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Description

FIELD OF THE INVENTION

[0001] The present invention generally relates to PE-RT pipes, and more specifically to PE-RT pipe made from
polyethylene compositions, and processes for making the same.

BACKGROUND OF THE INVENTION

[0002] Polyethylene of raised temperature resistance ("PE-RT") is a class of polyethylene resins suitable for use in
domestic hot and cold water piping systems such as underfloor heating and radiator connections. PE-RT resins have a
molecular structure and crystalline microstructure which can provide long term hydrostatic strength at high temperature,
without the need for cross-linking. PE-RTresins can be used in applicationswhere temperatures otherwise limit the use of
polyethylene ("PE") or wheremetallicmaterials will suffer from corrosion. Furthermore, the processing properties of a PE-
RT resin makes it attractive for industrial applications.
[0003] For example, thePE-RTresin can be used in plastics to offer cost savings and provide other advantages such as
high speed and flexible pipe production processes, and ease of installation for an application. Unlike other polyethylene
("PE"), random copolymer polypropylene ("PP-R"), polybutene ("PB") and to a lesser extent chlorinated PVC ("C-PVC"),
each of which can be restricted by high temperature limitations, the versatility of PE-RT resins used at higher temperature
make these polyethylene compositions useful over a wide range of applications, particularly, when temperature profiles
can range from sub-ambient to beyond what is considered normal for a PE system.
[0004] WO2005/056657A2disclosesapolyethylene resinandacomposition containingsuch resinwhich is particularly
suitable for use in pipes.
[0005] Typical characteristics of a PE-RT resin include processability such as extrudability and maximizing pipe
mechanical (short-term and long-term) properties. PE-RT pipes typically have small diameters, e.g., up to 20 mm,
and are fabricated at relatively fast rates of production. A fast extrusion rate; however, can introduce finishing issues such
as melt fracture and result in poor surface finish. Further, increased extrusion rates can impact properties such as the
smooth surface finish required by the International Standard Organization ("ISO") 22391‑2.
[0006] Therefore, a need exists for a PE-RT pipes that provide advantages in processing of the pipe over conventional
linear lowdensitypolyethylene resins, particularly, in termsofmelt indexandshear thinningcharacteristicswhichwill lower
extrusion pressures and extruder/die temperature to allow faster extrusion rates.

SUMMARY OF THE INVENTION

[0007] Provided herein are PE-RT pipes comprising a polyethylene composition of linear low density polyethylene
(LLDPE) as described in attached claims 1‑11.
[0008] [Deleted]
[0009] [Deleted]
[0010] The invention also provides for a process to produce the PE-RT pipe as described herein.
[0011] The invention further provides for an assembly comprising the PE-RT pipe as described herein. The assembly
may comprises two or more PE-RT pipes in fluid communication.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1 is an ISO 22391‑2 graph that represents the expected strength of PE-RT Type I pipes where X1 time, t, to
fracture is expressed in hours, X2 time, t to fracture is expressed in years and Y, hoop stress is expressed in
megapascal.
FIG. 2 is a graph representing the data of Example 1 described herein and that plots tensile strength of the
polyethylene compositions against the strain rate.
FIG.3 isagraph that shows the results of small amplitudeoscillatory shear rheology (viscosity at angular frequency) of
Comparative 2, Reference 1, and Reference 2 polyethylene compositions as well as a control Comparative 1.
FIG. 4 is a graph that shows the results of capillary rheology (viscosity at 190°C) acquired for polyethylene
compositions: Comparative 1, Comparative 2, Reference 1 and Reference 2.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] [Deleted]
[0014] Asusedherein, the term "metallocenecatalyst" refers to a catalyst havingat least one transitionmetal compound
containing one or more substituted or unsubstituted cyclopentadienyl moiety ("Cp") (typically two Cp moieties) in
combination with a Group 4, 5, or 6 transition metal (M). As used herein, all reference to the Periodic Table of the
Elements and groups thereof is to the NEW NOTATION published in HAWLEY’S CONDENSED CHEMICAL DICTION-
ARY, Thirteenth Edition, JohnWiley & Sons, Inc., (1997), unless reference is made to the Previous IUPAC form denoted
with Roman numerals (also appearing in the same), or unless otherwise noted. A metallocene catalyst is considered a
single site catalyst. Metallocene catalysts generally require activation with a suitable co-catalyst, or activator, in order to
yield an "activemetallocene catalyst", i.e., an organometallic complex with a vacant coordination site that can coordinate,
insert, and polymerize olefins. Active catalyst systems generally include not only the metallocene complex, but also an
activator, such as an alumoxane or a derivative thereof (preferablymethyl alumoxane), an ionizing activator, a Lewis acid,
or a combination thereof. Alkylalumoxanes (typicallymethyl alumoxane andmodifiedmethylalumoxanes) are particularly
suitable as catalyst activators. Thecatalyst systemcanbe supportedonacarrier, typically an inorganic oxideor chloride or
a resinous material such as, for example, polyethylene or silica.
[0015] The term linearmediumdensity polyethylene ("MDPE") refers to apolyethylene copolymer havingadensity from
about 0.930 g/cm3 to about 0.950 g/cm3. Polymers having more than two types of monomers, such as terpolymers, are
also included within the term "copolymer."
[0016] The composition distribution breadth index ("CDBI") refers to the weight percent of the copolymer molecules
having a comonomer content within 50% of the median total molar comonomer content. The CDBI of any copolymer is
determined utilizing known techniques for isolating individual fractions of a sample of the copolymer. Temperature Rising
Elution Fraction (TREF) is described inWild, et al., J. Poly. Sci., Poly. Phys. Ed., Vol. 20, pg. 441 (1982) as well as in U.S.
Pat. No. 5,008,204.
[0017] As used herein, the shear thinning ratio refers to the complex viscosity at 190°C at 0.01 rad/ s over the complex
viscosity at 190°C at 100 rad/s (or the nearest point).
[0018] Molecularweight distribution ("MWD") is equivalent to the expressionMw/Mn.TheexpressionMw/Mn is the ratio
of the weight average molecular weight ("Mw") to the number average molecular weight ("Mn"). The weight average
molecular weight is given by

the number average molecular weight is given by

the z-average molecular weight is given by

where n; in the foregoing equations is the number fraction ofmolecules ofmolecular weightMi. Measurements ofMw,Mz,
andMnare typically determinedbyGel PermeationChromatography asdisclosed inMacromolecules, Vol. 34,No. 19, pg.
6812 (2001). The measurements proceed as follows. Gel Permeation Chromatography (Agilent PL‑220), equipped with
three in-line detectors, a differential refractive index detector (DRI), a light scattering (LS) detector, and a viscometer, is
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used. Experimental details, including detector calibration, are described in: T. Sun, P. Brant, R. R. Chance, and W. W.
Graessley, Macromolecules, Volume 34, Number 19, pp. 6812‑6820, (2001). Three Agilent PLgel 10µm Mixed-B LS
columns are used. The nominal flow rate is 0.5 mL/min, and the nominal injection volume is 300 µL. The various transfer
lines, columns, viscometer anddifferential refractometer (theDRI detector) are contained in anovenmaintainedat 145°C.
Solvent for the experiment is prepared by dissolving 6 grams of butylated hydroxy toluene as an antioxidant in 4 liters of
Aldrich reagent grade 1,2,4-trichlorobenzene (TCB). The TCB mixture is then filtered through a 0.1 µm Teflon filter. The
TCB is thendegassedwith anonlinedegasser beforeentering theGPC‑3D.Polymer solutionsarepreparedbyplacingdry
polymer inaglasscontainer, adding thedesiredamountofTCB, thenheating themixtureat160°Cwithcontinuousshaking
for about 2 hours. All quantities are measured gravimetrically. The TCB densities used to express the polymer
concentration in mass/volume units are 1.463 g/ml at about 21°C and 1.284 g/ml at 145°C. The injection concentration
is from 0.5 to 2.0mg/ml, with lower concentrations being used for higher molecular weight samples. Prior to running each
sample, theDRI detector and the viscometer are purged. The flow rate in the apparatus is then increased to 0.5ml/minute,
and the DRI is allowed to stabilize for 8 hours before injecting the first sample. The LS laser is turned on at least 1 to 1.5
hoursbefore running thesamples. Theconcentration, c, at eachpoint in thechromatogram is calculated from thebaseline-
subtracted DRI signal, IDRI, using the following equation:

where KDRI is a constant determined by calibrating the DRI, and (dn/dc) is the refractive index increment for the system.
The refractive index, n = 1.500 for TCB at 145°C and λ = 690 nm. Units on parameters throughout this description of the
GPC‑3Dmethod are such that concentration is expressed in g/cm3,molecular weight is expressed in g/mole, and intrinsic
viscosity is expressed in dL/g.
[0019] The LS detector is a Wyatt Technology High Temperature DAWN HELEOS. The molecular weight, M, at each
point in the chromatogram is determined by analyzing the LS output using the Zimmmodel for static light scattering (M.B.
Huglin, LIGHT SCATTERING FROM POLYMER SOLUTIONS, Academic Press, 1971):

