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THERMOPLASTIC COMPOSITIONS COMPRISING BIMODAL POLYETHYLENE
AND ARTICLES MANUFACTURED THEREFROM

TECHNICAL FIELD
[0001] Embodiments of the present disclosure are generally directed to thermoplastic
compositions and, in particular, thermoplastic compositions comprising bimodal polyethylene and
articles manufactured therefrom.
BACKGROUND
[0002] When manufacturing insulation and jacket layers for wires and cables, both the
performance (e.g., mechanical properties, environmental stress-cracking resistance, etc.) and the
processability of the thermoplastic compositions used for the manufacture of the insulation and
jacket layers are critical in order to ensure both success in fabrication and long-term durability
during service. While some thermoplastic compositions may have superior mechanical properties,
such as elongation at break, these superior mechanical properties are typically achieved by
sacrificing processability, environmental stress-cracking resistance, or both. In contrast, other
thermoplastic compositions may achieve superior processability by sacrificing mechanical
properties, environmental stress-cracking resistance, or both. Accordingly, there is an ongoing
need for thermoplastic compositions that balance mechanical properties and processability while
also maintaining environmental stress-cracking resistance.
SUMMARY
[0003] The present disclosure address these needs by providing a bimodal polyethylene
comprising a high molecular weight component and a low molecular weight component. In some
examples, the bimodal polyethylene has a density of from 0.933 grams per centimeter (g/cm?) to
0.960 g/cm’®, a melt index (I2) of from 0.3 decigrams per minute (dg/min) to 0.9 dg/min, and a
melt flow ratio (MFR21) greater than or equal to 70.0. In some examples, the high molecular
weight component has a density of from 0.917 g/cm? to 0.927 g/cm?, and a high load melt index
(I21) of from 0.85 dg/min to 4.00 dg/min. In some examples, the bimodal polyethylene includes
from 40 weight percent (wt.%) to 60 wt.% of the high molecular weight component.
[0003a] In one aspect, there is provided a bimodal polyethylene comprising a high
molecular weight component and a low molecular weight component, wherein the bimodal
polyethylene has: a density of from 0.933 g/cm® to 0.960 g/cm® when measured according to
ASTM D792-13, Method B; a melt index (I2) of from 0.3 dg/min to 0.9 dg/min when measured
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according to ASTM D1238-10 at 190 °C and a 2.16 kg load; and a melt flow ratio (MFR21) greater
than 70.0, wherein the melt flow ratio (MFR21) is a ratio of a high load melt index (I21) of the
bimodal polyethylene to the melt index (I2), and the high load melt index (I21) is measured
according to ASTM D1238-10 at 190 °C and a 21.6 kg load, wherein: the high molecular weight
component has a density of from 0.917 g/cm? to 0.929 g/cm?® when measured according to ASTM
D792-13, Method B; the high molecular weight component has a high load melt index (I21) of
from 0.85 dg/min to 4.00 dg/min when measured according to ASTM D1238-10 at 190 °C and a
21.6 kg load; the high molecular weight component has a shear thinning index (SHI) of from 10.0
to 20.0, wherein the shear thinning index (SHI) is a ratio of a complex viscosity of the bimodal
polyethylene measured at 0.1 radians per second (n*0.1) to a complex viscosity of the bimodal
polyethylene measured at 100 radians per second (n*100), and the complex viscosities of the
bimodal polyethylene are determined at 190 °C using Dynamic Mechanical Spectroscopy (DMS);
and the bimodal polyethylene comprises from 40 wt.% to 60 wt.% of the high molecular weight
component.

[0003b]  In another aspect, there is provided a method for producing the bimodal polyethylene
as defined herein, the method comprising polymerizing ethylene and at least one 1-alkene
comonomer in the presence of a catalyst in a multi-reactor system to produce the bimodal
polyethylene.

[0003¢] In another aspect, there is provided a thermoplastic composition comprising from 1
wt.% to 99 wt.% of the bimodal polyethylene as defined herein; and one or more additives.
[0003d] In another aspect, there is provided an article manufactured using the thermoplastic
composition as defined herein.

[0004] These and additional features provided by the examples of the present disclosure will

be more fully understood in view of the following detailed description.
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DETALED DESCRIPTION
16065] As noted previously, when manufacturing msulation and jacket lavers {or wires and
cables, both the performance (e.g, mechanical properties, environmental stress-cracking
resistance, etc.) and the processability of the thermoplastic compositions used for the manufacture
of the msulation and jacket layers are critical in order to ensure both success in fabrication and
tong-term durability during service. Typically, high-density polyethviene is used to produce
thermoplastic compositions in order io achieve insulation and jacket lavers with improved
mechanical properties and, as a result, improved abrasion resistance for durability and a reduced
coefficient of friction for ease of installation. However, polyethviene with hugh density generally
results in msulation and jacket layvers with poor environmental siress-cracking resistance, which
teads to brittle faihwe of the insulation and jacket layers. While reducing the density, melt index,
and high load melt index of the polyethviene may 1mprove the environmental stress-cracking
resistance of the insulation and jacket layers, this may also reduce the mechanical properties of
the insulation and jacket iayers, and processability of the polyethviene.
[6606] Embodiments of the present disclosure are direcied to bimodal polyethylene that
provide supertor processability, while also achieving significant mechanical properties and
environmental stress-cracking resistance. In particular, embodiments of the present disclosure are
directed o bimodal polvethylene comprising a high molecular weight component and a low
molecular weight component. The bimodal polyethylene may have a density of from 0.933 g/en?’
to 0.960 g/em’, a melt index (12} of from 0.3 dg/nun to 1.2 dg/nun, and a melt flow matio (MFR21)
greater than 70.0. The high molecular weight component may have a density of from 0.917 g/em’
to 0.929 géiom’ ) and a high load melt index (1) of from 0.85 dg/min to 4.00 dg/min. The bimodal
polvethvlene roay include from 40 wt % to 60 wit % of the high molecular weight component.
106671 The term "polvmer" refers to polymeric compounds prepared by polymerizing
monomers, whether of the same or a different type. Accordingly, the genernic term polymer
mncludes homopolvmers, which are polymers prepared by polvmerizing only one monomer, and
copalvmers, which are polymers prepared by polymenzing two or more different roonomers,
[00038] The term "interpolvmer” refers to polvmers prepared by polvmerizing at least two
different types of monomers. Accordingly, the generic term interpolymer includes copolymers
and other polymers prepared by polyvroerizing wore than two differert monomers, such as
terpolymers.
16009} The term “wumodal polymer™ refers to polymers that can be characterized by having

only one {raction with a common density, weight average molecular weight, and, optionally, melt
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mdex valve. Unimodal polvmers can also be characterized by having only one distinet peak in a
gel perroeation chromatography (GPC) chromatogram depicting the molecular werght distribution
of the composition.

16016} The term “mudtimodal polvmer™ refers to polymers that can be characterized by having
at least two fractions with varving densities, weight averaged molecular weights, and, optionally,
melt index values. Multimodal polymers can also be characterized by having at least two distinct
peaks in a gel permeation chromatography (GPC) chromatogram depicting the molecidar weight
distribution of the composition. Accordingly, the generic termy wultimodal polymer ncludes
bimodal polymers, which have two primoary fractions: a first fraction, which may be a low
molecular weight fraction and/or component, and a second fraction, which mav be a high
molecular weight fraction and/or component

[B011] The terms “polvolefin,” “polyolefin polymer,” and “polyolefin resin” refer to polymers
prepared by polymerizing a simple olefin (also referred to as an alkene, which has the general
formuda CuHos) monomer. Accordingly, the generic ferm polyolefin includes polymers prepared
by polymerizing ethylene wonomer with or without one or more comonomers, such as
polvethvlene, and polymers prepared by polvmenizing propvlene monomer with or without one or
more comonomers, such as polypropvlene.

j6612] The terms "polvethviene” and “ethviens-based polymer” refer to polyolefing
comprising greater than 30 percent (%) by mole of unuts that have been derived from ethylene
monomer, which includes polyethylens homopolymers and copolymers. Common forms of
polvethviene known in the art include Low Density Polvethviene (LDPE}, Linear Low Density
Polyethylene (LLDPE), Ultra Low Density Polyethylene (ULDPE), Very Low Density
Polyethyiene (VLDPE), Medium Density Polyethylene (MDPE), and High Deuosity Polvethvlene
(HDPE).

6613 The term “melt flow ratio” refers 1o a ratio of melt indices of a polymer. Accordingly,
the generic term melt fow ratio includes a ratio of a high load metal index (I} of apolvmerto a
melt index () of the polymer, which may also be referred 1o as an "MFR.”

[6G14] The term “shear thinning index” refers {o a ratio of complex viscosities of a polymer.
Accordingly, the genenic term shear thinning index includes a ratio of a complex viscosity of a
polymer af a frequency of 0.1 radians per second {rad/s) to a ratio of a complex viscosity of the

polymer at a frequency of 100 rad/s.
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16615} The termy “composition” refers o a mixture of matenals that comprises the
compaosition, as well as reaction producis and decomposition producis formed from the materials
of the composition.

{3016} The terms “comprising,” “including,” “having,” and their dertvatives, are not intended
to exclude the presence of any additional component, step, or procedure, whether or not the same
is specifically disclosed. In order to avoid any doubt, all compositions claimed through use of the
term “comprising” may include any additional additive, adjuvant, or compound, whether
polymeric or otherwise, uniess stated to the contrary. In contrast, the term, “consisting essentially
of 7 excludes from the scope of any succeeding reciation any other component, step, or procedure,
excepting those that are not essential to operability. The term “consisting of” excludes any
component, step, or procedure not specifically delineated or listed.

6817} I oue or more embodiments, the limodal polvethylene has a density of from 0,933
g/em’ o .960 gieny’. For example, the bimodal polyethyvlene may have a density of from 0.933
g/em’ 1o 0.957 glom®, from 0.933 g/em’ to 0.954 g/om®, from 0.933 g/em’ 1o 0.951 g/em’, from
0.933 g/om® to 0.948 glemt’, from 0.933 glom’ to 0.945 g/em?®, from 0.933 glom” 1o 0.942 glem?’,
from 0.933 glom?’ to 0.9390 g/eoy’, from 0.933 glom’ to 0.936 g/om’, from 0.936 g/em’ to 0.960
g/emy’, from $.936 g/em® to 0.957 g/em’. from 0.936 g/cm’ 1o 0.954 g/em®, from 0.936 g/em’ to
(.951 g/em’, from 0.936 glem’ 10 0.948 g/emy’, from 0.936 g/om’ 10 0.945 g/om’, from 0.936 glom’
to 0.942 g/em’, from 0.936 g/omt’ to 0.939 g/, from 0.939 g/om” 1o 0.960 glem®, from 0.939
g/cm’ 1o 0.957 glem’, from 0.939 g/en?’ to 0.934 g/om’, from 0.939 g/em’ to 0.951 g/em’, from
0.939 g/em’ to 0.948 g/em’, from 0.939 g/em’ to 0.945 g/em’®, from 0.939 g/em’ to 0.942 glom’,
from 0.942 g/em’® 1o 0.960 g/em’, from 0.942 g/om” 10 0.957 giom’, from 0.942 glem?’ to 0.954
g/ome, from 0.942 g/ent® to 0.951 g/omn’, from 0.942 g/om® to 0.948 glem’, from 0.942 g/em’ to
(1.945 g/em’, from 0.945 g/lem’ 10 0.960 g/emy’, from 0.945 g/em’ 10 0.957 g/em’, from 0.945 g/cm’
t0 0.954 g/om’, from 0.945 g/em® 1o 0.951 g/om’, from 0.945 g/om’ to .948 g/em’, from 0.948
glom’ 10 0.960 g/emt’, from 0.948 g/om’® to 0.957 g/om’®, from 0.948 g/om’ 1o 0.954 g/emy’, from
0.948 glem” to 0.951 g/om’, from 0.951 glem’ to 0.960 g/om’, from 0.951 glem’ to 0.957 glom’,
from 0.951 g/em’ to 0.954 g/em’, from 0.954 g/em’ to 0.960 g/om’, from 0.954 glom’ 1o 0.957
g/, or from 0.957 giem’ to 0.960 g/om’. As noted previously, when the density of the bimodal
polyethylene is greater than, for example, 0.960 g/om’, articles manufactured from the bimodal
polyethyvlene may have poor environmental stress-cracking resistance, which leads to brittle

failure of the insulation and jacket lavers. In contrast, when the density of the bimodal
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polvethvlene is less than, for example, 0.933 g/em’, the mechanical properties of the articles, as
well as the processability of the bimodal polyethyvlene may be reduced.

661§ In one or more embodiments, the bimodal polyethylene has a melt index (I} of from
.3 dg/min 1o 0.9 dg/min. For example, the bimodal polvethviene may have a melt index (I} of
from 0.3 dg/min to 0.8 dg/min, from 0.3 dg/nun to 0.7 dg/on, from 0.3 dg/man to 0.6 dg/nun,
from 0.3 dg/oun to 0.5 dg/min, from 0.3 dg/nun to 0.4 dg/min, from 0.4 dg/min to 0.9 dg/nun,
from 0.4 dg/min to 0.8 dg/min, from 0.4 dg/nun to 0.7 dg/min, from 0.4 dg/min to 0.6 dg/min,
from 0.4 dg/man to 0.5 dg/min, from 0.5 dg/min to 0.9 dg/man, from 0.5 dg/min to 0.8 dg/min,
frora 0.5 dg/moan 1o 0.7 dg/mun, from 0.5 dg/min to 0.6 dg/man, from 0.6 dg/min to 0.9 dg/min,
from 0.6 dg/min to 0.8 dg/mun, from 0.6 dg/min to 0.7 dg/min, from 0.7 dg/min to 0.9 dg/min,
from 0.7 dg/min to 0.8 dg/min, or from 0.8 dg/min 10 0.9 dg/min.

