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ABSTRACT: Differential scanning calorimetry (DSC), small-angle neutron scattering (SANS), and X-ray
scattering (SAXS) have been used to investigate the solid-state morphology of blends of linear (high density)
and long-chain-branched (low-density) polyethylenes (HDPE/LDPE). The blends are homogeneous in
the melt, as previously demonstrated by SANS using the contrast obtained by deuterating the linear
polymer. However, due to the structural and melting point differences (~20 °C) between HDPE and
LDPE, the components may phase segregate on slow cooling (0.75 °C/min). For high concentrations (¢
= 0.5) of HDPE, relatively high rates of crystallization of the linear component lead to the formation of
separate stacks of HDPE and LDPE lamellae, as indicated by two-peak SAXS curves. For predominantly
branched blends, the difference in crystallization rate of the components becomes smaller and only one
SAXS peak is observed, indicating that the two species are in the same lamellar stack. Moreover, the
phases no longer consist of the pure components and the HDPE lamellae contain up to 15—20% LDPE
(and vice versa). Rapid quenching into dry ice/2-propanol (=78 °C) produces only one SAXS peak (and
hence one lamellar stack) over the whole concentration range. The blends show extensive cocrystallization,
along with a tendency for the branched material to be preferentially located in the amorphous interlamellar
regions. For high concentrations (¢ > 0.5) of HDPE-D, the overall scattering length density (SLD) is
high and the excess concentration of LDPE between the lamellae enhances the SLD contrast between
the crystalline and amorphous phases. Thus, the interlamellar spacing (long period) is clearly visible in
the SANS pattern. The blend morphology is a strong function of the quenching rate, and samples quenched
less rapidly (e.g., into water at 23 °C) are similar to slowly cocled blends. The combination of SANS,
SAXS, and DSC techniques allows us to interpret morphological differences in the solid state of these

blends.

Introduction

The melting temperatures of different polyethylenes
depend on both the molecular constitution and crystal-
lization conditions. High-density polyethylene (HDPE),
with a peak melting point range 130 < Ty, < 135 °C, is
the more highly crystalline form because the chains
contain very little branching. Low-density polyethylene
(LDPE), with a melting temperature typically 108 < T,
< 115 °C, contains some short-chain branches as well
as a few long-chain branches, and linear low-density
polyethylene (LLDPE) has a more homogeneous side
branch length. Blends of HDPE, LDPE, and LLDPE
have attained widespread commercial applications,
though the understanding of the mechanical and melt-
flow properties of such blends has hitherto been handi-
capped by the absence of a consensus concerning the
degree of mixing of the components, in both the melt
and solid states.

In a previous paper! it was shown that small-angle
neutron scattering (SANS) can be used to determine the
melt compatibility of blends of HDPE and LDPE.
Similarly, Crist and co-workers? have used SANS to
determine the phase behavior of 50/50 blends of HDPE
and hydrogenated polybutadienes which are structur-
ally analogous to ethylene—butene-based LLDPE, though
the latter have a broader distribution of branch content,

T Managed by Martin Marietta Energy Systems, Inc., under
Contract DE-AC05-840R21400 for the U.S. Department of Energy.
® Abstract published in Advance ACS Abstracts, April 1, 1995.

0024-9297/95/2228-3156$09.00/0

which is not present in model ethylene—butene copoly-
mers. Both studies indicated that the blends are
homogeneous in the melt when the branch content is
low. In the solid state, the presence of double melting
peaks has been generally attributed to the formation
of separated crystals from both the HD and LD
components,®~8 though the crystallization conditions
were not always specified in these studies. Moreover,
the mixtures were generally obtained by melt-blending,
which may not ensure the initial homogeneity of the
components, because it is not certain that sufficient time
was allowed for the molecules to interdiffuse to the
homogeneous state.

Other studies have indicated differences in the degree
of mixing of both molecules according to the crystalliza-
tion conditions. Thus, extensive cocrystallization was
indicated in a rapidly crystallized mixture and segre-
gated crystals were found after isothermal crystalliza-
tion as indicated by differential scanning calorimetry
(DSC) and transmission electron microscopy.?!® The
DSC thermograms of mixtures annealed between the
melting temperatures of both components were also
interpreted in terms of partial cocrystallization.!!

The solid state morphology and melting behavior have
also been extrapolated to speculate on the phase be-
havior of the melt from which it was crystallized. Thus,
DSC and electron microscopic data have been inter-
preted in terms of liquid—liquid phase separation in the
melt for blends of HDPE/LDPE and HDPE/LLDPE!2-18
and LDPE/LLDPE.!® This interpretation was primarily
based on multiple melting peaks observed in the solid
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Table 1. Molecular Weights, Polydispersities, and
Branch Contents of Homopolymer Components of Blends

branches/100
backbone carbons
1073M,, Mw/My long¢ short?
HDPE-2D 101¢e 2.9 0 0
LDPE-3 136° 11.0 0.28 1.31

@ For HDPE-D the Mw was calculated as if it contained H-atoms
rather than D-atoms. ? For LDPE, Mys were obtained using a
SEC-intrinsic viscosity procedure as described previously.!
¢ Branches containing > 8 carbon atoms (via 13C NMR). ¢ Branches
containing < 8 carbon atoms (via 3C NMR).

state after either quenching or isothermal crystalliza-
tion from the melt. However, as pointed out previously,!
there are inherent uncertainties in attempts to deduce
the (amorphous) melt structure from the melting be-
havior and morphology of the solid (crystalline) state.
The narrow DSC endotherm of the linear polymer
makes it easy to detect small amounts of such material
in a predominantly branched matrix after they have
each crystallized separately on cooling. Similarly, the
broad melt endotherm and low crystallinity of the
branched material make it difficult to detect concentra-
tions of less than 50% of this component, even after slow
cooling from the melt. Thus, blends with high concen-
trations (¢p > 0.5) of linear material give rise to a single
DSC peak with a broad shoulder in the low-temperature
region, whereas for ¢p < 0.5 two-peaked endotherms
are observed. However, SANS data indicate that HDPE/
LDPE melts are homogeneous for all compositions,!
after proper accounting for H/D isotope effects,?0~2% and
that the melting behavior arises from crystallization
processes rather than from a heterogeneous melt.