Here, ΔR(θ) is the measured excess Rayleigh scattering intensity at scattering angle θ, c is the polymer concentration
determined from theDRI analysis, A2 is the second virial coefficient. P(θ) is the form factor for amonodisperse randomcoil,
and Ko is the optical constant for the system:

whereNA isAvogadro’s number, and (dn/dc) is the refractive index increment for the system,which take the samevalueas
the one obtained from DRI method. The refractive index, n = 1.500 for TCB at 145°C and λ = 657 nm.
[0020] Ahigh temperatureViscotekCorporation viscometer,which has four capillaries arranged in aWheatstonebridge
configuration with two pressure transducers, is used to determine specific viscosity. One transducer measures the total
pressure drop across the detector, and the other, positioned between the two sides of the bridge, measures a differential
pressure. The specific viscosity, ηs, for the solution flowing through the viscometer is calculated from their outputs. The
intrinsic viscosity, [η], at each point in the chromatogram is calculated from the following equation:

where c is concentration and was determined from the DRI output.
[0021] Thebranching index (g’vis) is calculatedusing theoutputof theGPC-DRI-LS-VISmethodas follows.Theaverage
intrinsic viscosity, [η]avg of the sample is calculated by:

where the summations are over the chromatographic slices, i, between the integration limits.
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[0022] The branching index g’vis is defined as:

MV is the viscosity-average molecular weight based on molecular weights determined by LS analysis. Z average
branching index (g’Zave) is calculated using Ci = polymer concentration in the slice i in the polymer peak times the mass
of the slice squared, Mi2. All molecular weights are weight average unless otherwise noted. All molecular weights are
reported in g/mol unless otherwise noted. Thismethod is the preferredmethod ofmeasurement and used in the examples
and throughout the disclosures unless otherwise specified. See also, for background, Macromolecules, Vol. 34, No. 19,
Effect of Short Chain Branching on theCoil Dimensions of Polyolefins in Dilute Solution, Sun et al., pg. 6812‑6820 (2001).
[0023] In an extrusion process, viscosity is a measure of resistance to shearing flow. Shearing is the motion of a fluid,
layer-by-layer, like a deck of cards. When polymers flow through straight tubes or channels, they are sheared and the
resistance is expressed by the viscosity. The melt index ("MI") is the number of grams extruded in 10 minutes under the
action of a standard load is an inverse measure of viscosity. A high melt index implies low viscosity and low melt index
means high viscosity. In addition, polymers are shear thinning, whichmeans that their resistance to flow decreases as the
shear rate increases. This is due to molecular alignments in the direction of flow and disentanglements.
[0024] Extensional or elongational viscosity is the resistance to stretching. In fiber spinning, in film blowing and other
process wheremolten polymers are stretched, the elongational viscosity plays a role. For example, for certain liquids, the
resistance to stretching can be three times larger than in shearing. For some polymeric liquids, the elongational viscosity
can increase (tension stiffening) with the rate, although the shear viscosity decreased.
[0025] Melt strength is ameasureof the extensional viscosity and is definedas themaximum tension that canbeapplied
to themeltwithout breaking.Extensional viscosity is the polymer’s ability to resist thinningat highdraw ratesandhighdraw
ratios. In melt processing of polyolefins, the melt strength is defined by two key characteristics that can be quantified in
process related terms and in rheological terms. In extrusion blow molding and melt phase thermoforming, a branched
polyolefin of the appropriate molecule weight can support the weight of the fully melted sheet or extruded parison prior to
the forming stage. This behavior is sometimes referred to sag resistance.
[0026] When LLDPE are extended in the melt phase, because of the lack of long chain branching, the chains align and
tend to slide over one another. There is a momentary point where they begin to exhibit an increase in viscosity that is
immediately flowed by the onset of shear thinning. Themelt will thin out from specific points where the critical draw rate or
draw ratio has been exceed. So, while a lower elongational viscosity permits the LLDPE to be easily down gaged since
there is no strong tension stiffening, the low elongational viscosity and melt strength is often bad for formation of larger
diameter PE-RT pipes.
[0027] Therefore, as provided herein, the present PE-RT resins/polyethylene compositions can improve melt strength
and shear thinning which can lower extrusion pressure and melt temperature to allow for faster extrusion rates. Through
use of the polyethylene compositions described herein, thePE-RT pipes can be produced at relatively fast extrusion rates
without many of the finishing issues typically associated with the conventional processing of PE-RT pipe.
[0028] As described herein, the polyethylene composition comprises from about 50.0 mole% to 100.0 mole% of units
derived fromethylene. The lower limit on the rangeof ethylene content canbe from50.0mole%, 75.0mole%, 80.0mole%,
85.0 mole%, 90.0 mole%, 92.0 mole%, 94.0 mole%, 95.0 mole%, 96.0 mole%, 97.0 mole%, 98.0 mole%, or 99.0 mole%
based on themole%of polymer units derived fromethylene. The polyethylene composition can have an upper limit on the
range of ethylene content of 80.0 mole%, 85.0 mole%, 90.0 mole%, 92.0 mole%, 94.0 mole%, 95.0 mole%, 96.0 mole%,
97.0 mole%, 98.0 mole%, 99.0 mole%, 99.5 mole%, or 100.0 mole%, based on polymer units derived from ethylene.
[0029] Comonomer content is based on the total content of all monomers in the polymer. The polyethylene copolymer
hasminimal long chain branching (i.e., less than 1.0 long-chain branch/1000 carbon atoms, preferably particularly 0.05 to
0.50 long-chain branch/1000 carbon atoms). Such values are characteristic of a linear structure that is consistent with a
branching index (as definedbelow) of g’vis≥0.980, 0.985,≥0.99,≥0.995, or 1.0.While such valuesare indicative of little to
no long chain branching, some long chain branches can be present (i.e., less than 1.0 long-chain branch/1000 carbon
atoms, preferably less than 0.5 long-chain branch/1000 carbon atoms, particularly 0.05 to 0.50 long-chain branch/1000
carbon atoms).
[0030] In another class of embodiments, the polyethylene compositions provided herein are ethylene-based copoly-
mers having about 99.0 to about 80.0 wt%, 99.0 to 85.0wt%, 99.0 to 87.5 wt%, 99.0 to 90.0 wt%, 99.0 to 92.5 wt%, 99.0 to
95.0wt%, or 99.0 to 97.0wt%, of polymer units derived fromethyleneandabout 1.0 to about 20.0wt%, 1.0 to 15.0wt%, 1.0
to12.5wt%,1.0 to10.0wt%,1.0 to7.5wt%,1.0 to5.0wt%,or1.0 to3.0wt%ofpolymerunitsderived fromoneormoreC3 to
C20α-olefin comonomers, preferablyC3 toC10α-olefins, andmorepreferablyC4 toC8α-olefins. Theα-olefin comonomer
can be linear, branched, cyclic and/or substituted, and two or more comonomers can be used, if desired. Examples of
suitable comonomers include of propylene, butene, 1-pentene; 1-pentene with one or more methyl, ethyl, or propyl
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substituents; 1-hexene; 1-hexenewith one ormoremethyl, ethyl, or propyl substituents; 1-heptene; 1-heptenewith one or
more methyl, ethyl, or propyl substituents; 1-octene; 1-octene with one or more methyl, ethyl, or propyl substituents; 1-
nonene; 1-nonenewith one ormoremethyl, ethyl, or propyl substituents; ethyl, methyl, or dimethyl-substituted 1-decene;
1-dodecene. Particularly suitable comonomers include 1-butene, 1-hexene, and 1-octene, 1-hexene, and mixtures
thereof.
[0031] In some compositions, the polyethylene composition comprises from about 8 wt% to about 15 wt%, of C3‑C10 α-
olefin derived units, and from about 92 wt% to about 85 wt% ethylene derived units, based upon the total weight of the
copolymer.
[0032] In other compositions, the polyethylene composition comprises from about 9 wt% to about 12 wt%, of C3‑C10 α-
olefin derived units, and from about 91 wt% to about 88 wt% ethylene derived units, based upon the total weight of the
polymer for example.
[0033] Thepolyethylene compositions haveamelt index (MI), I2.16 or simply I2 for shorthandaccording toASTMD1238,
condition E (190°C/2.16 kg) reported in grams per 10minutes (g/10min), of ≥ about 0.10 g/10min, e.g., ≥ about 0.15 g/10
min, ≥ about 0.18 g/10 min, ≥ about 0.20 g/10 min, ≥ about 0.22 g/10 min, ≥ about 0.25 g/10 min, ≥ about 0.28, or ≥ about
0.30 g/10 min. Additionally, the second polyethylene polymers can have amelt index (I2.16) ≤ about 3.0 g/10 min, ≤ about
2.0 g/10 min, ≤ about 1.5 g/10 min, ≤ about 1.0 g/10 min, ≤ about 0.75 g/10 min, ≤ about 0.50 g/10 min, ≤ about 0.40 g/10
min, ≤ about 0.30 g/10min, ≤about 0.25 g/10min, ≤about 0.22 g/10min, ≤about 0.20 g/10min, ≤about 0.18 g/10min, or≤
about 0.15 g/10min. Ranges expressly disclosed include, but are not limited to, ranges formedby combinations any of the
above-enumerated values, e.g., from about 0.1 to about 5.0, about 0.2 to about 2.0, about 0.2 to about 0.5 g/10 min, etc.
[0034] The polyethylene compositions also have High Load Melt Index (HLMI), I21.6 or I21 for shorthand, measured in
accordancewithASTMD‑1238, conditionF (190°C/21.6 kg). For agivenpolymer havinganMIandMIRasdefinedherein,
the HLMI is fixed and can be calculated in accordance with the following paragraph.
[0035] The polyethylene compositions can have a Melt Index Ratio (MIR) which is a dimensionless number and is the
ratio of the high load melt index to the melt index, or I21.6/I2.16 as described above. The MIR of the second polyethylene
polymers can be from25 to 80, alternatively, from 25 to 70, alternatively, from about 30 to about 55, and alternatively, from
about 35 to about 50.
[0036] Thepolyethylene compositions canhaveadensity >0.935g/cm3,≥0.940g/cm3,≥0.945g/cm3,≥0.950g/cm3,≥
0.955 g/cm3. Alternatively, polyethylene compositions can have a density ≤ 0.960 g/cm3 ≤ 0.945 g/cm3, e.g., ≤ 0.940
g/cm3, ≤ 0.937 g/cm3, ≤ 0.935 g/cm3. Ranges expressly disclosed include, but are not limited to, ranges formed by
combinations any of the above-enumerated values, e.g., from 0.9350 to 0.940 g/cm3, 0.935 to 0.950 g/cm3. Density is
determined using chips cut from plaques compression molded in accordance with ASTM D‑1928 Procedure C, aged in
accordance with ASTM D‑618 Procedure A, and measured as specified by ASTM D‑1505.
[0037] The polyethylene compositions have a molecular weight distribution (MWD, defined as Mw/Mn) of 2 to 6,
preferably 3.0 to 4.0.
[0038] The branching index, g’vis is inversely proportional to the amount of branching. Thus, lower values for g’ indicate
relatively higher amounts of branching. The amounts of short and long-chain branching each contribute to the branching
index according to the formula: g’=g’LCB×g’SCB.
[0039] The polyethylene compositions have a g’vis of 0.85 to 0.99, particularly, 0.87 to 0.97, 0.89 to 0.97, 0.91 to 0.97,
0.93 to 0.95, or 0.97 to 0.99.
[0040] The polyethylene composition can be made by any suitable polymerization method including solution poly-
merization, slurry polymerization, supercritical, and/or gas phase polymerization using supported or unsupported catalyst
systems, such as a system incorporating one or more metallocene catalysts.
[0041] Metallocene catalysts generally require activation with a suitable co-catalyst, or activator, in order to yield an
"active metallocene catalyst", i.e., an organometallic complex with a vacant coordination site that can coordinate, insert,
and polymerize olefins. Active catalyst systems generally include not only themetallocene complex, but also an activator,
such as an alumoxane or a derivative thereof (preferably methyl alumoxane), an ionizing activator, a Lewis acid, or a
combination thereof. Alkylalumoxanes (typically methyl alumoxane and modified methylalumoxanes) are particularly
suitable as catalyst activators. Thecatalyst systemcanbe supportedonacarrier, typically an inorganic oxideor chloride or
a resinous material such as, for example, polyethylene or silica.
[0042] Examples of useful metallocene catalysts/systems for producing polyethylene compositions desired herein
include bridged and unbridged biscyclopentadienyl zirconium compounds (particular where the Cp rings are indenyl or
fluorenyl groups). Non-limiting examples of metallocene catalysts and catalyst systems include those disclosed in WO
96/11961 andWO96/11960, and inU.S. Patent Nos. 4,808,561; 5,017,714; 5,055,438; 5,064,802; 5,124,418; 5,153,157,
and 5,324,800. Additional examples include the catalysts and catalyst systems described in U.S. Patent Nos. 6,380,122
and 6,376,410, and WO 01/98409.
[0043] Zirconium transitionmetal metallocene-type catalyst systems are particularly suitable. Non-limiting examples of
metallocene catalysts and catalyst systems useful to make the present polyethylene compositions described herein
include those described in, U.S. Patent Nos. 5,466,649; 6,476,171; 6,225,426; and 7,951,873, and in the references cited
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therein. Particularly useful catalyst systems include supported dimethylsilyl bis(tetrahydroindenyl) zirconium dichloride.
[0044] Supported polymerization catalyst can be deposited on, bonded to, contacted with, or incorporated within,
disposed on, adsorbed or absorbed in, or on, a support or carrier. In another embodiment, the metallocene is introduced
onto a support by slurrying a presupported activator in oil, a hydrocarbon such as pentane, solvent, or non-solvent, then
adding themetallocene as a solid while stirring. Themetallocene can be finely divided solids. Although themetallocene is
typically of very low solubility in the diluting medium, it is found to distribute onto the support and be active for
polymerization. Very low solubilizing media such as mineral oil (e.g., Kaydo™ or Drakol™) or pentane can be used.
The diluent can be filtered off and the remaining solid shows polymerization capability much as would be expected if the
catalyst had been prepared by traditional methods such as contacting the catalyst with methylalumoxane in toluene,
contactingwith the support, followed by removal of the solvent. If the diluent is volatile, such as pentane, it can be removed
