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SYNOPSIS 

The supermolecular structure of photocross-linked polyethylene (XLPE ) has been studied 
by small-angle light scattering (SALS) . The data show that the spherulitic structure of 
XLPE gradually deteriorates with increasing degree of cross-linking and increasing irra- 
diation temperature from well-developed spherulites to rodlike aggregates and disordered 
lamellar structures. A photocross-linked sample of PE has lower crystallinity, smaller crys- 
tallites, and smaller spherulites than does the original sample. At high degrees of cross- 
linking, the SALS patterns show little or no spherulitic structure. Results with photocross- 
linked polyethylene demonstrate that the overall effect of cross-linking on the morphological 
structure is similar to that of an increase in molecular weight of the polymer. 0 1993 John 
Wiley & Sons, Inc. 

INTRODUCTION 

Changes of thermodynamic properties such as den- 
sity, melting point, and heat of fusion of photocross- 
linked polyethylene (XLPE) have been shown to 
be related to the degree of cross-linking and the ir- 
radiation temperature during cross-linking as de- 
scribed in Part I1 of this series.' These properties 
are correlated with the level of crystallinity, the 
morphological structure of the lamellar crystallites, 
and the associated interfacial and amorphous re- 
gions. The order of crystalline organization, the su- 
permolecular structure, and the spherulitic mor- 
phology are widely investigated in crystalline poly- 
mers. The strong influence of photocross-linking on 
these properties makes it a matter of interest to fur- 
ther study the spherulitic structure and other mor- 
phological forms of XLPE. 

It has been demonstrated that the morphological 
structure of semicrystalline polymers such as poly- 
ethylene is related to spherulite formation.'-'' Small- 
angle light-scattering (SALS) patterns can be used 
to characterize the size and the degree of order of 
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the spherulites and other morphologies formed in 
bulk, depending on the molecular weight and the 
crystallization temperat~re.4.~~~ The SALS technique 
and theory has been developed by Stein et al.293,'2-i5 
It provides some distinct advantages over polarized 
light microscopy in studying the supermolecular 
structure. First, the subjectiveness of the interpre- 
tation of the morphological types is eliminated as 
well as artifacts related to the use of thin films. Sec- 
ond, the radii of spherulites are easily determined 
from the SALS patterns, which are sensitive to 
changes in size and shape of the spherulites. Third, 
a detailed morphological description, i.e., spheru- 
lites, rodlike aggregates, and randomly oriented la- 
mellae, can be clearly obtained utilizing SALS pat- 
terns even if the scattering entities are mixed in a 
sample. In short, SALS is a powerful method for 
characterization of the supermolecular structure of 
a crystalline polymer. 

Observations of PE spherulites by the SALS 
technique have been made by several authors, '-" 
but applications to cross-linking systems have as 
yet been limited. There is no paper to date about 
SALS studies of photocross-linked PE. In the pres- 
ent work, SALS is the major experimental technique 
used in studying photocross-linked PEs, since it has 
been shown to be an excellent method for the de- 
tection of different morphological forms or super- 
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molecular structures in polymer films.16-21 The main 
purpose is to investigate changes of supermolecular 
structures in PE caused by photocross-linking and 
to interpret the corresponding changes of thermo- 
dynamic parameters derived in the previous paper.' 

EXPERIMENTAL 

Materials 

Low-density polyethylene ( LDPE) DFDS 6600 and 
linear LDPE 8016 (LLDPE) were obtained from 
Neste Polyeten AB, Sweden; LDPE Statoil L400, 
from Statoil A/S, Norway; and high-density poly- 
ethylene (HDPE) Lupolen 5261 Z ( L ) ,  from BASF 
and Hostalen 412 ( H )  from Hoechst AG. An HDPE 
sample was used with the ratio of L / H  = 8/2.  All 
samples used in this work contained 1 wt 9% 4-chlo- 
robenzophenone (4-CBP) as initiator and 1 wt 9% 
triallyl cyanurate (TAC) as cross-linker. The prop- 
erties of the four kinds of PE before photocross- 
linking are listed in Table I. 

