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Abstract

Branched polyethylenes, low density polyethylenes (LDPE) or long-chain branched very low density polyethylenes (VLDPE), were

blended with VLDPEs containing short branches. The melting behaviour of pure copolymers and their blends were investigated using

differential scanning calorimetry (DSC) after applying stepwise isothermal crystallisation (`thermal fractionation'). Thermal fractionation

separates polymers according to their branching densities and fractionated curves used to determine the short-chain branching distribution

(SCB), crystallisation and miscibility of blends. When both polymers have similar unbranched segments, they may co-crystallise if they are

miscible in the melt. The co-crystallisation is observed to occur in all sets of blends, however, the extent of co-crystallisation varies from

blend to blend. The blends of metallocene-catalysed VLDPE1 and LDPEs show signi®cant deviation from the additivity rule indicating the

greater co-crystallisation and hence melt miscibility at all compositions. The extent of co-crystallisation decreases for the VLDPE1 blends

containing long-chain branched VLDPE2 and increases for Ziegler±Natta-catalysed VLDPE3±VLDPE2 blends, as the VLDPE2 content

increases. DSC fractionated curves allow detailed examination of co-crystallisation and miscibility of blends that is also comparable to the

results gained by temperature rising elution fractionation. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The characterisation of polymer blends by new and

improved analytical techniques is of great interest. Tempera-

ture rising elution fractionation (TREF), a technique that frac-

tionates polymers according to the crystallisability is the

frequently used method to analyse molecular heterogeneity

parameters of polymers [1]. Due to the lengthy steps, handling

of large amount of toxic solvents and high cost involved TREF

procedures are not amenable to use in most laboratories.

Nevertheless, the TREF separation becomes less effective as

the crystallinity of polymer is decreased. Therefore, alterna-

tive methods [2,3] including fractionation methods in a differ-

ential scanning calorimetry (DSC) have been considered.

Many of these DSC fractionation methods are based on the

subsequent analysis of melting behaviour of the sample after

applying a particular thermal treatment such as stepwise

annealing [4,5], stepwise cooling [5±18] and combination of

the above procedures [5,19].

Our group has recently investigated a stepwise slow cool-

ing program (called `thermal fractionation') to fractionate

different grades of ethylene copolymers [20±22] and blends

[23,24]. During the crystallisation, molecules or segments of

molecules containing similar branch densities are separated

and crystallised together. Also, the short branches and the

branch points of long branches are excluded from the crystals;

however, the long branches participate in crystallisation. It is

generally believed that branches which are longer than methyl

or ethyl are mostly excluded from the crystal lattice [25]. The

extent of incorporation of branches within the crystal are

mainly dependent on the crystallisation conditions, and rapid

or quenched crystallisation allows certain branched types to be

included in the crystals [26]. Moreover, it has been shown that

it is the branch content rather than branch type that is important

in determining crystallisation [27]. However, the exclusion of

branch points from crystals should be completed due to the

long equilibration time used (50 min) at each isothermal crys-

tallisation temperature. Consequently, after thermal fractiona-

tion, the polymer crystal contains a group of lamellae of

different thickness, which are separated according to the

branching densities. Liu and co-workers [28] have recently

shown that the ethyl and hexyl branches are in fact excluded

from the crystal, and a considerable amount of crystal perfec-

tion is observed to occur in single-site polymers during the

thermal fractionation process. The thermal fractionation
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principle is similar to TREF, however, no actual physical

separation is obtained.

The applications of DSC fractionation to polymers

include analysis of short-chain branching distribution

(SCB), phase separation [12,14], miscibility behaviour of

blends [23,24,29] and reaction mechanism for grafting

[13,30,31], etc. Most of the emphasis is on the characterisa-

tion of copolymers by analysing the ethylene run sequence

between branch points [6,11,13,15,17,18,20,22±24,29,31].

