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ABSTRACT: In this study we correlate parameters describing molecular structure (mo-
lar mass distribution, short chain branching content, intermolecular heterogeneity) of
different ethylene–hexene Cr-catalyzed copolymers, with slow crack growth and rapid
crack propagation resistances, respectively measured with Bent Strip and Charpy
tests. The PTREF technique, coupled with classical techniques, was used. Two new
indices were proposed to correlate mechanical properties and molecular structure.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 916–928, 2001
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INTRODUCTION

A durable service lifetime for polyethylene (PE)
pipes under pressure requires an excellent resis-
tance to slow crack growth (SCG) and to environ-
mental stress cracking (ESC). Another potential
failure is rapid crack propagation (RCP), occur-
ring after external impact. Factors affecting these
different mechanisms of failure have been exten-
sively discussed previously in literature. SCG is a
brittle failure, appearing for low stress and after
relatively long times.1,2 Two processes control the
rate of SCG: the initiation rate of the craze as it
precedes the crack and the rate of crack propaga-
tion. The latter process is the controlling mecha-

nism in a-olefin/ethylene copolymers and is gov-
erned by the disentanglement rate of tie mole-
cules into fibrils, at the base of the craze.3 The
lower the disentanglement rate, the higher the
resistance to SCG. Although this rate mainly de-
pends on the content of tie molecules, it also de-
pends on their spatial configuration, their entan-
glement efficiency, and the strength of the crys-
tals in which they are anchored.

Different molecular and morphological param-
eters influencing slow crack growth resistance
(SCGR), after extrusion of the pipe, are given in
the literature: the molar mass, the molar mass
distribution, the type of short chain branching
(SCB), the SCB content, the repartition of the
SCB on the macromolecules (intra- and intermo-
lecular heterogeneities), the lamellar thicknesses
distribution, and both the density (crystallinity)
and the lamellar orientation of the sample.3–8

The presence of longer molecules leads to im-
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proved SCGR because of more tie molecules,9

more effective tie molecule entanglements,10 and
anchoring in the crystalline lamellae.3 Several
authors indicate, however, that no tie molecules
could be observed below a critical molar mass.
This value is not unique for PE but depends on
the SCB content. SCGR increases with broader
molar mass distribution.11 Incorporation of
comonomer increases the content of tie molecules
and the efficiency of the entanglements. Branch-
ing also decreases the lamellar thickness, thus its
strength and the tie chains’ anchoring.5,12 Thus
the optimum SCGR is reached with an interme-
diate comonomer content. Bubeck and Baker13

found that increasing the branch length from
methyl to hexyl increases SCGR as a result of
more effective tie chain entanglements. Several
authors11,14,15 showed that a better SCGR is
obtained with the highest comonomer concentra-
tion on the longest molecules. This can be attrib-
uted to a stronger entanglement in the longest
macromolecules because the longer the molecule,
the greater the likelihood of its being a tie mole-
cule.

SCG can be accelerated in the presence of an
aggressive environment like Igepal.16 The resis-
tance to this type of failure is called environmen-
tal stress cracking resistance (ESC). It occurs at a
stress level largely inferior to the one required in
air.17

More seldom but more insidious than SCG,
RCP is a brittle failure, occurring after sufficient
impact.18 No mechanism leading to its occurance
has been clearly identified up to now. Neverthe-
less, experimental results are reported in the lit-
erature. In general, impact fracture toughness
increases when the molecules are longer.19–21 A
narrow molar mass distribution is also favor-
able.19 Several authors indicate a decrease of the
resistance to impact with increasing density.22,23

However, such a trend has not been distinctly
observed by Fleissner,19 who noticed that the im-
pact toughness becomes nearly independent of
density above a critical density value.

“PE63” is the brand name of the first genera-
tion of PEs for pipe applications, introduced at the
end of the 1950s. These high-density polyethyl-
enes (HDPE, i.e., PE with a density above 0.940)
are homopolymers, characterized by a good resis-
tance to creep.

The second generation of PEs, called “PE80,”
were characterized by a better SCGR than the
previous PE63 because of incorporation of
comonomers. However, these medium-density
polyethylenes (MDPE, i.e., with a density be-

tween 0.926 and 0.940) have a lower creep resis-
tance. It must also be emphasized that intermo-
lecular heterogeneity of these copolymers, ob-
tained with Ziegler–Natta or chromium catalyst,
does not seem optimum in terms of SCGR. In-
deed, several authors, mainly for Ziegler–Natta-
catalyzed PE materials,24–27 show that SCB are
mainly situated on shorter molecules.

