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Abstract: Small-angle x-ray scattering (SAXS) was used to determine density fluctuation 
in radiation-induced crosslinked polyethylene of varying degrees of crystaUinity. Den- 
sity fluctuation FL decreases with increasing crystallinity, while it increases linearly 
with increasing radiation dose or degree of crosslinking. By means of extrapolation, 
density fluctuations in the crystalline and the amorphous phases FLc and FG were 
obtained. At a given dose, Faa is greater than FLc. The increase in FLa with radiation is 
found to be much greater than that of FLc compared with the initial values at 0 Mrad, 
FLc showing only a negligible increase even at 312 Mrad. The present findings suggest 
that crosslinks are not introduced within the crystalline phase; they take place pmnarlly 
in the noncrystalline phase, in agreement with the conclusions reached previously on 
the basis of changes in crystalline and amorphous densities in irradiated polyethylene. 
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Introduction 

In previous papers  [1, 2] the changes in densities 
of the crystalline and noncrystall ine amorphous  re- 
gions or phases of polyethylene (PE), with radiation 
were de termined by  means of SAXS. The results sug- 
gested that crosslinks take place primari ly in the 
noncrystall ine phase, in particular, at the defective 
regions, e.g., the lateral grain boundaries.  In this 
paper  we report  changes in another  structural para- 
meter, densi ty fluctuation of PE due  to radiation, 
based on SAXS studies. 

The SAXS intensity extrapolated to zero scattering 
angle has been related to the density fluctuation in 
a sample [3]. With this method  the density fluctuation 
has been de termined for several amorphous  poly- 
mers [4, 5] and semicrystalline PEs [5] over  a range 
of temperature.  For PE the density fluctuation at 
room tempera ture  was found to increase linearly 

wi th  decreasing crystallinity, from 0.26 for a crystal- 
linity of 85 %, to 0.51 for 43 % crystallinity. 

Density fluctuation within the phases of a sample 
causes an additional intensity component ,  producing 
deviations from Porod 's  law [6] in the high-angle 
region of SAXS. Based on this, Ruland [71 has shown 
that density fluctuation can be determined from 
slopes of suitable intensity plots. This was demon-  
strated by  Perret and Ruland [8] for PE crystallized 
from both  solution and melt. They showed  that a 
three-dimensionally homogeneous  fluctuation exists 
for PE, based on the linear relation of an S 3 I (s) vs 
S 3 plot, which was found to also hold for our  samples. 
Therefore, this method  is used in this study. 

It has been shown in the case of natural  rubber  [5] 
that crosslinking by  dicumyl  peroxide resulted in an 
increased density fluctuation. Since radiation can in- 
t roduce crosslinks in PE, radiation is also expected 
to cause increased densi ty fluctuations. It is the pur-  
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pose of this study to examine the changes in density 
fluctuation in irradiated PE and to determine the 
individual components of this fluctuation in the crys- 
talline and amorphous phases in order to clarify 
further the location of crosslinks in PE suggested in 
the previous papers [1, 2]. 

Theoretical background 

One of the basic assumptions in the theoretical 
treatment of the two-phase system is to consider the 
electron density within each phase as constant. This 
assumption holds for phases with a high degree of 
order and for voids. However, in actual cases the 
phases can be noncrystalline and /o r  crystalline 
having paracrystalline distortions, point defects, and 
dislocation lines, thereby invalidating the assump- 
tion. This density fluctuation within the phases leads 
to an additional component in the scattering intensity 
causing systematic deviations from Porod's law [6] 
at higher angles. 

Assuming there is no correlation between the den- 
sity fluctuation of one phase and that of the other, 
the corresponding intensity components are simply 
additive to the small-angle scattering of the ideal 
system. According to Ruland et al. [7, 8] the corrected 
scattered intensity is expressed as 

V<~/2> 
I (s) = + vl  Pi FL1 + v2 P2 FL2, 

2z 3 lcs 4 
(1) 

or, for slit collimation: 

~s)= V<~/2> 
4r 2 lc S 3 + Vl tO1 FL1 + v2 P2 FL2, (2) 

where s = 2 sin 0/,%, V is the irradiated volume, <7/2> 
is the mean-square density fluctuation (= vl V2 ( p l  _ 

/)2) 2) and Ic is the correlation length, vl, v2 Pl and P2 
are the volumes and densities of phase 1 and phase 
2, and FL1 and FL2 are the intensity components of 
denstiy fluctuations within phase 1 and 2, respec- 
tively. 

