
Polymer Journal, Vol. 13, No. 8, pp 755-767 (1981) 

Deformation Mechanism of Nylon 6 Spherulites 
under Uniaxial Stretching t 

Masaru MATSUO* 

Department of Clothing Science, Faculty of Home Economics, Nara Women's University, 
Kitauoyanishi-machi, Nara 630, Japan. 

Yasuo SEINO, Takeshi WATANABE, Shigeru MORIGUCHI, 

Fumihiko OZAKI, and Tetsuya OGITA 

Department of Textile Engineering, Faculty of Engineering, Yamagata University, 
4-3-16, Jonan, Yonezawa 992, Japan. 

(Received December 11, 1980) 

ABSTRACT: The orientation distribution functions of the (200) and (002) crystal planes of 
nylon 6 are affected by the degree of crystallinity. As for one specimen with crystallinity 47%, these 
functions of the (200) and (002) crystal planes have maxima at polar angles 8j=0° and 8j=90°, 
respectively. By contrast, as for the other specimen with crystallinity 28%,. both functions have a 
maximum at polar angle 8j=90°. These two orientation modes were analyzed using a deformation 
mode of nylon 6 spherulites. As for the results, this cause was due to the difference of the orientation 
mode of crystal b-axis, that is, (a) the b-axis orientation associated with the rotation of crystallites 
around its own c*-axis designating the axis perpendicular to the a- and c-axes and (b) the b-axis 
orientation associated with random rotation of the crystallites around their own b-axis. The type (a) 
orientation predominates in the case of a crystallinity 47%, while the type (b) orientation does in the 
case of crystallinity 28%. A light scattering apparatus was made so that the scanning bench (arm) 
supporting the photomultiplier could be moved horizontally at a desired fixed angle between the 
bench and the horizontal direction. This apparatus provided detailed information about the 
morphology and the deformation mechanism of nylon 6 spherulites. The light scattering pattern 
from nylon 6 spherulites was accounted for by one from the spherulites with a disorder of the 
optical axis orientation in the angular distribution. 
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Several studies1 - 3 on the crystal orientation of 
semicrystalline polymers under uniaxial stretching 
have been made in relation to the deformation 
mechanism of the polymer spherulites. Those stud
ies involved comparisons of observed results with 
those calculated on a model of spherulitic defor
mation in terms of the orientation distribution 

functions of reciprocal lattice vectors of particular 
crystal plane. This method is suitable for evaluating 
the orientation mechanism of crystallites when the 
diffraction intensities from the crystal planes are too 
weak, except those of one or two crystal planes, to 
obtain correct and detailed data. 

1 Presented partly at the 27th Annual Meeting of the 
Society of Polymer Science, Japan, Tokyo, May 26, 1978 
and partly at the 29th Annual Meeting of the Society 
of Polymer Science, Japan, Kyoto, May 28, 1980. 

* To whom all correspondence should be addressed. 

For a better understanding of the crystal orien
tation within spherulites, it is necessary to obtain an 
orientation distribution function of the crystallites 
on the basis of the measurable functions of the 
reciprocal vectors. This method affords the best 
means of studying the orientation mechanism of 
crystallites, because one can directly pursue the 
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crystallite orientation distribution within the sphe
rulites without using a model about the deformation 
mechanism of the spherulites. This method was 
proposed by Roe and Krigbaum.4 - 6 Recently, 
Matsuo et al. applied this method to study the 
orientation mechanism of crystallites within poly
ethylene sphernlites7 as well as to the orientation 
mode of crystallites of polyethylene crystallized 
from a stressed polymer melt.8 Analysis was inade 
using the functions of the reciprocal lattice vectors 
of 13 crystal planes observed from X-ray diffraction 
measurement. As for the former, a high-density 
polyethylene, Sholex 5065, with crystallinity 76% 
was used as a test specimen. It was found that the 
deformation mechanism is dependent on the ro
tation of crystalites around their own b-axes as
sociated with lamellar rotation in the equatorial 
region and also around their own a-axes associated 
with the rotation of the crystallites within the 
lamellae in the meridian direction. However, crys
talline polymers with a lower degree of crystallinity 
gives incorrect measurement for the functions of 
reciprocal lattice vectors of few crystal planes by X
ray diffraction technique. This indicates the diffi
culty in evaluating the crystallite orientation of 
such polymers in terms of the crystallite orienta
tion distribution function proposed by Roe and 
Krigbaum.4 - 6 Therefore, the orientation behavior 
of crystallites within nylon 6 spherulites was eval
uated by comparing the observed results with the 
results calculated from a deformation model of 
spherulites in terms of the orientation functions of 
the reciprocal lattice vectors of the (200) and (002) 
crystal planes. 

