration of intracrystalline chain
molecules to change the polymer crystal from elastic to
viscoelastic material, though no direct and definite dyna-
mic experimental evidence has yet been achieved. In the
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present study, it is observed that the frequency dispersion
of the complex dynamic crystal lattice compliance func-
tion in the TD specimen varies linearly at low
temperatures but the variation becomes more remarkable
at elevated temperatures corresponding to the temperature
range of the x, dispersion. This frequency dispersion of
dynamic crystal lattice compliance, though still being an
apparent parameter as discussed previously!''® is be-
lieved to associate with the intracrystal relaxation pro-
cess, thus supporting the above assignment to the o,
dispersion.

On the other hand, the assignment to the o, dispersion
corresponding to the lower temperature process of the «
mechanical dispersion has being disputed for years. The
prevalent assignment was the interlamellar shear or
interlamellar grain-boundary process?® ~27. Recently, the
assignment of interlamellar shear to the a; process has
been denied by Takayanagi et al. on a bulk-crystallized
high-density polyethylene, who separated the «, and «,
processes on the basis of the «, relaxation data of single
crystal mat. They found that the «, process is enhanced
upon annealing, i.e. increasing lamellar thickness and
consequently decreasing chain folds at the lamellar sur-
face. Their argument was that if the interlamellar shear has
to be responsible to the , grain-boundary relaxation, the
o, process should be reduced with lamellar thickening
since the process is proportional to the area of boundary
surface. But as their results came out in reverse, they
concluded that the o, process should not be caused by the
interlamellar shear, but rather by an intralamellar shear
associated with ‘inter-crystal-mosaic-block relaxation’ at
their boundaries* 36,

Stachurski and Ward studied on the mechanical disper-
sions and their anisotropy of oriented polyethylenes. For
a low-density polyethylene, they proposed that the o
dispersion is activated by the intralamellar c¢/c (c-axis/c-
axis) shear while the f§ (primary) dispersion is caused by
the interlamellar /I (lamella/lamella) shear. Later on, they
observed only one a dispersion in an annealed oriented
high-density polyethylene with activation energy of the
order of 22 kcal mol ~!, and assigned it to the interlamellar
[/l shear. They concluded that the ff process of low-density
polyethylene and the o process of high-density po-
lyethylene are caused by the same interlamellar /! shear
while the o process of low-density polyethylene is acti-
vated by the intralamellar c/c shear®” 3%

In this study on the row-nucleated high-density po-
lyethylene, two types of distinctive deformation me-
chanisms contributing to the «, dispersion are observed:
(1) lamellar detwisting mechanism involving the rotation
of crystal a- and c-axes around the b-axis for the MD
specimen,

(i) lamellar shearing mechanism associating with the
rotation of the crystal b- and c-axes around the a-axis for
the TD specimen, as the representatives, respectively, that
are expected to occur at the equatorial and polar zones of
spherulitic texture.

Both of these dynamic rotation behaviour of the crystal-
lographic axes must be interpreted in terms of the dynamic
reorientation of lamellar segments or crystal grains within
the lamellae, assigning the o, dispersion of these parti-
cular specimens as well as the spherulitic specimen to the
intralamellar shear.

The former mechanism of lamellar detwisting is not
believed to be caused by the rotation of an entire lamellar
unit around the lamellar axis, but rather accompanied by

localized detwisting of lamellar segments or crystal grains
certainly not larger in the size along the lamellar axis than
the order of the period of lamellar twisting. This is because
the lamellar detwisting, if the lamella is really a single
twisted platelet, to have to occur segmentally, not as a
whole, so as to align the crystal c-axis of the segment
parallel to the plane including the lamellar axis and the
stretching direction. This type of crystal reorientation
within the lamella must be activated by straining of tie-
chain molecules between adjacent lamellae in association
with a dynamic balance of mechanical consistency (dy-
namic viscosity) between inter- and intra-lamellar non-
crystalline materials. Therefore, the lamellar detwisting
mechanism, which is originated from interlameliar shear,
is difficult to categorize as either inter- or intra-lamellar
shear, depending on the definition of the terminology and,
thus, resulting in the disputation.

Nevertheless, we are inclined to distinguish the intra-
and inter-lamellar shear in that the interlamellar
shear must be limited only for the case of dynamic
response of the lamella, as a whole, not associated with
any reorientation of the lamellar segments or crystal
grains within the lamella. This type of dynamic response
may be expected, from the concept of distribution of
‘crystal-grain-boundary-relaxation-time’ proposed pre-
viously’, as one of the extremes of the balance of dynamic
viscosity between the inter- and intra-lamellar non-
crystalline materials. As when increasing the frequency of
mechanical excitation or decreasing the measuring tem-
perature, the dynamic viscosity of the intralamellar
noncrystalline material becomes higher than that of the
interlamellar noncrystalline material, so that the lamellace
behave like stiff rods within the interlamellar non-
crystalline material. This type of dynamic response of the
interlamellar shear seems to be significant to assign the
mechanical dispersion of spherulitic crystalline polymers
especially in relation to the degree of lamellar twisting.

An additional deformation mechanism of lamellar
bending associated with the negative form birefringence is
observed for the MD specimen in the vicinity of the a
dispersion. This lamellar bending occurs in-phase with
the dynamic bulk strain, suggesting that the lamellae
respond like a leaf-spring to yield the ‘hard-elasticity’. The
contribution of this process is not found crucial to the «
dispersion, but may be significant for the low temperature
B dispersion of this material. For a blow-extruded poly-
butene-14°, the hard elasticity can disappear, when the
temperature is cooled down to the glass transition
temperature of this material, and the material exhibits an
enormous f dispersion. The hard elasticity of these kinds
of row-nucleated materials is not really of elastic nature,
but merely an apparent one, at room temperature, hidden
from both the « and f relaxation processes.
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