under vacuum or by nitrogen purge to afford an active catalyst. The mixing time can be greater than 4 hours, but shorter
times are suitable.
[0045] In a gasphasepolymerizationprocess, a continuous cycle is employedwhere in onepart of the cycle of a reactor,
a cycling gas stream, otherwise known as a recycle stream or fluidizing medium, is heated in the reactor by the heat of
polymerization. This heat is removed in another part of the cycle by a cooling systemexternal to the reactor. (Seee.g., U.S.
Patent Nos. 4,543,399; 4,588,790; 5,028,670; 5,317,036; 5,352,749; 5,405,922; 5,436,304; 5,453,471; 5,462,999;
5,616,661; and 5,668,228.) To obtain the copolymers, individual flow rates of ethylene, comonomer, and hydrogen
should be controlled and adjusted to obtain the desired polymer properties.
[0046] Suitable commercial polyethylene compositions are available from ExxonMobil Chemical Company, Houston,
TX, as ENABLE®metallocene polyethylene resins ("ENABLE®mPE" or "ENABLE®") polyethylene compositions (resins)
as described below. ENABLE® mPE polyethylene compositions offer an excellent balance between processability and
mechanical properties, including tensile strength and elongation to break that leads to highpressure PE-RT pipe with
advanced drawdown and enhanced pipe rupture (failure) time and toughness. For example, ENABLE 3505 HH is a
mediumdensitymetalloceneethylene-hexenecopolymer includingaprocessingaidadditive, a thermal stabilizer additive,
and having a density of about 0.935 g/cm3 and melt index 190°C/ kg of about 0.5 g/10 min. Applications for ENABLE
products includebut arenot limited to foodpackaging, formfill, andseal packaging, heavydutybags, laminationfilm, stand
up pouches, multilayer packaging film, and shrink film.
[0047] Likewise, ENABLE MC is yet another medium density metallocene ethylene-hexene copolymer including a
processing aid additive, a thermal stabilizer, and having density of about 0.935 g/cm3 and melt index 190°C/2.16 kg of
about 0.5 g/10 min. It is useful in food packaging, form fill and seal packaging, heavy duty bags, lamination film, stand-up
pouches, multilayer packaging film, and shrink film.
[0048] Thepolyethylenecompositionsandend-useapplicationofPE-RTpipeasdescribedherein comprise a linear low
density polyethylene ("LLDPE") copolymer having at least 50 percent ethylene andat least oneα-olefin co-monomer. The
co-monomer can have from 3 to about 20 carbon atoms. The polyethylene composition can have a composition
distribution breadth index ("CDBI") of at least 70% and a melt index ("MI") as measured at 190°C and 2.16 kg from
about 0.1 to about 15 g/10min. Thepolyethylene composition has amolecularweight distribution ("MWD)" fromabout 2 to
about 6.
[0049] Asdescribedherein, the polyethylene composition includes LLDPEwhich is a copolymer of ethylene andat least
one other alpha-olefin ("α-olefin"). Co-monomers useful for making LLDPE copolymers include alpha-olefins, such as
C3‑C20 alpha-olefins, preferably C3‑C10 alpha-olefins, and more preferably C3‑C8 alpha-olefins. The alpha-olefin co-
monomer can be linear or branched, and two or more comonomers can be used, if desired. The comonomers include
propylene, butene, 1-pentene; 1-pentene with one ormoremethyl, ethyl, or propyl substituents; 1-hexene; 1-hexenewith
one or more methyl, ethyl, or propyl substituents; 1-heptene; 1-heptene with one or more methyl, ethyl, or propyl
substituents; 1-octene; 1-octene with one or more methyl, ethyl, or propyl substituents; 1-nonene; 1-nonene with one
or more methyl, ethyl, or propyl substituents; ethyl, methyl, or dimethyl-substituted 1-decene; 1-dodecene.
[0050] Specifically, but without limitation, the combinations of ethylene with co-monomer can include: ethylene
propylene, ethylene butene, ethylene 1-pentene; ethylene 4-methyl‑1-pentene; ethylene 1-hexene; ethylene 1-octene;
ethylene decene; ethylene dodecene; ethylene 1-hexene 1-pentene; ethylene 1-hexene 4-methyl‑1-pentene; ethylene 1-
hexene 1-octene; ethylene 1-hexene decene; ethylene 1-hexene dodecene; ethylene 1-octene 1-pentene; ethylene 1-
octene 4-methyl‑1-pentene; ethylene 1-octene 1-hexene; ethylene 1-octene decene; ethylene 1-octene dodecene;
combinations thereof and like permutations.
[0051] Generally, LLDPE copolymers can be obtained via a continuous gas phase polymerization using supported
catalyst comprising an activated molecularly discrete catalyst in the substantial absence of an aluminum alkyl based
scavenger (e.g., triethylaluminum (TEAL), trimethylaluminum (TMAL), triisobutyl aluminum (TIBAL), tri-n-hexylaluminum
(TNHAL), and the like).
[0052] Representative LLDPEs produced using these catalysts generally each have amelt index of from 0.1 to 15 g/10
min, a CDBI of at least 70%, a density from 0.910 to 0.945 g/ml, a haze value of less than 20%, a melt index ratio (MIR),
I21.6/I2.16, from 25 to 70.While prior art processes and polymers can be similar, none describe LLDPE copolymers having
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good shear thinning and therefore relatively favorable extrusion and other melt processing properties with a high stiffness
andhigh impact strength for useasaPE-RTpipe. For example, in comparison toLDPE (lowdensity polyethylene)made in
a high pressure polymerization process and having a comparable density and MI, the LLDPE copolymer used in the
presentPE-RTpipehavea favorableprocessability/mechanical propertiesbalance forPE-RTpipeapplications. Likewise,
in comparisonwithLLDPEcopolymermadebyagasphaseprocessusingconventionalZiegler-Nattasupportedcatalysts,
the present polyethylene copolymers have improved shear thinning characteristics.
[0053] LLDPE copolymers can have a composition distribution breadth index of at least 70%, a melt index I2.16 from
about 0.3 toabout 2.0g/10min, amelt index ratio, I21.6/I2.16, of fromabout 25 toabout 50, amolecularweight distributionby
GPC fromabout 2.5 to about 5.5, andadensity fromabout 0.915 toabout 0.940. TheLLDPEcopolymers canbe combined
with at least one additional polymer that is a high density polyethylene, a linear low density polyethylene, a low density
polyethylene, a medium density polyethylene, a differentiated polyethylene, or combinations thereof. The LLDPE
copolymers can also be combined with at least one additional polymer that is a very low density polyethylene, an
ethylene‑ or propylene-based polymer, a polymer derived from one or more dienes, and/or combinations thereof.
[0054] As to the reactor process conditions used to produce polyethylene, the overall conditions are described in U.S.
Patent No. 5,763,543 can be used. A combination of process conditions can be beneficial in making the LLDPE
copolymers described herein. For example, it is advantageous to use a catalyst system in which the metallocene has
a pair of bridged cyclopentadienyl groups, preferably with the bridge consisting of a single carbon, germanium or silicon
atom to provide an open site on the catalytically active cation. The activator can bemethyl alumoxane as described inU.S.
Patent Nos. 5,324,800; 5,580,939; and 5,633,394, or a non-coordinated anion as described in U.S. Application No.
08/133,480. Additionally, there should be substantially no scavengers which can interfere with the reaction between the
vinyl end unsaturation of polymers formed and the open active site on the cation. By the statement "substantially no
scavengers" and "substantially devoidor freeof Lewis acid scavengers", it ismeant that there shouldbe less than100ppm
by weight of such scavengers present in the feed gas, or preferably, no intentionally added scavenger, such as, for
example, an aluminum alkyl scavenger, other than that which can be present on the support.
[0055] Conditions for theproductionof theLLDPEcopolymers can includesteady statepolymerization conditionswhich
are not likely to be provided by batch reactions in which the amount of catalyst poisons can vary and where the
concentration of the comonomer can vary in the production of the batch.
[0056] The overall continuous gas phase processes for the polymerization of the LLDPE compositions herein can
therefore comprise: (1) continuously circulating a feed gas stream containing monomer and inerts to thereby fluidize and
agitate abedof polymer particles; (2) addingmetallocene catalyst to the bed; and (3) removingpolymer particles, inwhich:
a) the catalyst comprises at least one bridged bis cyclopentadienyl transition metal and an alumoxane activator on a
common or separate porous support; b) the feed gas is substantially devoid of a Lewis acidic scavenger and wherein any
Lewis acidic scavenger is preferably present in an amount less than 100 ppmbyweight of the feed gas; c) the temperature
in the bed is no more than 20°C less than the polymer melting temperature as determined by DSC, at a ethylene partial
pressure in excess of 60 pounds per square inch absolute (414 kPaa); and d) the removed polymer particles have an ash
content of transition metal of less than 500 ppm by weight, an MI less than 10, an MIR at least 35, and substantially no
detectable chain end unsaturation as determined by HNMR.
[0057] By the statement that the polymer has substantially no detectable end chain unsaturation, it is meant that the
polymer has vinyl unsaturation of less than 0.1 vinyl groups per 1000 carbon atoms in the polymer, preferably less than
0.05 vinyl groups per 1000 carbon atoms, and more preferably 0.01 vinyl groups per 1000 carbon atoms or less.
[0058] TheprocessesdescribedabovecanprovideLLDPEcopolymervia theuseofasingle catalyst, and theprocesses
do not depend on the interaction of bridged and unbridged species. Preferably, the catalyst is substantially devoid of a
metallocene having a pair of pi-bonded ligands (e.g., cyclopentadienyl compounds) which are not connected through a
covalent bridge. In other words, no such metallocene is intentionally added to the catalyst or, preferably, no such
metallocene can be identified in such catalyst. Additionally, the processes use substantially a single metallocene species
comprisingapair of pi-bonded ligands, at least oneofwhichhasa structurewith at least twocyclic fused rings (e.g., indenyl
rings). Best results can be obtained by using a substantially single metallocene species comprising a monoatom silicon
bridge connecting two polynuclear pi-bonded ligands to the transition metal atom.
[0059] The catalyst is preferably supported on silica with the catalyst homogeneously distributed in the silica pores.
Preferably, fairly small amountsofmethyl alumoxaneshouldbeused, suchasamountsgivinganAl to transitionmetal ratio
of from 400 to 30, and especially of from 200 to 50.
[0060] Inorder toobtainadesiredmelt index ratio (i.e., 40 to50), both themolar ratioof ethyleneandcomonomerand the
concentration of the comonomer can be varied. Control of the temperature can help control the MI. Overall monomer
partial pressures can be used which correspond to conventional practice for gas phase polymerization of LLDPE.
[0061] The above-described processes can be tailored to achieve desired polyethylene compositions. For example,
comonomer to ethylene concentration or flow rate ratios are commonly used to control density. Similarly, hydrogen to
ethylene concentrationsor flow rate ratiosare commonly used to controlmolecularweight. In both cases, higher levels of a
modifier results in lower valuesof the respective resinparameter.Gasconcentrationscanbemeasuredby, for example,an
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on-line gas chromatograph or similar apparatus to ensure relatively constant composition of recycle gas streams.
Optimization of these modifier ratios and the given reactor conditions can achieve a targeted melt index, density, and/or
other resin properties.
[0062] As provided herein, the present polyethylene compositions are useful as pipe made of polyethylene of raised
temperature ("PE-RT") or for PE-RT pipe. Fabricated pipe using these PE-RT qualified resins (referred to herein as
"polyethylene compositions") must meet a range of performance specifications depending on the end use of the pipe and
geographically specific regulations. The PE-RT specifications are provided in ISO 22391‑2 which specify the pipe
characteristics necessary for hot and cold water handling within building construction applications. The primary mechan-
ical specification of ISO 22391‑1 is the pipe’s resistance to bursting under hydrodynamic (hoop) stress at various
temperatures and times. In addition to long term burst resistance, a key resin characteristic is extrudability (extruder
processability) since these pipes are typically small diameter (up to 20 mm) fabricated at relatively fast extrusion rates
which can introduce finishing issues such as melt fracture resulting in a poor surface finish and possibly impacting
properties. As described below in detail, another requirement of ISO 22391‑2 is an unblemished, smooth surface finish.

