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Abstract

Short-term mechanical behavior together with structural habits at various scale levels of polyethylene are studied in relation to molecular
architecture in order to contribute to the understanding of the environmental stress crack resistance (ESCR). Three series of homopolyethylene and
ethylene—hexene copolymers issued from 1st and 2nd generation chromium oxide catalysis as well as tandem-reactor Ziegler-Natta catalysis are
investigated. Properties are discussed via the incidence on the chain topology of the co-unit concentration and distribution as well as the molar
weight distribution. The creep compliance is mainly governed by density, i.e. stiffness. However, at similar density, the three polymers series
displays a clear compliance drop that follows the increasing ESCR hierarchy. The natural draw ratio displays monotonous decrease with
decreasing density that perfectly parallels the ESCR increase. This property also holds for materials of similar density. The creep compliance and
the natural draw ratio are indicators of the macromolecular network strength via the intercrystalline tie molecules. Stepwise isothermal
segregation (SIS) allows indirect assessment of the chain fraction that generates a high rate of tie molecules. Correlation is made between SIS and
ESCR via the tie molecules that provide strength to the macromolecular network. SIS also enables discriminating polymers of similar density but
different molecular architecture. Small-angle X-ray scattering affords quantitative evaluation of the stacking disorder of the semi-crystalline
microstructure for which a correlation is established with the crystallization kinetics and the resulting chain topology.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction A great problem for evaluating and certificating recent
generation PE with respect to life-time is that normalized

The use of polyolefins in application domains demanding homologation tests for stress-crack resistance must be
long life-time in service, such as pipes for gas distribution or  conducted for very long times, e.g. several years in the case
fuel tanks for land vehicles, has drastically increased in recent  of the standard pipe pressure test. Even in the case of
years. The reason is that new generation polyolefins with accelerated tests involving notched samples in surfactant
tailored-cut molecular architecture have much better long-term medium, failure may occur after about one month. Quick
behavior than their 50-years-old homologues, with very good evaluation methods of new materials would be very useful for
compromise between stiffness and strength. Investigations for producer in order to avoid performing long experiments that
improving the use properties of such materials directly ]l not necessarily have a positive issue. As a corollary, the
originate from the sustainable development policy, which  mechanisms of stress cracking at a molecular scale deserve

notably means low energy consumption processing, structure  accurate investigation in order to provide adequate solutions to
lightening, durability and easy recycling. Polyethylene is much the problem [2-13].

concerned with this topic, more particularly regarding pipe and

S The phenomenon of slow crack growth is the major process
tank applications [1].

of failure of polyolefins under stress, far below the yield point.
It determines the life-time in service. This phenomenon arises
* Corresponding author. Tel.: +33 3 20 43 49 13; fax: +33 3 20 43 65 91. from the sporadic nucleation of cavities in the amorphous
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the crystalline lamellae and partial chain unfolding. This
structural transformation of a part of the isotropic material is
strictly similar to the so-called fibrillar transition described by
Peterlin [14,15] in the case of uniaxial drawing of semi-
crystalline polymers. The initial damage gradually grows into a
craze, i.e. a crack bridged by numerous microfibrils that
prevent crack opening, as nicely demonstrated by transmission
and scanning electron microscopy [2—13]. Chemical or
physical heterogeneities are suspected to act as nucleating
agents for the initial damage. A crack slowly develops from the
craze under stress, and propagates through the bulk till the
material failure. Brown and collaborators have extensively
studied the slow crack growth phenomenon [16-21] in order to
(1) understand the mechanisms of crack opening and growth
and (2) establish a constitutive law that could help users for
predictive purpose. Both molecular and phenomenological
aspects have been considered.

The resistance to stress cracking is generally ascribed to the
mechanical resistance of the craze microfibrils. It is also
assumed that this resistance is governed by the molecular links
between the crystal blocks of the microfibrils consisting of
intercrystalline tie molecules and chain entanglements: the
greater the tie molecules and entanglement density, the higher
the stress crack resistance. As a general trend, broadening the
molar weight distribution on the high molar weight side and
copolymerization are two efficient ways for improving the tie
chain concentration. The first way is, however, prejudicial for
processing while the second one reduces crystallinity and
stiffness. Benefiting from several available catalysis methods,
attempts have been made for combining the two ways in order
to preserve the best compromise between long-term mechan-
ical behavior, stiffness and process ability.

In the search of a quick evaluation method, it has been
shown that samples drawn beyond the yield point may usefully
simulate the mechanical behavior of the crack tip microfibrils.
Capaccio et al. [22,23] reported creep rate studies that provided
good correlation with ESCR: the higher the ESCR of the
materials, the lower the creep rate deceleration. Lagaron et al.
[24] have carried out direct measurement of the stress borne by
the intercrystalline tie molecules via Raman spectroscopy:
materials with high ESCR performances displayed reduced
stress on individual chains. This latter finding can be taken as
evidence of a greater tie chain concentration that involves a
better efficiency of the macromolecular network for dispatch-
ing the macroscopic stress throughout the bulk material.
Although elegant, these methods proved to be unable to
discriminate materials of very high rank in life-time scale.