The last evolution (third generation called
“PE100”) consists of mixing low molar mass ho-
mopolymer molecules with larger molar mass co-
polymer molecules. Thus, SCB are mainly situ-
ated on longer macromolecules, resulting in a bet-
ter SCGR while the high density low molar mass
fraction confers a resistance to creep comparable
to that of “PE63.”

In this study we try to correlate some param-
eters describing molecular structure (average mo-
lar masses, molar mass distribution, SCB con-
tent, intermolecular heterogeneity) with rapid
and slow crack propagations in ethylene–hexene
copolymers. For this purpose, new indices are pro-
posed in this study. These copolymers (two MDPEs
and three HDPEs) were synthesized with Cr-cat-
alysts in different conditions of polymerization, to
modify the repartition of the comonomer on the
different macromolecules of these products.

The main consideration is the influence of the
molecular structure on mechanical properties.
Possible morphological effects are not really
taken into account in this work. For example,
lamellar thickness measurements are not at-
tempted. Only melting and crystallization tem-
peratures, crystallinities [both by differential
scanning calorimetry (DSC)], and density mea-
surements (by pycnometer) are carried out.

The mechanical properties are evaluated with
laboratory scale tests (environmental Bent Strip
Test for SCG and Charpy Test for RCP) on com-
pression-molded samples. Molecular structure is
studied by means of two different approaches.
The first, a classical approach, consists of analyz-
ing the neat samples (pellets) with conventional
characterization techniques [nuclear magnetic
resonance (NMR), size-exclusion chromatography
(SEC)]. In the second, original approach, the cou-
pling of such classical techniques with fraction-
ation techniques [stepwise isothermal segrega-
tion technique (SIST), preparative temperature
rising elution fractionation (PTREF)] is pre-
sented, to study molecular structure more pre-
cisely. Intermolecular heterogeneity of Cr-cata-
lyzed PE copolymers was confirmed by these tech-
niques.
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EXPERIMENTAL

Materials

Five ethylene–hexene copolymers (A, B, C, D, and
E), used in pipe applications, were studied. They
are all monomodal PEs of the second generation
(PE80). They were obtained by supported Cr-cat-
alysts. Samples A and B were classified as medi-
um-density polyethylenes (MDPE). Copolymers
C, D, and E were high-density polyethylenes
(HDPE). Density, melting temperatures, SCB
content, and average molar mass values for these
products are summarized in Table I. Pycnometer
measurements confirm that samples A and B can
be appropriately classified as MDPE, whereas
other samples are HDPE. These latter contain
significantly less SCB and present higher melting
temperatures. Number-average and weight-aver-
age molar masses (Mn and Mw, respectively) of all
copolymers, although not identical, lie in the
same range. This comment, however, is not true
when observing z-average molar masses (Mz) ob-
tained. Indeed, sample E, characterized by a sig-
nificantly lower Mz value, contains far fewer long
molecules. All five PEs are characterized by a
large polydispersity index (H), typical of multisite
catalysts and ranging from 8.5 (sample E) to 14.1
(sample B).

Mechanical Properties

Processing Step

Prior to mechanical testing, the PE pellets were
compression-molded between Mylar films at
175°C into 3.2- or 1.95-mm-thick sheets (for
Charpy Test or Bent Strip Test, respectively). For
both sheets, the following compression-molding
procedure was applied: 20 min at 175°C without
pressure followed by 10 min under pressure (110

kN on 24 3 24-cm plaque, 1.9 MPa) at that tem-
perature and a programmed constant cooling rate
of 15°C/min (ASTM D-1928 procedure C).

Charpy Test

Impact fracture toughness was evaluated, at a
laboratory scale, with a Charpy instrumented im-
pact tester Fractovis from CEAST. Interest in
such a small-scale test (compared to industrial
tests S4 and full-scale) to evaluate resistance to
RCP was previously discussed in the litera-
ture.28,29

Single-edge notched bending (SENB) speci-
mens were machined from the 3.2-mm-thick com-
pression-molded sheets to their dimensions:
length, 63.5 mm; width, 12.6 to 12.8 mm; notch
depth, 6.35 mm; notch tip radius, 0.025 mm. The
span-to-width ratio was fixed at 4 (span length
50.8 mm). Finally, the edge of a fresh razor blade
was applied into the tip of the V-notched crack,
resulting in a sharp crack of about 100 mm ahead
of the machine crack tip.

