1 MULTIMODAL POLYETHYLENE COMPOSITIONS AND PIPE MADE FROM SAME
CROSS-REFERENCE TO RELA | ED APPLICATIONS [0001]This is a Continuation-In-Part Application of
U.S. Patent Application Serial No. 11/209,0086, filed Alugust 22, 2005, now US Pat. No. 7,312,283 and
entitled "Polymerization Catalysts and Process for Producing Bimodal Polymers in a Single Reactor" and
a Continuation-In-Part Application of U.S. Patent Application Serial No. 11/208,077, filed September 15,
2005, now US Pat. No. 7, 24%/88GVRSPd PO e TERPEE R Ceniingds Fialprsrization Catalysts and
Process for Producing Bimodal Polymeg)ipieBINSADRIROM SANER OF THE INVENTION [0002]The
present disclosure relates to multimodal polyethylene compositions and pipe made from same, more

specifically to bimodal polyetiRyeiergonmpasitopstoRRrAUREI N prftig RIRSSUre rated pipe.
BACKGROUND OF THE INVENTION [0003]Polymeric pipes have replaced metal pipes in many

applicationggogt as highs RressHenlibiHanIRertafiphc el srer SpipgsnhavH seMRIRIREvaNages over
metal pipes including being of relatively lighter weight, more corrosion resistant, inexpensive, more

thermally and pecbieaitidasulativer 1opghs manorssdukialle. arm muye sasdyshapred YHiagdmanufacture.
Such pipes are exposed to numerous stresses during their lifetime that may result in cracks or breaks that
are expensiggadiysePaindeppeealyron shdations vihaisdthemingisuned iviasiruetdeeer undesground. As
such polymeric pipes may be required to meet 2 industry-defined standards depending on their intended
use. Polymerimimateisal spskinApgliaiidaatipue. praehas pienadae s apiiniged 1R psayide fadnore
durable end-use article. [0004]Polyethylene compounds are known for the production of pipes for the
transport of SufigenbBeas PrERSIrGowUCS PRESNDAY PewLREs high sdifthe Jeneombined midheadigh resistance
against slow crack growth as well as resistance to crack propagation yielding impact toughness.
PolyethyleneppipaeasenividalyitBee asmheyraesdighiveigauaing cBimaLaptyyasssnpled by fusion
welding. The polyethylene pipes made of these polyethylene compounds usually have a good resistance
to stress cragckingr Flowever, when these pipes are embedded in or posed on a soil comprising rocks and
stones, scratching of the pipes can occur giving rise to crack growth. Moreover, point loads on the
pipeline can occur by rock impingemenFapdioe gNE MS& ENGTESK growth. [0005]Thus there is a need for
improved polymeric compositions and methods of fabricating polymeric pipe. SUMMARY OF THE
INVENTION(00$)6] Digtieseeshiareistissartdtiiao eahpotiativiens eampasitompaving Litdaspewo
polyethylene components, wherein each component has a molecular weight distribution of equal to or
less than ahpuddfronesaaBpoant asirdighemmalasuyedighinthasmipesatbey tanmpenetuand the
higher molecular weight component has an "a" parameter value of equal to or greater than about 0.35
when fitted to HiehGassaaurfeaydpeequation with n=0. BRIEF DESCRIPTION OF THE DRAWINGS
[0007]FIG. 1 presents a graph of zero shear viscosity as a function of weight average molecular weight. 3
DETAIl FD DESCRIPTION [0008] Bisci¢seR henein @reTHEiNneHal fioxethylene (PE) compositions, PE
pipes, and

[0003] Polymeric pipes have replaced metal pipes in many applications such as high-
pressure fluid transportation. Polymeric pipes have several advantages over metal pipes
including being of relatively lighter weight, more corrosion resistant, inexpensive, more
thermally and electrically insulative, tougher, more durable and more easily shaped during
manufacture. Such pipes are exposed to numerous stresses during their lifetime that may
result in cracks or breaks that are expensive to repair, especially in situations where the pipe

is buried in a structure or underground. As such polymeric pipes may be required to meet



methods of making same. Such methods may comprise preparing a multimodal PE composition and
forming the composition into a pipe. The multimodal PE composition may comprise a PE base, resin and
optionally additives or modifiers. In an aspect, the mditimodal PE composition comprises a bimodal PE
resin and the pipe prepared therefrom may display mechanical properties sufficient to warrant the
classification PE-100. [0009]The PE base resin may be a multimodal resin. Herein, the "modality” of a
polymer resipgigfeysit9itee (emaLiitadpalanid I MIgNhRISIRWEEN BolygdrR MRARPEH@NCELT the graph
of the polymer weight fraction as a function of its molecular weight. The polymer weight fraction refers to
the weight fragtionioh BIQiarUas it BN PRI A PRIYRRIlRaVInG e dBRisie Wad-weight déstribution curve
showing a single peak may be referred to as a unimodal polymer, a polymer having curve showing two
distinct peakgomgy bepsfigdde-ashimpesd PRIXMAInFRARLINYIDE 6f Pip¥e ﬁﬁ@%@%@g@ﬁ distinct
peaks may be referred to as trimodal polymer, etc. Polymers having molecular weight distribution curves
showing mase thads anRIRepkeMa¥. besaelasivemisferpatoasimitinadat pabimearsyanhrasiish [0010]A
polymer resin may have two or more components that may be distinguishable from one another, for
example bagggiRan bsiNdivid urhQoRRAGHICR andl o MaREer welghtidistsihisiaon Ammalgsular weight
distribution curve may be prepared for each individual component of the polymer resin. For example, the
molecular waighttcistidRREIRN PoIpeniaE B e, ipelvighia) g RRBENLS BE Iha P olyReREies Al display a
single peak and thus 4 be unimodal. The molecular weight distribution curves for the individual
componentg ¥y ASshRedimPaasd RO d o MIRpehathiodepifes wgiehs TisHIE Wipyainégdor the
polymer resin as a whole. Upon such superimposition, the resultant curve for the polymer resin as a

whole may benfpultinodalaryshaw a gisiingispeaks eoresROAdiNtO tHRpivMe! casPeReN s Rk differing

molecular weight distributions. For example, a bimodal polymer resin may show two distinct peaks
correspondifig émbradegividypbeamponesiiscdrasraxainplasahinneaat nRIwoREsMHBypBavena first
component that may be generally characterized as a higher molecular weight polymer component and a
second compenepiviiatmsayota genatalith ChasRCiRNIZ a6l s GaliWwer Mojaseliat waighicapyn@ckomponent.
A trimodal polymer composition may show three distinct peaks corresponding to three individual polymer
componentsmpligiativelyd sipesimpesitiorrat theswalecular weight distribution curves from the individual
components may show a single peak that is broadened in comparison with the curves for the individual
component$o3espomdirgtirieolynaendeaction sniyaving ditiBrestibuworeskagmecnioleetiadsvefght
distributions. In an aspect, the multimodal PE composition comprises a bimodal PE base resin and is
referred to asbaikim@dallpelyetpijene composition (BPEC). The remainder of the discussion will focus on
a BPEC with the understanding that other polymeric compositions, for example having different modality,
may be employed in various aspects SUMBMIBOIOTETISIENVENT @Napparent to one skilled in the art.
[0011]The individual components of the BPEC may comprise a homopolymer, a copolymer, or blends
thereof. In go0E)ect, hiectsynrpaaeirsohthailBModanpayybet darpalypesicompiidad of R4olwoer of
ethylene with one or more comonomers such as alpha 5 olefins. In an aspect, the BPEC comprises a
higher molegollgsthydigbtoethpterald,-otaéirieopely man bt heo m penenil andddomdstritaleculaf weight
ethylene/1-olefin copolymer (LMW) component. The comonomer of the HMW component of the BPEC
may be the spriet@solegiffaranifoanstheceoinpaiaer lefthehighbhmeoinpdient ghxahaplas: aftbeitable
comonomers include without limitation unsaturated hydrocarbons having from 3 to 20 carbon atoms such
as propyleneyripoutenent-perigiher rblexeine wainieiyhphutenesdnmetpedpententyclohegiane,
1-octene, 1-nonene, 1-decene, and mixtures thereof. In an aspect, the comonomer for the LMW
component @na Eidbiwr chuimpbdoend.of thaed Fiktéd i thd@xass-aamlasgeatioih e/ @metnt of comonomer in
the HMW component of the BPEC is equal to or greater than about 1.5 times that in the LMW component,
each being expressed as the nuRRIEGFODESGIR BHEION@RCHEE (FCBYVREGE,000 total carbons. Methods for
the determination of SCB are described in more detail herein. [0012]Such BPECs may be prepared by
any means [09%h to ¢thé.skipeddntatt, gapbxdmple heanvidoysitg asmuliincadalyst wystenaariye varying the
comonomers in the polymerization reaction as will be described in more detail herein. Such BPECs may
have a varietyletyoperighs. and parameters described below either singularly or in combination. The
specific methods for determination of these properties and parameters are described in detail herein in
the Examples section. [0013]The BPEC may be characterized by the weight ratio of the components
thereof. The BPEC having a HMW component and a LMW component may have a HMW to LMW
component ratio of equal to or greater than about 0.5, alternatively equal to or greater than 6 about 1.0,
alternatively equal to or greater than about 2. In an aspect, the HMW to LMW component ratio is equal to
or greater than 0.5 and equal to or less than about 2. [0014]The BPEC may be further characterized by
the degree of branching present in the individual components and/or in the composition as a whole. Short
chain branching (SCB) is known for its effects on polymer properties such as stiffness, tensile properties,



7 molecules, summing the weights, and dividing by tt. The weight average molecular weight describes the
molecular weight distribution of a polymer composition and is calculated according to equation 1: Mn E
NM 2 N,M, (1) where N, is the number of molecules 8f molecular weight M,. All molecular weight
averages are expressed in gram per mole (g/mol). [0017]The individual components of the BPEC (e.g.,
the LMW component and the HMW component) may have narrow molecular weight distributions (MWD).
More specifically, the HMW component pyay Agvershitat gayano or less than about 5, alternatively
equal to or less than about 4, alternatively equal to or less than about 3.5, or alternatively, equal to or less

than about Foglisg LMYYicanpenentmay havendBPbefratabie arigssiirRiabeutis sliratively equal to

or less than about 5, alternatively equal to or less than about 4, or alternatively, equal to or less than

about 3. The,eassltaat BREG COMBesitign i anbishiding Hoth thssM¥eandid MW samanents) may have

a broad MWD of equal to or greater than about 6, alternatively equal to or greater than about 10, or

alternatively.gpalin rﬁ%ﬁ?ﬂh@&%ﬁ%&étﬂ@&W@%@Vﬁﬁégﬁlﬂﬁ%@mmﬂ@bsﬁﬁoﬁfrﬁ@ HMW

component may be at equal to or greater than about 9, 10, 15, or 20 times the Mv, of the LMW

component cbhpniaspeetbile iin ahtheptidvi¥M amaRenRe o im el TiimesHee Mic @lthmbdV
component. 8 [0018]The BPEC may be further characterized as having a limited rheological breadth. The

HMW comppReghipoligdni inaini Cnnesitien mayebavadahppipiaigral ursrereauahiodpargater than
about 0.35, or alternatively equal to or greater than about 0.4 when the rheology data is fitted to the CY

equation withdarshitadisaiegitieimiaf tosirrianegicalbipadihis PAN gucreasing value of the CY "a”
parameter indicates a narrowing of the rheological breadth of the resin. [0019]Rheological breadth refers
to the breadiypedthe transitENYREIQEsREMSE BINEWHaRiRd&NG-QAvVerHawity PBsSheRKIS fasfaapolymer or
the frequency dependence of the viscosity of the polymer. The rheological breadth is a function of the
relaxation tiggyeistriBsiprraba PRIyMer f@ain oWhghnioiainas &éuatianeiiiieresinveolpeulgestructure or
architecture. Assuming the Cox-Merz rule, the rheological breadth may be calculated by fitting flow curves
generated ingiRaamvisspelastisplistanipasaitatosyiietuansy s waencaspotimenisiwithevwsnpdified
Carreau-Yasuda (CY) model, which is represented by the following equation: E = E, [1+ (Te.1 a where E
= viscosity (Ba-porysheardiate (Ldslienzdheotogitakiendiupasareiackdaaxationiiesss [dascribes the
location in time of the transition region] E. = zero shear viscosity (Pa-s) [defines the Newtonian plateau] n
= power lawpenmstantidefinasotbaifiral slgnelviibetugbshesidaiad agingld P20 facilirieemodel fitting,
the power law constant is held at a constant value. Details of the significance and interpretation of the CY
model and derives pairaodatepsinayrbe flnadn HaviAg Higbersaooing HwEkidnge Rkt Aatabas, 321
(1989); C.A. Hieber and 9 H.H. Chiang, Polym. Eng. Sci., 32, 931 (1992); and R. B. Bird, R. C.
Armstrong aafddedHasseigaiofypamiasroh Bolymearitalingissuielume ihghthiid Mechamesk2nadEdition,
John Wiley & Sons (1987), each of which is incorporated by reference herein in its entirety. [0021] The
BPEC may exhiiraebreadsricolagicpobyerdtizeverowiaariheapoly mess diduve deigiighsieiddtoelt index
(HLMI) values. The HLMI represents the rate of flow of a molten resin through an orifice of 0.0825 inch
diameter whervsubjeciat m@adahaa ohe peaRingrabescalld 0 élyasfdetelwiacchultanoditipoigenaih ASTM D
1238. The BPEC may have a HLMI of equal to or less than about 30, alternatively equal to or less than
about 20, ooalsinatively equal to or less than about 15. [0022]The BPECs of this disclosure may be
further characterized by having a density of

[0010] A polymer resin may have two or more components that may be distinguishable

from one another, for example based upon their individual composition and/or molecular
weight distribution. A molecular weight distribution curve may be prepared for each
individual component of the polymer resin. For example, the molecular weight distribution

curve for the individual components of the polymer resin may display a single peak and thus



from about 0.920 g/cc to about 0.965 g/cc, alternatively from about 0.940 g/cc to about 0.96 g/cc,
alternatively from about 0.945 g/cc to about 0.955 g/cc. The density may be determined in accordance
with ASTM D 1505. [0023]In an aspect, a BPEC of trﬁs disclosure may display an HLMI of from about 0.5
to about 25 g/10 min, a polymer density of from about 0.920 to about 0.965 g/cc, and a polydispersity
index of from about 3.0 to about 30. The BPEC may be characterized further by a weight average

molecular wRight grraferthamaReul2 (eRainelblPR Ui anethenaiRefldd BREp Rk HisHlisclosure
may display a HLMI of from about 3.0 to about 15 g/10 min, a polymer density of from about 0.935 to

about 0.960,8/Gfpeashaalyispersibning ex-ef fathatnuhei@HoRRaptRMh JeEBESRpa Rer

characterized further by a weight average molecular weight greater than about 150,000 g/mol. 10

[0025]In anggherasPethle. BERR sidhisugistigsureinavdisniava 0l of Bmabris 4Gicahout 10 g/10

min, a polymer density of from about 0.940 to about 0.955 g/cc, and a polydispersity index of from about

6.0 to aboutgRid iR PREfuMMoLa 6PBGIer HeEniirPrekLYRWEiBat AV RS ﬁ%f?ﬁlﬁ%ﬂﬁfg\bﬁ@éﬁﬁt greater
than about 200,000 g/mol. [0026]The BPEC of the present invention can be polymerized by any olefin

polymerizatigngmeined Hoewnldn the gt disiisuvsHe UThipes.aiioimanizatiopsaasieresis Magd herein,
"polymerization reactor includes any polymerization reactor capable of polymerizing olefin monomers to

produce hogmeRe e tesah&o peAKENeESreapsitieMePMYMRIS aRAICOpRAbTReLS aresefekeahle, as resins or
polymers. The various types of reactors include those that may be referred to as batch, slurry, gas-phase,

solution, highiRéaaspeeytidpwamomayieslavereactaifoteas thRcsa y eactens By arn@esectiuidized bed
reactors or staged horizontal reactors. Slurry reactors may comprise vertical or horizontal loops. High

pressure reagiRgs MAYCORINRURMOpINGEIRYR N JsAUIRMHRAC Ot n R eSS £ aMINBILIESM SaIBH O

continuous processes. Continuous processes could use intermittent or continuous product discharge.

