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Abstract

The effects of branch content (BC) and copolymer composition distribution (CCD) on the non-isothermal crystalliza-
tion kinetics of metallocene m-LLDPEs were studied using modified Avrami analysis, modulated differential scanning cal-
orimetry (MDSC), and Crystaf. Several m-LLDPEs and an m-HDPE - all having comparable M,, and PDI — were
experimented. In addition, a ZN-LLDPE was used for comparison purposes. The branch content, unlike the used cooling
rates (2-6 °C/min), significantly affected the crystallization behavior. Crystallization peak temperature, T’ Eeak, decreased lin-
early with increasing BC. All the m-LLDPEs showed primary and secondary crystallizations. The secondary crystallization
showed to be more pronounced at high BC. The primary crystallization Avrami parameter n for m-HDPE ranged between
3.72 and 4.50, indicating spherulitic crystal growth whereas that for the m-LLDPEs, varied from 2.02 to 5.70. The ZN-
LLDPE (having broader composition distribution) offered higher values of 79" and 77*** than the m-LLDPEs with sim-
ilar BC, M, and PDI. It, unlike the m-LLDPEs and m-HDPE, fairly agreed with the crystallization kinetic model
proposed by Liu et al. The lamella thickness of the m-LLDPEs, L, calculated as per Gibbs—Thomson equation, showed
to be in the range 2-16 nm, depending on BC and it decreased approximately following the relationship: L (nm) =
15.0 o(—0-0498BC)
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1. Introduction tors, investigation of melting and crystallization
behaviors. The microstructure plays an important

The relationship between microstructure and role in determining the polymer mechanical, optical,
properties of polymer requires, among other fac- rheological, and thermal properties. The study of

polymer crystallization kinetics is significant from

theoretical and practical points of view [1-9]. A

* Corresponding author. Tel.: +966 3 860 2235; fax: +966 3 860 number of .Stuq'les have been devoted to explore

4234, the crystallization behavior of ethylene/a-olefin
E-mail address: ihussein@kfupm.edu.sa (I.A. Hussein). copolymers [10-15].
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The influence of molecular weight (M), molecu-
lar weight distribution (MWD), the branch type, the
branch content (BC), and crystallization conditions
on the crystallization behavior of ethylene/a-olefin
copolymers have been studied for a long time [16—
28]. Most of these studies used Ziegler—Natta linear
low density polyethylenes (ZN-LLDPEs). Due to
the random comonomer composition and sequence
distribution, and intermolecular heterogeneity of
ZN-LLDPEs, the effects of the individual factors
on the crystallization phenomenon is difficult to sep-
arate. For example, for a given short chain BC, the
super molecular structure becomes more poorly
developed with an increase in the content of high
M, species [16]. On the other hand, with the
increase in BC, a lamella first becomes shorter, then
segmented, and eventually disintegrates into small
crystallites [29]. Also, the previous studies used
primarily fractions of conventional heterogeneous
ZN-LLDPE:s [16,18,21,25,30].

Metallocene LLDPEs (m-LLDPEs) generally
have homogeneous composition distribution and
narrow MWD. The single-site metallocene catalyst
prevents the formation of high and low M, tails
in the resulting copolymers; consequently, m-LLD-
PEs have more controlled structure. Several studies
on the thermal properties and molecular structure
of m-LLDPEs have been reported by different
authors [26,29,31-41]. Most of these studies focused
on the influence of short chain branch distribution
[26,31-33,37,40,41] on melting and crystallization
kinetics, particularly of a single polymer and its
fractions using different fractionation techniques
[35,36,38-40]. Bensason et al. [29] classified homo-
geneous ethylene/1-octene copolymers based on
comonomer content and reported the melting
phenomena and crystal morphology by relating
their results to the tensile and dynamic mechanical
properties. However, the influence of BC, branch
type, and copolymer composition distribution
(CCD) on the crystallization kinetics of m-LLDPEs

Table 1
Molecular characterization of the experimental polymer samples

is yet to be studied. This prompted us to undertake
the present study. Our objective is to investigate the
effects of BC and CCD on the non-isothermal
crystallization kinetics of m-LLDPEs (ethylene/
I-butene copolymers) using modulated differential
scanning calorimetry (MDSC) [34,42-46] and
Crystaf [47]. Note that during processing, the mol-
ten polymer crystallizes non-isothermally to form
the solid end-products; hence, the study of non-
isothermal crystallization kinetics is important
[38,48,49].

