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ABSTRACT: Small-angle neutron scatterings have been measured for the molten state and the crystalline
state of polyethylene (PE) blends between the fully deuterated high-density PE (DHDPE) and the
hydrogeneous PE with various degrees of branching. Quantitative analysis based on the random-phase
approximation has clarified that for both the blend samples of DHDPE/LLDPE(2) and DHDPE/LLDPE-
(3) the D and H chains are miscible in the molten state, where LLDPE(2) is a linear low-density PE with
ca. 17 ethyl branchings/1000 carbon atoms and LLDPE(3) is that with ca. 41 branchings. This result
allows us to speculate that the difference in the crystallization behavior between the DHDPE/LLDPE(2)
blend (cocrystallization) and DHDPE/LLDPE(3) blend (phase segregation) is not determined by the chain
aggregation state in the melt but is governed more significantly by the kinetic effect during the
crystallization process from the melt, as already pointed out on the basis of the time-resolved small-
angle X-ray scattering and infrared spectral measurements. The radius of gyration (R) of the chain has
been evaluated from the SANS data for the molten state as well as for the crystalline state. Even for the
samples crystallized slowly from the melt, the Ry was found to be nearly equal to that of the crystalline
state, supporting the random-reentry-type chain folding model for the crystalline lamellae of the
cocrystallized DHDPE/LLDPE(2) blend sample.
Introduction changing the D/H blend content and/or the sample

In a series of papers!™” we have investigated the
crystallization behavior of polyethylene (PE) blends on
the basis of X-ray diffraction, FTIR, DSC, and so on.
These blends consisted of the fully deuterated high-
density PE (DHDPE) and the hydrogeneous or normal
PE with various degrees of ethyl branching. Utilization
of the D species was originally aimed at observing the
crystallization behavior of the individual components of
the blends separately and from the molecular level. The
crystallization of the blends between the D and H
species has been found to change sensitively depending
on the degree of branching of the H species. For
example, in the DHDPE/LLDPE(2) blend system, where
LLDPE(2) is a linear low-density PE with ca. 17 ethyl
branching/1000 carbon atoms, the H and D chains
cocrystallize; i.e., they are packed together in a common
lamella even when the sample is crystallized by slow
cooling from the melt. On the contrary, for the blends
of DHDPE with LLDPE(3) of higher degree of branching
(ca. 41) or with the high-density PE (HDPE) having no
branching, the H and D chains crystallize basically in
separated lamellar crystals. Of course, these descrip-
tions are only approximate and the degree of cocrystal-
lization and phase segregation changes sensitively by
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history.,

In previous papers,’? we clarified an intimate rela-
tionship between the degree of cocrystallization and the
crystallization rate. That is, DHDPE and LLDPE(2)
show relatively similar crystallization rates in the
isothermal crystallization process from the melt. On the
other hand, the crystallization of HDPE is much faster
and that of LLDPE(3) is much slower than that of
DHDPE and this large difference in crystallization rates
may relate with the phase segregation phenomenon
between the D and H species. Of course we cannot
ignore the thermodynamic stability of the blend: even
when the crystallization rates are close to each other,
the two species may segregate if they are not thermo-
dynamically intimate. At this stage we may have
questions: at what stage and with what mechanism are
such phenomena induced? In the case of phase segre-
gation, for example, we may speculate the following. (i)
The H and D components are mixed homogeneously in
the melt. As the temperature approaches the crystal-
lization point, the H and D chains migrate at different
diffusion rates to form clusters of their own species. Or
(i1) the H and D chains are originally separated from
each other in the melt and crystallize into the separated
clusters. In order to check the reasonableness of these
hypotheses, it may be necessary to clarify the aggrega-
tion states of the H and D chains in the melt. In this
paper, we will study the miscibility of the D and H
species in the molten state for the various D/H blends
based on small-angle neutron scattering (SANS) experi-
ments, which utilizes the difference in neutron scatter-
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ing length between the H and D atoms, and discuss the
relationship between the miscibility and the degree of
branching. The SANS experiment is also useful to
investigate the statistical distribution of the H and D
chains in the solid state,® which may be associated with
the IR data analysis. In particular, the distribution of
the H and D chain stems in the crystalline lattice is also
important in relation to the chain-folding problem. In
the latter half of this paper, the data of the wide-angle
and small-angle neutron scatterings measured at room
temperature will be also included in the discussion.