For three-dimensional homogeneous fluctuation, 
FL is given by [3, 7] 

[FL] = FL3-dimensional - 
~ 2 >  v --</xT>~ 

<N>v 
(3) 

where N is the number of electrons and the average 
is taken over a volume which is large compared with 
the interaction between the atoms and molecules 
within a given phase. Density fluctuations of this 
type usually exist in liquids and gases. However, 
amorphous substances with "frozen-in" liquid struc- 
tures [9] as well as crystalline substances with a statis- 
tical distribution of foreign atoms or vacancies will 
also show this type of density fluctuation. 

In the case of strongly anisotropic disorder, how- 
ever, the density fluctuations become inhomo- 
geneous and FL is no longer a constant. For example, 
if the disorder is one- or two-dimensional, fluctua- 
tions are given by [7] 

[EL] = 1dFLl_dim/2~S 2 (4) 

o r  

[FL] = ~FL2-d~n/2S, (5) 

where r is the surface density of electrons and ~ is 
the linear density of electrons. 

The separation of the scattering intensity due to 
density fluctuation from the scattering of an ideal 
two-phase system can be achieved by making a S 4 I 
(s) vs u plot in the case of a pinhole system, or an S 3 
I (s) vs u' plot in the case of a slit system of finite 
height [7]. The parameters u and u' for the different 
types of fluctuations are given in Table 1. Having 
found a linear relationship in one of these plots, the 
type of fluctuation is defined and the magnitude of 
the fluctuation is obtained from the slope. A linear 
relation in S 3 I v s  S 3 was found to hold for our ex- 
amples, indicating that the fluctuation in crosslinked 
PE to be three-dimensional in origin. 

Table 1. 

[FL] u u" 

One-d imens iona l  s 2 s 2 
Two-dimensional  s 3 s 3 j W(z) /~ /~  + ~  dz 

0 
Three-d imensional  s 4 s 3 

Experimental 
Four types  of polye thylene  (PE) suppl ied  by  DuPon t  Company ,  

were studied:  three linear (LPE), Ala thon 7040, 7140, and  7440, 
and  one b ranched  (BPE), Ala thon 1645. Per t inent  informat ion  (p, 
mel t  index,  My) on these  samples  is s u m m a r i z e d  in Table 2. 
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~ b l e 2 .  ~ 9 6 0  

Alathon Density (g/crn 3) Melt Index My 

7040 0.9508 6.0 41500 
7140 0.9439 4.0 45000 
7440 0.9360 4.0 48800 
1645 0.9220 4.5 34,300 

Sample preparations and irradiation procedures were the same 
as those described in a previous paper [1]. Samples were subjected 
to radiation doses ranging from 10 to 312 Mrads. Procedures for 
gelation, bulk sample density and WAXS measurements were also 
given ha the paper. As before [2], SAXS was carried out on a 
Rikagu-Denki camera with slit collimation. 

Results 

Changes in gel content as a function of radiation 
dose for each of the samples are shown in Fig. 1. Gel 
content increases with increasing dose for all the 
samples, resulting from the formation of a network 
structure during irradiation. 

Changes in sample density (determined by density 
gradient column) as a function of radiation dose are 
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Fig. 2. Changes in density as a function of radiation dose 
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Fig. 1. Changes in gel content as a function of radiation dose 

shown in Fig. 2. The density is seen to increase 
slightly with increasing dose for all the samples. 
Therefore, volume crystallinity vc calculated from the 
density data using constant Pc and Pa values increases 
with dose. However, crystallinity Wc determined 
from WAXS, listed in Table 3, shows a decrease with 
increasing dose. The decrease is very gradual at small 
doses (up to 100 Mrad), after which the decrease 
becomes noticeably greater. For a discussion concern- 
ing the origin of the discrepancy between vc and wc 
see [1, 2]. 