(6819} I one or roore ernbodiroents, the bimodal polvethylene has a high load melt index ()
greater than or equal to 35.0 dg/min, such as greater than or equal {0 45.0 dg/nun, greater than or
equal to 55.0 do/min, or greater than or equal 10 65 .0 dg/min. In some embodiments, the bimodal
polvethviene has a high load melt index (I} less than or equal to 75.0 dg/min, such as less than
or equal to 65.0 dg/min, less than or equal to 55.0 dg/min, or less than or equal to 45.0 dg/min.
For example, the bimodal polvethvliene may have a high load melt index (51} of from 35.0 dg/min
to 75.0 dg/min, from 35.0 dg/min to 65.0 dg/mun, from 35.0 dg/min to 55.0 dg/min, from 35.0
dg/mn to 45.0 dg/muan, from 45.0 dg/minto 75,0 dg/min, from 45.0 dg/nman to 65.0 dg/man, from
45 0 dg/moin to 55.0 dg/nun, from 55.0 dg/min to 75.0 dg/nun. from 55.0 dg/min to 65.0 dg/nun,
or from 65.0 dg/min to 75.0 dg/min.

16620} In one or more embodiments, the bimodal polyethylene has a welt flow ratio (MFR2y)
greater than or equal to 70.0, such as greater than or equal to 80.0, greater than or equal 1o 90.0,
or greater than or equal to 100.0. In some embodiments, the bimodal polyethviene has a melt flow
ratio (MFR21} less than or equal to 130.0, such as less than or equal to 120.0, less than or equal {0
110.0, or less than or equal 1o 100.0. For example, the bimodal polvethyvlene may have a melt flow
ratio (MFR:1) of from 70.0 to 130.0, from 70.0 {0 120.0, from 70.0 to 110.0, from 70.0 10 100.0,
from 70.0 10 90.0, from 70.0 to 8C.0, from 80.0 to 130.0, from 80.0 i0 120.0, from 80.0 10 110.0,
from 80.0 to 100.0, from 80.0 10 90.0, from 90.0 to 130.0, from 90.0 10 120.0, from 90.0 t0 110.0,
from 90.0 to 100.0, from 100.0 (o 130.0, from 100.0 10 120.0, from 100.0 10 110.0, from 110.0t0
130.0, from 110.0 to 120.0, or from 120.0 to 130.0. When the melt flow ratio (MFRz1) of the
bimodal polvethylene is less than, for example, 70.0, thermoplastic compositions including the

bimodal polyethylene mav not have adequate processability to manufacture articles, such as, for
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example, insulation and jacket lavers for wires and cables. Moreover, when the melt flow ratio
{MFR:;) of the birnodal polvethylene is less than, for example, 70.0, msulation and jacket layers
including the bimodal polyethylene may not have wire smoothness values necessary for some
applications.

6621} In one or more embodiments, the buimodal polvethyvlene has a number average
molecular weight (Mugroy) greater than or equal to 5,000 g/mol, such as greater than or equal to
7,500 g/mol, greater than or equal to 10,000 g/mol, or greater than or equal 0 12,500 g/mol. In
some embodiments, the bimodal polyethyvlene has a number average molecudar weight (Mucro)
less than or equal to 30,000 g/mol, such as less than or equal to 27,500 g/mol, less than or equal
to 25,000 g/mol, or less than or equal to 22,500 g/mol. For example, the bimodal polvethylene
may have a number average molecular weight (Mugro)) of from 5,000 g/mol to 30,000 g/mol,
from 3,000 g/mol to 27,500 g/mol, from 3,000 g/mol to 25,000 g/mol, from 5,000 g/mol to 22,500
g/mol, from 5,000 g/mol to 20,000 g/maol, from 5,000 g/mol 1o 17,500 g/mol, from 5,000 g/mol to
15,000 g/mol, from 5,000 g/mol to 12,500 g/mol, from 5,000 g/mol to 10,000 g/mol, from 10,000
g/mol 1o 30,000 g/mol, from 10,000 g/mol {0 27,500 g/mol, from 10,000 g/mol to 25,000 g/mel,
from 10,000 gfmol 1o 22,300 girool, from 10,000 g/mol to 20,000 g/mol, from 10,000 g/mol to
17,500 g/mol, from 10,000 g/mol to 15.000 g/mol, from 10,000 g/mol to 12,500 g/mol, from

12,500 g/mol to 30,000 g/mol, from 12,500 g/mol 1o 27,500 g/mol, from 12,500 g/mol to 25,000

g/mol, from 12,500 g/mal to 22,500 gimol, from 12,500 g/mol 1o 20,000 g/mol, from 12,500 g/mol
to 17,500 ¢/mol, from 12,500 g/mol to 15,000 g/mol, from 15,000 g/mol to 30,000 g/mol, from
15,000 g/motl to 27,500 g/mol, from 15,000 g/mol to 25,000 g/mol, from 15,000 g/mol to 22,500
g/mol, from 15,000 g/mol to 20,000 g/mol, from 15,000 g/mol 1o 17,500 g/mol, from 17,500 g/mol
to 30,000 g/mol, from 17,500 giool to 27,500 g/mol, from 17,500 g/mol to 25,000 g/maol, from
17,500 g/mol to 22,500 g/mal, from 17 500 g/mol to 20,000 g/mol, from 20,000 g/mol to 30,000
g/mol, from 20,000 g/mol to 27,500 g/mol, from 20,000 g/mol to 25,000 g/mol, from 20,000 g/mol
to 22,500 g/mol, from 22,500 g/mol to 30,000 g/mol, from 22,500 g/mol to 27,500 g/mol, from
22.500 g/mol to 25,000 gimol, from 25,000 g/mol 1o 30,000 g/mol, from 25,000 g/mol to 27,500
g/mol, or from 27,500 g/mol to 30,000 g/mol.

6622} In one or wore embodiments, the bimodal polvethyiene has a weight average
molecular weight (Mycrey) greater than or equal to 100,000 g/mol, such as greater than or equal
to 125,000 g/mol, greater than or equal to 150,000 g/mol. or greater than or equal to 175,000
g/mol. In some embodiments, the bimodal polyethylene has a weight average molecular weight

{(Muroy) tess than or equal to 250,000 g/mol, sach as less than or equal to 225,000 g/mol, less
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than or equal 1o 200,000 g/mol, or less than or equal to 173,000 g/mol. For example, the bimodal
polvethvlene may have a weight average molecular weight (Murey) of from 100,000 g/mol to
250,000 g/mol, from 100,000 g/mol to 225,000 g/mol, from 100,000 g/mol to 200,000 g/mol, from
100,000 ¢/mol to 175,000 g/mol, from 160,000 g/mol to 150,060 g/mol, from 100,060 g/mol to
125,000 g/mol, from 125,000 g/mol to 250,000 g/mel, rom 125,000 g/mol 1o 225,000 g/mol, from
125,000 g/mol to 200,000 g/mol, from 125,000 g/mol to 175,000 g/mol, from 125,000 g/mol 1o
150,000 g/mol, from 150,000 g/mol 1o 250,000 g/mol, from 150,600 g/mol 1o 225,000 g/mol, from
150,000 g/mol to 200,000 g/mol, from 150,000 g/mol to 173,000 g/mol, from 175,000 g/mol to
250,000 gfrool, from 175,000 g/mol 1o 225,000 g/mol, from 173,000 g/mol to 260,000 g/mol, from
200,000 g/mol to 250,000 gimol, from 200,000 g/mol 1o 225,000 g/mel, or from 225,000 g/mol
to 250,000 g/mol.

6623} In one or more ernbodiments, the bimodal polvethyvlene has a z-average molecular
weight {Mycrcy) greater than or equal to 500,000 g/mol. such as greater than or equal to 700,000
g/mol, greater than or equal to 900,000 g/mol, or greater than or equal to 1,100,000 g/mol. In some
embodiments, the bimodal polvethyvlene has a z-average molecular weight {Muapey) less than or
equal to 2,700,000 g/mol, such as less than or equal to 2,500,000 g/mol, less than or equal t©
2,300,000 g/mol, or less than or equal to 2,100,000 g/mol. For example, the bimodal polyethylene
may have a z-average molecular weight (Myape;) of from 560,000 g/mol to 1,560,000 g/mol, from
300,000 g/mol to 1,300,000 g/mol, from 500,000 g/mol to 1,100,000 g/mol, from 500,000 g/mol
10 900,000 g/mol, from 500,000 g/mol to 700,000 g/meol, from 700,000 g/meal 10 1,500,000 g/mol,
from 700,000 g/mol to 1,300,000 g/mol, from 700,000 g/mol to 1,100,000 g/mol, from 700,000
g/mol 1o 900,000 g/mol, from 900,000 g/mol to 1,500,000 g/mol, from 900,000 g/mol to 1,300,000
g/mol, from 900,000 g/mol 1o 1,100,000 g/maol, from 1,106,000 g/mol to 1,500,000 g/mol, from
1,100,000 g/mol to 1,300,000 g/mol, or from 1,300,000 g/mol 1o 1,500,000 g/mol.

16624} In one or more embodiments, the limodal polvethviene has a polydispersity {ie.,
Muaro/ Moy} greater than or equal to 10, such as greater than or equal to 12, greater than or
equal to 14, or greater than or equal to 16, In some embodiments, the biroodal polyethyvlene has a
MugroyMucrey fess than or equal to 20, such as iess than or equal to 18, less than or equal to 16,
from 1010 20, from 1010 18, from 1010 16, from 180 1o 14, from 1010 12, from 12 10 20, from 12
to 18, from 12 10 16, from 12 10 14, from 14 to 20, from 14 to 18, from 14 {0 16, from 16 o 20,
from 16 to 18, or from 18 to 20. When the Myuwpo/Mucpe, of the bimodal polvethviene is less

than, for example, 10, thermoplastic compositions including the bimodal polvethvlene may not
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have adequate processability to manufacture articles, such as, for example, insulation and jacket
lavers for wires and cables. Moreover, when the v Myaroy/Mucree) of the bimodal polysthylene is
fess than, for exampie, 10, insulation and jacket layers including the bimodal polyethylene may
not have wire smoothness values necessary for some applications.

(6825} I one or more embodiments, the biroodal polvethyvlene has a Mygro/Mauro) greater
than or equal to 4, such as greater than or equal to 6, greater than or equal o 8, or greater than or
equal to 10. In some embodiments, the bimodal polyethylene has a Myorey/Mwgrey less than or
equal 1o 16, such as less than or equal to 14, less than or equal 1o 12, or less than or equal to 10
For example, the bimodal polyvethylene may have a Muaroy/Muwarey of from 4 10 16, from 4 to 14,
from41o 12, fromd o 10, from4d to &, from 4 10 6, from 6 to 16, from 610 14, from 610 12, from
610 10, from 6 1o R, from & 1o 16, from 8 to 14, from B to 12, from B to 1, from 10 io 16, from
1810 14, from 1010 12, from 1210 16, from 12 t0 14, or from 14 to 16,

[6626] In one or more embodiments, the low molecular weight region of the bimodal
polvethviene has a low molecular weight short chain branching disiribution {SCBD:), when
measured using gel permeation chromatography (GPC), greater than or equal to 8.1, such as
greater than or equal to 0.5, greater than or equal t0 3.0, or greater than or equal to 4.0. In some
embodiments, the low molecular weight region of the bimodal polyethvlene has a low molecular
short chain branching distribution (SCBD1) less than or equal to 11.0, such as less than or equal
t0 9.0, less than or equal to 8.0, or less than or equal to 7.0, For example, the low roolecular weight
region of the bimodal polvethviene may have a low molecular weight short chain branching
distribution (SCBDy) of from 0.1 10 11.0, from 0.1 10 9.0, from 0.1 t0 8.0, from G.1 10 7.0, from
Gltws 0 rom0lio30, from {11040, from 0.11t0 3.0, from 0110 2.0, from 0.1 10 1.0, from
110035 from 05t 11.0, rom 0510 2.0, from 0.5 10 8.0, rom 6,510 7.0, from 0.3 t0 6.0, from
051030, from03t04.0, from 0516 3.0, from 0510 2.0, from 0510 1.0, from 1.0 t0 11.0, from
101090 from 1.010 8.0, from 1.0t0 7.0, from 1.0t0 6.0, from 1.0 t0 5.0, from 1.0 10 4.0, from
101030, from1.0t0 2.0, from2.010 11.0, from 2010 9.0, from 2.010 8.0, from 2.0 10 7.0, from
281060, from2.0t0 5.0, from 2010 4.0, from 2.0t0 3.0, from 3.0 t0 11.0, from 3.0 10 9.0, from
3010380 from3.0107.0, from3 0100600, from3.0t0 5.0, from 3.010 4.0, from4.0t0 11.0, from
401090 from4.0t080 from4.8i070, from4.010 6.0, from4.010 5.0, from S.01t0 11.0, from
501090 from S0t 8.0, from 5010 7.0, from 5010 6.0, from 6.0 10 11.0, from 6.0 to 9.0, from
6.0 10 8.0, from 6.0 10 7.0, from 7.0 to 11.0, from 7.0 10 9.0, from 7.0 to 8.0, from .0 to 11.0,

