WD 2008/ 063804 PCT/ US2007/ 082193 CO EXTRUDED
MULTI - LAYERED BATTERY SEPARATOR Field of the Invention
wab@sloeasvery separator disclosed herein is a CRET/US2007/082193

extruded, nulti-layered battery separator. One

enbodi nent of this separator may be used in |ithium
ion batteries. Background of the Invention

Mul ti-layered battery separators are disclosed in, for
exanple, U S Patent Nos. 4650730 5240655 5281491;

t he foregoing references nentlon t hat nultl-layered
separators may be nmade by a co-extrusion process, in
conmerci al practice, the co-extrusion process has
been difficult tBiehpl efehite oinvekibhe®rcial basis.
Particularly, the products of previous co-extrusion

t ritad shathaaey besgre fatanghli s idsadhilfeorenint yi s sswes t hat
have inhibited the commercialization of products nade

ext RYdddatmprtocessye r khese: St efpairta tick .beldrey ethbodimeat
fromthe intricacies associated with S|nultaneously

of &xiduding at,.l egst gl S mislay: Relige s tilehaugh a
narroworifice di'e. 1 W 2008/063804 PCT/ US2007/082193
Accordingly, the prior attenpts to produce a
co- ext ruded, nultl-layered battery separator have

yi el ded non-un r odyct such,, no co-extruded,
mul ti -l ayered 324 QJ%i3 eritﬁsgl E1e8mercial Iy
avai | abl e.

Multi-layered battery separators are disclosed in, for
example, U.S. Patent Nos.: 4650730; 5240655; 5281491;
5691047; 5691077; 5952120; 6080507; 6878226; and U.S. Patent

Publication No. 20020136945.

While several of the foregoing references mention that
multi-layered separators may be made by a co-extrusion
process, in commercial practice, the co-extrusion process
has been difficult to implement on a commercial basis.
Particularly, the products of previous co-extrusion trials
have been fraught with uniformity issues that have inhibited
the commercialization of products made by that process.
These issues, it is believed, arise from the intricacies
associated with simultaneously extruding at least two

dissimilar polymers through a narrow orifice die.



Therefore, there is a need for a co-extruded, nulti-
| ayered battery separator having uniform physica
wWEe@poeIsieLs. Summary of the I nvention A batterRCT/US2007/082193
separator conprises a co-extruded, m croporous
menbrane having at |east two | ayers nmade of
extrudabl e polymers and having: a uniforn1thickness
deflned by a standard de & <0. 80 nicrgns
ACCQRITLY (o B TRbosoR - 28156 Pl By A ged:
strength >60 ans Descrlptlon of the Invention _The
mulqmaarﬁrqﬁathaér%;ﬁréfemr@rtoghéllawebéﬂ&éé@fi. peg-WidHorm
regard to use in secondary lithiumion batteries
proquety. , Ag hosth,used dar eedidudeionast] tiapeysrednpat&rsy
and other devices requiring a |ight-weight charge
sepSti@age deyicejmeddididiyngvarideddteood, however, that
the invention is not so limted and the instant
battery separator may be used in 2 WO 2008/ 063804
PCT/ US2007/ 082193 other battery systens (e.g., N M,

Ni'ﬁ‘fier%écgﬂgéa' N& e i MBIY nddd HdMa Q) -R&ME-@&ckeWhu1kA -

genera ttery separators for use in I|th|un1|on
batteries are he
taygig ﬁﬁgovﬁ gt ysefrg:aa %3%%3”51 oqgr%t%flﬁg h| c ness -

less, than 5 mls (125pm, or Iess than 2 mls (50
Pro&ﬁﬁtl?ﬁ less than 1 mi| (25 pm), the practical |ower
limt is about 1/3 ml (8 pm); puncture strength -
greater than 400 grams, or greater than 550 granmns;

average pore sizes - 0.005-10.000 pm or 0.01-
Summary of the Invention

A battery separator comprises a co-extruded,
microporous membrane having at least two layers made of
extrudable polymers and having: a uniform thickness defined
by a standard deviation of <0.80 microns (pm); or an

interply adhesion as defined by a peel strength >60 grams.