Preparation of Film Samples 

All the samples were prepared by the same method 
in order to reduce the effects of various factors of 
the photocross-linking processes on the morpholog- 
ical properties of XLPE. Fifty grams of PE power 
or granules were mixed with 1 wt % 4-CBP and 1 
wt ?& TAC for 10 min at  160-200°C in a Brabender 
Plasticorder. The film samples were prepared in a 
hotpress device and UV-irradiated in a UV-CURE 
with Nz atmosphere at a preset temperature of 140°C 
for LDPE and LLDPE and 150°C for HDPE,' using 
a 2 kW Philips HPM 15 lamp, at a 10 cm distance 
from the surface of the sample. After UV irradiation, 
the molten sample was rapidly cooled to room tem- 
perature in air. The basic procedures for preparing 
photocross-linked films by mixing, hotpressing, and 

UV irradiation and for cooling the polymer samples 
after photocross-linking were essentially the same 
as used previously.' 

The thickness of sample for SALS was limited to 
20-50 pm in order to avoid large amounts of sec- 
ondary scattering, which obscures details of the pri- 
mary scattering pattern. 

Small-Angle Light Scattering 

An He-Ne laser is used as source of polarized, 
monochromatic light ( Xo = 6328 A).  The film sample 
is placed between the analyzer and the polarizer (Fig. 
1 ) . The plane of polarization of the analyzer is per- 
pendicular to that of the polarized laser beam (the 
scattering photograph obtained is called an H, pat- 
tern). The molded and photocross-linked films are 
held between microscope glass slides and immersed 
in silicone oil to minimize surface scattering. The 
H ,  SALS patterns were recorded on Polaroid type 
55 films. The exposure time and the sample-to-film 
distance are adjustable to give sufficient intensity. 
A diagram of the photographic light scattering ap- 
paratus is given in Figure 1. 

Stein and c o - w o r k e r ~ ~ ~ ~  developed a theory for 
the SALS of spherulites. The theory predicts an H, 
scattering pattern appearing as a four-leaf clover 
pattern (Fig. 2 ) ,  observed with maxima at odd mul- 
tiples of the 45" azimuthal angle ( p )  and at an angle 
Omax between the incident and scattered beams char- 
acteristic of the radius of the spherulite. The pre- 
dicted and observed positions of the maxima for p 
= 45" indicate an orientation of the crystal optical 
axes parallel or perpendicular to the spherulite ra- 
dius. The size of the spherulite is calculated by eq. 
( 1 ) in which Omax is obtained from ( i )  the measured 
distance of the center of one of the lobes from the 
center of the pattern and (ii) the known sample-to- 
film distance (see Fig. 1 ) . 

The spherulite size is calculated from the H, 
SALS pattern using the f o r m ~ l a ~ ' ~  

Table I The Properties of PE Samples before Photocross-linking" 

Sample 
Crystallinity 

(%o) 
Spherulite 

Radius (pm) 

(a) DFDS 6600 
(b) Statoil L400 
(c) LLDPE8016 
(d) HDPE 

0.924 

0.961 

110.0 
112.0 
126.0 
135.0 

53.2 

77.0 

8.0 
8.9 
2.2 
4.0 

a The crystallinity is measured by wide-angle X-ray diffraction, and the radius of the spherulites, by SALS. 
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Figure 1 
periment. 

Schematic diagram of photographic light-scattering apparatus used in this ex- 

4.09Xo 

4an sin( %) 
scattering angle, and refractive index in the PE film, 
taken as n = 1.5. Values of 8,,, and spherulite 
radius ( R )  thus determined are summarized in Ta- 
bles I-IV. 

R =  (l) 

In the above equation, R ,  Xo,  8, and n denote, re- 
spectively, spherulite radius, wavelength in vacuum, Other Analysis of Samples 

The degree of crystallinity was measured by wide- 
angle X-ray diffraction. The density was measured 
on an alcohol-water gradient column. The melting 
point was recorded by a Perkin-Elmer Model DSC- 
2 instrument. The gel content was obtained by ex- 
traction of the cross-linked samples in boiling p -  
xylene. The above methods were described in detail 
in the previous paper.' 

RESULTS AND DISCUSSION 

light-Scattering Background 

Before we present our experimental results and in- 
terpret the data in terms of supermolecular structure 
related to photocross-linking, we first summarize the 
background of scattering theory and structural 
models, which have been developed by Stein et 
al.2-4 and Mandelkern et a1.6-s PE crystallites are 
usually arranged in spherical aggregates, spherulites, 
with different radial and tangential refractive in- 
dices. This optical anisotropy is a consequence of 
the arrangement of the anisotropic crystallites inside 
the spherulites. 