from 8010 9.0, or form 9.0t 11.6.
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66271 In one or more embodiments, the high molecular weight region of the bimodal
polvethvlene may have a bigh molecular weight short chain branching distnibution (SCB Dy}, when
measured according to GPC, greater than or equal 1o 3.0, such as greater than or equal 10 4.0, or
greater than or equal to 5.0. In some embodiments, the high molecular weight region of the
bimodal polvethvlene has a high molecular weight short chain branching distnibution (SCBD»)
tess than or equal to 20.0, such as less than or equal 10 19.0, less than or equal to 18.0, or less than
or equal to 17.0. For example, the high molecular weight region of the bimodal polyethylene may
have a ligh molecular weight short chain branching distribution (SCBD») of from 3.0 to 20.0,
from 3.040 19.0, from 3.0 to 18,0, from 3.0 10 17.0, from 3.0 to 16.0, from 3.0 t0 150, from 3.0
to 14.0, from 3.0 to 13.0, from 3.0 10 12.0, from 3.0 10 11.0, from 3.0 to 10.0, from 3.0 10 9.0,
from3.010 8.0, from 3010 7.0, rom 3.010 6.0, rom 5.0t0 5.0, from 3.8 10 4.0, from 4.0 10 20.0,
from4.0t0 190, rom 4.0 10 1.0, from 4.0 10 17.0, Irom 4.0 10 160, from 40 t0 15.0, from 4.0
t0 14.0, from 4.0 to 13.0, from 4.0 10 12.0, from 4.0 {0 11.0, from 4.0 10 10.0, from 4.0 10 9.0,
from4.0i0 80, from4.01t0 7.0, from4.0106.0, from4.010 5.0, from 5.01020.0, from 5010 19.0,
from 5.010 18.0, from 5.6 t0 17.0, from 5.0 10 16.0, from 5.0 t0 15.0, from 5.0 i0 14.0, from 5.0
10 13.0, om 5.0 10 12.0, from 8.0 10 11.0, from 5.0 10 10.0, from 5.0 10 9.0, from 5.0 t0 8.0, from
5.010 7.0, from 5.0 10 6.0, from 6.0 to 20.0, from 6.0 t0 19.0, from 6.0 10 18.0, from 6.0 10 17.0,
from 6.0 to 16.0, from 6.0 10 15.0, from 6.0 t0 14.0, from 6.0 10 13.0, from 6.0 t0 12.0, from 6.0
to 11.9, from 6.0 10 10.0, from 6.0 10 0.0, from 6.0 106 8.0, from 6.0 t0 7.0, from 7.0 {0 20.0, from
7010190, from7.01t0 18.0, from 7.010 17.0, from 7.0 10 16.0, from 7.0 10 15.0, from 7.0 10 14.0,
from 7010 13.0, from 7010 12.0, from 7.0 10 11.0, fromy 7.0 10 10.0, from 7.0 10 9.0, from 7.0 to
R.0, from 8010 20.0, from 8.0 10 190, from 8.0 10 18.0, from 8.0 10 17.0, from 8.0 {0 16.0, from
B.0t0 150, from 8010 14.0, from 8.0 10 13.0, from 8010 12.0, from 8.0 t0 11.0, from 8.0 1o 10.0,
from 8.0 10 9.0, from 9.0 t0 20.0, from 9.0 10 19.0, from 9.0 10 18.0, from 9.0 10 17.0, from 9.0 to
160, from 9040 15.0, from 2.0 10 14.0, from 9.0 10 13.0, from 9.0 10 12.0, from 9010 11.0, from
G010 100, from 10.0 10 20.0, from 10.0t0 19.0, from 10.0 10 18.0, from 10.0 10 17.0, from 10.0
to 16.0, from 10.0 1o 15.0, from 18.0 10 14.0, from 10.0 t0 13.0, from 10.0 10 12.0, from 10.0 10
110, from 11.01020.0, from 11,00 190, from 11 010 18.0, from 11 .0 10 17.0, from 11 010 16.0,
from 11.010 150, from 11,040 140, from 11010 13.0, from 11.0t0 12.0, from 12.0 10 20.0, from
1200 19.0, from 12010 1.0, from 12.010 17.0, from 12.0t0 16.0, from 12.0 10 15.0, from 12.0
10 14.0, from 12.0 10 13.0, from 13.0 10 20.0, from 13.0 10 19.0, from 13.0 10 18.0, from 13.0 10
17.0, from 13,010 16,0, from 13.040 15.0, from 13.010 14.0, from 14.0 10 20.0, from 14.010 19.0,

from 14 010 18.0, from 14.0 {0 17.0, from 14.0t0 16.0, from 14 010 15.0, from 15.0 to 20.0, from
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15.0t0 19.0, from 150 (0 180, from 15.010 17.0, fHom 15.010 16.0, from 16.0 10 20.0, from 16.0
10 10.0, from 16,0 to 18.0, from 16.0 to 17.0, from 17.0t0 20.0, from 17.0 t0 19.0, from 17.0 to
18.0, from 18.0 10 20.0, from 18.0 {0 19.0, or from 19.0 t0 20.0.
6628 In one or more embodiments, the bimodal polyethylene has a reverse comonomer
distribution. Put more stmply, in some erobodirnents, a ratio of the high molecular weight short
chaim branching distribution (SCUBID») to the low molecular weight short chain branching
distribution (SCBD:) (Fe., the comonomer distribution of the bimodal polyethylene} 1s greater
than 1.0. Without being bound by any particular theory, it 13 believed that bimodal polvethylene
having a reverse comounomer distribulion may have improved environmental stress cracking
resistance (ESCR} and balanced mechanical properties compared to bimodal polvethylene having
anormal or flat comonomer distribution.
(6828} I one or more embodiments, the complex viscosity of the bimodal polvethvlene at
190 °C and a frequency of 0.1 rad/s is greater than or equal to 3,000 Pas, such as greater than or
equal to 10,000 Pa-s, greater than or equal to 15,000 Pa's, or greater than or equal to 20,000 Pa-s.
In some embodiments, the complex viscosity of the bimodal polvethyiene at 190 °C and a
frequency of 0.1 rad/s 1s less than or equal to 35,000 Pa-s, such as less than or equal to 30,000
Pa-s, less than or equal to 25,000 Pa's, or less than or equal Yo 20,000 Pa's. For example, the
complex viscosiiy of the bimodal polvethviene at 190 °C and a frequency of 6.1 rad/s may be from
5.000 Pas to 35,000 Pa-s, from 5,000 Pas to 30,000 Pag, from 3,000 Pa's to 25,000 Pa's, {rom
5.000 Pa-s to 20.000 Pa's, from 5,000 Pa's to 15,000 Pa's, from 3,000 Pa's to 10,000 Pa-s. from
10,000 Pa's to 35,000 Pas, from 10,000 Pa's to 30,000 Pas, from 10,000 Pas to 25,000 Pas,
from 10,000 Pas to 20,000 Pas, from 10,000 Pas to 15,000 Pa's, from 15,000 Pas to 35,000
Pas, from 15,000 Pas to 30,000 Pa-s, from 15,000 Pa-s to 25,000 Pa-s, from 15,000 Pas to
20,000 Pas, from 20,000 Pa-s to 35,000 Pa-s, from 20,000 Pa s to 30,000 Pa-s, from 20,000 Pas
10 25,000 Pa s, from 25,000 Pa s to 35,000 Pa-s, from 25,000 Pa g to 30,000 Pas, or from 30,000
Pa-s 1o 35,000 Pas.
(6838} I one or more embodiments, the complex viscosity of the bimodal polvethvlene at
190 °C and a frequency of 1.0 rad/s is greater than or equal to 5,000 Pas, such as greater than or
equal to 7,500 Pa-s, greater than or equal to 10,000 Pas, or greater than or equal to 12,500 Pas.
In sorse emboduments, the coroplex viscosity of the bimodal polvethvlene at 190 °C and a
frequency of 1.0 rad/s is less than or equal to 20,000 Pa-s, such as less than or equal to 17,500
Pa-s, less than or equal to 15,000 Pa's, or less than or equal to 12,500 Pa's. For example, the

complex viscosity of the bimodal polvethviene at 190 °C and a frequency of 1.0 vad/s may be from
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5,000 Pars to 20,000 Pas, from 5,000 Pars to 17,500 Pa-s, from 5,000 Pa's to 15,000 Pas, from
5,000 Pas to 12,500 Pas, from 5,000 Pas to 10,000 Pas, from 5,000 Pas to 7.500 Pas, from
7,500 Pa-s 10 20,000 Pas, from 7,500 Pa's to 17,500 Pa-s, from 7,500 Pa's t0 15,000 Pa's, from
7,500 Pas t0 12,500 Pars, from 7,500 Pa s io 10,000 Pa-s, from 16,000 Pa-s 10 20,000 Pas, from
18,000 Pas to 17,500 Pas, from 10,000 Pa's to 15,000 Pas, from 12,500 Pas to 15,000 Pas,
from 12,500 Pa's to 20,000 Pa-s, from 12,500 Pas to 17,500 Pa's, from 12,500 Pas to 15,000
Pa's, from 15,000 Pa's to 20,000 Pas, from 5,000 Pas io 17,500 Pa's, or from 17,500 Pa's to
20,000 Pas.

16631 In one or more embodiments, the complex viscosity of the bimodal polvethviene at
190 °C and a frequency of 10 rad/s 1s greater than or equal to 1,000 Pa-s, such as greater than or
equal to 2,000 Pa-s, greater than or equal to 3,000 Pa's, or greater than or equal 10 4,000 Pa's. In
some erobodiments, the coroplex viscosity of the bimodal polyethviene at 190 °C and a frequency
of 10 rad/s 1s less than or equal to 16,000 Pa-s, such ag less than or equal 1o 9,000 Pa-s, less than
or equal to 8,000 Pas, or less than or equal to 7,000 Pa-s. For example, the complex viscosity of
the bimodal polvethyiene at 190 °C and a frequency of 10 rad/s may be from 1,000 Pa's to 10,000
Pas, from 1,068 Pa s to 9,000 Pas, from 1,000 Pas to 8,000 Pars, from 1,000 Pa s io 7,000 Pas,
from 1,000 Pasto 6,000 Pas, from 1,000 Pa s to 5,000 Pa-s, from 1,000 Pas t0 4,000 Pa-s, from
1,000 Pas to 3,000 Pas, from 1,000 Pas to 2,000 Pa's, from 2,000 Pas to 10,000 Pas, from
2.000 Pa s 10 9,000 Pa-s, from 2,000 Pa s 1o 8,000 Pa-s, from 2,000 Pas to 7.800 Pa s, from 2,000
Pa s 10 6,000 Pas, from 2,000 Pas to 5,000 Pa-s, from 2,000 Pas to 4,000 Pa-s, from 2,000 Pa's
1o 3,600 Pa-s, from 3,000 Pa's to 10,000 Pa s, from 3,000 Pas to 9,000 Pas, from 3,000 Pa's to
Q000 Pars, from 3,000 Pars to 7.0600 Pas, from 3,000 Pa s to 6,000 Pa-s, from 3,000 Pa s to 5,000
Pas, from 3,000 Pas to 4,000 Pas, from 4,000 Pas to 10,000 Pas, from 4,000 Pa's to 9,000
Pa-s, from 4,000 Pa-sto 8,000 Pa-s, from 4,000 Pas to 7,000 Pa's, from 4.000 Pa s 10 6,000 Pa's,
from 4,000 Pas to 5,000 Pas, from 5,000 Pa's to 10,000 Pas, from 5,000 Pas to 9,000 Pas,
from 3,000 Pas to 8000 Pa-s, from 5,000 Pa s to 7,000 Pas, from 5,000 Pas 10 6,000 Pa-s, from
6,000 Pas to 10,000 Pa-s, from 6,000 Pa's to 9,000 Pa's, from 6,000 Pa's to 8,000 Pas, from
6,000 Pas io 7,000 Pas, from 7,000 Pa's to 10,000 Pa-g, from 7,000 Pa's to 2,600 Pas, from
7,000 Pars to 8,000 Pas, from 8,000 Pas to 10,000 Pas, from 3,000 Pas io 9,000 Pas, or from
9,000 Pa-s to 10,000 Pas.

6632] In one or more embhodiments, the complex viscosity of the bimodal polvethviene at
190 °C and a frequency of 100 rad/s is greater than or equal to 500 Pa-s, such as greater than or

equal to 800 Pas, greater than or equal to 1,100 Pars, greater than or equal to 1,400 Pa's. In some
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embodiments, the complex viscosity of the bimodal polvethvlene at 190 °C and a frequency of
100 rad/s is less than or equal to 2,000 Pas, such as less than or equal to 1,700 Pa's, less than or
equal to 1,400 Pas, or less than or equal to 1,100 Pa's. For example, the complex viscosity of the
bimodal polvethvlene at 190 °C and a frequency of 100 rad/s may be from 500 Pa's to 2,000 Pas,
from 500 Pas to 1,700 Pa-s, from 500 Pa s to 1,400 Pas, from 500 Pa-s to 1,100 Pa's, from 500
Pa s 1o 800 Pa-s, from 800 Pa s to 2,000 Pa's, from 800 Pa's t0 1,700 Pa-s, from 800 Pa-sto 1,400
Pa's, from 800 Pa-sto 1,100 Pa-s, from 1,100 Pas to 2,600 Pas, from 1,100 Pa's to 1,700 Pas,
from 1,100 Pas to 1,400 Pa's, from 1,400 Pas to 2,000 Pas, from 1,400 Pas to 1,700 Pa's, or
from 1,700 Pars 1o 2,000 Pa-s.

6633] In one or more embodiments, the ratio of the complex viscosity of the himodal
polyethylene at 190 °C and a frequency of 0.1 rad/s to the complex viscosity of the bimodal
polyethvlene at 190 °C and a frequency of 100 rad/s (7.e., Shear Thinning Index (SHY)) 15 greater
than or equal to 10.0, such as greater than or equal to 12.5, greater than or equal to 15.0, or greater
than or equal to 17.5. In some embodiments, the Shear Thinning Index (S8HI) of the bimodal
polvethviene is less than or equal to 20.0, such as less than or equal to 17.5, less than or equal to
15.0, or less than or equal to 12.5. For example, the Shear Thinning Index (SHI) of the bimodal
polyethylene may be from 10.0 1o 20.0, from 10.0 0 17.5, from 10.0 t0 15.0, from 10010 12,5,
from 12.5 10 20.0, from 12510 17.5, from 12.5 t¢ 5.0, from 15.0 t0 20.0, from 15.0 40 17.5, or
from 17.5 10 20.0. When the shear thinning index (SHI) of the bimodal polyethvlene is less than,
for example, 10.0, thermoplastic compositions including the bimodal polvethvlene mayv not have
adequate processability to manufacture articles, such as, for example, insulation and jacket lavers
for wires and cables.