Recently, MuÈller and co-workers [29] have applied succes-

sive self-nucleation/annealing (SSA) [19] method, which is

based on the superposition of self-nucleation and annealing

cycles, to evaluate the miscibility of high density polyethy-

lene (HDPE)±linear low density polyethylene (LLDPE)

blends. We have also used a stepwise slow cooling program

to examine the co-crystallisation and miscibility of octene

LLDPE±very low density polyethylene (VLDPE) [23] and

hexene rich LLDPE±low density polyethylene (LDPE)

blends [24]. When used in conjunction with other analytical

techniques, DSC fractionation has also been useful in eluci-

dating the components of unidenti®ed blends[11,16,31,32].

LLDPEs are often blended with LDPEs in order to

improve the processability and optical properties [33]. The

morphology of these blends is determined by the phase

segregation and/or miscibility of polymers in the blend

which is strongly dependent on the branch concentration,

blend composition and crystallisation conditions. Numerous

studies have been devoted to investigate the crystallisation

behaviour of LLDPE±LDPE blends, however, the pheno-

mena of co-crystallisation and separate crystallisation is still

controversial. Since most of these works are performed on

blends of Ziegler±Natta (ZN)-catalysed LLDPE that

contain considerable compositional heterogeneity, it is dif®-

cult to distinguish which portion of the molecule takes part

in the co-crystallisation or separate crystallisation. None-

theless, single-site catalyst technology allows synthesising

of polymers with comparatively narrower molecular weight

distributions along with almost uniformly distributed

narrower branch distributions. Because of their well-de®ned

molecular structures, the blends containing single-site poly-

mers are expected to alleviate the problems occurring in the

blends of ZN-catalysed LLDPEs. The frequently studied

blends are those in which one component is HDPE [34±

38]. Zhao et al. [36] and Lee and Jho [38] concluded that

the ZN LLDPEs are more miscible to HDPE than metallo-

cene LLDPEs. It is argued that the heterogeneity of the

molecular and composition distributions of ZN LLDPE

causes easier co-crystallisation whereas, more uniform

distribution makes it dif®cult. Furthermore, the studies on

these blends have shown that as the branch content of the

single-site polymer is increased, co-crystallisation

diminishes and results in the formation of two phases

[34,35,37].

In this study, the crystallisation and miscibility behaviour

of single-site polyethylene blends were investigated after

subjecting them to a sequential slow crystallisation program

in a DSC. The variation in crystal population under each

lamella with an addition of the second polymer was parti-

cularly examined. In addition, the distribution of SCB of

pure copolymers and blends are also evaluated. These

blend systems are especially designed to introduce long

branches into a polymer that has only short branches,

expecting to modify the morphology of blends so that the

properties such as haze, gloss and strain hardening are

improved.

2. Experimental

The polymers used in this study are commercial polyethy-

lenes and the characteristics of these polymers are presented

in Table 1. 1-Butene, 1-octene copolymers and LDPEs were

supplied by Kemcor Australia Ltd., Dow Plastics, and Orica

Pty Ltd., respectively. These polymers were selected

because they contain overlapping regions of melting or

molecules with common unbranched segments. The

LLDPEs of densities between 0.89 and 0.91 g cm21 are

called VLDPEs [39] and the following four blend sets

were prepared.

1. VLDPE1±LDPE1

2. VLDPE1±LDPE2

3. VLDPE1±VLDPE2

4. VLDPE3±VLDPE2

In these systems, all the ®rst components, VLDPE1 and

VLDPE3 contain only short-chain branches, whereas all

the second components, LDPE1, LDPE2 and VLDPE2

have both short and long-chain branches.

2.1. Blend preparation

The blends with varying compositions (by weight) were

prepared by melt extrusion using an Axon BX-12 single-

screw extruder (Axon Australia Pty. Ltd.) with a Gateway

screw of 12.5 mm diameter and a length:diameter ratio of

26:1. The operating temperature pro®le was 140, 195, 200

and 1708C, for feeding, compression, metering and die-end

zone, respectively and the screw speed was 60 rpm. The hot

strands of the blends were quenched in water at room

temperature, dried and ®nally granulated.