The present paper is a contribution to the understanding of
the long-term behavior of polyethylene and related copolymers
via structural approaches at various scale levels together with
short-term mechanical properties. Environmental stress crack-
ing, creep compliance, natural draw ratio, stepwise crystal-
lization segregation, small-angle X-ray scattering and surface
free energy are used in combination. The understanding of the
role of every molecular factor on the compromise between
stiffness and strength is also an objective of the study. Another

goal is to put forward quick evaluation methods for the long-
term mechanical behavior.

2. Experimental
2.1. Materials

The polymers of this study consist of high density
polyethylene homopolymers and ethylene—hexene copolymers
produced from various synthesis methods, namely st
generation chromium oxide catalysis, 2nd generation chro-
mium oxide catalysis and tandem-reactor Ziegler-Natta
catalysis. These blow-molding grade polymers have different
molar weight distributions as well as different hexene co-unit
concentrations and distributions. The materials and their
molecular characteristics were supplied by Total
Petrochemicals.

All polymers contain antioxidant and processing aids in
weight concentrations of about 1 and 2%, respectively.

The materials have been compression-molded from pellets
into 2 mm thick sheets after being melted for 10 min at 190 °C.
Crystallization was achieved by cooling down to room
temperature (RT) at about 10 °C/min. Compression-molding
has been chosen to impart a homogenous and isotropic
reference state to the materials in order to restrict the study
to the evaluation of intrinsic properties, irrespective of
processing conditions.

2.2. Molecular and physical characterization

The number-average, M,, weight-average, M, and
z-average, M,, molar weights were determined by size
exclusion chromatography, using trichlorobenzene as solvent
at 135°C. Molar weight determinations are based on a
universal calibration curve. More details on experimental
parameters have been reported elsewhere [25].

The hexene co-unit concentration, £, was assessed from the
methyl group content measured by 'H nuclear magnetic
resonance, in consideration of the methyl and vinyl chain ends.

The density, p, was measured in a water—alcohol gradient
column calibrated with floating glass beads having well-known
densities at 23 °C. The standard deviation of the measurements
was about 10>,

Melt flow index was determined at 190 °C under a 2.16 kg
load according to the standard method (D1238 ASTM Norm).

2.3. Thermal behavior and crystallization

The thermal behavior of the materials was investigated on a
Perkin—Elmer DSC7 calorimeter using samples of about 6 mg.
The temperature and heat flow scales were calibrated owing to
the melting curves of 99% pure indium and tin samples. The
melting point, T,,,, was determined from the peak of the melting
endotherm of samples crystallized by cooling from 210 °C
down to RT at 10 °C/min. The crystal weight fraction, X,
was assessed from the ratio of the melting enthalpy of the
materials to that of a perfect PE crystal, i.e. AH, =270 J/g
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[26]. The crystal volume fraction, ¢., was computed from the
relation ¢.=X_ p/p., where p.=1.000 g/cm3 is the density of
the PE perfect crystal [27].

The surface free energy, o., of the chain-folded surfaces of
the crystallites has been computed from the Gibbs—Thomson
relation [28]

20
T, =7%|1——— ¢ 1
m m[ (PCLCAH%)] (1

where T2 =141.4°C is the melting temperature of the PE
perfect crystal. The determination of the crystal lamella
thickness, L, is described below.

Crystallization has been investigated using the stepwise
isothermal segregation (SIS) method, with a two-step
procedure [29,30]. After several trials for checking the effect
of both temperature and duration of the isothermal crystal-
lization, the following conditions were fixed: after melting at
210 °C for 10 min, the material was rapidly cooled down to
120 °C for isothermal crystallization during 4 h. Then, the
material was cooled down to room RT at cooling rate of 10 °/
min in order to crystallize the remaining crystallizable part.
The melting was subsequently recorded by heating at 10 °C/
min. Most of the materials displayed two melting peaks
corresponding to two polymer species that crystallized during
each of the two steps. Three SIS analyses with different
samples have been performed for every material. More details
on the experimental procedure are given in the ‘segregation
crystallization” section.

2.4. Structural analysis

Small-angle X-ray scattering (SAXS) experiments were
carried out on a laboratory bench equipped with a two-
dimensional CCD camera from Roper Scientific. The Cu Ka
radiation was selected from a Rigaku rotating anode and
collimated owing to a specific point-focusing Goebel mirror
from Xenocs. The patterns were corrected for the background
scattering and for the geometry and intensity distortions of the
CCD detector. The Lorentz-corrected intensity profiles from
isotropic samples were plotted as a function of the scattering
vector, g=4ttsin 0/4, after azimuthal integration of the
patterns over 360°.