Experimental Section

Samples. The samples used in the high-temperature SANS
measurements were DHDPE, LLDPE(2), and LLDPE(3) with
the following characteristics.

My, M, ethyl branching/1000 C
DHDPE 80 000 14 000 2-3
LLDPE(2) 75 000 37 000 17
LLDPE(3) 61 000 20 000 41

Both the blends of DHDPE/LLDPE(2) and DHDPE/LLDPE-
(3) have the D/H composition of 50/50 wt %. These samples
were prepared with the same method described in previous
papers.'”” The samples were melted and pressed on the hot
plate to form a disk with 1 mm thickness. In order to remove
voids, the samples were kept at 160 °C in a vacuum oven for
3 h and then cooled slowly to room temperature.

SANS Measurements. SANS measurements were per-
formed by using a SANS-U system of the Institute for Solid
State Physics, the University of Tokyo, which is installed at
the Tokai Research Establishment, Japan Atomic Energy
Research Institute, Ibaraki, Japan. The sample-to-detector
distance was 4 m, and the scattering signals were detected
with a two-dimensional position sensitive detector. The
wavelength (1) was 7.0 A. The available g range was 0.008 <
g < 0.08 A1, where ¢ = (421/2) sin(6/2) and 6 is a scattering
angle. The disk sample was sandwiched in a pair of quartz
plates with a rubber spacer and set into the heater, which was
installed into the sample chamber evacuated by a rotary pump.
The sample temperature was monitored with a platinum
resistance sensor. SANS was measured stepwise in the cooling
process from the melt (ca. 190 °C) to ca. 100 °C.

All the scattering intensities were circularly averaged to give
the scattering pattern as a function of g. The net scattering
intensity of the sample, Isampie, was obtained by subtracting
the scattering of the empty cell (I..n) from the observed
scattering (Ios) after correction for the transmission (%7).

Isample = Iobs - (%Tsample/%Tcell)Icell )

The conversion to the absolute scattering cross section (d¥/
dQ)etal was carried out by using a data of lupolen (low-density
PE) as a standard material:

(dZ) _ (dZ) Liample %7 1upoten Giupoten @

Hﬁ total - d_Q lupolenI lupolen %T d

sample “‘sample

where %T and d are the transmission and the thickness of
the sample, respectively. The coherent cross section (d3/dQ)con
was obtained by subtracting the incoherent contribution of the
H species:

(g_é)coh = (%)total B ¢H$(%)inc 3

where the cross section of the pure LLDPE(2) sample was used
as incoherent scattering data for the H component in the blend.
¢u is the volume fraction of the H component and p is a density.
The volume of one monomeric unit was assumed to be the
same for the H and D species, because the concentration of
the side chains is not very high. (d=/dQ).n is a function of
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temperature. The temperature dependence of p was calculated
by using the volume 32.75 cm®/mol of C;H, units, which was
calculated from the amorphous density of PE at room tem-
perature, and the thermal expansion coefficient 7.5 x 10~ K-!
above 110 °C.°

SANS Data Analysis, Structure factor S(g) was calculated
by the following equation

S@ = () /o by — by @

where by and bp are the scattering lengths of the H and D
atoms, —0.166 x 10712 and 3.998 x 10712 cm, respectively. v
is the volume per one monomer. According to the random-
phase approximation (RPA), the structure factor of the mixture
of two components A and B in the single-phase state is
represented by!?

1 1 1 2

S(@)  UagaNaPAw)  vpppNePpu) U

(5)

where ¢; and N; is the volume fraction and the degree of
polymerization of ith component, respectively. x is a Flory—
Huggins interaction parameter and v = (vavg)¥2. P{u) is a
normalized form factor of the ith component and represented
by the Debye function for the monodispersed Gaussian chain:

Pu) = %[exp(—u) - 1+u] 6)
u

where u = ¢g*R,)* and (Rg)? is the mean square radius of
gyration. Since the DHDPE sample used in the SANS
experiments has a relatively wide molecular weight distribu-
tion, the following treatment may be necessary. By assuming
the polydispersity with Schultz—Zimm-type distribution, the
structure factor for a mixture of polydispersed polymers is
given as follows!!

