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Even after 1320 min, when about 75% of the units are 
oxidized, only 16% of the oxidized units are found in 
sequences with more than eight oxidized units. A similar 
conclusion can be drawn from Figure 6. It shows that up 
to teXptl. 630 min the sequences with one reacted unit 
contribute more to y ( t )  than any other type of sequences, 
and up to texpd = 1150 min the sequences with two reacted 
units have the largest contribution to y ( t ) .  

As previously shown by one of us,ll the extent of reaction 
of periodate oxidated amylose is well described by the 
present model of nearest-neighbor cooperative effects. 
Hence, it will be very interesting to see whether experi- 
ments confirm the validity of the theory to describe se- 
quences of reacted units. Dr. T. Painter will attempt to 
carry out an experiment to this effect. 
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ABSTRACT: A deformation mechanism of a polyethylene spherulite under uniaxial stretching is discussed 
on the basis of the crystallite orientation distribution function obtained by the distribution functions of a 
reciprocal lattice vector of 13 crystal planes. The distribution functions for each crystal plane at the extension 
ratio X = 1.4 are observed in detail by X-ray diffraction. The result is actually demonstrated that the evaluation 
of the deformation mechanism already suggested by many authors is correct. That is, the crystallite orientation 
distribution function reflects the fact that the deformation mechanism is dependent upon the rotation of 
crystallites around their own b axes associated with the lamellar rotation in the equatorial region as well as 
around their own a axes associated with the rotation of crystallites within lamellae in the meridian region. 
Moreover, the orientation distribution function of the crystal c axes has a peak around polar angle 0, = 30°, 
which has never been observed directly because of the weak intensity of X-ray diffraction. On the other hand, 
the preferential orientation of crystal c axes is found to be dependent upon the distribution of a principal 
stress having the highest magnitude in the stretching direction. This relation suggests that since tie-chain 
molecules are strained, the crystal c axes orient gradually parallel to the stretching direction. 

I. Introduction 
There have been a number of papers2-16 concerning the 

deformation mechanism of polymer spherulites. Quan- 
titative investigations have been reported for polyethylene 
spherulites by Stein et al.,3,4 Kawai et al.,638,14,15 and 
Moore.lo They compared the experimental results ob- 
served from X-ray diffraction technique with the theo- 
retical ones calculated from the model considering the 
orientation of crystallites or/and that of crystal lamellae 
in addition to the affine deformation of the spherulite. The 
evaluation for their comparison is classified into two 
methods. One is in terms of the second-order orientation 
factors of orientation distribution functions of principal 
axes of the crystal unit cell Fz0j (j = a, b, c).3,4,6,8J0 The 

other is in terms of the orientation distribution functions 
of the reciprocal lattice vector of the crystal plane.'"16 The 
former is only due to an apparent aspect of the orientation 
distribution, and one cannot discuss the crystal orientation 
in detail. However, it may suffice for the characterization 
of simple textures. Theoretical investigations of general 
arrangements of crystallites were mainly carried out by 
Wi lch in~ky '~J~  and Sack.19 Their investigations have 
demonstrated that it is possible to deduce from other data 
the value of the second-order orientation factor of a plane 
whose diffraction is too weak to observe. The latter is a 
direct comparison between the experimental and theo- 
retical distribution functions reflecting the deformation 
mechanism. Hence, the latter is superior to the former. 
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The investigation of the latter has been carried out by 
Nomura et al.14J5 with respect to the principal axes of the 
crystal unit cell and the reciprocal lattice vector of (110) 
crystal plane which gives the most intense reflection in 
X-ray diffraction, assuming two steps in the deformation 
in accordance with recent s t ~ d i e s ~ , * ~ - ~ ~  on rheo-optical 
behavior of polymer spherulite, that is: (1) instantaneous 
deformation of the spherulite, associated with orientation 
of lamellar axis and untwisting of crystal lamella; and (2) 
reorientation of crystallites within the oriented lamellae 
after a considerable time lag. The theoretical calculation 
on the basis of their assumption was carried out by means 
of a mathematical representation of the relationship among 
the orientation distribution functions of the crystal lamella 
within the spherulite, the crystal unit cell, and the re- 
ciprocal lattice vectors in terms of series expansions to the 
generalized spherical harmonics. The  model^'^-'^ were 
tested experimentally with respect to the distributions of 
the (110) and (200) crystal planes, and the theoretical 
results were in fairly good agreement with the experimental 
ones. 

This paper is concerned with the deformation mecha- 
nism of crystallites within the spherulite on the basis of 
the orientation distribution function of crystallites which 
is determined from the functions of the reciprocal lattice 
vector of 13 crystal planes observed from X-ray diffraction 
measurement. This method affords the best means of 
studing the deformation mechanism of crystallites, because 
one may pursue directly the deformation mechanism of 
polymer spherulites through the orientation distribution 
function of the crystallites. 