The most probable long period of the crystal-amorphous
lamellar stacking, L,,, was determined from the precise location
of the scattering peak, gpeax, via a parabolic fitting, and using
the Bragg relation

2
L,=— @)
Qpeak

The crystal and amorphous lamella thicknesses, L. and L,,

were computed from the following relations
Lo=¢L, and L,=L,—L, 3)

assuming a much larger lateral extent of both kinds of
lamellae as compared to their thickness.

A more sophisticated analysis of the lamellar stacking
regularity in the materials has been checked owing to a
modified Hosemann’s paracrystalline model [31] that predicts
the SAXS behavior of a uni-dimensional stacking of two kinds
of layers having different electron densities, namely
amorphous and crystalline lamellae. In addition to the number
N of lamellar elements diffusing coherently, the parameters of
the model consist in the thickness distribution of each lamella
population [32,33] that is assumed to obey a Reinhold
distribution function [34]: the parameters v, and vy, control
both the breadth and skew of the crystalline and amorphous
lamella thickness distributions, respectively. The relevant
equations for an easy computing of the SAXS intensity profiles
are detailed in Refs. [32] and [33]. The paracrystalline
parameters of the model are determined by fitting the
theoretical scattering intensity curves to the corresponding
experimental profiles.

2.5. Mechanical properties

The environmental stress cracking resistance, ESCR, was
assessed according to the standard Bell-test [D1693 ASTM
Norm] which consists in clamping a rectangular piece of
material into bend position in order to activate stress cracking
in the more strained region. Ten pieces of every material were
tested simultaneously in an environmental medium of pure
Igepal, at RT. ESCR data were assessed at the time when 50%
of the specimens displayed a visible crack at naked eye.
Considering that ESCR may be affected by additives as well as
processing conditions, these factors have been kept identical
for all the materials in order to make ESCR data relevant to
molecular architecture only.

Uniaxial tensile drawing experiments were performed on a
MTS machine, at RT, in order to determine the secant modulus
at 2% strain. The samples of gauge length 24 mm were drawn
up to the yield point at a crosshead speed of 10 cm/min. All the
data are average values from 10 measurements. Similar
samples were also drawn beyond the yield point for
determining the natural draw ratio, NDR. The neck was
propagated over a constant distance of 5 cm at a crosshead
speed of 10 cm/min. The NDR was determined before
unloading from the reduction of the sample cross section,
assuming negligible volume variation. This procedure allows
more rapid and precise determination of NDR than any direct
longitudinal measurement. The reported data are average
values from three specimens.

Tensile short-term creep was also studied on isotropic
samples at RT, using the same MTS testing machine. The
compliance was computed from the ratio of the strain to
the applied stress after 15 min creep. All compliance data are
average values of three measurements. Details on the
experimental method have already been reported elsewhere
[35].

Both creep and NDR data are strongly sensitive to
preparation conditions so that much precaution should be
taken in case of comparison with literature data.
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3. Results and discussion
3.1. Molecular and physical characteristics

The polymers investigated in this work are listed in Table 1.
The three PE series are labeled as: Cr1X, for the 1st generation
chromium-oxide catalysis, Cr2X for the 2nd generation
chromium-oxide catalysis and ZNX for the tandem-reactor
Ziegler—Natta catalysis. The X digit in the polymer labels
indicates the material rank in the decreasing density
classification, for every PE series. This classification is roughly
connected with the increasing co-unit content. The well known
correlation between crystallinity measurements from DSC and
density data for polyethylene-based materials is fairly obeyed
for the present materials collection. The high rate of rejection
of the hexene co-units from the crystal phase, due to severe
distortions of the crystal lattice, reduces the crystallization
capability of the methylene sequences, as compared with
propene co-units for instance [27]. However, the accuracy of
the NMR measurements does no allow a precise ranking of the
material based on the co-unit content when this latter is below
0.1 mol%.

Comparison of the materials can be made in consideration
of the average molar weight data of Table 1. The various PEs
are not much different regarding M,. However, a clear
distinction appears between the two Cr series when comparing
the M,, data: the polymers of the Cr2 series have a broader
molar weight distribution (MWD) that notably extends on the
high molar weight side. The M, values, 2-3 times larger for the
Cr2 polymers as compared with the Crl ones, corroborate this
finding. The presence of a tail of extremely long chains in the
MWD of the Cr2 polymers will play a significant role in
the mechanical properties. Fig. 1(a) shows schematic plots of
the MWD and co-unit distribution (CD) in the Crl and Cr2
series that points out the major MWD differences. The
monotonic decrease of the co-unit content with increasing
MW is a well-known characteristic of ethylene-based polymers

Table 1

from both the chromium oxide and the Ziegler—Natta catalysis
[36-38]. It is also worth noticing that co-units are not
uniformly distributed along the chains. This is may be a
beneficial factor for mechanical strength thanks to intra-
molecular crystallization segregation [39].