In view of the conflicting interpretations that have
been given to thermal and scattering data, it is clearly
advantageous to combine both techniques on the same
samples. In this paper we use complementary SANS,
DSC, and SAXS to examine the types of solid state
morphologies that may arise via crystallization effects
on cooling from a homogeneous melt. This work comple-
ments and extends the studies reported by Stein and
co-workers,?4~28 who have used time-resolved SAXS and
infrared spectroscopy to study the structural evolution
in HDPE/LDPE blends. To our knowledge, the present
work is the first to use SANS along with the different
contrast options of H/D substitution to provide unique
information to supplement these techniques.

Sample Preparation and DSC Characterization

Because this work uses some of the mixtures and pure
components used previously,! cross references to the original
sample designation (e.g., HDPE-2D and LDPE-3) are given
in this work. However, in cases where the results are valid
for all similar mixtures, we will use the general designation
HDPE/LDPE, rather than the particular fractions specified
previously.! The mixtures were prepared by dissolving deu-
terated linear polymer (HDPE-2D, Isotec Inc.) with a com-
mercial branched (LDPE-3) protonated polymer (total weight
~ 300 mg) in 125 mL of o-dichlorobenzene at 177 °C and
stirring for 15 min. The molecular weights, polydispersities,
and branch contents of the components are given in Table 1.
The solution was rapidly quenched into 2.2 L of chilled (—60
°C) methanol, and after filtering, the resulting blends were
dried overnight in a vacuum oven at 60 °C. Discs ~ 1 mm
thick were obtained via compression molding at 190 °C and
quenched. The pure components were subjected to the same
solvent treatment. The sample concentrations were (wt %)
80/20, 70/30, 50/50, 23/77, and 10/90 (HDPE-2D/LDPE-3) and
the volume fractions of each component are listed in Table 2.
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Table 2. Measured and Calculated Cross Sections for
HDPE/LDPE Blends Slow Cooled (0.75 °C/min) from the

Melt
normal wt % , correl 103d2d§_2£Q=0)
(HDPE.2D/ Yolfractions jengip,  (em™) long
LDPE-3) ¢p oém ai(A) expt cale® period (A)
80/20 078 022 63 76 69  299/125
70/30 067 033 77 155 166  292/125
50/50 047 053 92 284 343  285/114

23/77 021 079 114 15.6 45.0 180
10/90 0.09 091 107 6.9 19.1 139

¢ Calculations assume complete phase separation of compo-
nents.

Quenching was carried out at different temperatures, i.e., —78
and 0 °C and in water at 23 °C in order to vary the solid state
morphology. The morphology was also studied after slow
cooling conditions. In this case the molten material was cooled
at 0.62 and 0.75 °C/min to room temperature (~23 °C).

The thermal behavior was studied via differential scanning
calorimetry (DSC) using a Perkin-Elmer DSC-2B that was
calibrated for temperature and melting enthalpy using indium
as standard. Melting points were obtained at 10 °C/min in
2—3 mg of the same quenched material used for neutron
scattering experiments. Melting temperatures were taken at
the peak of the endotherm. Degrees of crystallinity were
calculated by comparison with the heat of fusion of a perfectly
crystalline polyethylene, i.e., 289 J/g.2®° The crystallization
exotherms were also followed from the melt by cooling at 10
°C/min. The onset of the first crystallizing peak (7,), where
the exothermic peak starts to deviate from the baseline, was
taken as an indication of the crystallization rate of the sample.

/

Small-Angle Neutron Scattering: Data

‘Collection

The data were collected on the W. C. Koehler 30 m SANS
facility®® at the Oak Ridge National Laboratory (ORNL) via a
64 x 64 cm? area detector with cell (element) size ~ 1 cm?
and a neutron wavelength 4 = 4.75 A. The detector was placed
at sample—detector distances in the range 14—19 m, and the
data were corrected for instrumental backgrounds and detector
efficiency on a cell-by-cell basis, prior to radial (azimuthal)
averaging to give a @-range of 0.003 < @ = 472"1sin 6 < 0.04
A1, where 26 is the angle of scatter. The sample cross sections
were obtained by subtracting the intensities of the correspond-
ing sample cells with quartz windows, which formed only a
minor correction (<5%) to the data.

The net intensities were converted to an absolute (+3%)
differential cross section per unit sample volume [dZ/dQ(Q)
in units of em~!] by comparison with precalibrated secondary
standards, based on the measurement of beam flux, vanadium
incoherent cross section, and the scattering from water and
other reference materials.’® The efficiency calibration was
based on the scattering from light water and this led to angle-
independent scattering for vanadium, H-polymer blanks, and
water samples of different thicknesses in the range 1—10 mm.
The cross section of fully labeled (HDPE-D) and unlabeled
(LDPE) linear and branched blanks was also measured as a
basis for subtracting the coherent and incoherent back-
grounds.® The former arises mainly from void scattering and
is negligible for @ > 0.01 A-1. The latter is a flat background
~0.1-0.7 em™, due to the 'H incoherent cross section and may
be subtracted via empirical methods.?® The sample transmis-
sion was measured as described previously.! This parameter
should in principle be a function of temperature. However,
in practice it only changed by <1% between 23 and 200 °C,
because the increasing incoherent cross section of 'H is offset
by the decreasing polymer density.