The total energy absorbed by the SENB speci-
men was measured at the temperature of 210°C.
The temperature of 210°C was chosen because at
that temperature the grads were better discrimi-
nated (semi-ductile failure). Test parameters
were: number of tests, 6; test time, 16 ms; ham-
mer type, M 749; hammer weight, 5.154 kg; ham-
mer speed, 1.07 m/s; impact height, 0.058 m; in-
cident energy, 2.95 J; and support span, 50.8 mm.

Bent Strip Test

SCGR is evaluated with an environmental test
called Bent Strip Test (ASTM procedure D 1693),
in which the SCG mechanism is accelerated by
the presence of Igepal, an aggressive environ-
ment.16 The test is run under the most severe

Table I Some Characteristics of the Five PE Samples Used in This Work

Reference Tm
a Densityb SCB Contentc Mw

d Mn
d Mz

d He

Sample A 127.9 0.937 54 188,500 17,100 1,432,500 11.1
Sample B 127.4 0.933 68 205,500 14,800 1,460,200 14.1
Sample C 130.3 0.943 25 214,200 17,900 1,417,600 12.5
Sample D 132.3 0.945 20 230,300 22,300 1,519,500 10.5
Sample E 130.8 0.944 21 178,000 20,900 1,059,000 8.5

a Melting temperature determined by DSC (in °C) at 10°C/min.
b Density at 23°C in g/cm3.
c Butyl content measured by 13C–NMR (/10,000 C).
d Weight-, number-, and z-average molar masses (Mn, Mw, Mz) in daltons.
e Polydispersity index (H 5 Mw/Mn).
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conditions, that is, in a 35 wt % Igepal solution at
a temperature of 70°C. Elapsed time after statis-
tical appearance of cracks in half of the 10 speci-
mens tested is called F50. This time is obtained by
a graphical method described in the ASTM proce-
dure.

Preparative Temperature Rising Elution
Fractionation (PTREF)

Fractionation of the five resins, in terms of their
crystallizability, was accomplished by a home-
made apparatus preparative temperature rising
elution fractionation (PTREF). The schematic of
the apparatus used in this study was similar to
the system of PTREF described by Wild and
Ryle30 and is presented in Figure 1. The insulated
column was 600 mm high and 45 mm in diameter.
It was filled with iron mesh as inert support. The
temperature of the column was controlled using a
Julabo F32 HP thermal controller (30–200
6 0.05°C). The sample (>6 g) was dissolved, un-
der magnetic stirring, at 120°C in 400 mL of tech-
nical xylene, stabilized with Irganox 1010 antiox-
idant (2 g/L), and then loaded into the column
preheated to 130°C. The system was kept isother-
mally at 130°C for a period of 60 min.

The PTREF technique can be divided into two
sequential stages, precipitation and elution. In

the precipitation step, the column was cooled to a
temperature of 30°C at the rate of 0.04°C/min.
During the cooling of the diluted solution, the PE
resin crystallizes onto the steel packing, forming
thin layers with respect to their crystallizability,
mainly determined by the longest average ethyl-
ene (crystallizable) sequence, starting from the
support surface.

In the second step, the column was heated to
40°C (first elution temperature) at a rate of 1°C/
min. The following stabilization temperature step
lasted 20 min. Xylene, stabilized with Irganox
1010 (2 g/L) and preheated to the elution temper-
ature, was passed upward through the column at
a flow rate of 10 mL/min. The elution operation
was stopped when no more precipitate was ob-
served coming from the column into the metha-
nol-filled vessel. The extraction temperature was
raised in small intervals over the range
40–105°C. Eleven fractions, corresponding to suc-
cessive elutions at temperatures of 40, 50, 60, 70,
80, 85, 90, 93, 96, 100, and 105°C, were thus
obtained.

For all fractions, the polymer eluted was pre-
cipitated in a large excess of nonsolvent metha-
nol, filtered, stabilized with Irganox 1010 (2000
ppm), dried at 50°C, and eventually weighed.

Characterization Techniques

Pycnometer

Density was measured with a helium ACCUPYC
1330 pycnometer on the compression-molded
SENB samples, according to an internal Fina
Chemicals procedure. The value of the density is
reported at a reference temperature of 23°C while
the experiment is carried out at a temperature
close to 29°C. For this, a density increase of 3.6
3 1024 g/cm3 per decrease of one degree was
assumed. The measurement was accomplished on
Charpy samples, after the test; the time after
compression-molding was the same for all five
resins (about 1 month).