The differences in MWD and CD between Cr and ZN
polymers deserve a specific comment. In contrast to the
steadily decreasing co-unit content as a function of increasing
molar weight in the Cr polymers (Fig. 1(a)), the ZN polymers
have a bimodal MWD due to the tandem-reactor synthesis that
produces two chain species (Fig. 1(b)): the lower MW
population consists of a homopolymer A whereas the higher
MW population consists of a co-unit rich copolymer B. As a
consequence, the co-units in the ZN copolymers are
preferentially located in longer chain than in the case of Cr
copolymers [40-44]. This property of bimodal ZN copolymers,
as compared to unimodal Cr copolymers, was previously
disclosed by means of a complete molecular analysis of
polymer fractions obtained from temperature rising elution
fractionation [39].

According to previous studies, the conjunction of high co-
unit content and high molar weight is favorable for the
generation of intercrystalline tie molecules [16—-18,39,44] that
play a determining role in the long-term mechanical behavior.
The reason is that both crystal-excluded co-units and very long
entangled chains hinder the regular folding propensity of
flexible methylene chains. At similar density, the Cr2
copolymers have both higher co-unit content and greater
amount of long chains, as compared with the Crl ones
(Table 1). This is a matter of improvement of the long-term
mechanical properties of the former polymers. The comparison
of the ZN and the Cr2 copolymers is more subtle. Indeed, the
latter ones have longer chains than the former ones, as judged
from the M, data, that are favorable for tie chains. But the
preferred location of the co-units on longer chains for the ZN
copolymers is a matter of increase of the tie chain
concentration, as suggested in the previous study dealing

Molecular and physical characteristics of the samples: density, p; co-unit content, £; melt index, MI; number-average, weight-average and z-average molar weights,

M,, M, and M,; crystal weight fraction, X.; melting point, T},

Materials p (g/cm3) ¢ (mol%) MI (dg/min) M, (kDa) M,, (kDa) M, (kDa) X Tm (°C)
Crll 0.961 0.0 0.84 15.2 108 730 72.0 136.2
Crl2 0.960 0.0 0.58 16.8 116 940 72.0 135.3
Crl3 0.959 0.0 0.29 18.1 129 950 72.5 136.2
Crl4 0.958 0.0 0.28 14.9 125 920 71.5 135.3
Crl5 0.954 0.2 0.19 19.9 187 2320 67.0 133.6
Crl6 0.951 0.2 0.27 16.7 131 814 65.0 132.8
Cr2l 0.959 0.0 0.32 15.0 229 4100 71.0 136.0
Cr22 0.957 0.0 0.19 15.2 203 2190 70.0 134.4
Cr23 0.954 0.1 0.24 19.2 177 1280 66.0 134.7
Cr24 0.954 0.1 0.26 15.4 216 2770 68.0 133.6
Cr25 0.942 0.8 0.20 15.8 187 1770 54.5 128.6
Cr26 0.939 1.2 0.20 16.1 200 2530 50.0 128.1
Cr27 0.938 1.3 0.14 154 227 2620 50.5 126.5
Cr28 0.934 1.8 0.13 14.3 231 2770 45.5 126.5
ZN1 0.959 0.1 0.27 13.6 174 1000 70.5 134.4
ZN2 0.954 0.2 0.10 12.6 271 2000 67.0 133.8

For every property, the last digit of the data is relevant to the standard deviation of the measurements.
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Fig. 1. Schematic molar weight distributions of (a) unimodal Cr and (b)
bimodal ZN high density polymers (see text for details).

with a comparison of Cr and ZN copolymers for pipe
applications [39]. So, the question ‘which of the co-unit
distribution or the chain length distribution has a major effect
on the tie chain concentration?’ is not trivial to answer,
especially since the two molecular parameters have detrimental
effects on stiffness and processing capabilities, respectively.

3.2. Stress cracking resistance

Fig. 2 shows the ESCR versus density plot for the whole PE
collection. For every copolymer series, the ESCR increases
with decreasing density. The co-unit concentration increase is

10000

1000

ESCR(h)

Density (g/cm3)

Fig. 2. ESCR versus density for the three polymer series.

most likely responsible for this evolution due to an increasing
propensity for generating random chain folding and inter-
crystalline tie molecules. In case of materials having similar
co-unit concentration, the broadening of the molar weight
distribution plays a similar role of promoting intercrystalline
tie chains and consequently increasing the ESCR. This point is
clearly illustrated through the comparison of Cr23 and Cr24
that have similar density and co-unit concentration. The better
stress crack resistance of Cr24 can be ascribed to the
significantly higher M, value.

It is worth noticing that, from a mechanical standpoint, true
tie molecules bridging adjacent crystalline lamellae through
the amorphous layer cannot be distinguished from entangled
chain loops. Therefore, in the present study, ‘tie molecules’
embraces the two kinds of intercrystalline molecular linkages.