The outstanding method of evaluation was first pro- 
posed as a general description of crystal orientation by Roe 
and K r i g b a ~ m ~ ~ - ~ ~  and applied to determine the orien- 
tation distribution of the (002) crystal plane as well as the 
orientation function of crystallites of a cross-linked 
polyethylene sample crystallized at  fixed strain. The 
diffraction intensity for the (002) crystal plane observed 
with the previous X-ray instrument was so weak that the 
fiber axis orientation could not be measured. This method 
was applied to the fiber texture of polyethylene tere- 
phthalate28 as well as the biaxial case for p ~ l y e t h y l e n e . ~ ~  

In this paper, the deformation mechanism of poly- 
ethylene spherulites will be discussed on the basis of the 
orientation distribution function of crystallites as well as 
that  of crystal c axes by using the method of Roe and 
K r i g b a ~ m . * ~ ~ ~  According to the above results, the model15 
which has been proposed on the basis of the comparison 
between the experimental and theoretical results for the 
orientation distribution function of reciprocal lattice vector 
of the (110) crystal plane will be reexamined. This 
reexamination is the main aim of this paper. Moreover, 
the preferential orientation of the crystal c axes to the 
stretching direction will be discussed in relation to the 
distribution of the principal stress within the spherulite. 

11. Experimental Section 
A. Test  Specimen and  Exper imenta l  Procedure.  As 

discussed already, a high-density polyethylene, Sholex 5065, was 
used as the test specimen. The pellets of the high-density 
polyethylene were melted at  180 "C for 10 min in the laboratory 
press under a pressure of 200 kg/cm2, slowly cooled to 80 "C, and 
annealed for an hour. The film obtained was quenched by being 
plunged into an ice water bath. The volume percent crystallinity 
which was measured by the ethanol-water density gradient tube 
method was found to be 76%. The film thickness is 300 wm. The 
specimen was uniaxially stretched a t  60 "C to the extension ratio 
X = 1.4. The stretching temperature was actually the lowest one 
at which the stretching was performed uniformly without any 
necking phenomena. The extension ratio X = 1.4 is the highest 
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Figure  1. Orientation distribution functions for the reciprocal 
lattice vector of 12 crystal planes observed from X-ray diffraction. 

one at  60 "C for the sample thickness 300 wm. In this mea- 
surement, the intensity of X-ray is set a t  100 milliampere-40 kV 
and the width of the divergent, scattering, and receiving slits are 
1/6", l /6",  and 0.15 mm, respectively. Before the X-ray mea- 
surement, we confirmed that the spherulite in this specimen was 
deformed from sphere to ellipsoid by means of small-angle light 
scattering. 

The X-ray diffraction measurement was carried out for the 
equatorial direction with respect to the 13 crystal planes at a fixed 
value of 0, denoting the polar angle between the stretching di- 
rection and the reciprocal lattice vector of the j t h  crystal plane. 
The change of polar angle 0, was carried out a t  proper intervals 
from 0 to 90". This process may be achieved by the rotation of 
the specimen around its thickness direction. The scanning speed 
with regard to Bragg angle 20B is one-eighth degree per minute. 
After applying correction to the observed X-ray diffraction in- 
tensity (for air scattering, background noise, polarization, and 
absorption) and substracting the contribution of the amorphous 
halo from the corrected total intensity curve, the equatorial 
diffraction curve may be obtained as the function of the Bragg 
angle 20B. This intensity curve is believed to be due to the 
contribution of the diffraction intensity from the crystalline phase. 
The intensity curve 1~,,,(20B) is separated into the contribution 
from the individual crystal planes on the assumption that each 
peak has a symmetric form given by a Lorenz function of 20B as 
shown in eq 1, where I," is the maximum intensity of the j t h  peak, 

PI is the half-width of the j t h  peak, and 0d is the Bragg angle a t  
which the maximum intensity of the j th  peak appears. As a result, 
there is quite good agreement between the observed and calculated 
results except for a slight disagreement. 

B. Experimental  Resul t s  and  Discussion. Figures 1 and 
2 show the orientation distribution functions 2aq,(cos 0,) of a 
reciprocal lattice vector of 13 crystal planes. As seen in Figure 
1, the functions of the (110) and (200) crystal plane are relatively 
similar to the experimental results of Yukalon YK-300 extended 
at  room temperature.'j That is, the distributions of the (110) and 
(200) crystal planes have a peak around 0, = 55 and 90°, re- 
spectively. On the other hand, the distribution function of the 
(002) crystal plane was observed directly from the X-ray diffraction 
technique. The distributin has a peak around polar angle 0, = 
30". This mode is quite different from the fact presumed by many 
a ~ t h o r s ~ , ~ , ~ , ~  on the basis of the orientation factor of crystal c axes 
calculated from the orientation factors of the (110) and (200) 
crystal planes by using Wilchinsky's equation. I t  is understood 
that the crystal c axes orient preferentially to the stretching 
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Table I1 
Average Degree of Uniaxial Orientation of the Crystal 

c Axesa 
jth crystal j t h  crystal 

plane <cos2 ei> plane <cos2 e;>  

1 1  

Table I 
Average Degree of Uniaxial Orientation of the  Reciprocal 

Lattice Vector of t he  j th  Crystal Plane 
j t h  crystal j th  crvstal 

plane <cos2 e p plane <cos2 e i> 

a Calculated by using Wilchinsky 's equation on  the 
basis of the average degree of the reciprocal lattice vector 
of the (110) crystal plane and that of the j t h  crystal 
plane listed. 
the crystal c axes observed f rom the X-ray diffraction 
technique is 0.4429 as listed in Table I. 