EXAMPLES

[0063] It is to be understood that while the invention has been described in conjunction with the specific embodiments
thereof, the foregoing description is intended to illustrate and not limit the scope of the invention. Other aspects,
advantages and modifications will be apparent to those skilled in the art to which the invention pertains.
[0064] Therefore, the following examples are put forth so as to provide those skilled in the art with a complete disclosure
and description and are not intended to limit the scope of that which the inventors regard as their invention.

Test Methods

Pipe Made of Polyethylene of Raised Temperature Resistance (PE-RT)

[0065] International Organization for Standardization (ISO) 22391‑2 specifies the characteristics of pipe made of
polyethylene of raised temperature resistance ("PE-RT"), Type I intended to be used for hot and cold water installations
within buildings for the conveyance of water, whether or not the water is intended for human consumption (domestic
systems), and for heating systems, under the design pressures and temperatures appropriate to the class of application
according to ISO 22391‑1.

Evaluation of σLPL Values

[0066] Pipe material as used herein refers to the material from which the pipe is made and means the polyethylene
compositions described herein as polyethylene of raised temperature resistance ("PE-RT"). Pipematerial is evaluated in
accordance with ISO 9080 or equivalent, with internal pressure tests carried out in accordance with ISO 1167‑1 and ISO
1167‑2, todetermine theσLPLvalues.TheσLPLvalue isat least ashighas thecorrespondingvaluesof the referencecurves
given in FIG. 1 (taken from ISO 24033:2009) over the complete range of times. Alternatively, one equivalent way of
evaluation is to calculate the σLPL value for each temperature individually.
[0067] The reference curves for PE-RT Type I in FIG. 1 in the temperature range of 10°C to 95°C are derived from
Equations (1) and (2). First branch (i.e., the left-hand portion of the lines shown in FIG. 1):

Second branch (i.e., the right-hand portion of the lines shown in FIG. 1):

[0068] The 110°C values are determined separately using water inside and air outside the test specimen and are not
derived from Equations (1) and (2).
[0069] In order to demonstrate conformance to the reference lines, pipe samples should be tested in accordance with
ISO 1167‑1 and ISO 1167‑2 at the following temperatures: 20°C; 60°C to 70°C; and 95°C, and at various hoop stresses
such that, at each of the temperatures, at least three failure times fall in each of the following time intervals: 10 h to 100 h;
100 h to 1,000 h; 1,000 h to 8,760 h and over. In tests lasting more than 8,760 h without failure, any test time after 8,760 h
can be considered as the failure time.
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Geometrical Characteristics of Pipe

[0070] Dimensions are measured in accordance with ISO 3126. Themaximum calculated pipe value,Scalc, max, for the
applicable class of service condition and design pressure, pD, are in accordancewith Table 1 for PE-RTType I. The values
of outside diameter and wall thickness apply to the PE-RT pipe and, for design calculation purposes, are exclusive of any
barrier layer thickness.

Table 1 ‑ Scalc, max Values for PE-RT Type I

pD barc
Application Class

1 2 3 4

Scalc, max valuesa

4 6.7b 6.7b 6.7b 6.0

6 5.5 4.5 5.4 4.0

8 4.1 3.4 4.1 3.0

10 3.3 2.7 3.3 2.4

a The values are rounded to the first decimal place.
b The 20°C, 10 bar, 50 years, cold water requirement, being higher, determines this value (see ISO 22391‑1:2009,

Clause 4).
c 1 bar= 0.1 MPa = 105 Pa; 1 MPa = 1 N/mm2.

General Dimensions of Pipe

[0071] For corresponding pipe dimension class, themean outside diameter, dem of pipe is in accordance with Tables 2,
3, 4, and 5 below.

Wall Thicknesses and Tolerances

[0072] Foranyparticular classof service condition, designpressureandnominal size, theminimumwall thickness,emin,
is such that the correspondingS series orScalc value is less than or equal to the valuesofScalc, max given inTable 1. For the
corresponding pipe dimension class, the wall thicknesses, emin and en, is in accordance with Tables 2, 3, 4 or 5 as
applicable, in respect of pipe series S or Scalc values. However, pipes joined together by fusion have a minimum wall
thickness of 1.9 mm. The tolerance on the wall thickness, e, is in accordance with Table 6.

Table 2 - Pipe Dimensions for Dimension Class A (sizes in accordance with ISO 4065 and applicable for all classes of
service condition)

Nominal Size
DN/OD

Nominal Outside
Diameter dn

Mean Outside Diameter
Pipe Series

S 5 S 4 S 3.2 S 2.5

dem, min dem, max Wall Thicknesses emin and en
12 12 12.0 12.3 1.3a 1.4 1.7 2.0
16 16 16.0 16.3 1.5 1.8 2.2 2.7
20 20 20.0 20.3 1.9 2.3 2.8 3.4
25 25 25.0 25.3 2.3 2.8 3.5 4.2

32 32 32.0 32.3 2.9 3.6 4.4 5.4
40 40 40.0 40.4 3.7 4.5 5.5 6.7
50 50 50.0 50.5 4.6 5.6 6.9 8.3
63 63 63.0 63.6 5.8 7.1 8.6 10.5

75 75 75.0 75.7 6.8 8.4 10.3 12.5
90 90 90.0 90.9 8.2 10.1 12.3 15.0
110 110 110.0 111.0 10.0 12.3 15.1 18.3
125 125 125.0 126.2 11.4 14.0 17.1 20.8
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(continued)

Nominal Size
DN/OD

Nominal Outside
Diameter dn

Mean Outside Diameter
Pipe Series

S 5 S 4 S 3.2 S 2.5

dem, min dem, max Wall Thicknesses emin and en
140 140 140.0 141.3 12.7 15.7 19.2 23.3
160 160 160.0 161.5 14.6 17.9 21.9 26.6

a A non-preferred wall thickness of 1.1 mm is permitted for dn = 12.
Dimensions in millimeters

Table 3 - Pipe Dimensions for Dimension Class B1 (sizes based on copper pipe sizes and applicable for all classes of
service condition)

Nominal Size DN/OD Nominal Outside Diameter dn Mean Outside Diameter Wall Thicknesses

dem, mm dem, max en emin

10 10
9.9

10.2 1.5 1.5
1.8 1.7

12 12
11.9

12.2 1.5 1.5
2.0 1.9

15 15
14.9

15.2 1.5 1.5
2.5 2.4

18 18
17.9

18.2 1.7 1.7
2.5 2.4

22 22
21.9

22.2 2.0 2.0
3.0 2.9

28 28
27.9

28.2 2.6 2.6
4.0 3.9

Table 4 - Pipe Dimensions for Dimension Class B2

Nominal Size
DN/OD

Nominal Outside
Diameter Dn

Mean Outside Diameter Wall Thicknesses emin
and en

Scalcdem, min dem, max

14.7 14.7 14.63 14.74 1.6 4.1

21 21 20.98 21.09 2.05 4.6

27.4 27.4 27.33 27.44 2.6 4.8

34 34 34.08 34.19 3.15 4.9

Dimensions in millimeters

Table 5 - Pipe Dimensions for Dimension Class C

Nominal Size
DN/OD

Nominal Outside
Diameter Dn

Mean Outside Diameter Wall Thicknesses emin
and en

Scalcdem, min dem, max

12 12 12.0 12.3 2.0 2.5

14 14 14.0 14.3 2.0 3.0

15 15 150 15.3 2.0 3.2

16 16 160 16.3 2.0 3.5

17 17 170 17.3 2.0 3.8

18 18 180 18.3 2.0 4.0
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(continued)

Nominal Size
DN/OD

Nominal Outside
Diameter Dn

Mean Outside Diameter Wall Thicknesses emin
and en

Scalcdem, min dem, max

20 20 20.0 20.3 2.0 4.5

Dimensions in millimeters

Table 6 - Tolerances for Wall Thickness of PE-RT Type I Pipe

Minimum Wall Thickness emin Tolerancea X

> ≤

1.0 2.0 0.3

2.0 3.0 0.4

3.0 4.0 0.5

4.0 5.0 0.6

5.0 6.0 0.7

6.0 7.0 0.8

7.0 8.0 0.9

8.0 9.0 1.0

9.0 10.0 1.1

10.0 11.0 1.2

11.0 12.0 1.3

12.0 13.0 1.4

13.0 14.0 1.5

14.0 15.0 1.6

15.0 16.0 1.7

16.0 17.0 1.8

17.0 18.0 1.9

18.0 19.0 2.0

19.0 20.0 2.1

20.0 21.0 2.2

21.0 22.0 2.3
a The tolerance is expressed in the form+x

0 mm, where x is the value of the tolerance given. The level of the toler-
ances conforms to ISO 11922‑1, Grade V.

Dimensions are in milimeters.

Dimensions are in millimeters.

Mechanical Characteristics

[0073] Per the requirements of ISO 22391, the pipe is tested using the test methods and test parameters specified in
Table 7.
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Table 7 - Mechanical Characteristics of PE-RT Type I Pipe

Characteristic Requirement
Test Parameters Test

MethodsFor Individual Tests

Resistance to
internal pres-

sure

No failure
during the
test period

Hydrostatic
(hoop) stress

MPa

Test tempera-
ture °C Test period h

Number
of test
pieces ISO

1167‑1
and ISO
1167‑2

9.9 20 1 3

3.8 95 22 3

3.6 95 165 3

3.4 95 1,000 3

For All Tests

Sampling procedure Type of
end cap Orientation of test

piece Type of test

Not Specified Type a) Not Spe-
cified Water-in-Waters

Physical Characteristics

[0074] The pipe is tested using the test method and test parameters, and conforming to the requirements of ISO 22391
as specified in Table 8.