Processes ray.elsaee!udepaitial anbriedirechvielClBody MBFeasigd RepnomeririioRacset sRmonomer,
and/or diluent. [0027]Polymerization reactor systems of the present invention may comprise one type of
reactor in a eysRRIRNMHiplshivactees afitiactapasker diffespoidine (& rogection alipalypoefmén multiple
reactors may include several stages in at least two separate polymerization reactors interconnected by a
transfer deviegmpaaking it pnssiale &yiranséanipespidlyroertéesidisagiiromeibe: fusipplyimedaaian reactor
into the second reactor. The desired polymerization conditions in one of the reactors may be different
from the opeéiatingel ingandliiposmopshenaiheiyeastors.sibes natikelyaiepradzaid midsmplipeneactors
may include the manual transfer of polymer from one reactor to subsequent reactors for continued
polymerizatioiih Midltiple ¢edicianhs)iatimeumayoinpbidatanyreaspsnaaitom ipolydisg flavticngt Havied to,
multiple loop reactors, multiple gas reactors, a combination of loop and gas reactors, multiple high
pressure rediffersndmhatcovehinalian mblkighapresiihtediutiiblaamandioigaseeaater sndltigmoddltipie reactors
may be operated in series or in parallel. [0028]According to one aspect of the invention, the
polymerizati@miraiion sysiprivénayinodariBE dhdeasiinnadaopesiuiy feactobihoddl peagitrgare known in
the art and may comprise vertical or horizontal loops. Monomer, diluent, catalyst and optionally any
comonomercomayobiei coBPRMSly Tad teradiadpr reacker diktexsipelyikizaiionmnacBREEG eviarally,
continuous processes may comprise the continuous introduction of a monomer, a catalyst, and a diluent
into a polymaidzatianiieactar adekihsbontiiteumperivyad, ffomeitisptactonef aistespansiodatiomprising
polymer particles and the diluent. Reactor effluent may be flashed to remove the solid polymer from the
liquids that ey pasenfiieydduanrivonapeartandiehdadionemes Vaildls tgghnraiogiesdsillbe iused for this
separation step including but not limited to, flashing that may include any combination of heat addition
and pressundgactuction; separation by cyclonic action in either a cyclone or hydrocyclone; or separation
by centrifugation. [0029]A typical slurry polymerization process (also known as the particle form process),
which is we[0Rddjvn irTie adiiddlistlosegofenaexafie, BPHCS. .mRateninNose 32481 dS1$b&],885,
5,565,175, 5,575,979, 6,239,235, 6,262,191 and 6,833,415, each of which is incorporated by reference in
its entirety hefeilymt? [0030&dstalidediluehtsansaspietsidiey ohymenizatidntace BRHECkmayynba the art and
include, but are not limited to, the monomer being polymerized and hydrocarbons that are liquids under
reaction corditidpsiekxamypicsdodfsujabiadiloetits inctudeh but arenmoet ldmiteddochydrdcashbdpism such as
propane, cyclohexane, isobutane, n-butane, n-pentane, isopentane, neopentane, and n-hexane. Some
loop polymerization reactions can occur under bulk conditions where no diluent is used. An example is
polymerization of propylene monomer as disclosed in U.S. Patent Nos. 5,455,314, which is incorporated
by reference herein in its entirety. [0031]According to yet another aspect of this invention, the
polymerization reactor may comprise at least one gas phase reactor. Such systems are known in the art
and may employ a continuous recycle stream containing one or more monomers continuously cycled
through a fluidized bed in the presence of the catalyst under polymerization conditions. A recycle stream
may be withdrawn from the fluidized bed and recycled back into the reactor. Simultaneously, polymer




[0033]According to yet another aspect of the invention, the polymerization reactor may comprise a
solution polymerization reactor wherein the monomeg Is contacted with the catalyst composition by
suitable stirring or other means. A carrier comprising-an inert organic diluent or excess monomer may be
employed. If desired, the monomer may be brought in the vapor phase into contact with the catalytic
reaction product, in the presence or absence of liquid material. The polymerization zone is maintained at
temperatureg gnd Presaydraspteat will mgutt inuihsfeumatiosef aselkiian REIbR RAYRREN dgACtion
medium. Agitation may be employed to obtain better temperature control and to maintain uniform
polymerizatiQp imjxitr  SINNOY GBRIO A PAMMatzalaNANRaA NEIHARHNBANS -BIErHLIlg S fRTeFissipating
the exothermic heat of polymerization. These reactors are known in the art. [0034] Polymerization
reactors suitpRIgMPIcHAgHBRRRENTTRY QBIRshEMY Toirtiier AMPrisARbN R RAtIOPEY atdeast ane raw
material feed system, at least one feed system for catalyst or catalyst components, and/or at least one

polymer recoygsyasystiaferitarim rerctemdyiam ofohtheNesesthppRAtoE MM N the s GepRrrise
systems for feedstock 14 purification, catalyst storage and preparation, extrusion, reactor cooling,

polymer receyiviofiRedianatian, Waausle 1siaraam wadaihdabryatoriBoayaisiae dRiace s cantrol.
[0035]Conditions that are controlled for polymerization efficiency and to provide resin properties include
temperatureapressatiandnshitihe LORESRtoNE BivasiouEaRGaNIShBRIN ey -t BiRaiature can affect
catalyst productivity, polymer molecular weight and molecular weight distribution. Suitable polymerization
temperaturefay1be iR PHkidiR belovithe dempeienaridation, tandpafxivresageasdfngrip she Gibbs
Free energy equation. Typically this includes from about 60 C to about 280 C, for example, and from

about 70 C igpabouihel E6ntondaie TeingeUPRMWhe ipehehPalnPEVIFRtiomRACHR o { QRS BjBitable-pressures

will also vary according to the reactor and polymerization type. The pressure for liquid phase

polymerizatigRe:i. alloan repaiorie pisallydessHdaome0R prOHRIessureptaeaasMiRaSermetyyerization is
usually at about 200 - 500 psig. High pressure polymerization in tubular or autoclave reactors is generally

run at aboutg@PROJOFERPMRSIgbGAIYPalizalionranaio EMM alagbecaperteddin g sypeygiical region
occurring at generally higher temperatures and pressures. Operation above the critical point of a
pressure/tempgiatig sbagshdgugerneribealchbass By ffE0ac vantagebo 903N diaedongemeration of
various reactants can be controlled to produce resins with certain physical and mechanical properties.
The proposae@ndndagensoSas thativitkibedaimedahlethienasin.and the method of forming that product
determines the desired resin properties. Mechanical properties include tensile, flexural, impact, creep,
stress relaxpi2pnd SathNBPE (BStaay By Sieapatdpeytiasyincldde kensitytonoateskinedveight, raplecular
weight distribution, melting temperature, glass transition temperature, temperature melt of 15
crystallizatienagi@hsity siefgoyagulariulcragkigsowiRidengcibginvbranghing aothoheslagidal the
measurements. [0038]The concentrations of monomer, co-monomer, hydrogen, co-catalyst, modifiers,
and electropsioneriatierryaotianhinpndstudedcritheist iasie peapeitasn CoOmhBIREKimbpadvio control
product density. Hydrogen can be used to control product molecular weight. Co-catalysts can be used to
alkylate, scaveipgeqioisopstanchacnimhmatecdaciilaig icModifikes cagbierysed iio eanbiahpoaduct
properties and electron donors affect stereoregularity. In addition, the concentration of poisons is
minimized bEeasse ificisaniifipactdiierneiaation® At e pebeirpco padipsal0e38y hre qeolyibat or resin may
be formed into various articles, including, but not limited to, bottles, drums, toys, household containers,
utensils, filndgaddisetsn drdine S fuablanks;tipipes, geomembranes, and liners. Various processes may be
used to form these articles, including, but not limited to, blow molding, extrusion molding, rotational
molding, th¢aetFprmirithecRBEM atcin dacihthadikedAftethpohwigarizaionf addiovwesoaadsmbeifteis can be
added to the polymer to provide better processing during manufacturing and for desired properties in the
end productTedBREE hindhgde ENE e mopditisraislie L AEVE wagentas antibhacks, HHeRNiesd; Miiwioxidants
such as primary and secondary antioxidants; pigments; processing aids such as waxes/oils and
fluoroelastoersy@md specidl agditives: sircitasline abtardadisl@ntisiatly sqayenger grabsotxers, odor
enhancers, and degradation agents. [0040]Any catalyst composition capable of producing a BPEC may
be employed in the production of the BPEC. For example, a catalyst composition for the production of a
BPEC may include at least two metallocenes. The first metallocene may be used to produce the 16 HMW
component, and may be a tightly bridged metallocene containing a substituent that includes a terminal
olefin. The second metallocene, that may be used to produce the LMW component, is generally not
bridged and is more responsive to chain termination reagents, such as hydrogen, than the first
metallocene. The metallocenes may be combined with a solid activator, an aluminum alkyl compound, an
olefin monomer, and an olefin comonomer to produce the desired bimodal polyolefin. The activity and the
productivity of the catalyst may be relatively high. As used herein, the activity refers to the grams of
polymer produced per gram of solid catalyst charged per hour, and the productivity refers to the grams of



shaping process such as extrusion. A method of making a polymeric pipe comprises extruding the
polymer or copolymer in a molten state through a die to form the polymeric pipe and cooling the pipe.
[0043]Pipe extrusion in the simplest terms is perform%d by melting, conveying polyethylene pellets into a
particular shape (generally an annular shape), and solidifying that shape during a cooling process. There
are numerous steps to pipe extrusion as provided below. The polymer feedstock can either be a

pre-pigmentgRolyethivlengitesinghdl 65008 & @xtdre8braturalPlyihengeANGIRy caNgentrate
(referred to as "Salt and Pepper blends"). In North America, the most common feedstock for pipe

extrusion is¢Sajoabst Eepnsthlandsor idatiansnand athenaeasopidhamaridotihe most common
feedstock for pipe extrusion is pre-pigmented polyethylene resin. Feedstock is rigidly controlled to obtain

the proper finiphad pradkobtmipehanculimate cRRsUmErSPRPiications. [0PAAIThE e prisiaskis then fed

into an extruder. The most common extruder system for pipe production is a single-screw extruder. The

purpose of g edrvidanicimpaibneoanerandioragriizeihe ROy lesropeliris brirdRian

temperatures typically range from 178 C to 250 C depending upon the extruder screw design and flow

properties ofdtig pRiveibyiens: ik&RU4SbEhsoRalerevmes ichar Rasseskheavlh @ sisrtkhe die

distributes the homogenous polyethylene polymer melt around a solid mandrel, which forms it into an

annular shapey AclidainRents crR e pRasa @ihestinueed! tadnkiecanppnsaigicpaimpeisagthrough the
rest of the process. In order for the pipe to meet the proper dimensional parameters, the pipe is then

sized. Thergiarg WacRaikiods dor SEINGHNAGHPILOSRBSHU e Bt mplaxtdifersatitschinighes and
different equipment. [0046]Next, the pipe is cooled and solidified in the desired dimensions. Cooling is
accomplishegybyithe yseyehaeuaral walssiiauidsuberenine eHisidRpinedscaiine sy ekend agwater is
sprayed on the pipe exterior. The pipe is cooled from the outside surface to the inside surface. The
interior wall gn@insidpvrireeseoidhe. PNR caTBLay VRohbatdofR BREEegdehtifte@spelyethylene is
a poor conductor of heat. Finally, the pipe is printed and either coiled or cut to length. [0047]In an aspect,
the polymenespipaifalvicatest flony BRECHEahdhisdisdlgrurebdispiayenhancedrbrachanicakpsaperties such
as resistance to slow crack growth and rapid crack propagation (RCP), and strength sufficient to warrant
the designatian, BEed 08l:sphiahy pipegumay dispiayihe miopestied dBspubgasbheliny, eihastsingtdanly or in
combination. The specific methods for determination of these properties are described in more detail
herein. [0048phie (Rsoall-Bade0soeady -SitatntSdy teghis theclssenhsioatatddes MEBSpEing e RCP
resistance of polyethylene pipes. In the S4 test, the pipe specimens are seven diameters long and are
sealed at bat@noisnasdlessurizedwilboatr1/TYwo@n) pipe specimens are conditioned externally at the
test temperature, and then moved to the S4 rig for testing. A sharp chisel-edged striker impacts the pipe
at one end §001 §Tives EhtaBPRONBeh o8Nl Asthroughldhadanaiaveeatioin ®fdhs @pan Vil ¢1visvcrack
propagates, internal disc baffles spaced along the pipe length suppress axial decompression ahead of it,
so that the prespoiendtdISCB ackhtip s appsoyionete)ydeual to thes Essprassitieh duiivdpilguentise course of
crack growth. This promotes steady-state crack growth. Further, in the S4 test, a containment cage
around the speaimeanipieubods fladrgnafitiet pipel This alsatbmiisnthboiaillie saatiertatbielgdypsinte crack
propagation while minimizing ductile transient bursting. The S4 test details and procedures are described
in the 1ISO 134 gstaackhich aboattest can be performed at a fixed temperature to determine the critical
pressure (Pc) required to sustain RCP. Alternatively, a series of tests at a given/fixed operating pressure
(usually 5 bpo8}@&nd aTvarniosisdanrpestiurds et (SEW D) ofahs BEReneritibaktempeiaiede(71c) for
RCP to be sustained. Generally speaking, the temperature of a pipe must be below a critical limit even for
RCP to be itditiatew. @nbe WR&ghisinitiate chdleeuie satightvithie ihenpipeavirsgexodechckititghtyalue to
sustain steady state crack propagation. Therefore, for a pipe, low S4 Tc and high S4 Pc will help minimize
RCP failures:hioB49 hlfertdeverdtihe S 4herjiidatl igrapasatudext R e mein cenipie sl fo Ipdis peodager end- use
temperature range for the pipe. A pipe fabricated from the BPECs disclosed herein, having an 8-inch
nominal out®hdimametar wittage starictardroatightear tatia¢(Bbfkkaddpendtate holwalldthiekigss p6f about 11,
may have a critical temperature value determined according to ISO DIS 13477 (S4 test) of equal to or
less than ahbeit isitbvclualtgroitivety equoalhtedoblesadhami apaiit - 200 caliernaivialyof quapsbyoreless than
about -25 C. [0050]A modified Charpy impact test, referred to as the Razor-Notched Charpy Impact Test,
has emerged as a useful indicator of the resistance to RCP fractures. This modified 20 Charpy test is
described in detail in ASTM F 2231. This test involves measuring the impact energy when a thin molded
rectangular plague (with a razor notch) is impacted by a swinging pendulum. This test can be performed
at multiple temperatures; enabling one to determine the temperature at which the failure mode changes
from ductile to brittle. The results from this test are as follows: (i) impact energy (in Joules) at room
temperature and 00 the lowest temperature at which the failure was clearly ductile (hinge break with an
impact energy > 0.15 J); for convenience, this temperature will be referred to as the Charpy ductile to