A much valuable comparison is that of polymers of the three
series having similar density, otherwise equivalent crystallinity
and very close stiffness. As a mater of fact, one of the
challenges in the PE developments for pipe or fuel tank
applications is to reach the best compromise between life-time
and stiffness. For densities 0.954 and 0.959 g/crn3, the ESCR
increases in the order Cr13 <Cr21 <ZN1 and Cr15<Cr23<
ZN2, respectively, (Fig. 2). It is obvious that the greater ESCR
of the Cr2 copolymers compared with the Crl ones is mainly
due to greater long chain content. Regarding the comparison
between the Cr2 and the ZN copolymers, the preferred co-unit
distribution in the longer chains for the latter ones seems to be a
major factor of their excellent ESCR performances, in spite of
lacking very long chains.

3.3. Creep behavior

Fig. 3 shows the creep compliance versus applied stress for
the three series of copolymers. For every PE series, the
compliance rigorously increases with decreasing secant
modulus. However, the compliance does not obey a strict
correlation with density, otherwise with crystallinity.

The creep compliance and the ESCR data also do not
display a univocal correlation. This finding seems to contradict
the fair correlation previously obtained for a limited number of
copolymers having relatively close density but quite different
long-term behavior [35]: in that study, the increasing life-time
to rupture under constant stress was fairly paralleled by
decreasing creep compliance. Therefore, the resistance to stress
cracking could be predicted from the resistance to short-term
creep. The loss of pertinence of the creep-compliance/ESCR
correlation in the present work is due to the relatively broad
density range of the copolymers under investigation. Indeed,
the modulus drops in parallel with density, involving an
increase in creep compliance that does not reveal changes in
the tie chain concentration.

Things appear much more interesting when comparing
copolymers of the various series at similar density, i.e.
equivalent stiffness. Fig. 4 shows that, whatever the applied
stress level for copolymers of density 0.954 g/cm’, the
compliance drops in the order Cr15>Cr23>7ZN2. The same
trend can be observed in Fig. 5 for copolymers of density
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Fig. 3. Creep compliance versus applied stress for polymers of (a) the Crl
series, (b) the Cr2 series and (c) the ZN series.

0.959 g/cm® that follow the decreasing compliance ranking
Cr13>Cr21>7ZN1. Worth noticing is that this compliance
ranking conforms to the increasing ESCR ranking, for the two
copolymer sets. It means that, at equivalent crystallinity, the
combined effect of chain length and co-unit distributions on the
chain topology has the same beneficial incidence on creep
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Fig. 4. Creep compliance versus applied stress for the polymers from the three
series of similar density 0.954 g/cm3.

resistance and ESCR. Thus, the creep compliance again
displays the previously claimed capability for predicting the
long-term behavior of PE, provided that the materials to be
compared have about the same density or stiffness. The above
findings also reveal that the compromise between stiffness and
ESCR gets better in the order Crl <Cr2 <ZN.

3.4. Natural draw ratio

The natural draw ratio, NDR, is the plastic strain that
spontaneously develops when drawing thermoplastics beyond
the yield point. Its physical origin is generally ascribed to the
extensibility of the macromolecular network [45]. The
situation is not so clear regarding semi-crystalline polymers.
According to Peterlin’s fibrillar transition model, NDR, results
from the chain unfolding at the stage of the lamella
fragmentation [14,15]. In this instance, the concentration of
random folds and intercrystalline tie chains is a major factor in
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Fig. 5. Creep compliance versus applied stress for the polymers from the three
series of similar density 0.959 g/cm®.
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Mechanical and structural characteristics of the samples: secant modulus, E; natural draw ratio, A,; SAXS long period, Ly; crystal volume fraction, ¢.; crystal
thickness, L.; crystal surface free energy, o; thickness distribution parameter, v; number of coherent scattering lamellae, N

Materials E (MPa) An L, (nm) ¢ (%) L. (nm) O I/m?) % N
Crll 1060 7.6¢ 22.8 69.0 15.8 0.034 0.32 30
Crl12 1050 7.7, 22.9 69.0 15.8 0.036 0.32 30
Crl3 1100 7.35 22.5 70.0 15.7 0.030 0.33 25
Crl4 1050 7.2¢ 22.6 68.5 15.5 0.034 0.33 20
Crl5 910 6.8¢ 21.6 64.0 13.8 0.043 0.33 20
Crl6 900 6.6¢ 20.5 62.5 12.8 0.043 0.35 15
Cr21 1080 6.9, 23.2 68.0 15.8 0.032 0.32 15
Cr22 990 6.8¢ 22.7 67.0 15.2 0.043 0.32 15
Cr23 930 6.7 22.6 64.0 14.4 0.040 0.33 10
Cr24 990 6.4, 21.9 65.0 14.3 0.044 0.33 10
Cr25 610 5.6¢ 18.4 52.0 9.5 0.063 0.35 10
Cr26 550 5.5 17.7 47.5 8.4 0.063 0.35 10
Cr27 520 5.4, 17.5 47.0 8.2 0.063 0.36 10
Cr28 470 5.0 17.1 43.0 7.3 0.063 0.37 10
ZN1 1020 6.35 21.9 68.0 14.9 0.038 0.34 10
ZN2 840 5.85 22.2 64.0 14.2 0.043 0.36 10

For every property, the last digit of the data is relevant to the standard deviation of the measurements.

the limitation of lamella fragmentation, and therefore, in the
NDR extent, as suggested by Tarin and Thomas [46].