Description of the Invention

The instant battery separator shall be described with
regard to use in secondary lithium ion batteries (e.g.,
those used in cell phones, 1aptop computers, and other
devices requiring a light-weight charge storage device). It
being understood, however, that the invention is not so

limited and the instant battery separator may be used in



5.00 pm or 0.05-2.00 pm Gurley values (ASTM D726(B))

- 5- 100 seconds, or 10-60 seconds. The instant
wh2a08063806epar at or i s a co-extruded, multi- | ape&r/Es2007/082193

battery separator. Co-extruded refers to a process

where polynmers are sinmultaneously brought together in

an extrusion die and exit fromthe die in a form

here a eneral |y pl] anar ructur, havi ng .at | east
Othqdoh SO S 1Ser & 11 ot HogdrG ar ed Aont rpIBEY
~of the discrete layers by, for exanple, a comm ngling
lithyfun heEpatdifers f9%9rni ng the interface of the discrete
| ayers. The extrusion die may be either a flat sheet
(or slot) die or a blowmn film (or annular) die. The
co-extrusion process shall be described in greater
detrai dedetow. DAL tert eyreech reeferon sk WD 2008/1063804
PCT/ US2007/ 082193 a separator having at |east two

bat t @YEES . aMildd cltayerat masnmbralee efand ehst fualevhesg
with 3, 4, 5 6, 7, or nore |ayers.. Each layer is

typi&ifﬁg?%i cgale epasad & Rl .y mem f 88t & reamddntant Bemils

extr e.” The layers may be of differing

(lzgéé]rirrl)(:knoefc’sfg’s's I\@? n 0.5 trt%lriésr a%—)q ?ﬁ@tr,stovfo.l%fsst . %afnee_‘Ldlm):/'Lrlrer(ZS

eans are of dissim 0 . Dissimlar po

refers to: . polyners having dissim.lar, chemc
Um)rmﬁ?ﬁeﬁ???ﬁié% id ¥$ﬂgdﬁgﬁéxﬁﬁﬂ%43cgl oﬁ%ngp)df
PE are polynmers having dissiml|ar chem cal natures);
PUNGHATDrSHREYHER ST PR e Fhed O KBTSl Fatdied Ut than
dissimlar properties (e.g., two PE' s having
550 dgfdmes i ngveraperpdes ees - derfdiiy40 A dm aer 0.01-
wei ghts, nol ecul ar wei ght distributions, rheol ogy,
5.0@dght i ¥es0.05-2.00 pm; Gurley values (ASTM-D726(B)) - 5-

100 seconds, or 10-60 seconds.

The instant battery separator is a co-extruded, multi-
layered battery separator. Co-extruded refers to a process
where polymers are simultaneously brought together in an
extrusion die and exit from the die in a form, here a
generally planar structure, having at least two discrete
layers joined together at the interface of the discrete
layers by, for example, a commingling of the polymers
forming the interface of the discrete layers. The extrusion
die may be either a flat sheet (or slot) die ér a blown film
(or annular) die. The co-extrusion process shall be

described in greater detail below. Multi-layered refers to



(conposition and/ or percentage), etc.)) However, the
pol yners nmay be the sane or identical. The polyners
WO bas/oeasy4 be used in the instant battery sepaPGI/v820a7/@82193
those that are extrudable. Such polynmers are
typically referred to as thernopl astic pol yners.
Exenplary thernoplastic polyners include, but are not
limted to: polyolefins, polyacetals ég{ ,
a sw%w%wr@]e%s ’lwi.yd}wqjéga&ye%| y 1&18—’1ayered may
pol ysul fi des, polyvinyl alcohols, polyvinyl esters,
alsaneepor yivd rit fuleiiases Pl ol ef ids 5.n@.ude, dsutmogice layers .
limted to: polyethylene (including, for exanple,