S(Q) UA¢AN“AgA(x) UB¢BNntB(x) B v

U U SRR S

where N"; is the number-average degree of polymerization and
v = (¢palva + @plup)t. gilx) is

2 hy \k
wpohf] e

where x = g2 (Rg");? and (Rg); is a number-average radius of
gyration and A; is defined by

AP
h;= [—‘ -1 9)
N™.

1

For the ¢ range of ¢ < Ry eq 7 is reduced to the so-called
Ornstein—Zernike form:

11 2 2
5o st ted] (10)

11 1

- (11)
SO0 vyguN"y  vpgpN'p U

where £ denotes the correlation length. When 1/S(g) is plotted
against g2, 1/S(0) is obtained from an intercept and y can be
calculated by eq 11. .In the actual analysis, plots of both eqgs
7 and 10 were made and the obtained parameters were
compared with each other to check the reasonableness of the
data treatment.

Results and Discussion

DHDPE/LLDPE(2) Blend. Figures 1 and 2 show
the S(g) and the corresponding Kratky plot observed for
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Figure 1. Temperature dependence of the structure factor
S(g) measured for the DHDPE/LLDPE(2) blend sample with
D/H = 50/50 wt %.
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Figure 2, Temperature dependence of Kratky plot of S(g)
measured for the DHDPE/LLDPE(2) blend sample.
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Figure 3. Temperature dependence of Gunier plot for DH-
DPE/LLDPE(2) blend sample.

the DHDPE/LLDPE(2) blend sample. In contrast to the
data collected in the solid-state, no anomalous increase
of the intensity was detected in Figure 2, indicating that
the data can be interpreted reasonably based on the
random coil chain statistics. Figure 3 shows the plot
of 1/8(q) against g2. At a range of ¢ < 0.025 A-1, a good
linear relationship can be seen. The curve fitting to the
RPA equation (eq 7) is shown in Figure 4 as an
example: both the curves observed at 160 and 114 °C
could be reproduced well enough. A good fit to the RPA
equation may indicate that the H and D components of
this blend sample are mixed together in the melt,
because originally the equation should be applied only
to the single phase system. Figure 5 shows the interac-
tion parameter y estimated from eq 7. y values evalu-
ated by eq 11 are also shown in this figure. The ¥ values
estimated by the different equations agree well with
each other, indicating that the curve fitting in Figure
4, for example, is reasonable. The y is approximately
represented by the following equation as a function of
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Figure 4. Illustration of curve fitting of S(g) based on the
RPA equation for DHDPE/LLDPE(2) blend sample in the
molten state.

DHDPE/LLDPE(2) 50/50

[

o Eq7
Eq

11

x/10*

oL i i\ L i I I
2 21 22 23 24 25 28 27
1000/T/ K"

Figure 5. Temperature dependence of y evaluated for DH-
DPE/LLDPE(2) blend sample by eqs 7 and 11 in the text.

temperature.

7 =080/T—-15x107 (12)

DHDPE/LLDPE(3) Blend. Figures 6 and 7 show,
respectively, the S(g) and the Kratky plots for the
DHDPE/LLDPE(3) blend sample in the molten state.
In contrast with the case of the DHDPE/LLDPE(2)
blend sample, the S(g) changes only slightly with
temperature. Figure 8 shows the plot of 1/S(g) against
g%, giving a good linearity as likely as for the DHDPE/
LLDPE(2) blend sample. The curve fit to the RPA is
illustrated in Figure 9. In the case of the DHDPE/
LLDPE(3) system, too, we may conclude that the D and
H components are well mixed in the melt. The y values
obtained from eq 7 (and 11) are shown in Figure 10:
The temperature dependence of the y is represented by
the following equation:

% =0.82/T— 1.4 x 1073 (13)
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Figure 6. Temperature dependence of the structure factor
S(g) measured for the DHDPE/LLDPE(3) blend sample with
D/H = 50/50 wt %.

