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Abstract

The origin of morphological phase structures in blends of a linear deuterated polyethylene and a hydrogenous branched polyethylene has
been investigated using Raman imaging. Blends were crystallized to produce samples with large domains that are rich in linear material
surrounded by a matrix that is rich in branched polymer. The samples were then remelted for a range of holding times and quenched to
examine the remixing of the separated domains in the melt. The micro-Raman images show that the samples remixed to a homogeneous
distribution by branch content within the expected time scale, as estimated from the diffusion constants. However, micro-Raman imaging
was also used to detect crystallinity variations and it reveals a biphasic structure in quenched blends that display a morphological phase
structure when examined in the transmission electron microscope. Raman images of the same samples are uniform when constructed by
branch content. Possible causes for this phenomenon are briefly disc@s2660 Elsevier Science Ltd. All rights reserved.
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1. Introduction (BPE). Biphasic morphologies were observed in some
blends, quenched from certain temperatures. These observa-
The determination of the miscibility in the melt of differ-  tions led to the conclusion that under certain circumstances
ent polyethylenes has attracted considerable interest inthe melts could phase separate. However, the chemical simi-
recent years. The interest is generated by the commerciallarity of these materials hinders the direct study of the melt.
practice of blending the materials to achieve desirable prop- Consequently, indirect methods have been developed,
erties and the need to understand heterogeneous materialwhich involve the study of the solid state structure after
containing molecules with a wide range of molecular struc- quenching from the melt. The cooling rates employed are
tures. There is widespread agreement that blends composetielieved to be sufficiently fast to ‘freeze in’ the melt
of linear polyethylenes with branched polyethylenes exhibit structure.
lower critical phase behaviour when the branch content is The principle analytical techniques used are differential
above a critical level [1]. The degree of miscibility in blends scanning calorimetry (DSC) and transmission electron
containing only lightly branched polyethylenes has, microscopy (TEM). Two types of crystal, separated on a
however, generated some controversy. In this paper wescale of microns, are detected on quenching blends of
address the issue of miscibility in these latter systems some compositions from some temperatures. However,
using micro-Raman imaging. only one crystal type is detected on quenching the same
Studies of the morphologies of blends of homopolymers samples from higher temperatures, and on quenching blends
with their branched copolymers have been proceeding at theof other compositions from all temperatures. TEM observa-
University of Bristol for the past decade [2—19]. The work, tions show the two crystal types to be separated on a scale of
which arose from unexplained morphological observations, microns within a morphological phase structure. We have
has largely, but not exclusively, dealt with linear polyethy- shown that the phase structure ripens with residence time in
lenes (LPE) blended with lightly branched polyethylenes the pre-quenched melt, in accordance with classical Ostwald
ripening theory [14]. The simplest explanation for these
"t Corresondi results would seem to be that liquid—liquid phase separation
orresponding author.
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Fig. 1. Morphology map for the DLPE/BPE blend system studied in the present paper. This map was deduced from TEM studies of quenched blends. Sampls
points marked 1 indicated a single morphology and those marked 2 a biphasic morphology.

which, on the above arguments, would be interpreted asneutron scattering (SANS). Phase separation, on a scale of
‘phase diagrams’, have been produced using indirect tech-up to 100 nm, was detected by SANS, and a thermodynamic
niques. A common characteristic of the morphology maps interaction parameter was calculated for the components.
of binary blends of LPEs with lightly BPEs is that the region However, phase separation has also been detected by
of liquid—liquid phase separation is in the form of a closed SANS in blends of DLPE with hydrogenous LPE [21] and
loop, situated at low LPE content. An example of such a an interaction parameter of similar magnitude was calcu-
morphology map (which has, in the past, been interpreted aslated. Consequently, the authors of Ref. [20] considered
a phase diagram) is shown in Fig. 1. If such a map is inter- the separation detected in the DLPE/LDPE system to be
preted as a phase diagram, then it can be used to find thean isotope effect. After allowance for the effect of deuterium
compositions of the two phases at any particular tempera-on phase behaviour, Alamo et al. concluded that LPEs and
ture. For instance, for a temperature of @nd an overall  lightly branched polyethylenes are fully miscible in the
composition of 10% LPE, Fig. 1 indicates that one phase melt. Schipp et al. have also studied the melts of DLPE/
should contain a very small amount of LPE, while the other LDPE blends [15] and noted that micron scale separation
phase should contain about 25% of LPE. Neither of the would not be detected by existing SANS equipment. (Note
components (DLPE or BPE) in this diagram are pure single that Schipp et al worked with blends of the very same poly-
component systems themselves; both contain a range ofmers as have been used in the present work so their results
molecular weights and the BPE contains a range of differ- are particularly relevant to these studies.) Alamo et al. [20]
ently branched molecules. Accordingly, it would never be proposed that the segregation of the components in the solid
correct to interpret our morphology maps as phase state, reported by Bristol workers, was due to a crystalliza-
diagrams, but they could still be considered as cloud point tion mechanism rather than incompatibility in the liquid
diagrams. In such a case, there would be much less certaintystate. However, it has been demonstrated that when segre-
concerning the expected compositions of the separatedgation through crystallization does occur during cooling,
phases; but we would still expect that a 10% blend quenchedthis segregation occurs on a significantly smaller scale
from 150C would contain two phases with distinctly differ- (50—100 nm) than that of the double morphologies observed
ent compositions. in quenched blends (142m) [22].

