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Deformation mechanism of polyethylene
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The deformation mechanism of polyethylene spherulites was studied by using melt films of high density
polyethylene with a 78% crystallinity in terms of crystallite orientation distribution estimated by X-ray
diffraction technique and small angle light scattering under Hv polarization condition. In doing so, a model
relating crystal orientation to the deformation of polyethylene spherulite was proposed. The distribution
function of crystallites within a spherulite was assumed to be a function of crystal lamella. The
distribution functions of reciprocal lattice vectors of given crystal planes were derived from two functions
of the crystallites and lamellae with several parameters. The best values of each parameter were determined
by the simplex method associated with direct research method to obtain the object function on the basis of
trial and error. As a result, it was found that at an initial elongation ratio of 1.5, the most important factor
in fitting the model to experimental results, was the preferred orientation of lamellar axis but most of the
crystallites within the lamella were maintained without taking characteristic orientation. The Hv scattering
from a deformed three-dimensional spherulite was formulated on the basis of the proposed model. The
scattered intensity distribution in an undeformed state showed the typical four-leaf clover pattern and the
lobes extending in the horizontal direction indicated the deformation of spherical to ellipsoid structure with
a draw ratio of 1.5. The calculated patterns were in good agreement with those observed. © 1997 Elsevier
Science Ltd.

(Keywords: polyethylene spherulite; crystallite orientation distribution; small angle light scattering; reciprocal lattice vector;

object function)

INTRODUCTION

The orientation mechanism of crystallites has been
studied mainly for polyethylene. A number of quantita-
tive investigations have been reported for a spherulitic
structure by using essentially very similar models.
Following the initial studies' 2, the deformation of the
spherulite was compared with that of the models in terms
of the second order orientation factors of the orientation
distribution functions of the principal crystallographic
axes of the crystallites; F; (j denoting a4, b, and c axes).
The second order orientation factors provide, however,
only limited knowledge of the orientation distribution
and one cannot discuss the crystalline orientation in
detail on this basis. Further studies were discussed by
comparing the dependence of orientation distribution
function of crystallites upon the extension ratio with
that calculated from a spherulite deformation model
which combines the crystal lamellar orientation in affine
fashion with the reorientation of the crystal grains within
the orienting lamellae’>®. The crystal reorientation
mechanism was represented by two preferential fashions
which involve rotations of the crystal grains about
their own a and b axes so as to orient their ¢ axes toward

*To whom correspondence should be addressed

the stretching direction®®. These models have been
proposed on the basis of morphological studies, for
example, by Hay and Keller’ using optical microscopy
(polarized), electron microscopy, macro and micro
X-rays, by Kobayashi and Nagasawa® using optical
microscopy (polarized) and electron microscopy, and
by Samuels’ using small angle light scattering. In the
proposed model systems, the distribution function of
the orientation of crystallites within the lamellae was
given as a function of lamellar orientation. The calcu-
lated functions of the reciprocal lattice vectors of the
crystal planes took negative values at some regions
of polar angle. This is probably due to the introduction
of the term to cancel out the variation of a normaliza-
tion constant of onentation function of crystallites
within the lamella®~. Without introducing this term,
it was impossible to pursue theoretical calculations by
using the simplex method which is a direct search
method to obtam the object function on the basis of
trial and error'®. Recent development of computer can
pursue the theoretical calculations without introducing
the term. This paper is concerned with the analysis of
crystal orientation within a spherulite by using the
realistic model and analysis of small angle light scattering
pattern under Hv polarization condition calculated on
the basis of the model. Of course, a similar treatment
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can be applied to the orientation of crystallites within
arod ,

Apart from these geometrical treatments® ®, a
statistical treatment concerning orlentcd crystallization
was proposed by Matsuo et al.'? on the basis of the
estimation of segmental orientation in deformed polymer
networks using a lattice model similar to that by Erman
et al™™. This treatment is basically related to the
concept of F lory 516 associated with the preferred axis of
a given domain along one of the principle axes of the
lattice for a liquid crystal system and of hard rods
dispersed in a dilute solution. This treatment, however,
cannot explain the relationship between crystal and
lamellar orientations. Accordmgly, a model similar to
the previous models>® is again proposed to explain the
deformation mechanism of a polyethylene spherulite
clearly in terms of the relationship between crystallite
and lamellar orientations.