21 time to failure is recorded and is generally thought to be reflective of the SCG resistance of the
polymer. The BPECs disclosed herein may display high PENT values of greater than about 1500 hours,
alternatively greater than about 1900 hours. In an aszgect, the BPECs disclosed herein may display high
PENT values of greater than about 500 hours for the density range 0.948-0.952 g/cc. [0053]HDPE pipes
used for gas transport are under pressure for the duration of their useful service. Often, fluctuations in
pressure reqiRdeOaiAg AAEIATHRIEIRSHHIHOOTRNLA S ARISAIG (Al ad that
such a pipe can withstand without deformation and damage over the expected lifetime (typically, many
decades). The dpigmsiresiandihcHaridlsapdgsnietimealHBPERIRGS e HMAiGalbiralimated by
performing creep rupture tests at multiple temperatures. In this test (ASTIVI D 1598), the pipe of interest
is subjectedyteR@EREtaiRAIastatic pressure (expressed as hoop stress) and the failure time is recorded.
Failure is defined as a continuous loss of pressure (leakage) from within the pipe. Typically, a log-log plot
of pipe hoop stress versus failure time is constructed and extrapolated to a desired lifetime. The
corresponding hoop stress at the desired lifetime and t pefature from the above-mentioned plot is used
as the design stress (after the application of anMp Eapfla!esa%fy factor) for the application of interest.
[0054]In order to predict the design stress and durabilit)EfN}Mp pressure pipes, accelerated testing is
conducted at elevated temperatures. In other words, for a'given pipe and hoop stress level, failure occurs
at shorter times Wim)increasing temperature. The general procedure to estimate the design stress and
durability of HDPE pipes requires creep rupture failure data spread uniformly over a two-year timeframe
at the end-use temperature 22 (usually room temperature) and at two or three higher temperatures
(typically in ted0V30 Geangd)eiSifbseljueleygfpriolciplés efcligheAkrdbnadlearbuperabsition are applied to
the data which allows one to reasonably extrapolate the failure data at room temperature to a few
decades. [0065}iEheale signesstabmgiranplastio@ip&isofien referred to as its long-term hydrostatic strength
(LTHS) or the minimum required strength (MRS). LTHS, estimated using ASTM D 2837 (USA standard),
is the estimpgggHtensilgiptrasaintae walhehanring '{héhﬁlfﬁ@t@@!@ﬂ@%ﬁf@%ﬂ%ﬂmw&m@ applied

continuously, will cause failure of the pipe at 100,000 hours. The MRS of a pipe, estimated using the ISO

9080 standaygyg ths,{ &%{RP%Q&UH@@%?MQG QWG adlesiReibRITRE AlAIYRarNYRed

internationally. The LTHS and/or MRS of a pipe are used to certify gas pipes according to either ASTM D
2513 and/og 5 Gri¢4idy - IROTIRIWQSspthieae ¥alamdeterpiiedhenaxiauwn loaddhat sish pipes can

bear during their utilization for the transportation of natural gas. In an aspect, the BPECs disclosed herein

may be fabrigagehints, Ripe.NaY &L TS éﬁo%gualai&ﬂfaac%ﬁsreéqmraolgp_fé@%@l RELASTM & 2513.
[0056]An MRS value (50 year extrapolated value at 20 C; 97.5 lower prediction limit) equal to or greater

than 10.0 Nﬁi’éﬁ%@ﬁ&ﬂﬁf‘%%ﬁ&@ REFSRB 6L rﬁ“%e&ﬁ%@o@ﬁ%ﬁ_&'ﬁ?r@ﬁh&&@%ﬁ%@ é\ﬂﬁ*’& was equal
to or greater than 8.0 MPa and less than 10.0 MPa. The MRS of a pipe (2 inch nominal OD with a SDR of

about 11-9)6‘@){ l@_@sCﬁ&ﬁ@ﬂi&ﬁ%?)ﬂ%ﬁ@@ﬁ@i99:@13%?&?6&91&“@%16%&?§?§H&ﬁiﬁﬁ%§y(€q§§_ toapd at 80 C
and applying principles of the ISO 9080 extrapolation method. In an aspect, the BPECs disclosed herein
may be fabricateghintend P E8Q PRk RELER PIRRIP BOIR- 1233 {99 Hbdanaspectadikk ekbis

disclosure may display a pellet density of about 0.9509 g/cc, a MWD of about 13.1, and a HLMI of about

4.0 g/10 mirém%g@ﬁ@oﬁqm%tm eﬁtﬁ%@nﬂpat%qar}w&ﬁ:maﬂmg@m% a'piead termasrature of
about -30 C and a Charpy Tdb of about -40 C. [0058]Alternatively, a BPEC of this disclosure may display

pellet densipy Qigahows O3Rh@ICthA MWER @ aekialdeRNdfdild bofabast HhRZebtP Mnosuch a

composition may be fabricated into a PE pipe having an ISO at 80 C and 5.5 MPa of greater than about

2014 hours apghatREN E@hPd MBratahantids hoursnd WG erRaiabledi RPRE B g disclosure
may display a pellet density of about 0.9516 g/cc, a MWD of about 15.2 and a HLMI of about 9.12

g/10min. Sugb EvEMBasHaRMAPSdakigaietiBiurRRE MR MMVNg 20, IBORIimanddn MPa of
greater than about 2014 hours and a PENT at 2.4 MPa of about 1660 hours. EXAMPI FS [0060]For each

of the followipgnexavnplesnipentelowing mptatiasenes yrere Bxavaies Ritkar in fmbisatines ealone to
determine their effect on polymer attributes, particularly rapid crack propagation and pipe strength. For
conveniencg] thg trRriousimetiapesenes are set forth below with letter abbreviation: 24 [0061]The
following testing procedures were used to evaluate the various polymers and compositions.



[0062]Melt index (MI, g/10 min) was determined in accordance with ASTM D 1238 condition F at 190 C
with a 2,160 gram weight. [0063]High load melt inde>§(HLMI, g/10 min) was determined in accprdance
with ASTM D 1238 condition Eat 190C with a 21,600°gram weight. [0064]Polymer density was determined
in grams per cubic centimeter (g/cc) on a compression molded sample, cooled at about 15 C per hour,
and conditioned for about 40 hours at room temperature in accordance with ASTM D 1505 and ASTM D
1928, proce@yigC. [0PRSBigirhesiegicalrbiatpsifigasians HalsRel Irmed AsSRIewS brAl:-strain
(10%) oscillatory shear measurements were performed on a Rheometrics Scientific, Inc. ARES rheometer
using parallghplateracamgityemlbiaelvaicahiesiapsitoRaHa Mad atak 9 emife campleXjeaosity lir
versus frequency ((.0) data were then curve fitted using the modified three parameter Carreau-Yasuda
(CY) empirigalomgriatde wbiain dhe 850 ShemirMIisRRSNEquAl Qo CRASRGIBH ShigViBoau D relakatiqretime - ra,
and the breadth parameter - a. The simplified Carreau-Yasuda (CY) empirical model is as follows. 710 |

77%(co)1 - [HeOdg9)adtnNainadesai T dQlddon Magnitusledf Gampiey 5RgabliseRsitolbédcal zero shear

viscosity; = viscous relaxation time; a = "breadth" parameter; 25 n = fixes the final power law slope,
fixed at 2/1HRhd@K0 anhSRREHISH IN AR MBS RNchtoaranstdianftReHency pieseiatay ahearing
deformation. [0066]Details of the significance and interpretation of the CY model and derived parameters
may be foungktoGef bitiglRLARE Fbstil: Chiang, Rheol. Acta, 28, 321 (1989); C.A. Hieber and H.H.
Chiang, Polym. Eng. Sci., 32, 931 (1992); and R. B. Bird, R. C. Armstrong and 0. Hasseger, Dynamics of
Polymeric Ljgoi93, VolumasldgitivieMerehariess 20diRditipnddoT WiteyrénSaos 810, waehef which is
incorporated herein by reference in its entirety. The CY "a" parameter is reported in the tables for the
resins disclogasharainnd PG el AwQypataehronne fotiEgssIknbrNitiag erfRiR Pikp dAtiauIphénstrument
was used to determined specific surface area ("surface area") and specific pore volume ("pore volume").
This instrumegouwias acentrediiee: tharuaisehiameeiporationRyesset, tNeYrell3AG8H Mialecular
weights and molecular weight distributions were obtained using a PL 220 SEC high temperature

chromatographybutis Boly pgyhabeatotiesimithixch areiense e EGE amthe-shivanicivitoa flow rate
of 1 mL/minute at a temperature of 145 C. BHT (2,6-di-tert-butyl-4-methylphenol) at a concentration of 0.5

g/L was usedcasasiabilizesmiie theBoAMBsieainn uplumelogrAD shdddtvasaysee witurmberninal polymer
concentration of 1.5 mg/nt. Dissolution of the sample in stabilized TCB was carried out by heating at 150
C for 5 hourstivith Rewasienal, gerteagiatinral hB@eldsiosyaethivearethiesPhggldiiedwidsS columns
(7.8x300mm) and were calibrated with a broad linear polyethylene standard (Chevron Phillips Chemical
Company Magenn:fkiB/ A3 polittyleasforvbich theymaelradlanwiaighishagrioaancdetgrmnined. 26
[0069]Molecular weight distributions and SCB branch profiles were obtained through size exclusion
chromatograghywiseng@nibd: IR detector. Chromatographic conditions are those described above.
However, the sample injection volume was 500 microliters. Samples were introduced to the FTIR detector
via a heated transfer line and flow cell (KBr windows,;1 mm optical path, and ca. 70 J.I.L cell volume).
The temperatures of the transfer line and flow &gt E«/A]rér'&ﬁt% “43 + 1 C and 140 + 1 C, respectively.
Perkin Elmer FTIR spectrophotometer (PE 2000) equipped with a narrow band mercury cadmium telluride
(MCT) detector w L8d in these studies. [0070]All spectra were acquired using Perkin EImer Timebase
software. Backgrotfid Spetid %éat TCB solvent were obtained prior to each run. All IR spectra were
measured at 8 cm 1 e %’Eﬁtle((l S%cans). Chromatograms were generated using the root mean square
absorbance over tAe 30000210 RigrdIs priaiei¢egion (i.e., FTIR serves as a concentration detector).
Molecular weight chicuigtisagandraniaddessrpres btigatiosdrivae ity A Brotammgellar weight
polyethylene (PE) Etemdeiiishsae Verees(Ra-widefenet thgd¥piemarplatiagl DC, Welch MB. Polymer 2000;
41:71751. Spectra¥roRPVrdiladLcmitaet dHebacsthsdinnt sloraof thahige hepseresrti9dnalyzed for
comonomer branch levels using chemometric techniques. All calibration spectra were taken at sample
concentratidf82fhich fet Bctbatemest hiddandiemgasd Sigheprotatide ekl at o oYU the
detector). [0071]SCB determination was made as follows. Narrow molecular weight (Man -1.1 t01.3),

solvent gradisktly stihasignEtryen and pRierRE iRy ehehe A& xBindehandediyivgseparameters may
be found in: C. A. Hieber and H. H. Chiang, Rheol. Acta, 28, 321 (1989); C.A. Hieber and



homopolymers, and low molecular weight alkanes were used in calibration and verification studies The
total methyl content of these samples ranged from 1.4 to 82.7 methyls per 1000 27 total carbgns. Methyl
content of samples was calculated from Ain or measared using C-13 NMR spectroscopy. C-13 NMR
spectra were obtained on 15 wt.% samples in TCB using a 500 MHz Varian Unity Spectometer run at 125
C as previous described [see Randall JC, Hsieh ET, NMR and Macromolecules; Sequence, Dynamic, and
Domain Strmm.r@%%, PYRRPSiND Serien 2471 116K randpk. Bl phanericen Shamical areiery,
Washington DC, 1984.]. Methyl content per 1000 carbons by NMR was obtained by multiplying (X 1000)
the ratio of fqfaldpeathphsighals ip RBhRignalinieRsivyIIA 21 paltinleash savatesditier) faibration

curve was generated using Pirouette chemometric software (Infometrix) to correlate changes in the FTIR

absorption spaeyaWithcaosiatestRLMVIR- I asttabalues fernatisttRog tatehgaigons for the 25

samples. The FTIR absorption spectra used in the calibration model were made from co-added spectra

collected aqugst the Whelessempiy @xhyba ROHHRD HleH1S SR Bl BGOEh (FHS0 HEYAFRE S Hakd Was used

in the calibration step in order to minimize the effects of residual solvent absorption. Preprocessing of

spectral datpineistadarerInHMeRIEALAM) {akisg thadirat Kervaibenes therarestBoanskmarkaentering all
data. [0073]A four component calibration model was calculated and optimized using the process of cross
validation (R&+R:89%h SEMARL biThesoslinratignmedelnasvsjdied using-e additiensl samples. The
predicted versus actual values for the validation data showed excellent correlation (RSQ=0.987) and

exhibited a ppeHNeAAsSEANRIBEPMOidRIRdisie WagUat ToVD Q2B gnetind BRSPS HEIEQ tatalgarbon
molecules. [0074]SCB levels were calculated by subtracting out methyl chain end contributions. The

amount of neethidaChaisr endshaedsalsolatkremging fhe eduatineMerin(dbdeedMor 2B marecMece is the
number of methyl chain ends per 1000 total carbon molecules, C is a constant equal to 14000, Vce is the
number of éfihtesinaiechehabyends (1 for chromium catalyzed resins), and M is the molecular weight
calculated for a particular slice of the molecular weight distribution. EXAMPLE 1 [0075]Alumina A, from