Average degree of uniaxial orientation of 

(110) 0.2971 (201) 0.4297 
0.4122 
0.3403 
0.4440 
0.2514 
0.4429 

0.2087 (211)  
0.3222 (311)  
0.2535 (130)  
0.5449 (221)  
0.2070 (002) 

(200) 
(210) 
(020)  
(011) 
(310)  
(111) 0.4766 

direction, Le., the distribution function of the crystal c axes has 
a peak at  polar angle 8, = Oo, though they have never been 
observed directly as an orientation distribution function because 
of the weak intensity of the X-ray diffraction. Hence, we tried 
to evaluate the accuracy of our experimental results. Table I 
reveals the average degree of uniaxial orientation of the reciprocal 
lattice vector of 13 crystal planes obtained by the results in Figures 
1 and 2, in which the summation of three quantities for the (200), 
(020), and (002) crystal planes is almost unity. This result suggests 
that the experimental results for the (2001, (0201, and (002) crystal 
planes in Figures 1 and 2 are correct. Moreover, we investigated 
the accuracy of the experimental results for the other crystal 
planes. That  is, the average degree of the crystal c axes was 
calculated by using Wilchinsky's equationI8 on the basis of the 
average of the reciprocal lattice vector of the (110) crystal plane 
which has the strongest intensity of X-ray diffraction. Table I1 
reveals the results obtained, in which the calculated results are 
rather close to the experimental ones for the eight crystal planes. 
However, as for the crystal (Oil), (1111, (211), (130), and (221) 
planes, the calculated results differ considerably, though the 
separation from superposed peak was carried out in detail by using 
eq 1. This result suggests 27~q,(cos 8,) of the j t h  crystal plane still 
contains the contribution with regard to the function of the other 
crystal planes. Hence we introduce the parameter C,, as the 
relative normalized weight of reciprocal lattice vector to obtain 
the value of 27~q,(cos 8,) better. This method has been discussed 
in detail by Roe and Krigba~m. '~- '~  

111. Discussion 
Figure  3 shows the geometrical  interrelations of two 

Car tes ian  coordinates O-X1X2X3 and 0-U1 U2U3 fixed 
wi th in  the bulk  spec imen and crystallites, respectively. 
T h e  orientation of the s t ruc tura l  un i t  within t h e  space of 
t h e  fi lm spec imen m a y  b e  specified by  using th ree  Euler  
angles,  4, 0, and q, as shown in F igure  3a. The angles 8 
and 4, which define t h e  orientation of U, axis of t h e  un i t  
wi th in  t h e  space, a r e  the polar and az imutha l  angles, 
respectively, and q specifies t he  rotation of t he  uni t  around 
i t s  own U3 axis. T h e  orientation of t h e  j th  axis with 

( a )  ( b )  ( C  1 
Figure  3. Cartesian coordinate illustrating the geometrical 
relation (a) Eulerian angles 0, 7 which specify the orientation of 
coordinate C-U,U2U3 of structural unit with respect to coordinate 
O-X1X2X3 of specimen. (b) Angles 8, and 6, which specify the 
orientation of the given j th axis of the structural unit with respect 
to the coordinate O-X1X2XB. (c) Angles e, and a, which specify 
the orientation of the j t h  axis of the structural unit with respect 
to the coordinate O-U,U2U3. 

respect to t h e  Q-X,X,X, is given by  the polar angle 6, and 
the azimuthal angle 4I as shown in Figure 3b. Moreover, 
t h e  j th  axis within t h e  un i t  cell is specified b y  t h e  polar 
angle 8, and  t h e  azimuthal angle @J, as shown in Figure 3c. 

Fo r  uniaxial stretching, 4 a n d  4, as shown i n  Figure 3 
a re  random. Hence, t h e  orientation distribution function 
w(0,q) of crystallites may  be calculated f rom q, (cos e,) b y  
using the method proposed by Roe et al.,2s27 which is given 
by  
Flo/ = (Pl(C0S e,,, = 

L 2 f f L T q , ( c o s  Oj)Pl(cos 19,) sin O j  dej d@j (2) 

~ ~ 0 '  = F~,,&(cos ej) + 
1 ( 1  - n)!  