Table 8 - Physical Characteristics of PE-RT Pipe Type I

Characteristic Requirement
Test Parameters

Test Methods
Parameter Value

Longitudinal
reversion ≤ 2%

Temperature 110°C

IS0 2505

Duration of Exposure:

en ≤ 8 mm 1 h

8 mm <en ≤ 16 mm 2h

en> 16 mm 4h

Number of test pieces 3

Thermal stabi-
lity by hydro-
static pressure

testing

No bursting during test
period

Sampling procedure Not specified

ISO 1167‑1 and
ISO 1167‑2

End cap Type a)

Orientation Not specified

Type of test Water-in-air

Hydrostatic (hoop) stress
Type I: 1.9 MPa
Type II: 2.3 MPa

Test temperature 110°C

Test period 8,760h

Number of test pieces 1

Meltmass flow
rate (MFR)

30% maximum differ-
ence compared to com-

pound

Mass 5 kg

ISO 1133‑1
Test temperature 190°C

Test period 10min

Number of test pieces 3
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Maximum Calculated Pipe Value Scalc, max

[0075] Principles for the calculation of themaximum calculated pipe value,Scalc, max values are provided below. Hence
the determination ofminimumwall thickness, emin of pipes, relative to the classes of service conditions (application class)
in accordance with ISO 22391‑1 Table 1 and the applicable design pressure, pD.

Design Stress

[0076] Thedesign stress,σD, for a particular class of service conditions (application class) is calculatedusingEquations
(1) and (2), using Miner’s rule in accordance with ISO 13760, and taking into account the applicable class requirements
given above, and the service coefficients given in Table 9 below.

Table 9 - Overall Service (Design) Coefficients

Temperature °C Overall service [design] coefficient C

TD 1.5

Tmax 1.3

Tmal 1.0

Tcold 1.25

[0077] The resulting design stress, σD, as provided in ISO 22391, is given in Table 10 below.

Table 10 - PE-RT Pipe Type I Design Stress

Application class
Design stressa σD MPa Design stressa σD MPa

PE-RT Type I PE-RT Type II

1 3.29 3.53

2 2.68 3.37

4 3.25 3.38

5 2.38 2.88

20°C for 50 years 6.68 7.47

a Values are rounded to the second decimal place (i.e. the nearest 0.01 MPa).

[0078] The derivation of themaximum value ofScalc,Scalc, max, is the smaller of the values obtained fromEquations (A.
1) and (A.2):

where

σDP is the design stress of the pipe material taken from Table A.2, in megapascal (MPa); and
pD is the design pressure of 4 bar, 6 bar, 8 bar or 10 bar, as applicable, expressed in megapascal (MPa):

where
σcold is the design stress at 20°C relative to a service life of 50 years (MPa); and
pD is the design pressure of 10 bar, expressed in megapascal (MPa).

[0079] The valves of Scalc, max relative to each class of service are given in Table 3.
[0080] The S series andScalc values are chosen for each application class and design pressure fromTables 5, 6, 7 or 8,
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as applicable, in such a way that S or Scalc is not greater than Scalc, max given in Table 1 for PE-RT Type I.

EXAMPLE 1

[0081] Reactor granules from Comparative 2 (0.5MI, 0.927g/cc), Reference 1 (0.5MI, 0.935g/cc), and Reference 2
(0.2MI, 0.940g/cc) were mixed in a Coperion ZSK‑57 twin screw extruder at 150 lbs/hr output rate with a standard
antioxidant and metal deactivation additive package.
[0082] The density of the polyethylene composition referred to herein as Comparative 2 was. 927 g/cm3 having a melt
index of .5 g/10 min. The composition includes a processing aid additive and a thermal stabilizer additive and is used in
applications such as blown film, collation shrink, food packaging, form fill and seal packaging, multilayer packaging film,
heavy duty bags, shrink film, lamination film, and stand up pouches.
[0083] The density of the polyethylene composition referred to as Reference 2 was .940 g/cm3 having a melt index of
0.25 (190°C/2.16 kg). This composition includes a processing aid additive and a thermal stabilizer additive, and is used in
applications such as collation shrink, lamination film, compression packaging, and multilayer packaging film.

Property Testing of the Polyethylene Composition

[0084] Flexural modulus, tensilemodulus, environmental stress crack resistance ("ESCR"), notched constant ligament
series ("NCLS"), and oxidative induction temperature ("OIT") were measured for each sample and compared to an
industry standard for PE-RT type I referred to herein as Comparative 1. The physical and thermal properties of the
polyethylene compositions are summarized in Table 11A and Table 11B below. In addition, FIG. 2 shows the results from
tensile strength studies at various strain rates at an elevated (70°C) temperature acquired at Datapoint Labs.

Table 11A - Physical and Thermal Properties of Samples

Sample
Descriptions

Flexural Modulus 1%
SecMod (Mpa)

Tensile Stress at
Yield (Mpa)

Tensile Strain
at Yield (%)

Tensile
Strength
(Mpa)

Tensile Modulus
1%Sec (Mpa)

Comparative 2 571.0 150 11.8 36.7 544.0

Reference 1 796.0 19.0 10.9 38.4 759.0

Reference 2 916.0 21.0 107 42.2 884.0

Comparative 1 699.0 17.2 13.2 38.7 632.0

Table 11B - Additional Physical and Thermal Properties of Samples (continued)

Sample
Descriptions

ESCR - Bent Strip
(10% Igepal, cond

B)

NCLS (10%
Igepal, 50°C,

800 psi)

Oxidative
Induction Time
210°C (min)

Onset of Thermal
Degradation 210°C

(min)

Oxidation
Rate 210°C
(mW/min)

Comparative 2 > 1000 hrs > 1008 hrs 45.0 50.2 4.59

Reference 1 > 1000 hrs 692 hrs 44.3 50.6 4.05

Reference 2 > 1000 hrs 280 hrs 46.8 50.6 5.96

Comparative 1 > 1000 hrs > 1008 hrs 68.0 80.2 1.57

[0085] At a higher strain rate, the strength of the polyethylene composition (sometimes referred to as a "resin") was
dominated by its density and MI. When the strain rate is low, due to its poor conomomer distribution, the strength of the
Comparative 1 deteriorates quickly. In summary, the physical characteristics of the Reference 1 and Reference 2
polyethylene compositionsmeet or exceed those of the Comparative 1 incumbant composition for most physical property
tests. Furthermore, each of the four polyethylene composition grades were shown to meet the 40 minute minimium
requirement for oxidative induction temperature at 210°C.
[0086] Small amplitude oscillatory shear ("SAOS") rheology and capillary rheologywas acquired for theComparative 2,
Reference1, andReference2polyethylene compositions aswell as the industry control Comparative 1 as shown inFIG. 3
and FIG. 4.
[0087] All measurements in small angle oscillatory shear have been conducted using TA Instruments advanced
rheometric expansion system (ARES). Parallel plate fixtures of 25 mm were used for small-angle oscillatory shear
measurements at 190°C and a frequency range 0.01‑628 rad/s (add here actual frequency-range). All measurements
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were made within the linear regime as confirmed from strain sweep experiments. After loading and every temperature
change the samples have been equilibrated at constant temperature during approximately 30minutes until normal forces
were completely relaxed. In the course of themeasurements, the sample has been kept under nitrogen protection to avoid
thermal degradation.
[0088] From the complex viscosity response to angular frequency (shear rate) demonstrated in the figures, the
polyethylene compositions advantageously demonstrate more shear thinning which for the 0.5MI Comparative 2 and
Reference 1 polyethylene compositions lead to lower viscosity in typical extrusion conditions (~10 - 1000 s‑1) when
compared to theComparative1. (FIG.3). Themelt viscosity of the0.2MIReference2 indicated comparable viscosity to the
Comparative 1 resin for the shear rates tested. (FIG. 3)

EXAMPLE 2

Property Tests ‑ Fabricated Pipe

[0089] Pipe samples for strength testing were fabricated in their standard multi-layer pipe structure with 16mm outer
diameter, 2mmwall section, and anadhesive +EVOHbarrier layer. Further, sampleswere fabricatedwithComparative 2,
Reference 1, and Reference 2 polyethylene compositions and compared to the incumbent benchmark composition,
Comparative 1. Barrier composition was EVOH and process aid was used during fabrication.
[0090] Extrusion performance of Comparative 2 and Reference 1 polyethylene compositions were superior to the
Comparative 1 polyethylene composition incumbent. Both Comparative 2 and Reference 1 polyethylene compositions
processed through the line under standard extrusion rates of 17.6m/min andwere able to run at 22m/min at still meet size
and aesthetic requirements of quality control. Extrusion performance of Reference 2 polyethylene composition under
standard control conditions was comparable to Comparative 1 which was less than optimal and deemed unsuitable. Both
polyethylene compositions requiredpolymer processingaid (PTFEbasedadditive) to beadded toeliminate dragmarking.
Internal coil memory assessment of all fabricated pipes was similar and deemed acceptable. Fabricated pipes of the
Reference 1, Reference 2, and Comparative 2 polyethylene compositions were noticeably whiter than Comparative 1,
which exhibited dull yellow tinge.
[0091] PE-RTPipe samples were submitted for long term hydrostatic pressure testing, and the results are summarized
below in Table 12. Reference 1 and Reference 2 included a synthetic hydrocarbon viscosity modifier that improves coil
memory, but that could reduce the time of failure and cause the pipe to hold less pressure.