We have used m-LLDPEs having similar M, and
PDI, and BC in the range of 0-42 branches/1000C.
A ZN-LLDPE of the same average BC and M,, has
been used to highlight the influence of broader com-
position distribution on the kinetics of non-isother-
mal crystallization of LLDPEs. A metallocene high
density polyethylene m-HDPE (which is a polyeth-
ylene homopolymer having linear backbone) with
comparable M,, and PDI has been used as a
reference.

2. Experimental
2.1. Materials and sample preparation

Four commercial samples of m-LLDPEs, one
ZN-LLDPE and one metallocene high density poly-
ethylene m-HDPE were used in this study. Weight
average molecular weights (My,) of all the LLDPEs
(both metallocene and ZN) are close to 100 kg/mol
and the PDI of the m-LLDPEs is = 2. Table 1 pro-
vides molecular characterization data for all of the
polyethylene samples. The density and melt index
(MI) values were provided by ExxonMobil. The
M,, and BC were determined by gel permeation
chromatography (GPC) and '>C NMR, respec-
tively. Details about the GPC and NMR character-
izations are available in a previous publication [50].
The experimental polymer samples were named
according to their branch type and content. For

Experimental samples Density (g/cm?) MI (g/10 min) M,, (kg/mol) PDI BC CH,/1000C
m-HDPE N/A N/A 122 2.34 -

m-EBI15 0.910 1.20 108 1.95 14.50

m-EB19 0.900 1.20 110 1.78 18.50

m-EB37 0.888 2.20 87 2.10 36.62

m-EB42 0.880 0.80 126 1.81 42.00
ZN-EB13 0.918 1.0 118 3.07 13.20
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Table 2

Operating conditions of Crystaf

Analysis Values

parameters Dissolution  Stabilization® Crystallization

Rate (°C/min) 30.00 30.00 0.20

Temperature (°C) 160 95 30

Time (min) 60 45 0

Total solution 30.00
volume (ml)

Sample volume® 1.60
(ml)

Returned volume 1.00
(ml)

Waste volume 2.50

(ml)

# Slightly above a temperature where crystallization begins.
® Volume sampled from the crystallization vessel to obtain each
point of the Crystaf curve.

example, a metallocene ethylene/1-butene copoly-
mer with a BC of 18.5 CH;/1000C is named as
m-EB19.

2.2. Measurement of copolymer composition
distribution by Crystaf

The copolymer composition distribution of the
experimental samples was qualitatively measured
using the crystallization fractionation (Crystaf)
method. The principle of fractionation is as follows.
Crystaf monitors the copolymer solution concentra-
tion as the polymer molecules having the same num-
ber of side-chain branchings crystallize/precipitate
at the same temperature during cooling. Aliquots
of the sample solution in trichlorobenzene (TCB)
were filtered and analyzed using an infra-red concen-
tration detector. Further details and a description
of the Crystaf equipment are available elsewhere
[50]. Table 2 summarizes the Crystaf operating
conditions.

2.3. Modulated differential scanning calorimetry
(MDSC)

Two approaches are presently available for
MDSC mode of operation. The first is the reversing
and non-reversing heat capacity approach [42]; the
second is the complex heat capacity, which can be
separated into in-phase and out-of-phase signals
using the phase angle [51]. However, the problem
associated with complex heat capacity approach is
the lack of interpretation of the out-of-phase com-

ponent that is significantly influenced by the phase
angle and thereby by heat transfer effects [52].
Therefore, we have used the first approach.