Each DREyer L1DPE ridPHy BHRRE)graoa yprlogmdrerfeeed stream into
pol ybutyl ene, 4 WD 2008/ 063804 PCT/ US2007/ 082193

the PokyHES 1yt P anerhe& or PR HETRIS, thersgofq i ramd-iklends
thereof. Pol yam des (nylons) include, but are not

thidikftd&ds t Qios P #adh dey 6,1 Ry AN, D& NN 1 E@ms
pol ypht hal am de (PPA), co-polyners thereof, and bl ends

t . i ncl ude. _ .bhut i m ta
wre O e T R T Gt o P P e i Rdrare;
nmers thereof,. and bl end t hereof ., Pol ysu| fi des

co- pol \ :
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co-polyners thereof, and bl ends thereof. Polyvinyl
PP, aPEohBl 304 it | tRobtearef ddt diSviRdgmegs having

et hyl ene-vi nyl al cohol, co-polyners thereof, and
dispienber ¢herneoil Rolyxesyl asst/as dagingde hapumdgaitdengame

limted to, polyvinyl acetate, ethylene vinyl
cheated At @atgoe pokty nét ss intiere gdromaut dends ¢.herteof PE’ s

Pol yvi nyl i denes include, but are not limted to:
havihgoai naéeohdadbydbewyt i genes. £ €. Flansity, molecular
weights, molecular weight distributions, rheology, additives
(composition and/or percentage), etc.)) However, the

polymers may be the same or identical.

The polymers that may be used in the instant battery
separator are those that are extrudable. Such polymers are
typically referred to as thermoplastic polymers. Exemplary
thermoplastic polymers include, but are not limited to:
polyolefins, polyacetals (or polyoxymethylenes), polyamides,
polyesters, polysulfides, polyvinyl alcohols, polyvinyl
esters, and polyvinylidenes. Polyolefins include, but are
not limited to: polyethylene (including, for example, LDPE,

LLDPE, HDPE, UHDPE), polypropylene, polybutylene,



pol yvi nyl i dene chl ori de, polyvinylidene fluoride), co-
pol yners thereof, and bl ends thereof. Various
wWOoreaosnemhs may be added to the pol yners. ThesePCT/US2007/082193
materials are added to nodify or enhance the
performance or properties of an individual |ayer or
the overall separator. Such materials include, but

are not limted to: terials to [.ower .t [t
POl R e . (8 PSS ey 266 aaHan DLFIare bR Fp=ot
the nulti-layered 5 WO 2008/ 063804 PCT/ US20Q7/082193
Polysapaias dmyileEsldédcd Uiy ePufe§FGnEdtt 611688 FPS pores

at a predeterm ned tenperature to block the flow_of
polyicorisieh et waml yartisiee6¢ot Mydes 0. (Re balyepfhatpmgde
function is comonly referred to as “~shutdown.' In
(PPIONe wipadivients tadrddigyemd $dpacat ghelregofa nPddlyesters
shut down | ayer. To | ower the shutdown tenperature of
incilie | aver ar@tsd alisivedd ha mRlliergert eapepablthallass,
than the polymer to which they are m xed, may be

fﬁﬂ%?ﬁt L LU B e, SUCh JRALRIEA $hHeRelddeanBubleate
l t ! A 2 !
po notllr#%e t o: natef%als MAtﬁ%g nmelting tenperature

the%%§§.trﬁghf%§¥%%%é§ i eg’kﬁ&!%QQeEBQSIQHiEQBYQE?fin

of i'goners.” Su errals 1'nclude, but are not limted

to: polyaol efin waxes ol yet hyl ene wax, | vpropyl
polygheny hol bk tive b B GHIE Tier GoF) PG Chor 2oL
materials may be |oaded into the polyner at a rate of

Polyv g 08 B10RMeS ptsAtte. BHuttddvmi e &€ pel ow
140C are obtainable in one enbodi nent. Shut down

ethybeperatuy s bedlovl 1 30C Ralemestsn dinegisiad /i fnet kéends
enbodi nent s.

thereof. Polyvinyl esters include, but are not limited to,
polyvinyl acetate, ethylene vinyl acetate, co-polymers
thereof, and blends thereof. Polyvinylidenes include, but
are not limited to: fluorinated polyvinylidenes (e.g.,
polyvinylidene chloride, polyvinylidene fluoride), co-

polymers thereof, and blends thereof.