0 DHDPE/LLDPE(3) 50/50

182°C
165°C
146°C
126°C

o

[=]

-
> ono

o
o
T

°S(q) / 10*A%em’
w e
o o
T T

1.0 1 1 i I I i i
G 001 002 0.03 0.04 0.05 0.06 0.07 0.08
q/A"

Figure 7. Temperature dependence of Kratky plot of S(g)
measured for the DHDPE/LLDPE(3) blend sample.

x Values. The y values reported by several authors
through the SANS measurements made for the poly-
ethylene D/H blend sample are (3—6) x 107 for the
linear chain and (7—16) x 107* for the chain with a
relatively high degree of branchings.!1"13 The y values
shown in Figure 10 are (2—6) x 107 for both the
DHDPE/LLDPE(2) and DHDPE/LLDPE(3) samples,
which are considered to be reasonable, judging from
these values. These values are close to the y value (ca.
4 x 1074) expected for the isotope effect on the linear
chain, because the labeled chains are fully deuterated
and the branch level of the LLDPE is low.23-26

According to the Flory—Huggins equation, the critical
value of y for the system with a finite distribution of
molecular weight is written by!4-18

1[ 1 V2 1 1/2]
X =35 + X
2 (WD/NWDWWH) (WH/NWHWWD)
Nz 1/2 1/2
(( H/NWH)) N ((NZD/NWD)) ] ”
N*,

H

where N?; is the z-average degree of polymerization and
NZ/N¥; can be rewritten as N%/NY; = (h; + 2)/(h; + 1).
The calculated y.is 7.75 x 107* and 8.59 x 107+ for the
DHDPE/LLDPE(2) and the DHDPE/LLDPE(3) blend
samples, respectively. As shown in Figure 10, the yx
values for both of the blend samples do not reach the
y<s in the whole region of the melt, suggesting that
these blend systems do not show the phase segregation
phenomenon at any temperature in the molten state.
There have been presented two different conclusions for
the mixing state of the branched and linear PEs:
homogeneity'%19 and phase segregation.20-2¢ As long
as we are only concerned about the PE blend samples
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Figure 8. Temperature dependence of Gunier plot for DH-
DPE/LLDPE(3) blend sample.
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Figure 9. Illustration of curve fitting of S(g) based on the
RPA equation for DHDPE/LLDPE(3) blend sample in the
molten state.
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Figure 10. Comparison of y between the DHDPE/LLDPE(2)
and DHDPE/LLDPE(3) blend samples.

between DHDPE and hydrogeneous LLDPE, the linear
and branched chains may be said to be mixed together
homogeneously in the melt, as discussed in the present
section.

Combining the SANS results with the crystallization
kinetics data obtained by the SAXS” and FTIR® mea-
surements, it may be considered that the difference in
the crystallization behavior between the blends of
DHDPE/LLDPE(2) and DHDPE/LLDPE(3) does not
originate from the difference in the aggregation struc-
ture of the melt but the difference at the nucleation
stage or the difference in the crystallization rates
between the D and H chains is one of the most
important factors. In the molten state, both the D and
H chains are miscible with each other. Once the
samples are cooled down below the crystallization
temperature, the chains may diffuse more or less to form

the cluster of the trans-zigzag chain stems. In the case
of the DHDPE/LLDPE(2) blend, the D and H chains
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Figure 11. Temperature dependence of the number-averaged
radius of gyration (R") obtained by the RPA equation: open
circle, the H species of DHDPE/LLDPE(2) sample; open
triangle, the D species of DHDPE/LLDPE(2) sample; solid
circle, the H species of DHDPE/LLDPE(3) sample; and solid
triangle, the D species of DHDPE/LLDPE(3) sample.

crystallize at almost the same rate,®” so they do not
separate but aggregate together into the same lamella
and are stabilized energetically. On the other hand, in
the case of the DHDPE/LLDPE(3) sample, the D chains
migrate at a relatively high rate compared with the H
chains with many side groups, resulting in the faster
nucleation of the D lamella, with the H chains still
remaining in the melt.