6634] As described previously, the bimodal polvethvlene may have two primary fractions: a
first fraction, which may be a low molecular weight fraction and/or component, and a second
fraction, which may be a high molecular weight fraction and/or component. In some embodiments,
the bimodal polyethvlene has a high molecular weight component and a low molecular weight
component. o some embodiments, the buwodal polvethvlene includes the hagh molecular weight
component in an amount of from 40 wi.% to 60 wt.%. For example, the bimodal polvethviens
may include the high molecular weight component in an amount of from 40 wi% (o 56 wi %,
from 40 wit % o 52 wi.%, from 40 wit.% {0 48 wi.%, from 40 wi % to 44 wi. 9%, from 44 wi.% to
60wt %, from 44 wt % to 56 wi.%, from 44 wt.% to 52 wi.%, from 44 wt.% to 48 wt.%, from 48
wt.% 10 60 wt. %, from 48 wi % to 56 wi.%, from 48 wt. % 10 52 wt. %, from 52 wi.% to 60 wi%,

from 52 wi.% to 56 wt.%, or from 36 wi % 10 60 wi.%.
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(6635} In one or more embodiments, the high molecular weight component has a density of
from 0.917 glom® to 0.929 g/eoy’. For example, the high molecular weight component may have
a density of from 0.917 g/em’ 10 0.927 g/em®, from 0.917 g/om’ 0 0.925 g/em’, from 0.917 g/em’
t0 0.923 g/em’®, from 0.917 g/em’ 10 0.921 g/em’, from 0.917 g/em” 10 0.919 g/eny', from 0.919
g/em’ to 0.929 g/ent’, from 0.919 glon?® to 0.927 g/erd’, from 0.919 g/em” 1o 0.925 g/om’, from
0.919 g/em’ to 0.923 g/om’, from 0.919 g/em’ t0 0.921 g/om’, from 0.921 g/em’ t0 0.929 glom’,
from 0.921 g/em’ to 0.927 g/em’, from 0.921 g/em’ 1o 0.925 g/om’, from 0.921 glom’ to 0.923
g/en?®, from 0.923 glom® to 0.929 g/em?®, from 0.923 g/om” 1o 0.927 g/em’, from 0.923 glen?’ to
0.925 g/om’, from 0.925 glont’ (o 0.929 glom’, from 0.925 g/orn’® 1o 0.927 g/eny’, or from 0.927
glony’ 1o 0.929 glomy’.

3336} In one or more embodiments, the high molecular weight component has a high load
melt index (1) of from 0.85 dg/min to 4.00 dg/min. For exarople, the high molecular weight
component may have a high load melt index (1) of from 0.85 dg/nun to 3.55 dg/nun, from 043
de/min to 3.10 dg/mun, from 0.85 dg/min to 2.65 dg/min, from 0.85 dg/min 1o 2.20 dg/min, from
0.85 dg/min to 1.75 dg/min, from 0.85 dg/mun to 1.30 dg/min, from 1.30 dg/min to 4.00 dg/min,
frora 1.30 dg/nun to 3.55 dg/rowm, from 1.30 dg/roin to 3.10 dg/nun, froma 130 dg/mun to 2.63
dg/min, from 1.30 dg/min to 2.20 dg/min, from 1.30 dg/nun to 1.75 dg/min, from 1.75 dg/min to
4.00 dg/min, from 1.75 dg/mun to 3.55 dg/mun, from 1.75 dg/min to 3.10 dg/min, from 1.75 dg/min
to 2.65 dg/min, from 175 dg/mun to 2.20 dg/min, from 2.20 dg/nun to 4.00 dg/min, from 2.20
dg/min to 3.535 dg/nun, from 2.20 dg/min to 3.10 dg/min, from 2.20 dg/min 1o 2.65 dg/mun, from
2.65 dg/min to 4.00 dg/mun, from 2.65 dg/min to 3.55 dg/mun, from 2.65 dg/min to 3.10 dg/min,
from 3.10 dg/min 1o 4.00 dg/min, from 3.10 dg/min to 3.55 dg/min, or from 3.55 dg/man to 4.00
dg/min.

6637] In one or more embodiments, the high molecular weight component has a weight
average molecular weight (Myoroy) greater than or equal to 200,000 g/mol, such as greater than
or equal 1o 250,000 g/mol, greater than or equal to 300,000 g/mol, or greater than or equal {0
350,000 g/mol. In some embodiments, the high molecular weight component has a weight average
molecular weight (Myopo} less than or equal to 400,000 g/mol, such as less than or equal to
356,000 g/mol, less than or equal to 300,000 g/mol, or less than or equal to 250,000 g/mol. For
example, the hagh molecular weight component may have a weight average molecular weight
(Muorey) of from 200,000 g/mol to 400,000 g/mol, from 200,000 g/mol to 350,000 g/mol, from
200,000 g/mol to 300,000 g/mol, from 200,800 g/mol to 250,000 g/mol, from 250,000 g/mol 1o

400,000 g/mol, from 250,000 g/mol 1o 350,000 g/mol, from 250,000 g/mol to 300,000 g/mol, from



WO 2022/165018 PCT/US2022/014076

14

300,000 g/mol to 400,000 g/mol, from 300,000 g/mol to 350,000 g/mol, or from 350,000 g/mol
10 400,000 g/mol.

{6638 In one or more embodiments, the bimodal polyethylene may be a polymerized reaction
product of an ethylens monomer and af least one (3-C1» a-olefin comonomer. For example,
embodiments of the birnodal polyethvlene composition may be a polyrerized reaction product of
an ethylene monomer and 1-butene, I-hexene. or both. Alternatively, ernbodiments of the bimodal
polvethviene composition may be a polymerized reaction product of an ethyleng monomer and 1-
butene, 1-ociene, or both. Embodiments of the bimodal polvethvlene may also be a polvmerized
reaction product of an ethylene monomer and 1-hexene, 1-octene, or both. In some embodiments,
the C:-Cp a-olefin comonomer may not be propviene. That is, the at least one (5-Cy; grolefin
comonomer may be substantially free of propylene. The term “substantially free” of a compound
means the matenial or nuxture comprises less than 1.0 wi % of the compound. For example, the at
teast one s~ 1> g-olefin comonomer, which mav be substantially free of propvlene, mav comprise
tess than 1.0 wt.% propylene, such as less than (.8 wt.% propviene, less than 0.6 wi.% propylene,
tess than 0.4 wit.% propylene, or less than 0.2 wt.% propylens.

16639} The lhimodal polvethylene may be produced via a variety of methods. Suitable methods
may include. for exarmple. gas phase polymerization, slurry phase polymernization, hiquid phase
polymerization, or combinations of these, using one or more conventional reactors, such as
fluidized bed gas phase reactors, loop reactors, stirred tank reactors, batch reactors o parallel,
series, or combinations of these. In the alternative, the bimodal polyethyiens may be produced in
a high-pressure reactor via a coordination catalyst system. For example, the bimodal poivethviens
may be produced via gas phase polvmernization in a gas phase reactor; however, any of the
previously described methods may also be emploved. In some embodiments, the system may
comprise two oOr more reactors in series, parallel, or combinations of these, and each
polymerization may take place im solution, in slurry, or in the gas phase. In some embodiments, a
dual reactor configuration i3 used and the polymwer made in the first reactor can be either the high
maolecular weight coraponent or the low roolecular weight component. The polymer roade in the
second reactor mayv have properties (i.¢., density, melt index, ef¢.) such that the desired properties
of the bimodal polvethyvlene are achieved. Similar polymerization processes are described in, for
example, U.S. Patent No. 7,714,072

[63040] In some embodiments, the method for producing the bimodal polyethylene includes
polymerizing a high molecular weight component, as previously described, in a reactor, and

polymerizing a low molecular weight component, as previously described, in a different reactor.
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In some embodiments, the two reactors are operated in series. In some embodiments, the hugh
molecular weight coraponent s polvmenized 1 a first reactor, and the low molecular weight
component is polvmerized in a second reactor. In other embodiments, the low molecular weight
component 1s polymerized in a first reactor, and the high molecular weight component is
polymerized in a second reactor,

G641 In some embodiments, the weight ratio of polymer produced in the high molecular
weight reactor {i.e., the reactor in which the high molecular weight component is produced} to
polvmer prepared in the low molecular weight reactor (.., the reactor in which the low molecular
weight component 1s produced) 1s from 30:70 to 70:30. For example, the weight ratio of polymer
produced in the high molecular weight reactor to polymer prepared in the low molecular weight
reactor may be from 32:68 {o 68:32, from 34:66 to 66:34, from 36:64 1o 64:36, {rom 38.62 {o
62:38, from 40:60 to 60:40, from 42:58 {0 $8:42, from 44:56 1o 56:44, from 46:54 to 54:46, or
from 48:52 to 52:48. As used in the present disclosure, this may also be referred to as a polymer
sphit,

[6642] In one or more embodiments, the bimodal polvethvlene is produced using at least one
Fregler-Natta (£-N) catalyst systern. In some ernbodiments, the bimodal polyethylene is produced
using multiple reactors in series with a Z-N catalyst being fed to either the first reactor in the series
or each reactor in the series. In some embodiments, the Z-N catalyst system may be fed into one
ot two independently-controlled reactors configured sequentially, and operated in solution, slurry
or gas phase. In some embodiments, the Z-N catalvst system may be fed intc one or two
independenthy-controlied reactors configured sequentialiv, and operated in gas phase. Sequential
polvmerization may be conducted such that fresh catalyst 1s injected o one reactor, and active
catalvst s carried over from the first reactor into the second reactor. The resuliing bimodal
polyethyvlene may be characterized as comprising component polymers, each having distinct,
wnimodal molecular weight distributions (e. g, high and low molecular weight components). As
used in the present disclosure, the term "distingt,” when vsed in reference to the molecular weight
distribution of the high molecular weight coraponent and the low molecular weight component,
indicates there are two corresponding molecular weight distributions in the resulting GPC curve
of the bimodal polvethylene.

16643] As used in the present disclosure, the terms "procatalyst" and "precursor” are used
interchangeablv and refer to a compound including a ligand, a transition metal, and optionally, an
electron donor. The procatalyst may further vndergo halogenation by contacting with one or more

halogenating agents. A procatalyst can be converted into a catalvst upon activation. Such catalvsis



WO 2022/165018 PCT/US2022/014076

16

arg commonly referred to as Ziegler-Natta catalysts. Suitable Zeigler-Natta catalysts are known in
the art and oclude, for example, the catalysis disclosed in U8, Patent Nos. 4,302,563, 4 482,687,
4.508,842; 4 990,479, 5,122,494, 5,290,745; and 6,187,866, The term catalyst system refers {0 a
collection of catalyst components, such as procatalysi(s} and cocatalysi(s).

[B044] The transition metal compowund of the procatalyst composition can include compounds
of different kinds. The most usual are titanium compounds—organic or inorganic—having an

i3
3

oxidation degree of 3 or 4. Other transition metals such as, vanadium, zirconium, hafnium,
chromium, molybdemuim, cobalt, nickel, tungsien and many rare earth metals are also suitable for
use in Jiegler-Matta catalvsts. The transition metal corapound s usually a hahde or oxvhalide, an
organic metal halide or purely a metal organic compound. fn the last-mentioned compounds, there
are only organic higands attached to the iransition meial.

[B045] In some embodiments, the procatalyst has the formula Mga Me{OR). X (EI3), where
R is an aliphatic or aromatic hydrocarbon radical having 1 to 14 carbon atoms, or COR' where R
is a aliphatic or aromatic hvdrocarbon radical having 1 {0 14 carbon atoms: sach OR group is the
same or different; X is independently chlorine, bromune or 1odine; ED 18 an electron donor; d is
from 0510 56, 218G, 1, or 2; fis from 2 fo 116; gis from greater than 1 to 1.53(d); and Me is a
transition metal selected from the group of titanium, zircontum, hafoium and vanadium. Some
specific examples of suitable ttanium compounds arer TiCl:, TiCl, THOCHspBD,
TH{OCsHs)Cha, TI{OCOCH:)C, Ti(acetvlacetonateCl, TiCl(acetylacetonate), and TiBrs.
[G046] The magnesium compounds include magnesium halides such as MgCly {including
anhvdrous MgClh), MgBr, and Mgl Nonlimiting examples of other suitable compounds are
Mg{OR )z, Mg({OCO:EL), and MgRCY where R 15 defined above. From 0.5 0 56 moles, or from 1
to 20 moles of the magnesium coropounds are used per mole of transition metal compound.
Miaxtures of these compounds may also be used.