2.2. Differential scanning calorimetry

The DSC measurements were performed on a Perkin±

Elmer Series DSC7 calorimeter under a nitrogen purge

(15 ml min21). Sample masses of 3±4 mg were encapsu-

lated in aluminium pans with a crimper and the samples

were ®rst melted at 1808C for 5 min to remove previous

thermal history. The samples were then cooled to 108C at

a rate of 108C min21 and reheated to 1808C at the same rate.

The melting (Tm) and crystallisation (Tc) temperatures were

measured. The baseline scan was performed using a similar

F. Chen et al. / Polymer 42 (2001) 4579±45874580



empty pan. The calorimeter was calibrated for temperature

and heat ¯ow using indium and zinc standards and the cali-

bration was regularly checked against the onset melting

temperature of indium.

2.3. Thermal fractionation method

Thermal fractionation was carried out in a Perkin±Elmer

Pyris1 DSC ¯ushed with dry nitrogen. Before the fractiona-

tion, all the samples were held at 1808C for 5 min to elimi-

nate any effects from previous thermal memory. The

samples were then rapidly cooled to the ®rst isothermal

crystallisation temperature (Tc1) at a rate of 2008C min21

and held for 50 min. Subsequently, the samples were

again cooled to the next Tc2 at a rate of 2008C min21 and

the isothermal crystallisation was followed for another

50 min. Then the process was repeated at intervals of 48C
until the ®nal temperature reached 248C. The average cool-

ing rate used here was 0.088C min21, which was in the order

of the rate used in TREF analysis.

Different temperature ranges were selected for different

types of polymers and their blends. The Tc1 for VLDPE3 and

the blends of VLDPE3±VLDPE2 was 1248C, whereas

1168C was used as the Tc1 for all other polymers and blends.

The Tc1 values were calculated by adding 128C (three 48C
steps) to the crystallisation onset temperature at

0.088C min21 rate (Tc,0.08), which was obtained from the

cooling rate versus crystallisation onset temperature curves.

Finally, their melting behaviour was obtained by heating the

treated samples from 10 to 1508C at a rate of 108C min21 on

a Perkin±Elmer DSC7.

2.4. Data analysis

The speci®c heat curve was calculated from raw heat ¯ow

curve by using Pyris software version 3.72. The relation-

ships between melting peak temperature (Tmx, where x �
1; 2; 3;¼�; short-chain branching (B) and degree of crystal-

linity (x c), which were derived from TREF data reported by

Hosoda [40], were as follows [22].

1-butene comonomers Tmx � 21:55B 1 134

xc � 21:32B 1 82;

1-octene comonomers Tmx � 22:18B 1 134

xc � 22:51B 1 86:

Furthermore, the amount of polymer under each fraction

was estimated using the following equation, %Polymer �
�partial area=%xc� £ 100:

3. Results and discussion

3.1. Optimum conditions for thermal fractionation

The thermal fractionation technique used here is a step-

wise slow cooling program. In order to achieve a better

fractionation for individual polymers, careful selection of

experimental parameters, such as Tc1, temperature interval,

isothermal time and the ®nal isothermal crystallisation

temperature (Tcf) is very important. The Tc values of pure

polymers are within the range of 75±1018C at a rate of

108C min21 (Table 1). Since the thermal fractionation is

carried out at an average rate of 0.088C min21, it is neces-

sary to obtain Tc,0.08 values for each polymer. These values

are estimated by plotting the cooling rate versus Tc,onset

curves. The determination of Tc1 is very important because

the isothermal crystallisation is very sensitive to the

temperature chosen. If the sample was directly cooled to

Tc,0.08 from the melt at a fast cooling rate of 2008C min21,

the actual temperature of the sample would shoot to about

0.5±0.68C below the program temperature (Tc,0.08) in the

DSC. Under this circumstance, the sample becomes
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Table 1

Properties of polymers

Properties VLDPE1a VLDPE2b VLDPE3c LDPE1d LDPE2d

Comonomer Butene Octene Octene

Catalyst typee M S ZN P P

MFI (dg min21) 27.0 1.0 1.0 7.0 22.0

Density (g cm23) 0.901 0.908 0.912 0.919 0.918

Mw 58,000 96,700 1,20,000 4,74,000 89,000

Mw/Mn 2.65 2.86 3.80 23.3 4.4

Comonomer

content (mol%)