F & y ( C O S  e,, cos naj (3) 2 z , m  - (21 + 1) 
47r2w(O,q) = E- FlOoPl(C0S 0) + 

l=O 2 
(21 + 1) ( 1  - n)! 2zz---- F P Y C O S  e )  cos nq (4) 

1=zn=2 2 ( 1  + n)! 
where 1 and n are even integers. Pln(x) and PL(x) a r e  the 
associated Legendre's polynomial a n d  Legendre's  poly- 
nomial, respectively. In ac tua l  calculation, the l t h  order  
orientation factor FIOJ with regard t o  t h e  j th  crystal plane 
was calculated by eq  5 instead of e q  3. T h i s  is due to t h e  
insufficiency of t h e  separation of superposed peaks  by e q  
1. Equa t ion  5 may be  given b y  
F,,I = F ~ ~ C C , , P ~ ( C O S  e,&) + 
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Table I11 
Parameters for the Plane-Normal Orientation Distribution 

Function 2nq;(cos e j )  

20 B (Bragg superposed 
no. angle), deg j t h  plane planes Cn 

1 
2 
3 
4 
5 
6 

7 

8 

9 

10 
11 

1 2  

1 3  

21.62 
24.02 
30.15 
74.42 
36.38 
39.79 

40.85 

41.69 

43.07 

47.01 
55.00 

57.32 

57.61 

0.713 
0.287 
0.484 
0.264 
0.252 
0.616 
0.167 
0.217 
0.634 
0.234 
0.132 

0.774 
0.226 
0.581 
0.419 
0.406 
0.594 

The derivation of eq 5 was discussed in detail by Roe and 
K r i g b a ~ m . ~ ~ ~ ~ ~  In this paper, the values of Cji are obtained 
by using the simplex method. The simplex method is a 
sort of direct research method to obtain the object function 
on the basis of trial and error and is useful, particularly, 
to optimize the parameters contained in the function which 
is difficult to differentiate. C,i is determined by the at- 
tempt which minimizes eq 6. 

Cl(Fdorig - (Fd)cdz 

C (FlOjI'orig 
(6) 

After a somewhat complicated calculation, the value of 
R2 is 27% and consequently the value of C,i may be ob- 
tained as listed in Table 111. The value of R2 is not su- 
perior to that obtained already for cross-linked poly- 
ethylene by Roe and K r i g b a ~ m . ' ~ ? ~ ~  However, the ori- 
entation functions 2nqj(cos 8,) calculated with the use of 
reconstructed FIOJ values which are obtained without the 
contribution of the observed j t h  crystal reflection,z6 that 
is, the full curve, are in good agreement with the exper- 
imental data as shown in Figure 4. Moreover, 2nq,(cos 
8,) calculated with the use of reconstructed F$ valuesz6 is 
found to be nearly equal to the full curve in Figure 4. 
Hence, we do not show these values as a figure. 

By using the reconstructed F,,j values, the orientation 
distribution function w(8,q)  of the crystallites may be 
calculated. The infinite series for 1 is terminated at  1 = 
24. The number order of crystal planes used to obtain the 
coefficients FlOn in accord with that of the j th  crystal plane 
are listed in Table 111. 

Figure 5 shows the contour map representing the ori- 
entation function 4n2w(8,q). The shaded areas having the 
negative density which arises due to the inaccuracy of the 
reconstructed Fl,j value as well as the series termination 
error are found to be very small in this calculation. The 
orientation distribution function w(8,q) has the two peaks 
around 8 = 27", q = 24" and 0 = 3 8 O ,  q = 75", respectively. 
This result seems to indicate that the former mainly 
depends on the rotation of crystallites around their own 
b axes associated with the lamellar rotation in the 

1 
R2 = 

1 
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Figure 4. Orientation distribution functions of reciprocal lattice 
vector about four reflections calculated with the use of recon- 
structed F,& values which were obtained without the contribution 
of the observed j t h  crystal plane, (a) the observed (110) reflection, 
(b) the observed (200) reflection, (c) the observed (210) plane, 
and (d) the observed (002) plane. 

90" 
qTzW( e ,  ) 

60" 

71 

36 

0" 30" 60" 90" 
6 

Figure 5. Orientation distribution function of the crystallites 
derived from the orientation distribution functions for the 13 
crystal planes observed from X-ray diffraction. 

equatorial region, while the latter depends on the rotation 
of crystallites around their own a axes associated with the 
rotation of crystallites within the lamellae in the meridian 
region. 

The two types of the orientation seem to be due to the 
behavior of tie-chain molecules which connect the mosaic 
structures within adjacent crystal lamellae to each other. 
Actually, this explanation may be derived from the average 
degree of uniaxial orientation of the noncrystalline chain 
segments assumed to correspond to the tie-chain molecules. 
The degree of orientation is found to be ( cos2 0,) = 0.5018 
by using a similar procedure to that proposed by Stein et 
al.32 (or Takahara et al.33) based on the simple additivity 
of crystalline and noncrystalline contributions to the total 
(bulk) birefringence of the specimen. Comparing the 
average degree of orientation of noncrystalline chain 
segments with that of crystal c axes, the degree of pref- 
erential orientation to the stretching direction of non- 
crystalline chain segments is superior to that of the crystal 
c axes. Hence, the tie-chain molecules are strained and 
the crystal c axes gradually orient parallel to the stretching 
direction. In the equatorial region, the orientation of 
crystal c axes is mainly due to the rotation around their 
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Qo is a normalization constant. On the right side of eq 9, 
the first term (Q,,fr/8a2) corresponds to the fraction of 
crystallites within the lamella that have random orien- 
tation; in the undeformed state, it is a measure of the 
degree of imperfection of the lamella in the undeformed 
state. The second term, (Qo[(l - cos2 P )  cos2 a sin2 
y ] J B / 8 ~ 2 ) ,  corresponds to the fraction of crystallites with 
the b axis oriented parallel to the lamellar axis; this term 
has a maximum value when the b and c axes of the crystal 
are perfectly oriented in the directions of the lamellar axis 
(V3, grown direction) and lamellar normal ( V1, thickness 
direction), respectively, as listed in Table IV. In eq 8 and 
9, JB is a parameter characterizing the sharpness of the 
distribution function; i.e., J B  is zero or infinite, which 
means the orientation is random or perfect, respectively. 