[6647] The procatalvst compound can be recovered as a solid using technigues known in the
art, such as precipitation of the procatalyst or by spray drving, with or without fillers. In some
embodiments, the procatalyst compound 1s recovered as a solid via spray drving. Spray drymg is
taught, for example, in U.S. Patent No. 5,290,745 A further procatalyst including magnesium
halide or alkoxide, a transition metal halide, alloxide or mixed higand transition metal compound,
an electron donor and optionally, a filler can be prepared by spray drving a solution of sawd
compounds from an electron donor solvent,

60648 The electron donor is typically an organic Lewis base, liquid at temperatures in the

range of from 0 °C 10 200 °C, in which the magnesiom and transition metal compounds are soluble.
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The electron donor can be an alkyl ester of an aliphatic or aromatic carboxylic acid, an aliphatic
ketone, an ahiphatic armsine, an aliphatic alcobol, an alkyl or cvcloalkyl ether, or nuxtures of these,
each electron donor having from 2 to 20 carbon atoms. For example, the electron donor may be
alkvl and cycloalkyl mono-ethers having from 2 to 2¢ carbon atoms; dialkyl, diarvl, and alkylaryl
ketones having from 3 to 20 carbon atorns; and alkyl, alkoxy, and alkyvlalkoxy esters of alkyl and
arvl carboxvlic acids having from 2 to 20 carbon atoms. As used in the present disclosure, the
term mono-gther refers to a compound that contains only one ether functional group in the
molecule. Tetrahvdrofuran may be a particular suitable electron donor for ethylene homo- and co-
polvmenization. Other examples of suitable electron donors are roethyl formate, ethvl acetate,
butyl acetate, ethyl ether, dioxane, di-n-propyl ether, dibutyi ether, ethanol, 1-butanol, ethyl
formate, methyl acetate, ethyl anisate, ethvlens carbonate, tetrahydropyran, and ethyl propionate.
(0849} While an excess of electron donor may be used initially to provide the reaction product
of transition metal compound and electron donor, the reaction product finally contains from 1 to
20 moles of electron donor per mole of transition metal compound, or from 1 to 106 moles of
electron donor per mole of transition metal compound. The hgands include halogen, alkoxide,
arvlioxide, acetvlacetonate, and aroide amons,

EES! Partial activation of the procatalyst can be carried out prior {0 the introduction of the
procatalvst inio the reactor. The partially activated catalvst alone can function as a polymerization
catalvst but at greatly rveduced and commercially unsuitable catalyst productivity. Complete
activation by additional cocatalyst is required to achieve full activity. The complete activation
oceurs in the polymerization reactor via addition of cocatalyst.

[6651] The catalyst procatalyst can be used as dry powder or slurry in an inert ligquid. The inert
hquid 1s typically a nuneral oil. The slurry prepared from the catalvst and the mert liquad has a
viscosity measured at 1 sec” of at least 500 ¢p (500 mPass) at 20°C. Nonlimiting examples of

suitable mineral oils are the Kaydol™

and Hydrobrite™ mineral oils from Crompton.

jBG582] In some embodiments, the procatalyst undergoes n-ling reduction wsing reducing
agent{s}. The procatalvst 1s introduced info a slurty feed tank; the slurry then passes via a punp
to a first reaction zone immediately downsiream of a reagent injection port where the shury is
mixed with the firsi reagent, as described subsequently. Optionally, the mixture then passes to a
second reaction zone immediately downstream of a second reagent injection port where it is mixed
with the second reagent (as described below) in a second reaction zone. While only two reagent
injection and reaction zones are described previously, additional reagent injection zones and

reaction zones may be included, depending on the number of steps required to fully activaie and
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modify the catalyst to allow control of the specified fractions of the polymer molecular weight
distribution. Methods fo conirol the temperature of the catalyst procatalyst feed tank and the
individual mixing and reaction zones are provided.

{HESK]! Depending on the activaior compound used, some reaction time may be required for
the reaction of the activator compound with the catalvst procatalyst. This is conveniently done
using a residence time zone, which can consist etther of an additional length of slurry feed pipe or
an essentially plug flow holding vessel. A residence time zone can be used for both activator
compounds, for only one or for neither, depending entirely on the rate of reaction between
activator compound and catalvst procatalvst.

10054 Exemplary in-hine reducing agents are aluminum alkyls and aluninum alkyl chiorides
of the formula AIRCly where X+Y=3 and y 1s 0 to 2 and R 15 a 1 to C14 alkyvl or aryl radical,
Noulimiting  exaroples of wn-hine reducing agents include diethvlialumunum  chloride,
cthvlaluminum  dichloride, di-isobutvalumimum  chlonde, dimethylaluminum  chloride,
methylalumimum  sesquichloride,  ethyvialuminum  sesquichlonide,  triethyvlaluminum,
tnimethylahuninom,  trusobutylalominuwm,  ir-p-hexylahmimum,  t-neoctylahminum,  and
dimethylalomanum chloride.

[6055] The entive nmixture is then introduced into the reactor where the activation is completed
by the cocatalyst. Additional reactors may be sequenced with the first reactor, however, catalyst
1s tvpically only injected nto the first of these linked, sequenced reactors with active catalyst
transferred from a first reactor into subsequent reactors as part of the polymer thus produced.
[6656] The cocatalysts, which are reducing agenis, conveniionally used are comprised of
aluminum compounds, but compounds of Hithium, sodium and potassium, alkaline earth metals as
well as compounds of other earth metals than alurninum are possible. The cornpounds are usually
hydrnides, organometal or halide compounds. Conventionally, the cocatalysts are selected from the
group comprising Al-trialkyis, Al-alkyl halides, Al-alkvl alkoxides and Al-alkyl alkoxy halides.
In particuiar, Al-alkvils and Al-alkyl chlorides are used. These compounds are exernplified by
trimethylalununum, triethylaluminum, tri-isobutylaluminurg, tri-n~hexylaluminur,
dimethylalominum  chloride,  diethyvialuminum  chlonde, ethylaluminum  dichloride and
ditsobutyiahuminum chloride, 1sobutvialuminum dichloride and the hike. Buotvlhithium and
dibutyimagnesium are examples of useful compounds of other metals,

6657] In one or more embodiments, the bimodal polvethviens may be used as a base
component to produce a thermoplastic composition. In embodiments, the thermoplastic

composition may optionally include one or more additives, such as antisiatic agents, colorants,
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hubricants, pigments, primary antioxidants, secondary antiosidants, processing aids, ultraviolet
{(UV) stabilizers, UV absorbers, hindered amune stabilizers (HALS), processing aids, surface
modifiers, fillers, and/or flame retardants. Switable UV siabilizers include, for example, carbon
black, UVASORB™ HAI10 and HA88 (both commercially available from 3V Sigma USA),
CHIMASSORB™ 944 1.D {comomercially available from BASF), and CYASORB® THT 4801,
THT 7001, and THT 6460 (each commercially available from Solvay Corp.). The thermoplastic
composition may be produced by physically mixing the bimodal polvethyviene and anv optional
additive on the macro level, such as by melt-blending or compounding.

16058] In one or more embodiments, the thermoplastic composttion may mnelude the bimodal
polyethylene in an amount from 1 wi % to 99 wt.%. For example, the thermoplastic composition
may include the bimodal polvethviene i an amount from 1 wi.% to 90 wi.%, from 1 wi.% to 80
wit. %, from | wi.% to 70 wi.%, from 1 wi.9% to 60 wi. %, from 1 wt.% to 50 wt.%, from 1 wi% to
40 wt.%, from 1 wt.9% 10 30 wt.%. from 1 wt.% to 20 wt.9%, from 1 wt.% to 10 wt.%, from 10
wi.% 10 99 wi.%%, from 10 wt.% to 20 wi.%, from 10 wi.% to 30 wi.%, from 10 wt.% to 70 wi. %,
from 10 wt. % 10 60 wit.%, from 10 wi % to 50 wi%, from 10 wt.% to 40 wi.%, from 10 wt.% to
30 wt.%, from 10 wi % {0 20 wi. %, from 20 wi.% to 99 wi.%, from 20 wt. % fo 90 wt.%, from 20
wi. % to 80 wi.%. from 20 wi % to 70 wt.%, from 20 wi.% to 60 wi.%. from 20 wt % to 50 wi.%,
from 20 wi.% to 40 wi.%, from 20 wit.96 10 30 wit.%, from 30 wt.% to 99 wt. %, from 30 wt.% to
90 wi.%, from 30 wit.9% to 80 wi. 9, from 30 wt % to 70 wt. %, from 30 wi. % to 60 wi.%, from 30
wit.% to 30 wi.%, from 30 wi.% to 40 wt.%, from 40 wi% 1o 99 wi.%, from 40 wt.9% to 90 wi.%.
from 40 wt.% {0 80 wt.%, from 40 wi. % to 70 wi.%, from 40 wi.% to 60 wi.%, from 40 wt % to
50 wt. %, from 30 wi % 10 99 wt. %, from 30 wi.% to 90 wi.%, from 5G wt. % 1o 80 wt.%, from 30
wi. % to 70 wi. %, from 50 wi % to 60 wt.%, from 60 wi.% to 99 wi.%%, from 60 wt % to 90 wi %,
from 60 wi.% to 80 wi.%, from 60 wi % to 70 wi.%, from 70 wi.% to 99 wi. %, from 70 wt.% to
SO wt %, from 70 wi.% to 80 wt.%, from 80 wi % t0 99 wi.%, from 80 wt. % to 90 wi.%, or from
90 wi.% to 99 wil%.

(0059} I one or more embodiments, the thermoplastic composition includes carbon black
an amount of from 0.03 wt.% to 5.00 wt.%. For example, the thermoplastic composition may
inchude carbon black in an amount of from 0.05 wi.% 1o 4.45 wi.%, from 0.05 wt.% 10 3.90 wt. %,
from 0.05 wi% 1o 3.35 wi%, from 0.05 wt.% to 2.80 wi.%, from 0.05 wi % to 2.25 wi%, from
(.05 wit.% 10 1.70 wt. %, from 0.05 wi.% to 1.15 wi.%, from 0.05 wt.% 1o 0.60 wit.%, from (.60
wt. % 1o 5.00 wt.%, from 0.60 wt.% to 4.45 wt.%, from (.60 wt.% to 3.90 wt.%, from .60 wt.%

10 3.35 wi%, from 0.60 wi.% 10 2.80 wi.%, from 0.60 wt.% t0 2.25 wit.%, from 0.60 wi% t0 1.70
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wt. %, from G.60 wi.% to 1.15 wi%, from 1.15 wt.% 10 5.00 wi %, from .15 wi.% to 4.45 wt %,
from 105 wit% 1o 3.90 wit.%, Fom 115 wt% 1o 3.35 wit.%. from 1.15 wi% to 2.80 wi %, from
115 wi% 10 2.25 wit%, from 1.15 wi.% to 1.70 wi.%, from 1.70 wt.% to 5.00 wit.%, from 1.70
wt.% 10 4.45 wt.%, from 1.70 wi.% 10 3.90 wt.%. from 1.70 wt% i0 3.35 wt.%, from 1.70 wt.%
t0 2.80 wi %, from 1.70 wi % 10 2.25 wi %, from 2.25 wt.% 10 5.00 wi.%, from 2.25 wt.% to 4 45
wit. %, from 2.25 wt.% to 3.90 wi.%. from 2.25 wt.9% to 3.35 wt. %, from 2.25 wt.% 1o 2.80 wi.%,
from 2.80 wi % to 5.00 wi.%, from 2.80 wt.% to 4.45 wi.%, from 2.80 wi.% 1o 3.90 wi. %, from
2.80 wi.% to 3.35 wt.%, from 3.35 wi.% to 5.00 wt.%, from 3.35 wt.% {0 4.45 wi.%, from 3.35
w9 10 3.90 wit.%, from 3.90 wi.% 1o 5.00 wi. %, from 3.90 wi.% 10 4.45 wi.%, or from 4.45 wi.?
10 5.00 wt.%
(3860} In one or more embodiments, the thermoplastic composition includes a processing aid
n an amount of from 0.01 wt.% to 0.40 wi.%. For example, the thermoplastic composition may
include a processing aid in an amount of from 0.01 wt.% to 0.27 wt.%, from 0.01 wt.% to 0.14
wt.%, from G.14 wi% to 0.40 wi.%, from 0.14 wi% to0 0.27 wi.%, or from 027 wt.% to .40
wi.%. In some embodiments, the thermoplastic composition includes additional additives (fe.,
additives other than carbon black and/or a processing aid), such as a primary antioxidant and/or a
secondary antioxidant, m an amount of from 0.05 wit% to 2.00 wt% For exarople, the
thermoplastic composition may include additional additives in an amount of from 0.05 wit.% o
175 wt. %, from 0.05 wi% to 1.50 wi.%, from 0.05 wit.% to 1.25 wi.%, {rom 0.03 wt% 10 1.00
wi.%, from .05 wt.% 10 0.75 wi.%, from 0.05 wi.% to 0.50 wt.%, from 0.05 wt.% 10 0.25 wi.%,
from 0.25 wi% to 2.00 wi%, from 0.25 wt% 10 1.75 wi.%, from 0.25 wit% to 1.50 wt.%, from
0.25 wt.% to 1.25 wi.%, from 0.25 wi.% to 1.00 wi.%, {from 0.25 wt.% to 0.75 wt.%, from 0.23
wt.9% 10 0.50 wt.%, from 0.50 wi% to 2.00 wit.%, from 0.50 wi.% t0 1.75 wit.%, from 0.50 wi.9
10 1.50 wi.%, from 0.50 wt.9% t0 1.25 wt.%, from 0.50 wt.% 1o 1.00 wi.%, from 0.30 wi.% 10 0.75
wt.%, from (.75 wt.% 10 2.00 wi %, from 0.75 wt.% to 1.75 wt.%, from 0.75 wt.% to 1.50 wi®
from .75 wt.% to 1.25 wt.%, from 0.75 wi.% to 1.00 wt. %, from 1.00 wi% to 2.00 wi.%, from
1.00 wi % to 1.75 wi.%, from 1.00 wt.% to 1.50 wt.%, from 1.00 wi.% to 1.25 wi.%, from 1.28
wi.% 10 2.00 wt.%, from 1.25 wi% to 1.75 wi%, from 1.25 wt.% t0 1.50 wt.%, from 1.50 wi%
10 2.00 wi.%, from 1.50 wi% 1o 1.75 wt.%, or from 1.75 wt.% to 2.00 wi.%.
16661 The bimodal polvethylene or the thermoplastic composition ncluding the himodal
polyethylene may be used in a wide variety of products and end-use applications. The limaodal
polyethylene or the thermoplastic composition including the bimodal polyethylene may also be

blended and/or co-exiruded with any other polymer. Non-limiting examples of other polymers
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melude linear fow density polyethviene, elastomers, plastomers, high pressure low density
polvethvlene, high density polvethviene, polvpropyvlenes and the ike. The bimodal polyethviene,
the thermoplastic composition including the bimodal polvethviene, and blends thereof may be
used to produce blow molded components or products, among various other end uses. The bimodal
polyethvlene, the thermoplastic composttion including the bimodal polyvethvlene, and blends
thereof may be useful in fornming operations such as film, sheet, and fiber extrusion and co-
extrusion as well as blow molding, injection molding and rotary molding. Films may melude
blown or cast films formed by coestrusion or by lamination useful as shrink film, cling film,
stretch film, sealing flms, orienied films, snack packagmg, heavy duty bags, grocery sacks, baked
and frozen food packaging, medical packaging, industrial liners, and membranes in food-contact
and non~food contact applications. Fibers may mclude melt spinning, solution spinning and melt
blown fiber operations for use in woven or non~woven form to make filters, diaper fabrics, medical
garments, and geotextiles. Extruded articles may include medical tubing, wire and cable coatings,
pipe, geomembranes, and pond liners. Molded articles mav include single and mulu-layered
constructions in the form of botiles, tanks, large hollow articles, rigid food contaimers and tovs.
16662] In one or more embodiments, the bimodal polyethviene, the thermoplastic composition
including the bimodal polyethviene, and blends thereof may be used to manufacture a coated
conductior. The coated conducior may include a conductive core and a coating layer covering at
teast a portion of the conductive core. The conductive core may include metallic wire, optical
fiber, or combinanions thereof The coating layer may include the bimodal polvethylene, the
thermoplastic composition including the bimodal polvethylene, and blends thereof. Electricity,
Light, or combinations thereof, may be transmuited through the conductive core of the coated
conductor. This mayv be accomplished by applying a voliage across the metallic wire, which may
cause elacirical energy to flow through the metallic wire, sending a pulse of light {e. g.. infrared
fight) through the optical fiber, which may cause light to transmit through the optical fiber, or
combinations thereof