Small-Angle Neutron Scattering: Data Analysis

For a homogeneous blend of two polymer species,’? one of
which is deuterium labeled, the coherent cross section is given!
by
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dZ, -1 2
-—(dQ Q)=V ay — ap)* S(Q) (1)

where ap is the scattering length of the repeat unit (segment)
of the labeled species (HDPE-2D in this research) and ay is
the scattering length of the unlabeled species (LDPE-3). For
the SANS experiments examining the melt compatibility of
HDPE/LDPE blends,! the segment (CoH,) volume (V) was
assumed to be the same for both species, which is a reasonable
assumption in view of the small number of branches. Assum-
ing that the polymer constituents can be treated as ideal
{Gaussian) coils, unperturbed by the weak interactions be-
tween monomers, S(Q) is given by!:34-3

S_I(Q) = [¢DNDPD(QRgD)]_1 +
[(1 = ¢pp)NgPu(QRy)1 ™! — 2¢ (2)

where ¢p is the volume fraction of the labeled species and R;p,
Rgu, Np, and Ny are the radii of gyration and polymerization
indices of the two species, with intrachain functions Pp(QR,p)
and Pu(QRu) represented by Gaussian linear or star-branched
coils.! At small @, eqs 1 and 2 reduce to the Ornstein—
Zernicke (OZ) form1:3¢-38

d=, . _ d= 2:2
L@ =-LZoa+ @ @)
V—l _ 2
4z ) (o — ap) @)

Q" (¢pNp + éulVy — 2%)

where & is the composition fluctuation correlation length. Rgp
and Rgu are weighted by the ratio of the z- and w-averages of
the distribution for the deuterated HDPE and protonated
LDPE molecules, respectively. These equations contain only
one interaction parameter (y) because it was shown in the
previous work! that the isotopic yup was much greater than
the interspecies interaction. Thus the (total) interaction
parameters measured in HDPE-D/LDPE blends! were virtu-
ally identical to the (isotopic) interaction measured in linear/
linear systems.?® These experiments indicated that HDPE/
LDPE blends are homogeneous in the melt, though the
components may separate on slow cooling due to major
differences in the crystallization kinetics. For such two-phase
systems, it was shown! that the formalism proposed by Debye,
Bueche (D—B), et al.3"*8 was appropriate, with a cross section
of the form

d=z 8“‘113‘1’1‘1’2[91 - 92]2
—(0) = 5
dQ ) 1+ Q2a12)2 (6

where a, is a length characterizing the spatial dimensions via
an exponential correlation function.8”%® ¢; and ¢; are the
volume fractions and @; and g» are the scattering length
densities of the two phases.! The sizes of the domains may
be estimated from the mean chord intercept lengths®®

L, =a/¢, ®)
L, =ay/¢, M

Small-angle X-ray scattering intensities were collected on
the ORNL 10 m SAXS camera, with pinhole collimation*® and
hence minimal instrumental smearing effects.%

Results and Discussion

(a) Slowly Cooled and Isothermally Crystallized
Blends. Figures 1 and 2 show SANS D—B plots (d¥/
dQ~12 vs @2, according to eq 5) for samples with 80/20,
70/30, 23/77, and 10/90 (wt %) blends of HDPE-2D and
LDPE-3, slowly cooled from the melt at 0.75 °C/min. The
data for a 50/50 blend were given previously.! It can
be seen that all the mixtures give reasonably linear fits
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Figure 1. Debye—Bueche plots for (a) 70/30 and (b) 80/20 wt
% blends of HDPE-D and LDPE-H slow cooled from the melt
at 0.75 °C/min.
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Figure 2. Debye—Bueche plots for (a) 23/77 and (b) 10/90 wt
% blends of HDPE-D and LDPE-H slow cooled from the melt
at 0.75 °C/min.

over most of the plot, though there is a hint of a
downward deviation at the lowest @-values. A similar
phenomenon was observed by Debye and co-workers,37:38
who introduced a second (Gaussian) correlation function
and length (ag) to characterize larger structural fea-
tures. When the data are fitted by the 2-correlation
function model,%243 the values of ay are in the range
460-900 A. It is likely that larger scale structures (as
> 2000 A) are present that cannot be resolved with the
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Table 3. Thermal Parameters of HDPE-2D/LDPE-3
Mixtures Slowly Cooled from the Melt at 0.62 °C/min

composition __TnCC) Q- Dub (D (- Duf B
100/0 129 65.5 65.5
80/20 127 44.3 7.5 524 6.8
70/30 126.5 42.2 14.0 46.0 10.3
50/50 124 109.5 293 12.3 32.8 17.1
23/77° 1205 107.7 13.6 15.5 15.0 26.3
10/90 1158 108.7 10.9 20.4 6.5 30.8
0/100 111 34.2 34.2

¢ Cp = 5 °C/min. ® Experimental. ¢ Calculated assuming com-
pletely segregated crystals.
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Figure 3. Lorentz-corrected SAXS data (@* d2/dQ vs @) from
(a) 80/20 (O) and 70/30 (M) and (b) 10/90 (O) and 23/77 (@)
blends of HDPE-D and LDPE-H slow cooled from the melt at
0.75 °C/min.

present instrumentation and would need to be studied
with light scattering®~4 or ultrahigh-resolution SANS.*
Such dimensions reflect scattering length density fluc-
tuations arising from morphological features on length
scales very much larger than the individual lamellae
which are the primary focus of this research.