This paper aims to investigate the contribution of 
hydrogen bonds to the crystalline orientation as 
well as to the deformation of spherulites using 
specimens with different degree of crystallinity by 
means of X-ray diffraction and small angle light 
scattering techniques, since it has been reported that 
nylon 6 spherulites form either negatively or pos
itively birefringent spherulites or mixtures depend
ing on crystallization conditions.9 - 13 In a study by 
Keller,13 for example, using microbeam X-ray dif
fraction, these phenomena were explained in terms 
of a specific orientation of the hydrogen bonds, 
either parallel or perpendicular to the lamellar axis 
(radial direction of the spherulite ), and of additional 
contributions of the hydrogen bonds to the optical 
anisotropy of the crystals. 
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In order to obtain detailed information on ·the 
deformation mode of nylon 6 spherulites, the in
tensity distribution of light scattering pattern was 
measured by the light-scattering apparatus which 
was improved in the detection system. This ap
paratus had two advantages for precise measure
ments of intensity distribution of somewhat com
plicated patterns. 

TEST SPECIMENS AND 
EXPERIMENTAL PROCEDURES 

Pellets of nylon 6 were melted at 270oC for 30min 
in the laboratory press under 200kg cm- 2 and 
quenched in the water at 60°C. The film thickness 
was 200 ,urn. In order to obtain high crystallinity, 
the specimen was held for four hours innitrogen at 
2l6°C and 1 atm. and moreover was held for an 
hour in silicon oil at 140°C. The specimen was a 
little oxidized through the above heat treatment. 
The annealed specimen was found to have the so
calied a-modification of crystal structure from X
ray diffraction measurement, which was termed 
specimen A. The degree of crystallinity was found 
to be around 47% from density gradient measure
ment at 20°C. The specimen obtained was too rigid 
to stretch at any temperature in a dry atmosphere 
without necking and oxidation. Hence, the speci
mens were stretched in hot water at sooc to exten
sion ratios of A.= 1.25 and 1.4. 

In this measurement, the generator of X-ray was 
set at 100 milliampere-40 kV and the width of the 
divergent, scattering, and receiving slits were 1/6°, 
1/6°, and 0.15 mm, respectively. The X; ray diffrac
tion measurement was carried out in the horizontal 
plane of the goniometer with respect to the (200) 
and (002) crystal planes at a fixed value of ei 
denoting a polar angle between a stretching direc
tion and a reciprocal lattice vector of a given crystal 
plane. The polar angle ei was changed at proper 
intervals from oo to 90° This process was achieved 
by the rotation of the specimen around its thickness 
direction. The scanning speed with regard to the 
Bragg angle 288 was one-eight degree per minute. 
After applying correction to the observed X-ray 
diffraction intensity (for air scattering, background 
noise, polarization, and absorption) and substract
ing the contribution of the amorphous halo from 
the corrected total intensity curve, the equatorial 
diffraction curve was obtained as a function of the 
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Bragg angle 208 . This intensity curve is believed to 
be due to the contribution of the diffraction in
tensity from the crystalline phase. The intensity 
curve /cry,(208 ) is separated into the contribution 
from the individual crystal planes on the assump
tion that each peak has a symmetric form given by 
a Lorenz function of 288 . 

sured without the rotation of polarizer, sample, and 
analyzer. This method will be discussed in detail 
later. Light scattering patterns were obtained with a 
50mW He-Ne gas laser as a light source. 