Many studies have s h o ~ n ~ , ~ - ~ , ' ~ - ~ ~  that spherulites 
are not formed in all crystalline polymers. SALS 
patterns are observed also for structures that are 

Figure 2 The experimental H ,  patterns of four kinds 
of PEs before photocross-linking: ( a )  DFDS 6600; ( b )  
Statoil L 400; (c )  LLDPE 8016; (d)  HDPE: L / H  = 8/2. 
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Table I1 The SALS Data Correlated with Gel Content and Crystallinity in Figure 3 

Irrad Temp 8max Radius Gel Crystallinity 
Sample (“C) (Degree) (wd (%) (%) 

100 
110 
140 

110 
135 
150 

1.99 
2.18 

4.33 
5.08 
6.97 
7.80 

8.0 
7.2 45.5 

53.4 
65.1 

3.6 
3.1 58.1 
2.3 75.1 
2.0 85.0 

53.2 
52.7 
51.3 
49.1 

77.0 
71.0 
64.8 
60.2 

nonspherulitic. Other structures such as rodlike ag- 
gregates of lamellae can be developed, and in some 
cases, no organized forms of lamellar crystallites are 
found at all. In this study, we shall not present a 
complete survey of all the different theoretical mod- 
els that have been proposed. Rather, we shall only 
select some models that provide an adequate inter- 
pretation of our results. It has been r e p ~ r t e d ~ , ~ ’  that 
there are many types of morphological forms iden- 
tified from SALS patterns for linear PE, depending 
on molecular weight and crystallization temperature. 
Among them, the three major types of supermole- 
cular structures and the corresponding character- 
istics of the H,  SALS patterns are as follows: 

1. Spherulitic structures. There are three dif- 
ferent types of spherulitic patterns that can 

be distinguished from each other: (A) a four- 
leaf clover appearance of the H, pattern with 
fourfold symmetry and four lobes of intensity 
interpreted as due to well-developed spher- 
ulitic structure; ( B  ) a variant of the ( A )  pat- 
tern with a “shaped like a ‘tennis racquet’ 
appearance”; and ( C ) a further degeneration 
of the spherulitic pattern characteristic of a 
figure “X.” Pattern C has a fourfold sym- 
metry and a definite maximum in B at p 
= 45”. SALS patterns of B and C type could 
be interpreted theoretically in terms of mul- 
tiple scattering and imperfections in shape 
or imperfections of the internal order of the 
spherulites. Thus, the three different types 
of spherulitic patterns essentially represent 
different levels of order within the spherulite. 

Table I11 The SALS Data Correlated with Gel Content and Crystallinity in Figure 4 

Irradiation Omax Radius Gel Crystallinity 
Sample Conditions (Degree) (pm) (%) (%) 

DFDS 6600 100°C 

DFDS 6600 140°C 

10 s 
20 s 
40 s 
80 s 

160 s 

10 s 
20 s 
40 s 
80 s 

160 s 

2.45 
2.73 

2.73 

6.5 34.9 
5.7 48.6 

63.5 
72.9 
79.2 

5.7 48.5 
65.2 
73.2 
80.3 
83.1 

53.0 
52.2 
49.5 
45.6 
44.5 

51.9 
49.1 
45.0 
44.1 
43.2 
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Table IV 
LLDPE 

The SALS Data and Gel Content of 

Irradiation emax Radius Gel 
Sample Conditions (Degree) (Fm) (%) 

100°C 

(4 5 s  7.2 2.2 0.6 
(b) 10 s 7.2 2.2 5.0 
(C) 20 s 7.2 2.2 23.1 
(d) 40 s 7.3 2.1 32.3 
(el 80 s 7.7 2.0 56.0 

140°C 

( f )  5 s  8.5 1.8 1.1 
( g )  10 s 11.3 1.8 12.6 
(h) 20 s 11.3 1.2 43.3 
(9 40 s 11.3 1.2 67.3 
(3 80 s 12.9 1.1 82.0 

For convenience, we shall designate these 
spherulites as types A, B, and C, respectively, 
in the subsequent discussion. 