W.R. Grace[¢rpanyTHéISHETY ef fated Jadnaipient e faaas: withraneag @by hsahitigaakamanonium
sulfate. Typically, the alumina had a surface area of about 330 m2/gram and a pore volume of about 1.3

cc/gram. Theoammisit ofmmentyrbsutieessseecwareguatlp 260 mbih® skotigalmina.0fde volume of
water used to dissolve the ammonium sulfate was calculated from the total pore volume of the starting
sample (i.e.g%6, Mtesrativatefriar gash Qn gtatemioato. d8stpeateTie TbushansolHimeebabadt 0.08
grams of ammonium sulfate per mL of water was employed. The resulting wet sand was dried in a
vacuum oven Qyerdigit atiiiz@ STl thef screened through a 35 mesh screen. Finally, the material was
activated in a fluidizing stream of dry air at 550 C for 3 hours, in the case of bench scale samples, or 6
hours, for tie02sger pivtaplasgcsamBeE( bethRMBIEssver enthedispiasesh DRI Gganatos AV LE 2
[0076]The metallocenes used in the various examples were purchased or prepared as follows. While
certain preparabomnsgAet fieith heodymdt skasilg be tiodemsiaadiha0 thedreialorsngs ¢isadiia
accordance with this invention can be prepared using numerous techniques. Several techniques are
described ipbly@ispatent ihpplicdtiomSeoal NO td k663048 ThleB PB0endy, brddraceemtiteehitmproved
Synthesis Of Ansa-Metallocenes And Their Parent Ligands In High Yield," incorporated by reference
herein in itstandivatigh29 dige, imdtalitcend gomparndacabdee WOPargehas described in U.S. Patent
Application Serial Nos. 10/876,891 and 10/876,930, both filed on June 25, 2004 and entitled
"Polymeriz&iioa4T atalystsnbie Pioshoc) agBPBIgZE thiV\dikcloswrd sl slisilhpadiChHin Bianchings” U.S.
Patent Application Serial No. 11/208,077, filed August 19, 2005 and entitled "Polymerization Catalysts
and Process.fotoRitasndif@BimotalRolymersisnst Histoler i edoiar(). @idd aBokr 81960 Al caidon Serial No.
11/209,006, filed August 22, 2005 and entitled "Polymerization Catalysts And Process For Producing
Bimodal PopuhelispersitySindde Hdaatonbdinesdizolasones®f TiidPHE incptpaiiedbyizefdretee herein in
their entirety. [0077]All manipulations involving air-sensitive reagents and materials were performed under
nitrogen by bging«tdandacchSchielkkdlnevari ghiy dvexdetlanigbes. (0080 lweml THF was distilled from
potassium, while anhydrous diethyl ether, methylene chloride, pentane, and toluene (Fisher Scientific
Company) were stored over activated alumina. All solvents were degassed and stored under nitrogen.
Zirconium (IV) chloride (99.5%) and n-butyllithium were purchased from Aldrich Chemical Company and
were used as received. Products were analyzed by 1H NMR (300 MHz, CDC13, referenced against
residual CHC13 peak at 7.24 ppm) or 13C NMR (75 MHz, CDC13, referenced against central line of
CDC13 at 77.00 ppm). [0078] 2,7-di-tert-butylfluorene was prepared according to the procedure in Bull.
Chem. Soc. Jpn., 1986, 59, 97-103. [0079]Metallocene I: Bis(indenyl)zirconium dichloride was purchased
from Witco (Eurecen 5032). [0080]Metallocene C:
Pheny1-3-butenylmethylidene(15-cyclopentadieny1)015-9-2,7-di- tert-butylfluorenyezirconium dichloride
was prepared as follows. A solution of 42.3 g (152



30 mmoles) of 2,7-di-t-butylfluorene in 150 mLs of dry, degassed THF was cooled in dry ice. A solution of
n-butyl lithium in hexanes, 61 mLs of 2.5 M (152 mmgles) was added dropwise over 30 minutes. The bath
was then removed. After stirring for an additional 90 minutes, this solution was added to 38 g (167
mmoles) of 6-phenyl-6-(3-butenyl)fulvene in 100 mLs of THE while cooling in an ice bath. The addition
took 1 V2 hours. The mixture was allowed to warm while stirring for about 120 hours. [0081]While cooling

in a water bgji# SoluiionmefehgiammBpiumFhiRidadnhdie mip atyater wiesipdadiplipyrd by 100
mLs of heptane. The layers were separated and the organic layer was washed with 3 X 100 mLs of water,

filtered, andscliied@¥ar 0N mifaipolispaMam Wassiinmed:efbanddhe aicglyss wae ciygtallized from
a minimal heptane and washed with methanol before drying. [0082]A portion of the ligand from above,

20.0 g (41.3piaeipskivpmdissal Yesnnslistiovieibepand coalgd BPHY Hes: b RexARRS I SQIUtioRQ n-butyl

lithium, 33 mLs of 2.5 M (82.5 mmoles), was added over 0.5 hour. The bath was removed and the orange

slurry was S(B'Wz?%élgﬁf Righted Risiskiny Waishber addediarnsviy 0608he@.(43.3 mmoles) of zirconium
(IV) chloride In 200 mLs of n-pentane cooled in ice water. The bath was removed and the slurry was
stirred for 5[gays1and then tessiuy wWas fleked thiieughsosidmpsuliie mbigesolish wasywaritgd with
pentane and then extracted with methylene chloride. The solution was taken to dryness to yield 21.5 g of

orange soligh§BALeY AARBIaIalncene b BEiE0RHe REHIAIIGHBLE PABGH M (GRREHZGHDIC12
was prepared as follows. A 500 mL Schlenk flask was charged with nBuCpZrC13 (20.0g, 62.7mmol) and

approximatehe40gerain Of giginyteihesn Thadesuling &t navyaps9aledAQion 3k fetaftespabhichsime (10.79,
66 Ommol) of LIRC9H6)-1(allyl)1 was cannulated as an ethereal solution. The reaction mixture was
stirred overpighiRtiambiestiampesabimerandthersalientiyabpemaed ibrvawppilyhedesulginensolid was
dissolved in toluene and centrifuged to remove Lid. Removal of solvent in vacuo yielded a yellow-brown
solid, whichhyasstisaabiedia aopishioemathaneiRantane ewbkoe paIgias. CoREdhitbrdafpdoba couple of
hours. Resulting slurry was filtered, and the precipitate was dried under reduced pressure (0.1 mm, 1 h)
to yield the pradust msladetawesalid hayOs: 62fYed HoNKY RUEDGER, 8):0-Bifalk, ko1 hiahiZnigh3),
1.50-1.22 (m, CH2(CH2)2CH3), 2.58-2.42 (m, CH2(CH2)2CH3), 3.77-3.62 (m, CH2=CHCH?2), 5.10-5.02
(M, CH2=C peddae, Sullfirfar? br (A dcl SR 1AM &8 7-B.B3fns2, 16kktd), mBOD:dpr(e8, (GitR7aAHGH2),
6.04-6.00 (m, 1, C5H4), 6.39-6.37 (m, 1, C9H6), 6.63 (d, J= 3.0Hz, 1, C9H6), 7.28-7.18 (m, 2, COH6),
7.60-7.56(Me2t6:9 B st fp¥A MirkEn B[ G024dRe nsugalerpolymenzatiapvas aeidarmebinzantagallon
Autoclave Engineers reactor. Solutions of
Pheny1-3-blsgny|reegnyptsnaere-ayoclopamnadiapyiko anitolldvdide tbulylfiacenyezireirtomgiehloride were
made at 1 mg/mL in toluene and used as follows. To a Wheaton bottle containing 58 mg of sulfated
chemically teatedisadidaxder (Cohbidaulfpiectwdd) H2BOHMLAS prbsesfedyohirptasentet @aded followed
by the specified amount of either 25wt.% TIBAL (triisobutylaluminum) or 19 wt.% TnBAL
(tri-n-butylakondinuoy)s prodinedidcmgeel Mloeksaluiipniled meiallogarialiortllehectieytontagiing for 15
min, the slurry was charged to a dry autoclave under isobutane purge. Following addition of 2 Liters of
isobutane, thactdronasatiiedeahde cainong e, temfoedtusatto the set point. Once the temperature was
within 5 degrees of the set point, ethylene was added and fed on demand 32 during the run to maintain
the desired (0027 presRuBnitiithei endeaftonshsterns il didgsvareinenigoniaay thenpasiamangphe dry
product was removed. During the polymerization no hexene or hydrogen were added. Polymerization at
100 C was ofndustediatad<yipsigoiotahpigssiseioitd sicOtaidhe tdikitrpiassypee Was®@R0qsigf, or about
14 mole% ethylene in each case. Table 1 Bench Scale Polymerization Run No. Time . (min) Temp. (C)
R3A1 (mmgleB)mers in multiple reactors may include several stages in at least two separate

polymerization reactors interconnected by a transfer device making it possible to transfer the
polymers resulting from the first polymerization reactor into the second reactor. The desired

polymerization conditions in one of the reactors may be different from the operating



Solid PE (g) Productivity (gig) e M tallocene Activity (gig/hr) CTSO Activity (gig/hr) 1 60 100 TnBAL, 0.27
451.9 451900 451900 7791 2 60 100 TnBAL, 0.54 4 17.8 427800 427800 7376 3 60 100

o

conditions of the other reactors. Alternatively, polymerization in multiple reactors may
include the manual transfer of polymer from one reactor to subsequent reactors for continued
polymerization. Multiple reactor systems may include any combination including, but not
limited to, multiple loop reactors, multiple gas reactors, a combination of loop and gas
reactors, multiple high pressure reactors or a combination of high pressure with loop and/or
gas reactors. The multiple reactors may be operated in series or in parallel.

[0028] According to one aspect of the invention, the polymerization reactor system may
comprise at least one loop slurry reactor. Such reactors are known in the art and may
comprise vertical or horizontal loops. Monomer, diluent, catalyst and optionally any
comonomer may be continuously fed to a loop reactor where polymerization occurs.
Generally, continuous processes may comprise the continuous introduction of a monomer, a
catalyst, and a diluent into a polymerization reactor and the continuous removal from this
reactor of a suspension comprising polymer particles and the diluent. Reactor effluent may
be flashed to remove the solid polymer from the liquids that comprise the diluent, monomer
and/or comonomer. Various technologies may be used for this separation step including but
not limited to, flashing that may include any combination of heat addition and pressure
reduction; separation by cyclonic action in either a cyclone or hydrocyclone; or separation by
centrifugation.

[0029] A typical slurry polymerization process (also known as the particle form
process), which is well known in the art is disclosed, for example, in U.S. Patent Nos.
3,248,179, 4,501,885, 5,565,175, 5,575,979, 6,239,235, 6,262,191 and 6,833,415, each of

which is incorporated by reference in its entirety herein.



TnBAL, 0.54 380.0 380000 380000 6552 4 60 100 TnBAL, 0.80 284.0 284000 284000 4897 5 60 90
136.4 136400 136400 2352 TIBAL, 0.69 2 o

[0030] Suitable diluents used in slurry polymerization are well known in the art and
include, but are not limited to, the monomer being polymerized and hydrocarbons that are
liquids under reaction conditions. Examples of suitable diluents include, but are not limited
to, hydrocarbons such as propane, cyclohexane, isobutane, n-butane, n-pentane, isopentane,
neopentane, and n-hexane. Some loop polymerization reactions can occur under bulk
conditions where no diluent is used. An example is polymerization of propylene monomer
as disclosed in U.S. Patent Nos. 5,455,314, which is incorporated by reference herein in its
entirety.

[0031] According to yet another aspect of this invention, the polymerization reactor may
comprise at least one gas phase reactor. Such systems are known in the art and may employ
a continuous recycle stream containing one or more monomers continuously cycled through
a fluidized bed in the presence of the catalyst under polymerization conditions. A recycle
stream may be withdrawn from the fluidized bed and recycled back into the reactor.
Simultaneously, polymer product may be withdrawn from the reactor and new or fresh
monomer may be added to replace the polymerized monomer. Such gas phase reactors may
comprise a process for multi-step gas-phase polymerization of olefins, in which olefins are
polymerized in the gaseous phase in at least two independent gas-phase polymerization
zones while feeding a catalyst-containing polymer formed in a first polymerization zone to a
second polymerization zone. One type of gas phase reactor is disclosed in U.S. Patent Nos.
5,352,749, 4588,790 and 5,436,304, each of which is incorporated by reference in its entirety

herein.
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[0032] According to still another aspect of the invention, a high pressure polymerization
reactor may comprise a tubular reactor or an autoclave reactor, both of which are known in
the art. Tubular reactors may have several zones where fresh monomer, initiators, or
catalysts are added. Monomer may be entrained in an inert gaseous stream and introduced at
one zone of the reactor. Initiators, catalysts, and/or catalyst components may be entrained in
a gaseous stream and introduced at another zone of the reactor. The gas streams may be
intermixed for polymerization. Heat and pressure may be employed appropriately to obtain
optimal polymerization reaction conditions.

[0033] According to yet another aspect of the invention, the polymerization reactor may
comprise a solution polymerization reactor wherein the monomer is contacted with the
catalyst composition by suitable stirring or other means. A carrier comprising an inert
organic diluent or excess monomer may be employed. If desired, the monomer may be
brought in the vapor phase into contact with the catalytic reaction product, in the presence or
absence of liquid material. The polymerization zone is maintained at temperatures and
pressures that will result in the formation of a solution of the polymer in a reaction medium.
Agitation may be employed to obtain better temperature control and to maintain uniform
polymerization mixtures throughout the polymerization zone. Adequate means are utilized
for dissipating the exothermic heat of polymerization. These reactors are known in the art.
[0034] Polymerization reactors suitable for the present invention may further comprise
any combination of at least one raw material feed system, at least one feed system for
catalyst or catalyst components, and/or at least one polymer recovery system. Suitable

reactor systems for the present invention may further comprise systems for feedstock



315000 315000 5431 Productivity is grams of polyethylene produced per gram of metallocene.
Metallocene activity is grams of polyethylene produced per gram of metallocene per hour. CTSO activity
is grams of polyethylene produced per gram of CTS&f‘per hour. Table 2 Bench Scale Polymer Properties
Run No Mn/1000 (g/mol) Mw/1000 (g/mol) Mz/1000 (g/mol) Main CY-a a eta n eta Measurement T(C) 1
123.76 305.99 609.6 2.47 0.4404 0.0000 190 2

purification, catalyst storage and preparation, extrusion, reactor cooling, polymer recovery,
fractionation, recycle, storage, loadout, laboratory analysis, and process control.

[0035] Conditions that are controlled for polymerization efficiency and to provide resin
properties include temperature, pressure and the concentrations of various reactants.
Polymerization temperature can affect catalyst productivity, polymer molecular weight and
molecular weight distribution. Suitable polymerization temperature may be any temperature
below the de-polymerization temperature according to the Gibbs Free energy equation.
Typically this includes from about 60 °C to about 280 °C, for example, and from about 70
°C to about 110 °C, depending upon the type of polymerization reactor.

[0036] Suitable pressures will also vary according to the reactor and polymerization
type. The pressure for liquid phase polymerizations in a loop reactor is typically less than
1000 psig. Pressure for gas phase polymerization is usually at about 200 — 500 psig. High
pressure polymerization in tubular or autoclave reactors is generally run at about 20,000 to
75,000 psig. Polymerization reactors can also be operated in a supercritical region occurring
at generally higher temperatures and pressures. Operation above the critical point of a
pressure/temperature diagram (supercritical phase) may offer advantages.