Assuming complete separation of the deuterated and
protonated components (i.e., 1 = ¢p; ¢2 = ¢u) within
the structural features resolved in this work, the cross
sections were calculated from eq 5 at @ = 0 and are
shown in Table 3 along with the experimental SANS
results. In view of the fact that the experiments are
independently calibrated with no arbitrary fitting fac-
tors in the intensity scale, the agreement with the
absolute cross sections calculated from the D—B theory
is excellent for blends with high concentrations of linear
polymer (¢p = 0.5).

Figure 3 shows Lorentz-corrected plots (@2 dX/dQ vs
@) of the absolutely calibrated SAXS data for 80/20, 70/
30, 23/77, and 10/90 (wt %) samples. For predominantly
linear blends (¢p = 0.5) two “peaks” or modulations are
clearly seen, whereas for the predominantly branched
samples only one feature is observed. The “peak”
positions (@*) were converted to length scales (D ~ 2a/
@*) representing the average lamella spacings or “long
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periods” and are also shown in Table 2. It is interesting
1o note that the measured and calculated SANS intensi-
ties are in good agreement when two SAXS “peaks” are
observed, whereas the calculations overestimate the
measured cross sections by a factor of ~3 when only one
feature is present in the SAXS data. As the calculations
are based on the assumption of complete phase segrega-
tion of the HDPE and LDPE, this suggests that in
HDPE-rich (¢p = 0.5) blends, the components are
segregated into separate HDPE and LDPE lamellar
stacks, each with its own characteristic spacing. A
similar interpretation was given for time-resolved SAXS
data from a 50/50 HDPE/LLDPE blend.?’> For the
(deuterated) HDPE homopolymer two SAXS peaks are
also observed with spacings of 314 and 149 A. However,
it is well known that in the case of pure HDPE
homopolymer the peak with the lower spacing is the
second order from the periodic lamellar structure.
Clearly, a one-component system cannot separate into
separate lamellar stacks, each with its own spacing,
which we believe is the origin of the two-peak patterns
in the HDPE/LDPE blends.

For LDPE and LDPE-rich blends, there is only one
long period and this implies that the components are
dispersed in a common lamellar stack with mixed HDPE
and LDPE lamellae.?> The difference between the
measured and calculated intensities further implies that
the components are not completely separated and there
must be some mixing of the two species within each
lamella. However, the extreme sensitivity of SANS to
intermixing shows that incorporation of as little as 15—
20% LDPE within the HDPE phase (and vice versa)
would be enough to bring the experimental and calcu-
lated intensities into agreement. The measured cor-
relation lengths (Table 2) are in the range 60—120 A,
thus giving mean chord intercepts (via eq 6) of the same
order as the SAXS long periods and lamellar dimen-
sions. Thus, after slow cooling from the melt, HDPE/
LDPE blends are either completely (¢p = 0.5) or almost
completely (¢p < 0.5) phase separated into HD and LD
lamellae over the whole compositional range.

At first sight, the conclusion derived from SANS (that
the degree of phase segregation is greatest for HDPE-
rich blends) seems to run counter to DSC obser-
vations.1'13-16 In general, two distinct melting peaks
are resolved for LDPE-rich blends (where SANS indi-
cates a small amount of cocrystallization of the compo-
nents), whereas only one DSC peak is observed for
HDPE-rich mixtures (where SANS indicates almost
complete segregation of the HDPE and LDPE species).
This indicates the importance of checking any morpho-
logical interpretation based on a single methodology by
complementary measurements via a parallel technique.
We have therefore performed DSC, SAXS, and SANS
on the same samples, and it will be seen that this
resolves any apparent contradiction between the two
approaches.

Figure 4 shows the melting peaks of the pure com-
ponents and the blends after slow crystallization inside
the DSC at a cooling rate of 0.62 °C/min. The mixtures
with a high concentration of the linear polymer (¢p >
0.5) show a sharp high-temperature peak with a broad
shoulder in the low-temperature region. This shoulder
further develops into a well-defined second peak for the
mixtures with low concentration of the linear component
(¢p < 0.5). As mentioned above, the absence of two well-
defined melting peaks in the 80/20 and 70/30 mixtures
of Figure 4 contrasts with the clear double melting
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Figure 4, DSC melt endotherms for HDPE-D/LDPE-H mix-
tures after slow cooling from the melt at 0.62 °C/min.

found for the 23/77 and 10/90 blends. The large reduc-
tion of the melting temperature of the HDPE-rich
component of the 10/90 mixture, from T, = 129 °C to
T = 115.8 °C, is indicative of cocrystallization in this
blend. Assuming for the sake of argument that one
could initially assign the double melting to the formation
of segregated linear and branched crystals,®=58 it follows
that isothermal crystallization of blends with a high
concentration of branched material at temperatures
intermediate between both melting peaks should give
rise to completely segregated HDPE crystals. To test
this hypothesis, isothermal crystallizations were carried
out in all the blends. The blends were equilibrated in
the melt at 150 °C and rapidly cooled to the crystalliza-
tion temperature (T¢) for various times. The melt
endotherms were subsequently recorded starting from
T., i.e., without further cooling. Times of ~1 min were
found to be sufficient for the melt to reach equilibrium,
and longer times (e.g., 5 and 10 min) gave identical
results for the subsequent endotherms.