All the measurements and thermal treatments
were performed using a TA Q1000 instrument
equipped with a liquid nitrogen cooling system and
auto sampler. Nitrogen at a flow rate 50 ml/min
was used to purge the instrument to prevent degra-
dation of the samples upon thermal treatments.
Polymer samples (7.5-9.8 mg) were sliced and com-
pressed into non-hermetic aluminum pans. To mini-
mize the thermal lag between the sample and the
pan, samples with flat surface were used. An empty
aluminum pan was used as reference. The previous
thermal effects were removed by heating the samples
to 140 °C and holding them at this temperature for
S min. All the samples were cooled to subambient
temperatures for complete evaluation of crystalliza-
tion [25]. The samples were cooled from 140 to
5°C at a rate of 2 °C/min (with 4-0.2 °C modula-
tion), 4°C/min (with #0.4 °C modulation) and
6 °C/min with (4:0.6 °C modulation) at every 40 s.
First, the baseline was calibrated using empty
crimped aluminum pans. The calorimeter was cali-
brated in terms of melting temperature and heat of
fusion using a high purity Indium standard
(156.6 °C and 28.45J/g). The absolute crystallinity
was calculated using the heat of fusion of a perfect
polyethylene crystal, 290 J/g (Ref. [53, p. 347]).

Fig. 1 is a typical MDSC thermogram of sample
m-EB15 showing the total (middle curve), reversing
(top curve) and non-reversing (bottom curve) heat
flow curves. The kinetic data were collected from
the non-reversing curve and were processed using

Reversing heat flow curve

Total heat flow curve

Heat Flow (W/g)

Non-reversing heat flow curve

10 20 30 40 50 60 70 8 9 100 110 120 130
Exo Up Temperature (°C)
Fig. 1. MDSC thermograms of m-EB15, the three curves from

top to the bottom are reversing hear flow, total heat flow and
non-reversing heat flow, respectively.
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the Universal analysis software provided by TA
Instruments, Inc.

3. Results and discussion

3.1. Non-isothermal crystallization and melting
behavior

3.1.1. Effects of cooling rates and branch content
The non-isothermal crystallization MDSC traces
(non-reversing curves) of the EB LLDPEs (metallo-
cene and ZN) at various cooling rates are shown in
Fig. 2a—c. Fig. 2d refers to the thermogram of the
reference m-HDPE (cooling rate = 2 °C/min). The
LLDPE crystallization exotherms are fairly similar.
Independent of the cooling rates, they all show a
distinct high temperature peak followed by a minor
broad peak to a long tail. This behavior, particu-
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larly in the m-LLDPE samples, may be attributed
to the non-uniformity in the branch distribution
[26,31,33,36,39,41] due to intramolecular composi-
tional heterogeneity [38] combined with primary
and secondary crystallizations.The primary crystal-
lization is occurring at higher temperatures corre-
sponding to the appearance of the first major
peak. The secondary crystallization is associated
with the broadened tail of the thermogram. These
two phenomena will be detailed in terms of crystal-
lization kinetics viewpoint later on in Figs. 5-7. A
series of physical parameters, obtained from these
curves, are listed in Table 3. These parameters
include: the onset crystallization temperature
(72"), which is the temperature at the crossing
point of the tangents of the baseline and the high
temperature side of the exotherm; the peak crystal-
lization temperature (7' Cpe"‘k); overall crystallization
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Fig. 2. MDSC non-isothermal crystallization exotherms of EB LLDPEs and m-HDPE. Cooling rates and modulations: (a) 2 °C/min,
+0.2 °C every 40s; (b) 4 °C/min, 0.4 °C every 40s; (¢) 6 °C/min, £0.6 °C every 40s; (d) m-HDPE, 2 °C/min, £0.2 °C every 40s,
respectively.
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Table 3

Crystallization parameters and thermodynamic properties for the experimental ethylene/1-butene copolymers

R (°C/min) Experimental samples 7ot (°C) TPeek (°C) t1/> (min) AH, (J/g) X (Y0)

2 m-HDPE 122.05 121.34 0.91 195.9 67.55
m-EB15 94.04 91.93 1.82 86.51 29.83
m-EB19 80.22 76.22 2.35 65.25 22.5
m-EB37 58.06 56.40 2.44 43.78 15.10
m-EB42 53.88 52.04 4.98 36.19 12.48
ZN-EBI13 117.77 115.16 7.32 89.83 30.98