Various materials may be added to the polymers. These
materials are added to modify or enhance the performance or
properties of an individual layer or the overall separator.

Such materialg include, but are not limited to:

Materials to lower the melting temperature of the

polymer may be added. Typically, the multi-layered



Materials to inprove the nelt integrity of the
menbrane nmay be added. Melt integrity refers to the
W@Ri0BI06380Hf the menbrane to limt its |oss orPCT/US2007/082193
deterioration of its physical dinension at el evated
tenperatures such that the el ectrodes renmain
physically separated. Such materials include mnera
fillers. Mneral fillers_ include, but are not limted
SePRIFR L WOIDOHT DGR PCHUSTOTH (821395 36 PRASS AL 2
synthetic silica, diatomaceous earth, mca, nanoclay,
predrireymmigiad i tapesidiusen th ddiagek thiet ddiowmedi dyange between
barium sul fate, cal ci um carbonate, alum num hydroxi de,
the nelgesiade hydi dticddarntetyhe |THdes, famdthloends teemeafly
Such materials may al so include, but are not limted
refd®red it® ad | betwadime filersd reldadangnass of ichensyand
chopped polymer fibers. Loading rates range from 1-60

sepMHOF dde 5 ROlRS OfuddiSd avsler Suah MRLeN ahe nay

al so include high nelting point or high viscosity

Shuér)rc%%%?: =i rea[ﬂ & of the %Ve'i aggltllé:?%kkéﬁ% %lictl?l a fn.le%é:ing

may al so i nclude “crds ng or coup

agent s. teriagls tq i rovet%gﬁr.e gth or _toughness
CeMTr S T A ety D TG, Sud it ST & Fndi(as

el astoners. Elastomers include, but are not limted
may the HIRA dife ProBAeMET EPRUCe AHSEHEL ST dprIieRe- dPEfe

(EPDM), styrene- butadiene (SBR), styrene isoprene
are (1I8p1R)1irettgd i denenatirrigorsnerid Y BBl tépax empedature

pol yur et hane and bl ends thereof. Such materials nmay
lesal slomn ncd ude, bout eweengict, |paliviedet £ i, or pe lyicdierfsn

Fine fibers include glass fibers and
oligomers. Such materials include, but are not limited to:
polyolefin waxes (polyethylene wax, polypropylene wax,
polybutene wax, and blends thereof). These materials may be
loaded into the polymer at a rate of 5-50wt% of the polymer.
Shutdown temperatures below 140°C are obtainable in one

embodiment. Shutdown temperatures below 130°C are

obtainable in other embodiments.

Materials to improve the melt integrity of the membrane
may be added. Melt integrity refers to the ability of the
membrane to limit its loss or deterioration of its physical
dimension at elevated temperatures such that the electrodes
remain physically separated. Such materials include mineral

fillers. Mineral fillers include, but are not limited to:



chopped pol yner fibers. Loading rates range from
2-30wt % of the polyner of the layer. Such nmaterials
woreaesabsed i ncl ude  cross-1inking or coupling apEnUS$2007/082193

hi gh viscosity or high nelting point materials. 7 WD

2008/ 063804 PCT/ US2007/ 082193 Materials to inprove

the antistatic properties of the nenbrane may be

added.  Such materials include, for exanple,
talgmﬂﬁ%ﬁ%ﬂﬂm:%Xﬂﬁﬁ%?lqwﬁ% 'Iéi SONE @ééthbuﬁlﬁﬁe

not limted to, glycerol rmnostreat es, ethoxyl ated
nanchiates ,boysal y@tth@u@ (eslgllcqreldelsxxatde?.o@lt@@rxmlr ditakige,

avai l able from Sanyo Chem cal Industrial of Japan).
bariwwadiuif atat escalangen darmtoror @01 -a10wi%uof hiykdeogdldgner

of the layer. Materials to inprove the surface

magied abidydne:afdd hthd sepanatkey, @y ke caddednedeeli. such
materials include, for exanple, wetting agents.