[B063] Fovironmental siress-cracking resistance 1s a measure of the strength of an article in
terms of its ability to resist falure by stress crack growth. A high environmental stress-cracking
resistance value is important because articles should last through the designed application lifetime.
In some embodiments, the bimodal polvethvlene, the thermoplastic composition including the
bimodal polvethviene, or articles manufactured from these mav have an environmental stress-

cracking resistance (Fo) greater than 1,000 hours, such as greater than 1,500 hours, greater than
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2,000 hours, greater than 2,500 hours, grealer than 3,000 howrs, greater than 3,500 hours, greater
than 4,000 hours, or greater than 4,500 hours.
6664 In one or more embodiments, the bimodal polvethviene, the thermoplastic composition
including the bimodal polvethvlene, or articles manufactured from these have a cyclic shrinkage
tess thao or equal to 2.40%. For example, the bimodal polyethylene, the thermoplastic composition
including the bimodal polvethylene, or articles manufactured from these mav have a cvclic
shrinkage of from 2.00% to 2.40%, from 2.00% to 2.35%, from 2.00% to 2.30%, from 2.00% to

2.25%, from 2.00% 10 2.20% from 2.00% t0 2.15%, from 2.00% to 2.10%, from 2.00% t0 2.05%

from 2.05% to 2.40%, from 2.05% 1o 2.35%. from 2.05% to 2.30%, from 2.05% 1o 2.25%, from
2.05% 1 o, from 2.05% 10 2.15%, from 2.05% 10 2.10%, from 2.10% to 2.40%, from 2.10%
t0 2.35%, from 2.10% to 2.30%, from 2.10% to 2.25%, from 2.10% 1o 2.20%, from 2.10% to

2.18%, trom 2.15% 10 2.40%, from 2.15% 10 2.35%, from 2.15% 10 2.30%, from 2.15% 10 2.25%

35%, from 2.20% to 2.30%. from

<
—h
@)

N2

from 2.15% to 2.20%, from 2.20% to 2.40%, from 2.20%
2.20% to 2.25%, from 2.25% 10 2.40%, from 2.25% 10 2.35%, from 2.25% to 2.30% from 2.30%
10 2.40%, from 2.30% to 2.35%, or from 2.35% to 2.40%.
16065] In one or more embodiments, the bimodal polvethyvlene, the thermoplastic composition
including the bimodal polyethvlene, or articles manufactured from these may have a surface
smoothness less than 45 w-in. For example, the bimodal polyethviens, the thermoplastic
composttion including the birnodal polyethvlene, or articles manufactured from these may have a
surface smoothness of from 15 g-in to 45 p-in, from 15 p-in 10 40 pein, from 15 g to 35 prin,
from 15 pein to 3¢ p-in, from 15 pein to 25 pein, from 15 pein 0 20 pein, from 20 pw-in to 45 pein,
from 20 p~in to 40 p-~in, from 20 p-in to 35 pein, from 20 pein o 30 p-in, from 20 p-in to 25 pein,
frora 25 pein o 45 p-ro, from 23 pein 1o 40 pein, from 25 peinto 33 pein, from 25 pein 1o 30 pein,
from 30 p-in to 45 p-in, from 30 prin to 40 p-in, from 30 p-in to 35 y-in, from 35 p-in t0 45 p-in,
from 35 p-in 10 40 p-in, or from 40 -in to 45 p-m.

TEST METHODS
Bensity
6666} Unless indicated otherwise, all densities were measured according to ASTM D792-08,
Method B, and are reported in grars per cubtc centimeter (g/om’).
Mels Index {12}
16667] Unless indicated otherwise, all melt mdices {I2) were measured according to ASTM
31238-10, Method B, at 190 °C and a 2.16 kg load, and are reported in decigrams per mimuie
{dg/min).
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High Load Melé index (F1)
16668 Unless indicated otherwise, all high load melt indices (I} were measured according
to ASTM D3 1238-10, Method B, at 190 °C and a 21.6 kg load, and are reported in decigrams per
minte (dg/min}.
Molecular Weight
[666Y] Unless indicated otherwise, all molecular weights disclosed herein, including weight
average molecular weight (Mwgpey), number average molecular weight (Muopec)), and 7-average
molecular weight (Mygro)), were measured using conventional Gel Permeation Chromatography
{(GPC) and are reported in grams per mole {(g/mol).
[6676]  The chromatographic system consisted of a PolymerChar GPC-IR (Valencia, Spain}
high temperature GPC chromatograph equupped with an miternal IRS infra-red detector (IRS}). The
autosampler oven comparitment was set at 160 degrees Celsius (°C) and the coluron compartment
was set at 150 °C. The columns used were four Agilent “Mixad A” 30-centimeter 20-micron linear
mixed-bed columns. The chromatographic solvent used was 1,2,4 trichlorobenzene and contained
200 parts per mithion {(ppmjof butylated hydroxyvtohiene (BHT). The solvent source was nitrogen
sparged. The imjection volurse used was 200 nucroliters and the flow rate was 1.0 nulliliters per
minute {ml/min).
[667%]  Calibration of the GPC column set was performed with 21 narrow molecular weight
distribution polystyrene standards, conuwnercially available from Agilent Technologies, with
maolecular weights ranging from 580 g/mol to 8,400,000 g/mol and were arranged in six “cocktail”
mixtures with at least a decade of separafion between individual molecular weighis. The
polvstyrene standards were prepared at 0.025 grams in 5O mulliliters of solvent for molecular
weighis equal to or greater than 1,000,000 g/mol, and 0.05 grams in 50 milliliters of solvent for
molecular weights less than 1,000,000 g/mol. The polystyrene standards were dissolved at 80 °C
with gentle agiiation for 30 minutes. The polvsiyrene standard peak molecular weights were
converted to polvethvlene molecular weights using Equation 1 (as deseribed in Williams and
Ward, §. Polvm. Sci, Polym. Let, 6, 621 (1968)).
prolyeth,yie = A X <1wpaiystyrene)8

Eguation i
where M is the molecular weight, A has a value 0of 0.4315, and B is equal t0 1.0.
00727 A fifth order polynomial was used to fit the respective polvethvlene-equivalent

calibration pownts. A small adjustroent to A (from approximately 0.375 1o 0.445) was made 1o
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correct for column resohsion and band-broadening effects such that linear homopolymer
polvethvlene standard 15 obtained at a molecular weight of 120,000 g/mol.

[6673]  The total plate count of the GPC column set was performed with decane {prepared at
(3.04 grams in 5O milliliters of TCB and dissolved for 20 minutes with gentle agitation}. The plate
count {Equation 2) and synuvetry {Equation 3) were roeasured on a 200 microliter imjection

according to the foliowing equations:

( Rv’Peak Max)

Plate Count = 554 « 1
‘Peak Width at -;Heright/

Fquation 2
where RV is the retention volume 1n mullihiters, the peak width is in mulliliters, the peak max is
the maximumn height of the peak, and 2 height is ¥ height of the peak maximom; and

7 —_ B
(Rear Peak RY One Tenth Hhelg R i/Peak, Max)

Svm SFyay
Symmetry (RV — Front Feak RV, ; )
Peak Max g One Tent Hel

Fguation 3
where RV is the retention volume in mulliliters and the peak width is i nulliliters, peak max is
the maximum position of the peak, one tenth height 1s /10 height of the peak maxamum, and
where rear peak refers to the peak tail at later retention volumes than the peak max and where
front peak refers to the peak front at earlier retention volumes than the peak max. The plate count
for the chromatographic svstem should be greater than 18,000 and svmmetry should be between
0.9% and 1.22.

16674}  Samples were prepared in a semi-automatic manner with the PolymerChar “Instrument
Control” Software, whergin the samples were weighi~targeted at 2 mulligrams per mulliliter
{rog/mi), and the solvent {containing 200 ppro BHT) was added to a pre mitrogen-~sparged septa~
capped vial, via the PolymerChar high temperature autosampler. The samples were dissolved for
2 hours at 160 °C ander “tow speed” shaking.

[0075]  The calculations of weight average molecular weight (Mugroy), number average
molecular weight (Mucro)), and 7-average molecular weight (Myopey} were based on GPC resulis
using the internal IRS detecior (measurement channel} of the PolymerChar GP{-IR
chromatograph according to Equations 4-6, using the PolymerChar GPCOne™ software, the
baseline-subtracted TR chromatogram at each equallv-spaced data collection pownt ), and the
polyethylene equivalent molecular weight obtained from the narrow standard calibration curve for

the peint (i) from Equation 1.
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Eguation 6
[6676]  In order to monitor the deviations over time, a flowrate marker {decane} was introduced
into each sample via a micropump controlied with the PolymerChar GPC-IR system. This flowrate
marker (FM} was used to linearly correct the pump flowrate (Flowratemominay) Tor each sample by
RY alignment of the respective decane peak within the sample (RV @visawpioy} 10 that of the decane
peak within the narrow standards calibration (RV v catibredy). Any changes m the time of the
decane marker peak are then assumed to be related to a linear-shift in flowrate (Flowrate@smecive))
for the entire run. To facilitate the highest accuracy of a RV measurement of the flow marker peak,
& least-squares fitting routine 15 used to fit the peak of the flow marker conceniration
chromatogram to a quadratic equation. The first denivative of the quadratic equation is then used
to solve tor the true peak position. Afier calibrating the system based on a flow marker peak, the
effective flowrate {with respect {0 the narrow standards calibration) 1s calculated according to
Equation 7. Processing of the flow marker peak was done via the PolymerChar GPCOne™
Software. Acceptable flowrate correction is such that the effective flowrate should be within =1

percent (%) of the nominal flowrate,
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-
RV ry (.'aii.brated))

Flowralegsreorivey = Flowrateamm )x< RV
(FM Sampie)

Equation 7
106771 The Systematic Approach for the determination of multi-detector offsefs is done in a
manner consistent with that published by Balke, Mourev, et al (Mowey and Balke,
Chromatography Polym. Chpt 12, (1992)) (Balke, Thitiratsakul, Lew, Cheung, Mourey,
Chromatography Polymu Chpt 13, (1992)), optimizing triple detector log (MW and 1V) results
from a broad homopolymer polyethviene standard (My/My > 3} to the narrow standard colummn
calibration results from the narrow standards calibration curve using PolvmerChar GPCOne™
Software.
16678] The absolute molecular weight data {GPC-LALS) was obtained in a manner consistent
with that published by Zimm (Fimm, BH., J. Chem. Phys., 16, 1099 {1948} and Kratochvil
(Kratochvil, P, Classical Light Scaitering from Polymer Solutions, Elsevier, Oxford, NY {19871
using PolvmerChar GPCOne™ software. The overall mjected concentration, used in the
determunation of the molecular weight, was obtained from the mass detector area and the mass
detector constant, dertved from a suitable linear polyethylene homopolvmer, or one of the
polvethvlene standards of known weight-average molecular weight. The calculated molecular
weighis {(using GPCOne™) were obtained using a hght scattering constant, denived from a
homopolymer polyethylene standard, and a refractive index concentration coefficient, dn/de, of
(3.104. Generally, the mass detector response (IR53) and the light scattering constant {determined
using GPCOne™) should be determined from a linear standard with a molecular weight in excess
of about 30,000 g/mol, preferably in excess of about 120,000 g/mol.
[6G79] A calibration for the IRS detecior raticing was performed using multiple ethviene-
based polymer of known short chain branching (SCB) frequency {as determined by NMR),
ranging from homopolymer (0 SCB/1000 total C) to approximately 40 SCB/1000 total €, where
total € = carbons in backbone + carbons in branches. Each standard had a weight-average
molecular weight (Mg} from 36,000 g/mol to 126,000 g/mol, as determined by the GPC-LALS
processing rocthod described above, Bach standard had a molecular weight distnibution (Mw/Mn)
from 2.0 10 2.3, as determined by the GPC-LALS processing method described heremnabove.
{6086 The calculated “IRS Area Ratio” {or “IRSmesmyt Channet Area’ IR SMeasurement Channet Area ) ©F
“the baseline-subtracted area response of the TRS methyl chanuvel sensor” to “the baseline-

subtracted area response of IRS5 measurement channel sensor” was caleulated for sach of the
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“SCB” standards. A linear fit of the SCB frequency versus the “TR5 Area Ratio” was constructed

according to Eguation 8 as follows:

SCB/1000 total C (SCBD) = Ag + |4, ¥ (

3
IRS Methyl Chann  Area >_§

iR SM easurement Channel 4rea

Equation 8
where Ag is the “SCB/1000 total C™ intercept at an “IRS Area Ratio” of zero, and A; is the slope
of the “SCB/1000 total {7 versus “IRS Area Ratio” and represents the increase in the SCB/1000
total C as a function of “IRS5 Area Ratio”
[GGR1] The calculations of short chain branching distributions of low molecular weight
regions (SCBD1), short chain branching distributions of high molecular weight regions (SCBDy:},
and Comonomer Ratios were based on GPC results using the internal IRS detector (measurement
channel) and the SCB/1000 total C {or a bimodal polyethvlene. To calculate these values the
baseline-subtracted IR chromatogram at equallv-spaced data collection points (i} and the SCED
surrounding the maxima of the bimeodal resin were determined. The calculation is determined for
the polymer at low molecuar weight regions (SCBE) and high molecular weight regions
(SCBD,) of the polymer distribution. Here m and », define the molecular weight range at which
SUBD: is calculated, where m = {(LogM 3.75) and n = (LogM 4.25). Here ¢ and p, define the
molecular weight range at which SCBD: 1s caleunlated, where o = (LogM 5.00) and p = (LogM
5.50),

_ 2umlIR % SCBD)

SCBD, = e
Zm ”"i
Fquation 9
> 2EUR, X SCBIY)
SCBD,) = s
Zo !Ri
Fguation 10
[B082] The comonomer disiribution {also referred {0 as a comonomer ratio) 18 defined

according to Equation 11, Any value greater than 1.0 is considered a reverse comonomer
distribution, a value fess than 1.0 1s considered a normal comonomer distribution, and a value of
1.0 19 considered a flat comonomer distribution.