The melt phase behaviour of LPE/BPE systems has also In an earlier paper [23] we reported the use of micro-
been studied by other research groups, some of whom haveRaman imaging to gain compositional information from
questioned the interpretation of the indirect, Bristol polyethylene blends and we compared the images with
evidence. Alamo et al. [20] investigated blends of deuter- morphologies. In order to distinguish the spectra of the
ated linear polyethylene (DLPE) with a low density poly- two blend components, blends of a deuterated linear poly-
ethylene (LDPE), directly in the melt, using small angle ethylene and a hydrogenous, branched polyethylene were
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Table 1 solvent. This solution blending method has been discussed

Characteristics of polymers elsewhere in detail [2].

Material M, (g/mol) M,/M, Branch content Samples were prepared in the form of bulk specimens at
(branches per 1000 least 0.5 mm thick. Some samples were prepared on a Kofler
carbon atoms) hot-bench, between glass cover slips, and were subsequently

DLPE % 10° 5 0 qugncheq rapidly by fIi_cking into acetone at its fr(_aezi.ng

BPE o 10° 8 16 short, 10 long point. Visual observation suggests that crystallization

occurs in less than a second using this method. Other
samples were prepared in an oil bath. Samples to be crystal-
used. Both isothermally crystallized and rapidly quenched lized isothermally were held initially in the melt at a
blends were studied by Raman imaging, and the results weretemperature of 15, in a separate oil bath, and then trans-
compared with those from TEM. The isothermally crystal- ferred rapidly to an oil bath at the chosen crystallization
lized blends were prepared at very low undercooling, to temperature. Crystallization temperatures were selected to
generate large compositional differences on a large spatialbe sufficiently low for the DLPE to crystallize, but not low
scale. Both the compositional variations, between 0 and enough for the BPE to crystallize to a significant extent in the
40% LPE, and the compositional phase structures that wetime allowed. After holding at the crystallization temperature,
detected in isothermally crystallized blends agreed closely for a time determined to be sufficient for completion of the
with the morphological phase structures detected by TEM. DLPE crystallization, the samples were quenched by transfer
Compositional differences were not, however, detected by into acetone at its freezing point. Samples which required
Raman imaging in the rapidly quenched blends studied. Theholding in the melt for long times were sealed in evacuated
morphological phase structures in such blends are on a scalglass tubes to prevent oxidation. The blend material was held
of 1-2um, which is close to the limit of spatial resolution within the tubes between small sections of cover slips. A
attainable by Raman imaging. On the basis of some simplepolytetrafluroethylene, PTFE, spray was used to coat the
modelling work, the maximum compositional difference glass, to aid sample removal. The tubes were fully immersed
which could be associated with the morphological phase in oil and, after holding for a predetermined time, were
structure, but which could remain undetected by Raman quenched into acetone at its freezing point.
imaging, was calculated to be only 3%. These results raise Samples for Raman imaging were microtomed to produce
the issue of whether such small variations in composition sections with a thickness of 2. The sections were
can, by themselves, generate the observed morphologicamounted on quartz cover slips with tape. Fluorescence
phase structures. from quartz was observed to be significantly lower than
In this paper we use Raman imaging to investigate the from borosilicate glass.
origin of the morphological phase structures and report two
serigs_ of _experiments. The first series involves studying the 5 o Experiments to determine the stability of phase
stability in the melt of the large-scale phase structures separated domains
formed during isothermal crystallization. The reasoning
behind this choice of experiment is that if the morphology =~ We performed a series of experiments to determine the
maps should be interpreted as “phase diagrams” then thestability of phase separated domains using samples that had
scale of the phase structure formed on remelting should previously been well separated by slow, isothermal, crystal-
not decrease from that present in the isothermally crystal- lization. The isothermally crystallized blends were raised in
lized samples. The second experiment involves the temperature to a position within the double morphology
measurement of crystallinity by Raman spectroscopy andloop of the morphology map shown in Fig. 1, and the
the mapping of crystallinity variations for comparison compositional phase structures maintained as a function of
with morphology. time were monitored by Raman imaging. The following
procedure was adopted for the phase stability measure-
ments: blend material was crystallized isothermally at
118C, quenched to below room temperature and then

