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Abstract

Blends of a low-molecular-weight linear polyethylene and several different ethylene±hexene copolymers are investigated using differ-

ential scanning calorimetry and transmission electron microscopy. All blend components are based on single-site catalysts. For cooling rates

higher than 18C/min, reorganisation effects are generally present, making the interpretation of the blends less clear. The reorganisation effects

are found to be dependent of the amount of comonomer in the branched blend component, the compositions of the blends and the cooling and

heating rates applied. For a low content of the linear blend component, even 1.8 mol% comonomer content in the branched blend component

is suf®cient to create two crystal populations during crystallisation. For higher amounts of the linear blend component 2.5 mol% comonomer

will result in two crystal populations. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Blends of linear and branched polyethylene have received

much attention during the last decades. The possibility to

enhance material properties and the need to get a deeper

understanding of the underlying morphology has triggered

this development. The development of single-site catalysts

represented an important step in this manner. Single-site

materials are believed to have a well-de®ned structure

[1,2] making them ideal as blends components in a morpho-

logy study of blends. However, limited work has been

presented on polyethylene blends involving single-site

materials [3±7]. Zhao et al. [3] report cocrystallisation for

all blend compositions in blends of linear polyethylene

(LPE) and a single-site ethylene±octene copolymer contain-

ing 0.72 mol% short chain branches (SCB). By increasing

the comonomer content in the branched component to

1.4 mol%, cocrystallisation is found to occur when the

LPE content in the blends is higher than 50%. Finally,

increasing the comonomer content to 4.8 mol%, no cocrys-

tallisation is observed. Therefore, Zhao et al. [3] conclude

that the maximum amount of comonomer allowed in the

branched component still observing cocrystallisation, prob-

ably is much lower in blends with single-site materials, than

in blends involving Ziegler±Natta materials. Lee et al. [4]

have studied blends of LPE and a single-site ethylene±

butene copolymer containing 3.4 mol% comonomer.

Cocrystallisation was only found to occur when the amount

of the branched component was less than 20% (by weight).

We were originally interested in the morphology of

blends of a low-molecular weight LPE and higher molecular

weight ethylene±hexene copolymers, where both blend

components are based on single-site technology. Such

blends with a bimodal molecular weight distribution have

become important in plastic industry today. However, the

thermal behaviour of these blends turned out to be more

complex than expected and it is crucial to be able to under-

stand the development of the observed morphology. Ther-

mal behaviour of blends of a low molecular weight LPE and

eight different ethylene±hexene copolymers are presented

in this work. The blends are studied with differential scan-

ning calorimetry (DSC). In a continuation of this work, the

blends and blend components used here are examined by

optical microscopy, atomic force microscopy and transmis-

sion electron microscopy. The results from the latter three

techniques will be presented in a separate paper [8]. Only a

few TEM pictures will be shown here to clarify the

discussion.
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2. Experimental

2.1. The materials

The materials used throughout this study include an LPE

and eight different ethylene±hexene copolymers, denoted

LLDPE(i), i � 1:8: Relevant information of each sample is

listed in Table 1. The amount of comonomer in the samples is

found to be in the range from 1.0 mol% to beyond 8 mol%.

Unfortunately, the weight-average molecular weights of the

samples differ to some extent. The polydispersity index is low

for the samples except LLDPE(7), which has a low-molecular

weight fraction. A narrow distribution of molecular weights

will probably eliminate any effect of molecular segregation in

the samples during crystallisation. The molecular weight of

the linear blend component is signi®cantly lower than the

copolymers, giving the resulting blends a bimodal character.

The molecular weights and the polydispersities of the samples

were determined from GPC, as described elsewhere [9].

LLDPE(i) i � 1:5 are experimental qualities made at NTNU

in Trondheim. LLDPE(6) and LLDPE(7) are qualities

obtained by solvent extraction from a bimodal sample kindly

supplied from Borealis AS as an experimental quality. A

description of the extraction technique is found in Ref. [9].

LLDPE(6) represents the extracted fraction obtained using

hexane as the solvent, LLDPE(7) represents the fraction

obtained using heptane as the solvent, while LLDPE(8) repre-

sents the fraction obtained using pentane as the solvent. Blends

of the LPE component and each of the LLDPE(i) i � 1:8

components were made in various proportions in solution as

described in Refs. [7,9]. A blend containing x% (by weight) of

LPE and y% (by weight) of LLDPE(i) will be denoted x/y LPE/

LLDPE(i). As an example, 10/90 LPE/LLDPE(1) means a

blend consisting of 10% (by weight) of LPE and 90% (by

weight) of LLDPE(1). Film was prepared using a Schwa-

benthan polystat 200T press operating at 1608C by allowing

the material to melt in the press, followed by a pressure

sequence of a few seconds. The samples were then taken out

from the press and cooled down to room temperature in air.