EXPERIMENTAL

A high density polyethylene, Sholex 5009, havmg
viscosity-average molecular weight, M,, of 6.7 x 10* was
used as a test specimen. The pellets of Sholex 5055 were
melted at 180°C for 10 min in a laboratory press under a
pressure of 0.2 GPa, slowly cooled to 80°C and annealed
for 1h. The film obtained was slowly cooled down to
room temperature.

(a) A=1 (b)A=1.5

Figure 1 Small angle light scattering patterns under Hv polarization
condition (a) undeformed state, (b) deformed state (A = 1.5)

(a)

Densities of the films were measured by a pycnometer
using a mixture of chlorobenzene and toluene. The
specimens were immersed in ethanol prior to measure-
ments. The crystallinity was calculated by using 1.000
and O.852gcm_3 as densities of the crystal and amor-
phous phases, respectively. The crystallinity of high
density polyethylene was 78%.

Light scattering patterns were obtained with a 3mW
He—Ne gas laser as a light source. Diffuse surface were
avoided by sandwiching the specimens between micro-
cover glasses with a silicon immersion oil having a
similar index.

The X-ray measurements were carried out with a
12 kW rotating-anode X-ray generator (Rigaku RDA-rA)
operated at 200mA and 40kV.

The orientation distribution function of crystallites
can be calculated on the basis of the orientation
functions of the reciprocal lattice vectors measured by
X-ray diffraction, accordmg to the method proposed
by Roe and Krlgbaum 1719 "Measurements of the X- -ray
diffraction intensity dlstrlbutlon were performed using
a horizontal scanning type goniometer, operating at a
fixed time-step scan of 0.1°/40 s over a range of twice the
Bragg angle 2 0y from 15° to 60° and from 70° to 79°by
rotating about the film normal direction at 2—5° intervals
from 0° to 90°. The intensity distribution was measured
as a function of a given rotational angle ;, and the
corrections of X-ray diffraction intensity were made for
air scattering, background noise, polarization, absorp-
tion, incoherent scattering and amorphous contribution.
The intensity curve thus obtained was assumed to be due
to the contribution of the intensity from the crystalline
phase. The intensity curve I;,(260g) was separated into
the contribution from the individual crystal planes
assuming that each peak had a symmetric form glven
by a Lorenzian function in equation (1), where I; 9 is the

maximum intensity of the jth peak.

]cry (20B) =

1
; I+ (264 - 268)*/5] W

Here ﬂj is the half-width of the jth peak at half the
peak intensity and 6/, is the Bragg angle at which
the maximum mtens1ty of the jth peak appears. Using
the same process at a given 6; in the range from 0° to
90°, the intensity distribution /;(f;) can be determined

Uy

(b) (c)

Figure 2 Cartesian coordinate illustrating the geometrical relation. (a) Euler angles 8 and n which specify the orientation of coordinate 0— U, U, U; of
the structural unit with respect to coordinate 0— X, X, X; of specimen. (b) Angles 8, and ¢; which specify the orientation of the given jth axis of the
structural unit with respect to the coordinate 0—X, X, X;. (c) Angles ©; and ®; which specify the orientation of the jth axis of the structural unit with

respect to the coordinate 0—U, U, U,
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for the respective jth plane, and the orientation
distribution function of the jth reciprocal lattice vector
may be given by

1(6))

2mq;(cos b;) = ()

/2
0

RESULTS AND DISCUSSION

Figure 1 shows Hv light scattering patterns from the
Sholex melt films. The pattern from the undrawn film is
the so-called ‘four leaf clover pattern’ indicating the
existence of spherulitic textures?® and the pattern is
elongated to the horizontal direction?"??. This is the
typical behaviour of the deformation of perfect spheru-
lites, as has been observed for polyethylene films. Based
on the Hv scattering patterns, a model is proposed to
analyse the orientational behaviour of crystallites within
a polyethylene spherulite by using the method of Roe
and Krigbaum!3-15, In doing so, a mathematical repre-
sentation of the orientation distribution function of
crystallites must be given in terms of an expansion of the
distribution function in a series of spherical harmonics
by using the following three Cartesian coordinates.