2. Experimental studied by Raman imaging. Samples from the isothermally
crystallized material were melted and held at I5Gor
2.1. Preparation of the samples different lengths of time. Each sample was quenched rapidly

from 150C and was subsequently studied by Raman
The materials studied were blends of a deuterated linearimaging and TEM at room temperature. The procedure
polyethylene, obtained from Merck, Sharpe and Dohme, allows the remixing, phase separation or ripening behaviour
and a low density polyethylene, PN220, obtained from BP of the initial, large-scale phase structures to be followed as a
Chemicals. The characteristics of these polymers are shownfunction of time by Raman imaging. Additionally, the
in Table 1. The blends were made in a 0.4% solution with morphological phase structures detected at each stage of
xylene and were co-precipitated using acetone as the nonthe cycle can be compared with the compositional
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Intensity sample was measured to be 4 mW (633 nm) or 25 mW
(515 nm). A quarter wavelength plate was inserted into

600007 the laser beam to obtain circularly polarized light. The
] Raman scatter was collected on a peltier cooled, two-dimen-
500007 sional Spectrum One CCD camera (Jobin Yvon). The CCD
1 986cm’™ contained 2000 by 800 detector elements, and the long axis
400007 of the CCD was used to collect spectral information. The
1 sample was mounted on an XY-scanning stage, controlled
300007 914cm’ by a stepper motor. Dilor Labspec 2.0 software was used to

operate the imaging system, record the spectra and process
the data. Raman images were recorded across two spatial

2000077 . . . . . . . . .
] dimensions by static point illumination combined with two
| dimensional sample movement.

100007 The following procedure was adopted in recording spec-

300 1000 1200 1400 1600 tra. The sample was inspected under the microscope, using
Wavenumbers (cm™) white light, and a suitable region was chosen which
appeared flat and showed no orientation effects. Raman
spectra were recorded continuously, over short times, and
the signal was optimized by positioning the focal object
plane within the sample section to obtain a balance between
the Raman signal and the weak Raman and fluorescence
background of the quartz plate. The imaging area was
selected by recording individual spectra from a series of
1130em” points, in order to detect compositional variations. The
variation in strength of the Raman scatter, over the chosen
200007 imaging area, was checked to ensure that the sample was flat
and of even thickness. The imaging area, the number of
spectra, the pinhole size and the spectral collection time
100007 were selected on the basis of the expected scale of features
within the sample. For samples containing features on a
scale of microns, the instrument was operated at maximum

(a)
Intensit,
¥ 1260, 1295, 1305 cm’

400007

300007

0 300 1000 1200 1400 1600 spatial resolution, with a pinhole width of {&m and with
Wavenumbers (cm™) point to point distances of 0.5 or 0.78n. For samples
®) containing features on a scale of ovegiB a larger pinhole

Fig. 2. (a) Raman spectrum of the deuterated linear polyethylene. The bandsWidth was used, to allow shorter spectral collection times. It

used for crystallinity measurements are indicated. (b) Raman spectrum of Should be noted that since the samples were sections, with a

the hydrogenous branched polyethylene. The bands used for crystallinity thickness of 2—3um, the vertical spatial resolution is essen-

measurements are indicated. tially limited by the sample thickness when the pinhole
width is above approximately 150m.

variations. Crystallinity maps were also constructed from a  Compositional images of the DLPE/BPE blends were

Raman imaging data set for samples held in the melt for based on the areas under £&nd CH stretching Raman

more than 48 h. bands. The compositions were determined from the ratio of
the areas of the two bands, after subtraction of a baseline.
2.3. Raman imaging Calibration measurements were performed on homogeneous