Two examples are shown in Figure 5 for the 10/90
mixture crystallized at 106 °C (Figure 5a) and 108 °C
(Figure 5b) for various times. The endotherms of a
similar mass of the pure long-branched component,
crystallized at the same temperature, are also inserted
as reference. Melting after crystallization at 106 °C
shows two well-defined peaks at about 118 and 115 °C
and a low-temperature peak at 109 °C that develops
with increasing crystallization time. Crystallization
beyond 3 min did not appreciably change the area or
the relative intensity of the peaks shown in Figure 5a.
The crystallization of the pure LDPE-3 for the same

Macromolecules, Vol. 28, No. 9, 1995

time results in a low heat of fusion melting peak at 112
°C. Since the temperature of the central, more promi-
nent, peak of the 10/90 blend is 115 °C, it could not be
associated with the melting of segregated crystals
formed from the pure LDPE-3. If this were the case,
the crystals would have melted at 7' < 112 °C. The peak
at ~115 °C is, therefore, associated with the melting of
cocrystals formed with molecules from the linear and
the branched component. The crystallization of shorter
sequences of the branched component, unable to co-
crystallize with linear, takes places at longer crystal-
lization times. These crystals melt at T ~ 109 °C.

The small peak'at ~118 °C is associated with melting
of pure linear polyethylene crystals which probably were
formed above 106 °C during the cooling process. The
initial formation of pure linear HDPE-2D crystals
during isothermal crystallization is negligible at a
temperature of 108 °C at which only the melting peak
of the cocrystal and the pure branched component are
seen from the melting thermograms of Figure 5b. High
crystallization temperatures hinder the cocrystallization
process; for example, crystallization of the 10/90 mixture
at 112 °C (not shown) results in single melting peaks
(~118 °C) corresponding to the pure HDPE-2D species.
These experiments clearly indicate that there is partial
cocrystallization of both components in the 10/90 HDPE-
2D/LDPE-3 blend crystallized at temperatures at which
the crystallization of the pure branched component is
very retarded. Therefore, the observation of two well-
defined melting peaks does not rule out the possibility
of partial cocrystallization in the 10/90 blend slowly
cooled at 0.62 °C/min (Figure 4).

A similar behavior is found from the analysis of the
melting peaks after isothermal crystallization of the 23/
77 mixture. Melting endotherms after crystallization
for different lengths of time at 116 °C are shown in
Figure 6. The melting peak at 121.3 °C, which appears
after about 5 min, is related to a partial cocrystallization
from molecules of the linear and branched components.
As indicated in Figure 6d, most of the branched material
crystallizes on cooling. The possibility of melting with
further recrystallization of a single species during the
heating run is rejected for the following reasons. The
23/77 mixture was crystallized at 116 °C for 15 min and
the melting followed at different heating rates (5, 10,
and 20 °C/min). The relative areas of both melting
peaks were independent of heating rate, indicating that
both species are formed during crystallization and not
in the melting process.

HDPE-rich blends (¢ = 0.5), which were crystallized
at temperatures intermediate between melting of both
components, did not melt at temperatures indicative of
partial cocrystallization. Only a single remelt endo-
therm was observed, corresponding to the HDPE-2D
crystals. Relating these experiments to the melting
behavior of the slowly cooled samples (Figure 4), we
conclude that blends with a high concentration of the
linear component tend to form segregated crystals under
isothermal or slow crystallization conditions. Such
behavior is consistent with the conclusions drawn from
SANS/SAXS experiments, though paradoxically these
are the blends which show the less defined double-
melting behavior.

As indicated previously,! the low level of crystallinity
and broad melting of the branched component make it
difficult to detect it in this range of concentrations. On
the other hand, the fact that cocrystallization is ob-
served under isothermal crystallization conditions in
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Figure 5. (a, Left) DSC melt endotherms for 10/90 blend of HDPE-D/LDPE-H crystallized at 106 °C for various times. The
melting was started at the crystallization temperature. The pure LDPE crystallized at the same temperature is also shown for
comparison. (b, Right) DSC melt endotherms for 10/90 blend of HDPE-D/LDPE-H crystallized at 108 °C for various times.

mixtures with a high concentration of branched com-
ponent supports the SANS conclusion that a partial
cocrystallization is also taking place under slow cooling
conditions from the melt. Slow cooling, of the type used
in these studies, allows the melt to equilibrate at
temperatures at which cocrystallization is favored. A
deconvolution of the endotherms corresponding to the
slow-cooled samples was carried out as shown in Figure
4. In line with the results obtained after isothermal
crystallization, the segregated branched component of
the 80/20 and 70/30 mixtures was assumed to melt in
the broad shoulder of the main peak. The areas under
the peaks were converted to degrees of crystallinity (1
~ A)ag, which are shown in Table 3, along with peak
melting temperatures and the calculated degrees of
crystallinity, assuming complete segregation of both
types of crystals.