4 m-HDPE 121.80 120.60 1.03 123.30 42.50
m-EBI5 93.02 90.33 1.54 80.92 27.90
m-EB19 78.92 74.67 1.94 71.91 24.80
m-EB37 57.57 55.04 2.44 34.66 11.95
m-EB42 53.67 50.85 2.29 34.32 11.83
ZN-EBI13 116.95 113.16 3.82 88.65 30.57

6 m-HDPE 121.77 119.47 1.01 173.0 59.67
m-EB15 93.68 89.84 1.82 81.29 28.03
m-EB19 78.37 74.40 1.92 53.94 18.60
m-EB37 57.27 53.49 1.61 42.54 14.67
m-EB42 53.89 50.04 1.8 27.65 9.54
ZN-EBI13 116.40 112.04 2.28 87.79 30.27

half-time (z,,); the enthalpy of crystallization
(AH.), and absolute crystallinity (X.). The #,,, was
calculated directly from the MDSC non-reversing
exotherms where the absolute crystallinity is 50%.
The cooling rate (26 °C/min) hardly influenced
7o and Tgeakof all the samples (Table 3). Fig. 3
shows the change of 7P** with BC for the m-LLD-
PEs. A linear relationship (Tpeuc (°C) = — 1.6BC +
115 ) between TP*** and BC was observed at all cool-
ing rates. This relationship is similar to that pro-
posed by Hosoda [54] (Tere (°C) = —1.6BC + 136)
and confirmed by other researchers [55,56] for ethyl-
ene/l-butene copolymers produced by Ziegler—

1304

Tpea (°C) =-1.63 X BC + 115.33
R? = 0.9588

-
- N
o o

A

=03

o Te, 2°C/min
) O Te, 4°C/min
20 A Te, 6°C/min

Peak Crystallization Temperature, T,_,, (°C)

5 5 15 25 35 45
BC (CH,/1000C)
Fig. 3. Variation of peak crystallization temperature (77%) as

function of BC (CHj3/1000C) at various cooling rates for the
m-LLDPE:s.

Natta catalysts. ZN-EB13, for all the experimental
cooling rates, showed higher crystallization parame-
ters (79", TP 1,5, and AH,) than the m-EB15
having similar M,, and BC (Table 3). However, X,
turned out to be fairly comparable. This is attributed
to the difference in composition distribution between
m-EB15 and ZN-EB13, and the presence of linear
fractions in ZN-EB13 [21,26,41]. Note that ocrystar,
a measure of copolymer compositional heterogene-
ity, is 3.6, 3.9, and 15.1 for m-EB15, m-EBI19,
and ZN-EB13, respectively. The crystallization
enthalpy (AH,) as well as absolute crystallinity (X;)
decreased with increasing BC for the m-LLDPEs
(Table 3).

In addition, 7°™" and 77*** of all the m-LLDPEs
were lower than those of the m-HDPE (122 °C;
121 °C; cooling rate 2 °C/min, Fig. 2d). On the other
hand, ZN-LLDPE (BC = 13 CH,/1000C) displayed
strong peaks at 115, 113, and 112 °C corresponding
to 2, 4, and 6 °C/min, respectively (Fig. 2a—c). These
peaks represent the linear backbone fractions in ZN-
LLDPE and are usually observed at ~90 °C in
temperature rising elution fractionation (TREF)
measurements [26]. In our work, we found the corre-
sponding values determined by Crystaf to be in the
range 80-90 °C (Fig. 4). The absence of the 112—
115 °C peaks in m-EB15, which has a similar BC
and M, as ZN-EB13, suggests the absence of crystal
populations representing linear backbone fractions.
This is consistent with the fact that m-LLDPE
molecules were made by a single-site metallocene
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0.02- |
0.014

20 30 40 50 60 70 80 90
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Fig. 4. Crystaf analysis of the selected experimental samples.