blends of a range of compositions, to allow conversion

All Raman measurements were recorded with a Dilor between the band area ratio and composition. Typically,
Labram confocal Raman imaging system at DSM Research,100 spectra from different points, recorded with axi0
Geleen. In this system a 25mW Helium—Neon laser objective, were averaged for each calibration sample. In
(Melles-Griot, wavelength 632.817 nm) or a 2 W ‘Aion blends containing regions of relatively high DLPE content
laser (Spectra Physics 2000, wavelength 514.532 nm) is(>30%) the CD stretching band at 2100 crhand the CH
interfaced with an Olympus BX40 microscope. The micro- stretching band at 2900 crh which are the strongest bands
scope objective, used during imaging, had a magnification in the two spectra, were recorded. In blends where the DLPE
of 100x and a numerical aperture of 0.90. The confocal content was low, for example 4% blends, the images were
pinhole was of variable width. The details of confocal based on the CDstretching band at 2100 crhand the low
Raman imaging can be found elsewhere [24,25]. The spec-intensity CH stretching band at 2720 ¢ty these are of
trometer grating had 1800 lines/mm. The laser power at the similar intensity in such blends. After collection, the spectra
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Fig. 3. Raman images of 10% blends, based on the ratio of the bands at 2100 and 2&00renpixel size is X 1 um? The figures also include spectra
corresponding to the pixels for which maximum and minimum DLPE content were recorded. (a) Crystallized isothermalRCat(t)18rystallized

isothermally at 118, remelted at 15, held for 48 h and then quenched.
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and assignments of the bands used in the crystallinity calcu-
lations are indicated.

2.4. Transmission electron microscopy

Surface replicas were produced from samples etched
using the Bristol modification [29] of the permanganic etch-
ing technique [30,31]. The replicas were studied in a Philips
400T TEM operating at 100 KeV.

3. Results and discussion
3.1. Phase stability experiments

Isothermally crystallized 10 and 4% blends were studied
after melting and holding at 180. The isothermally crys-
tallized samples contain large compositional variations (0—
40% LPE), distributed over a scale of tens of microns. Itis
unlikely that these compositional phase structures will be
stable at 15%C. If the morphology map, shown in Fig. 1, is
interpreted as a phase diagram, then the equilibrated melts
of both blends should be separated into two phases, one
phase with almost no DLPE and one phase with about
25% of DLPE, at 15TC. Alternatively, the morphology
map may not describe phase behaviour, in which case the
two blend components could be fully miscible at 160
Either way, one would expect some changes in the melt
composition on remelting the isothermally crystallized
blend at 15€C; the details of this diffusion process should
yield further information about the nature of the melts of the
blends. Isothermally crystallized samples were held at
150°C for predetermined times and were then quenched to
Fig. 4. Transmission electron micrograph of a replica of a 10% blend, after Preserve their phase structures. Raman imaging and TEM
isothermal crystallization at 118 and remelting at 15, where it was were used to study the quenched samples.
held for 48 h before quenching. There are micron sized regions of thicker Fig. 3a shows a compositional Raman image of a 10%

crystals (with a banded appearance) and thinner crystals; the regions of bOthO|end crystallized isothermally at 1%8. Fig. 3b shows the
types can be seen in (a), at the same magnification as Fig. 3b (the scale bar ’ ’

in (a) represents pm). (b) shows further detail, revealed in a higher image of the same s_ample after _r_emeltlng _an_d holding for
magnification electron micrograph taken from a different part of the same 48 h at 150C. Very little compositional variation can be
sample. There is a region containing thicker crystals, arranged as a bandedseen in the Raman image of the remelted sample and we
spherulite-like structure, just above and left of centre. The scale bar repre- syggest that this small variation is simply the result of spec-
sents Jum. tral baseline variations. An estimate of the error in the inte-
gration method was obtained by integrating between
were filtered to remove noise spikes. Crystallinity measure- different limits and resulted in an absolute variation of
ments were based on the concentration of all trans +19%. The measured variation in composition across the
sequences. The amount of all trans sequences in the BPEmage is, therefore, close to the limit of estimated error.
is related to the integrated area of the band at 1130'cm  The average composition for the whole image was calcu-
normalized by the integrated area of the cluster of bands at|ated to be 9.1%, in good agreement with the overall blend
1269, 1295 and 1305cm [26,27]. The crystallinity — composition. It would appear, therefore, that the

(deduced from the amount of all trans sequences) of thecompositional phase structure in the isothermally
deuterated polyethylene is related to the integrated area of

the band at 986 cit, normalized by the integrated area of
the band at 914 cit [28]_ We have chosen not to calculate Fig. 5. Raman images of 4% blends, all of which were crystallized isother-
actual crystallinities, because of overlap between the spectrgM2lly at 118C. Some of the samples (b—e) were remelted and held 8C150

of the two blend components. but simplv to quote band for the times shown below, before quenching to room temperature. The
P ! ply q images are based on the ratio of the areas under the bands at 2100 and

ratios. Fig. 2 shows the fingerprint regior_‘ of the Ra_—man 2720 ™. Note that imaged areas vary and that the images have been
spectra of both the DLPE and BPE, on which the positions scaled accordingly. (a) Not remelted:; (b) 2 min; (c) 20 min; (d) 2 h; () 5 h.
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crystallized sample disappeared during holding at’C30