Figure 2 shows the geometrical interrelations of two
Cartesian coordinates 0—X; X, X3 and 0—U; U, U, fixed
within the bulk specimen and crystallites, respectively.
The orientation of the structural unit within the space
of the film specimen may be specified by using three
Euler angles ¢, 8, n as shown in Figure 2a. The angles ¢
and ¢, which define the orientation of the U; axis of the
unit within the space, are the polar and azimuthal angles,
respectively, and n specifies the rotation of the unit
around its own Uj axis. The orientation of the jth axis
with respect to the 0— X X, X3 is given by the polar angle
6; and the azimuthal angle ¢; as shown in Figure 2b.
Moreover, the jth axis within the unit cell is specified
by the polar angle ©; and ®; as shown in Figure 2c.

For a uniaxial system, the orientation distribution
function w(cosfn) of polyethylene crystallites may be
calculated from 27g; (cos 6;) using a method proposed by
Roe and Krlgbaum13 4,

on = (P/(cos b))
27 (T
= J J gj(cos 0;)P/(cos §;)sinf,d6;d¢;, (3)
0
-3+2.75
=2
Fjlo = F[O()P[(COSG')

+2Z(

dn?w(cos 6,7)

2mq;(cos 6;)

F,0 Pi(cosb;) (4)

Pi(cos©;)cosn®;  (5)

+§:

=2

X {F,OOPI(cos #) +2 Z%Fm cos n n} (6)
n=2 :

Here [ and n are even integers. P7(x) and P(x) are the
associated Legendre and Legendre polynomials, respec-
tively. The coefficient F/, and Fyyo may be repre-
sented by the coefficients aj, and Ay, given by Roe
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Figure 3 Orientation distribution functions 2ng;(cos 8;) of the
reciprocal lattice vectors of the indicated crystal planes of polyethylene
melt films with=1.5. Circles: values of 27g;(cos 6;) obtained from
experimental measurements. Dashed curves: calculated with the
17-term series (up to 16). Solid curve: 27y, (cos 6;) calculated by
using equations (10) and (13)

and Krigbaum!”!%.
. 2 A
Fl, = {—2] 4 l}sz,o ()
_ 2(1 + n) 2
Fion = {(2l+ ] }471' Ajon (8)

The coefficients Fy, can be determined by solving the
linear equations represented by equation (5), since there
exist more equations than the number of unknown, as
was pointed out by Roe and Krigbaum!”. Following Roe
and Krigbaum, the values of F, were determined by the
least-squares method. The calculation was continued
until the best fit was achieved within the capability of
the simplex method. Using the final values of parameters,
a mean- square error between the calculated Fj, and
recalculated F4, was obtained using

Zzpj[(Ffo)cal - (F{O)recal]z
R=—— ~ )

Z Z[(F{O)cal]2
j I

The values of weighing factors p;, required in the
least-squares calculation, were assigned somewhat
subjectively on the assumption that the X-ray diffraction
intensity is dependent upon the structure factor of each
crystal plane. In this calculation, the weighing factors
were assumed, as a first approximation, to be almost
proportional to the structure factor and were subse-
quently modified to obtain the best fit between experi-
mental and calculated results through numerical
calculations by computer.
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Table 1 Direction of coordinate axes

Coordinate _ ] e I
system i=1

0-X:1 X7 X5 Normal to film surface

-\ Vv, Normal to lamellar surface containing 0V, and 0V, axes

0-U,U,U; The a-axis of PE crystallite

Table 2 Euler angles of coordinate transformations

Oriented coordinates

Reference coordinate Euler angles

0—X, X, X3

-V 1y
0—U| b72U3

Figure 4 Schematic illustration of deformation of polymer spherulites:

(a) first step, deformation of spherical to ellipsoid structure; (b) second
step, orientational mode of crystallites within a lamella

o', 0 7
a, 3,y

Figure 3 compare the observed orientation distribu-
tion functions 2mg;(cos 6;) (open circles) with those
(dashed curves) calculated for the respective crystal
planes for the Sholex 5009 film with a draw ratio of
A = 1.5. The observed functions of the [110] and [200]
directions have a peak at 58 and 90°, respectively,
indicating the characteristic deformation behaviour of
polyethylene spherulites. The function of the [002]
direction (the c-axis) has a peak at 32° indicating the
initial stage of crystal orientation. As discussed before,
Fj, were recalculated in turn from Fj, which were
initially determined by the weighted least-squares
method, by the use of equation (5), and were further
calculated 27q; (cos 6;) from the recalculated Fy; by the
use of equation (4). As can be seen in the figure, fairly
good agreement between the observed and calculated
distribution functions was obtained for the less accu-
rately measured crystal planes, the (310), (201) and
(2 11) with lower weighting factor.
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Direction of coordinate of X;, and ¥}, and U; axes

i=3

Stretching direction of film specimen

Lamellar axis grown radially within a spherulite
The c-axis of PE crystallite

To study the deformation mechanism, a model
relating crystal orientation to the orientation of lamellae
was proposed and the distribution function of crystallites
within the spherulite was assumed to be a function of
lamellae. Figure 4 shows a schematic illustration of the
deformation of a spherulite proposed on the rheo-optical
studies” %%, in which model (a) shows instantaneous
deformation of spherulite from spherulitic to ellipsoid
structure and the model (b), orientation of crystallites
within the oriented lamella as has been known as the
second step.

Tables 1 and 2 show the geometrical interrelations
of three Cartesian coordinates 0—X; X, X5, 0—V |V, V3,
and 0—U, U, U, fixed within the bulk specimen, crystal
lamella, and crystallites, respectively. The direction of
the coordinate axes of each Cartesian coordinates
are given in Table | and the Euler angles of coordi-
nate transformation among the three Cartesian coor-
dinates are given in Table 2.

As the first step of the spherulite deformation, the
instantaneous orientation of crystal lamellae including
three kinds of rotation crystallites around crystal
lamellar axis can be represented by the orientation of
the Cartesian coordinates 0—V,V,V;, with respect to
the Cartesian coordinates 0—X; X, X3 and can be formu-
lated for uniaxial deformation as

! ! C ’
w(0 y 17 ) = '870244)(0/){1 +Ul(>\ — ])coSZJAn
+ o3(A = 1)sin?? 5/ + o3 sin® 0’ cos? 7'} (10)
and
2 i 2 Y 2JB
o) = sin” §'{2sin" §; — sin“ 0’} s (an

sin® 6,

where w'(’,n) is an orientation distribution function
of the crystal lamella with respect to the Cartesian
coordinates 0—X; X, X5 and o, o5, and o; are param-
eters characterizing the ease of three kinds of instanta-
neous lamellar untwisting. Among them, o, represents
untwisting of lamellar surface assuring the orientation
perpendicular to the plane 0—V3X; containing the
stretching axis (X3 axis) and lamellar axis (V; axis),
while o, represents untwisting of lamellar surface
assuring the orientation parallel to the 0—V3.X; plane.
Both the rotations are independent of the position within
the spherulite. o3 represents the same rotational mode as
o but the rotation effect is considerable in the equatorial
direction of the spherulite. JA is a parameter character-
izing the sharpness of the three rotational modes. Here
it should be noted that the three kinds of rotational
modes have each different sharpness but the same
parameter, JA, is chosen to avoid an increase in the
number of parameters. w(f’) has a maximum for 8’ = 6,
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indicating the preferential orientation of the rod axis at
6. This function is given on the basis of the orientational
behaviour of the c-axis having a maximum peak at
around 6 (see the function of the (002) plane in Figure 3)
assuming that at low draw ratio such as A = 1.5, most of
the crystallites preserve the orientation in undeformed
state. If this is the case, the preferential orientation of
the c-axis may be approximated as 6, = 7/2 — 6,. This
treatment is quite different from the affine fashion in the
previous papers. Through a number of numerical calcu-
lations, however, it was found that when the affine
function is employed, the orientation distribution of
the c-axes has a maximum value at 8’ = 0° denoting the
preferential orientation with respect to the stretching
direction in spite of the introduction of the complicated
function concerning orientation function of crystallites.
Hence equation (11) is given as a function to represent
lamellar orientation to assure a peak around §; = 30°. C,
is a normalization constant defined by