Size-Exclusion Chromatography (SEC)

Molar mass and molar mass distribution were
measured with an ALC/GPC 150C instrument
(Waters Instruments, Rochester, MN), equipped
with two AT-806 MS Shodex columns (Showa
Denko, Japan) and one styragel 300-Å column
(Waters Instruments). The solvent used was
1,2,4-trichlorobenzene, stabilized with Irganox
1010 (2 g/L). The polymer concentration in solu-
tion was 2 g/L. All measurements were carried

Figure 1 PTREF column installation (1, inert sup-
port; 2, Pt100 probe; 3, solvent inlet; 4, solvent outlet; 5,
oil bath inlet; 6, oil bath outlet; 7, oil jacket).
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out at 135°C. Polystyrene standards were used for
calibration purposes. By using the Mark–Hou-
wink equations of polystyrene (PS) and PE, the
molar masses, with respect to polystyrene, were
converted to polyethylene. The Mark–Houwink
constants (k, a), generally used for HDPE, were
also adopted for LLDPE, given that the hydrody-
namic volume is not significantly affected by the
presence of SCB in LLDPE. The values of the
Mark–Houwink constants for PS and PE (in dL/g)
were31,32

@h#PS 5 1.21 z 1024pM0.710

@h#PE 5 5.10 z 1024pM0.706

Nuclear Magnetic Resonance Spectroscopy (NMR)

Butyl content was determined on unfractionated
PE by 13C–NMR spectroscopy. The spectra were
recorded at 130°C on a Bruker 300-MHz NMR
spectrometer (Bruker Instruments, Billerica, MA;
Germany, Karlsruhe). Detailed parameters of the
experiment were: pulse angle, 90°; delay time,
15 s; and acquisition time, 1.7 s.

Methyl content of PTREF fractions was ob-
tained by 1H–NMR spectroscopy, with a Bruker
300-MHz spectrometer at 130°C. Instrumental
conditions were: pulse angle, 90°; delay time, 10 s;
acquisition time, 2–4 s; and number of scans,
100–1000.

The polymer solutions were prepared by dissolv-
ing 5 mg polymer in 1 mL protonated/deuterated
(70/30) paradichlorobenzene. Chemical shifts were
referenced to an internal hexamethylene disiloxane
(HMDS) standard and corrected to tetramethylsi-
lane (TMS) by adding 2.03 ppm.

Differential Scanning Calorimetry (DSC)

Thermal analysis was carried out using a differ-
ential scanning calorimeter Perkin–Elmer DSC7
(Perkin Elmer Cetus, Norwalk, CT). A weighed
(>10 mg) sample was sealed in an aluminum pan
and was subjected to a heating–cooling–heating
cycle. Previous thermal effects were minimized by
initially heating the samples until they melted.
Subsequently, the cooling–heating cycle was re-
corded, providing exothermic (crystallization) and
endothermic (melting) curves. The heating and
cooling rates were 10°C/min and the range of
temperatures examined was between 220°C and
220°C.

Stepwise Isothermal Segregation Technique (SIST)

SIST33 was carried out using a differential scan-
ning calorimeter Perkin–Elmer DSC7. A weighed

(>10 mg) sample was first melted at 220°C for 10
min and then cooled at a rate of 20°C/min to
130°C, the highest temperature to be crystallized
isothermally (60 min). Subsequently, the sample
was subjected to a series of isothermal crystalli-
zation steps (duration 60 min) at intervals of 5°C,
down to 60°C. The sample was then cooled to a
temperature of 30°C, always at 20°C/min. Finally,
a usual scanning reheating experiment from
220°C to 220°C at 5°C/min was then performed to
reveal multiple melting peaks.

RESULTS AND DISCUSSION

Mechanical Properties

The total energy absorbed (Ut) by each of the
copolymers A, B, C, D, and E at a temperature of
210°C during the Charpy impact test is listed in
Table II. MDPE sample B presents the highest
value of all samples investigated and sample E
the lowest value.

The time F50, evaluated with the Bent Strip
Test for the five samples, is also reported in Table
II. As expected, MDPE copolymers A and B have
better resistance to SCG than HDPE copolymers.
Neither of the MDPE specimens failed in the
ESCR test (interrupted after 2000 h) because
they are too compliant. On the other hand, the
Bent Strip Test clearly distinguished the three
HDPE samples, even though their density values
were very close to each other (0.944 g/cm3).