2. Rodlike aggregates of lamellar structure that 
also have several modes. Among them, there 
are two scattering patterns: One gives a pre- 
dominantly azimuthally independent ap- 
pearance superimposed by a fourfold 
symmetry8 and another gives an azimuth-de- 
pendent "+" appearance7 with a fourfold 
symmetry but a much greater intensity a t  the 
center as seen in our experimental results. 
We classify these SALS patterns as types D 
and E, respectively. The equations for the H ,  
scattered intensity of these rodlike patterns 
are more complex than for ~pheruli tes. '~~'~ 

3. Randomly oriented or disordered lamellar 
structure. The H,  scattering pattern is cir- 
cular symmetric and is designated as type F. 
The scattering intensity of the type F pattern 
is azimuthally independent and has its max- 
imum at the center. An important result in 
the previous is that under rapid 
crystallization conditions the spherulite 
structure is strongly dependent on molecular 
weight and crystallization temperature. 
There is a molecular weight range from 1.54 
X l o 4  to 8.5 X lo5,  where well-defined spher- 
ulitic structures are ob~erved.~ 

The above models represent only a few among 
many discussed in the literature and they have been 
selected for the interpretation of the experimental 
results obtained in our work. 

RESULTS 

Spherulitic Structures before Photocross-linking 

Our experimental results will be discussed and in- 
terpreted in terms of the light-scattering theory and 
the structural models described. Spherulitic struc- 
tures are, in general, observed in crystalline PE. The 
changes in the supermolecular structure of PE 
caused by photocross-linking have been identified 
in the SALS patterns. Figure 2 shows the H ,  pat- 
terns of four kinds of uncross-linked PE films after 
rapid crystallization from the melt. It is apparent 
that they have spherulitic structures of A, B, and C 
types, although the apparent differences are in the 
size and shape of the spherulites. The HDPE and 
LLDPE [Fig. 2 ( d )  and ( c )  ] have well-developed 
spherulitic structures of types A and B, respectively. 
The two LDPE samples [Fig. 2 ( a )  and ( b )  ] show 
spherulitic structure type C. The size of the spher- 
ulites are listed in Table I. Spherulitic radii are of 
the order 8-9 pm for LDPE and 2-4 pm for LLDPE 
and HDPE obtained from the SALS patterns of the 
uncross-linked PE films. These data are in good 
agreement with results reported by other authors?Sz2 

Effect of Irradiation Temperature on Morphology 

The H ,  SALS patterns for DFDS 6600 and HDPE 
samples photocross-linked by 15 s irradiation at dif- 
ferent temperatures (below, at, and above the melt- 
ing point T,) are shown in Figure 3. The SALS 
patterns ( b )  and ( f ) for the samples cross-linked 
below T, have a similar size and shape as those of 
uncrosslinked samples ( a )  and ( e )  , respectively, 
with their spherulite radii given in Table 11. For the 
samples cross-linked at T,, patterns ( c )  and (g)  
become more diffuse than those in ( b )  and ( f ) . Pat- 
tern (c  ) seems to have transitional supermolecular 
structure and gives a predominantly azimuthally in- 
dependent appearance superimposed by a weak 
fourfold symmetry, classified as a rodlike spherulitic 
structure of D type. Pattern (9)  still has the same 
spherulite structure although deteriorated. Upon 
cross-linking above T, , more diffuse patterns are 
obtained that are characteristic of a greater degree 
of disorder with the supermolecular structure as seen 
in patterns ( d )  and ( h ) .  The ( d )  pattern with cir- 
cular symmetry for the LDPE sample suggests that 
it has developed a randomly oriented lamellar struc- 
ture classified as F type. Such a disordered pattern 
F has been de~cr ibed ' -~*~-~  on the basis of a spher- 
ulitic structure within which the optical axes are 
not perfectly aligned with respect to the radii but 
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Figure 3 The effect of irradiation temperature on the H,  SALS patterns of DFDS 6600 
and HDPE samples. Irradiation time: 15 s. LDPE: (a )  before cross-linking; (b)  100°C; ( c )  
110°C; (d) 140°C. HDPE: (e )  before cross-linking; ( f )  110°C; (g )  135°C; (h )  150°C. 

deviate from the ideal orientation in a random man- 
ner. On the other hand, pattern ( h )  for HDPE only 
becomes more diffuse, the light scattering becomes 
stronger a t  the center with a distinct fourfold sym- 
metry, and the spherulite radius has become smaller, 
as seen in Table 11. The corresponding changes of 
gel content and crystallinity are listed in Table 11. 
As can be noted, increasing irradiation temperature 
and gel content cause a progressive deterioration of 
the initial spherulitic morphology characteristic of 
the uncross-linked samples. This gradual deterio- 
ration of the spherulitic structure occurs with a si- 
multaneous decrease in the level of crystallinity. 