Radius of Gyration of the Molten Chains. Figure
11 shows the R.” of the H and D components in the melt
evaluated from eq 7. It should be noticed that the R,
of the D component is almost the same for both
the DHDPE/LLDPE(2) and DHDPE/LLDPE(3) blend
samples; that is, the D chain in the melt shows almost
the same spatial expansion independent of the branch-
ing content of the countercomponent. It is natural that
the D chain dimensions are virtually independent of the
other blend component as the branch content is negli-
gibly small. However, a strong temperature dependence
of the R, is observed in the melt for the LLDPE(2)
chain. When the temperature becomes closer to the
crystallization point, ca. 110 °C, the R * of LLDPE(2)
changes gradually from the value of ca. 100 A to 60 A,
which is almost coincident with the B,® of the D species.
The R” of LLDPE(8) is ca. 70 A and does not change so
much in this temperature region. The Rg* of the
Gaussian chain with effective segment length [ is
expressed by

me _ N2
(R = =5~ (15)

The ! value has been reported to be ca. 5.8 A for the
CzH4 unit.2526 Equation 15 gives the R, values ex-
pected for the DHDPE, LLDPE(2), and LLDPE(3)
chains as follows by assuming that the [ value is not so
different among these three types of chains because of
the relatively low degree of ethyl branchings.

R = 50 A for DHDPE
86 A for LLDPE(2)
63 A for LLDPE(3)

These values correspond relatively well to the above-
mentioned experimental values.

Comparison of R; between Room Temperature
and the Melt. Figure 12 shows the SANS profiles
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Figure 13. Plots of inversed SANS intensity against ¢2 for
DHDPE/LLDPE(2) blend samples with low D concentration.

measured at room temperature for a series of DHDPE/
LLDPE(2) blend samples with different D/H composi-
tion, where some offset is added to each curve to avoid
making the figure complex. The pure DHDPE sample
shows the two peaks corresponding to the first- and
second-order scatterings from the lamellar stacking with
the long period of ca. 210 A By increasing the H
content, these peaks are smeared gradually and the
curves become broad. Figure 13 shows the Gunier plot
for the samples with low concentration of the D species
in the g range of 0—0.02 A~1, For the solid sample with
diluted D component, the scattering intensity may be
expressed as follows??

¢D(1 - (ZJD)NK _
dzdQ)

1 _¢DAw) 1,2 22 Az-Aw]
X;w‘[(l T aw) T 3RO+ o0 )| (16

where N is the number of monomers per unit volume,
and ¢p is a volume fraction of the D component. K is
the scattering contrast and K = (bg — bp)2. (R Mp? is
the z-average mean square radius of gyration, and Aw
and Az are, respectively, the quantities related to the
molecular weight difference between the H and D
species:

N¥y =N"p(1 + Aw)
Ny =N'p(1+ Az2)

The Rg* obtained from eq 16 can be converted to the
number-average value by a relation, (Rg")p2 = (Rg%)p¥
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Table 1. Parameters of DHDPE/LLDPE(2) Blend
Evaluated at Room Temperature

D content/wt % Nwpe Nwpb (Rg™p®
1 1650 67
3 1218 58
5 3538 72
average 2500 2135 66

a Measured by GPC. ® Estimated by SANS data (eq 16) where
(Rg™p? = (Rg™)p*/(N¥p/NPp),

(Nzp/N™p), where N*p/Nop = (hp + 2)/hp.1518 The N¥p
and (Rg")p estimated from Figure 13 are listed in Table
1. By comparing Table 1 with Figure 11, we may notice
that the (R *)p measured at room temperature, ca. 66

on average, is nearly equal to that of the melt, ca. 60

. Ballard et al.?® and Fischer et al.?? found out the
similar relation of R; for the DHDPE/HDPE blend
sample with highly diluted D content. But these
samples were prepared by melt quenching in order to
avoid a segregation (clustering) artifact between the H
and D species. In contrast, our samples were prepared
by slow cooling from the melt, and the segregation
artifact was avoided by matching the crystallization rate
of the two species, to produce an almost perfectly
cocrystallized sample. In other words, we have for the
first time confirmed the following important conclu-
sion: the R, is virtually the same in the molten and
crystalline states and the overall distribution of mass
elements in the chain (and hence the spatial geometry)
is unaffected by the crystallization process.