The total energy absorbed during impact on
the Charpy specimens at 210°C can discriminate
them, with sample B exhibiting the highest im-
pact energy. The failure modes were of the semi-
ductile type (postyield energy important and no
drop in force after yield point with a gradual
decrease of the registered force on a force-dis-
placement–time diagram). A standard deviation

Table II Results of Mechanical Tests: Total
Energy Absorbed During Impact (Ut) at a
Temperature of 210°C and Time F50 of Bent
Strip Test for Copolymers

Reference Ut (J) F50 (h)

Sample A 0.358 .2000
Sample B 0.600 .2000
Sample C 0.381 426.0
Sample D 0.419 296.2
Sample E 0.354 21.6
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of 5–10% of the average value is expected for the
total impact energy.

Fractionated PE Characterization

The stepwise isothermal segregation technique is
a fractionation technique based, like TREF, on
the crystallizability of the polymer chains, but
operating in the melt.33 The insertion of 1-hexene
(as comonomer) along the macromolecular chains
reduces the average sequence length of crystalliz-
able ethylene units and consequently decreases
the lamellar thickness. According to the Thom-
son–Gibbs relation,34 as the amount of comono-
mers increases the more the melting point of the

copolymer is depressed with respect to the unsub-
stituted polymer.

Two SIST endotherms, representative of pecu-
liar MDPE and HDPE behaviors, are shown in
Figure 2. Variation of the cumulated enthalpy
with temperature is traced in Figure 3. HDPE
samples have a higher peak melting point than
that of MDPE samples (with concomitant thicker
lamellae) and a somewhat narrower distribution
of lamellar thicknesses. Differences, in terms of
crystallizability, among samples characterized in
this study were confirmed by SIST.

The PTREF profiles, showing weight fraction dis-
tribution with elution temperature, are plotted in
Figures 4(a) and (b). MDPE samples are character-
ized by a bimodal weight distribution. For HDPE
copolymers, the distribution is not bimodal, but ei-
ther unimodal (samples C and E) or trimodal (sam-
ple D). The evolution of the cumulated weight frac-
tions with elution temperature is traced in Figure 5.
Examination of Figures 4 and 5 confirms the den-
sity classification established by pycnometry. For
the MDPE group, more matter is collected at lower
elution temperatures (40, 50, 60, 70, and 80°C).

SCB content and molar mass data obtained
when characterizing PTREF fractions, respec-
tively, with NMR and SEC techniques, are sum-
marized in Table III. The SCB content decreases
with an increase of elution temperature. Such
branches reduce the average ethylene sequence
length and then restrict the formation of thick

Figure 2 SIST thermograms for samples B (MDPE)
and D (HDPE).

Figure 3 SIST: cumulated enthalpy versus temperature for PE copolymers A (‚), B
(F), C (E), D (M), and E (r).
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lamellae, thus contributing to the reduction of
polymer crystallinity. Typical SEC chromato-
grams of fractions corresponding to increasing
elution temperatures are presented in Figure 6.
Figure 6(a) and (b) are observed at elution tem-
peratures lower than 90°C, and Figure 6(c) at
90°C or more. At low elution temperatures, two
distinguishable SEC peaks (called Mp1 and Mp2)
are observed. The ratio of the concentrations of
the short molecules peak (Mp1) to the longer mol-
ecules peak (Mp2) decreases with elution temper-
ature up to 90°C. From this temperature, a single
SEC peak (Mp2) is observed.

It should be emphasized that these molar mass
peak values decrease with a decrease of elution

temperature. Peak values, rather than classical
average molar mass values, are used in this
study, a choice that was made essentially because
of the lack of physical sense of Mw values for
bimodal distributions. More precisely, we define
Mpavg mass (the average of Mp1 and Mp2 peak
SEC values) to better describe the length of the
molecules in the case of bimodal SEC distribu-
tions.

Two populations of molecules (one of short
chains and one of long chains) can thus be con-
firmed, thus implying the existence of different
types of active catalytic sites, already proposed in
Ziegler–Natta catalysts by Usami35 from the ob-
servation of PTREF diagrams.