catalyst, which produced uniform branches. Also,
the 79" and T7*** of the m-LLDPEs shifted to lower
values (<94 °C) depending on BC. We observed
another broad and weak tail and the size of the
observed tail increased with increasing BC. This tail
did not appear in the thermogram of the m-HDPE
(Fig. 2d). Analysis of these samples by Crystaf
(Fig. 4) shows uniform composition distribution,
hence the presence of only one type of crystal struc-
ture in m-LLDPEs. On the other hand, in Fig. 2 ZN-
EB13 showed two crystal populations representing
the linear and the branched molecules. The highly
branched m-LLDPEs (m-EB37 and m-EB42; ~40
CH;3/1000C) did not show any peak in Crystaf; just
a straight line coinciding with the x-axis. This sug-
gests that the chain folding of m-LLDPE:s in solution
requires a methylene sequence of more than 25C
(<40 branches/1000C). However, in the melt the
polymer will crystallize as shown in the DSC plots.

3.2. Non-isothermal crystallization kinetics

Several models have been developed to describe
the non-isothermal crystallization kinetics of poly-
mers: (1) the modified Avrami analysis [3,57-59];
(2) the Ozawa analysis [2]; (3) Ziabicki analysis
[60,61]; and others [62-65]. In this study, the modi-
fied Avrami analysis proposed by Jeziorny [3] and a
kinetic model suggested by Liu et al. [60] were used
to describe the non-isothermal crystallization kinet-
ics of m-LLDPEs. Due to the variation in the range
of crystallization temperature, Ozawa model [2] was
not suitable for this study.

The Avrami equation, developed based on the
assumption of constant crystallization temperature,
is defined as follows [66-68]:

1 — X, = exp(—k,t") (1)

where n is the Avrami crystallization exponent
dependent on the nucleation mechanism and growth
dimension, ¢ is the time taken during the crystalliza-
tion process, k, is the growth rate constant, which
depends on nucleation and crystal growth, and X,
is the relative crystallinity [69]. The relative crystal-
linity, X, is defined as follows:

 Ju(dH /dr)dr

" [P (dH/dr)dr @)
where dH_./dt is the rate of heat evolution, and f,
and ¢,, are the onset and completion times of the
crystallization process, respectively.

Jeziorny [3] modified Eq. (1) to describe non-iso-
thermal crystallization. At a chosen cooling rate, the
relative crystallinity is a function of the crystalliza-
tion temperature (7). That is, Eq. (2) can be formu-
lated as

7 (dH/dT)dT

Xp=-g (3)

[y (dH/dT)dT

where T, denotes the onset crystallization tempera-
ture, and 7. and T, represent the crystallization tem-
perature at time ¢ and after the completion of the
crystallization process, respectively. Crystallization
time, ¢, can be converted from crystallization tem-
perature, T, using the following equation [3,61]
(that is strictly valid when the sample experiences
the same thermal history).

T,—T
:O 4
= )

where R is the cooling rate (°C/min). The double-
logarithmic form of Eq. (1) yields

In[—In[l —X,]] =Ink, +nlnt¢ (5)

Thus, the Avrami exponent » and the crystalliza-
tion rate constant k, can be obtained from the slope
and the intercept of the plot of In[—In(1 — X)]vsIn¢,
respectively, for each cooling rate. The physical
meaning of k, and n cannot be related to the non-iso-
thermal case in a simple way; they provide further
insight into the kinetics of non-isothermal crystalli-
zation. The rate of non-isothermal crystallization
depends on the cooling rate. Therefore, k, of Egs.
(1) and (5) can be corrected to obtain the corre-
sponding rate constant at a unit cooling rate, kg [3]:

Inkg = Ink,/R (6)
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Fig. 5. Relative crystallinity as a function of (a) crystallization
temperature, 7. and (b) modified crystallization time, ¢ for the
experimental samples. Cooling rate and modulation: 2 °C/min,
40.2 °C every 40 s, respectively.