2.2. Nuclear magnetic spectroscopy (NMR)

The amount of butyl branches for three of the samples

was evaluated from 13C NMR spectra obtained using a

Bruker Avance DPX 400. Polymer powder (40±50 mg)

was taken in an NMR-tube and 0.2 ml deuterated benzene

and 0.5 ml 1,2-dichlorbenzene were added. The NMR-tube

was thereafter evacuated and placed in an oven at 1208C for

2 h, allowing the polymer to be dissolved in the solvent. The

spectra were recorded at 400 MHz and 1208C. The acquisi-

tion time was 2 s, the delay time 7 s and the number of scans

were 6000. The chemical shifts were assigned to the differ-

ent sequences according to Hsieh et al. [10].

2.3. Fourier-transformed infrared spectroscopy (FTIR)

The powder of each sample was pressed into a ®lm under the

same conditions as described above. The ®lm thickness was

0.3 mm. The spectra were recorded on a Bruker-IFS66V spec-

trophotometer equipped with a DTGS-detector. The nominal

resolution was 2 cm21. Two hundred scans were taken. In

order to quantitatively assign the number of butyl branches

from FTIR, a calibration curve (calibrated against NMR

results) was obtained, using the 893 cm21 band. This band

has been assigned to a methyl rocking mode for branches

larger than ethyl [11]. Fourier deconvolution and combined

Lorentz±Gauss curve ®tting were necessary to obtain quanti-

tative data. It turned out to be dif®cult to obtain proper ®lm

from the LLDPE(8) component. The amount of comonomer

in this sample is therefore judged to be over 8 mol%, based

on results obtained from the other samples.

2.4. Density

Circular disks of approximately 5 mg were put in DSC

sample pans. After a scan to erase effects of thermal history,

the samples were heated to 1708C at 108C/min and cooled to

108C at a cooling rate of 18C/min. The samples were then

taken out of the DSC sample pans and allowed to sink in

Davenport gradient columns containing different ratios of
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Table 1

Characterisation of the single-site materials used in this work

Mw
a Mw/Mn

a Tm
b Tc

c Comd Densitye

LPE 26,000 5 132.9 121.0 ± . 970.0

LLDPE(1) 90,000 2.7 123.9 112.7 1.0 937.4

LLDPE(2) 150,000 2.2 119.0 107.6 1.7 925.1

LLDPE(3) 115,000 2.5 117.9 106.9 1.8 927.8

LLDPE(4) 62,000 3.3 115.5 105.3 2.5 928.5

LLDPE(5) 105,000 2.3 110.9 98.9 4.2 919.6

LLDPE(6) 85,000 2.2 103.0 88.9 5.7 902.3

LLDPE(7) 58,000 10 95.5 83.4 7.5 902.8

LLDPE(8) 34,000 5 71.5 60.2 ± ±

a Weight-averaged molecular weight (Mw) and polydispersity (Mw/Mn) determined from GPC.
b Melting point in 8C as observed in DSC using a heating rate of 108C/min after a cooling rate of 18C/min.
c Crystallisation temperature in 8C as observed in DSC using a cooling rate of 18C/min.
d Mol% butyl branches determined from NMR and FTIR.
e kg/m3 determined from gradient column.



water and isopropylalcohol. The samples were kept in the

gradient columns for 10 min before the density values were

recorded. The values given in Table 1 represent the average

value of three parallels.

2.5. DSC

Thermal examination of the blends was performed with a

Perkin±Elmer DSC-7 ¯ushed with nitrogen and equipped

with a water-cooling unit. Identical circular ¯at disks of

1.5±2.0 mg, being approximately 100 mm in thickness

were encapsulated in DSC sample pans. This will probably

eliminate any differences among the samples due to thermal

lag during the heating scan [12]. The DSC sample pans were

equipped with holes allowing the remaining xylene to be

effectively transported away by the inert nitrogen atmo-

sphere during the ®rst heating scan in DSC. A small piece

of aluminium sheet of 1.5±2.0 mg was placed in the refer-

ence pan. This will eliminate the mass difference between

the sample and reference, and will give rise to a more stable

baseline [12]. The second run was recorded, in order to

eliminate the effects of thermal history and the effects of

the remaining solvent. The ®rst and second run programs

were equal and according to the following scheme: heating

from 10 to 1708C applying a heating rate of 108C/min, keep

at 1708C for 5 min, followed by a cooling sequence from

170 to 108C. The cooling rate was varied, the actual values

will be given in the text as they appear. The heating rate was

always 108C/min (except those scans performed to check

whether reorganisation/recrystallisation occurred).

Calibration was regularly checked against the onset melt-

ing temperature of a pure Indium sample using the same

heating rate as employed in the measurements. The baseline

was regularly checked using empty sample pans. The melt-

ing temperature of the samples was identi®ed with the maxi-

mum in the endothermic peak. The enthalpies of fusion were

converted to degrees of crystallinity by taking the enthalpy

of fusion of a perfect polyethylene crystal as 290 J g21 [13].

2.6. Thermal fractionation

Thermal fractionation was performed on the blend

components using a technique involving successive self-

nucleation/annealing (SSA), introduced by MuÈller et al.