RESULTS AND DISCUSSION 

The light scattering intensity distribution was 
measured using this apparatus made at our labo
ratory. The measuring method using this apparatus 
is quite different from that already used.14 Using 
this apparatus, the scattered intensity can be mea-

Figure I shows experimental and theoretical re
sults for the orientation distribution functions 
2nq/cos 0) of the reciprocal lattice vectors of the 
(200) and (002) crystal planes at extension ratios of 
Jc = 1.25 and 1.4. As can be seen in Figure I, the 
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Figure 1. Comparison of orientation distribution functions of the (200) and (002) crystal planes 
observed with those calculated from eq I and 2 for a specimen A: (a) .l.= 1.25 and (b) .l.= 1.4. 
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Figure 2. Comparison of the orientation distribution functions of the (200) and (002) crystal planes 
observed with those calculated from eq I and 2 for a specimen B: (a) .l.= 1.2 and (b) .l.= 1.5. 
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Table I. Direction of coordinate axes 

Coordinate 
system 

Direction of X,, V,, and U, axes 

i= I 

Normal to film surface 

Normal to lamellar surface 
containing 0 V2 and 0 V3 axes 

Crystal a-axis of nylon 6 
crystallite 

observed distribution function of the (200) crystal 
plane has the peak at ei=0° and that of the (002) 
crystal plane at ei=90°. This phenomenon seems 
strange to all appearance, because the molecular 
axis of nylon 6 crystal unit corresponds to the b-axis 
and therefore the (hO[) crystal plane is parallel to the 
molecular axis. Generally speaking, one may pre
sume that the orientation distribution function of 
the reciprocal lattice vector of the (hO[) crystal plane 
has a peak at a higher polar angle ej when the 
molecular axis of crystal unit orient preferentially 
parallel to the stretching direction. In fact, when the 
polyethylene spherulites deform under uniaxial 
stretching "to the extension ratio of A= 1.5, the 
functions of the (200) and (110) crystal planes have 
peaks at ej=90° and at around ej=65°, respec
tively.1-2 Figure 2 shows experimental and theoreti
cal results for the orientation functions of the (200) 
and (002) crystal planes of nylon 6. These experi
mental results are the same as those reporteo by 
Matsuo et a/. 3 The specimen B was a melt-extruded 
and quenched film of nylon 6. ·The specimen was 
preheated at about 180°C for 10 min and stretched 
at 120oc to extension ratios of A= 1.2 and 1.5. The 
film specimen thus obtained was annealed at 150°C 
for 5 min at fixed extension. The annealed specimen 
was found to have the "so-called" a-modification 
and the degree of crystallinity was found to be 
around 28% from density gradient measurement at 
20°C. As can be seen in Figure 2, both the experi
mental distribution functions of the (200) and 
(002) crystal planes have the peak at ej=90° and 
this orientation mode is rather close to the crys
tallite orientation of the fiber texture with sym
metrical properties around stretching direction. 
That is, if both the distribution functions show 
the same curve, the specimen indicates the ideal 
fiber texture. 
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i=3 

Stretching direction of film 
specimen 

Lamellar axis grown radially 
within a spherulite 

Crystal b-axis of nylon 6 
spherulite 

Table II. Euler angles of coordinate transformations 

Ref coordinate Euler angles 
Oriented 

coordinates 

o-x.x2x3 8', ¢', IJ o-v. V2 V3 
O-X1X2X3 e, ¢, IJ o-u.u2U3 · 
O-V1 V2V3 a, {J, y o-u.u2U3 

Comparing the experimental distribution func
tion in Figure 1 with that in Figure 2, one may 
postulate the difference of crystallite orientation due 
to that of degree of crystallinity. Thus, we have tried 
to demonstrate the difference of crystallite orien
tation mechanism by comparing the experimental 
results with the results calculated from a model for a 
spherulite deformation in terms of the functions of 
the reciprocal lattice vectors of the (200) and (002) 
crystal planes. 