The crystallization exotherm data obtained at a
cooling rate 2 °C/min is shown in Fig. 5(a). The rela-
tive crystallinity (X;) as a function of temperature was
calculated using Eq. (3). Once X, is obtained, it can be
converted into X, by transforming the temperature
axis to the modified time analogue using Eq. (4). X,
versus the modified non-isothermal crystallization
time is plotted in Fig. 5(b). Each m-LLDPE, except
the m-HDPE, shows a strong and sharp exothermic
peak, followed by a weak and broad long tail at lower
temperatures. As a result of the broad composition
distribution (Fig. 4), ZN-EB13 showed a gradual
increase in crystallinity with time, while m-EB15
(having similar BC) showed a sharper crystallization
peak. Also, crystallization started earlier in ZN-EB13
than in m-EB15. In other words, the compositional
homogeneity in m-EBI15 increased its capability of
crystallization over that of ZN-EB13 having signifi-
cantly inhomogeneous composition (Fig. 4).

Initially, an attempt was made to fit the whole
data of EB m-LLDPEs and m-HDPE using the
Avrami analysis as shown in Fig. 6. The m-LLDPEs
showed an initial linear portion, then a plateau fol-

In[-In{1-X(t)}]

2 a4

Fig. 6. Primary crystallization Avrami plots for the experimental
samples. Cooling rate and modulation: 2 °C/min, 4-0.2 °C every
40 s, respectively.

lowed by another linear part. However, the Avrami
plot for ZN-LLDPE was mostly linear over the
whole range. This difference between ZN-LLDPE
and m-LLDPE:s is due to the heterogeneity in com-
position distribution in ZN-LLDPE (Fig. 4). In ZN-
LLDPE, linear molecules dominate the crystalliza-
tion process. Similar deviations in Avrami plots
were reported by several authors in similar crystalli-
zation studies. For example, see the results of Jiao
et al. Fig. 6a of Ref. [28]; Janimak and Stevens
Fig. 5 of Ref. [34] for m-LLDPE and Liu et al.
Fig. 7 of Ref. [62] for copolyterephthalamide. Jani-
mak and Stevens [34] used a single line to fit the
whole set of data applying the least square method.
In this study, it was found that the initial linear por-
tion of those curves mentioned in Fig. 6 represents,
in most cases, more than 70% crystallinity. Fig. 7a—c
represent the Avrami plots of the major crystalliza-
tion portion of EB m-LLDPEs and m-HDPE at 2, 4
and 6 °C/min, respectively.

The values of n, k,, kg, and coeflicient of determi-
nation (R?) are listed in Table 4. Fig. 8 shows uncor-
related relationship between the Avrami exponents
and BC at the three different cooling rates. The value
of n for m-HDPE varied between 3.72 and 4.50. This
matches with the published literature report, that is,
m-HDPE exhibits spherulitic growth having n values
in the range of 3-4 [70]. On the other hand, for the
m-LLDPEs, n varied from 2.02 to 5.70. This varia-
tional range differs from what has been reported
mostly for ZN-LLDPEs, 1 <n <2 [18]. Our ZN-
LLDPE # values (see Table 4) agree with what the
literature reports. The present study shows that
m-LLDPEs, unlike ZN-LLDPEs, can have a wider
n-range. The value of n is usually an integer varying
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Fig. 7. Avrami plots for m-EB LLDPEs, ZN-EB13, and m-
HDPE for the primary crystallization range. Cooling rates and
modulations: (a) 2°C/min, +0.2°C every 40s; (b) 4 °C/min,
+0.4 °C every 40 s; (¢) 6 °C/min, £0.6 °C every 40 s, respectively.

between 1 and 4, and is dependent on crystallization
mechanisms. It is a fraction for secondary crystalli-
zation [71]. Wunderlich [69] suggested that the mech-
anism of secondary crystallization is either a crystal
perfection process or a crystal thickness growth. But
this was opposed by Strobl et al. [17]. They suggested
that BC hinders longitudinal chain diffusion through

the crystals, thus suppresses crystal thickness
growth. So, a very slow further lateral extension of
lamella was suggested to occur during secondary
crystallization. Strobl et al. [17] observations were
confirmed by SAXS experiments.