[14]. This technique represents a method to qualitatively

characterise the distribution of SCB in copolymers.

The samples were heated from 30 to 1708C, held for 5 min

before cooled down to 308C. The heating and cooling rate

applied was 108C/min. This was done to erase any effects of

thermal history of the samples. The samples were thereafter

heated to an annealing temperature where all the crystalline

regions except small crystals were melted, e.g. for LLDPE(i)

this temperature was 1248C. The samples were held for 5 min

at this temperature and were thereafter cooled down to 308C
again. The crystals that did not melt at the ®rst annealing

temperature self-nucleated the sample during the cooling

step. After this step, the samples were reheated to a second

annealing temperature, which was 48C lower than the ®rst

annealing temperature, and held for 5 min. At this second

annealing temperature parts of the melted crystals will be

nucleated by the unmelted crystals and crystallise isother-

mally, while the unmelted crystals will anneal. The remaining

part of the melt will crystallise at the following cooling step

down to 308C. This procedure continues until an annealing

temperature of 608C is reach. Then the samples were heated

to 1508C and multiple melting peaks were recorded.

2.7. Transmission electron microscope (TEM)

All the blends discussed in this work are investigated

using TEM, but most of these results will be presented in

a separate paper [8]. However, TEM pictures of the blends

10/90 LPE/LLDPE(3) and 10/90 LPE/LLDPE(5) will be

shown here. Films for TEM were sealed in DSC sample

pans and gained the same thermal history as the ®lms for

DSC prior to the melting scans, i.e. cooling rates of 1 and

108C/min were applied. The samples were thereafter treated

in chlorsulfonic acid. Our methods of sample preparation

follow the method introduced by Kanig [15,16] and are

described in detail elsewhere [9]. The blend 10/90 LPE/

LLDPE(3) was treated in the acid for eight days, while

the blend 10/90 LPE/LLDPE(5) was treated for ®ve days.

3. Results and discussion

3.1. Blend components

DSC melting endotherms of the branched components

LLDPE(i) i � 1:7 used in this study are given in Fig. 1.

The cooling rate prior to the shown heating traces was

108C/min. A systematic decrease in melting point is

observed as the amount of comonomer increases, the rela-

tionship is approximately linear. This is in agreement to the

results obtained by others [17]. The depression in melting
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Fig. 1. DSC melting endotherms of the different LLDPE(i) i � 1¼7 used

in this study, listed for increasing comonomer content. The cooling and

heating rates applied were 108C/min.



point for increasing comonomer incorporation is explained

by the occurrence of shorter ethylene sequences between

SCB in samples containing high amounts of comonomer

compared to samples containing lower amounts of comono-

mer. Furthermore, the crystallinity of each sample was

calculated using results from density measurements and

observed heats of fusion in DSC. The crystallinity calcu-

lated from density measurements were somewhat higher

than results from DSC, in agreement to earlier published

results [17]. The crystallinity in the samples is generally

found to decrease as the amount of comonomer increases,

e.g. the crystallinity was calculated to 58.3% in LLDPE(1)

compared to 32.7% in LLDPE(7) (from density measure-

ments). However, there are variations among the samples,

e.g. the crystallinity was found to be higher in LLDPE(4)

compared to LLDPE(2), even though the comonomer

content is signi®cantly higher in LLDPE(4) compared to

LLDPE(2). However, other factors such as the molecular

weights of the samples are known to affect the crystallinity

[18] of the polymer samples. The variation in molecular

weights among the samples used in this work (Table 1)

might therefore obscure a systematic variation in the crys-

tallinity, expected from comonomer incorporation.

As mentioned in Section 1, single-site materials are

expected to have a more uniform distribution of SCB

along the polymer chains compared to Ziegler±Natta

based materials. To qualitatively assess the comonomer

distribution in the different copolymers used in this work,

the samples were fractionated using a thermal fractionation

technique based on SSA. This method allows the observa-

tions of structural heterogeneity in the branched blend

components used in this work, since several fractions are

separated by the content of short chain branching. The

results obtained from the SSA technique are shown in

Fig. 2. Multiple melting peaks are observed in all samples.

The samples LLDPE(1) and LLDPE(3) show one prominent

ªlinearº peak together with several smaller peaks, while the

other samples show several peaks of more uniform height.

The comonomer distribution in the samples is generally

dependent of the catalysts employed during polymerisation

and the polymerisation conditions [19±22]. For the samples

used in this study, different catalysts and polymerisation

conditions are employed. The comonomer distributions

are therefore expected to vary among the components. A

semiquantitative approach has been utilised to compare the

homogeneity in short chain distribution among the samples.