In accordance with recent studies on the rhea
optical behavior of polymer spherulites/ 5 -ls two 
steps in the deformation mechanism may be dis
tinguished: (1) instantaneous deformation of the 
spherulite, associated with orientation of lamellar 
axis and untwisting of crystal lamella; (2) reorien
tation of crystallites within the oriented lamellae 
after a considerable time lag. The deformation 
mechanism of nylon 6 spherulites is analyzed by 
using a model proposed on the basis of the concept 
of these two steps. 

Tables I and II show the geometrical inter
relations of three Cartesian system, O-X1X2X3 , O
V1 V2 V3 , and O-U1 U2 U3 fixed within the bulk speci
men, crystal lamella, and crystallites, respectively. 
The directions of the coordinate axes of the each 
Cartesian system are given in Table I and the Euler 
angles of coordinate transformations among the 
three Cartesian systems are given in Table II. 
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The first step of the spherulite deformation, the 
instantaneous orientation of crystal lamellae in
cluding untwisting, can be represented by the orien
tation of the Cartesian system 0- V1 V2 V3, with re
spect to the Cartesian system O-X1X2 X3 and can be 
formulated for uniaxial deformation as follows. 2 •7 

Wo 
w'(8', r!') = Sn2 { 1 + O"(l-1)(1-cos2 8') cos2J Ary'} 

x A_3/{A3 -(13 -1) cos2 8'}3/2 (1) 

where w'(8', ry') is an orientation distribution 
function of the crystal lamellae with respect to the 
Cartesian system O-X1X2 X3 , and O" and JA are 
parameters characterizing the ease and sharpness of 
instantaneous lamellar untwisting, respectively, and 
W0 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 coordinates 0- U1 U2 U3 with respect to the 
Cartesian coordinates 0- V1 V2 V3. The correspond
ing distribution function may be formulated as 
follows. 

q(1X, {3, y)= Q02 {fr- fe(l-1)[R(8')/R0YcP(8') 
8n 

+ [(1- cos2 /3) cos 2 1X cos2 y ys 

+ fc(l -1)[R(8')/R0]Jc (sin4 8' 

-cos4 {3+2 cos2 8' cos2 {3) 

X (fe, + COS 21e 1X){f., + COS2me y)} (2) 

In the undeformed state (1 = 1), eq 2 reduces to 

q(IX, {3, y)=ik{fr+[(1-cos2 {3) cos2 IX cos2 yys} 
8n2 

(3) 
Q0 is a normalization constant. On the right side of 
eq 3, the first term (Q0 fr/8n2) corresponds to the 
fraction of crystallites within the lamella that have 
random orientation; in the undeformed state, it is 
the measure of the degree of imperfection of the 
lamella in the undeformed state. The second term 

{Q0 [(1- cos2 /3) cos21X cos2y JJB/8n2} 

corresponds to the fraction of"the crystallites with 
the a-axes oriented parallel to the lamellar axis; this 
term has a maximum value when the a- and b-axes 
of the crystal are perfectly oriented in the direction 
of the lamellar axis ( V3 , grown direction) and 
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lamellar normal ( V1, thickness direction), respec
tively, as listed in Table I. In eq 2 and 3, 18 is a 
parameter characterizing the sharpness of the distri
bution function; i.e., 18 is zero or infinite, which 
means that the orientation is random or perfect, 
resepctively. 