[0037] The concentration of various reactants can be controlled to produce resins with
certain physical and mechanical properties. The proposed end-use product that will be
formed by the resin and the method of forming that product determines the desired resin
properties. Mechanical properties include tensile, flexural, impact, creep, stress relaxation
and hardness tests. Physical properties include density, molecular weight, molecular weight

distribution, melting temperature, glass transition temperature, temperature melt of
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crystallization, density, stereoregularity, crack growth, long chain branching and rheological
measurements.

[0038] The concentrations of monomer, co-monomer, hydrogen, co-catalyst, modifiers,
and electron donors are important in producing these resin properties. Comonomer is used to
control product density. Hydrogen can be used to control product molecular weight. Co-
catalysts can be used to alkylate, scavenge poisons and control molecular weight. Modifiers
can be used to control product properties and electron donors affect stereoregularity.  In
addition, the concentration of poisons is minimized because poisons impact the reactions and
product properties.

[0039] The polymer or resin may be formed into various articles, including, but not
limited to, bottles, drums, toys, household containers, utensils, film products, drums, fuel
tanks, pipes, geomembranes, and liners. Various processes may be used to form these
articles, including, but not limited to, blow molding, extrusion molding, rotational molding,
thermoforming, cast molding and the like. After polymerization, additives and modifiers can
be added to the polymer to provide better processing during manufacturing and for desired
properties in the end product. Additives include surface modifiers such as slip agents,
antiblocks, tackifiers; antioxidants such as primary and secondary antioxidants; pigments;
processing aids such as waxes/oils and fluoroelastomers; and special additives such as fire
retardants, antistats, scavengers, absorbers, odor enhancers, and degradation agents.

[0040] Any catalyst composition capable of producing a BPEC may be employed in the
production of the BPEC. For example, a catalyst composition for the production of a BPEC

may include at least two metallocenes. The first metallocene may be used to produce the
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HMW component, and may be a tightly bridged metallocene containing a substituent that
includes a terminal olefin. The second metallocene, that may be used to produce the LMW
component, is generally not bridged and is more responsive to chain termination reagents,
such as hydrogen, than the first metallocene. The metallocenes may be combined with a
solid activator, an aluminum alkyl compound, an olefin monomer, and an olefin comonomer
to produce the desired bimodal polyolefin. The activity and the productivity of the catalyst
may be relatively high. As used herein, the activity refers to the grams of polymer produced
per gram of solid catalyst charged per hour, and the productivity refers to the grams of
polymer produced per gram of solid catalyst charged. Such catalysts are disclosed in U.S.
Patent Application Serial No. 11/209,006, filed August 22, 2005 and entitled
“Polymerization Catalysts And Process For Producing Bimodal Polymers In A Single
Reactor,” and U.S. Patent Application Serial No. 11/208,077, filed August 19, 2005 and
entitled “Polymerization Catalysts and Process for Producing Bimodal Polymers in a Single
Reactor,” each of which is incorporated herein in its entirety.

[0041] The BPEC and/or the base PE resin may include other additives as known to
those skilled in the art. Examples of additives include, but are not limited to, antistatic
agents, colorants, stabilizers, nucleators, surface modifiers, pigments, slip agents, antiblocks,
tackafiers, polymer processing aids and combinations thereof. In an aspect, the polymeric
composition comprises carbon black. Such additives may be used singularly or in
combination and may be included in the polymer composition before, during or after
preparation of the BPEC as described herein. Such additives may be added via known

techniques, for example during an extrusion or compounding step such as during



1288.9 2.68 0.4245 0.0000 190 33 [0085]The data in Table 2 show that polymers produced with
metallocene C have very narrow molecular weight distributions, with Mv,/M" generally < 3. The
Carreau-Yasuda a parameter, CY-a, is generally gredter than 0.4, further illustrating the limited
"Theological breadth" due to the narrow MWD and low levels of long chain branching. [0086]Figure 1
illustrates the linearity of the resins obtained from catalyst C when run alone. The Arnett line represents
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average molecular weight. The other lines describe the expected zero shear viscosity for polyethylene

containing effherst IRnméehaindranekl 89000 tpfalaarbans abd lianeghainbrRehHd QQR:aR0stotal

carbons as derived from the Colby-Janzen model for long chain branching. Clearly, this catalyst system

produces vei oy |avealpotiRRg shaid, ranciiag ;ﬁ%@bpé@@ﬁ@ﬁiﬁﬁiﬂég%ﬁqméﬁ@m it will contain very low
levels of long chain branching. Furthermore, long chain branches in the longest molecules have the

strongest effgg4nn therhgolegyepftteerratymarhidareiradhe fetimeatalsifepisobjongiahain branching
are minimal. EXAMPLE 4 [0087]Metallocene |: Under nitrogen, 1.00 g of solid metallocene |,

bis(indenyl)slablaropis@niusich/as Huisbin 34 ietbiesengatiniollowss Rymdgitencefimrigiams of neat
(93%) triethylaluminum. This solution was diluted with 200 to 300 grams of n-heptane and transferred to a
steel vesseklgabifane: Was added topiNawaioiahefdd paunifoeisaluiion BE8cINMgialiesane C: Under
nitrogen, 2.00 g of solid metallocene C, 1-(phenyl)-1-(3-
butenyl)-1-fsyelareaianignud pibd2, 7-di-tert-butylfluorenyemethane zirconium dichloride, was slurried in
about 200 mL of hexene-1, followed by addition of 25 grams of neat (93%) 34 triethylaluminum This
solution wagodiyated Withd Qx taiddR grame ofimplentanenand tigssiared ©yahigehyessaldgagutane was
added to obtain a total of 40 pounds of solution. [0089] Metallocene N: Under nitrogen, 2.00 g of solid

metallocengdlyauul{ pyslep enindisnyitidiratvisindenythaireanikmigichlgiideantas eissahgedin 420 mL of
toluene. This solution was transferred to a steel vessel and isobutane was added to obtain a total of 40
pounds of sgHugiouEXAM B [PRICIRIloT bantrohimeiigalioRpIMerpipenstucianma pdwgdton slurry
loop reactor at a production rate of approximately 25 pounds of polymer per hour. Polymerization runs
were carrie@Quivu ey SNt Gesl RackaeneihePICE preCainaitinig fbBdagparacian (@lIgacknewn as a
slurry process) by contacting a metallocene solution in isobutane and a small amount of toluene,
triethylaluminuiktardod selidagibigtonyeae2ahdstvied estiealave witleeridtiniays SaltpuidPEppdpop reactor.
[0091]The precontacting was carried out in the following manner. Triethylaluminum solution and
metalloceneraliTONSINNRRDUIRNerve ehiethas: separie ficeantk inde pipeexpsiiean ofieaadtoclave
where they contacted each other. The solid activator was flushed with isobutane into a tee between the

aforementioPgghée®lands thelataclpeancootiasting dh eftrigthylaidminu mosietalionendenixiotle just before
entering the autoclave. The isobutane flush used to transport the solid activator into the autoclave was set
at a rate thatipeoetehugsulispie-fagidence pohe oiyippraximaredbdriruighlin toatatetkavsbtdine total flow
from the autoclave then entered the loop reactor. [0092]Ethylene used was polymerization grade ethylene
(obtained freia pdopenfanid eCaipotisipenindhitimarscpiifiec: tpeififnoaslumn of alumina and activated
at 250 C (482 35 F) in nitrogen. 1-Hexene, when used, was polymerization grade 1-hexene (obtained
from Chevr¢ad4ie micals Ceaypesky)jswhithfedam fouxifiedoparitr Ae mipsrgioguand stofiadie opeem 3- X
molecular sieve activated at 250 C (482 F) in nitrogen. The loop reactor was a liquid full, 15.2 cm
diameter, lofop fepetprodaviog & okinyteaicr3vgatinnde(87 Tikerpurhiguidisbbutatredsass usethes the diluent.
Some hydrogen was added to regulate the molecular weight of the low molecular weight component of
the polymercpnedychndieisoptitarehegsopeiiyiene gittiotgrabenssbutamneptoiitaised picaiiyClaageon Phillips
Chemical Company, Borger, Texas) that was further purified by distillation and subsequently passed
through a ceotoimn 7§ aluinso [eCtiptediab 2poe (S midarnitrogadisign and flow properties of the

polyethylene.



[0093]Reactor conditions included a pressure around 580 psi (4 MPa), and a temperature that was varied
from about 90 C (194 F.) to about 99 C (210 F) as indjcated in Table 3. Also, the reactor was gperated to
have a residence time of 1.25 hours. The solid activz; or was added through a 0.35 cc circulating
ball-check feeder and fed to the 2-Liter autoclave as described above. Metallocene concentrations in the
reactor were within a range of about 1 to 2 parts per million (ppm) of the diluent in the polymerization

reactor. Polysgs was 1erausRelOpaIhRereACIRE Al ShR J@tenRfiRoNT &8, IbTRET o Wi angduigsayered in a
flash chamber. A Vulcan dryer was used to dry the polymer under nitrogen at about 60-80 C (140-176 F).

[0094]Cocatpfysisirfiy pbusinyiené odyabtaingd fromA K26 orRpiati oW HREH mRUEY Rlgmiaum

(TnBAL) (obtained from Albermarle) was also used. The cocatalyst was obtained as a 10 wt.% solution in

heptane, bugwam furer diluied-ierd-waioht PatRantThr.casalalySty@saRAedd A SapaRRtEAtion in a

range of from about 8 to 120 parts per million of 36 the diluent in the polymerization reactor. To prevent

static buildup,efihetrRariar.or smaprareauntidessidhanStRPpipeyweiabt, GF dikper) @haeaomercial
antistatic agent sold as "Stadis 450" was usually added [0095]Various resins were prepared according to

the above ppageeiiees, aieSpipeifieehim Takle riabled MiesaaiasSHMmany of dhafedilisedsakle 3.
Process Conditions for Various Experimental Runs. (1) Run No. 10 11 12 13 1415 16 (2)

Activator-Suiateeplop AitRidminhHfptesanduimiReentwqiniRivtmina ulfatedSulfatedSulfatedSulfates
alumina alumina ulfated . lumina

[0046] Next, the pipe is cooled and solidified in the desired dimensions. Cooling is
accomplished by the use of several water tanks where the outside pipe is either submerged or
water 1s sprayed on the pipe exterior. The pipe is cooled from the outside surface to the
inside surface. The interior wall and inside surfaces of the pipe can stay very hot for a long
period of time, as polyethylene is a poor conductor of heat. Finally, the pipe is printed and
either coiled or cut to length.

[0047] In an aspect, the polymeric pipe fabricated from BPECs of this disclosure display
enhanced mechanical properties such as resistance to slow crack growth and rapid crack
propagation (RCP), and strength sufficient to warrant the designation PE100. Such pipes
may display the properties described below either singularly or in combination. The specific
methods for determination of these properties are described in more detail herein.

[0048] The Small-Scale Steady-State (S4) test is the current standard for measuring the
RCP resistance of polyethylene pipes. In the S4 test, the pipe specimens are seven diameters
long and are sealed at both ends and pressurized with air. Typically, pipe specimens are
conditioned externally at the test temperature, and then moved to the S4 rig for testing. A

sharp chisel-edged striker impacts the pipe at one end and drives a fast-running crack



Metallocene C+l +I +I C+I C+l C+N +N Metallocene to Reactor (ppm) 0.95+ 0.56 1.38+ 1.39 1.37+ 1.40
1.30+ 0.411.28+0.41 1.17+ 0.97 1.46+ 1.73 Autocl%/e Residence Time (Min) 22.86 P2.26 12.54 22.80

through the main section of the pipe. While the crack propagates, internal disc baffles
spaced along the pipe length suppress axial decompression ahead of it, so that the pressure at
the crack-tip is approximately equal to the test pressure during the entire course of crack
growth. This promotes steady-state crack growth. Further, in the S4 test, a containment
cage around the specimen prevents flaring of the pipe. This also limits the failure mode to
steady-state crack propagation while minimizing ductile transient bursting. The S4 test
details and procedures are described in the ISO 13477 standard. The test can be performed
at a fixed temperature to determine the critical pressure (P.) required to sustain RCP.
Alternatively, a series of tests at a given/fixed operating pressure (usually 5 bars) and at
various temperatures can be used to measure the critical temperature (7;) for RCP to be
sustained. Generally speaking, the temperature of a pipe must be below a critical limit even
for RCP to be initiated. Once RCP is initiated, the pressure within the pipe must exceed a
critical value to sustain steady state crack propagation. Therefore, for a pipe, low S4 T, and
high S4 P, will help minimize RCP failures.

[0049] The lower the S4 critical temperature the better, since it results in a broader end-
use temperature range for the pipe. A pipe fabricated from the BPECs disclosed herein,
having an 8-inch nominal outer diameter with a standard diameter ratio (SDR = OD/t, where
t = wall thickness) of about 11, may have a critical temperature value determined according
to ISO DIS 13477 (S4 test) of equal to or less than about —15 °C, alternatively equal to or
less than about —20 °C, alternatively equal to or less than about —25 °C.

[0050] A modified Charpy impact test, referred to as the Razor-Notched Charpy Impact

Test, has emerged as a useful indicator of the resistance to RCP fractures. This modified
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Charpy test is described in detail in ASTM F 2231. This test involves measuring the impact
energy when a thin molded rectangular plaque (with a razor notch) is impacted by a
swinging pendulum. This test can be performed at multiple temperatures; enabling one to
determine the temperature at which the failure mode changes from ductile to brittle. The
results from this test are as follows: (i) impact energy (in Joules) at room temperature and (ii)
the lowest temperature at which the failure was clearly ductile (hinge break with an impact
energy > 0.15 J); for convenience, this temperature will be referred to as the Charpy ductile
to brittle critical temperature, Charpy Tg,. Generally speaking, a higher room-temperature
impact energy and a lower Charpy Tg, means the ensuing pipe will have better RCP
resistance.

[0051] The BPECs disclosed herein may have a Charpy Tgp less than about —25 °C and a
room-temp impact energy greater than about 0.7 J; alternatively, the Charpy Ty less than
about —25 °C and a room-temp impact energy greater than about 0.8 J; alternatively, the
Charpy Ty, may be less than about —30 °C and the room-temp impact energy greater than
about 1.0 J; or alternatively, the Charpy Tg, may be less than about —35 °C and the room-
temp impact energy greater than about 1.5 J.

[0052] A majority of the field failures in pressure pipe (gas transport) applications are
attributable to a brittle fracture mode referred to as slow crack growth (SCG). This has led to
the development of many lab-scale tests, such as the Pennsylvania Edge-Notch Tensile Test
(PENT; ASTM F 1473) and the Full Notch Creep Test (FNCT; ISO 16770.3), to predict the
resistance to SCG of various polyethylenes. In the PENT test, rectangular bars notched (to

ensure brittle fracture) are subjected to a constant load at 80 °C until they finally break. The
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time to failure is recorded and is generally thought to be reflective of the SCG resistance of
the polymer. The BPECs disclosed herein may display high PENT values of greater than
about 1500 hours, alternatively greater than about 1900 hours. In an aspect, the BPECs
disclosed herein may display high PENT values of greater than about 500 hours for the
density range 0.948-0.952 g/cc.