matdetdidNGAgents g, it ae RRL 1kiTicked b0, fine
et hoxyl at'ed al cohol s, pr| mary pol yrrerl c carboxylic

flbea% i%q}%ﬁ%%r(seoﬁ%il po?@ %%%/:fﬁ %unctl onaﬁgggcei W|th
o B S S U S DN P

the |ayer. I\/hterl als to inprove the surface tribol ogy
POl iRa ¥t 135fe% he LEFaMRGE 1fdy HEvadde®. 18gahde high

materials include [lubricants. Lubricants include, for
me 1igkagmpdal ntf |ortoisdl ywisiaes ity @rgapelcy viatgiiiddse €.9. .

fluoride, polytetrafluoroethylene, |ow nolecular
PTFIveghtUKMWER opdyatensiterslals agentd se igelude cross-

linking or coupling agents.

Materials to improve the strength or toughness of the
membrane may be added. Such materials include elastomers.
Elastomers include, but are not limited to: ethylene-
propylene (EPR), ethylene-propylene-diene (EPDM), styrene-
butadiene (SBR), styrene isoprene (SIR), ethylidene
norbornene (ENB), epoxy, and polyurethane and blends
thereof. Such materials may also include, but are not limited
to, fine fibers. Fine fibers include glass fibers and
chopped polymer fibers. Loading rates range from 2-30wt% of
the polymer of the layer. Such materials may also include
cross-linking or coupling agents or high viscosity or high

melting point materials.



8 WO 2008/ 063804 PCT/ US2007/ 082193 ol eam de,
stearam de, erucam de, Kemam de, calcium stearate,
w@RosHOese4 Loadi ng rates range from 0.001- 10wt PeDUS20011€82193

pol ynmer of the layer. Materials to inprove the polyner
processi ng may be added. Such materials include, for
exanpl e, fluoropolyners, boron nitride, polyolefin
waxes. Loading rates range from 100ppmto | Om % of
the polyner of the layer. Materials to inprove the
flame retardant nature of the nenbrane may be added.
Suékt giptaels ds dnryaite, torndigaistdc wiomantdesd ofl &ke
retardants, ammoni um phosphate, ammoni um hydroxi de,

memiatamg mayt hehyedidede, ashoblphedehEsd sestnerludiat éoiraksample,
facilitate nucleation of the polyner may be added.

ant Suedt tmtpfdrad s, | noldide auic] eafdnty dgentsle, bucl eati ngt
agents include, but are not limted to, sodium

1imPeg o e g djRenzy lidensa: qordid Ole tiHdRSh ke hicken cal

derlvatlves Loadlng rates are conventional. Materials

porigfaler 10 | DTy B el g g o

t he  manuf act of the i ant .battery separator, the
sanys| HETA G ARG BA IS 5 g m &R TE: Fajered=noe

nonporous precursaor, and then the precursor IS
frO%r%c@%&é&W?f ?QﬂqﬁquP%ﬁWﬁ%ﬁgrégl MY SSpor es may be

formed by a "wet' process or a dry' process. The wet
process (also referred

Materials to improve the surface wettability of the
separator may be added. Such materials include, for
example, wetting agents. Wetting agents include, but are
not limited to, ethoxylated alcohols, primary polymeric
carboxylic acids, glycols (e.g., polypropylene glycol and
polyethylene glycols), polyolefin functionalized with
maleic anhydride, acrylic acid, glycidyl methacrylate.
Loading rates range from 0.01-10wt% of the polymer of the

layer.