In order to represent the crystal b-axes orien
tation parallel to the stretching direction due to 
straining of the tie-chain molecules in the deformed 
state, the term (sin 48'- cos 4 f3 + 2 cos 28' cos 2 {3) in 
eq 2 is introduced in a manner so that the term has a 
maximum value when the angle f3 becomes identical 
to 8' of the lamellar orientation. Two types of the b
axis orientation are postulated on the basis of (a) 
the b-axis orientation associated with simple ro
tation of the crystallite ar.ound its own c*-axis 
designating the axis perpendicular to the a- and c

axes and (b) the b-axis orientation associated with 
the random rotation of the crystallite around its 
own b-axis. They differ in their effects as indicated 
by the insertion of the final term in eq 3; i.e., the 
orientation of type (a) is mostly affected by the 
factor cos 21eiX and cos 2mey, while the orientation of 
type (b) is affected by the factors fe, and .fa, in eq 3. 
In other words, when the factors/., and f., are zero 
and the parameters /e and me are infinite, the type 
(a) orientation is indicated, but, when the values of 
fe, and /., increase, the type (b) orientation pre
dominates. The parameters /e and me characterize 
the sharpness of the orientation distribution of the 
crystallites with respect to the angles IX and y, 
respectively. 

The term fc(A-l)[R(B')/R0fc in eq2 represents 
the fractional dependence of the b-axis orientations 
of both types (a) and (b) on the extension ratio of 
the spherulite and of the lamella R(B')/R0 in terms 
of the parametersfc and 10 where R(8') is given by 

R(8')=Ral{A3-(}.3-l) cos2 8r112 (4) 

On the other hand, the term fc(l-l)[R(e')/ 
RafcP(e') in eq2 is added in order to cancel out 
the variation of the constant Q0 with the polar 
ang!e 8', where p(8') is given by 

P(8')=-;fZn f2n f 1 (sin4 8'-cos4 f3 
8n o o -1 

+ 2 COS 2 8' COS 2 /3) +COS 21eiX) 

X (.fa, +COS 2mey) d( COS {3) diX d y ( 5) 

Although the number of parameters in eq 1 and 2 
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seem to be too large to deduce an explicit con
clusion, the values of the parameters giving the best 
fit of calculated and observed results may also be 
determined easily using the simplex method. 15 

where W(Bi) is the weight varied with the polar 
angle ei and is assumed to be unity at any polar 
angle. 

Values of parameters in eq I and 2 were shown in 
Figures I and 2. These are the best values as long as 
eq I and 2 are employed as the deformation model 

<ti-
V> 
0 s 

Actually, the parameters in eq I and 2 were de
termined by an attempt made to minimize the 
average square error given by the following for
mula. That is, 

(6) 

of nylon 6 spherulites. Among the values of the 
parameters fw f., le and me shown in Figure 1, the 
values off., and/., are somewhat smaller than unity 
and the value of le and me are larger than zero. This 
suggests that the mode of the crystal b-axes orien
tation in specimen A is hardly affected by the 
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Figure 3. Orientation distribution functions of the crystal a-, b-, and c-axes calculated using the same 
parameters listed in Figures I and 2: (a) Figure !(a); (b) Figure !(b); (c) Figure 2(a); (d) Figure 2(b). 
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random rotation of the crystallites around their own 
b-axis, but by the rotation of the crystallites around 
their own c*-axis. 

On the other hand, the values of the parameters /e 
and me in Figure 2(a) are unity and fer and f., are 
larger than unity. In Figure 2(b), the values of 
parameters /e and me are zero, which indicates 
random rotation of the crystallites around its own 
b-axis. This suggests that the crystallite orientation 
of specimen B is quite different from that of speci
men A and the orientation mode of the crystal b
axis under uniaxial stretching is predominanted by 
the random rotation of the crystallites around their 
own b-axes. In other words, the crystal orientation 
of specimen B is somewhat similar to that of the 
fiber texture whose crystal orientation is random 
around the crystal fiber axis in a microscopic sense 
as well as around the stretching direction in a 
macroscopic one. 

Figure 3 shows the orientation functions of the 
three crystallographic principal axes calculated 
from the values of the parameters in Figures I and 

4 .,.. w 

2. The orientation of the crystal b-axes correspond
ing to the molecular axis indicates the preferential 
orientation parallel to the stretching direction, while 
the orientation of the crystal c-axes indicates the 
preferential orientation perpendicular to the 
stretching· direction, which is independent of the 
kind of the specimen. On the other hand, the 
orientation of the crystal a-axes is dependent upon 
the kind of the specimen. That is, the orientation of 
specimen A is similar to the crystal b-axes orien
tation and indicates the preferential orientation to 
the stretching direction, while that of specimen B is 
similar to the crystal c-axes orientation. This does 
not contradict the orientation mode of the crystal 
(200) and (002) planes shown in Figures I and 2. 
This fact becomes quite clear by obtaining the 
crystallite orientation function w(li, 17). 