give a homogeneous melt. In Ref. [23] we reported that
homogeneous compositional images were obtained from
guenched samples displaying a morphological phase struc-
ture when examined in the TEM. However, since the scale
of the phase structure was close to the spatial resolution of
the Raman technique there was some uncertainty regarding
the interpretation of the images. In the present case the scale
of the phase structure is much greater than the limit of
spatial resolution and, consequently, we can be more certain
that the polyethylene blend samples are compositionally
homogeneous to within the error of compositional measure-
ment (£1%). Fig. 4 shows a TEM micrograph of the
isothermally crystallized and remelted (48 h at 4GP
10% blend. The sample displays a biphasic morphology of
the type commonly observed after quenching blends which
are rich in branched polyethylene. There are regions
containing only thinner crystals and separate, banded
regions containing thicker crystals. The association of a
biphasic morphology with a melt which has apparently
remixed to uniform composition, raises further questions
concerning the origin of the morphology. Before discussing
the origin of the morphologies in more detail, further remix-
ing experiments will be reported.

In order to study the remixing in greater detail a second
phase stability experiment was performed. Compositional
Raman images were recorded from isothermally crystallized
4% blends, after remelting and holding for a series of differ-
ent times in the melt. The following holding times were
used: 2 min, 20 min, 2 h and 5 h. Different samples were
studied in each case so the images are not directly compar-
able, however, sufficiently large areas were studied for us to
be sure that the images were representative of the whole
sample. The Raman image of the initial material, before
remelting, is reproduced in Fig. 5a from Ref. [23]. The
Raman images of the remelted samples are shown in Fig.
5b—e. Each image in Fig. 5 has been generated using a
spatial filtering procedure which we believe to be useful
for improving the quality of images of structures on a scale
of five microns or more.

The Raman image recorded after 2 min att5Gee Fig.
5b, is similar to that recorded for the initial material. There
are large compositional differences across the image, and
the diameters of the DLPE rich phases are 5uf
Although the maximum DLPE content is 9% lower in the

2 The spatial filtering procedure removes noise spikes in the image in the
following manner: the composition of each pixel is compared with those of
its n neighbours. The composition of the central pixel is replaced by the
median average of the+ 1 pixels. If the variation in composition in the
n + 1 pixels is smooth, the median value is the same as the original compo-
sition of the central pixel; if not, the ‘spike’ is removed. In the present work
the value ofn + 1 was chosen to be 5. In images of structures on a scale
significantly greater than the limit of spatial resolution of Raman imaging
we believe it is a useful and legitimate precede for enhancing the data
quality. In images of structures on the scale of the limit of the spatial
resolution the procedure is not appropriate.
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remelted sample than in the image of the initial sample, A diffusion rate of 0.04vm?min. is obtained when thl,,
there are likely to be considerable variations in composition of the DLPE, 2x 10°, is equated withM.

between DLPE rich phases. The similarity of the two images  An appropriate solution to Eq. (1) has been calculated
suggests that no significant diffusion had occurred during previously for the general case of a diffusing substance,
2 min in the melt. The DLPE rich phases appear to spreadwith diffusion rate, D, which is initially distributed
out with longer times in the melt and the difference between uniformly through a sphere of radiua, at concentration,
the measured maximum and minimum DLPE contents C,, [32]. The concentration at radius,and timet, is given
decreases. The matrix phase increases in DLPE contenby:

and the DLPE rich domains decrease in DLPE

content. Fig. 6 shows a plot of the maximum and minimum . }C . a—r , a+r
values of DLPE content in each of the spatially filtered ~ 2 7° 2,/(Dt) 2,/(Dt)

Raman images shown in Fig. 5. After 5 h in the melt the

qompositiona} variations are very smgl_l and thgre_has peen Co Dt - r)2 —(a+ r)2

little change in the detected compositional variation since —— ( )[exp{T} — exp{T}]

the two-hour sample was taken. The filtered image of the

five-hour sample does show a domain structure, but the (©)

compositional differences lie close to the errorZ01%. It

would appear, therefore, that the ten-micron scale composi- 1he diffusion profiles generated using Eq. (3) and the

tional phase structure in the isothermally crystallized following values of parametersia=4um, D=

sample remixes fully during approximately 5 h at 160 0.04 pm?/min, Co =30% DLPE; are shown in Fig. 7.
The series of compositional profiles detected by Raman Remixing to a variation in composition within the uncer-

imaging as a function of time can be compared with theo- tainty in composition of the Raman images;1%, is

retical profiles. The theoretical profiles are calculated using Predicted to take approximately 5 h. The predicted remixing

an estimated diffusion rat®, for the DLPE and a solution ~ rate and the measured remixing rate are compared in Fig. 6,

w

of the diffusion equation: by plotting the maximum predicted composition alongside
the experimental data. The agreement between the two sets