Table 2 reports the NDR data for all the materials of the
study. For every series, NDR decreases with decreasing
density. The NDR versus density plot of Fig. 6 allows
emphasizing the fairly monotonic evolution of the relationship
and the very low standard deviation of the data that enables
perfect discrimination of the materials. This is thoroughly
consistent with the idea that the crystallinity drop due to either
co-units [47] or very long chains [48] goes along with a highly
disordered chain topology at the crystal surface, namely
random chain folding including loose loops and profuse tie
chains. As a direct consequence, the capability for lamella
fragmentation and chain unfolding is reduced as density
decreases, due to the improved macromolecular network
strength.

Fig. 6 also allows comparison between materials from the
three series at equivalent crystallinity. More particularly, the

two sets Crl13-Cr21-ZN1 of density 0.959 g/cm® and
Cr15-Cr23-ZN2 of density 0.954 g/cm’ reveal a slight but
notwithstanding clear drop of NDR in the order Crl>Cr2>
ZN. This finding suggests that the resistance of the
macromolecular network to plastic extension increases in the
same order.

Interestingly, both the NDR variation with density in every
series and the NDR variation between the three series at similar
density follow the ESCR hierarchy. Fig. 7 shows that ESCR
obeys a univocal relationship with NDR. In every series, the
increasing ESCR with decreasing NDR directly reflects the tie
chain concentration increase with increasing co-unit content. In
the comparison of the three polymer series at similar density,
the same ESCR versus NDR relationship emphasizes the
determining role of the broad distribution of chain lengths in
the Cr2 series and the preferred distribution of the co-units on
longer chains in the bimodal ZN series for generating inter-
crystalline connections. Whatever their origin, such inter-
crystalline tie chains play the same role in stress crack
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Fig. 6. Natural draw ratio versus density for the three polymer series.
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resistance and plastic deformation. On the one hand, they delay
crack growth during the stress cracking test. On the other hand,
they restrict the plastic extension of the macromolecular
network during the necking process under tensile drawing.

Last but not the least, the natural draw ratio appears to be a
fairly reliable short-term parameter for evaluating the long-
term mechanical behavior of HDPE, in consideration of the
present data from 16 polymers issued from three different
synthesis methods. The reliability of this indicator should be
yet confirmed with polymers from other sources.

3.5. Segregation crystallization

Stepwise isothermal segregation (SIS) was used as an
indicator of the proportion of polymer species that are able to
crystallize at low undercooling under a finite time duration, and
those that need large undercooling for growing crystals. The
isothermal treatment for 4 h at 124 °C, i.e. moderate under-
cooling, is performed in order to crystallize the chains species
that have the best crystallization capabilities, namely short and
medium length chains with very few or without co-units. These
chain species are able to form thick crystals in the so-called
Regime II, according to Hoffmann designation, which involves
a high rate of regular chain folding and few intercrystalline tie
chains [49,50]. The slow cooling is carried out for crystallizing
the remaining crystallizable part of the materials that was
unable to crystallize during the isothermal treatment, due to
kinetic factors in relation to chain architecture. These chains
species should consist of either co-unit rich chains or very long
chain with or without co-units. They are likely to form thinner
crystals than the previous ones as a result of the lower
temperature at which crystallization occurred during the
cooling step. In that case, the crystallization completion should
obey Hoffmann’s growth Regime III, which means predomi-
nant random chain folding with loose loops and profuse
intercrystalline tie chains [50,51].

The heating scan recorded after cooling down to room
temperature reveals the melting of the two crystal populations,
as judged by the occurrence of high temperature (HT) and low
temperature (LT) melting peaks. A typical example is shown in
Fig. 8. The relative amounts of the two crystal populations can
be estimated by a simple separation procedure at the minimum
of the double-hump melting endotherm [29], as shown in
Fig. 8. The weight fraction of the LT crystal population is
called SIS ratio.

SIS ratio data for the whole polymer collection are reported
in Fig. 9, as a function of density. The steady increase of the
SIS ratio with decreasing density for both Crl and Cr2 series
reveals an increasing difficulty for HT crystallization due to
increasing co-unit concentration. Considering the preferred
occurrence of Regime II and Regime III during the two
crystallization steps, this finding strongly suggests an increas-
ingly intricate chain topology when density drops. The parallel
ESCR increase (Fig. 2) is, therefore, relevant to a favorable
chain topology evolution involving numerous intercrystalline
tie chains that prevent crack opening under stress.
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Fig. 8. DSC trace of the Crl6 heating scan after SIS treatment.