Figure 4 shows the orientation distribution func
tions. These orientation functions of specimen B 
are similar to that of the fiber texture, because the 
crystallite orientation function about the fiber tex
ture is independent of the angle 17 and has the 
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Figure 4. Orientation distribution functions of crystallites calculated using the same parameters listed in 
Figures I and 2: (a) Figure !(a); (b) Figure !(b): (c) Figure 2(a); (d) Figure 2(b). 
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Figure 5. Change in the Hv, Vv, and Hh light scattering patterns with increasing elongation of a specimen 
A of nylon 6. 

maximum at 8=0°. As for the crystallite orien
tation of specimen A, the density distribution of 
w(8, IJ) shows maps with the maxima at 8=90° and 
1]=0°. The somewhat complicated maps of speci
men A are due to the orientation behavior as
sociated with the crystallite rotation around its own 
c*-axis. 

Considering the orientation behavior of crystal
lites within nylon 6 spherulite on the basis of the 
results shown in Figures 1 through 4, the crystallite 
orientation seems to be strongly affected by the 
hydrogen bonds nearly parallel to the crystal a-axes, 
which is due to crystallinity-dependence of the 
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crystallite orientation. That is, the crystallites within 
the spherulites having a higher degree of crystal
linity such as specimen A seem to be bigger and less 
disorderly in comparison with those having a lower 
degree of crystallinity such as specimen B. In the 
former case, it seems that the stable crystallites are 
not disintegrated into small fragments by the strain 
of tie-molecules under uniaxial stretching and con
sequently the crystal b-axes orient to the stretching 
direction by the rotation of crystallites around their 
own c*-axes. By contrast, in the latter case, the 
unstable crystallites are postulated to be disinte
grated into small fragments by the strain and thus 
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the preferential orientation of the crystal b-axes to 
the stretching direction may arise with the rotation 
of crystallites around their own b-axes. 

Figure 5 shows the photographs of light scatter
ing patterns from spherulites of specimen A under 
uniaxial stretching. The shapes of the scattering 
patterns are similar to those of specimen B up to the 
extension ratio of A= 1.5 already reported,3 despite 
a decided difference in the crystallite orientation 
mechanism within the deformed spherulites. In a 
previous paper,3 the scattering patterns for Hv and 
Vv polarization were calculated on the basis of the 
spherulite deformation model by taking the nylon 6 
crystals as having orthogonal-biaxial symmetry in 
optical anisotropy. It was consequently concluded 
that the Hv scattering can be realized in terms of the 
proposed model for the spherulitic deformation by 
taking into account the considerable contribution of 
hydrogen bonds to the molecular polarizability, so 
as to make the polarizability along the crystal a-axis 
larger than that along the b-axis. 

However, the photographic method is insufficient 
to carry out a detailed analysis of the scattering 
patterns. Then, we manufactured a trial light scat
tering apparatus which was improved in the de
tector system in order to obviate two defects for 
evaluating the scattered intensity distribution. The 
measurement for the intensity distribution of the 
whole scattering pattern has not been correct owing 
to these two defects. The first is the difficulty in 
obtaining polarizer, analyzer, and 1/4 wave length 
plate with satisfactory optical properties. In order 
to analyze the scattering angle dependence of the 
scattered intensity, it must be necessary to maintain 
the equal intensity of an incident beam after passing 
the polarizer, independent of the rotation of the 
polarizer. That is, the equal intensity must be 
maintained despite the change in the polarization 
condition. Theoretically, this is achieved by the 
introduction of a 1/4 wave length plate between the 
laser and polarizer because of the natural polari
zation property of the laser beam as a source. 
However, the scattered intensity was found to chan
ge with the rotation of the polarizer, which means 
the experimental impossibility of obtaining the cir
cular polarization condition with the 1/4 wave 
length plate. This result indicates a serious defect 
for observing the scattered intensity distribution 
from polymer films with the provision for rotating 
the polarization direction by particular angles 'P1 
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Figure 6. Scanning direction of detector for measuring 
scattered intensity distribution. 