According to Knox [23], the depression in the heat of fusion

of the copolymer is given by the relation

DHf � �63 2 5:5 £ C�cal=g �1�

where C denotes the number of SCB/1000 carbon atoms

along the main chains. From this equation and the linear

relationship between the melting points of the copolymers

used in this study and the amount of comonomer, a relation

between the observed heat of fusion and the melting

temperature is obtained. The partial areas of each melting

peak are calculated and compared to the total area. From the

semiquantitative approach described above the amount of

material that constitute each of the melting peaks are deter-

mined. The results from these calculations indicates that the

comonomer distribution is generally more homogeneous in

samples containing low amounts of comonomer compared

to samples containing higher amounts of comonomer. In

LLDPE(3) 76% of the material is found to melt within a

temperature interval of 168C, while this is reduced to 61% in

LLDPE(5). However, variations among the samples are

observed. It is therefore concluded that the branched blend

components used in this work show some structural hetero-

geneity which increases with increasing comonomer
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Fig. 2. DSC melting endotherms of the branched blend components

LLDPE(i) i � 1¼7 after thermal fractionation using the SSA-technique.

The cooling and heating rates applied were 108C/min.

Fig. 3. DSC melting endotherms of the blends 10/90 LPE/LLDPE(1), i �
1¼7: The heating and cooling rates applied were 108C/min.



incorporation. Structural heterogeneity has also been

observed by others in different single-site materials

[14,24,25].

3.2. Blends Ð ªfastº cooling

DSC melting endotherms of the blends 10/90 LPE/

LLDPE(i) i � 1:8 are shown in Fig. 3. The heating and

cooling rates were 108C/min. The blends 10/90 LPE/

LLDPE(i), i � 1:3 show apparently only one single melting

peak and will be referred to later in the text. Three melting

peaks are found in the blend 10/90 LPE/LLDPE(4). The

form and position of the low-temperature peak indicates

that this peak represents melting of mainly the

LLDPE(4) component, i.e. a component rich in

LLDPE(4). At higher temperatures additional two melt-

ing peaks appear. Similar behaviour is observed in the

blends 10/90 LPE/LLDPE(i) i � 5:7: In order to explain

the origin of these melting peaks the heating rate during

the melting scans was varied. Fig. 4 shows the results

obtained from the blend 10/90 LPE/LLDPE(7) when the

heating rate was varied. The cooling rate prior to the

heating scans in Fig. 4 was 108C/min. It is clear from

Fig. 4 that the ratio between the high-temperature peak

and the medium-temperature peak changes with the

heating rate. The low-temperature peak is apparently

unchanged. The medium temperature peak appears to

grow at the expense of the high temperature peak as

the heating rate is increased. This behaviour is more

prominent when the cooling rate prior to melting is

varied. This is shown in Fig. 5. The heating rate is

now constant, 108C/min. From Fig. 5 it is clear that

the high-temperature peak becomes smaller as the cool-

ing rate is lowered and ®nally disappears when the

cooling rate is low enough, 18C/min. in this case. The

blends 10/90 LPE/LLDPE(i) i � 4:6 are found to

possess a similar cooling and heating rate dependency.

Such behaviour has been observed and discussed earlier

in similar blend systems [7,9] and by others in different

blend systems [26±28], and is believed to be explained

from reorganisation of less organised material during

the melting. However, the systematic increase in como-

nomer incorporation that is present in the samples

employed in this work allows for the observation of a

dependency between the reorganisation effects and the

amount of comonomer in the branched blend compo-

nents. In Fig. 2 it is shown that the high temperature

peak in the blends 10/90 LPE/LLDPE(i) i � 4:7; increases

at the expense of the medium temperature peaks as the

amount of comonomer in the branched blend component

increases. When the amount of comonomer is increased

beyond 8 mol% the splitting apparently disappears, as

seen in the blend 10/90 LPE/LLDPE(8). Similar behaviour

has been observed in rapidly quenched blends of the same

LPE component and ethylene±butene copolymers, where

the amount of comonomer is above 5.0 mol% [9].

The melting behaviour of the pure branched blend compo-

nents is quite similar to the results presented in Fig. 1, when the

cooling rate is decreased to 18C/min. The only major differ-

ence is that all the components show higher melting points.

3.3. Blends Ð slow cooling

DSC melting endotherms of the blends 10/90 LPE/

LLDPE(i) i � 1:7 recorded after applying a cooling rate

of 18C/min are shown in Fig. 6. This low cooling rate was

chosen to avoid reorganisation effects, as shown in Fig. 3,

where the heating rate was 108C/min. The blend 10/90 LPE/

LLDPE(1) shows a well-de®ned single melting point, indi-

cating that only one crystal population is present. The

observed melting point and crystallisation temperature of

the blend 10/90 LPE/LLDPE(1) differ only 0.5% from

those calculated using weighted values of the two
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Fig. 4. DSC melting endotherms of the blend 10/90 LPE/LLDPE(7) for

different heating rates applied. The cooling rate prior to the melting

Fig. 5. DSC melting endotherms of the blend 10/90 LPE/LLDPE(7) for

different cooling rates applied prior to the melting. The heating rate was

108C/min.



components in the blend, indicating cocrystallisation among

the blend components. Furthermore, the degree of crystal-

linity of this blend, based on enthalpy of fusion measure-

ments is lower than the calculated crystallinity based on the

assumption that each component form separate crystallites.