6.3 2.4 4.2

Tm (8C) 92.7 105.4 123.0 106.5 103.9

Tc (8C) 76.6 90.3 100.5 87.8 87.1

a Ref. [34].
b Ref. [35].
c Refs. [28,48].
d Data were taken from chemical data sheets published by the manufacturer.
e ZN: ZN catalyst; S: Constrained geometry single-site catalyst; M: Metallocene; and P: Peroxide.



overcooled and the crystallisation can be initiated producing

incorrect thermal fractionation data. Accordingly, it is

necessary to select a higher temperature that keeps the

sample completely in the melt as the ®rst isothermal crystal-

lisation temperature, and the Tc1 is then determined by

adding three 48C consecutive isothermal crystallisation

steps (total of 128C) to the Tc,0.08 values.

In order to examine the sensitivity of Tc1 to the fractiona-

tion, VLDPE2 was fractionated at various temperature

ranges (115±23, 116±24, 117±25 and 118±268C) and the

melting curves obtained after fractionation are shown in

Fig. 1. The curves reveal the importance of the starting

crystallisation temperature. When the Tc1 increased from

115 to 1188C, the large double peaks showed a progressive

change in the ratio of the two peaks, from two approximate

peaks to one peak with a small shoulder. At the same time,

the peak temperatures of the double peak were also

increased from 107, 108, 109 to 1108C (a shoulder) for

Tm1 and from 103, 104, 105 to 1068C for Tm2. This suggests

that the temperature of 1188C was too high a temperature for

most of the lightly branched molecules to crystallise. As the

starting crystallisation temperature was decreased by 18C
each time, more lightly branched fractions could crystallise.

The next highest melting peak (Tm3) exhibits a similar

change in area (crystal population) with the largest peak

appearing at the highest Tc1. The rest of the melting peaks

were approximately constant in the area for each fractiona-

tion. The maximum resolution between peaks was achieved

with temperature intervals of 48C. If less than 48C was used,

the peaks were likely to merge [41].

Two isothermal crystallisation times of 50 and 100 min

were tested for long-branched VLDPE2 and LDPE2 poly-

mers. The same resolutions were obtained for each polymer

at each isothermal time suggesting that stepwise cooling

program used here with 50 min holding time will allow

adequate time to form crystals. Therefore, the 50 min

holding time was selected for the experiments. Moreover,

in order to determine a suitable Tcf, the polymers were frac-

tionated within the ranges of 116±24 and 116±448C. It was

found that only the fractionated curves of VLDPE1 were

different under the various Tcf. In the curve obtained with a

higher Tcf (448C), the region especially below 448C did not

show any fractionation while better fractionation was seen

with Tcf of 248C. Such a relatively low melting range (24±

1058C) of VLDPE1 (see the bottom curve in Fig. 2) is due to

the wide SCB of this polymer.

3.2. LDPE blends

Fig. 2 displays the melting curves of VLDPE1±LDPE1

blends after thermal fractionation. All curves show a series

of melting peaks that depict the melting of crystallites of

speci®c branch density. The number of peaks in the melting

curves correspond to the number of crystallisation steps

used in the thermal fractionation program below the onset

of crystallisation temperature of the polymer. Also, the peak

melting temperatures for all polymers are almost the same

since they are determined by the stepwise isothermal

temperatures used in thermal fractionation. LDPE1 (top

curve) shows a large unresolved double peak preceded by

a series of small lower temperature peaks in the range of

60±1088C. These characteristic peaks are preserved and the

double peak gets more resolved in the blends as the LDPE1

is diluted by VLDPE1. VLDPE1 also contains a series of

peaks covering the range 50±1058C with the peak at 928C
being the largest. As we can see from the ®gure, a new set of

peaks develop at around 1118C when LDPE1 composition

decreases. This is unexpected because VLDPE1 does not

show any melting peaks above 988C and the LDPE1

shows melting peaks only below 1088C. The presence of

such an additional endotherm has also been observed for

slowly-cooled LLDPE±LDPE blends by other researchers

[24,42].