In order to represent the crystal c axes orientation 
parallel to the stretching direction due to straining of the 
tie-chain molecules in the deformed state, the term (sin4 
8’ - cos4 p + 2 cos2 8’ cos2 p)  in eq 8 is introduced in such 
a manner that the term has a maximum value when the 
angle P becomes identical to 8’ of the lamellar orientation. 
Two types of c axis orientation are postulated on the basis 
of (a) the c axis orientation associated with simple rotation 
of the crystallite around its own a axis and (b) the c axis 
orientation associated with random rotation of the crys- 
tallite around its own c axis. They differ in their effects 
as indicated by the insertion of the final term in eq 9; i.e., 
the orientation of type (a) is mostly affected by the factor 
cos21c a and sinzrn, y ,  while the orientation of type (b) is 
affected by the factors f e r  and f, in eq 8. In other words, 
when the factors f e r  and fa, are zero and the parameters 
1, and m, are infinite, the type (a) orientation is indicated, 
but, when the values of f e r  and fa, increase, the type (b) 
orientation predominates. The parameters 1, and m, 
characterize the sharpness of the orientation distribution 
of the crystallites with respect to the angles a and y, 
respectively. 

The term f ,(X - 1)[R(8’)/RO]Jc in eq 8 represents the 
fractional dependence of the c axis orientations of both 
types (a) and (b) on the extension ratio of the spherulite 
X and of the lamella R(8’)/Ro in terms of the parameters 
f ,  and Jc ,  where R(8’) is given by 

(10) 

On the other hand, the term f,(X - 1)[R(8’)/ROlJcP(O’) 
in eq 8 is added in order to cancel out the variation of the 
constant Qo with the polar angle 8’,15J6 where P(8’) is given 

R(8’) = RoX(X3 - (x3 - 1) cos2 8’]-1/2 

by 

Table IV 
Direction of Coordinate Axes 

direction of Xi, Vi, and Ui axes coordi- 
nate 

svstem i =  1 i =  3 
0-X,X,X, normal to  film 

0-V, V, V, 
surface 

normal to  lamellar 
surface containing OV, 
and OV, axes 

crystal u axis of 
polyethylene 
crystallite 

0-U, U,U, 

stretching direction 
of film specimen 

lamellar axis grown 
radially within a 
spherulite 

crystal c axis of 
polyethylene 
crystallite 

Table V 
Euler Andes of Coordinate Transformations 

oriented 
ref coordinate Euler angles coordinates 

0-x,x,x, @’,e ’ ,q ’  0-v, v, v, 
0-x,x,x, Q, ,e ,v 0- u, u, u, 
0-v,v,v, &,P,Y 0-u, u,u, 

b axes, while in the meridian region, around their a axes. 
Next, we investigate whether the orientation distribution 

function w(0,q) calculated from the model for the defor- 
mation mechanism of polyethylene spherulites is in 
agreement with w(0,q) shown in Figure 5. Although the 
model is essentially the same as that proposed for low- 
density p~lyethylene,’~ slight changes of the model are 
made. 

Tables IV and V show the geometrical interrelations of 
three Cartesian systems, 0-X1X2X3, O-VlV2V3, and 0- 
UlU2U3 fixed within the bulk specimen, crystal lamella, 
and crystallites, respectively. The directions of the co- 
ordinate axes of each Cartesian system are given in Table 
IV and the Euler angles of coordinate transformations 
among the three Cartesian systems are given in Table V. 

The first step of the spherulite deformation, the in- 
stantaneous orientation of crystal lamellae including 
untwisting, can be represented by the orientation of the 
Cartesian system O-VlV2V3, with respect to the Cartesian 
system 0-X1X2X3 and can be formulated for uniaxial 
deformation as follows: 

WO 
87r2 

w’(O’,q’) = -(1 + cT(X - 1)(1 - cos2 8’) x 

cos2JA ?7’)A3/(X3 - (A3 - 1) cos2 8’)3/2 (7) 

where w’(O’,q’) is an orientation distribution function of the 
crystal lamellae with respect to the Cartesian system 
&X1X2X3, CJ and JA are parameters characterizing the ease 
and sharpness of instantaneous lamellar untwisting, re- 
spectively, and Wo is a normalization constant. 