See Table 2 for details. A low crystallinity of the blend

compared to the pure blend components has been taken as

an argument in favour of cocrystallisation [2,29]. The

observed melting behaviour of the blend 10/90

LPE(LLDPE(1) therefore suggests that cocrystallisation is

present to an extensive degree in this blend. The same

conclusion can be made when the cooling rate prior to the

melting is 108C/min (Fig. 3). By increasing the amount of

comonomer in the branched blend component to 1.8 mol%

�i � 3� the melting peak of the blend becomes much broader

as compared to the pure branched component, and extends

far into the low-temperature region. This is observed in the

blend 10/90 LPE/LLDPE(3). In this blend the observed

melting point and crystallisation temperature are 2.2%

higher than those calculated using weighted values of the

two blend components, assuming cocrystallisation.

However, the calculated crystallinity of the melting peak

in 10/90 LPE/LLDPE(3) is lower than the crystallinity

calculated assuming separate crystallites. See Table 2 for

details. As previously mentioned, this is an argument in

favour of cocrystallisation. It is therefore believed that

cocrystallisation is present to a certain degree also in this

blend. However, the broad melting peak suggests the exis-

tence of a second melting peak, indicating that the amount

of cocrystallisation is reduced as compared to the blend 10/

90 LPE/LLDPE(1). This conclusion is supported from

observations in TEM. A TEM picture of the blend 10/90

LPE/LLDPE(3) is shown in Fig. 7. Apparently only one

single type of lamellae seems to be present. However, the

measurements of a large number of lamellae give a broad

distribution of lamellae thickness, with a clear tendency

towards a bimodal distribution, which is not present e.g.

in the blend 10/90 LPE/LLDPE(1). The results from TEM

and DSC therefore indicate that the blend 10/90 LPE/

LLDPE(3) contains two major crystal populations. One of

the crystal populations is made from a cocrystal of LPE and

LLDPE(3) while the second population consists of

LLDPE(3)-rich crystals.

The results from thermal fractionation of the LLDPE(3)

sample, shown in Fig. 2 might explain the DSC and TEM

observations. Thermal fractionation of the LLDPE(3) blend

components reveals a dominant ªlinearº fraction at 1168C,

and several minor fractions at lower temperatures. The

amount of comonomer in the dominant fraction is probably

low enough to enable this fraction to cocrystallise with the

LPE blend component during the cooling. The amount of

comonomer in the other nearest fractions is probably much

higher than present in the large fraction, representing chains

that mostly will be excluded from the LPE lamellae during

crystallisation and generate a secondary crystal population.

The melting peak of the blend 10/90 LPE/LLDPE(2) is

also rather broad and extends into the low-temperature

regime. However, the melting peak of the pure LLDPE(2)

blend component is also rather broad and TEM pictures of
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Fig. 6. DSC melting endotherms of the blends 10/90 LPE/LLDPE(i) i �
1¼7 listed for increasing comonomer content in the LLDPE(i) compo-

nents. The heating rate applied was 108C/min. The cooling rate applied was

18C/min.

Table 2

Melting point, crystallisation temperature and crystallinity of the blends 10/90 LPE/LLDPE(i) i � 1¼7: Tm
1 (Tc

1) denotes the melting temperature (crystal-

lisation temperature) of the high-temperature peak in the blends, Tm
2 (Tc

2) denotes the melting temperature (crystallisation temperature) of the low-temperature

peak in the blends. vo refers to the observed crystallinity of the high-temperature peak in the blend (v o
1) and the low-temperature peak in the blend (vo

2). v c

refers to the calculated crystallinity of the high-temperature peak in the blend (v c
1) and the low-temperature peak in the blend (v c

2), assuming completely

separate crystals. The blends experienced a cooling rate of 18C/min, and a heating rate of 108C/min

Blend Tm Tc vo v c

Tm
1 Tm

2 Tc
1 Tc

2 vo
1 v o

2 v c
1 v c

2

LPE/LLDPE(1) 125.5 ± 114.3 ± 56.9 ± 9.1 54.3

LPE/LLDPE(2) 122.5 ± 110.9 ± 49.3 ± 9.1 42.5

LPE/LLDPE(3) 121.7 ± 110.9 ± 48.6 ± 9.1 48.1

LPE/LLDPE(4) 123.5 114.1 113.2 105.6 9.2 31.1 9.1 33.5

LPE/LLDPE(5) 123.9 110.2 112.7 101.7 10.9 31.5 9.1 37.9

LPE/LLDPE(6) 124.9 97.7 116.8 95.4 6.8 27.6 9.1 29.5

LPE/LLDPE(7) 125.5 92.0 115.5 87.4 8.1 20.5 9.1 24.8



this blend do not indicate a bimodal distribution of lamella

thickness.