Our DSC thermograms of the m-LLDPE samples
showed a long tail (secondary crystallization as per
Wunderlich [69]). The dependency of the crystalliza-
tion rate constant, kg, on BC and cooling rates is
shown in Fig. 9. Corresponding to the cooling rates
of 2 and 4 °C/min, kg, fairly exponentially decreased
as a function of BC. However, for the cooling rate of
6 °C/min, kg decreased up to BC = 15; then it
remained fairly constant. These findings may be
attributed to decreasing chain-folding capability
caused by the increasing BC. For a given BC, kg
increased with the increase in cooling rate. This so
happened due to faster extraction of thermal energy.

Further, a kinetic model proposed by Liu et al.
[62] was tried. However, this kinetic model did not
provide a good fit for the m-HDPE and the m-LLD-
PEs. Only ZN-EB13 showed a fair fit (see Fig. 10).
Therefore, a ZN-LLDPE, due to heterogeneity in
copolymer composition, can provide a fair agree-
ment with the kinetic model proposed by Liu et al.

3.3. Correlation of crystal thickness to branch content

The DSC data were also analyzed to correlate
crystal thickness to branch content. The crystal
thickness L can be related to the melting tempera-
ture (7T,,) by rearranging the Gibbs—Thomson equa-
tion as follows:

il ™

where T? , is the melting temperature of a polyethyl-
ene crystal of infinite thickness (414.6 K) [Ref. [53],
p. 359]; AH?, the heat of melting of the perfect
crystal (290 J/g) [Ref. [53], p. 347]; and o, the sur-
face energy which is of the order of 100 erg/cm? for
regular folding [72]. Considering the equivalence of
equilibrium melting and crystallization, Eq. (7) was
written as

o ©

The derivative of the cumulative crystallinity with
respect to T, yields an incremental crystal fraction,
¢’, that can reveal more clearly the crystallization
behavior of the experimental polymers [73]. When
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Table 4

Primary crystallization Avrami parameters for the experimental ethylene/1-butene copolymers

Cooling rate and modulation Experimental samples

Major primary crystallization parameters

n k, kR R2
2 °C/min, 0.2 °C every 40 s m-HDPE 3.72 0.868 0.932 0.988
m-EB15 2.55 0.153 0.392 0.998
m-EB19 2.02 0.119 0.345 0.998
m-EB37 3.05 0.045 0.212 0.954
m-EB42 4.30 0.002 0.044 0.908
ZN-EBI13 1.54 0.078 0.280 0.997
4 °C/min, £0.4 °C every 40 s m-HDPE 4.51 0.616 0.886 0.983
m-EB15 4.51 0.041 0.449 0.982
m-EB19 3.05 0.073 0.520 0.930
m-EB37 5.72 0.006 0.277 0.969
m-EB42 4.72 0.019 0.371 0.980
ZN-EB13 2.26 0.126 0.596 0.999
6 °C/min, 0.6 °C every 40 s m-HDPE 3.96 0.555 0.906 0.950
m-EB15 3.54 0.054 0.614 0.830
m-EB19 3.52 0.049 0.606 0.857
m-EB37 4.82 0.073 0.647 0.980
m-EB42 3.71 0.096 0.677 0.971
ZN-EB13 1.54 0.399 0.858 1.00
6 3.
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Fig. 8. Effect of BC on the Avrami exponents at different cooling
rates.
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Fig. 9. Effect of BC on the crystallization rate constant at various
cooling rates.

Int

Fig. 10. Plots of In R vs In¢ at each given relative crystallization,
X(¢t) for ZN-EB13.

¢' is plotted as a function of £ (Fig. 11), the
m-HDPE shows a single peak with §harp crystalliza-
tion peak at low cooling rate. As BC increases, a
second smaller peak appears as a tail as shown in
the previous data. Figs. 11 and 12 inform the same
on the relation between BC and diffusion limitations
in crystallization from the melt. However, the corre-
lation is more obvious when the derivative of the
cumulative crystallinity was used (Fig. 11). In the
case of ZN-EB13, three peaks were obtained,
which suggests multiple crystal populations associ-
ated with linear, branched and co-crystals [41] as
illustrated by the broad copolymer composition
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distribution (see Fig. 4). ZN-LLDPE possesses both
inter- and intra-molecular heterogeneities, while m-
LLDPEs are of mainly uniform composition distri-
bution. A comparison of the results of ¢’ (Fig. 11e
and f) for high BC m-LLDPE and ZN-LLDPE sug-
gests that the cooling rate more strongly affects the
crystallization of m-LLDPE than that of ZN-
LLDPE of similar M, and average BC.