2r 2w
J J J:w(O',n') sing’'dg'd¢’'dn’ =1 (12)
o Jo

As the second step of the spherulite deformation, the
delayed reorientation of crystallites (mosaic blocks)
within the lamella, can be represented by the orientation
of the Cartesian coordinates 0— U, U, Us, with respect to
the Cartesian coordinates, 0—V; V,¥;. The correspond-
ing distribution function may be formulated as

glo, B.7) = 25

+ os(A — 1)(sin* ¢’

gr + o4 5in?’% Bcos?’C asin?P 5

— cos* B8+ 2 cos? 6’ cos? B)

x cosE asinF 4] (13)

In the undeformed state () = 1), equation (13) reduces to
q(c, B,7) = % [gr + 04 sin?C Bcos¥C asin®P 4] (14)
™

0, is a normalization constant defined by

2n 27 (7w
'], [at@pmsinpasdady=1 " qs)
0

On the right side of equation (14), the first term
corresponds to the fraction of crystallites within the
lamella showing a random orientation. The second term
corresponds to the fraction of crystallites with the b-axis
oriented paraliel to the lamellar axis; this term has a
maximum value when the b- and c-axes are perfectly
oriented in the direction of the lamellar axis (V3 axis)
and lamellar normal axis (V| axis), respectively. For
example, JG in equation (13) is a parameter characteriz-
ing the sharpness of the distribution; i.e. JG = 0 means
random orientation of the c-axis with respect to the
lameliar axis and JG = oo means perfect orientation of
the c-axis perpendicular to the lamellar axis. When
JG=JC=JD =00, the b- and c-axes are perfectly
oriented in the lamellar axis and lamellar normal axis,
respectively.

In the deformed state, there is an additional compo-
nent of orienting the c-axis of the crystallites parallel to
the stretching direction. This is represented by the term
(sin* 8’ — cos* B+ 2 cos? @' cos? B) in equation (13) which
has a maximum for 3 =6’ irrespective of the polar
angle of lamellar orientation #’. This type of orientation

is assumed to take place because of straining of the tie-
chain molecules which causes the rotation of the
crystallites around its own g-axis. The parameters JE
and JF characterize the sharpness of the distribution
function with respect to the angle o and ~, respectively.
JE=0 and JF =0 mean the random orientation of
crystalhtes around the c-axis.

By using the results in the previous reports*®, the
orientation distribution function 2mq;(cos6;) of a glven
reciprocal lattice vector of the jth crystal plane can be
determined by the calculations

01n(0') = jz E [} ate .7

x (cos 3)cossacosnysin3dSdady (16)

2n p2n ¢ow
F}s,,=J0 L Jo W'(0',n" )P} (cos8') Qs (6")

x cossn'df’'dn'd¢’ (17)
I

(I —n)!
Fion = Flon +2 Fz (18)
n szzz 1+n Sh
FIO = F[O()P[(COS @j)
I
Z F,O,,P, (cos ©;) cos n®; (19)

1N21+1
27rqj(COS OJ) = E E ——2-—FJIOP[(COS 0]) (20)
I=2

The solid curves in Figure 3 show the theoretical results
calculated from equations (10) and (13) by using the
values of parameters which were chosen to give the best
fit between the experimental and theoretical results.
The values chosen are oy = 0.955, 0, = 0.485, 03 = 1.51,
o4 =100, 05 =001, fr=0.1, gr =0, 8, = 32°, JA =1,
JB=40,JC=1,JD=1,JE=5,JF=3, and JG=3.
As can be seen in this figure, there is an individuality in
the theoretical and experimental results for each plane
and drastic deviation between the two results is not
shown in the all crystal planes. The theoretical curves
satisfy the characteristic profile having a peak at §; = 60°
for the [110] direction and at §; = 30° for the [002]
direction under the deformation of spherulites. Interest-
ingly, the value of ¢4 is much larger than o5 in equation
(13). This indicates that most of crystallites within the
lamella preserve the original orientation even under
elongation up to A = 1.5 and few crystallites contribute
to the delayed reorientation.