Two explanations can be envisaged for the growth of the

new peak. It may suggest the development of a miscible

phase that arises from the co-crystallisation between the

molecules, with the longest segments between branches

from the VLDPE1 and LDPE1 or it can be considered as

a consequence of nucleation of VLDPE1 by LDPE1. The

formation of a miscible co-crystalline phase has also been

detected between the linear or lightly branched portions of

HDPE and LDPE in HDPE±LDPE blends and is con®rmed

by preparative TREF by Fonseca and Harrison [43]. The

nucleating effect of LLDPE has been observed when the

temperature is held above the melting of pure branched

polyethylenes (LDPE) [44,45]. Here, since VLDPE1

remains as liquid above 1058C, LDPE1 phase can act as a
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nucleating agent of VLDPE1 phase, allowing little co-

crystallisation to occur.

The in¯uence of blending was further examined by

comparison with calculated curves (thin solid lines) which

were obtained by adding the component speci®c heat curves

in the same proportion in which they were present in the

blend. The DSC curves of each polymer will be an additive

in the blend if blends crystallise in the same way as in the

pure polymers. The peaks in the lower temperature melting

regions (Tm , 978C) are additive as shown by the coin-

cidence of the calculated and experimental melting curves,

however, the higher melting peaks are not clearly additive.

A greater disagreement is seen for the lightly branched or

linear part of the molecule. The calculated curve displays a

unresolved main melting peak for LDPE1, whereas the

observed curve contains two resolved peaks within the

same temperature range. Furthermore, the newly developed

peak (Tm1) is also not observed in the calculated curve. The

ratios of partial area between experimental and calculated

curves obtained in the four temperature regions are shown in

Table 2. Since the crystal population is proportional to the

area under each peak, the ratios greater than one indicate an

increase in population and vice versa. The signi®cant

deviation from one is clearly seen for the entire composi-

tions. Interestingly, the remarkable changes are observed for

blends containing up to 30% LDPE. The increase in popula-

tion in regions A±B and decrease in C±D clearly indicates

the shift of the population to higher temperatures. These

differences suggest that the two polymers are having an

effect on their crystallisation in the blend. Therefore, they

are able to co-crystallise at all compositions and could be

miscible or partially miscible in the melt. The miscibility of

blends has also been examined by preparative TREF

[43,46], and the TREF analysis on mixtures of LLDPE

and LDPE suggests that fractions containing similar

branches are more likely to miscible than fractions with

different branch contents, indicating co-crystallisation

between the similar branch segments [46]. Moreover, the

use of speci®c heat curves for the DSC results has enabled

this procedure to be used since heat ¯ow curves only

provide relative DSC curves.

Similar trends of melting are seen for the fractionated

blends of VLDPE1±LDPE2 and the pure LDPE2 (not

shown here). The main difference between LDPE1 and

LDPE2 is the polydispersity (i.e. melt ¯ow index) of the

polymers, and therefore, the melting behaviour of these

two blends indicates that the polydispersity or molar mass

has no effect on co-crystallisation as suggested by other

researchers [47]. This is not surprising since it is the

unbranched segments that co-crystallise not the whole

molecule under the thermal fractionation. If the fractiona-

tion were in¯uenced by mutual solubility of polymers in the

blend, then differences would be expected. Molar mass does

in¯uence solubility, so in these blends it is likely that the

two polyethylenes are completely soluble.

3.3. VLDPE1±VLDPE2 blends

VLDPE1 and VLDPE2 are both single-site-initiated

copolymers. VLDPE1 is a traditional metallocene-catalysed

ethylene±butene copolymer containing only short branches

whereas VLDPE2 is an ethylene±octene copolymer with

incorporated long-chain branches, which is produced by

the Dow constrained geometry catalyst technology

(CGCT) [48,49]. The speci®c heat melting curves of blends

of VLDPE1±VLDPE2 after thermal fractionation are

shown in Fig. 3, and the corresponding partial area ratios

are given in Table 2. Again, the appearance of a small peak

(Tm1), above 1108C is seen suggesting that some molecular

segments within butene VLDPE1 must be long enough to

crystallise into octene VLDPE2 lamellae at higher tempera-

tures. The fractions melting below 978C show close agree-

ment between the calculated and experimental curves,

whereas the melting region above 978C where only the

VLDPE2 melts displays signi®cant changes. As seen from

Table 2, the partial area ratios have changed with the

composition of VLDPE1, however, the changes with lightly

branched molecules (regions A and B) are rather signi®cant

when VLDPE2 content is below 50%. These changes reveal
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that there is some co-crystallisation and hence partial mis-