The data for the LDPE-rich mixtures, in which the
two endotherms are clearly discernible, show that the
level of crystallinity of the low-melting peak is signifi-
cantly lower than that calculated assuming complete
segregation of the initial components. It is also notice-
able in Figure 4 that the low-melting peak in the 23/77
and 10/90 mixtures is not as sharp as the melting peak
of the pure branched material. In line with the inter-
pretation of the isothermal crystallization data, we can
explain these results by assuming that some of the long
linear —CHjy— sequences of the branched polyethylene
cocrystallize with the linear deuterated component and
melt at higher temperatures. The remainder of the

melt, with a higher concentration of branches than the
pure branched component, form thinner crystals which
melt at lower temperatures. On the other hand, the
levels of crystallinity of the mixtures having low con-
centrations of the branched component are similar to
those calculated assuming separate types of crystals.
Figure 7 shows the onset temperature (T,) for crystal-
lization (taken from the DSC exotherms) as a function
of the blend concentration. T, reflects the crystallization
rate of the fastest crystallizing component in the
mixture. Only a very small variation of the onset
crystallization temperature is observed for mixtures
with low concentrations (0—40%) of the branched ma-
terial. For higher concentrations of LDPE-3, the T,
onset decreases very rapidly, approaching that of the
pure branched component. The nonlinearity of the
concentration dependence of T, also points toward two
different crystallization mechanisms directing the solid-
ification process at different extremes of the phase
diagram. For the blends with high concentration of the
linear component, the crystallization rate of the linear
component in the blend is much higher than that of the
pure branched polymer. Accordingly, segregation of the
components is kinetically favored. - At high concentra-
tions of LDPE (=50%), the difference in crystallization
rates between the linear component in the blend and
the branched becomes smaller, favoring cocrystallization.
Thus the results of Figure 7 are also consistent with
the interpretation from the experiments after isother-
mal crystallization and underscore the fact that the
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of HDPE-D/LDPE-H mixtures versus concentration of long-
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segregation and cocrystallization processes in these
blends are driven by crystallization kinetics. For LDPE-
rich blends, this leads to partial cocrystallization in
slowly cooled samples. As this was the interpretation
given to the SANS/SAXS results, the agreement be-
tween these different and independent techniques is
remarkable.

The presence of only one SAXS peak (and long
spacing) in the slowly cooled LDPE-rich blends is
consistent with the formation of cocrystals in which
molecules from the linear and the branched component
enter the same lamellae. This interpretation is also in
line with that given to the DSC results. However, as
previously discussed, the double melting found in the
DSC thermograms indicates that the extent of cocrys-
tallization was not complete and that a portion of the
branched polyethylene, naturally the shorter sequences,

Macromolecules, Vol. 28, No. 9, 1995

crystallizes separately at the end of the cooling process.
It is envisaged that the crystallites formed from the
shorter LDPE sequences are randomly mixed with the
cocrystals (probably in the interlamellar regions) to
comply with a mixed lamellae stacked morphology that
results in a single SAXS peak. The difference between
the measured and calculated SANS cross sections (Table
1) also agrees with the interpretation given from the
DSC data that the components for the LDPE-rich blends
are not completely separated. There is some mixing of
the two species within the lamellae. It is difficult to
calculate the amount of cocrystallization in a slow-cooled
specimen via DSC. However, SANS indicates that
incorporation of as little as 15—~20% LDPE within the
HDPE phase (and vice versa) would be enough to bring
the experimental and calculated intensities into agree-
ment.

Similar conclusions were reached for a 50/50 HDPE/
LDPE blend by Stein and co-workers,?”28 who investi-
gated the kinetics of the phase separation via time-
resolved SAXS. Upon slow cooling (0.3 °C/min), the
intensity profiles suggested the formation of separate
bundles of HDPE and LDPE lamellae. It was implied
that under moderate cooling conditions (2—10 °C/min)
such a 50/50 mixture cocrystallized.?? However, the
extent of cocrystallization was not indicated. Since the
crystallization conditions are faster than those used in
the present work, a higher degree of mixing is expected.
Related studies of the extent of cocrystallization in
HDPE/LLDPE blends have also been undertaken by
Kyu, Tashiro, and co-workers2425:44.48-51 v vibrational
spectroscopy, synchrotron X-ray scattering, and small-
angle light scattering techniques.

(b) Quenched Blends. The DSC melting thermo-
grams of HDPE-2D, LDPE-3, and their mixtures (after
quenching into ice water) are shown in Figure 8. Single
melting peaks are found in the whole range of composi-
tions, though the peaks become broader with increasing
content of the branched component. Table 4 shows the
peak melting temperatures and the measured degrees
of crystallinity, along with calculations based on the
assumption of complete segregation of the HD and LD
components. The formation of single peaks together
with the monotonic decreasing of the melting temper-
atures with increasing LDPE content point toward the
formation of only one type of crystal. Furthermore, the
fact that the degrees of crystallinity are lower than those
calculated assuming separated crystals indicates an
extensive degree of cocrystallization for all concentra-
tions. However, very rapid melt-quenching is needed
to ensure single endotherms (Figure 8), as demonstrated
in Figure 9, which compares melt endotherms after
quenching into dry ice/2-propanol (=78 °C), into ice
water, and also inside the DSC, with a nominal cooling
rate of 320 °C/min (although the actual cooling rate is
probably much lower). Quenching into ice water and
quenching into dry ice/2-propanol both give rise to
similar endotherms, but multiple melting peaks are
developed by quenching in the DSC, indicating some
degree of crystal segregation.