[0053] HDPE pipes used for gas transport are under pressure for the duration of their
useful service. Often, fluctuations in pressure render the load to be dynamic. Therefore, it is
important to establish the maximum load that such a pipe can withstand without deformation
and damage over the expected lifetime (typically, many decades). The design stress and the
useful service lifetime of HDPE pipes are typically estimated by performing creep rupture
tests at multiple temperatures. In this test (ASTM D 1598), the pipe of interest is subjected
to a certain hydrostatic pressure (expressed as hoop stress) and the failure time is recorded.
Failure is defined as a continuous loss of pressure (leakage) from within the pipe. Typically,
a log-log plot of pipe hoop stress versus failure time is constructed and extrapolated to a
desired lifetime. The corresponding hoop stress at the desired lifetime and temperature from
the above-mentioned plot is used as the design stress (after the application of an appropriate
safety factor) for the application of interest.

[0054] In order to predict the design stress and durability of such pressure pipes,
accelerated testing is conducted at elevated temperatures. In other words, for a given pipe
and hoop stress level, failure occurs at shorter times with increasing temperature. The
general procedure to estimate the design stress and durability of HDPE pipes requires creep

rupture failure data spread uniformly over a two-year timeframe at the end-use temperature



'.0 C2= Feed Rate (1b/hr) 24.51 16.59 16.56 26.59 26.67 30.3 10.41 1-Hexene Feed Rate (1b/hr) 0.52
1.94 1.93 0.91 0.95 0.44 1.60 Total iC4 Flow Rate (lealhr) 52.68 3.14 3.14 52.74 53.25 63.72 .3.03 Solids
Conc. wt.% 23.70 12.50 12.10

(usually room temperature) and at two or three higher temperatures (typically in the 40-80
°C range). Subsequently, principles of time-temperature superposition are applied to the
data, which allows one to reasonably extrapolate the failure data at room temperature to a
few decades.

[0055] The design stress of a plastic pipe is often referred to as its long-term hydrostatic
strength (LTHS) or the minimum required strength (MRS). LTHS, estimated using ASTM
D 2837 (USA standard), is the estimated tensile stress in the wall of a pipe in the
circumferential orientation which, when applied continuously, will cause failure of the pipe
at 100,000 hours. The MRS of a pipe, estimated using the ISO 9080 standard, is the
functional equivalent of the LTHS (with a desired lifetime of 50 years) used internationally.
The LTHS and/or MRS of a pipe are used to certify gas pipes according to either ASTM D
2513 and/or ISO 4437. In other words, these values determine the maximum load that such
pipes can bear during their utilization for the transportation of natural gas. In an aspect, the
BPECs disclosed herein may be fabricated into pipe having a LTHS of equal to or greater
than 1000 hours per ASTM D 2513.

[0056] An MRS value (50 year extrapolated value at 20 °C; 97.5 lower prediction limit)
equal to or greater than 10.0 MPa corresponds to PE100 pressure rating. A PE80 pressure
rating means the MRS was equal to or greater than 8.0 MPa and less than 10.0 MPa. The
MRS of a pipe (2 inch nominal OD with a SDR of about 11.0) may be determined by
performing extensive creep rupture testing at 23 °C, 60 °C and at 80 °C and applying
principles of the ISO 9080 extrapolation method. In an aspect, the BPECs disclosed herein

may be fabricated into a PE8O pipe, PE100 pipe, or both.



21.70 23.00 24.80 15.10 Polymer Production (1b/hr) 18.78 18.48 18.11 17.75 18.89 23.92 14.00 Density
(pellets) (g/cc) 0.9504 1.9516 1.9520 0.9528 0.94902 .9509 1.9497 HLMI 10.32 .12 14.87 11.65 7.93 4.0
'.24 Melt Index (MI)

[0057] In an aspect, a BPEC of this disclosure may display a pellet density of about
0.9509 g/cc, a MWD of about 13.1, and a HLMI of about 4.0 g/10 min. Such a composition
may be fabricated into a PE pipe having an S4 critical temperature of about —30 °C and a
Charpy Tdb of about —40 °C.
[0058] Alternatively, a BPEC of this disclosure may display pellet density of about
0.9504 g/cc, a MWD of about 14, and a HLMI of about 10.32 g/10 min. Such a composition
may be fabricated into a PE pipe having an ISO at 80 °C and 5.5 MPa of greater than about
2014 hours and a PENT at 2.4 MPa of about 448 hours.
[0059] Alternatively, a BPEC of this disclosure may display a pellet density of about
0.9516 g/cc, a MWD of about 15.2 and a HLMI of about 9.12 g/10min. Such a composition
may be fabricated into a PE pipe having an ISO at 80 °C and 5.5 MPa of greater than about
2014 hours and a PENT at 2.4 MPa of about 1660 hours.

EXAMPLES
[0060] For each of the following examples, the following metallocenes were evaluated
either in combination or alone to determine their effect on polymer attributes, particularly
rapid crack propagation and pipe strength. For convenience, the various metallocenes are set

forth below with letter abbreviation:




0.201.101.07 0.11 0.07 0.06 1.08 HLMI/M1 521112 106 113 67 3 For run 14, the second portion of
aluminum alkyl (TNBAL) was fed directly to the reacg;r. In addition, a 500 mL precontactor was used,
rather than the 2 Liter vessel. 37 Pent (hrs) (2.4 Mpa) lam? 0991 588 8E81 617E1 119

[0061] The following testing procedures were used to evaluate the various polymers and
compositions.

[0062] Melt index (MI, g/10 min) was determined in accordance with ASTM D 1238
condition F at 190 °C with a 2,160 gram weight.

[0063] High load melt index (HLMI, g/10 min) was determined in accordance with
ASTM D 1238 condition E at 190 °C with a 21,600 gram weight.

[0064] Polymer density was determined in grams per cubic centimeter (g/cc) on a
compression molded sample, cooled at about 15 °C per hour, and conditioned for about 40
hours at room temperature in accordance with ASTM D 1505 and ASTM D 1928, procedure
C.

[0065] Melt rheological characterizations were performed as follows. Small-strain
(10%) oscillatory shear measurements were performed on a Rheometrics Scientific, Inc.
ARES rheometer using parallel-plate geometry. All rheological tests were performed at 190
°C. The complex viscosity m*| versus frequency (®) data were then curve fitted using the
modified three parameter Carreau-Yasuda (CY) empirical model to obtain the zero shear
viscosity — 7, characteristic viscous relaxation time — 7;, and the breadth parameter — a.

The simplified Carreau-Yasuda (CY) empirical model is as follows.

0
|77*(0))|: 7 ay(-n)la °
[1+ ()" ]
wherein: I7*(w) | = magnitude of complex shear viscosity;

1o = zero shear viscosity;
Ty = viscous relaxation time;

a = “breadth” parameter;



Charpy TJb (C)  017- Or 5E-ISO 80 C @S.S Mpa (hours) >2014 171 0Z< 9961< 9961<  S4 Critical
Temperature (C) )5 0

n = fixes the final power law slope, fixed at 2/11 or zero as specified in the
examples; and
o = angular frequency of oscillatory shearing deformation.

[0066] Details of the significance and interpretation of the CY model and derived
parameters may be found in: C. A. Hieber and H. H. Chiang, Rheol. Acta, 28, 321 (1989);
C.A. Hieber and H.H. Chiang, Polym. Eng. Sci., 32, 931 (1992); and R. B. Bird, R. C.
Armstrong and O. Hasseger, Dynamics of Polymeric Liquids, Volume 1, Fluid Mechanics,
2nd Edition, John Wiley & Sons (1987); each of which is incorporated herein by reference in
its entirety. The CY “a” parameter is reported in the tables for the resins disclosed herein.

[0067] A “Quantachrome Autosorb-6 Nitrogen Pore Size Distribution Instrument” was
used to determined specific surface area (“surface area”) and specific pore volume (“pore
volume”). This instrument was acquired from the Quantachrome Corporation, Syosset, N.Y.
[0068] Molecular weights and molecular weight distributions were obtained using a PL.
220 SEC high temperature chromatography unit (Polymer Laboratories) with
trichlorobenzene (TCB) as the solvent, with a flow rate of 1 mL/minute at a temperature of
145 °C. BHT (2,6-di-tert-butyl-4-methylphenol) at a concentration of 0.5 g/L. was used as a
stabilizer in the TCB. An injection volume of 200 ul. was used with a nominal polymer
concentration of 1.5 mg/mL. Dissolution of the sample in stabilized TCB was carried out by
heating at 150 °C for 5 hours with occasional, gentle agitation. The columns used were three
PLgel Mixed A LS columns (7.8x300mm) and were calibrated with a broad linear
polyethylene standard (Chevron Phillips Chemical Company Marlex® BHB 5003

polyethylene) for which the molecular weight had been determined.
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[0069] Molecular weight distributions and SCB branch profiles were obtained through
size exclusion chromatography using an FTIR detector. Chromatographic conditions are
those described above. However, the sample injection volume was 500 microliters. Samples
were introduced to the FTIR detector via a heated transfer line and flow cell (KBr windows,
1 mm optical path, and ca. 70 pL cell volume). The temperatures of the transfer line and
flow cell were kept at 143 + 1 °C and 140 + 1 °C, respectively. Perkin Elmer FTIR
spectrophotometer (PE 2000) equipped with a narrow band mercury cadmium telluride
(MCT) detector was used in these studies.

[0070] All spectra were acquired using Perkin Elmer Timebase software. Background
spectra of the TCB solvent were obtained prior to each run. All IR spectra were measured at
8 cm’ resolution (16 scans). Chromatograms were generated using the root mean square
absorbance over the 3000-2700 cm™ spectral region (i.e., FTIR serves as a concentration
detector). Molecular weight calculations were made as previously described using a broad
molecular weight polyethylene (PE) standard [see Jordens K, Wilkes GL, Janzen J, Rohlfing
DC, Welch MB. Polymer 2000; 41:7175]. Spectra from individual time slices of the
chromatogram are subsequently analyzed for comonomer branch levels using chemometric
techniques. All calibration spectra were taken at sample concentrations which far exceeded
that needed for good signal to noise (i.e., > 0.08 mg /mL at the detector).

[0071] SCB determination was made as follows. Narrow molecular weight (M,/M, ~1.1
tol.3), solvent gradient fractions of ethylene 1-butene, ethylene 1-hexene, polyethylene
homopolymers, and low molecular weight alkanes were used in calibration and verification

studies. The total methyl content of these samples ranged from 1.4 to 82.7 methyls per 1000
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total carbons. Methyl content of samples was calculated from M, or measured using C-13
NMR spectroscopy. C-13 NMR spectra were obtained on 15 wt.% samples in TCB using a
500 MHz Varian Unity Spectometer run at 125 °C as previous described [see Randall JC,
Hsieh ET, NMR and Macromolecules; Sequence, Dynamic, and Domain Structure, ACS
Symposium Series 247, J. C. Randall, Ed., American Chemical Society, Washington DC,
1984.]. Methyl content per 1000 carbons by NMR was obtained by multiplying (X 1000)
the ratio of total methyl signals to total signal intensity.

[0072] A partial least squares (PLS) calibration curve was generated using Pirouette
chemometric software (Infometrix) to correlate changes in the FTIR absorption spectra with
calculated or NMR measured values for methyls/1000 total carbons for the 25 samples. The
FTIR absorption spectra used in the calibration model were made from co-added spectra
collected across the whole sample. Only a portion of the spectral region (2996 and 2836 cm’
'Y was used in the calibration step in order to minimize the effects of residual solvent
absorption. Preprocessing of spectral data included area normalization, taking the first
derivative of the spectra and mean centering all data.

[0073] A four component calibration model was calculated and optimized using the
process of cross validation (RSQ=0.999, SEV=0.7). The calibration model was verified
using 23 additional samples. The predicted versus actual values for the validation data
showed excellent correlation (RSQ=0.987) and exhibited a root mean square error of
prediction equal to +/- 0.4 methyl groups per 1000 total carbon molecules.

[0074] SCB levels were calculated by subtracting out methyl chain end contributions.

The amount of methyl chain ends were calculated using the equation Me.=C(2-V )/M,
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where Me,. is the number of methyl chain ends per 1000 total carbon molecules, C is a
constant equal to 14000, V. is the number of vinyl terminated chain ends (1 for chromium
catalyzed resins), and M is the molecular weight calculated for a particular slice of the
molecular weight distribution.

EXAMPLE 1

[0075] Alumina A, from W.R. Grace Company, was impregnated to incipient wetness
with an aqueous solution of ammonium sulfate. Typically, the alumina had a surface area of
about 330 mZ/gram and a pore volume of about 1.3 cc/gram. The amount of ammonium
sulfate used was equal to 20% of the starting alumina. The volume of water used to dissolve
the ammonium sulfate was calculated from the total pore volume of the starting sample (i.e.
2.6 mLs of water for each gram of alumina to be treated). Thus, a solution of about 0.08
grams of ammonium sulfate per mL of water was employed. The resulting wet sand was
dried in a vacuum oven overnight at 120 °C, and then screened through a 35 mesh screen.
Finally, the material was activated in a fluidizing stream of dry air at 550 °C for 3 hours, in
the case of bench scale samples, or 6 hours, for the larger pilot plant samples. The samples
were then stored under nitrogen.

EXAMPLE 2

[0076] The metallocenes used in the various examples were purchased or prepared as
follows. While certain preparations are set forth herein, it should be understood that the
metallocenes used in accordance with this invention can be prepared using numerous
techniques. Several techniques are described in U.S. Patent Application Serial No.
10/876,948, filed June 25, 2004 and entitled “Improved Synthesis Of Ansa-Metallocenes

And Their Parent Ligands In High Yield,” incorporated by reference herein in its entirety.
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Also, metallocene compounds can be prepared as described in U.S. Patent Application Serial
Nos. 10/876,891 and 10/876,930, both filed on June 25, 2004 and entitled “Polymerization
Catalysts For Producing Polymers With Low Levels Of Long Chain Branching,” U.S. Patent
Application Serial No. 11/208,077, filed August 19, 2005 and entitled ‘“Polymerization
Catalysts and Process for Producing Bimodal Polymers in a Single Reactor,” and U.S. Patent
Application Serial No. 11/209,006, filed August 22, 2005 and entitled ‘“Polymerization
Catalysts And Process For Producing Bimodal Polymers In A Single Reactor,” the
disclosures of which are incorporated by reference herein in their entirety.

[0077] All manipulations involving air-sensitive reagents and materials were performed
under nitrogen by using standard Schlenk line or dry box techniques. The solvent THF was
distilled from potassium, while anhydrous diethyl ether, methylene chloride, pentane, and
toluene (Fisher Scientific Company) were stored over activated alumina. All solvents were
degassed and stored under nitrogen. Zirconium (IV) chloride (99.5%) and n-butyllithium
were purchased from Aldrich Chemical Company and were used as received. Products were
analyzed by 'H NMR (300 MHz, CDCl3, referenced against residual CHCl; peak at 7.24
ppm) or 3C NMR (75 MHz, CDCls, referenced against central line of CDCl; at 77.00 ppm).
[0078] 2,7-di-tert-butylfluorene was prepared according to the procedure in Bull. Chem.
Soc. Jpn., 1986, 59, 97-103.