SCED,

SCRD,

Comonomer Distribution =

Fguation 11

Complex Viscosity
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{6683} Unless indicated otherwise, all complex viscosities {(n*) disclosed herein were
calculated using Dyoanuc Mecharical Spectroscopy (DMS) and are reported in pascal-seconds
(Pas).

13084] Samples were compression-molded into *3 mm thick x 1 inch”™ circular plaques at 350
°F, for five minutes, under 25,000 pst pressure, 1o air. The sample was then taken out of the press,
and allowed to conl.

[GG85] A constani temperature frequency sweep was performed using & TA Instrumenis
“Advanced Rheometric Expansion System (ARES),” equapped with 25 mm {diameter) paraliel
plates, under a nitrogen purge. Saroples were placed on the plate and allowed to melt for five
minutes at 190 °C. The plates were then closed to a gap of “2 mm,” the samples trimmed {extra
sample that extends beyond the circumference of the “25 mm diameter” plate was removed), and
then the tests were staried. The method had an additional five nunute delay built in to allow for
terperature equilibrium. The tests were performed at 190 °C over a frequency range of from 0.1
radians per second {rad/s) to 100 rad/s at a constant strain amplitude of 10%.

Environmental Stress-Cracking Resistance (FSCR)

16686] Unless indicated otherwise, all Envirtonmental Stress-Cracking Resistance (ESCR)
values are Fy fatlure times reported in hours and were measured according to IEC 60811406
without oven conditioning.

Tensile Strength

[GGR7] Unless indicated otherwise, all tensile strength values were measured according to IEC
6081 1-501 and are reported in megapascals {(MPa} and/or pounds per square inch (psi).
Flongation

16088} Uunless mdicated otherwise, all elongation values were measured according to TEC
60811-501 and are reported in percent (%6}

Wire Smoothness

[BG8T] Unless indicated otherwise, all wire smoothness valoes were calenlated as an average
surface roughuess of a coated conductor wire sarople (14 American wire gauge (AWG) wire with
a 10-15 mm coating thickness) and are reporied in microinches (y-in) and/or microns (um}. The
surface roughness values were measured using a Mituloyo 81 400 Surface Roughness Tester,
Generally, a relatively smoother wire has an average surface roughness less than a relatively
rougher wire.

Flexural Modulus
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[669G] Unless indicated otherwise, all flexural modulus values were measured according to
IS0 178 and are reported 10 megapascals (MPa).
Hardness
16691} Unless indicated otherwise, all hardness values were measured according to ISO 868.
Cyclic Shrinkage
6692} Unless indicated otherwise, all cyclic shrinkage values were measured by cyclic
temperature shrinkback testing and are reported in perceniage (%) The cvclic temperature
shrinkback testing was performued on jacket samples. The jacket samples were conditioned in an
oven from 40 °C to 100 °C at a ramyp rate of 0.5 degrees Celsius per munute (°C/nun), held at 100
“C for 60 mimtes, ramped back down to 46 °C at a rate of 0.5 °C/mun, and held at 40 °C for 20
nrimites. This temperature cycle was then repeated four more times, for a total of five ¢yeles. The
tength of the jacket samples were measured before and after conditions using a ruler precise to 1.6
mm on 61 cm long specimens, and the percent change was determined.

EXAMPLES
Production of Bimodal Polyethylene Samples
16693} Bimmodal polvethvlene saroples (fe., BP~1 to BP-11) were produced via gas phase
polymerization using a catalyst system including a procatalyst (UCAT™ J comimercially available
from Univation Technologies, LLC) and a cocatalyst (friethvialuminum (TEAL}Y). The procatalyst
was partially activated by contact al room femperature with an appropriate amount of a 50%
mineral oil solution of tri-n-hexyl aluminum (TNHA). The catalyst shurry was added to a mixing
vessel. While stirring, the 50% mineral oil solution of TNHA was added at ratio of .17 moles of
TNHA to mole of residual THF in the catalyst and stirred for at least | hour prior to use. Ethylens
{Co) and 1-hexene (Ce) were polvmenzed 1o two udized bed reactors. Each polvmenization was
continuously conducted, after equilibrium was reached, under the respective conditions.
Polymerization was initiated in the first reactor by continuously feeding the catalyst and cocatalyst
mto a fluidized bed of polyethvlene gramudes, together with ethylene, hyvdrogen, and 1-hexene.
The resulting polvmer, nuxed with aclive catalyst, was withdrawn from the first reactor, and
transferred to the second reactor, using second reactor gas as a transfer medium. The second
reactor also contained a fludized bed of polvethviene granules. Ethyvlene, hydrogen, and 1-hexene
were introduced into the second reactor, where the gases came nio contact with the polymer and
catalvst from the first reactor. Inert gases, mifrogen and isopentane, made up the remaining
presswre in both the first and second reactors. In the second reactor, the cocatalvst was again

mitroduced. The final bimodal polvethvlene was continuously removed.
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(3-(3,5-di-tert-butyl-4~hvdroxyphenyhpropionate

The final bimodal polyethvlene of each sample was then compounded with 200 ppmw

{commercially

available as IRGANQOX 1010 from BASF), 600 ppm of ins(2.4-di-tert -butyiphenyliphosphite

{commercially available as IRGAFOS 168 from BASYE), and 1000 ppm calcium stearate, and

pelletized via a continuous muxer {(commercially avalable as LCM-100 Continuous Mixer from

Kobe Steel, Lid. ). The first and second reactor conditions for each sample are reported in Tables

1and2.
Table 1
Sample BP-1 BP-2 BF-3 BF-A BP-3
Reactor 1] 2 i ] 2 112 11 2 12
Catalyst UCATM ] UCAT™ ] UCATIN ] UCAT™J UCAT™M |
Terperaturs (°0) a3 110 85 100 85 110 %0 110 80 0
Prossure (kPa) 2392 | 2723 | 2392 | 2710 | 2392 | 2723 | 2393 | 2710 | 2393 | 2717
(> Partia Pressure (kPa) 228 662 228 745 200 717 174 592 221 683
Fi7i, Molar Ratio 0057 | 18 | 0041 | 14 | 0027 | 18 | o044 | 18 | 0040 | 18
C/Ca Molar Ratio 0110 | 6003 | 0070 | 6.003 | 0.092 | 0.003 | 0.092 | 0002 | 6100 | 0002
5% 20 | 90 1 120 | 70 | 126 1 7% 8.0 30 5.1 30
Cat Feed Rate (co/hin) 5.0 - 5.4 - 56 - 5.3 - 5.8 -
Co-Catalyst TEAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL | TEAL
Co-Catalyst Concentration 25 {25 | 25 | 25 | 25 |25 |25 | o2s |25 | 25
{(Wi%)
Co-Catalyst Peed Rate (co/ho) 218 | 125 | 235 | 120 | 286 | 120 | 321 | 140 | 305 | 151
Production Weight (kg/hr) 134 | 110 | 143 | 140 | 137 | 161 | 136 | 170 § 137 | 158
Fod Weight (:9) R AN TS 26 655 UTHIT T 660
Spiit (7o) 550 100 6.0 44 6.4
Table 2
Sample BP-6 BP-7 BP-8 BP9 BP0 BP-11
Reactor N i |2 i |2 i ]2 e i 12
Catalyst UCATIN UCATIN TCATN § UCATIV ] UCATIV ] UCATIV ]
?1?’)‘}’6““‘“ 80 90 80 90 80 90 80 90 80 90 80 90
ey oy
;f;;ﬁ““ 2392 | 2715 | 2393 | 2717 | 2393 | 2712 | 2393 | 2714 | 2393 | 2708 | 2394 | 2720
s Partial
Pressure 207 | ez | 199 | 736 | 209 | ed0 | 208 | 711 | 203 | 577 L 35 | 76
(kPa)
2/Cr Mota p N . . . . p . .
HACaMotar | poig | 1s o036 | 18 |ooas | o1s oot | 1s | oods | 18 | oesz ] o1s
Ratio
gqg; Molar 1 g1z | 0080 | 0,133 | 0096 | 0.137 | 0073 | 0.125 | 0.081 | 0.136 | 0069 | 0.114 | 0.055
05% 7 K 50 30 80 30 8.0 30 79 30 8.1 30
Cat Feed . .
3 - / - 3 - - - -
Rate fooft) 38 1.0 3.9 38 3 5.5
Coadvst | TEA | TEA | TEA | TEA | TEA | TEA | TEA | TEA | TBA | TEA | TBA | TEA
- L L L L L L L L L L L L
Co-Catalyst
Concentratio 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
n {(wtSo)
Co-Catabyst
Feed Rate 281 | 140 | 294 | 140 | 292 | 140 | 290 | 139 | 290 | 140 | 290 | 140
(cc/hn)
Production
Weight B34 | 172 | 130 | 177 | 12s | 145 | 135 | 173 | 133 | 133 | 135 | 132
{kg/he
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\ﬂf v7—\vl)' . _ _ _ . _ _ _ .
E}f; Welght | 40 | 658 | $06 | 641 | 25 | &34 | 651 | 635 | w6 | 622 | 426 | 652
i
Split (%) 138 123 169 135 501 506

Properties of High Molecular Weiglt Components

[6695] Vanous properties, including high load melt mdex {(In), density, and weight average
molecular weight (M) of the high molecular weight component of the bimodal polyethylene
samples are reported in Table 3. i should be noted that the “high molecular weight component,”
as used in the present examples, refers to the portion of the bimodal polyethylene samples

produced m the furst reactor.

Table 3
Samyple High Load Melt Index (I} Bensity Weight Average M(piecuiar Weight 8 g)!is“
" {dg/min} (gfemd) (Mwigpoy) (ghmod) (wt.%)
BP-] 1.58 0.9281 299,402 55.0
BP-2 1.26 0.9262 323,810 49.0
BP-3 0.99 0.9222 348,587 46.0
BP-4 1.15 0.9234 298,726 443
BP-5 1K 0.9232 303,948 46.4
BP-5 2.3 0.9181 250,506 43.8
BP-7 1.43 0.9178 302,447 423
BP-8 2.12 0.9181 277,847 46.9
BP-% 1.28 0.9182 297.5875 43.9
BF-10 2.0} 0.5182 269,948 50.1
BP-11 2.1 0.9220) 271,267 0.6

Properties of Bimodal Polypethylene Samples
6696] Vanous properties, including molecular weights, short chain branching distnibutions,
and complex viscosities of the bimodal polyethylens samples are reported in Tablas 4-7.