The second step of the spherulite deformation, the 
delayed reorientation of crystallites within the lamella, can 
be represented by the orientation of the Cartesian coor- 
dinates O-UlU2U3 with respect to the Cartesian coordi- 
nates P-VlV2V3. The corresponding distribution function 
may be formulated as follows: 

80 
air2 

q(P,a ,~)  = -Vr - f c ( X  - 1)[R(8’)/ROIJcp(80 + 
[(I - cos2 0) cos2 a sin2 y l J ~  + 

f , (h - 1)[R(8’)/Ro]JC(sin4 8’ - cos4 P + 
2 cos2 0’ cos2 P ) ( f e r  + cos21c a)(far  + 

In the undeformed state (A = I) ,  eq 8 reduces to 
y)) (8) 

P(0’) = L&zT&2TJ1(sin4 1 8’ - cos4 p + 2 cos2 8’ X 
8 2  

cos2 P)(jer + cosZic a)( far  + sinzm, y) d(cos P )  d a  dy (11) 

The term f ,(X - 1)[R(8’)/RO]JCP(0’) corresponds to the 
fraction of crystallites within the lamella that have random 
orientation such as the term f,.15 

A test of the proposed model of spherulitic deformation 
was performed by comparing the calculated orientation 
distribution function 27rq;(cos 8;) for a specified crystal 
plane, that is, the (110) crystal plane, with 27rqj(cos 0,) 
observed from the X-ray diffraction experiment a t  ex- 
tension ratio X = 1.4 of the test specimen. Although the 
number of parameters in eq 7 and 8 seems to be too large 
to deduce an explicit conclusion, the values of the pa- 
rameters giving the best fit of calculated and observed 
results may also be determined easily by using the simplex 
rneth0d.~O8~ Actually, the parameters in eq 7 and 8 were 
determined by the attempt which was made to minimize 
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I ( I  IO) Crystal Plane 
- c.1077 J A = I  J B = I  JC.2 
a- $ loC-fc=5796 ec= I mc.3 fr=00481 

N I I 
fer = 0.030 I far = 00303 

0 30 60 90 
Polar Angle 8, (degree) 

Figure 6. Comparison of orientation distribution function for 
the reciprocal lattice vector of the (110) crystal plane observed 
from X-ray diffraction, with that calculated from eq 7 and 8. The 
parameters are selected to minimize the average square error 
between the calculated and experimental results. 

the average square error given by the following equation. 
That  is: 

av sq  error = 

where, the j t h  crystal plane is the (110) crystal plane and 
W(8,) is the weight varied with the polar angle 8,. 

Figure 6 shows the comparison between the experi- 
mental and the calculated results, in which the average 
square error is 2.63% on the assumption that W(8,) is unity 
a t  any polar angle. This value is the smallest one as far 
as eq 7 and 8 are employed as the deformation model of 
a polyethylene spherulite. The peak of the calculated (110) 
distribution is broader than that of the experimental 
distribution. The reason is due to the selection of the 
weight. In this calculation, the weight was not selected 
on the basis of fitting the peak position of the calculated 
(110) distribution with that of the experimental one, but 
selected on the basis of minimizing the average square 
error when W(0,) is unity independent to the polar angle 
e,, as discussed above. Among the values of the parameters 
f e r ,  far, l,, and m, shown in Figure 6, the values of f e r  and 
far are much smaller than unity. This fact suggests that  
the mode of crystal c axes orientation is not dependent 
upon the random rotation of the crystallites around their 
own c axes, but upon the rotation of the crystallites around 
their own a axes. 

Figure 7 shows the orientation distribution function of 
the crystal a, b,  and c axes calculated on the basis of the 
same parameter listed in Figure 6. The calculated result 
of the crystal a axis is rather close to the experimental one 
shown in Figure 3. As for the crystal b axis, the calculated 
and experimental distributions are similar. That is, the 
former has a peak around 0, = 45', while the latter is 
around 0, = 55'. However, the peak of the experimental 
distribution is much sharper and higher than that of the 
calculated one. On the other hand, for the crystal c axis, 
the shapes of both distributions are quite different. The 

( I  IO)  Crystal Plane 
c.l.077 J A = I  JB= I JC.2 

fer=O,0301 far=O.OX)3 

U (002) (c-axis) 
u 
u- c 
N 

1 1 i 
0 30 60 90 

Polar Angle 8, (degree) 

Figure 7. Orientation distribution functions of the crystal a, b, 
and c axes calculated by using the same parameters listed in Figure 
6. 