[0079] Metallocene I: Bis(indenyl)zirconium dichloride was purchased from Witco
(Eurecen 5032).

[0080] Metallocene C: Phenyl—3—butenylmethylidene(n5—cyclopentadienyl)(n5—9—2,7—di—

tert-butylfluorenyl)zirconium dichloride was prepared as follows. A solution of 42.3 g (152
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mmoles) of 2,7-di-t-butylfluorene in 150 mLs of dry, degassed THF was cooled in dry ice.
A solution of n-butyl lithium in hexanes, 61 mLs of 2.5 M (152 mmoles) was added
dropwise over 30 minutes. The bath was then removed. After stirring for an additional 90
minutes, this solution was added to 38 g (167 mmoles) of 6-phenyl-6-(3-butenyl)fulvene in
100 mLs of THF while cooling in an ice bath. The addition took 1 %2 hours. The mixture
was allowed to warm while stirring for about 120 hours.

[0081] While cooling in a water bath, a solution of 6 g of ammonium chloride in 100
mLs of water was added followed by 100 mLs of heptane. The layers were separated and
the organic layer was washed with 3 X 100 mLs of water, filtered, and dried over sodium
sulfate. The solvent was stripped off and the product was crystallized from a minimal
heptane and washed with methanol before drying.

[0082] A portion of the ligand from above, 20.0 g (41.3 mmoles) was dissolved in
diethylether and cooled in dry ice. A hexanes solution of n-butyl lithium, 33 mLs of 2.5 M
(82.5 mmoles), was added over 0.5 hour. The bath was removed and the orange slurry was
stirred overnight. This slurry was then added to a slurry of 10.1 g (43.3 mmoles) of
zirconium (IV) chloride in 200 mLs of n-pentane cooled in ice water. The bath was removed
and the slurry was stirred for 5 days and then the slurry was filtered through sodium sulfate.
The solid was washed with pentane and then extracted with methylene chloride. The
solution was taken to dryness to yield 21.5 g of orange solid (80%).

[0083]  Metallocene N: Zr{n’-CsH,-[(CH,);CHs]}{n’-CoHe-1-(CH,CH=CH,)}Cl, was
prepared as follows. A 500 mL Schlenk flask was charged with nBuCpZrCl; (20.0g,

62.7mmol) and approximately 400 mL of diethyl ether. The resulting slurry was cooled to 0
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°C, after which time (10.7g, 66.0mmol) of Li[(CoHg)-1(allyl)] was cannulated as an ethereal
solution. The reaction mixture was stirred overnight at ambient temperature and the solvent
was removed in vacuo. The resulting solid was dissolved in toluene and centrifuged to
remove LiCl. Removal of solvent in vacuo yielded a yellow-brown solid, which was
dissolved in a dichloromethane/pentane mixture and was cooled to —35 °C for a couple of
hours. Resulting slurry was filtered, and the precipitate was dried under reduced pressure
(0.1 mm, 1 h) to yield the product as a yellow solid (17.0g, 62%). 'H NMR (CDCl;, 6) 0.87
(t, J=7.2Hz, CH3), 1.50-1.22 (m, CH»(CH>),CH3), 2.58-2.42 (m, CH»(CH,),CH3), 3.77-3.62
(m, CH,=CHCH,), 5.10-5.02 (m, CH,=CHCH;), 5.78-5.76 (m, 1, CsHa4), 5.87-5.83(m, 2,
CsHy), 5.99-5.91 (m, CH,=CHCH,), 6.04-6.00 (m, 1, CsH), 6.39-6.37 (m, 1, CoHp), 6.63 (d,
J= 3.0Hz, 1, CoHg), 7.28-7.18 (m, 2, C9Hp), 7.60-7.56(m, 2, CoH).
EXAMPLE 3

[0084] Bench Scale polymerization was performed in a 1 gallon Autoclave Engineers
reactor. Solutions of Phenyl—3—butenylmethylidene(n5 —cyclopentadienyl)(T]5 -9-2,7-di-tert-
butylfluorenyl)zirconium dichloride were made at 1 mg/mL in toluene and used as follows.
To a Wheaton bottle containing 58 mg of sulfated chemically treated solid oxide (CTSO
sulfated with HSOy), 45 mLs of dry heptane were added followed by the specified amount
of either 25wt.% TIBAL (triisobutylaluminum) or 19 wt.% TnBAL (tri-n-butylaluminum)
and then 1 mg (1 mL of solution) of metallocene in toluene. After contacting for 15 min, the
slurry was charged to a dry autoclave under isobutane purge. Following addition of 2 Liters
of isobutane, the slurry was stirred while raising the temperature to the set point. Once the

temperature was within 5 degrees of the set point, ethylene was added and fed on demand
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during the run to maintain the desired total pressure. At the end of each run, volatiles were
vented from the reactor and the dry product was removed. During the polymerization no
hexene or hydrogen were added. Polymerization at 100 °C was conducted at 447 psig total
pressure, while at 90 °C the total pressure was 390 psig, or about 14 mole% ethylene in each

casc.

Table 1
Bench Scale Polymerization
Time | Temp. R3Al Solid PE |Productivity Metal}qcene CT.S.O

Run No. (min) ©) (mmoles) () (/o) Activity Activity

(g/gfhr) (g/gfhr)
1 60 100 | TnBAL,0.27 | 4519 451900 451900 7791
2 60 100 | TnBAL, 0.54 | 427.8 427800 427800 7376
3 60 100 | TnBAL, 0.54 | 380.0 380000 380000 6552
4 60 100 | TnBAL, 0.80 | 284.0 284000 284000 4897
5 60 90 TIBAL, 0.69 136.4 136400 136400 2352
6 60 90 TnBAL 0.13 70.0 70000 70000 1207
7 30 90 TnBAL, 0.27 | 180.0 180000 360000 6207
8 60 90 TnBAL, 0.54 | 277.0 277000 277000 4776
9 60 90 TnBAL, 1.07 | 315.0 315000 315000 5431

Productivity is grams of polyethylene produced per gram of metallocene. Metallocene activity is grams of polyethylene
produced per gram of metallocene per hour. CTSO activity is grams of polyethylene produced per gram of CTSO per hour.

Table 2

Bench Scale Polymer Properties

M,/1000 | M/1000 | M,/1000 CY-a Measurement
RunNo |~ mol) | (g/mol) | (gimol) | VWMn | 4 opq | P01 T(°C)
1 12376 | 30599 | 609.6 | 247 | 0.4404 | 0.0000 190
2 13152 | 33537 | 6865 | 255 | 04363 | 0.0000 190
3 145.78 | 35793 | 7268 | 246 | 0.4445 | 0.0000 190
4 171.17 | 4005 8027 | 234 | 0.4428 | 0.0000 190
5 25925 | 648.62 | 14109 | 2.5 | 0.4130 | 0.0000 190
6 24462 | 67206 | 1459 275 | 04076 | 0.0000 190
7 18401 | 52059 | 11159 | 2.83 | 0.4010 | 0.0000 190
8 337.03 | 878.03 | 19229 | 2.61 | 0.3941 | 0.0000 190
9 23656 | 63329 | 12889 | 2.68 | 0.4245 | 0.0000 190
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[0085] The data in Table 2 show that polymers produced with metallocene C have very
narrow molecular weight distributions, with M/M, generally < 3. The Carreau-Yasuda a
parameter, CY-a, is generally greater than 0.4, further illustrating the limited “rheological
breadth” due to the narrow MWD and low levels of long chain branching.

[0086] Figure 1 illustrates the linearity of the resins obtained from catalyst C when run
alone. The Arnett line represents the expected dependence of zero shear viscosity for linear
polymers when plotted against the weight average molecular weight. The other lines
describe the expected zero shear viscosity for polyethylene containing either 1 long chain
branch/100,000 total carbons or 1 long chain branch/1,000,000 total carbons as derived from
the Colby-Janzen model for long chain branching. Clearly, this catalyst system produces
very low levels of long chain branching and pipe resins produced from it will contain very
low levels of long chain branching. Furthermore, long chain branches in the longest
molecules have the strongest effect on the rheology of the polymer. Therefore, the
detrimental effects of long chain branching are minimal.

EXAMPLE 4
[0087] Metallocene I: Under nitrogen, 1.00 g of solid metallocene I,

bis(indenyl)dichlorozirconium, was slurried in 30 mL of hexene-1, followed by addition of
25 grams of neat (93%) triethylaluminum. This solution was diluted with 200 to 300 grams
of n-heptane and transferred to a steel vessel. Isobutane was added to obtain a total of 40
pounds of solution.

[0088] Metallocene C: Under nitrogen, 2.00 g of solid metallocene C, 1-(phenyl)-1-(3-
butenyl)-1-(cyclopentadienyl)-1-(2,7-di-tert-butylfluorenyl)methane zirconium dichloride,

was slurried in about 200 mL of hexene-1, followed by addition of 25 grams of neat (93%)
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triethylaluminum. This solution was diluted with 100 to 240 grams of n-heptane and
transferred to a steel vessel. Isobutane was added to obtain a total of 40 pounds of solution.
[0089] Metallocene N: Under nitrogen, 2.00 g of solid metallocene N, n-butyl-
(cyclopentadienyl)-1-allyl-(indenyl) zirconium dichloride, was dissolved in 420 mL of
toluene. This solution was transferred to a steel vessel and isobutane was added to obtain a
total of 40 pounds of solution.

EXAMPLE 5

[0090] Pilot plant polymerizations were conducted in a 23-gallon slurry loop reactor
at a production rate of approximately 25 pounds of polymer per hour. Polymerization runs
were carried out under continuous particle form process conditions in a loop reactor (also
known as a slurry process) by contacting a metallocene solution in isobutane and a small
amount of toluene, triethylaluminum, and a solid activator in a 2 L stirred autoclave with
continuous output to the loop reactor.

[0091] The precontacting was carried out in the following manner. Triethylaluminum
solution and metallocene solutions in isobutane were fed as separate streams into a tee
upstream of the autoclave where they contacted each other. The solid activator was flushed
with isobutane into a tee between the aforementioned tee and the autoclave, contacting the
triethylaluminum/metallocene mixture just before entering the autoclave. The isobutane
flush used to transport the solid activator into the autoclave was set at a rate that would result
in a residence time of approximately 25 minutes in the autoclave. The total flow from the
autoclave then entered the loop reactor.

[0092] Ethylene used was polymerization grade ethylene (obtained from Union Carbide

Corporation) which was purified through a column of alumina and activated at 250 °C (482
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°F) in nitrogen. 1-Hexene, when used, was polymerization grade 1-hexene (obtained from
Chevron Chemicals Company) which was purified by nitrogen purging and storage over 13-
X molecular sieve activated at 250 °C (482 °F) in nitrogen. The loop reactor was a liquid
full, 15.2 cm diameter, loop reactor, having a volume of 23 gallons (87 liters). Liquid
isobutane was used as the diluent. Some hydrogen was added to regulate the molecular
weight of the low molecular weight component of the polymer product. The isobutane was
polymerization grade isobutane (obtained from Chevron Phillips Chemical Company,
Borger, Texas) that was further purified by distillation and subsequently passed through a
column of alumina [activated at 250 °C (482 °F) in nitrogen].

[0093] Reactor conditions included a pressure around 580 psi (4 MPa), and a
temperature that was varied from about 90 °C (194 °F.) to about 99 °C (210 °F) as indicated
in Table 3. Also, the reactor was operated to have a residence time of 1.25 hours. The solid
activator was added through a 0.35 cc circulating ball-check feeder and fed to the 2-Liter
autoclave as described above. Metallocene concentrations in the reactor were within a range
of about 1 to 2 parts per million (ppm) of the diluent in the polymerization reactor. Polymer
was removed from the reactor at the rate of about 25 Ibs per hour and recovered in a flash
chamber. A Vulcan dryer was used to dry the polymer under nitrogen at about 60-80 °C
(140-176 °F).

[0094] Cocatalyst triethylaluminum (TEA) (obtained from AKZO Corporation) or tri-n-
butylaluminum (TnBAL) (obtained from Albermarle) was also used. The cocatalyst was
obtained as a 10 wt.% solution in heptane, but was further diluted to 1 weight percent. The

cocatalyst was added in a concentration in a range of from about 8 to 120 parts per million of
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the diluent in the polymerization reactor. To prevent static buildup of the reactor, a small
amount (less than 5 ppm, by weight, of diluent) of a commercial antistatic agent sold as
“Stadis 450” was usually added.

[0095] Various resins were prepared according to the above procedure, as specified in

Table 3. Table 4 presents a summary of the results.

Table 3.
Process Conditions for Various Experimental Runs.

1) Run No. [10 11 12 13 14 15 16
(2) Activator-SulfatedSulfatedSulfatedSulfatedSulfatedSulfated{Sulfated

Support |aluminajaluminajaluminaaluminajaluminajaluminajalumina
Metallocene C+I C+I [C+I |[C+I [C+I |C+N [C+N
Metallocene 0.95+ |1.38+ [1.37+ |[1.30+ ([1.28+ |l.17+ |[l.46+
to Reactor (ppm) 0.56 039 040 (041 041 097 0.73
Autoclave Residence Time (Min) 22.86 [2.26 [22.54 [22.80 [22.66 |14.53 19.17
Cocatalyst Type TEA [TEA [TEA [TEA [TEA [TnBAL[TnBAL
Cocatalyst (ppm) 9.41 [10.05 P.75 P.69 9.45 35+75 [24.67
Rx Temp (°C) 98.7 1899 899 1899 9.9 1900 190.0
Ethylene (mol%) 12.50 [18.54 [19.32 (1940 [1791 [14.25 [14.80
1-hexene (mol%) 037 1024 024 (024 025 047 0.51
C6=/C2= (Mole Ratio) 003 001 001 001 .01 (0.03 [0.03
H, (mlb/hr) 4.5 3.5 3.5 3.5 3.5 3.8 4.0
C2= Feed Rate (Ib/hr) 2451 [26.59 [26.56 [26.59 [6.67 [30.3 30.41
1-Hexene Feed Rate (Ib/hr) 0.52 1094 093 091 [095 044 [0.60
Total iC4 Flow Rate (Ib/hr) 52.68 [53.14 [53.14 [52.74 [53.25 [63.72 163.03
Solids Conc. wt.% 23.70 [22.50 P2.10 [21.70 P3.00 [24.80 [25.10
Polymer Production (Ib/hr) 18.78 |18.48 |[18.11 [17.75 [18.89 [23.92 [24.00
Density (pellets) (g/cc) 0.9504 10.9516 10.9520 [0.9528 [0.9490 |0.9509 0.9497
HLMI 1032 9.12  [14.87 []11.65 [7.93 UK.0 4.24
Melt Index (MI) 020 0.10 0.07 |0.11 0.07 |0.06 |0.08
HLMI/MI 52 01 212 106 113 67 53

For run 14, the second portion of aluminum alkyl (TNBAL) was fed directly to the reactor.