The SANS results on samples quenched from the melt
into water at 23 °C are very similar to those found for
the slowly cooled blends and are listed in Table 5
together with the long periods obtained from SAXS. The
trends are similar to the slowly cooled data, with the
measured and calculated SANS intensities in reason-
able agreement when two SAXS “peaks” are observed,
whereas the calculations overestimate the measured
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Table 4. HDPE-2D/LDPE-3 Mixtures Rapidly Quenched
into Ice Water (°C)

composition Tw (°C) (1 = Dax® (%) (1 = Dar? (%)
100/0 125.3 56.6 56.6
80/20 123 34.4 51.6
70/30 122.5 ~35 49.1
50/50 121.1 33.7 44.1
23/77 118.7 29 37.3
10/90 115 27.6 34.1
0/100 109.2 31.6 31.6

@ Experimental. ® Calculated adding degree of crystallinity of
assumed segregated crystals.

cross sections when only one feature is present in the
SAXS data. The calculations are based on the assump-
tion of complete phase segregation of the HDPE and
LDPE components, so this suggests that in HDPE-rich
(¢p = 0.5) blends, the components are segregated into
separate HDPE and LDPE lamellar stacks, as observed
for slowly cooled blends (Table 2). For LDPE-rich
blends, there is only one long period and the components
are dispersed in a common lamellar stack with mixed
HDPE and LDPE lamellae. The difference between the
measured and calculated intensities further implies that
the components are not completely separated and there
must be some mixing of the two species within each
lamella, typically up to 15—20% LDPE within the HDPE
phase. Thus, quenching to ~23 °C produces a similar
morphology to slow cooling, and the blends are either
completely (¢p = 0.5) or almost completely (¢p < 0.5)
phase separated into separate HDPE and LDPE lamel-
lae over the whole compositional range.
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Figure 9. DSC melt endotherms for 10/90 (HDPE-D/LDPE-
H) blends after different quenching or mild crystallization
conditions.

Table 5. Measured and Calculated Cross Sections for
HDPE/LDPE Blends Quenched from the Melt into Water

(~23 °C)

nominal wt % , correl  10%d%/ d%§Q=O) long
HDPE-2D/ Yolfractions jepgip (em™) period
LDPE-3 0  ¢u (A) expt  calee  (A)
80/20 078 022 65 98 88  298/125
70/30 0.67 033 74 178 174 298118
50/50 047 053 89 24 354  267/112
23/77 0.21 0.69 108-120 20-27 45-63 173
10/90 0.09 091 92-116 5-8 14-27 136

@ Calculations assume complete phase separation.

SANS data were also collected on blends of HDPE-
2D/LDPE-3, rapidly quenched from the melt into dry
ice/2-propanol at —78 °C. These samples gave qualita-
tively different spectra at the LDPE-rich and HDPE-
rich ends of the composition range, as illustrated in
Figures 10—14. At first sight, the different shapes of
the SANS data might seem to indicate dissimilar
morphologies. However, it will be seen that the differ-
ences are quite consistent with the conclusions drawn
from DSC, which gives a structural background to aid
in the interpretation of the SANS results.

Figure 10 shows log—log plots of SANS data from the
LDPE-rich blends (10/90 and 23/77 wt %), and in both
cases a monotonic falloff is observed. It may be seen
that the data approach the @2 asymptote as opposed
to the @ * behavior observed for slowly cooled blends
(eq 5). This suggests that the scattering arises from
individual molecules (I ~ @2) rather than separate
phases with sharp boundaries (I ~ @ %). Accordingly,
the 10/90 data were replotted in the Zimm or Ornstein—
Zernicke format [dX/dQ~1(®) vs @2] as shown in Figure
11. The @ = 0 cross section (159 cm™!) calculated from
eq 4 is close to the measured value from the extra-
polated intercept (160 £ 10 c¢cm™!). The radius of
gyration (R; ~ 145 A) is similar to the molecular
dimensions measured in the solid state for HDPE-D/
HDPE-H blends.35 For all blends, SAXS shows only one
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Figure 11. [d>/dQ(@)]1! vs Q2 for 10/90 sample of HDPE-D/LDPE-H rapidly quenched to —78 °C.

feature (Figure 12) in the Lorentz-corrected data, indi-
cating that there is a single lamellar stack. The long
periods (Table 6) fall monotonically from 209 A for
HDPE-2D homopolymer to 117 A for the pure branched
component. Thus, for LDPE-rich blends, the deuterated
linear polymer seems to be distributed throughout the
LDPE matrix (i.e., cocrystallized with the branched
molecules in the lamellae and mixed in the amorphous
regions, as indicated by DSC).

For HDPE-rich mixtures, the situation is apparently
quite different as illustrated in Figure 13. Data for the
80/20 and 70/30 blends along with the 50/50 sample
(omitted for clarity) exhibit inflections, as opposed to
the monotonic falloff observed for all previous samples.
These features appear to reflect the peak in the HDPE-
2D scattering at @ ~ 0.025 A1 (Figure 13), arising from
the interlamellar spacing or long period. A component
from the lamellar scattering is always present in the
blend data, though if the D-labeled and normal mol-
ecules are randomly mixed, this coherent background
normally forms a minor correction to the data. For
example, for the D/H blend one would ideally fabricate
a “blank” where each molecule in the blend was fully

deuterated and subtract a fraction (proportional to the
square of the sample scattering length density) of the
blank scattering. In practice, however, due to the
scarcity of the deuterated material, one normally sub-
tracts a fraction of the fully deuterated homopolymer
blank. This approximation ignores the differences in
morphology between the blend sample and the homo-
polymer blank, and this is usually justified because the
correction forms a minor perturbation to the sample
scattering. Thus, a 70/30 blend would contain a fraction
(~50%) of the fully deuterated blank, and it may be seen
from Figure 13 that such a component (amounting to a
~2% contribution at @ = 0.025 X‘l) could never change
the slope of the overall blend scattering.