Table 3. Crystallinity 

"---,, ~ a d  0 10 20 40 100 200 312 
A l a t h o n ~  

7040 75.9 75.7 7 5 . 4  7 5 . 7  7 4 . 9  74.6 73.5 
7140 72.4 72.0 70.4 7 1 . 6  72.8 71.0 70.0 
7440 63.0 63.0 62.7 6 2 . 9  63.0 62.5 61.1 
1645 51.8 5 1 . 9  51.0 51.5 51.9 51.1 47.1 

SAXS curves obtained from slit-collimation for 
each of the original unirrradiated samples are shown 
in Fig. 3. Peak intensity decreases greatly with 
decreasing sample density, while peak position tends 
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Fig. 4. SAXS curves of irradiated PEs (100 Mrad) 

Fig. 3. SAXS c u r v e s  of u n i r r a d i a t e d  PEs  

to shift slightly to a higher angle. The long periods 
corresponding to peak positions are 300-350 A for 
LPE and 220 A for BPE. Similar changes in peak 
intensity and long period are observed for all the 
irradiated samples. They are shown as examples in 
Figs. 4 and 5 at 100 and 312 Mrad, respectively. 

The changes in SAXS curves with radiation are 
similar for all PE samples. The SAXS intensity 
decreases with increasing dose, while the peak posi- 
tion remains unchanged. Such curves are shown in 
Fig. 6 for a linear PE (Alathon 7040) and in Fig. 7 for 
a branched PE (Alathon 1645). 

Figure 8 shows a s 3 I (s) vs s 3 plot for the unir- 

radiated samples. All the samples show deviations 
from Porod's law at large s regions. The linear rela- 
tion at large s was obtained from the least-squares 
method. The straight lines fit the experimental data 
very well, as indicated by the high values of corre- 
lation coefficient between 0.98 and 0.99. The results 
indicate that the slope increases with decreasing 
sample density, indicating an increase in density fluc- 
tuation with decreasing crystallinity. This is in agree- 
ment with the findings of Ratbje and Ruland [5]. 
Straight lines were also obtained for all the irradiated 
samples from the same plot. Plots for samples of 100 
and 312 Mrad are shown in Figs. 9 and 10, respec- 
tively, where those points at lower s regions are 
omitted for clarity. The observed changes in slope 
with sample density are similar to those of the unir- 
radiated samples. 
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Fig. 5. SAXS curves  of irradiated PEs (312 Mrad)  

In order to show the changes in slope with radia- 
tion dose, the s a m e  s 3 T (S) VS S 3 plots" are made for 
each type of sample. Examples are shown in Figs. 11 
and 12 for Alathon 7040 and 1645, respectively. For 
each PE the slope increases with increasing radiation 
dose, suggesting that density fluctuation increases 
with increasing dose or degree of crosslinking. The 
results also show that the intercept decreases with 
increasing dose, which indicates that <7/2> decreases 
with increasing degree of crosslinking, confirming 
the results obtained from the "invariant" in the pre- 
vious paper [2]; this will be discussed later. 

Density fluctuation FL calculated from the slope 
was corrected for slit-length using Hendrick and 
Schmidt's program [10]. For unirradiated samples 
the FL values are between 0.43 and 0.62, in good 
agreement with the reported values of 0.26 and 0.51 
[5, 8]. Values of density fluctuation for all PEs of 
different doses are listed in Table 4. Figure 13 shows 
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Fig. 6. SAXS curves  of Ala thon  7040 with var ious  radiat ion doses  

the change in density fluctuation as a function of 
radiation dose for all the samples. It can be seen that 
density fluctuation increases, not only with decreas- 
ing sample density, but also increases linearly with 
radiation dose. 