9 0" 

60' 

7 )  

30' 

0" 30" 60" 9c" e 
Figure 8. Orientation distribution function of crystallites cal- 
culated by using the same parameters listed in Figure 6. 

calculated distribution has the peak at Bi = O', which 
suggests the preferential orientation of the crystal c axis 
to the stretching direction. The reason resides in the term 
(sin4 8' - cos4 /3 + 2 cos2 8' cos2 0) in eq 8; this term has 
a maximum value when the crystal c axis within lamella 
orients parallel to the stretching direction at any extension 
ratio. This term was introduced on the basis of the 
second-order orientation factor of crystal c axes reported 
by many a ~ t h o r s , ~ , ~ , ~ , ~ , ~ ~  as discussed already. The the- 
oretical distribution 2rqj(c0s 0j) calculated from eq 7 and 
8 is in fairly good agreement with the experimental one 
for the (110) and (200) crystal planes. However, the 
calculated distribution for the crystal c axes is different 
from the experimental one shown in Figure 2. That is, as 
discussed already, the distribution has a peak around polar 
angle 8, = 30'. This model will have to be modified with 
respect to the term (sin4 0' - cos4 P + 2 cos2 8' cos2 /3) in 
eq 8 to be in fairly good agreement with the experimental 
result in the case of extension ratio X = 1.4, which, however, 
seems to be a very difficult problem. 

Figure 8 shows the contour map representing the ori- 
entation distribution function w ( 8 , ~ )  of crystallites. This 
map has a peak around 0 = 30°, 77 = 90'. However, the 
map has no peak at the rather lower angle of 77, as appeared 
in the map of Figure 5 calculated from the X-ray dif- 
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magnitude at  polar angle 0 = 0". This result suggests that 
in the direction of the meridian, the tie-chain molecules 
are strained strongly, and consequently the crystal c axes 
with orientation perpendicular to the lamellar axis in the 
undeformed state orient gradually parallel to the stretching 
direction by rotation of the crystallites around their own 
a axes with increase of the extension ratio. 

IV. Conclusion 
The crystal orientation o(0 ,~)  within a polyethylene 

spherulite under uniaxial stretching was obtained by the 
orientation function of a reciprocal lattice vector of 13 
crystal planes. The distribution of the crystal c axes has 
a peak around polar angle 6, = 30" at  extension ratio X = 
1.4. This result is different from the preferential orien- 
tation of the crystal c axes to the stretching direction 
postulated by many authors on the basis of the second- 
order orientation factor of the crystal c axes calculated 
from the orientation factor of the (110) and (200) crystal 
planes by using Wilchinsky's equation. Moreover, the 
model which is essentially the same as one proposed for 
a low-density polyethylene was tested by experiment for 
the (110) crystal plane. The theoretical distribution was 
in fairly good agreement with the experimental one. 
However, the theoretical distribution for the crystal c axes 
as well as the crystallites was found to be insufficient to 
explain the experimental one. That is, the theoretical 
distribution of the crystal c axes has a peak at 6, = O", while 
that of crystallites only has a peak around 8 = 30°, q = 0". 
This fact suggests that it is a dubious procedure to evaluate 
the deformation mechanism of a polymer spherulite on the 
basis of the fit of the calculated and observed results for 
the orientation distribution function of a reciprocal lattice 
vector of a particular crystal plane such as the (110) crystal 
plane. Finally, the orientation of the crystal c axes was 
found to be related to the distribution of the principal 
stress P1 within the spherulite. This result suggests that 
the tie-chain molecules are strained, and consequently the 
crystal c axes orient gradually parallel to the stretching 
direction. 
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Figure  9. Distribution of principal stresses (a) PI and (b) Pz 
within the spherulite calculated by using a linear isothermal static 
elastic theory for the value of crystallinity 7670, in which scale 
numbers, 0,0.4, and 0.8, mean the degree of ( r / a ) ,  while values 
of scale listed in circumference mean the degree of polar angle. 
a is the radius of the spherulite. 

fraction data. This result suggests that this model reflects 
the rotation of crystallites around their own a axes, but 
is hardly affected by the untwisting of crystal lamellae, 
illustrating the rotation of crystallites around their own 
b axes. In other words, the model which is performed on 
the basis of the fit of the calculated and observed results 
for 2xqj(c0s 0,) about a particular crystal plane such as 
(110) plane does not reveal the detailed mechanism with 
regard to the orientation of crystallites within the 
spherulite under uniaxial stretching. 

Recently, the orientation distribution function 27rq,(cos 
S j )  was obtained by Yoon and Stein34 on the basis of a 
similar modeP5 used in the calculation of light scattering 
from deformed three-dimensional spherulites. The the- 
oretical result is in rather good agreement with the ex- 
perimental one with respect to the crystal (110) and (200) 
planes. This method seems to be somewhat complicated 
for the calculation of the crystallite orientation function 
4 0 , v ) .  