cibility at these compositions. However, the extent of co-

crystallisation apparently decreases at VLDPE2 content of

50% or more. Similar behaviour was also found for HDPE±

VLDPE2 blends, cooled at a rate of 108C min21, by

Schellenberg and Wagner [35]. In this study, they also

found that polymers were not miscible over entire composi-

tion range and phase separation occurred at above 50% or

higher VLDPE2 contents. While, Hill and Barham have

constructed the morphology maps for the blends of

VLDPE1, they observed the single morphologies for all

compositions for the rapidly quenched blends of butene

VLDPE1±hexene VLDPE with similar branch contents

(6.3 mol%) while, two crystal types were seen when the

branch content is varied [50]. Thus, these mixed blends

(ethylene±butene and ethylene±octene) with different aver-

age branch contents (6.3 versus 2.4 mol%) show some phase

separation and/or miscibility as the VLDPE2 composition is

varied.

It is proposed that these co-crystallisation and changes to

the crystallinity in blends are responsible for the modi®ca-

tion of the mechanical and optical properties of ®lms, such

as increased gloss and reduced haze. Nonetheless, the long

branches of VLDPE2 are not drastically in¯uenced by these

properties, yet they are expected to increase the shear thin-

ning characteristics of the rheology due to the reduced

amount of long-chain branches at 0.01±1 per 1000 carbons

[49].

3.4. VLDPE3±VLDPE2 blends

Fig. 4 illustrates the DSC speci®c heat melting curve for

the thermally fractionated blends of VLDPE3±VLDPE2.

VLDPE3 is a ZN-initiated ethylene±octene copolymer,

which re¯ects a broader distribution of short-chain branches

compared to those of single-site initiated VLDPE1 and

VLDPE2. The calculated and observed curves were closely

matched in the blends below 20% VLDPE2 blend indicating

that two polymers could have crystallised independently. In

contrast, above 30% VLDPE2 blend displayed signi®cant

differences between the calculated and observed curves. The

most prominent difference is the better resolution at 107 and

1038C peaks in the experimental curves and the resolution

between the calculated and experimental curves is improved

as the VLDPE2 content decreases. The partial area ratios,

shown in Table 2, are approximately constant when the

content of VLDPE2 reduces, indicating that co-crystallisa-

tion diminishes as long-chain branched octene VLDPE2

content decreases. Again, in these blends where the branch
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Table 2

Partial area ratios between the experimental and calculated curves of blends

Partial areaexp/partial areacal

A

(.1018C)

B

(97±1018C)

C

(62±978C)

D

(,628C)

VLDPE1±LDPE1

75% LDPE1 1.05 1.32 0.94 0.94

50% LDPE1 1.12 1.16 0.97 0.89

30% LDPE1 1.41 1.67 0.89 0.93

20% LDPE1 1.23 2.42 0.91 0.97

10% LDPE1 1.37 2.70 0.91 0.98

VLDPE1±LDPE2

75% LDPE2 1.15 1.05 0.94 0.93

50% LDPE2 1.28 1.36 0.89 0.98

30% LDPE2 1.30 2.21 0.88 0.96

20% LDPE2 0.84 2.36 0.93 1.01

10% LDPE2 1.45 2.01 0.92 1.03

VLDPE1±VLDPE2

75% VLDPE2 1.06 1.26 0.92 1.04

50% VLDPE2 1.35 1.31 0.85 0.99

30% VLDPE2 1.51 1.63 0.88 0.93

20% VLDPE2 1.37 1.61 0.91 1.05

10% VLDPE2 1.23 1.92 0.94 1.02

A

(.1138C)

B

(101±1138C)

C

(73±1018C)

D

(,738C)

VLDPE3±VLDPE2

75% VLDPE2 1.13 0.94 1.13 0.77

50% VLDPE2 1.10 0.91 1.08 0.90

30% VLDPE2 0.96 0.94 1.07 1.02

20% VLDPE2 0.98 0.91 1.05 1.11

10% VLDPE2 0.93 0.95 1.03 1.20



content is dissimilar (2.4 versus 4.2 mol%), co-crystallisa-

tion/separate crystallisation is seen.