According to the previous models*~S, the orientation
of the lamellar axis was assumed to be affine and the
calculated curve for the (00 2) plane did not have a peak
at §; = 30° but a peak at §; = 0°. Furthermore, the curve
took negative values at most of the regions of 6;, since
the orientation distribution function of crystallites within
the lamella was obliged to give

[gr + 04 c05?C Bcos?’C asin?'P 4]

g(a, B,7) =

+os(A - 1)(sm 9’ — cos® 3+ 2cos’ 8’ cos® 3)
x cos?'E asin?F 4 — P(6")] (21)
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where the term P(6') is added to cancel out the variation
of the constant Q, with the polar angle §’.

2m (2w (T
P(6") :_I__JO J Jo(sin40'—cos4ﬁ+2cos7‘0'cos26)

872 0
x cos?’E asin?’F ysin 8d Bdady (22)

We also confirmed that equation (21) takes negative
value at some regions by the introduction of P(#’) and
consequently 27g;(cosf;) becomes negative values at
some parts of 6;,. This causes the difficulty in doing
the essential comparison between experimental and
theoretical curves. Even so, the numerical calculation
of equation (13) containing a constant Q, representing
a complicated functlon of 8 was impossible by
the simplex method'®. The advance of computer
technology, however, turned an impossibility into a
possibility. Furthermore, it was found that the introduc-
tion of P(f') causes a serious defect on the calculated
Hv light scattering patterns, which shall be discussed
later.

Here it should be noted that the concept to formulate
equation (11) is based on the orientation dlstrlbutlon
function of crystal grains by Fujita et al?. In their
calculation, the orientational relationship between
crystallites and lamellae as a function is not taken into
consideration directly and the relationship can be
represented by a simple mathematical treatment where
the angles o, 3 and ~ can be represented as ' and ¢'. In
this case, the calculated results are in good agreement
with the observed ones. The same tendency was also
confirmed for the direct representation of crystallite
orientation within a bulk specimen'”.

Small angle light scattering from deformed three-
dimensional spherulites has been studied by van Aartsen
and Stein? assuming two kinds of density distributions
of scattering elements within the spheruhte deformed
in an affine fashion. In their model system?, the optical
axes of the scattering element is tilted towards the
spherulite radius in the longitudinal zone and is rotated
around the radius in the lateral zone of the deformed
spherulite. In another treatment, Hv light scattering
from a deformed three- dlmenswna] spherulite was
formulated by using equation (21) Similar treatment
has already been reported for nylon 6 spheruhte
Namely, the patterns were calculated by using the
values of parameters to give the best fit between the
theoretical and observed curves of their reciproca] lattice
vectors of the crystal planes for polyethylene?® and nylon
6 spherulites’. Here it should be noted that the four-leaf
pattern in an undeformed polyethylene spherulite
transformed eight-leaf pattern can be distinguished
even at an extension ratio as small as A = 1.1%. Such
an eight-leaf pattern was found to be due to the fact that
the upper lobe had a positive amplitude, while the lower
lobe had a negative amplitude. This phenomenon did
not arise when the parameter denoting the orientation
of crystallites within the lamella was zero, which corres-
ponded to o5 =0 in the present model system. The
negative value of the amplitude giving the eight-leaf
pattern in the previous papers>? was thought to be due
to the introduction of P(6"). To check the origin of the
disagreement between the theoretical and observed
patterns, the numerical calculations were carried out by
using equations (10) and (13).
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To simplify the present model system, the spherulite
was assumed to be an affine deformation. The scattered
intensity 7(6, u) is given by

10, 1) = [E(6, p)] (23)

where the angle 6 (different from @ in Figure 3) and u are
the scattering and azimuthal angles. The quantity E(8, 1)
is the amplitude of the scattered ray given by

E(ga Iu) = EO

x cos[k(r-s)r’sin@'drd6’d ¢’ (24)

RO
L (M-ON(@', &', 7)

where (M-O) in equation (24) is given by
27

M-0) = |

[t}

K(aa — ) x3)(u3x,)