Figure 4 PTREF diagrams: weight fractions versus elution temperature for MDPE
samples (a) and HDPE samples (b).
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The decrease of the SCB content with elution
temperature can be interpreted as follows: the
two types of active sites have different characters
in the polymerization of ethylene with 1-hexene.
One type produces short and branched molecules,
whereas the other type yields fewer branched but
longer molecules. The proportion of the molecules
obtained with the second type of site increases
with elution temperature.

The PTREF diagrams, described earlier, can
then be interpreted. In bimodal distributions ob-
tained for samples A and B, the peak appearing at
low elution temperatures is representative of
short and highly branched molecules, whereas
longer and linear molecules are eluted at higher
temperatures, giving rise to the second PTREF
peak. On the contrary, for samples C and E of
higher density, the distribution is not bimodal but
unimodal. No significant matter is collected at
lower elution temperatures. The peculiar trimo-
dal diagram obtained with sample D must be seen
as intermediate between the bimodal and unimo-
dal diagrams. Indeed, this polymer contains more
branched (see elution peak at 85°C) but also more
linear molecules (see elution peak at 100°C) than
those of samples C and E. Moreover, the fraction
collected at 93°C includes molecules that are sim-
ilar to those in MDPE samples but at the same

time much longer than molecules found in other
HDPE samples.

The typical SCB distribution on macromole-
cules is plotted in Figure 7 for samples B (MDPE)
and D (HDPE). In this figure, we can observe that
intermolecular heterogeneity is nonoptimum in
terms of SCGR for Cr-catalyzed PE copolymers:
SCB content is higher on lower molar mass mol-
ecules. This situation was previously reported in
the literature for Ziegler–Natta catalysts.24–27

The pronounced decrease of SCB content with
molar mass confirms the existence of the two
types of molecules. In MDPE samples, SCB con-
centration is higher at given molar mass than for
HDPE.

Interpretation of Mechanical Results

Among the five copolymers analyzed in this study,
differences in mechanical properties were con-
firmed by Bent Strip and Charpy tests. In the
next part of this study, we explain such differ-
ences by exploiting results about molecular struc-
ture, presented earlier.

Slow Crack Growth Resistance

It was previously reported that SCGR in PE pipes
depends on the molecular structure of the PE

Figure 5 Cumulated weight versus elution temperature for MDPE samples A (‚) and
B (F); and for HDPE samples C (E), D (M), and E (r).
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Table III PTREF Fractions Characteristics

Reference Elution Temperature (°C) NMR: SCBa

SECb

Mp1
b (daltons) Mp2

b (daltons)

Sample A 40 313.7 700 18,100
50 251.5 1900 26,100
60 203.7 2300 26,300
70 164.3 3800 33,100
80 117.8 5600 36,900
85 108.2 15,100 55,400
90 70.5 26,600
93 60.0 88,400
96 44.2 87,400

100 108.2 84,500
105 39.8 89,400

Sample B 40 306.6 700 10,800
50 242.4 2100 23,300
60 204.5 2500 26,600
70 155.1 3700 29,700
80 112.1 8700 34,400
85 77.7 17,800 46,500
90 56.3 34,000
93 38.2 72,800
96 37.6 79,600

100 30.7 89,000
105 —c —c

Sample C 40 —c —c —c

50 —c —c —c

60 —d 2200 18,900
70 —d 2800 27,200
80 99.9 4700 30,700
85 73.3 7700 31,000
90 51.1 15,400
93 30.7 34,400
96 26.1 85,500

100 26.5 79,100
105 35.9 54,800

Sample D 40 —c —c —c

50 —c —c —c

60 —c —c —c

70 145.7 2900 27,400
80 92 5000 33,800
85 74.8 9100 27,500
90 38.5 20,500
93 36.7 80,900
96 30.4 82,100

100 22.6 83,600
105 23.9 88,400

Sample E 40 —c —c —c

50 —c —c —c

60 —d 2200 10,500
70 131.0 3200 24,700
80 87.5 5300 29,000
85 78.4 9500 29,000
90 46.0 18,500
93 47.4 34,600
96 27.4 76,500

100 33.7 83,600
105 37.9 86,500

a Methyl content obtained with 1H–NMR (/10,000 C).
b Mp1 is the molar mass of the SEC peak corresponding to the lowest molar masses distribution for PTREF fractions. The other

is denoted Mp2. From an elution temperature of 90°C, only one SEC peak is considered (see Fig. 6). This peak is also noted Mp2.
c PTREF matter collected inferior to 0.5% of the total weight.
d No possibility of NMR characterization.
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Figure 6 Typical SEC chromatograms of PTREF fractions observed at increasing
elution temperatures: (a and b) temperatures lower than 90°C; (c) temperatures above
90°C.



chains,3–15 especially on their molar mass and
SCB content. SCGR is increased with longer and
more branched chains.