Table 12 - PE-RT Pipe Performance

20°C, 9.9 MPa 95°C, 3.8 MPa 95°C, 3.6
MPa

95°C, 3.4
MPa 110°C, 1.9MPa

Criteria 1 hr 22 hr 165 hr 1000 hr 8760 hr

Comparative
1 terminated at 1 hr failed at 1.7, 3, 3.9 hrs

failed at
38,43,168

hrs

terminated
at 1200 hrs

failed at 7547 and
8243 hrs

Comparative
2 (additi-
ve‑1A)

Abandoned abandoned
failed at

0.3,0.5,0.8
hrs

failed at
31,41,74hrs

abandoned

Reference 1
(additive‑1A)

terminated at 1000
hrs

terminated at 1000
hrs

terminated
at 1000 hrs

terminated
at 1200 hrs

Terminated at
8760 hrs

Reference 2
(additive‑1A)

terminated at 1000
hrs

terminated at 1000
hrs

terminated
at 1000 hrs

terminated
at 1200 hrs

Terminated at
8760 hrs

Reference 1
(additive‑1B)

2 pieces failed at 310
hrs; 1 piece termi-
nated at 1000 hrs

1 piece failed at 666
hrs; 2 pieces termi-
nated at 1000 hrs

terminated
at 1000 hrs

terminated
at 1200 hrs

1 Terminated at
8760 hrs, 1 failed

at 2995 hrs

Reference 2
(additive‑1B)

terminated at 1000
hrs

terminated at 1000
hrs

terminated
at 1000 hrs

terminated
at 1200 hrs

Terminated at
8760 hrs

Pipe pressure tests per ISO22391‑2; Data Traceability EXOVA reports
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EXAMPLE 3

[0092] Pipesamples for strength testingwere fabricatedbyusingapipeextruderwithnominal 16mmouter diameter and
2 mm wall section.
[0093] AnotherPE-RTresinwasproduced for pipeextrusionand tests. It hadadensity of 0.935g/cc andaMIof 0.5g /10
min. PE-RTpipe sampleswere extruded byusing an industrial pipe extruder. The nominal dimensions of the pipe samples
were 20 mm outer diameter and 2 mm wall thickness. Various line speeds were tested from 10 to 40 meters per minutes
against a commercial metallocene resin benchmark. Pipes were found to have good dimension and surface appearance.
[0094] Pipe samples were submitted for long term hydrostatic testing using DETERMINATION OF THE LONG-TERM
HYDROSTATIC STRENGTH ISO 9080:2012ISO 9080 at 4 temperatures: 20, 70, 95 and 110°C. The pressure testing at
20, 70 and 95°Cwas performed using deionizedwater on the inside and on the outside of the pipe specimens. 110°C air is
used on the outside. The accuracy temperature and pressure is better than ±1°C and +2/‑1% respectively. The
measurement of the wall thickness are accurate within ±0.02 mm and the diameter1 within ±0.1 mm.
[0095] Table13summarizes the results of theobservationsobtained from the tests of the4different temperatures.Table
14 summarizes distribution of stress rupture data.

Table 13

Temperature Total Burst On test Stopped Longest time to burst (hrs) Longest testing time (hrs)

20°C 56 23 26 7 8365 9431

70°C 59 22 29 8 6215 9431

95°C 54 28 18 8 6553 9431

110°C 51 18 27 6 2217 9431

Table 14 Distribution of stress rupture data

Temperature Total Burst On test Stopped >7000 hrs >9000 hrs

20°C 30 21 9 0 4 1

70°C 30 20 10 0 4 1

95°C 30 22 8 0 6 3

110°C 30 18 12 0 7 3

[0096] Table15summarizes theextrapolatedstrengthvaluesat te.By its LPLvalueof9.69MPaat20°Cand50years the
natural PE-RT pipe grade, this material has a minimum required strength (MRS) classification of 8 MPa and is thereby
designated PE-RT 80 according to ISO 12162:2009.

Table 15 Extrapolated strength

Temperature te te σLTHS σLPL

20°C 907,600 hrs 104 years 9.860 MPa 9.618 MPa

70°C 453,821 hrs 51.8 years 5.793 MPa 5.559 MPa

95°C 36,305 hrs 4.14 years 3.805 MPa 3.614 MPa

110°C 9,076 hrs 1.04 years 2.619 MPa 2.461 MPa

[0097] The resulting design hoop stresses of the Miner’s rule calculations for a design time of 50 years are presented
below. Table 16 lists the resulting design Hoop Stress and conformity check with the application classes.

Table 16 - Hoop Stress and conformity check with the application classes

APPLICATION CLASS [ISO 10508] σLPL ISO 22391 PE-RT type I Results

1 3.89 MPa 3.29 MPa Pass

2 3.71 MPa 2.68 MPa Pass
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(continued)

APPLICATION CLASS [ISO 10508] σLPL ISO 22391 PE-RT type I Results

4 3.68 MPa 3.25 MPa Pass

5 3.18 Mpa 2.38 Mpa Pass

Cold water (20°C, 50 yrs) 7.76 MPa 6.68 MPa Pass

[0098] The phrases, unless otherwise specified, "consists essentially of" and "consisting essentially of" do not exclude
the presence of other steps, elements, or materials, whether or not, specifically mentioned in this specification, so long as
such steps, elements, or materials, do not affect the basic and novel characteristics of the invention, additionally, they do
not exclude impurities and variances normally associated with the elements and materials used.

Claims

1. APE-RT pipemade from a linear low density polyethylene (LLDPE) composition comprising at least 50mole percent
ethylenederivedunits andoneormorealpha-olefin co-monomerderivedunits,wherein thepolyethylenecomposition
has a molecular weight distribution (Mw/Mn) of from 2 to 6, a long chain branching index g’vis of from 0.85 to 0.99, a
density of from 0.934 to 0.960 g/cm3, and a shear thinning ratio of 1.0 to 100, wherein the one ormore alpha-olefin co-
monomer derived units is derived from propylene, butene, l-pentene; 1-pentene with one or more methyl, ethyl, or
propyl substituents; 1 -hexene; 1 -hexene with one ormoremethyl, ethyl, or propyl substituents; l-heptene; l-heptene
with one ormoremethyl, ethyl, or propyl substituents; 1-octenewith one ormoremethyl, ethyl, or propyl substituents;
1-nonene; l-nonene with one or more methyl, ethyl, or propyl substituents; ethyl, methyl, or dimethyl-substituted l-
decene; l-dodecene; or a combination thereof andwherein the polyethylene composition has a tensile strength at 5%
strain that satisfies the following relationship:

wherein y is the tensile strength (MPa) at 5% strain at 70 °C and x is the strain rate (s‑1).

2. The PE-RT pipe of claim 1, wherein the PE-RT pipe has at least a 16 mm external diameter, at least a 2 mm wall
thickness and has a pipe rupture (failure) time at 95°C / 3.8 MPa of 500 hours or greater.

3. The PE-RT pipe of claim 1, wherein the PE-RT pipe has at least a 6 mm external diameter, at least a 2 mm wall
thickness and has a pipe rupture (failure) time at 95°C / 3.4 MPa of 1,000 hours or greater.

4. The PE-RT pipe of claim 1, wherein the PE-RT pipe has at least a 16 mm external diameter, at least a 2 mm wall
thickness and has a pipe rupture (failure) time at 110°C / 1.9 MPa of 8,760 hours or greater.

5. ThePE-RTpipeof anyoneof thepreceding claims,wherein thepolyethylene composition hasamelt index of from0.1
g/10 min to 5 g/10 min.

6. The PE-RT pipe of any one of the preceding claims, wherein the polyethylene composition has a melt index ratio
(I21.6/I2.16) from 25 to 80.

7. ThePE-RTpipe of any one of the preceding claims, wherein the polyethylene composition ismade using one ormore
metallocene catalysts.

8. The PE-RT pipe of any one of the preceding claims, wherein the polyethylene composition is a blend.

9. ThePE-RTpipe of any oneof the preceding claims, wherein the polyethylene composition comprises at least one of a
polymer processing aid, a thermal stabilizer, a slip agent, a nucleator, a flame retardant, an antioxidant, a filler, a
colorant, or mixtures thereof.

10. ThePE-RTpipeof anyoneof the preceding claims,wherein thePE-RTpipe comprises twoormore layers of extruded
polyethylene composition.
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11. ThePE-RTpipe of any one of the preceding claims, wherein thePE-RTpipe is a single layer of extruded polyethylene
composition.