The blends 10/90 LPE/LLDPE(2) and 10/90 LPE/

LLDPE(3) are found to behave similarly when the cooling

rate is 10 and 18C, shown in Figs. 3 and 6, respectively.

By further increasing the amount of comonomer in the

branched blend component to 2.5 mol%, two separate melting

peaks are found, as seen in the blend 10/90 LPE/LLDPE(4) in

Fig. 6. The DSC results clearly indicate the existence of two

separate crystal populations in this blend. The level of crystal-

linity of the low-temperature peak is, however, found to be

lower than that calculated assuming complete segregation of

the two components (Table 2). Furthermore, the shape of the

low-temperature peak is found to be less sharp than the pure

LLDPE(4) component. These observations might partly be

explained from the inclusion of some LLDPE(4) chains into

the LPE lamellas during crystallisation. In that case, the

remaining LLDPE(4) chains in the blend, excluded from the

LPE crystals, are expected to have a higher overall degree of

branches than the pure LLDPE(4) component and should

therefore melt at a lower temperature; and this is, in fact,

observed. The low-temperature peak in the 10/90 LPE/

LLDPE(4) blend has a melting point 1.18C lower than

observed for the pure LLDPE(4) component.

However, it is also possible that some of the LPE chains

are included into the LLDPE(4) lamellas during crystallisa-

tion, interfering with the crystalline structure of this compo-

nent. For this reason, the low-temperature peak is thought to

represent melting of a fraction rich in the LLDPE(4) compo-

nent. Furthermore, it is clear that the melting point of the

high-temperature peak in the blend 10/90 LPE/LLDPE(4) is

substantially lower (9.48C) than the melting point of the

pure LPE component. Puig et al. [30] have observed a simi-

lar depression of the melting point of the high-temperature

peak in a blend of an LPE and an LDPE and suggest three

reasons for this behaviour:

(a) a diluent effect caused by the LDPE melt;

(b) cocrystallisation of the LDPE component into the LPE

lamella;

(c) a lower lamellae thickness of the LPE component in

the blend.

Puig et al. [17] ®nd all three mechanisms to contribute,

the most important being the last factor. Based on these

results, the depression of the high-temperature peak in the

blends shown in Fig. 6, most probably have a complex

reason and cannot be explained from cocrystallisation

alone. However, the issue to be stressed here is that this

effect is prominent in the 10/90 LPE/LLDPE(4) blend and

could be explained, at least partly, from a limited degree of

cocrystallisation among the blend components.

A further increase in the amount of comonomer in the

branched component will result in a better separation of the

two melting peaks, as seen in the remaining blends: 10/90

LPE/LLDPE(5), 10/90 LPE/LLDPE(6) and LPE/

LLDPE(7), shown in Fig. 6. As discussed earlier in this

paper, reorganisation and/or recrystallisation effects during

the heating scan can result in two separate melting peaks.

Therefore, several heating rates were applied (3, 5, 10, 20

and 408C/min) to the blends 10/90 LPE/LLDPE(i) i � 4¼7:

However, no principal difference was found by varying the

heating rate. Based on these observations it is therefore

believed that the occurrence of two separate melting peaks

found in some of the blends in Fig. 6 represents blends

having two separate crystal populations.

These results are supported from TEM. In contrast to the

TEM picture of the blend 10/90 LPE/LLDPE(3) shown in

Fig. 7, the TEM pictures of the blends 10/90 LPE/LLDPE(i)

i � 5¼7 clearly demonstrate the existence of two separate

crystal populations. A TEM picture of the blend 10/90 LPE/

LLDPE(5) is shown in Fig. 8. A few relatively long and

straight lamellas are found in a matrix of signi®cantly thin-

ner lamellas. The thicker lamellas are believed to represent

lamellas rich in the LPE component, while the thinner

lamellas are believed to represent LLDPE(5)-rich lamellas.

These results are in agreement with the DSC results in Fig. 6.

Some interesting properties of the pure branched compo-

nents and the blends are shown in Fig. 9. As described

earlier in this paper, there seems to exist a linear relationship

between the melting points of the pure branched blend

components and the amount of comonomer incorporated

in these samples. This is shown in Fig. 9. Furthermore, it

is clear that the melting points of the LPE-rich peaks in the

blends are signi®cantly lower than the melting point of the

pure LPE component, in those blends showing two melting
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Fig. 7. TEM picture of the blend 10/90 LPE/LLDPE(3). The blend experi-

enced a cooling rate of 18C/min prior to examination in TEM. The scale bar

in the picture is 100 nm.