and 'P2 from the vertical direction. The scattered 
intensity has been usually ·measured either in a 
parallel polarization condition ('P1 = 'P2 ) in the Vv 
scattering or in crossed one in the Hv scattering. The 
second is the difficulty in observing the whole 
intensity distribution. This defect may not be ob
viated even if the equal intensity after passing the 
polarizer is maintained despite rotation of the polar
izer. In the previous measurement, we were obliged 
to use the method shown in Figure 6, in which the 
lines show the scanning direction of the detector. As 
can be seen in Figure 6, the scattered intensity was 
measurable in detail at small scattering angles, but 
the correct measurement becomes coarse with in
creasing the scattering angle. 

In order to eliminate the above two defects, the 
light scattering apparatus was manufactured on 
trial. Figure 7 and 8 show the apparatus and its 
schematic diagram. The scanning bench (arm) sup
porting a photomultiplier may be moved horizon
tally at a desired fixed angle between the bench and 
the horizontal direction. The fixed angle can be 
changed at proper intervals from -so to 35°. When 
the experiment was carried out using this apparatus, 
it is unnecessary to rotate the polarizer, sample, and 
analyzer at proper intervals about 'P1 and 'P2 to 
measure the distribution of the scattered intensity. 

Figure 9 shows the scanning direction of the 
detector using the apparatus. This method is suit
able for measuring the scattered intensity distri
bution of the sharper scattering lobes. Actually, this 
method obviously provides correct and detailed 
data in comparison with that in Figure 6. 

Figure 10 shows the Hv scattered intensity distri
bution of a low density polyethylene (Sumikathen 
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Figure 7. Photograph of light scattering apparatus. 

(]) He- Ne Gas Loser 
(?) >.;4 Retardation Plate 

@ Polarizer 

@ Gonia Meter 

@ Sample Holder I not rotate) 

®Arm 

0 F'tlotomultipher Tube 

® Iris Diaphragm 

® Analyzer 

Figure 8. Schematic diagram of light scattering 
apparatus. 

Figure 9. Scanning direction of detector to measure 
scattered intensity distribution, using the light scattering 
apparatus shown in Figure 7. 
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Hv 

Figure 10. Contour map of scattered intensity distri
bution of a low density polyethylene (Sumikathen G201) 
in an undeformed state under Hv polarization 
conditions. 

Hv Vv 

Unstretched 

Figure 11. Contour maps of scattered intensity distri
bution of a specimen A of nylon 6 in an underformed 
state under Hv and Vv polarization conditions. 

G201) in the undeformed state and Figure 11 shows 
the distributions of nylon 6 under Hv and Vv 
polarization conditions. These maps were obtained 
with our apparatus. The Hv scattered intensity in 
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Hv 

Vv 

c 
0 -0 
Q) 
"-

Unstretched 100 o/o 200o/o 
Figure 12. Photographs of light scattering patterns of a specimen B in deformed states of elongation 
ratios, 100 and 200%, under H,, Vv, and Hh polarization conditions. 