<92_C 32_C i 32_C _19dC ) of data is reasonable, considering the likely initial variation

e ay? 022 D ot in maximum phase composition between each DLPE rich

domain. Indeed, ha@, been taken to be 20%, the maximum
DLPE content observed experimentally after 2 min remix-
ing, then the agreement between predicted and measured
data would have been even closer. The agreement between
theoretical and experimental remixing rates supports the
argument that the DLPE rich domains remix with residence
14x% 1078 time at 150C to give a homogeneous melt. It would appear
D= VI @ that the morphological phase structures observed in some

whereC is concentration, y andz are dimensions aniis
time.

The diffusion rate is estimated by using the rate of self-
diffusion of a linear polyethylene of molecular weigi,
given by the empirical equation of Klein and Briscoe:

30 4

N
o
I
T

m Maximum
o Minimum
—— Predicted maximum

n
o
i

DLPE composition (%)
> o

0 50 100 150 200 250 300 350

Time (minutes)

Fig. 6. Maximum and minimum DLPE compositions detected in the Raman images shown in Fig. 5 plotted as a function of tirfe. aths0etical
maximum values derived from a diffusion calculation are plotted alongside the experimental data. Details of the calculation are given in the text.
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—0 minutes
——20 minutes
—&— 60 minutes
—%—120 minutes
—&— 300 minutes

Composition (%DLPE)

Distance (pm)

Fig. 7. Theoretical composition profiles plotted as a function of time. The profiles are derived from a diffusion calculation, details of which arahgve
text.

guenched polyethylene blends cannot be associated withcomposition and the spatial distribution of the small compo-
composition variations of greater tharil%. Clearly, alter- sitional differences appears to be random. Importantly,
native explanations for the morphologies must be explored. micron scale phases, each with a different composition,
cannot be resolved. We have shown previously that, if the
3.2. Crystallinity measurements micron sized morphological phases seen in the electron
micrograph, Fig. 4, were to be associated with composi-
Raman imaging can be used to detect spatial variations intional differences, these cannot be greater than 3% (abso-
crystallinity through mapping the relative intensities of lute) [23]. In contrast to the compositional image, both of
appropriate Raman bands. We have applied this techniguethe crystallinity images exhibit a micron sized phase struc-
to rapidly quenched blends displaying a morphological ture and the magnitudes of the differences in crystallinity are
phase structure. Fig. 4, a TEM micrograph, shows the significant. The two Raman crystallinity images are
morphology of a 10% blend, quenched after holding at approximately complementary and the phase structure is
15CC for 48 h following isothermal crystallization. on a similar scale to that shown in the TEM images (e.qg.
Compositional and crystallinity Raman images were Fig. 4).
recorded from exactly the same area of a sample (the A similar set of Raman images is shown in Fig. 9, this
same sample, but not the same area as Fig. 4) and thestime for a single area of a sample with 4% DLPE. This
are shown in Fig. 8. In Fig. 8a, the compositional image is sample was prepared in a different way from those
shown for a 10% sample quenched after isothermal crystal-previously discussed in this paper. The previous samples
lization, followed by 48 h in the melt at 130. Our samples  were crystallized isothermally, to produce large, well-sepa-
are blends, and so we are able to construct ‘crystallinity rated areas of differing composition and these were subse-
images’ for each component using the spectra recordedquently held in the melt at 18Q. The sample of Fig. 9,
for each pixel. Examples of such spectra (for the extreme however, was melted for 30 min at I'@D(quenching from
values) are shown in Fig. 8b—e. The resulting Raman this temperature gives a single morphology, see Fig. 1) and
images are presented in Fig. 8f (DLPE crystallinity) and then held at 15 for 30 min before being quenched; the
Fig. 8g (BPE crystallinity). The scales used in the crystal- corresponding TEM micrograph is shown in Fig. 10; it
linity images are simply the magnitudes of the appropriate reveals a clear double morphology. The corresponding
Raman band ratios and are not crystallinities. In Fig. 8h and Raman images, Fig. 9, are all from the same sample area
i we have modified the images in Fig. 8g and h, to bring out (they are from the sample shown in Fig. 10 but not from the
the complementary nature of the two crystallinities. The area of Fig. 10). Again the compositional image shows little
images have been smoothed, and, to make comparisorvariation. Note that the range is rather less than in the
simpler, in one of them (the DLPE image) the contrast has sample shown in Fig. 5¢c — that 4% sample had been held
been inverted, so that dark regions now represent high crys-at 150C for 20 min, but it had been isothermally crystal-
tallinity; if the crystallinities were exactly complementary lized previously, to give large compositional differences,
Fig. 8h and i would look the same. and these were still clearly evident after 20 min. Fig. 5e is
The Raman image in Fig. 8a displays little variation in also of interest here, that sample had been stored for 5 h at
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Fig. 8. Raman images and spectra of a 10% DLPE/BPE blend, isothermally crystallizé@)h&n held at 15C for 48 h before quenching. N.B. all the
Raman images are taken from the same sample area. (a) Compositional image based on the ratio of the integrated areas of the Raman bantig&222100 cm
stretching) and 2900 cit (CH, stretching). The image is similar to the image in Fig. 3b, but is of a different area of sample and is reproduced here only to
enable a direct comparison with the crystallinity images; (b)—(e) Parts of the Raman spectra of DLPE and of BPE, of high and low crystallinitglyespect