It is worth comparing polymers of the three series having
similar crystal content, i.e. similar stiffness. The SIS ratio
ranking Cr13<Cr21<ZNI1l and Crl5<Cr23<ZN2, for
densities 0.959 and 0.954 g/cm’, respectively, suggests an
increasing topological disorder. As already pointed out, the
MWD of the Cr2 series is notably broader on the high molar
weight side than that of the Crl one. This factor is likely to
hinder crystallization kinetics and improve the occurrence of
tie chain and loose loops in the Cr2 series. Regarding the
bimodal ZN materials, preferred co-unit incorporation in long
chains is an additional feature in favor of tie chains and loose
loops, as compared with the Cr2 and Crl series. This
conclusion supports the explanation put forward to account
for the ESCR increase in the order Crl <Cr2 <ZN.

Fig. 10 shows the ESCR versus SIS ratio plot. No univocal
correlation appears from this figure in contrast to the NDR
versus ESCR plot discussed in the previous section. In spite of
its discriminating property, the SIS ratio is less sensitive to the
chain topology than the NDR. Nevertheless, it provides
structural information on the build up of intercrystalline tie
chains.
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Fig. 9. SIS ratio versus density for the three polymer series.
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Fig. 10. ESCR versus SIS ratio for the three polymer series.

Although the compression molding of the materials into
2 mm-thick sheets does not involve actual segregation crystal-
lization, one may assume that the variable capability of the
investigated materials to generate tie chains remains intact
upon slow cooling, due to the intrinsic differences in molecular
architecture. Therefore, the topological conclusions drawn
from the SIS analysis should apply to the compression-molded
samples.

3.6. Small-angle X-ray scattering

The L, and L. data are reported in Table 2. For every
polymer series, the L. data display a steady decrease with
decreasing density. On the one hand, considering that all
polymers have been crystallized following the same slow
cooling procedure, this L. evolution is clearly indicative of an
increasing crystallization hindrance. The reason lies either in
the co-unit concentration increase or in the molar weight
distribution broadening. This is perfectly consistent with the
conclusion from the SIS analysis of an increasing trend for
Regime III crystallization, involving predominant random
chain folding and profuse intercrystalline tie chains. On the
other hand, considering Huang—Brown’s statistical model of tie
chain evaluation [16,18], the lamella thickness decrease is a
major factor for generating more intercrystalline molecular
connections. These two independent effects converge towards
strength improvement with decreasing density of the materials,
in agreement with the previous observations of the NDR
reduction and ESCR increase.

Comparison of materials at equivalent crystallinity is not so
obvious considering the very small L, variations in the Crl13—
Cr21-ZN1 series at 0.954 g/cm® and the Cr15-Cr—ZN2 series
at 0.959 g/cm?®.

Fig. 11 shows an example of curve fitting of the
experimental Lorentz-corrected intensity profile with the
paracrystalline model. Analysis of the v and N parameters of
the paracrystalline model provide an additional insight into the
structural perfection. In spite of a stepwise evolution of both
parameters, the N decrease and vy increase with decreasing
density indicate an increasing disorder of the lamellar stacking.
It is also worth examining polymers of the three series, at
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Fig. 11. SAXS intensity profile and curve fitting of the paracrystalline model in
the case of the Crl1 polymer.

similar density: a global analysis of the N and vy data of Table 2
reveals an increasing stacking disorder in the following ranking
Cr1 <Cr2 <ZN that parallels the conclusion from Fig. 10 of an
increasing disorder in the chain topology.

Fig. 12 shows the N versus SIS ratio plot for the whole
polymer collection. A very fair correlation appears between the
structural disorder represented by N and the SIS ratio which
stand for the topological disorder. The lower is the propensity
for crystallizing at low undercooling, i.e. high SIS ratio, the
lower is the stacking order, i.e. low N values. In parallel, the
lamella thickness distributions broaden with increasing SIS
ratio.

Considering that low undercooling crystallization promotes
regular chain folding together with thick and long crystals that
are more stacking-prone than small crystals, the increasing
disorder of the lamellar stacking can be taken as a direct
consequence of the increasing trend for random chain folding
accompanied with profuse tie molecules.

The above correlations between the topological and the
structural disorder, for polymers of various density in the same
series as well as polymers of similar density in the various
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Fig. 12. N versus SIS ratio for the three polymer series.
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series, reinforces the point of view that any factor hindering
crystallization is beneficial for mechanical properties. In the
first instance, the benefit in long-term mechanical behavior is
concomitant to a crystallinity reduction that is detrimental for
stiffness. This latter point may be yet overcome owing to
judicious combination of architectural parameters that allow
optimizing the stiffness/durability compromise: as a mater of
fact, the peculiar co-unit distribution that can be designed via
the cascade-reactor ZN catalysis provides an optimum tie chain
concentration without prejudice for stiffness.