Effect of Degree of Cross-linking on Morphology 

The effects of the degree of cross-linking on the 
spherulitic structures of samples cross-linked below 
or above the melting point are further shown in Fig- 
ure 4 for the DFDS 6600 sample. The H ,  SALS pat- 
terns in Figure 4 show typical changes of super- 
molecular morphology, whose spherulitic structure 
and perfection progressively deteriorate as the de- 
gree of cross-linking increases. The upper-row H ,  
patterns in Figure 4 obtained for irradiation times 
of 10-160 s a t  100°C (below T,) show a gradual 

deterioration from spherulitic morphology charac- 
teristic of a fourfold “X” (designated as type C )  to 
rodlike morphological form (“+” shaped, type E )  
with increasing irradiation time, i.e., to rodlike ag- 
gregates of lamellar structure according to the lit- 
erat~re.~.”’ It can be seen that the H ,  patterns ( a )  
and (b)  within the irradiation time of 20 s are similar 
to that of an uncross-linked DFDS 6600 sample 
having spherulitic structure of type C. This could 
mean that certain spherulitic morphological forms 
continue to exist in samples with a low degree of 
cross-linking. But patterns ( d )  and (e )  a t  the irra- 
diation times of 80 and 160 s show the azimuth- 
dependent “+” appearance and become more and 
more diffuse; these are characteristics of rodlike ag- 
gregates of lamellar structure classified as E type. 
Pattern (c  ) seems to be a transitional region given 
by a weak fourfold symmetry with great intensity 
a t  the center classified as a type D, rodlike lamellar 
structure. On the other hand, the bottom-row H ,  
patterns obtained from corresponding irradiation 
times of 10-160 s a t  140°C (above T,) show drastic 
changes in the morphological structure of XLPE 
with increasing irradiation time. After only 10 s ir- 
radiation, pattern ( f  ) shows a nondistinct “X’-type 
appearance ( a  deteriorated spherulite type C ) . The 
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Figure 4 The effect of irradiation time on the supermolecular structures of DFDS 6600 
samples. Upper row: cross-linked at 100°C (below T,)-(a) 10 s; (b )  20 s; ( c )  40 s; ( d )  
80 s; ( e )  160 s. Bottom row: cross-linked at 140°C (above T,) -(f ) 10 s; ( g )  20 s; (h)  40 
s; ( i )  80 s; (j)  160 s. 

morphology in the cross-linked sample of 20 s ir- 
radiation has completely lost the spherulitic struc- 
ture as seen in pattern (g)  similar to that in Figure 
4 (c  ) , an azimuth-dependent “+” appearance clas- 
sified as D type. Patterns ( h ) - ( j  ) have circularly 
symmetric appearances due to the disordered la- 
mellar structure of the F  type.*^^,^ This can be at- 
tributed to the low level of crystallinity in the highly 
cross-linked samples (Table 111). 

Go et al.4 suggested that a causal relation exists 
between the levels of crystallinity and formation of 
spherulites for linear PE. For high molecular weights 
and relatively low levels of crystallinity, spherulites 
are absent. For low molecular weights and high levels 
of crystallinity, well-developed spherulites are ob- 
served. The patterns in Figure 4 and the data of 
crystallinity in Table I11 are in good agreement with 
these conclusions. From the above analysis, patterns 
(c )  and (g)  seem to show a transitional region of 
supermolecular structure from the spherulites to the 
rodlike aggregates and randomly oriented lamellar 
structure. The data of gel content in Table I11 sug- 
gest that there is no indication of any spherulitic 
superstructure for gel contents above 60%, which is 
equivalent to the patterns obtained from more than 
40 s irradiation below T, (100°C) or more than 20 
s irradiation above T,,, ( 140°C). The patterns above 
60% gel content could be representative of rod- 

like and disordered lamellar morphologies. Large 
changes in thermodynamic parameters such as den- 
sity, melting point, and heat of fusion at gel contents 
above 60% in the previous work’ were found con- 
comitant with the more rapid changes of morphol- 
ogy. We can conclude that the overall effect of cross- 
linking on morphology is similar to that of an in- 
crease in the molecular weight of the polymer.49697 