Figure 14 shows a plot of density fluctuation FL 
vs crystallinity We (determined from WAXS). Linear 
relations were obtained for all samples, including 
one for the unirradiated samples, in agreement with 
the results of Ratbje and Ruland [5]. These results 
indicate that the density fluctuation in PE is com- 
posed of additive contributions from both the crys- 
talline and amorphous phases. Therefore, the density 
fluctuation in the crystalline and the amorphous 
phases, FLc and FLa, can be obtained by extrapolating 
FL values to we = 1 and wc = 0. For the unirradiated 
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Fig. 7. SAXS curves of Alathon 1645 with various radiation doses 

samples  FLc and  FLa are 0.23 and  1.04, respectively.  
These  va lues  c o m p a r e  r easonab ly  wel l  w i th  the 
va lues  of  0.16 for FLc and  0.75 for  FLa r epor ted  for  
PE [5]. Similarly, va lue  of  FLc a n d  FLa were  deter-  
m i n e d  for  each dose. The  results  indicate  tha t  the  
c h a n g e  in FLa is m u c h  greater  t h a n  that  in FLc w h e n  
c o m p a r e d  wi th  the c o r r e s p o n d i n g  initial va lues  at 0 
Mrad .  A n  increase of  0.47 (f rom 1.04 to 1.51) w a s  
ob ta ined  for  FLa ad  312 Mrad ,  whi le  on ly  a negligible 
increase of  0.01 ( f rom 0.23 to 0.24) w a s  f o u n d  for  FLe, 
even  at such  a h igh  dose.  

Table 4. Density fluctuation 

0 10 20 40 100 200 312 

7040 0.426 0.450 0.451 0.451 0.484 0.517 0.593 
7140 0.468 0.454 0.473 0.480 0.520 0.583 0.631 
7440 0.510 0.530 0.528 0.529 0.598 0.672 0.750 
1645 0.618 0.646 0.633 0.658 0.718 0.825 0.874 
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Fig. 8. Plots of s 3 1 (s) v s  s 3 for unirradiated PES 
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Fig. 9. Plots of 9 3 I (S) VS S 3 for irradiated PEs (100 Mrad) 
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Fig. 14. Changes  in densi ty fluctuations as a function of crystallinity 

In general  the density fluctuation can be con- 
sidered a disorder parameter; the more disorder there 
is, the higher the density fluctuation. For a perfect 
crystal lattice without thermal vibrations the density 
fluctuation is zero. Introduction of lattice defects can 
cause density fluctuation, which increases with in- 
creasing number and size of defects. The density 
fluctuation of an amorphous material  however, is 
determined by chain conformations and the state of 
local intermolecular order in the material. 

In the case of semicrystalline polymers the density 
fluctuation consists of crystalline and amorphous 
components, FLc and FLa. Since the chain molecules 
are less well-packed in the amorphous phase than in 
the crystalline phase, the density fluctuation in the 
amorphous phase is expected to be greater than in 
the more ordered crystalline phase. This is shown by 
a value of 0.23 for FLc and 1.04 for FLa in unirradiated 
PE samples. In addition, at a given dose, values of 
FLa are higher than FLc, as shown in Figure 14. The 
value of 0.23 for FLc in unirradiated PE represents 
the level of lattice defects inherent in crystals, which 
results in a lowering of Pc (0.993 g / cm determined 
in the previous paper [2]) as compared to the ideal 
crystalline density (0.998 g/cm3). The higher FLa- 
value could be related to the degree of inhomogeneity 
in the noncrystalline phase [11]. Values of density 
fluctuation between 0.69 and 0.85 have been reported 
for unirradiated amorphous polymers [4, 5]. 

Upon irradiation, additional density fluctuation is 
expected to be introduced by crosslinks, resulting in 
an increase in density fluctuations with radiation. 
This is clearly seen in all the samples. Furthermore, 
the increase in density fluctuation is found to be 
linear with radiation dose. At 312 Mrad the increase 
in FL from 0 Mrad are 0.16 for Alathon 7040 and 0.26 
for Alathon 1645. 