Table 4

Sample {?;2;;3) ?;thgi)) \Z’f’:ﬂ(ﬁ,;;:) {(MyoreyMuore} (MyeroyMawrey) ?;2;{3; (dg,j:ilin) (d;:‘!jﬁ ) MERy,;

BR-1 11,778 188,231 1,246,664 153 5.2 0.9497 947 37.1 78.8

BP-2 12,896 180,904 1475451 4.0 8.2 0.9498 0.52 40.7 783

BP-3 10,097 172,921 1442351 i7.3 83 3.2497 (.49 58.9 120.1

RBP4 9,387 168151 1,180,613 18.0 7.0 (. 9498 050 543 107.8

BP-3 2,806 171,269 1,181,701 17.5 5.2 0.9485 8496 46.7 101.5

BP-6 9,453 152,283 983,588 16.1 6.5 0.9352 0.83 691 82.8

BP-7 8,834 159,345 1,110,674 180 7.0 3.2352 0.72 725 1010

BP-8 9,282 157037 1,045,351 169 6.7 (.9353 0.66 S4.4 §2.0

BP-§ 8,971 171,388 1,195,789 191 7.8 0.9354 047 459 97.5

BP-10 9,916 163,033 1,026,998 16.4 6.3 (.9347 0.52 397 77.0

BP-11 9,936 158,776 287,882 160 6.2 3.23923 0.63 46.0 73.3
Table 8

Sanple Maximum Tensife Strength Elongation @ Break Hardness, .Hs {Shore Flesural Moduins

{(ViPa) {20} 3} {(MPa}

BP-1 1.9 921 66 1160

BF-2 408 934 67 1120

EP-3 38.4 834 656 1170

BP-4 37.1 670 61 12067

BP-3 353 634 63 1134

BP-6 32.8 686 37 737

BP-7 32.3 703 57 712

BP-§ 327 674 57 7356
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BP-9 337 592 S8 705

BP-10 345 670 37 705

BP-11 358 598 S8 837
Table 6

SUBD of Low Molecular SUBD of the High Molecular .
* . eight Region (SUBD;) Weinhit Region (SCED)) Lumonomer
Sample | Comonomer VS, eight Region (SS B g & Bistribution
{average branches/1,006 {average branches/1,000 i, ) N
(SCBD/SCBD)
Carbong) Carbong)

BP-1 Co 2.1 4.9 2.3

BF-2 s 2.6 3.1 2.0

BP-3 Ce 2.5 7.6 30

BP-4 Ce 2.0 7.0 3.3

BF-5 s 31 7.5 2.4

BP-6 Ce 9.4 16.9 1.2

BP-7 Ce 10.3 10.9 1.1

BP-§ Cs 9.2 112 1.2

BP-9 Ce 9.3 16,4 1.1

BP-10 Cs 9.1 111 1.2

BP-11 Cs 5.6 8.5 13
Table 7

Complex Complex Cowmplex Complex
Sample Viscosity Visgf)sity Viscf)siﬁy Visajﬂsity Shear Thirgnin/g Index (n*@ 0.1
@ 6.1 (n*@ 1.0 (n*a 10 (i @ 190 rad/sec/n*@ 100 rad/sec)
rad/sec) (Pa-s} radises) (Pas) radisec) (Pas} rad/sec) (Pas)

BF-1 22,957 13,036 3,251 1,443 159

BP-2 22,187 12 347 4,901 1,375 16.1

BP-3 21902 11,303 4,236 1,110 197

BF-4 12,601 4,739 1,256 18.8

BP-3 12,678 4817 1,291 18.3

BP-6 . 5,739 4,071 1,192 138

BF-7 19,626 16,891 4,238 1,176 6.8

BP-8 18,420 10,633 4,330 1,240 14.9

BP-¢ 23,671 12,682 4777 1,282 18.5

BP-10 24,853 11,967 4,840 1,374 i5.2

BP-11 18,810 11,112 4652 1,360 13.8

Production of Thermoplastic Samples

[0697]

Thermoplastic samples were prepared by compounding the bimodal polyethviene

samples with various additives via a Banbury batch compounding Iine. The coropositions of each

thermoplastic sample are reported in Table 8.

Table 8

Sampie T4 | T2 | 13 | T4 | T5 | 16 | 17 | T8 | 19 | 116 | 111
Ml

Bimodal Polyetiylenc Type | BP-1 | BP2 | BP-3 | BP4 | BP-S | BP-6 | BP7 | BPR | BP9 | BP0 | O

E;in;iﬂ Polycthylens 9408 | 94.08 | 9408 | 9408 | 9408 | 0401 | 9401 | 94.01 | 9£01 | 9461 | 9401

(Wi %

Carbon Black: (wL%) S60 1860 [ 3e0 TS (a0 L EeT | e U se [Ee EeT TEE

Antioxidant 1° (i %) 015 | 015 | 015 | 015 | 015 | 015 | 0.15 | 015 | 015 | 015 | 015

Antioxidant 2° (wL.%) 0.15 1 015 | 015 1 65 | 015 1 0.15 | 0.5 1 615 | 045 1 045 | 0.5

Processing Aid (w260 002 | 000 | 002 | 042 | 0.02 | 002 | 002 | 002 | 002 | 002 | 0.2

2 Commercially available as AXELERON™ GP A-0037 BK CPD from the Dow Chemical Company

® Pentaery thritoltetrakis {3-(3,5-di-tert-butyl-4-hydroxyphenyDpropionate (commercially available as IRGANOX® 1010

from BASF)

* Tas(2, 4-di-tert. -bhutyipheayhphosphite (commercially available as IRGAFOS® 168 from BASFE)
¢ Commerciafly available as DYNAMART™ FX 5912 from 3M
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Properties of Thermoplastic Samples

6698] Jacket samples were prepared using the thermoplastic saroples, as a well as some
commercially available thermoplastics. The jacket samples were prepared via extrusion of the
thermoplastic onio a conductor using a 6.35 c¢m (2.5 in} wire exirusion line {commercially
available from Davis-Standard). The extrusion hine was equipped with a 24:1 L/D barrel and a
general polvethviene type screw. The discharge from the extruder flowed through a Gull type
9/32 in x 5/8 in adjustable cenier crosshead and through a tubing tip and coating die {0 shape the
melt flow for the jacket sample fabrication. This equipment was used to gengrate coated wirg
samples with a final diameter of approximately 3.2 mam (0,125 i) and a wall thickoess of
approximately 0.77 mm (0.03 in) on a 14 AWG solid copper conductor (1.63 mm/0.064 n
diametery. The wire extrusion line speed was set to 91 w/min (300 f/min) The extruder
teraperature profite was 182 °C/193 °C/210 *C/216 °C/227 =C/232 °C/238 ° (/238 °C (Die) and
the screw speed was adjusted to ~58 rpm to maintain the line speed and consisient jacket thickness.
After extrusion, the jacket samples were conditioned at room temperature for 24 hours before
testing, The extrusion conditions, processing performance of the thermoplastic, and various

properties of the jacket samples are reported in Tables 9 and 10

Table 9
Melt Aged Aged Total Envirenmental
e Melt y i Tenstie Total Tensile o . q tross-Crs km
Sample Be.“ﬂ? fndex (12} Fﬂm.v Strength | Elongation | Strength Eimj;;gmmn HIESSL Facking
{g/em”) PN Ratio . - . {%%} Resistance

{dg/min} (VF R (MPa) (%) (MPa) ESCR FO) (hrs)

g i Aged @@ 118 °C, 14 Bays N
T-1 $.961 0.43 67.4 340 737 27.6 742 >»3144
T2 (.960 (.52 74.0 33.7 812 28.9 826 >30(048
-3 $.961 0.58 1147 318 734 271 725 >2976
T-4 $.961 0.52 1155 34.8 8472 30.8 808 >»3336
T-5 (6,959 0.50 Q2.9 36.5 848 33.9 B07 >3336
-6 4,947 0.%4 128.5 34.0 %87 30.1 932 >3336
T-7 8.947 0.76 1146 32.5 932 299 804 >3336
T-8 $.947 0.64 85.5 344 875 35.0 888 >3168
7-9 $4.947 0.47 1172 356 ]92 31.2 8635 >3168
T-1¢ $.949 0.52 81.9 379 875 269 849 >3168
T-11 0,949 0.59 731 36.9 Q06 34.3 R77 >3168
CE-17 $.964 0.28 79.1 317 785 252 7RG <1608
CE-2 $.958 0.60 67.3 330 1060 - - 20001

CH-3° (.954 0.75 82.6 253 863 229 778 <96

CE-4¢ $.947 0,74 ]7.8 32.9 1014 23.5 833 <168
CE-3¢ $.948 0.70 - 30.0 RGO - - >8000

4 Commercially available as DGDA-1310 BK from the Dow Chemical Conpany

5 Comumercially avatlable as BORSTAR® HE6062 from Borealis AG

¢ Commercially available as AXELERON™FQ 6318 BK CPD from the Dow Chemical Company
$ Commercially available as AXELERONT F( 6548 BK CPD from the Dow Chemical Company
¢ Commercially available as BORSTAR® ME6052 from Borealis AG
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Table 18
Sanple Line Spe‘ed Melt ’E'sfmpsfraiursf Breaker Plate Cyelie S_hrinkzgge (%, | Surface Smoothness
ft/min} °8 Fresqure {(psi) 344 fpra} {n-in}

1-1 360 2517 2278 222 40
T2 360 2483 2190 222 33
T-3 300 2428 1770 238 20
1-4 340 2456 1830 225 20
T-5 360 24772 197G 2.25 22
T-6 300 2311 1873 220 22
1-7 340 230.0 1780 232 19
T-8 300 2333 2070 222 22
T-9 300 2344 2120 223 1
T-10 340 2383 2730 219 30
T-11 3060 236.1 2256 222 2
CE-1 300 2522 2350 233 43
CE-2 300 2478 2360 286 23
CE-3 360 24317 1860 - 22
CE-4 300 2278 2020 2.48 3%
CE-5 300 2339 2100 273 36

[6699] The dimensions and values disclosed herein are not to be understood as being sinetly
fimited to the exact numerical values recited. Instead, unless otherwise specified, sach such
dimension is intended (o mean both the recited value and a functionally equivalent range
surrounding that value. For example, a dimension disclosed as “40 g/em® s intended to mean
“about 40 g/cny’.”

[G106] Wotations used in the equations included herein refer to their standard meaning as

[SS3) 43

understood in the field of mathematics. For example, means equal (o, “x7 denotes the

multiplication operation, “+7 denotes the addition operation, “~” denotes the subtraction operation,
“>"1g a “greater than” sign, “<" 15 a “less than” sign, “and */” denotes the division operation,

6101} Every document cited herein, if any, including any cross-referenced or related patent
or patent application and any patent or patent application to which this application clairos priotity
or benefit thereof is hereby incorporated herein by reference in its entirety unless expresshy
excluded or otherwise limited. The ciiation of any document is not an admission that it is prior art
with respect to any embodiment disclosed or claimed herein or that it along, or in any combination
with any other reference or references, teaches, suggests or discloses any such embodiment.
Further, to the extent that any meaning or definition of a term in this document conflicts with any
meaning or definition of the same term in a document incorporated by reference, the meaning or

definttion assigoned to that termuin thus document shall govern.
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CLAIMS
1. A bimodal polyethylene comprising a high molecular weight component and a low
molecular weight component, wherein the bimodal polyethylene has:

a density of from 0.933 g/cm? to 0.960 g/cm® when measured according to ASTM D792-
13, Method B;

a melt index (I2) of from 0.3 dg/min to 0.9 dg/min when measured according to ASTM
D1238-10 at 190 °C and a 2.16 kg load; and

a melt flow ratio (MFR2) greater than 70.0, wherein the melt flow ratio (MFR21) is a ratio
of a high load melt index (I21) of the bimodal polyethylene to the melt index (I2),
and the high load melt index (I21) is measured according to ASTM D1238-10 at
190 °C and a 21.6 kg load, wherein:

the high molecular weight component has a density of from 0.917 g/cm?® to 0.929 g/cm?
when measured according to ASTM D792-13, Method B;

the high molecular weight component has a high load melt index (I21) of from 0.85 dg/min
to 4.00 dg/min when measured according to ASTM D1238-10 at 190 °C and a 21.6
kg load;

the high molecular weight component has a shear thinning index (SHI) of from 10.0 to
20.0, wherein the shear thinning index (SHI) is a ratio of a complex viscosity of
the bimodal polyethylene measured at 0.1 radians per second (n*0.1) to a complex
viscosity of the bimodal polyethylene measured at 100 radians per second (n*100),
and the complex viscosities of the bimodal polyethylene are determined at 190 °C
using Dynamic Mechanical Spectroscopy (DMS); and

the bimodal polyethylene comprises from 40 wt.% to 60 wt.% of the high molecular weight

component.

2. The bimodal polyethylene of claim 1, wherein the bimodal polyethylene has a high load
melt index (I>1) greater than 35.0 dg/min when measured according to ASTM D1238-10 at 190
°C and a 21.6 kg load.

3. The bimodal polyethylene of either claim 1 or 2, wherein the bimodal polyethylene has a
density of from 0.933 g/cm? to 0.945 g/cm?; and a short chain branching distribution of a high
molecular weight region of the bimodal polyethylene (SCBD>) of the bimodal polyethylene is

greater than or equal to 4.0 average number of branches/1000 carbons.
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4. The bimodal polyethylene of either claim 1 or 2, wherein the bimodal polyethylene has a
density of from 0.945 g/cm® to 0.960 g/cm?; and a short chain branching distribution of a high
molecular weight region of the bimodal polyethylene (SCBD:) of the bimodal polyethylene is

greater than or equal to 3.0 average number of branches/1000 carbons.

5. A method for producing the bimodal polyethylene of any of claims 1 to 4, the method
comprising polymerizing ethylene and at least one 1-alkene comonomer in the presence of a

catalyst in a multi-reactor system to produce the bimodal polyethylene.

6. The method of claim 5, wherein the ethylene and the at least one 1-alkene comonomer is

polymerized via gas-phase polymerization in a dual reactor system.

7. The method of either claim 5 or 6, wherein the dual reactor system comprises a first gas-
phase reactor and a second gas-phase reactor arranged in series; and the high molecular weight
component is produced in the first reactor, and the low molecular weight component is produced

in the second reactor.

8. The method of any of claims 5 to 8, wherein the at least one 1-alkene comonomer

comprises 1-hexene; the catalyst comprises a Ziegler-Natta catalyst; or both.

9. A thermoplastic composition comprising from 1 wt.% to 99 wt.% of the bimodal

polyethylene of any of claims 1 to 4; and one or more additives.

10. The thermoplastic composition of claim 9, wherein the one or more additives comprise
carbon black.

11. An article manufactured using the thermoplastic composition of either claim 9 or 10.

12. The article of claim 11, wherein the article is a coated conductor comprising a conductive

core; and a coating layer at least partially covering the conductive core, wherein the coating layer

comprises the thermoplastic composition of either claim 9 or 10.
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13. The article of either claim 11 or 12, wherein the thermoplastic composition has a cyclic

shrinkage less than or equal to 2.40%; a surface smoothness less than 45 p-in; or both.

14. The article of any of claims 11 to 13, wherein the thermoplastic composition has an
environmental stress-cracking resistance (ESCR) (Fo) greater than 2,500 hours when measured

according to IEC 60811-406 without oven conditioning.
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