Spherulitic Morphology of Photocross-linked 
LLDPE 

Figure 5 shows the H ,  patterns of LLDPE cross- 
linked below and above the melting point (126°C) 
with different irradiation times. The SALS patterns 
obtained below T,,, are typical for a spherulitic mor- 
phology and do not differ significantly from those 
obtained above T,,,. Spherulites observed tend to 
progressively deteriorate and become smaller as the 
irradiation time of cross-linking and the gel content 
increases, as shown in Table IV. The changes of the 
radii of spherulites in the samples cross-linked above 
T, ( 140°C) are larger than those below T, (100°C). 
However, all patterns display the four-leaf clover 
“tennis-racket” appearance for irradiation times 
increased to 80 s and cross-linked below or above 
T,, apart from the fact that the light-scattering 
intensity is gradually stronger at the center and 
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Figure 5 The effect of the degree of cross-linking on the spherulitic structures of LLDPE 
samples. Upper row: cross-linked at 100°C (below T,)  -( a )  5 s; (b)  10 s; ( c )  20 s; (d) 40 
s; ( e )  80 s. Bottom row: cross-linked at 140°C (above T,) -( f ) 5 s; (g)  10 s; (h )  20 s; ( i )  
40 s; (j ) 80 s. 

the clover leaf weaker in the patterns obtained 
above T,. 

The fact that the highly cross-linked LLDPE 
sample [Fig. 5 (j ) ] with 82% gel content (Table IV) 
still exhibits spherulitic morphology suggests that 
the morphological structures of cross-linked LLDPE 
could be affected not only by the degree of cross- 
linking but also by other structural units or micro- 
crystals still present in the samples, at the cross- 
linking temperature of 14OoC, that control the su- 
permolecular morphology of LLDPE. It is well 
known that LLDPE molecules have linear sequences 
of P E  interspersed by the relatively bulkier side 
chain of a comonomer (e.g., octene, butene, etc.) . It 
has been reported” that the linear ethylene-rich re- 
gions and the branched portions in the LLDPE 
molecules have independent crystallization behav- 
ior. Wilfong and Knight also found that even the 
most highly branched factions of LLDPE exhibited 
well-developed spherulites observed by SALS, which 
is similar to the above results shown in Figure 5 in 
this study. Therefore, that spherulitic morphologies 
of cross-linked LLDPE are relatively unaffected by 
the degree of cross-linking may be interpreted as 
due to the crystallization behavior correlated with 
the LLDPE molecular structure. 

CON CLUS I0 N S 

1. The supermolecular structure of photocross- 
linked polyethylene (XLPE)  can be resolved by the 
small-angle light-scattering technique. Several dif- 
ferent morphologies of XLPE have been deduced 
from H, SALS patterns. 

2. The supermolecular structure of XLPE is 
strongly dependent on the degree of cross-linking 
and the irradiation temperature during cross-link- 
ing. Increasing the degree of cross-linking causes a 
progressive deterioration of spherulitic morphology 
and development of other forms of superstructures 
such as rodlike aggregates and randomly oriented 
lamellae. The effect of photocross-linking is similar 
to that of increasing molecular weight on the mor- 
phological Cross-linking is a process 
by which polymer chains are chemically linked to- 
gether to larger units. Therefore, the overall effect 
of cross-linking on morphology is similar to that of 
an increase in molecular weight of the polymer. 

3. The SALS observations for photocross-linked 
PE  samples suggest that the changes in supermo- 
lecular structure of XLPE correlate with the levels 
of degree of crystallinity. For highly cross-linked PE  
and relatively low levels of crystallinity, spherulitic 
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morphology is absent and, instead, rodlike or ran- 
domly orientated lamellae structure form. However, 
spherulitic morphology observed for LLDPE seems 
to correlate with the crystallization behavior of mo- 
lecular structures of a copolymer. 
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