peaks in DSC. This observation was discussed above for the

blend 10/90 LPE/LLDPE(4), and explained partly from

cocrystallisation. However, from Fig. 9 it is clear that a

similar depression is also present in the blends 10/90 LPE/

LLDPE(5), 10/90 LPE/LLDPE(6) and 10/90 LPE/

LLDPE(7). This depression is found to be 6.98C in the

blend 10/90 LPE/LLDPE(7) and increases as the comono-

mer content in the branched component decreases. This

indicates that the branched component has a noticeable

in¯uence on the crystallisation of the LPE component in

all blends. Furthermore, it is clear from Fig. 9 that the melt-

ing points of the LLDPE(i)-rich peaks in the blends are

signi®cantly lower than the melting points of the corre-

sponding pure LLDPE(i) peaks, not only for the 10/90

LPE/LLDPE(4) blend discussed above, but also for all

blends showing two melting peaks. This result might indi-

cate that even in e.g. LLDPE(6) there exists chain segments

that are able to cocrystallise with LPE, giving the

remaining excluded LLDPE(6) chains a higher overall

degree of branches melting at lower temperatures. The

thermal fractionation of the LLDPE(6) component,

shown in Fig. 2, indicate that such chain segments probably

are present.

Furthermore, from Table 2 it is clear that the crystallinity

of the LLDPE-rich peaks is lower than that calculated

assuming separate crystallites, in all blends showing two

melting peaks. Based on these results it is concluded that

a limited degree of cocrystallisation seems to be present in

all blends used in this work.

An apparently perfect cocrystallisation seems to be

present in the 10/90 LPE/LLDPE(1) blend, while the blends

10/90 LPE/LLDPE(6) and 10/90 LPE/LLDPE(7) show

cocrystallisation only to a limited degree. There does not

seem to exist any sharp limit between materials able to

cocrystallise and materials unable to cocrystallise, which

we would expect when single-site materials are employed.

The transition between a single melting point (in 10/90 LPE/

LLDPE(3)) and two separate melting points (in 10/90 LPE/

LLDPE(4)), shown in Fig. 6, is believed to be an effect due

to the limited resolving capability of the DSC instrument.

The broad tail of the 10/90LPE/LLDPE(3) blend, extending

far into the low-temperature regime suggests that this peak

actually consists of two melting peaks close in temperature.

This is supported from TEM and the thermal fractionation
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Fig. 9. Details of the blends presented in Fig. 6. The dotted lines indicate the melting point of the pure LPE component (132.98C). The rectangular boxes

indicate the melting points of the LPE-rich components in the blends, for increasing amount of comonomer in the branched blend components. The rotated

squares indicate the melting points of the LLDPE-rich components in the blends for increasing amount of comonomer in the branched blend components. The

triangles indicate the melting points of the pure branched blend components for increasing amounts of comonomer incorporated.

Fig. 8. TEM picture of the blend 10/90 LPE/LLDPE(5). The blend experi-

enced a cooling rate of 18C/min prior to the examination in TEM. The scale

bar in the picture is 30 nm.



of the sample. The limited resolving capability of the DSC

instrument will, however, result in one single, but broad

melting peak. It is convenient to state the resolving limit

of the DSC instrument in terms of the amount of comono-

mer in the branched blend component. For the sample

preparation technique, types of material and crystallisation

history of the samples used in this study, the DSC resolution

limit seems to be approximately 2.0 mol% hexene incor-

poration in the branched blend component.

3.4. Other blend compositions

The behaviour observed in the blends 10/90 LPE/

LLDPE(1) i � 1¼7 is found to be somewhat different

when the ratio of the blend components is varied. DSC

melting endotherms of the blends 50/50 LPE/LLDPE(i) i �
1¼7 are shown in Fig. 10. The cooling rate prior to the

heating scans shown in Fig. 10 was 108C/min. The blends

50/50 LPE/LLDPE(1) and 50/50 LPE/LLDPE(3) show

rather sharp well-de®ned melting peaks indicating the exis-

tence of only one crystal population. The melting endotherm

of the blend 50/50 LPE/LLDPE(2) indicates the presence of

a secondary crystal population. However, the lamella thick-

ness distributions, measured from TEM pictures, showed no

bimodal tendency in this sample (or the 50/50 LPE/

LLDPE(1) and the 50/50LPE/LLDPE(3) blend samples).

It is therefore believed that only one single crystal popula-

tion is present in these blends. When the amount of como-

nomer is increased from 1.8 to 2.5 mol%, two separate

melting peaks appear, the same observation as for the 10/

90 blends. No apparent effect of reorganisation during heat-

ing is found to be present in these blends containing 50 wt%

of the linear blend component, applying a cooling rate of

108C/min. However, if the amount of the linear blend

component is reduced to 25 wt%, an additional sharp peak

is present (not shown here). It has been demonstrated else-

where that reorganisation effects will also be present in

50/50 blends of similar materials when the cooling rate

is increased [9]. When the cooling rate is decreased to

18C/min, the behaviour of the blends 50/50 LPE/

LLDPE(i) i � 1¼7 are similar to the behaviour presented

in Fig. 10.

DSC melting endotherms of the blends 75/25 LPE/

LLDPE(i) i � 4¼7 are shown in Fig. 11. The cooling rate

prior to the heating scans shown in Fig. 11 was 108C/min.