3.7. Surface free energy

The surface energy of the chain-folded surface of the
crystalline lamellae computed from the Gibbs—Thomson
equation and using the L. data from SAXS are reported in
Table 2. In spite of the relatively large standard deviation of the
data due to cumulating experimental errors on melting point,
SAXS long period and crystallinity, the general trend is that o,
increases with decreasing density. This trend already reported
for ethylene copolymers in a wide range of crystallinity [52,53]
is relevant to an increasing topological disorder at the crystal—
amorphous interface. As a matter of fact, o. for PE-based
materials is minimum in the case of chain-folded single
crystals and maximum in the case of fringed-micelle crystals.
The present findings reveal an increasing content of loose loops
and intercrystalline tie chains with decreasing crystallinity, due
to either co-unit rejection from the crystal in the case of co-unit
rich chains or strong hindrance to regular folding in the case of
deeply entangled very long chains. This corroborates the
interpretation given above for the evolution of the stacking
disorder as a function of density.

The crystal surface free energy is plotted in Fig. 13 as a
function of the SIS ratio. Although the data dispersion does not
lead to a strictly univocal relationship, the roughly monotonic
evolution emphasizes the capability of the two parameters to
provide parallel information on the changes of topological
disorder as a function of molecular architecture. It is worth
noticing that any increase in surface free energy directly
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Fig. 13. Surface free energy of the crystal lamella fold surface versus SIS ratio
for the three polymer series.

parallels an increase in stacking disorder (see v and N values in
Table 2). This is indicative of an increase of crystalline lamella
roughness that makes more difficult the regular stacking of the
growing lamellae during crystallization.

4. Conclusion

The somewhat puzzling short-term creep behavior of the
polymers of this study is due to the fact that creep compliance
at high loading is a complex combination of stiffness from the
crystal phase and strength from the macromolecular network.
Comparison at equivalent crystallinity enables focusing on the
network strength contribution that develops via the stretching
of the intercrystalline tie chains under loading. The issue of the
comparison is: the higher the ESCR, the lower the compliance.
This is all the more remarkable that Young’s modulus, which is
just the inverse compliance at very low load, exhibit not any
correlation with ESCR.

The natural draw ratio displays a much clearer evolution
than the creep compliance. It applies without restriction to all
the materials of the study. The natural draw ratio is indeed
much sensitive to crystallinity changes but not to the
concomitant changes in material stiffness, for every polymer
series. The NDR decrease in parallel to the ESCR increase
reveals the determining role of the macromolecular network
strength in the plastic drawing of the materials beyond the yield
point, irrespective of stiffness. At equivalent crystallinity, NDR
rigorously follows the ESCR ranking, bringing thus additional
support to the determining role of the macromolecular network
strength.

Segregation crystallization proved to be a very convenient
means for evaluating the amount of polymer chains that cannot
crystallize at low undercooling. These chain species are
precisely the ones most prone to generating a disordered
chain topology with a high content of intercrystalline tie chains
and random folds. Surface free energy measurements
thoroughly corroborate the topological disorder brought
about by such chain species. SAXS revealed a concomitant
structural disorder at the scale of lamellar stacking indicating
that the disorder in the chain topology at the lamella surface has
a detrimental effect on the materials capability for growing
large and smooth crystal lamellae.

The structural disorder at various scale levels systematically
goes along with an ESCR increase. This correlation can be
ascribed to the molecular architecture that governs the build up
of the chain topology during the crystallization stage.

Both stepwise segregation crystallization and natural draw
ratio proved to be relevant short-term indicators of the long-
term behavior that can be used for predictive purpose. The
peculiarly high discriminating potential of the natural draw
ratio makes it a universal predictive parameter for long-term
mechanical behavior of PE-based materials. SAXS stacking
disorder and crystal surface free energy only display a rough
trend of evolution in relation to ESCR but they both provide
quite instructive hints about the incidence of molecular
architecture on the development of the structural organization
and the chain topology during crystallization.
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The concluding comment that could be made about the
incidence of HDPE molecular architecture on mechanical
properties is that any molecular parameter hindering HDPE
crystallization involves a structural disorder at various scale
level that goes along with improved long-term mechanical
behavior. Long chains are favorable to long-term properties.
However, preferred incorporation of co-units in long chains is
particularly benefiting for stress-cracking. Co-units not only
reduce regular chain folding but also reduce crystal thickness, a
favorable factor for the generation of tie chains as demon-
strated by Brown et al. [17,19]. The best comprise between
stiffness and long-term behavior is found for ZN copolymers
that gather all benefiting molecular parameters for structural
disorder without loosing crystal content that is necessary for
stiffness.

As a final comment, it is worth noting that all properties
investigated in this work are sensitive to processing conditions
of the materials which must be the same to allow relevant
comparisons. The relevance of the various indicators should be
extended to other kinds of materials in order to confirm their
universality regarding PE-based polymers.
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