However, if the protonated molecules were preferen-
tially located in the interlamellar amorphous regions,
this would enhance the scattering length density (SLD)
contrast between the crystal and amorphous regions and
hence the “coherent background” arising from the
lamellar periodicity would show up much more strongly
in the SANS cross section. For example, for the 80/20
blend, if the average concentrations in the crystal (p =
1.0 g em™3) and amorphous (¢ = 0.85 g cm™3) regions
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were 92/8 and 74/26, respectively, the SLD difference
would be 0.0254 cm~2, compared to 0.0128 cm~2 in the
fully deuterated material. Thus, the scattering contains
a component of (0.0254/0.0128)2 ~ 4 (or 400%) of the
deuterated “blank”. This gives rise to the observable

Table 6. Measured and Calculated Cross Sections for
HDPE/LDPE Blends Quenched into Dry Ice/2-Propanol

(—78 °C)
nominal wt % . 103d2(d$'_2§Q=0) long
HDPE/2D/ vol fractions (cm™) period

LDPE-3 ép ou expt caler  (A)
100/0 209
80/20 0.78 0.22 694 747 196
70/30 0.67 0.33 ~1100—-1500 1365 185
50/50 0.47 0.53 ~1200-1500 1426 167
23/77 0.21 0.69 ~370-520 538 139
10/90 0.09 0.91 160 163 126
0/100 117

@ Assuming homogeneity (cocrystallization).

inflections in the slope as seen in Figure 13. The
corrected signal after subtracting 4x the PED SANS
cross section is shown in Figure 14, The O—2Z plot is
reasonably linear up to @ ~ 0.02 A1, and the measured
and calculated values of d=/dQ2(0) are 694 and 747 cm™1,
respectively. For linear molecules with M, = 136 000,
an R, ~ 170 A would be expected,?* while the measured
R, ~119 A, which largely reflects the dilute (branched)
species, is lower as expected.
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It is important to examine whether DSC supports the
assumption of an excess LDPE concentration in the
amorphous regions. Assuming that the linear and
branched molecules enter the cocrystal in similar pro-
portions to the homopolymers, we can calculate the
distribution in the two phases via the levels of crystal-
linity of pure components from Table 4. Thus, ~50%
of the deuterated chains and ~30% of the protonated
branched chains will enter the crystalline regions of the
cocrystal. For the 80/20 blend, the calculated percent-
ages in the crystalline and amorphous regions are 88/
12 and 72/28, respectively. These ratios are very similar
to those (92/8 and 74/26 for the crystal and amorphous,
respectively) estimated empirically to remove the inflec-
tion from the SANS data and show how the SLD
contrast between the crystal and amorphous regions can
be enhanced to reflect the long period in the SANS data
of the HDPE-D-rich blends.

No such inflection is expected in the LDPE-H-rich
samples (e.g., Figure 10) because the average SLD is
very low for such materials. For the 10/90 blend, we
may use the same argument as above and assume that
~50% of the deuterated chains and ~30% of the proton-
ated chains enter the crystalline region, thus giving
concentrations of 15/85 and 8/92 in the crystalline and
amorphous phases. The SLD difference is 0.0067 cm™2,
compared to 0.0128 cm~2 in PED, and thus the 10/90
sample will contain a component of (0.0067/0.0128)? ~
27% of the peak observed in the fully deuterated blank.
This is insufficient to cause the interlamellar peak to
be reflected in the SANS data (Figure 10). With these
concentrations, the calculated (@ = 0) cross section is
d3/dQ(0) = 163 cm ™1, which is very similar to the value
(160 cm™!) calculated on the assumption that the
molecules are randomly intermixed.

For the intermediate concentrations, the average
composition of the cocrystal and amorphous regions was
worked out as described for the 10/90 and 80/20 blends
and used as a basis for the deuterated blank subtrac-
tion. The Zimm plots were not quite as linear as Figure
11, and this led to a range of values of d=/dQ(0) for some
concentrations (Table 6). This is not unexpected be-
cause an HDPE-D “blank” was used to correct data for
the lamellar scattering from a sample with a somewhat
different long period. However, the experimental and
calculated values were of the correct order of magnitude,
and within the experimental uncertainties they were
all consistent with the assumption of extensive cocrys-
tallization.

Thus, the preferential segregation of the LDPE com-
ponent in the amorphous regions, suggested by DSC,
has very little effect on the measured cross section for
predominantly branched blends. However, it can easily
explain how the HDPE-rich blends can exhibit the
inflections in the SANS data that reflect the interlamel-
lar spacing. Accordingly, SANS and DSC contribute
complementary information to provide a self-consistent
description of the blend morphology.

Conclusions

The DSC, SAXS, and SANS data of rapidly quenched
blends of linear polyethylene and branched (low density)
polyethylene indicate that both components are exten-
sively cocrystallized over the whole concentration range.
Both DSC and SANS are consistent with the interpreta-
tion that the branched molecules are preferentially
located in the amorphous regions, thus inducing larger
contrast between the phases and reflecting the inter-
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lamellar long period in the data from predominantly
linear (deuterated) mixtures.

Milder quenching procedures or slowly cooling induces
the formation of separate crystals, and the extent of
segregation is driven by the crystallization kinetics of
each of the blends. Thus, for predominantly linear
mixtures (¢p > 0.5), the DSC, SAXS, and SANS results
indicate extensive segregation of the components in two
types of crystals which are grouped into separate
bundles of lamellar stacks. LDPE-rich blends (¢p <
50%) show a certain degree (15—20%) of cocrystalliza-
tion induced by the decrease of the crystallization rate
of the linear component in the mixture.
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