From our results, it appears that SCGR mainly
depends on SCB content. As observed before in
Table II, time F50, representative of SCGR, is
above 2000 h for MDPE and is under 500 h for all
HDPE samples. To explain this, it can be ob-
served that, as expected, MDPE samples are
characterized by a greater butyl content, mea-
sured by 13C–NMR and reported in Table I: SCB
content in MDPE is nearly three times greater
than that of HDPE. The presence of very
branched molecules in MDPE samples has been
confirmed by SIST and TREF fractionation tech-
niques.

HDPE samples present contrasted SCGR
where 426.0, 296.2, and 21.6 are the time F50
values (in h) for samples C, D, and E, respectively.
These differences cannot be explained by differ-
ences in SCB content. The three samples possess
similar density and butyl content. Low SCGR of
sample E can be explained by examination of
average z-average molar mass (Mz) values in Ta-
ble I. Indeed, whereas samples C and D present
similar Mz values, sample E is characterized by a
much lower value.

Differences in molecular structures of samples
C and D have to be confirmed to explain their
contrasted F50 values: time F50 of sample C is
almost twice that of sample D (Table II). These
differences have been highlighted by PTREF
technique, in combination with SEC and NMR
characterization techniques. A new index, the
“SCG index,” is proposed in this study: it is de-
fined as the maximum value of the product, for
each PTREF fraction, of methyl content, molar
mass Mp2 (Mpavg for bimodal SEC distributions
observed at lower elution temperatures), and

PTREF fraction weight. This index takes into ac-
count the fact that SCGR depends on SCB content
and on length of macromolecules but also on the
distribution of SCB on the different macromole-
cules (intermolecular heterogeneity). The calcu-
lated values of this index are reported in Table IV
for HDPE samples. For each sample, the maxi-
mum index value is representative of the most
efficient molecules, in terms of SCGR. The best
SCGR of sample C is correlated with the highest
maximum index value of all HDPE samples,
whereas the lowest SCGR of sample E, already
explained in terms of lowest Mz value, is con-
firmed by the lowest maximum SCG index. HDPE
sample C possesses, in sufficient quantity (34% of
total sample weight), relatively branched mole-

Table IV “SCG Index” Values for HDPE
Copolymers

Reference Elution Temperature (°C) “SCG Index”a

Sample C 40 —
50 —
60 —
70 —
80 97,200
85 116,000
90 95,200
93 213,300
96 758,700

100 322,800
105 25,600

Sample D 40 —
50 —
60 —
70 28,600
80 85,700
85 171,100
90 48,100
93 717,600
96 508,100

100 526,300
105 50,700

Sample E 40 —
50 —
60 —
70 51,000
80 91,300
85 124,900
90 135,300
93 387,000
96 545,000

100 355,000
105 121,300

a Maxima “SCG index” values are italicized.

Figure 7 Methyl content versus molar mass Mp2

(Mpavg for bimodal SEC distributions of PTREF frac-
tions eluted at lower temperatures) for MDPE sample
B (F) and HDPE sample D (M).
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cules that are long enough to entangle efficiently
(methyl content of 26/10,000 C and Mp2 of 85,000
daltons).

Rapid Crack Propagation Resistance

It was previously reported that impact fracture
toughness mainly depends on the length of mac-
romolecules.19–21 Thus RCPR is improved with
longer chains. The influence of density on RCPR
is not very well defined. Fleissner19 reported a
density value of 0.934 (at room temperature),
above which impact fracture toughness is nearly
independent of density.

SCB content influence on RCPR seems very
clear for sample B, which is the most branched,
with a butyl content of 68/10,000 C (Table I).
Indeed, this MDPE, characterized by the lowest
density value (0.933), possesses the highest total
absorbed impact energy (Table II). This influence
disappears, however, for MDPE sample A (densi-
ty of 0.937 and butyl content of 54/10,000 C, Table
I). Indeed, this sample is characterized by an en-
ergy Ut lower than that of HDPE samples C and
D. It can thus be concluded that, as indicated by
Fleissner,19 above a density located around 0.934,
impact fracture toughness is independent of den-
sity. Thus impact energy variations for products
with a density above 0.937 (i.e., samples A, C, D,
and E) must be explained by the length differ-
ences of macromolecules. It is hazardous to em-
phasize such differences by observing single Mw
or Mz values obtained with the SEC technique.
The very wide molar mass distribution of these
multisite catalyzed PEs must also be taken into
account.