(f) DLPE crystallinity image based on the ratio of the integrated areas of the Raman bands at 986 and'9(g) 8RE crystallinity image based on the ratio

of the integrated areas of the Raman bands at 1130 and 1295 mas (f), but now the image is smoothed and made negative; (i) as (g), but now the image is
smoothed.
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Fig. 8. (continued

15C°C following isothermal crystallization, and it shows a variations are smaller. The maximum pixel magnitude is 1.3
wider range of composition than the sample in Fig. 9a, times greater than the minimum pixel magnitude, suggest-
which had never been crystallized isothermally. Although ing a difference of up to about 30% in the crystallinity of the
the compositional image (Fig. 9a) shows very little varia- BPE in the two regions.
tion, the two crystallinity images show significant varia- Comparisons of Fig. 8f with g and of Fig. 9f with g
tions, and, as for the 10% sample in Fig. 8, the DLPE and (perhaps displayed more clearly in the smoothed images,
BPE images are complementary. Figs. 8h, i and 9h, i) show that the regions of high DLPE
The maximum pixel magnitude in the images for the crystallinity correspond to the regions of low BPE crystal-
DLPE crystallinity is about twice that of the minimum linity and vice versa in both sample types. Taken together,
pixel magnitude for both the 4 and 10% samples. This we believe the two crystallinity images represent con-
suggests that the crystallinity of the DLPE, in the darker vincing evidence for there being a correlation between
regions of Figs. 8f and 9f, may be as low as half that of morphological variations and crystallinity variations. We
the lighter regions. conclude that, while the composition is uniform through
Looking at the crystallinity maps for the BPE compo- the sample, there is one kind of area where the branched
nents, we see that the magnitudes of relative band intensitypolymer is more frequently incorporated in the crystals
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Fig. 9. Raman images and spectra of a 4% DLPE/BPE blend, rapidly quenched after meltintgCafiot @D min, cooling to 15T and holding for a further

30 min. N.B. all the images were taken from the same sample area. (a) compositional image based on the ratio of the integrated areas of the Raman bands
2100 cmi* (CD; stretching) and 2720 cit (CH, stretching); (b)—(e) Parts of the Raman spectra of DLPE and of BPE, of high and low crystallinity,
respectively; (f) DLPE crystallinity image based on the ratio of the integrated areas of the Raman bands at 986 and; 94} BRE crystallinity image

based on the ratio of the integrated areas of the Raman bands at 1130 and 129%ixas (f), but now the image is smoothed and made negative; (i) as (g),

but now the image is smoothed.
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Fig. 9. (continued

(leading to a higher value for the BPE crystallinity), and a  Unfortunately, we are not able to perform TEM and
second kind of area where the crystallinity of the LPE is Raman imaging over exactly the same area of sample and
higher. The size scales of these regions are directly compar-so we cannot ascertain whether there is spatial correspon-
able with the morphologically distinct regions seen in the dence between the crystallinity and morphological phases,
TEM. We believe that the two morphologically distinct nor can we directly assess which crystallinity phase corre-
regions that we see in electron micrographs correspond tosponds to which morphological phase. None-the-less, from
zones where the crystallinity of the branched polymer is the amounts of the two components observed, we believe
particularly high and zones where it is significantly lower. that the regions in the micrographs consisting of smaller
Note that the uniformity of composition, coupled with lamallae correspond to those with the higher BPE crystal-
crystallinity difference is observed for two different types linity, and that the regions of thicker crystals (arranged in
of quenched samples after storage in the melt in the ‘bipha- banded structures) correspond to a higher LPE crystallinity.
sic morphology region’. Some samples experienced isother-
mal crystallization (to give large-scale composition 3 3. ‘phase behaviour’ of polyethylene blends
differences) before storage in the melt in the ‘biphasic
morphology region’ (Fig. 8); others were believed, on  We reiterate here that, in all our previous studies, we have
morphological evidence, to have a uniform composition consistently found that the appearance of biphasic morphol-
before storage melt (Fig. 9). ogies depends on: the branch content of the BPE; the actual
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On the basis of the generality of the morphology maps
[1], and of the apparent lack of sensitivity to molecular
weight averages [4,5] and distributions [8,18], this seems
unlikely.