Figure 10 was nearly equal to zero at the scattering 
angle 8=0° and at the azimuthal angle Jl=nn/2 
(n = 0 3), while that in Figure II was not zero at 
these angles. This indicates that the polyethylene 
spherulites are rather close to "perfect spherulites," 
so termed by Stein and Chu20 in the case when the 
orientation of optical axis with respect to the radius 
is the same everywhere within a spherulite, while the 
nylon 6 spherulites are rather close to the sphe
rulites having a disorder of the optical axis orien
tation in the angular direction. 21 

Figures 12 and 13 show the photographs and the 
contour maps of scattering patterns from nylon 6 

Polymer J., Vol. 13, No. 8, 1981 

spherulites in specimen B at the extension ratios, 
100 and 200%, under Hv, Vvo and Hh polarization 
conditions, respectively. As can be seen the maps in 
Figure 13, the scattering apparatus provide detailed 
information on scattered intensity distribution by a 
comparison of the photographs and the maps. 
These maps indicate that the deformation mech
anism of nylon 6 spherulites cannot be analyzed 
sufficiently by the deformation model of the perfect 
spherulites, despite the introduction of the consider
able contribution of the hydrogen bonds to the 
molecular polarizability, so as to make the polariza
bility along the crystal a-axis larger than that along 
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Figure 13. Contour maps of scattered intensity distribution of a specimen B in deformed states of 
elongation ratios, 100 and 200%, under H"' V"' and Hh polarization conditions. 

the b-axis. This is because the Hv scattered intensity 
calculated from the above model becomes zero at 
8=0° and Jl=nn/2 These Hv scattering 
patterns in Figure 12 are rather close to the patterns 
calculated by Stein and Hashimoto in terms of an 
affine deformation of the spherulites having the 
disorder of optical axes orientation in the angular 
distribution.22 In their calculation, the magnitude of 
the orientation fluctuation was also considered to be 
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dependent on the position within the deformed 
spherulite using a simple assumption of an ellip
soidal variation. However, the deformation mech
anism of nylon 6 spherulites contains still essen
tially unresolved problems and thus a more detailed 
discussion on the study of oriented crystallization 
under uniaxial stretching is necessary on the basis of 
the precise data of the distribution of the light 
scattered intensity. 
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CONCLUSIONS 

The orientation distribution functions of the re
ciprocal lattice vectors of the (200) and (002) crystal 
planes for two specimens having different crystal
linities, 47% and 28%, can be obtained by the X
ray diffraction technique. As for the specimen at 
crystallinity 47%, the functions of the (200) and 
(002) crystal planes have a maximum at 8j=0° and 
90°, respectively. On the other hand, as for the 
specimen at crystallinity 28%, both these functions 
have maxima at 8j=90°. This strange phenomenon 
is analyzed using a deformation model of nylon 6 
spherulites associated with the orientation of crystal 
lamellae including untwisting and with the delayed 
reorientation of crystallites within the oriented la
mella. As a result, this is due to the difference of the 
orientation mode of the crystallites, two types of the 
crystal b-axis orientation; (a) the b-axis orientation 
associated with rotation of the crystallites around 
their own c*-axis designating the axis perpendicular 
to the a- and c-axes and (b) the b-axis orientation 
associated with random rotation of the crystallites 
around their own b-axis. The type (a) orientation is 
indicated in the case of a high degree of crystallinity 
such as 47%, while the type (b) orientation pre
dominates in the case of a lower degree of crystal
linity such as 28%. 

The light scattering patterns from the two speci
mens are found to resemble each other in the 
undeformed and deformed states, and this is quite 
in contrast to the orientation modes of the (200) and 
(002) crystal planes. In order to observe detailed 
data concerning the distribution of scattered light 
intensity, the light scattering apparatus was manu
factured on trial; the scanning bench supporting the 
photomultiplier can be moved horizontally at a 
desired fixed angle between the bench and the 
horizontal direction. The angle can be changed 
from -so to 35° at proper intervals. By using this 
apparatus, it is unnecessary to rotate the polarizer, 
sample, and analyzer to measure the distribution of 
scattered intensity. The contour maps of the scat
tered intensity distribution provide detailed infor
mation on the morphology and deformation mech
anism of nylon 6 spherulites. Consequently, the 
nylon 6 spherulites are considered to be rather close 
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to the spherulites having the disorder of the optical 
axis orientation in the angular distribution. The 
effect of the angular disorder becomes evident by 
measuring the scattered intensity distribution from 
deformed states. 
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