Materials to improve the surface tribology performance
of the separator may be added. Such materials include
lubricants. Lubricants include, for example, fluoropolymers
(e.g., polyvinylidene fluoride, polytetrafluorocethylene, low

molecular weight fluoropolymers), slip agents (e.g.,



as: sol vent extraction, phase inversion, thermally
i nduced phase separation (TIPS), or gel extraction)
w@emsedshd i nvol ves: the addition of a renovabdBUS2007/082193

material prior to the formation of the precursor, and

subsequently renoving that material, for exanple, by

an extraction process to formthe pores The dry

process (also referred to as the Ce %rd process)

leypié? al FyeRFRBIdRos S8 FUH g ke sorclratum

i ncluding any renoval material for pore formation);
steammieal | PEl 1¢ener ecRzding arrk st nEngdd fgarhd Modcuilsig® of

to formthe mcropores. The instant invention will be
the dpstyssedheried nedger. Wwth regard to the dry process.

To obtain the uniformdi nensional properties of the

i nstant co-extruded, nulti-layered battery separator,

an extrusion die having a specific shear rate was

us@ge e 1o W@Se o dehSr e d 25"5 hele JALEy oyt rﬂﬁe

di e nust be at a m ni mum 4/ sec at "a throughput of

R

CT/ US2007/ 08 /sec at a t.hro ut of 18-100
bor%s%t (ge |&§Pear IO |F8tHferrange from
ameters are those conventl onal 'y known. Exanples
10015!‘1??% For 6y NP ¥ v tR ORI (Qr (e h%’l%t rated in the
followi ng exanples. Table 1 illustrates 11 sanples
made according to the foregoing discussion of the
invention. Table 2 illustrates the use of various

matetealsls otd npnorveve tiiee nEldmd Metgridantomatthere of the
separator to a separator w thout
membrane may be added. Such materials include, for example,

brominated flame retardants, ammonium phosphate, ammonium

hydroxide, alumina trihydrate, and phosphate ester.

Materials to facilitate nucleation of the polymer may
be added. Such materials include nucleating agents.
Nucleating agents include, but are not limited to, sodium
benzoate, dibenzylidene sorbitol (DBS) and it chemical

derivatives. Loading rates are conventional.

Materials to color the layers may be added. Such

materials are conventional.



such material. Table 3 illustrates the use of other of
the foregoing materials to inprove various properties
W@RooBhes80&separ at or. The test procedures used iPCT/US2007/082193
conpiling the information in the Tables is set out
bel ow. Test Procedures CGurley: Gurley was neasured by
two nethods. In the first nmethod defined as the
Japanese I ndustrial Standard GQurle JIS Gurley),
1 g JFHBHAREE U< Ihg ieh e TR é{bﬂqptafatorr
tester. JIS Gurley is defined as the tine in seconds
the rpgumestk fare 100 wd-wided ita Fqras e midddghagsaedsquar e
inch of filmat constant pressure of 4.8 inches of
nonpidud pidwisenoncmetdice tGe Ipgpeaussweaswr edocessed to
according to the ASTM D 726 procedure and is defined
formStHdentdMBpdresl] WO ARQHARG380R4, BET/FJSR@Q7HY8219F et/
seconds reqU|red for 10cc of air to pass through one

prod&iare: 4 nciy f +ddBA!. Congd qpir preRsWL @fich 8eferred

I nches of FQ enS|Ie properties: MD and TD Tensil e
I
R e

Punct ur e stren s neasur.ed using . stron

Pha g SR T ST Da 63 S 6 &&ﬁl&rwﬁgy
strength are_newtons. The neasurenents are nad

invekfess e WHMH G B rFet AR P'6d It Sdd 1t we lé\?ertﬁgéae
puncture energy (puncture strength) is defined as the

fortharten eRduie adreaipaatct el theoesReddiplremopagly that
Strength or Adhesion: Intra-layer adhesion is

material, for example, by an extraction process to form the

pores. The dry process (also referred to as the Celgard
process) generally involves: extruding a precursor (not
including any removal material for pore formation) ;
annealing the precursor, and stretching the precursor to
form the micropores. The instant invention will be

discussed hereinafter with regard to the dry process.