In addition, a 500 mL precontactor was used, rather than the 2 Liter vessel.



61:9 961.33 lal999L32 | azztts (10110) 000 WIN 91.93 ZZ 99*Z 1. 1..293 00mAdn 4.578048

37

% 001. [noi.

990669.9

‘Kuedwo)) reorwey)) sdifmyd uorasy) £q apewr FJAH N9 SH 9[qe[ieAe A[[EIoIouruo st /| uny

g¢- - - - 0S6°0 - |eAneredwod| L]
0~ 68'6 6€T L6V6°0 YTy 006 | OCON+O | 91
€19 ob- 0¢- '€l 19T 6056°0 00t 006 | (TDN+D SI
(343 9y 092 06¥6°0 €6'L 668 | (I'©) +D v1
8¢8I 9961< - - 8756°0 S9'T1 668 | (TOHD €1
88 9961< €61 €ve 7560 L8V 668 | (7' I+D 4
0991 y10T< TSI LYT 9156°0 AN 668 | (SOI+D I1
344 ¥10T < vl 061 ¥056°0 €0l L8 | (LDI+D 01
) 6 5) ur one
0 Y% 08 OSI vw 19[I°d WRd J0JOEIY [9UIIO[BIA

synsay jo Arewrung 4 9[qe]




Full width at half peak max

FWHM

00 001. 1,17017929 996999tt

Run 14 039 Bimodal (exp.) Bimodal (fit)y LMW Congg)onent (cat from fit)

91261.1.29 46.220684

uonnjosal yeed = o

Xew yead jley 18 YIpm Ind = WHAMA

/€2850'1 puaig
61€9/9/°0 | S90665'S () usuodwod MINH
SLIS/9LL | 8v08.SY (1) Jusuodwod MINT
@WHME + EWHMA(TW-29N)Z = o o WHMA (lowB)p W ead woy eleq
€6 (MAT) "W/ MIAH) PIN
9Z6'v 280 611 18698285'S  [L.28¢E LZ'8ch €85/ 6Z2°0.¥ 1'€92 966599 (4 woy oed) Jusuodwod MINH
$Z6°0 Sz'L 6°€ 168L¥SISY [¢9/€ 11°SY 0zl ¥10S o8’z PPOPEE 9SG (34 woy o[ed) Jusuodwio) MINT
2.97T L18'L €901 18698¢8S°G  [1.C8E /981 /089 LLEET 2 0oL (3ij) fepowig
8¥8'C ¥8L°L 266 6.9V¥80€9S [Lv'LCY 10°90Z 6652 Sh'SgZ 9.'62 00l ("dxa) lepowng
one d (fow/8) (jow/3) (fow/3) (Jow/3) (1ow;3) % 03s

N al WFN W60l 000LFN | 00OLAW | 00OLAW 000LMN | 00OLMW
gL uny
GGEYET | pusig
16G92/8°0 | 8/TvPSS (1) Jusuodwod MINH
922/860°'L 986/Z8 (1) usuodwiod MINT
(TNHMA + LIWHMA/(LPW-2W)Z2 = o S| WHMA W }ij yead woly ejeq
o9l (MINT) “W/AMINH) *IN
6¥8'% 626°0 a0¢C B6E6YPOLES'G €L°0ve 8'8ZY Sv/8 YOOy 96°/22 89022 9V (34 woyy ofed) Juauodwo) AMINH
8290 viLL ye'e LBYOEVLIE Y 11202 896Gz '89 £€'6C 6.8 9le6.LLES (1} woy 91ed) usuodwiod MINT
8/6°C 966°L vl vl BEBYOLES'S €1°0vE 19611 6'6L8 66°Z€T 18°S1 00l (W) repowng
6LPT 966'L €5'€l €6¢1./998Y'S 1990€ | 959l v'zel sezIe 69'GL 00} ("dxe) |epouwig
5 Upp i B (jow/3) (tow/5) (low/5) (ow/3) (low/3) % 23s

A al W Wh 000LPW | 00OLMW | 00O 000L™A | 00OLMN
¥l uny

UOINJOAUOD(] UISSY ' JqR L



HMW Component (calc from fit) (MIN1) minl/(VIVIH) Data from peak fit 1LMW Component (fit) 11-IMW
Component (fit) pual9 Run 16 038 [Bimodal (exp.) '‘Bimodal (fit) LMW Component (cat from fit) HMW
Component (calc from fit) (Mm) m0\41/i1H) Data from peak fit LMW Component (fit) HMW Component
(fit) puella R = peak resolution 39 [0096]The decagvolution of resins from Runs 14 and 16, as shown in
Table 5, demonstrates that the two components are well separated in molecular weight, as seen from the

ratio of the weighpgygragermolReHALEIANAEIE Righ RpeeulatvRIoNt gRrRGRanbliyded by the

weight average molecular weight of the low molecular weight component. The table also provides further
evidence that thesfighmalaquirinvelght sepppaneithas apauewimalasular weight distdpution (MVVD),

Mw/M, < 3. The MVVD of the low molecular weight component is slightly broader. Table 6. Comonomer
Levels in Compofisiit Reaki by HEGdghiRistiad\aolecular weight of the high molecular weight

component divided by the weight average molecular weight of the low molecular

weight component. The table also provides further evidence that the high molecular

weight component has a narrow molecular weight distribution (MWD), Mw/M, < 3.

The MWD of the low molecular weight component is slightly broader.

Table 6. Comonomer Levels in Component Peaks by SEC-FTIR

High Molecular Weight| Low Molecular Ratio
Run No. Peak Weight Peak (High/Low)
SCB/1000 Total C | SCB/1000 Total C sLow
10 1.20 0.42 2.88
11 0.69 0.19 3.62
12 1.59 0.63 2.53
13 1.30 0.43 3.03
14 1.74 0.83 2.09

[0097] The data in Table 6 show that the hexene comonomer has preferentially
been placed in the high molecular weight component, as shown from the ratio of the
number of short chain branches/1000 total carbons found in each component. The
high molecular weight component contains more than twice as many short chain
branches.

[0098] Without further elaboration, it is believed that one skilled in the art can,
using the description herein, utilize the present invention to its fullest extent. While
aspects of the invention have been shown and described, modifications thereof can be
made by one skilled in the art without departing from the spirit and teachings of the
invention. The aspects and examples described herein are exemplary only, and are not

intended to be limiting. Many variations and modifications of the invention disclosed



High Molecular Weight Peak SCB/1000 Total C Low Molecular Weight Peak SCB/1000 Total C Ratio
(High/Low) 10 1.20 0.42 2.88 11 0.69 0.19 3.62 12 1.59 0.63 2.53 13 1.30 0.43 3.03 14 1.74 0.83 2.09
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herein are possible and are within the scope of the invention. Where numerical
ranges or limitations are expressly stated, such express ranges or limitations should
be understood to include iterative ranges or limitations of like magnitude falling
within the expressly stated ranges or limitations (e.g., from about 1 to about 10
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc.). Use of the
term "optionally" with respect to any element of a claim is intended to mean that the
subject element is required, or alternatively, is not required. Both alternatives are
intended to be within the scope of the claim. Use of broader terms such as comprises,
includes, having, etc. should be understood to provide support for narrower terms such
as consisting of, consisting essentially of, comprised substantially of, etc.

[0099] Accordingly, the scope of protection is not limited by the description set
out above but is only limited by the claims which follow, that scope including all
equivalents of the subject matter of the claims. Each and every claim is incorporated
into the specification as an aspect of the present invention. Thus, the claims are a
further description and are an addition to the detailed description of the present
invention. The disclosures of all patents, patent applications, and publications cited
herein are hereby incorporated by reference, to the extent that they provide exemplary,

procedural or other details supplementary to those set forth herein.



[0097]The data in Table 6 show that the hexene comonomer has preferentially been placed in the high
molecular weight component, as shown from the ratio of the number of short chain branches/1000 total
carbons found in each component. The high molecular weight component contains more than twice as
many short chain branches. [0098]Without further elaporation, it is believed that one skilled in the art can,
using the description herein, utilize the present invention to its fullest extent. While aspects of the
invention have been shown and described, modifiepljgpg thereof can be made by one skilled in the art
without departing from the spirit and teachings of the invention. The aspects and examples described
herein are exemplary onlynafichad® petyaIsndRAtmbesimiting.iManyaariatings pnd dmadifications of the
invention disclosed 40 herein are possible and are within the scope of the invention. Where numerical
ranges or limitationsmiee4aesstysiapethcgutimexpigsndangascr: limitations should be understood to
include iterative ranges or limitations of like magnitude falling within the expressly stated ranges or
limitations (e.g., from alout 1 teabiowt polyadivides, yByeheetc angretdhtersdrand0.p@ yablyldes 0.11, 0.12,
0.13, etc.). Use of the term "optionally" with respect to any element of a claim is intended to mean that the
subject element kOperpuRRidhaye aMeMsateNcighhdstdntivae! B Wiwrsatihes 3re intended to be within the
scope of the claim. Use of broader terms such as comprises, includes, having, etc. should be understood
to provide support for ndrowePtdHisPelic HEoFRIRINGO NS Sigtifyedsetifiatirisht dbthprised
substantially of, e%%%[?OOQ e{%’c r(ﬂn Ig, the scope of protection is not limited by the description set out
above but is onIyt ed' l/) 8?18' eiP%s Wﬁ’f?ﬂefgilow, that scope including all equivalents of the subject

matter of the claims. Ee&tc;? an%g\ﬁergy %f;\i%h@ W&Q%%%E% ﬁggoath%,sga%%irﬂc?tiggl as gnaspect of the
present invention. Thus, the claims are A further of)es%rlptlon and are 'an addition to the detailed description

of the present inygilign., Lt AISBSHRES Ml PRicalsReRLARRY GAtIANGiRAdPUDlications cited herein

are hereby incorporated by reference, to the extent that they provide exemplary, procedural or other
details supplementary tgifhose\setdsthhafRinw4dnCldMS Lafdinitimedalpobretinyleme composition

having at least a first polyethylene component and a second polyethylene component wherein: (a) the
first polyethylenepobmpgiesntcangdhensecahe peigathyengccamponantwiaye aimblecatandveight
distribution of equal to or less than 5; (b) the first polyethylene component has a higher molecular

weight than the sedperiblypolyetmpenmtaehypeerarit;and 2(c) the first polyethylene component has an "a"
parameter value of equal to or greater than 0.35 when fitted to the Carreau-Yasuda equation with n=0.
(d) the ratio of the weigf® avethg@4rmoliseliennaigtie of trecfirprpdigeinjtendaortbbnent to the weight
average molecular weight of the second polyethylene component is between 9 and 20; (e) the S4 critical
temperature of the compbsitidASSIBLY RS- STPHEAEHERY S AHLLSHHILRBHSS from 0.920 glec to
0.965 g/cc; (9) the fgét pol&/lteetplylen %?lgrg onent comprises a. copo%rg(-i‘r of et?yl&g\% and 1-olefin and

S, Q ene_component co T1SCS | d 0] T (v . .
the second polyethylen componenf &8 €saco o]I]ymer ofethylene and t-olefin wherein the 1-olefin

i he first poyetyiene comagneq aneie seandalieiiisos sompanent mayebe same or

different; (h) the po?y spersity of the composition is ; and load melt index

of the compositiofys &RUAL P QEHEST AR I A LR AT AeTiis: SRR ShHAIR: Inwherein the first
polyethylene component contains equal to or less than one long chain branch per 10,000 carbons. 42 3.
The composition Rt glaipa1d-nhrRiRibdRpURtOR EhoMchaip Aranehing in the first polyethylene component
to short chain branching in the second polyethylene component is equal to or greater than 1. 4. The
composition of claim 1 ihereimdlpel fdoigdisitisot thexemngoditiheidifginp 6lgedBdesna component and the
second polyethylene component. S.The composition of claim 1 wherein the amount of 1-olefin in the first

@) the high load melt index of the composition is equal to or less than 30
g/10 min.
2. The composition of claim 1 wherein the first polyethylene component contains

equal to or less than one long chain branch per 10,000 carbons.



polyethylene component is equal to or greater than 1.5 times the amount of 1-olefin in the second
polyethylene component. 6. The composition of claim 1 wherein the first polyethylene component is
prepared by a first metallocene catalyst, the second polyethylene component is prepared by a second
metallocene catalyst, and the First and second metajlpcene catalysts are not the same. 7. The
composition of claim 1 wherein the weight ratio of first polyethylene component to second polyethylene

component is eggal to qrhgr&ﬁ‘ﬁg%stfﬁ%ﬂ OrR1aith TREGRMRRSIUAD OF Glaim b havipgmpplesular weight

distribution of greater than 6. 9. The composition of claim 1 haying a 23 C notched Charpy impact energy

of greater than OfrJRIESRALAS IR IS- sHRP chiln Thmepmpasitienalalpipiilchayéng a Charpy
ductile to brittle critical temperature of equal to or less than -25 C per ASTM F 2231. 11. The composition

of claim 1 hayingcanhfiohht@f greatercihasakdb@hours per ASTM F 1473. 12. A PESO or PE100 pipe
comprising the multimodal polyethylene composition of claim 1. 13. A pipe comprising the multimodal
polyethylene composition of claim 1 and haying a long term hydrostatic strength equal to or greater than
1000 hours per ASTM D 2837. 14. A method of making the pipe of claim 12 comprising extruding the
multimodal pOlye‘i}hylenglﬁbﬁmﬁém(ﬁcﬁmfﬂﬁé p‘fb@r_ein the 1-olefin is 1-hexene in the first

polyethylene component and the second polyethylene component.

5. The composition of claim 1 wherein the amount of 1-olefin in the first
polyethylene component is equal to or greater than 1.5 times the amount of 1-olefin in

the second polyethylene component.

6. The composition of claim 1 wherein the first polyethylene component is
prepared by a first metallocene catalyst, the second polyethylene component is
prepared by a second metallocene catalyst, and the first and second metallocene

catalysts are not the same.

7. The composition of claim 1 wherein the weight ratio of first polyethylene

component to second polyethylene component is equal to or greater than 0.5.

8. The composition of claim 1 having a molecular weight distribution of greater
than 6.
9. The composition of claim 1 having a 23 °C notched Charpy impact energy of

greater than 0.7 Joules per ASTM F 2231.
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10. The composition of claim 1 having a Charpy ductile to brittle critical

temperature of equal to or less than -25 °C per ASTM F 2231.

11. The composition of claim 1 having a PENT of greater than 1500 hours per

ASTM F 1473.

12. A PE8O0 or PE100 pipe comprising the multimodal polyethylene composition

of claim 1.

13. A pipe comprising the multimodal polyethylene composition of claim 1 and
having a long term hydrostatic strength equal to or greater than 1000 hours per ASTM

D 2837.

14. A method of making the pipe of claim 12 comprising extruding the

multimodal polyethylene composition to form the pipe.