2. There may be phase separation of nucleation sites. These
nucleation sites might be composed of LPE of some
degree of order, either static or more likely dynamic. If
there are some well-separated, highly effective, nuclei in
the melt then it is possible that upon quenching the crys-
tals will start growing at these nucleation sites at
comparatively high temperatures where only the more
linear molecules are able to crystallize, leading to regions
of high linear crystallinity. Then, when the temperature is
low enough, nucleation may occur very rapidly at the
separated, less-effective nucleation sites and the
branched material may be caught up in the quickly grow-
ing crystals leading to regions where there is a relatively
high crystallinity of the branched polymer. This model
might also explain the limitation on the composition for
the double morphology to occur. This model might also

Fig. 10. Transmission electron micrograph of a replica of a 4% DLPE/BPE explain the limitation on the composition for the double

blend sample, this is.the same sample_, but not the same sampl_e area, as.that morphology to occur. If the concentration of nucleation

used for the Raman images seen in Fig. 9. There are micron-sized domains . . . . .

of thicker crystals arranged in a banded texture, one such is seen below S'te,S is too high, then the two separate dom_ams might be

centre. The scale bar representsr. too interfused to show up as separate domains in electron

micrographs. In contrast, if the concentration of the LPE
is very low, not enough nucleation sites will be present,
leading to the formation of only a few domains of higher

LPE crystallinity, unnoticeable in electron micrographs.

This could explain the observation of morphology maps

like that shown in Fig. 1.

i

blend composition; the temperature at which the melt is
held; and, importantly, the time for which a blend sample
is held in the melt, with longer holding times generally
leading to larger scale domain structures in the quenched
samples. All this is strongly suggestive that the underlying
cause is some form of phase separation occurring in the
melt.

However, the Raman studies reported above show that
the concentrations of the polymers within each morpholo-

gical phase do not differ. Accordingly, any phase separation The Raman data clearly show that in rapidly quenched

of the size scale observed in the TEM that may occur in the blend samples where a biphasic morphology can be seen by
melt is not, as we have previously suggested, on the basis of

F . “electron microscopy, there are two distinct regions sepa-
branch content. In addition, SANS results, reported in detalil rated on a similar scale to the morphologically distinct

elsewhere_[20,15]_ and discussed above in Section 1, ind_icat_eregions seen in the electron microscope. The Raman data
that there is no widespread, small-scale phase separation iny s, clearly demonstrate that the distinguishing feature of

the melt on the basis of branch content. In contrast, the \aqe regions is not their relative branch content, but rather
present Raman studies also show that there are clear anqjhe degree of crystallinity of the two components.

significant, differences in DLPE and BPE crystallinities in Accordingly, we conclude that the morphological differ-

regions of the quenched blend, and that these are on they.oq that we have previously assigned to differences in
same spatial scale as the morphological differencesy onch content should, correctly, be attributed to differ-

observed in the electron micrographs. We therefore argue,qceq in the crystallinity of both the branched and linear
it is at least possible, that there is some phase separation,jjecules.

process occurring in the melt which, after quenching, leads ¢ j5 clear from all previous evidence that the branch

to the formation of zones of relatively higher and lower, ., .ot of the BPE. the actual blend composition, the
crystallinity of the components. There are several possible temperature at which the melt is held, and the time for

explanations, two of which we discuss below. which a blend sample is held in the melt, all affect the
morphologies observed on quenching. The simplest argu-
1. There may be phase separation by molecular weight,ment is that there is some sort of phase separation — it
leading to some crystals being composed of higher mole- could be on the basis of molecular weight, on the basis of
cular weight molecules taken from both DLPE and BPE. nucleation or for some other, as yet unidentified, reason. The

4. Conclusions
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present Raman results, however, indicate that any phasd13] Puig CC, Odell JA, Hill MJ, Barham PJ, Folkes MJ. Polymer

separation is not on the basis of branch content.
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