The £ ratio is a measure of the combined effects
of the comonomer content on crystal thickness and
surface order. When there are two peaks, it suggests
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that there are two crystal populations [73]. If the
above value of o, was used, the maximum crystal
thickness L could be calculated and correlated to
BC for m-LLDPEs. Results are given in Fig. 12.
Values of L are in the range 2-16 nm depending
on BC. The decrease of L with BC follows approx-
imately the relation: L (nm)= 15.0 ¢(~0-048BO)
Now we shall evaluate this relation considering the
limiting case of a linear polyethylene for which
results are available in the literature. Wunderlich
(see Ref. [53, p. 372]) showed that for linear PE
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Fig. 11. Incremental crystal fraction of (a) m-HDPE, (b) m-EB15, (c) m-EB19, (d) m-EB37, (¢) m-EB42, (f) ZN-EB13 as function ofgie at

various cooling rates.
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14 - L (nm) = 0.1503 e (-0.0498BC)
R2 = 0.9499

Maximum Lamellae Thickness, L (nm)

0 5 10 15 20 25 30 35 40 45
BC (CH3/1000C)

Fig. 12. Maximum lamellae thickness calculated as a function of
BC using Eq. (9).

the melting temperature as a function of lamella
thickness is given by

Tm= 414.2(1 —@) L in nm, error £ 0.8 K

)
If we take the linear m-HDPE as an example, the
lamellar thickness is ~15 nm which, according to
Eq. (9), shows a melting temperature of 123.7 °C.
From Table 3, the onset crystallization temperature
of m-HDPE is 122.05 °C. This result is almost in
agreement with the prediction of Eq. (9).

4. Conclusions

Based on the previous results and discussion, the
following can be concluded:

1. The non-isothermal crystallization of m-LLDPEs
occurred through primary and secondary crystal-
lization processes. A large fraction of crystallinity
was developed by the slow secondary crystalliza-
tion process.

2. The peak crystallization temperature, 77, and
the crystallization onset temperature, 72", were
strongly influenced by BC. It moved to a lower
temperature region as BC increased. The cooling
rate (2-6 °C/min) hardly influenced 77**. How-
ever, 70" mildly increased when the cooling rate
was decreased. However, the copolymer compo-
sition distribution (CCD), unlike the cooling

rate, significantly affected 77 and T9™*'. The
ZN-EB13, for all the experimental cooling rates,
showed higher crystallization parameters (70",
Tgeak, t12, and AH.) than the m-EB15 having
similar M,, and BC. However, X, turned out to
be fairly comparable.

3. The absolute crystallinity, X, was influenced by
BC and CCD. Increase in BC lowered X.. Also,
ZN-LLDPE with broader CCD showed higher
absolute crystallinity than m-LLDPEs having
similar BC and M.

4. The value of n, under the experimental cooling
rates, for m-HDPE ranged between 3.72 and
4.50, indicating spherulitic crystal growth. On
the other hand, for the m-LLDPEs, n varied from
2.02 to 5.70. This variational range differs from
what has been reported mostly for ZN-LLDPEs,
1 <n < 2. Therefore, m-LLDPEs, unlike ZN-
LLDPEs, can have a wider n-range. This finding
will stimulate future research on LLDPE crystal-
lization mechanism.

5. The crystallization kinetic model proposed by
Liu et al. [62] did not apply to the m-LLDPEs
(having narrow copolymer composition distribu-
tion) and m-HDPE. However, it fairly worked
for ZN-LLDPE having pronounced heterogene-
ity in copolymer composition distribution.

6. The lamella thickness of the LLDPEs, L, calcu-
lated as per Gibbs-Thomson equation, showed
to be in the range 2-16 nm, depending on BC
and it decreased approximately following the
relationship: L (nm) = 15.0 e~ %-0498xBO),
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