To obtain the uniform dimensional properties of the
instant co-extruded, multi-layered battery separator, an
extrusion die having a specific shear rate was used. It was
determined that the shear rate of the die must be at a
minimum 4/sec at a throughput of 18-100 lbs/hr (8.2-45.4

Kg/hr) per layer. In one embodiment, the shear rate was >

10



tested using the Chatillon TCD- 200 Peel Force Tester.
Shri nkage: Shrinkage is neasured at 90C for 60 m nutes
W@ 20080630410di fi ed ASTM D-2732-96 procedure. ThPCRO8287/082193
The nenbrane thickness val ues are neasured using the
Emveco M crogage 210- A precision mcronmeter according
to ASTM D374. Thi ckness values are reported in wunits
of micronmeters (pm. 20 individual m cronet er readi ngs
8/s¢aizlh %C?%@JSTP@J%@E h-&f1 @he R el Sarde 4avér &gédr) per
Porosity: The porosity of the m croporous filmis
layereasiuk e do e mepdioaineASIVM  RR8T 3hadiqy v oFerepdrismmarld yVisnown .
Integrity: Hi gh Tenperature Melt Integrity is
measured usi ng Thermal Mechani cal Analysis 12 WD
2008/ 063804 PCT/ US2007/ 082193 (TMA). The TMA
conpressi on probe is usgdahgragasure the thickness
change of a separator undéer conpression at a constant

¢ f
oo S LR S SR T e

dr 0 d h

fOl% errpll}g#]e%aarngpefneea% tnlenga%lg n%glg%l]tl S%t{]gsb ]16ls tam%ehes ade
f t hi | ectrol yte I d

accéj“é‘?rb‘al‘-% tﬁ?wee #fé"r?o?l 2h 7 R IR yﬁ Hfhgpgté%(ar%eélﬁ&%nno?

sargJI e from opaque to nearl y transpar ent i s recorded.

Tableyr2 thelyRt it e epatst Gf vaapsew arcerdidsl gopémprove
nearly uniformtranslucent with no opaque areas. A

the nosl weinttdd el tanpl ehetmparatoy dqyaci tsgpaERtor without
(Electrical Resistance): The units of electrical

such material. Table 3 illustrates the use of other of the

foregoing materials to improve various properties of the
separator. The test procedures used in compiling the

information in the Tables is set out below.

Test Procedures

Gurley: Gurley was measured by two methods. In the
first method defined as the Japanese Industrial Standard
Gurley (JIS Gurley), Gurley is measured using the OHKEN
permeability tester. JIS Gurley is defined as the time in
seconds required for 100 cc of air to pass through one
square inch of film at constant pressure of 4.8 inches of
H,O. In the second method, Gurley is measured according to

the ASTM D-726 procedure and is defined as the time in

11



resi stance are ohmcn2. The separator resistance is
characterized by cutting small pieces of separators
wo e@anedses fini shed material and then placi ng BCEES2007/082193
between two bl ocking electrodes. The separators are
conpletely saturated with the battery electrolyte
gﬁth ﬂ.OM Li PF6 salt in EC EMC solvent of 3:7 ratio
y volune. The resistance, R (Q of the separator is
SeCC?Feda%lﬁeéﬂllﬂf;?%-fﬁroﬁé)cﬂcqfwﬁé&aswepﬁééhﬁ' 889% PREoPHEF-©
to reduce the neasurenent error on the
inctelectiridde/ae pamatemnt musssage, ofult. Bplaciess ofeehit s
are needed by adding nore separator |ayers. Based on
t heengilld igdadtyiers medas wrehdt Serntshid eelsécenigcal is
(ionic) 13 WO 2008/ 063804 PCT/ US2007/ 082193

mead 8 SLANGR; 1R2HOn Modde s3vnanater-asabutat edTw-8b2
el ectrolyte is then calculated by the formula, R .=

proééaurgWere_ps is the ionic resistivity of the
separator in @Qcm A is the electrode area in cn2 and