Compared with the results from standard DSC curves

obtained after cooling at 108C min21 for same blends, simi-

lar conclusions for the morphology of the blends are

obtained [51], but thermal fractionation is a more sensitive

method and provides more details. In addition, thermal frac-

tionation is also useful in situations where the copolymers

exhibit broad melting peaks over a wide range making DSC

data less clear.

3.5. Short-chain branch distribution of the blends and pure

polymers

As mentioned earlier, during the thermal fractionation,

the branches are excluded from the crystal and the segment

length of ethylene unit will limit the lamella thickness.

Therefore, subsequent melting of fractionated polymer can

reveal the lamella thickness distribution and hence SCB

distribution. Since Hosoda [40] has ®rst suggested the

compositional distribution analysis from DSC data for

LLDPEs, many researchers [7,15,17,22,23,29,31] have

correlated melting temperature obtained using DSC with

the degree of branching obtained by TREF analysis. A linear

relationship between Tm and SCB is assumed, and the rela-

tionship depends on the type of comonomer. The SCB

distributions of VLDPE2 and VLDPE3, calculated using

the above equations are given in Table 3. It can be seen

that the distributions of short-chain branches for the three

types of polymers are quite different and not very homo-

geneous. ZN-type VLDPE3 has very broad SCB distribution

(from 5 to 29), and these values are also in agreement with

results obtained for LLDPE (0±30) by TREF analysis. In

contrast, VLDPE1 and VLDPE2 have relatively narrow

SCB distribution, but their ranges are different, that is,

from 12 to 27 for VLDPE2 and from 25 to 45 for

VLDPE1. This is to be expected due to the single-site nature

of the catalysts used for the polymerisation of VLDPE1 and

VLDPE2. If every component in the blend has the same

comonomer and the type of comonomer is known, the

SCB distribution for the blends can be obtained. Calculated

branch densities along with SCB distribution for the blends

of VLDPE3±VLDPE2 are presented in Table 3, which

shows different branch densities with different composition

ratios of the blends. The melting peaks within the

fractionated DSC curves are a function of the fractionation
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conditions, but they do re¯ect the distribution of branches

within each polymer.

4. Conclusions

The thermal analysis of the blends of VLDPE1 or

VLDPE3 with short-chain branches and LDPEs or

VLDPE2 with long-chain branches after thermal fractiona-

tion has shown that the co-crystallisation occurs between the

two polyethylenes in most blends according to the deviation

from the additivity rule. It is also found that the level of co-

crystallisation is different for each blend set. For the blends

of VLDPE1±LDPEs, the co-crystallisation is found to occur

at all compositions, and the presence of similar morpholo-

gies between the blends of VLDPE1±LDPE1 and

VLDPE1±LDPE2 also indicates that molar mass or poly-

dispersity is not important. However, the co-crystallisation

for the blends of VLDPE1 and long-chain branched

VLDPE2 increases with decreasing VLDPE2 content,

while the co-crystallisation for the ZN-catalysed

VLDPE3±VLDPE2 blends decreases with decreasing

VLDPE2 content. Nevertheless, VLDPE2 did not cause a

signi®cant change in the morphology of VLDPE1 and

VLDPE3, perhaps due to the relatively small number of

long branches in VLDPE2 compared with LDPEs. In addi-

tion, the approximate distributions of short-chain branches

of polyethylene blends can be obtained if every component

in the blend has the same comonomer and the type of como-

nomer is known. Therefore, thermal fractionation by DSC is

a powerful tool to characterise branched polymers and their

blends.
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