A new method is proposed in this study, thanks
to PTREF–SEC results: the use of a rather new
index, called “mass index,” which is defined for
each sample as the sum, on all PTREF fractions,
of the product of molar mass Mp2 (Mpavg for bi-
modal SEC distributions) and weight fraction
PTREF. Use of peak values for PTREF fractions
makes more sense because of the narrow molar

mass distribution of these fractions. The calcu-
lated values are reported in Table V. The varia-
tion of total impact energy, measured at the tem-
perature of 210°C, with “mass index” value is
plotted in Figure 8. It can be observed that, for
samples A, C, D, and E, RCPR results correlate
relatively well with the mass index values. In-
deed, RCPR increases when the mass index be-
comes greater. It must be noticed that MDPE
sample B, which presents the best RCPR, is also
characterized by the lowest mass index value. It
confirms that this favorable mechanical behavior
is mainly attributed to the presence of numerous
branchings.

CONCLUSIONS

Correlations have been attempted between pa-
rameters describing molecular structure and me-
chanical properties. It has been shown that char-
acterization of molecular structure of neat poly-
mers by conventional analytical techniques
(NMR, SEC, DSC) is not sufficient to establish
such relationships. However, PTREF fraction-
ation, with respect to crystallizability, followed by
DSC, NMR, and SEC techniques, provides a very
effective tool to elucidate molecular structure of
PE copolymers. PTREF histograms obtained were
different for each of the five copolymers studied,
relating each repartition of crystallizable ethyl-
ene sequences. It was also shown that intermo-
lecular heterogeneity of Cr-catalyzed PE copoly-
mers is not optimum in terms of SCGR: SCBs are
mainly located on shorter molecules. However,
the main drawback of PTREF is the cumbersome
procedure to be followed, and its time-consuming
aspect. In this respect, it is important that SIST
results be used to predict TREF results, as we

Figure 8 Total impact energy (measured at 210°C)
versus “mass index” value.

Table V “Mass Index” Values for PE Polymers

Reference “Mass Index”

Sample A 51,500
Sample B 46,900
Sample C 53,700
Sample D 66,200
Sample E 47,800
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have shown. SIST thermograms may then be
used to construct TREF temperature profiles.

To explain the obtained mechanical results,
two new indices have been proposed: the “SCB
index” and the “mass index.” It appears that
SCGR depends mainly on SCB content, whereas
impact fracture toughness is mainly related to the
length of the molecules. Indeed, it has been ob-
served that energy absorbed during the impact
test is independent of density when the density
value is above 0.937. This result confirms previ-
ous observations made by Fleissner.19

The analysis presented here certainly suggests
two areas that may be worthy of further study.
The first concerns the interest of fractionation
with respect to molar mass, and not to crystalliz-
ability. The second concerns an improved defini-
tion of the new indices proposed in this study.
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1. Scheirs, J.; Böhm, L. L.; Boot, J. C.; Leevers, P. S.
TRIP 1996, 4, 408.

2. Usclat, D. Personal communication.
3. Huang, Y. L.; Brown, N. J Polym Sci Polym Phys

Ed 1991, 29, 129.
4. Lu, X.; McGhie, A. R.; Brown, N. J Polym Sci,

Polym. Phys. Edn. 1992, 30, 1217.
5. Huang, Y. L.; Brown, N. J Polym Sci Polym Phys

Ed 1990, 28, 2007.
6. Lu, X.; Ishikawa, N.; Brown, N. J Polym Sci Polym

Phys Ed 1996, 34, 1802.
7. Lustiger, A.; Markham, R. L. Polymer 1983, 24,

1647.
8. Brown, N.; Lu, X.; Huang, Y. L. Makromol Chem

Macromol Symp 1991, 41, 55.
9. Lu, X.; Brown, N. J Mater Sci 1986, 21, 2433.

10. Lustiger, A.; Markham, R. L. in Optimizing the
Resistance of Polyethylene to Slow Crack Growth,
Proceedings of Plastic Pipes VI, The Plastic and
Rubber Institute, York, 1985.
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