Let us discuss here the crystallization mechanism of
the cocrystallizable D/H blend system on the basis of
all the experimental data obtained for the DHDPE/
LLDPE(2) sample. As clarified by the above-mentioned
SANS experiments, the D and H molecular chains are
mixed homogeneously in the molten state. As the
temperature is decreased below the crystallization point,
the trans segments are generated in these random coils
and form a cluster consisting of the crystalline stems,
as already revealed by the time-resolved IR® and SAXS”
measurements. The reservation of R; on the way from
the melt to the crystalline state may indicate that the
spatial geometry of the whole chain is not modified so
much during this regularization of structure. As to the
chain folding structure, the random chain folding model
may be applicable to the present DHDPE/LLDPE(2)
blend, as supported by the infrared spectral data:3+# on
the basis of the quantitative analysis of the infrared
band splitting, we have pointed out that the band
splitting width, which reflects sensitively the spatial
arrangement of the D and H chain stems in the lamella,
changes almost linearly with the D/H blend content.
This means that the probability of positioning the D (or
H) chains at a lattice site is almost proportional to the
concentration of the D (or H) species. In other words,
the chain stem arrangement is determined by the
random statistics. Combining these two ideas, the
similarity of the Rg in the melt and crystalline states
and the random statistics of the stem arrangement,
leads us to the model that the random coils regularize
into the aggregation structure of the trans-zigzag chains
keeping the entangled state of the D and H chains
without a large change in the whole chain expansion.
As a result this model may be similar to the “erster-
rungsmodell (solidification model)” proposed by Fischer
et al.,30 in which the random coil chain is frozen into a
solid with the averaged radius of gyration kept un-
changed. But we should not confuse our model with
theirs, because our model is for the almost perfectly
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Figure 14. Composition dependence of the WANS data
measured at room temperature for DHDPE/LLDPE(2) blend
sample.

cocrystallized D/H blend system which is obtained by
slow cooling from the melt, quite different from the
quenched sample used by them.

This consideration is supported also by the WANS
data measured at room temperature for a series of
DHDPE/LLDPE(2) blend samples, as shown in Figure
14. The intense but diffuse scattering is observed in
the low scattering angle region only for the blend
samples. As already discussed by Stamm?® and Wignall
et al.?! this diffuse low-angle scattering should originate
from the random arrangement of the D and H stems in
the lattice. We do not have any additional Bragg peaks
in the whole region of scattering angle shown in Figure
14, which should originate from the regular arrange-
ment of the D and H stems. In other words, the WANS
data can be also interpreted on the basis of the lattice
structure with the D and H chains distributed ran-
domly. In this way all the data obtained in our
experiments support the idea of a random arrangement
of the chain stems in the lamella of the almost perfectly
cocrystallized DHDPE/LLDPE(2) blend system at least.
Of course, we may have another possible model which
is a compromise between the random reentry model and
the regular reentry model.3? But in this paper we
discuss only the relative merits of the two extreme
models of the random and regular reentry of the folded
chains.

Concluding Remarks

In this paper we have described the SANS data taken
for the molten state of the D/H blend samples as a
function of temperature and clarified the homogeneous
mixing of the D and H chains in the melt. This
conclusion is applied to both the cases of DHDPE/
LLDPE(2) and DHDPE/LLDPE(3) blend systems. In
other words, the difference in the cocrystallization and
phase segregation phenomena between these two blend
samples does not originate from the difference in the
molten state but comes from the crystallization process
itself or the crystallization kinetics. As pointed out
already, the closeness of the crystallization rate is one
of the important factors to govern the cocrystallization
of the blend.

By combining all the available data collected so far
by ourselves, it has been concluded that the random
chain folding mechanism is preferable for the cocrys-
tallized DHDPE/LLDPE(2) blend system, at least. It
should be noticed here repeatedly that this blend sample
can be cocrystallized almost perfectly even when it is
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cooled slowly from the melt. That is to say, the idea of
random chain reentry is not limited to the quenched
sample but is reasonable also for the sample obtained
under the normal crystallization condition. We may
naturally speculate that this consideration can be
applied also to the normal PE sample.
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