Finally, we investigate the relationship between the 
crystal orientation a t  extension ratio X = 1.4 and the 
distribution of the principal stresses within the spherulite. 
However, the method is basically incorrect, because the 
former belongs to the category of a large deformation, while 
the latter belongs to that of a small deformation. Hence, 
in this paper, the comparison was carried out to investigate 
the relationship approximately. The three different 
principal stresses may be given by 

PI = arr cos2 A0 + 2ars sin A8 cos A6 + 0 0 0  sin2 A8 

Pz = urr sin2 AS - 2urs sin A0 cos A0 + uoO cos2 A6 (13) 

p3 = 

where 
tan 2A0 = 2ur0/(urr  - uOs) (14) 

In actual calculation, four kinds of stresses uij were ob- 
tained on the basis of a linear isothermal elastic theory.*3s 
The five elastic stiffnesses used in this calculation were 
obtained by the same method used in a previous paper.36 

Figure 9a,b shows the calculated distribution function 
of the principal stresses P1 and Pa, respectively, in which 
the magnitude of P1 is larger than that of P2 as a whole. 
The distribution of PI shows the higher magnitude in the 
stretching direction 6 = 0". Moreover, as a point on the 
radial direction at  0 = 0" moves to the center of the 
spherulite, the magnitude at  the point increases. Con- 
sidering Figure 9 again, the distribution of PI integrated 
to the radial part is postulated to have a maximum 
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Effects of Casting Solvents on Mechanical and Structural 
Properties of Polydiene-Hydrogenated Polystyrene- 
Polyisoprene-Polystyrene and Polystyrene- 
Polybutadiene-Polystyrene Block Copolymers 
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ABSTRACT: Stress-strain and dynamic mechanical measurements were carried out over a range of tem- 
peratures for a polyisoprene-hydrogenated SIS block copolymer and for a polybutadiene-hydrogenated SBS 
block copolymer having polystyrene endblocks of about the same molecular weights close to 1 X lo4 and having 
styrene weight fractions of 0.22 and 0.29, respectively. Specimens were prepared by solvent casting from solutions 
in heptane, cyclohexane, and toluene. Microdomain structures were investigated by small-angle X-ray scattering. 
Depending upon the casting solvent, the hydrogenated SIS copolymer exhibited spherical or cylindrical 
polystyrene structures while the hydrogenated SBS copolymer exhibited spherical, cylindrical, or lamellar 
polystyrene structures. The three structures were obtained in the order of increasing solvent affinity for 
polystyrene. The mechanical behavior of the specimens with spherical microdomains was very close to those 
of unfilled vulcanized rubbers. In contrast, specimens with cylindrical structures showed stress softening 
on repeated extensions and those with lamellar structures showed yield and neck propagation in the first 
extension. The systematic change of microdomain structure with increasing solvent affinity for polystyrene 
is interpreted in terms of solvent partition within the micellar arrangement produced during the casting process. 
Also discussed are the relations between domain sizes and unperturbed chain dimensions for the three types 
of structures observed. 

In a previous paper '  we repor ted  physical and me- 
chan ica l  p rope r t i e s  of a polyisoprene-hydrogenated 
polystyrene-polyisoprene-polystyrene (SIS) elastomeric 
block copolymer containing 22 70 by weight of styrene. The 
copolymer showed two  glass t rans i t ions  at -67 and -90 
"C, respectively, and i ts  stress-strain curves measured  at 
room tempera tu re  in  successive extension cycles (0 < e I 
3) were  near ly  reversible and superposable,  indicating a 
microphase system in which t h e  polystyrene cross-linking 
domains  were discrete and particularly well isolated. In 
cont ras t ,  the original STS copolymer showed irreversible 
stress softening i n  the first  extension cycle. Both speci- 
m e n s  were p repa red  b y  solution casting at  room tem-  
pe ra tu re  using cyclohexane as solvent. Cyclohexane is a 
poor so lvent  for polystyrene and a good solvent for b o t h  
polyisoprene and hydrogenated  polyisoprene. As will be 
shown i n  the p resen t  paper ,  we also have  observed that 
a polybutadiene-hydrogenated SBS block copolymer 
containing 29% by  weight of s tyrene  does not exhibit  t h e  
stress-softening effect  when cast f rom hep tane ,  a non- 
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solvent for polystyrene b u t  a good solvent for hydrogenated 
polybutadiene.  

Solution casting from preferential solvents for polydienes 
is to improve the  rubber-like behavior of SIS and 
SBS block copolymers having a s tyrene  con ten t  in  t h e  
range  of 15 to 30% b y  weight.  S u c h  solvents swell 
preferentially the polydiene phase  and the reby  give rise 
to a be t te r  dispersion of t h e  polystyrene phase which after 
complete solidification of the material  appears  as discrete 
glassy domains i n  a continuous rubbery matrix.  However, 
i t  has been observed2,6 that SIS and SBS films cas t  f rom 
preferen t ia l  so lvent  for  the polydienes exhib i t  stress 
softening on repea ted  extensions. T h i s  phenomenon was 
a t t r i bu ted  to irreversible processes such  as r u p t u r e  of 
interconnections be tween some  of the glassy domains  o r  
deformation of the latter. It is similar t o  the Mullins effect 
i n  reinforced rubbers. T h e  stress-softening phenomenon 
a l so  occur s  f o r  compress ion  m o l d e d  or e x t r u d e d  
 specimen^^*^-^ but, as shown b y  P e d e m o n t e  et  al.,9 i t  
d i sappea r s  when  such  spec imens  are swollen wi th  a 
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