The increase in density fluctuation with radiation 
can either be due to an increase of lattice defects 
introduced by crosslinks within the crystalline phase, 
or to the change in local density in the vicinity of the 
crosslinks in the amorphous phase. To determine 
which case is true, the fluctuations in each phase are 
resolved by extrapolation, as in the case of the unir- 
radiated samples. Our results show that FL~ is greater 
than FLc for each dose. Of particular significance is 
the finding that, for a given dose, the increase in FLa 
is much greater than that in FL~ with respect to the 
corresponding initial values of 0 Mrad. The latter 
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shows only a negligible increase of 0.01 at 312 Mrad. 
This indicates that no additional crystalline defects 
are introduced in the crystalline phase by crosslinks, 
in agreement with the conclusion reached in previous 
papers [1, 2] which is based on the relative constant 
values of crystalline density Pc as a function of degree 
of crosslinking. At the same dose (312 Mrad) an in- 
crease of 0.47 was obtained for FLa. The increase in 
FLa with radiation can be attributed to the increas- 
ingly greater inhomogeneity due to the change in 
local density in the vicinity of crosslinks in the non- 
crystalline or amorphous phase, or most likely in the 
lateral grain boundary areas, as suggested previously 
[1, 2]). 

The use of S 3 ~" (S) VS S 3 plot in the determination 
of density fluctuation also provides the information 
of <r/a> which was determined from the "invariant" 
Q in the previous paper [2]. The intercept of the plot 
is related to <7/2> as shown in Eq. (2). The values of 
intercept were found to decrease with increasing 
radiation dose (Figs. 11 and 12) for a given sample. 
This suggests that <r/2> decreases with increasing 
dose, in agreement with the results obtained in that 
paper. 

According to Eq. (2), the value of <t/2> can be 
calculated from the intercept if the correlation length 

, Ic is known, lc is related to the specific surface Ssp by 
[12] 

S 4vc(l-ve) 
Ssp- V -  lc " 

where S/V is the surface area per unit volume and 
vc is the volume fraction of the crystalline phase. 
Assuming an even and parallel interface between the 
phases, Ssp is related to the long period L as [8] 

2 
Ssp - L" 

agreement, though <1/2>int is a little greater than 
<y/2>Q). This could be due to the fact that, in practical 
cases, the interface is usually not perfectly even and 
parallel. These deviations will cause a larger specific 
surface, i.e., Ssp > 2/L. Therefore, lc will be smaller 
than the calculated values, which would lead to 
lower <r/2>i~t values and, hence, better agreement 
b e t w e e n  <Yla>in t a n d  <?]2>Q). 

Table 5. Alathon 7040 

Mrad 0 10 20 40 100 200 312 

Intercept 
(10-3cpm/~  3) 1.441 1.330 1.390 1.396 1.318 1.200 0.887 
lc(A) 109.1 109.5 110.2 108.9 111.0 111.5 113.9 
<~2>in t 1.538 1.424 1.498 1.487 1.431 1.309 0.988 
<r/2>Q ** 1.517 1.463 1.439 1.351 1.320 L244 1.136 

* Calculated from the intercept of s3I(s) vs s 3 plot; in (mole-elec- 
~ons/cm3) 2. 

Determined from the "invariant" Q (in [2]); in (mole-elec- 
trons/cm3) 2. 

Conclusions 

Density fluctuation was determined by using 
SAXS and PEs with varying radiation doses. It in- 
creases with decreasing crystallinity and with in- 
creasing radiation dose linearly. By means of ex- 
trapolation, the crystalline and amorphous density 

(6) fluctuations, FLc and FLa, were obtained. At a given 
dose, FLc is smaller than FLa. The increase in FLa with 
radiation is much greater than that of FLc compared 
with the initial values at 0 Mrad. Only a negligible 
increase in FLc was found at 312 Mrad. Based on 
these results it is concluded that no crosslinks are 
introduced within the crystalline phase. Therefore, 
crosslinks take place primarily in the noncrystalline 

(7) phase, in agreement with the conclusions reached in 
the previous papers. 

Therefore, Ic can be calculated from Eqs. (6) and (7) 
using L = 275 ~, determined from the peak position 
of the SAXS curves of Alathon 7040. Values of lc are 
listed in Table 5. lc remains nearly unchanged, 109- 
114 A, for all radiation doses. Table 5 also lists the 
values of intercept and <7/2> calculated from the in- 
tercept (shown as < ?~2>int) for Alathon 7040. For com- 
parison, values of < ~ >  determined from the "invar- 
iant" Q in the previous~Daper [2] are also included 
in the table (shown as <r/~>Q). It shows that the values 
obtained from the two methods are in reasonable 
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