As observed for the other blend ratios, two melting

peaks are present as the amount of comonomer is

increased from 1.8 to 2.5 mol%. The LLDPE(i)-rich

peaks in the blends are hardly visible unless the vertical

scale is expanded (the LLDPE(i)-rich peaks are indi-

cated by arrows in Fig. 11). The remaining blends 75/

25 LPE/LLDPE(i): i � 1¼3 are not included in Fig. 11,

since the minor melting peaks in the blends 75/25 LPE/

LLDPE(i) i � 4¼7 then would be invisible. However,

these blends show one sharp melting peak, indicating

the existence of a single crystal population. As for the

50/50 blends, no reorganisation effects are found to be

present. However, when the cooling rate prior to melt-

ing is increased, a shoulder (or sometimes a small and

very sharp peak) is visible in addition to the two other

melting peaks [9]. The behaviour of the blends shown in

Fig. 11 is found to be similar when the cooling rate is

reduced to 18C/min.

3.5. Effects of the phase behaviour in the melt

In an earlier work, the phase behaviour in the melt for

similar blend systems was investigated [9]. One of the blend

systems used in Ref. [9] was comparable to the blend LPE/

LLDPE(5) used here. In Ref. [9] the blends were held in the

melt and thereafter quenched, involving extremely high
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Fig. 10. DSC melting endotherms of the blends 50/50 LPE/LLDPE(i) i �
1¼7 listed for increasing comonomer content in the LLDPE(i) component.

The heating and cooling rate applied was 108C/min.

Fig. 11. DSC melting endotherms of the blends 75/25 LPE/LLDPE(i) i �
1¼7 listed for increasing comonomer content in the LLDPE(i) component.

The heating and cooling rate applied was 108C/min.



cooling rates. The blends were thereafter explored by DSC,

TEM and AFM, and a morphology map of the melt phase of

the blends could then be constructed. A morphology map of

the blend system in Ref. [9], comparable to the blend system

LPE/LLDPE(5) is given in Fig. 12. The morphology map is

simply a coordinate system, where the x-axis gives the

amount (in wt%) of the linear component in the blend.

The y-axis gives the temperature from which the melt was

quenched. A particular blend, quenched from a particular

temperature determines a coordinate (x,y) in the morphol-

ogy map. This coordinate (x,y) will be written as an ªMº in

the morphology map if the DSC and TEM results indicate

that this particular blend is believed to be homogeneous

(mixed) in the melt prior to quenching. The letter ªSº will

be used to indicate that the blend is believed to be separated

in the melt prior to quenching. As shown in Fig. 12, the 10/

90 blend is found to be phase separated in the melt at the

whole temperature region from 130 to 2008C, and expected

to persist further down in temperature. It is therefore

expected that crystallisation of the 10/90 LPE/LLDPE(5)

took place from a phase separated melt, in agreement to

the observation of two crystal population in the blend 10/

90 LPE/LLDPE(5) from DSC and TEM in Figs. 6 and 8,

respectively. The same conclusion can be made for blends

of LPE/LLDPE(5) containing 50% (by weight) of the LPE

component (Fig. 12). However, if the amount of the linear

component is increased to 75% (by weight) the morphology

map in Fig. 12 indicates that the melt is found to be homo-

geneous in the whole temperature region from 130 to 2008C,

and expected to persist for lower temperatures. It is there-

fore believed that crystallisation of the 75/25 LPE/

LLDPE(5) blend took place from a homogeneous melt.

The observation of two separate crystal populations in this

blend from DSC (Fig. 11) and from TEM (not shown here)

therefore indicates that this separation of the blend compo-

nents is a crystallisation induced separation. The other

blends in this study differ somewhat from the blends used

in Ref. [9], and will not be discussed here further.

4. Conclusions

In this work a low-molecular-weight single-site LPE has

been blended with several different single-site ethylene±

hexene copolymers. The blends experienced two different

cooling rates, 10 and 18C/min, and were examined by DSC

and TEM. Based on the experimental procedures that are

employed in this work, the most important ®nding are listed

below:

² In blends containing 10 wt% of the linear blend compo-

nent, even 1.8 mol% comonomer in the branched blend

component is suf®cient to create two separate crystal

populations. This limit is lower than observed in blends

containing Ziegler±Natta based materials, indicating a

more homogeneous distribution of SCB in the single-

site materials used here. However, a limited degree of

cocrystallisation seems to be present even for relatively

high amount of comonomer in these blends. This is most

probably the result of some structural heterogeneity in

the branched blend components. In blends containing

50 and 75 wt% of the linear blend component,

2.5 mol% comonomer in the branched blend component

is suf®cient to create separate crystal populations.

² Reorganisation effects are found to depend on the cooling

and heating rates applied, the composition of the blends

and the amount of comonomer in the branched blend

components.

² The branched blend components show considerable

structural heterogeneity in the comonomer distribution,

even though the materials are synthesised using single-

site catalysts. The comonomer distribution seems to be

more heterogeneous when more comonomer is incorpo-

rated, in the branched blend components used in this

work.
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