2
«|[) dtesan] snpasaa s

where (M-O) is the scalar product of the induced
dipole moment M in a given lamella and the unit
vector O along the polarization direction of the analyzer,
r is the position vector along the radial direction. s is
the vector defined by (s, —s’), where s, and s are unit
vectors parallel to the propagation directions of
the incident and scattered beams, respectively; u; is the
vector along the optical axis (the c-axis); x5 and x, are
the vectors along the X3 and X, directions, respectively;
a3 and «; are the polarizabilities of the scattering
element parallel and perpendicular to the principal
optical axis, respectively. N(6',¢' r) is the density
distribution function of the scattering elements; r is the
position vector; k denotes 27r/X; and X is the wavelength
of the light within the specimen. R(f’) in equation (24)
is the radius of the deformed spherulite at a given polar
angle 6, and is given by the following equation on the
basis of affine deformation and constant volume of
the spherulite during uniaxial deformation
R(0') = ARo/[N — (M —1)cos®8']'2 (26

Here R is the spherulite radius in the undeformed state.
R(#’) was introduced to represent affine deformation
of the spherulite, although the orientation of crystal
lamellae given as equation (10) is independent of the
deformation of the spherulite with an affine fashion.

For the undeformed spherulite, the density distribu-
tion N(6',¢, r) may be assumed to be uniform, inde-
pendent of angles #’ and ¢’ and of position » within the
spherulite. For the deformed spherulite, it is given by

N, ) =250
872

— (1 +AF) (27)
where C; is a normalization constant. The additional
term AF takes into account the effect of the untwisting of
lamella

AF =1 +a;(\ - HA !

1) cos>™ 5’ + (A — 1)sin?A g
+ oy sin® 0’ cos*'* 7/ (28)

The scattered intensity was calculated as a function of
Ry/XN and was taken as 10. Before carrying out the
numerical calculations to evaluate the scattered intensity,
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90°

(b) A=1.5

Figure § Calculated intensity distribution of the Hv light scattering:
(a) from an undeformed spherulite and (b) a deformed spherulite with
A=15

the amplitude in equation (24) was normalized by Ry3.
Figure 5 shows the calculated patterns for values of the
parameters identical with those in Figure 3. In the
undeformed state, the typical four-leaf clover pattern
having intensity maxima at azimuthal angles of multiples
of 45° will be noted. The calculated result at A = 1.5
shows four-leaf pattern whose lobes are extended in the
horizontal direction and the scattered intensity becomes
more intense than that of the pattern in the undeformed
state. These patterns are in good agreement with the
patterns observed by the elongation of films with perfect
three-dimensional spherulites. The lobe has a positive
amplitude and any eight-leaf pattern is not obtained.
Atcordingly, it turns out that the eight-leaf pattern by
the introduction of P(8') is only artificial.

The above calculations take account only of the
crystalline orientation within the deformed spherulite
and omit contributions from other factors, such
as orientation and density fluctuations of the crystals,
size distribution of spherulites and noncrystalline
orientation effects including the anisotropy of the
surrounding medium. However, it may be expected

that these contributions do not cause significant
effects on the profile of Hv patterns in the present
experimental specimens with perfect spherulites with
high crystallinity.

CONCLUSION

To study the deformation mechanism of polyethylene
spherulites, high density polyethylene melt films were
used as test specimens. The orientation distribution
functions of the reciprocal lattice vectors for nine crystal
planes were measured by X-ray diffraction techniques
and small angle light scattering under Hv polarization
condition. Based on the functions, a model was pro-
posed. In this model system, two steps in the deformation
mechanism were assumed: (1) instantaneous deforma-
tion of the spherulite associated with orientation of
lamellar axis and rotation of lamella around the lamellar
axis; (2) orientation of crystallites within the oriented
lamella. Thus the distribution function for orientation
of crystallites within crystal lamella is assumed to be a
function of lamellar orientation. The formulation is
similar to that reported already. However, any unrigor-
ous terms to avoid complicated treatment were not
introduced in this paper. The orientation distribution
functions of the reciprocal lattice vectors calculated were
in good agreement with those observed. Furthermore,
Hv light scattered intensity distribution in an unde-
formed state showed that the typical four-leaf clover
pattern and the scattering lobes were extended in the
horizontal direction indicating the deformation from
spherical to ellipsoid structure.
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