12. A process to produce the PE-RT pipe of any one of the preceding claims.

13. An assembly comprising the PE-RT pipe of any one of claims 1‑11.

14. Theassembly of claim13,wherein the assembly comprises two ormorePE-RTpipes of any oneof claims 1‑11 in fluid
communication.

Patentansprüche

1. PE-RT-Rohr, das aus einer Zusammensetzung aus linearem Polyethylen mit niedriger Dichte (LLDPE) gefertigt ist,
die mindestens 50 Molprozent von Ethylen abgeleitete Einheiten und von einem oder mehreren alpha-Olefinenco-
nomeren abgeleiteteEinheiten umfasst, wobei diePolyethylenzusammensetzung eineMolekulargewichtsverteilung
(Mw/Mn) von 2 bis 6, einen langkettigen Verzweigungsindex g’vis von 0,85 bis 0,99, eine Dichte von 0,934 bis 0,960
g/cm3 und ein Scherverdünnungsverhältnis von 1,0 bis 100 aufweist, wobei die eine oder mehreren von alpha-
Olefincomonomer abgeleiteten Einheiten abgeleitet sind von Propylen, Buten, 1-Penten, 1-Penten mit einem oder
mehrerenMethyl‑, Ethyl‑ oder Propylsubstituenten, 1-Hexen, 1-Hexenmit einemodermehrerenMethyl‑, Ethyl‑ oder
Propylsubstituenten, 1-Hepten, 1-Hepten mit einem oder mehreren Methyl‑, Ethyl‑ oder Propylsubstituenten, 1-
Octen mit einem oder mehreren Methyl‑, Ethyl‑ oder Propylsubstituenten, 1-Nonen, 1-Nonen mit einem oder
mehrerenMethyl‑, Ethyl‑ oder Propylsubstituenten, ethyl‑, methyl‑ oder dimethylsubstituiertem1-Decen, 1-Dodecen
oder einer Kombination davon, und wobei die Polyethylenzusammensetzung eine Zugfestigkeit bei 5 % Dehnung
aufweist, die die folgende Beziehung erfüllt:

wobei y die Zugfestigkeit (MPa) bei 5 % Dehnung bei 70°C ist und x die Dehnrate (s‑1) ist.

2. PE-RT-Rohr nach Anspruch 1, das einen Außendurchmesser von mindestens 16mm, eineWanddicke vonmindes-
tens 2 mm und eine Zeit bis zum Rohrbruch (Ausfall) bei 95°C / 3,8 MPa von 500 Stunden oder mehr aufweist.

3. PE-RT-Rohr nach Anspruch 1, das einen Außendurchmesser von mindestens 6 mm, eine Wanddicke von mindes-
tens 2 mm und eine Zeit bis zum Rohrbruch (Ausfall) bei 95°C / 3,4 MPa von 1000 Stunden oder mehr aufweist.

4. PE-RT-Rohr nach Anspruch 1, das einen Außendurchmesser von mindestens 16mm, eineWanddicke vonmindes-
tens 2 mm und eine Zeit bis zum Rohrbruch (Ausfall) bei 110°C / 1,9 MPa von 8760 Stunden oder mehr aufweist.

5. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, bei dem die Polyethylenzusammensetzung einen
Schmelzindex (MI) von 0,1 g/10 min bis 5 g/10 min aufweist.

6. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, bei dem die Polyethylenzusammensetzung ein Schmelz-
indexverhältnis (I21,6/I2,16) von 25 bis 80 aufweist.

7. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, bei dem die Polyethylenzusammensetzung unter Ver-
wendung von einem oder mehreren Metallocenkatalysatoren gefertigt ist.

8. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, bei dem die Polyethylenzusammensetzung ein Gemisch
ist.

9. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, bei dem die Polyethylenzusammensetzung mindestens
eines von einem Polymerverarbeitungshilfsmittel, einem Wärmestabilisator, einem Gleitmittel, einem Kristallkeim-
bildner, einem Flammhemmer, einem Antioxidans, einem Füllstoff, einem Färbungsmittel oder Mischungen davon
umfasst.

10. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, das zwei oder mehr Schichten aus extrudierter Poly-

20

EP 3 710 734 B1

5

10

15

20

25

30

35

40

45

50

55



ethylenzusammensetzung umfasst.

11. PE-RT-Rohr nach einem der vorhergehenden Ansprüche, das eine Einzelschicht aus extrudierter Polyethylenzu-
sammensetzung ist.

12. Verfahren zum Produzieren des PE-RT-Rohrs gemäß einem der vorhergehenden Ansprüche.

13. Anordnung, welche das PE-RT-Rohr gemäß einem der Ansprüche 1 bis 11 umfasst.

14. Anordnung nach Anspruch 13, die zwei oder mehr PE-RT-Rohre gemäß einem der Ansprüche 1 bis 11 in Fließver-
bindung umfasst.

Revendications

1. Tuyau de PE-RT fabriqué à partir d’une composition de polyéthylène basse densité linéaire (LLDPE) comprenant au
moins 50 pour cent en moles de motifs issus de l’éthylène et d’un ou plusieurs motifs issus d’un comonomère
d’alphaoléfine, la compositiondepolyéthylèneayant unedistributiondepoidsmoléculaires (Mw/Mn) allant de2à6, un
indice de ramification de chaîne longue g’vis allant de 0,85 à 0,99, une densité allant de 0,934 à 0,960 g/cm3, et un
rapport d’amincissement par cisaillement de 1,0 à 100, le ou les motifs issus d’un comonomère d’alphaoléfine étant
issus du propylène, butène, 1-pentène ; 1-pentène comportant un ou plusieurs substituants méthyle, éthyle ou
propyle ; 1-hexène ; 1-hexène comportant un ou plusieurs substituants méthyle, éthyle ou propyle ; 1-heptène ; 1-
heptène comportant un ou plusieurs substituants méthyle, éthyle ou propyle ; 1-octène comportant un ou plusieurs
substituants méthyle, éthyle ou propyle ; 1-nonène ; 1-nonène comportant un ou plusieurs substituants méthyle,
éthyle ou propyle ; 1-décène substitué par éthyle, méthyle ou diméthyle ; 1-dodécène ; ou une combinaison
correspondante et, la composition de polyéthylène ayant une résistance en traction à 5 % de contrainte qui satisfait
la relation suivante :

y étant la résistance en traction (MPa) à 5 % de contrainte à une température de 70 °C et x étant la vitesse de
déformation (s‑1).

2. Tuyau dePE-RTselon la revendication 1, le tuyau dePE-RTayant aumoins un diamètre externe de 16mm, aumoins
une épaisseur de paroi de 2 mm et ayant un temps de rupture de tuyau (défaillance) à une température de 95 °C/3,8
MPa de 500 heures ou plus.

3. Tuyau de PE-RTselon la revendication 1, le tuyau de PE-RTayant aumoins un diamètre externe de 6mm, aumoins
une épaisseur de paroi de 2 mm et ayant un temps de rupture de tuyau (défaillance) à une température de 95 °C/3,4
MPa de 1 000 heures ou plus.

4. Tuyau dePE-RTselon la revendication 1, le tuyau dePE-RTayant aumoins un diamètre externe de 16mm, aumoins
une épaisseur de paroi de 2mmet ayant un temps de rupture de tuyau (défaillance) à une température de 110 °C/1,9
MPa de 8 760 heures ou plus.

5. Tuyau de PE-RTselon l’une quelconque des revendications précédentes, la composition de polyéthylène ayant un
indice de fluidité à chaud allant de 0,1 g/10 min à 5 g/10 min.

6. Tuyau de PE-RTselon l’une quelconque des revendications précédentes, la composition de polyéthylène ayant un
rapport d’indices de fluidité à chaud (I21,6/I2,16) de 25 à 80.

7. Tuyau de PE-RT selon l’une quelconque des revendications précédentes, la composition de polyéthylène étant
fabriquée en utilisant un ou plusieurs catalyseurs de métallocène.

8. Tuyau de PE-RTselon l’une quelconque des revendications précédentes, la composition de polyéthylène étant un
mélange.
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9. Tuyau de PE-RTselon l’une quelconque des revendications précédentes, la composition de polyéthylène compre-
nant aumoins l’un parmi un auxiliaire de traitement de polymère, un stabilisant thermique, un agent glissant, un agent
de nucléation, un agent ignifugeant, un antioxydant, une charge, une matière colorante ou des mélanges corres-
pondants.

10. Tuyau de PE-RT selon l’une quelconque des revendications précédentes, le tuyau de PE-RT comprenant deux
couches ou plus de composition de polyéthylène extrudé.

11. Tuyau de PE-RTselon l’une quelconque des revendications précédentes, le tuyau de PE-RT étant une seule couche
de composition de polyéthylène extrudé.

12. Procédé pour produire le tuyau de PE-RT selon l’une quelconque des revendications précédentes.

13. Assemblage comprenant le tuyau de PE-RT selon l’une quelconque des revendications 1 à 11.

14. Assemblage selon la revendication 13, l’assemblage comprenant deux tuyaux de PE-RT ou plus selon l’une
quelconque des revendications 1 à 11 en communication fluidique.
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