1is the thickness of eRar nggp Ln cmg

'Hé??%ﬁ?%?rﬁ59§?§€§hém% oﬁgé%gﬁgﬁ%g&éd o&@%%g&%d Bhing

variation of separator resjstance (AR, wth multiple
InsgegartfdR! 1444 LT3 Fhitdt ™ £3di%en By, YNHi§pet= A5 =

AR . (2) Also see U S. Patent Application Serial No.
pundutz 0s 4B 5 ere AFTWiorE - e NPt Shicecedare made

related to "ionic resistance', incorporated herein by
across erlencel dRi o Revtovatichetheysidvate ovalthee 8V egipgelat es

the cell wnding process. Pin Rempbval force is the
pundOli€e émegianmpuncture strength) is defined as the force
required to puncture the test sample.

Peel Strength or Adhesion: Intra-layer adhesion is
tested using the Chatillon TCD-200 Peel Force Tester.

Shrinkage: Shrinkage is measured at 90°C for 60 minutes
using a modified ASTM D-2732-96 procedure.

Thickness: The membrane thickness values are measured
using the Emveco Microgage 210-A precision micrometer
according to ASTM D374. Thickness values are reported in
units of micrometers (pm). 20 individual micrometer readings
taken across the width of the sample are averaged.

Porosity: The porosity of the microporous film is
measured by method ASTM D2873.

High Temperature Melt Integrity: High Temperature Melt

Integrity is measured using Thermal Mechanical Analysis

12



required to pull the pin fromthe center of jelly roll
after wnding. A battery w nding nachine was used to
wowRed/oeised separator around a pin (or core or PERUSMD}/082193
The pinis a tw (2) piece cylindrical mandrel with a
0.16 inch dianeter and a snooth exterior surface.
Each piece has a semcircular cross section. The
separator, discussed below, is taken up on the pin.
(TMAphe Th# {1V q@%@%ﬁﬂ@{g@ﬁ@% )lsoﬁlsféﬁ B0 2BES10638he
PCT/ US2007/ 082193 the separator is 0.5 kgf and
thichersaftmmyhe Sepaeparatier wolad cmpyr asatieomnftt en
(10) inches in twenty four (24) seconds. During
congitaith Nradh densi g ald ethengages-dthere Separcatrored Eirog
wound on the mandrel. The tension roller conprises a

25 & &oskanst of rod &3 |pegteth OMrH@Sicde 1eRROSjst e t he

separator feed, a % pneunatic cylinder to which 1

thlé%a{eéjé J?étfaﬂ@&% &d¢ @ppl '@ékl(ﬁ’&?f%se@@?ﬂ)g and a

rod interconnecting the roller and the cylinder.

temTehreatuPé’a%n ﬁt—h{nﬁ“ ea%rslt?}I two (2) 30 mm (width) x 10"

i'eces of eing tested. Five (5) of

R A T A Tl

spllced onto a se arator feed roll on the W|nd| ng
elegiplehl ¥ie® whE PR aed ¥erd fRMHFoRE Hde reglasde -offhehe

separator, i.e., distal the spliced end, ink marks
chapge Tmdmwpaddte o S Fhe rommdadus dld greed 1w t h

the far side of the pin (i.e., the side adjacent the
trathemnsian: 1oltergrdddie Bepartad oretitabdrgaget raeioreen t he

pi eces of the pin, and winding is begun with the
appéSREh&d bl Bl ®ngaged.y uniform translucent with no
opagque areas. A non-wettable sample retains its opacity.

ER (Electrical Resistance): The units of electrical
resistance are ohm-cm’. The separator resistance is
characterized by cutting small pieces of separators from the
finished material and then placing them between two blocking

electrodes. The separators are completely saturated with
the battery electrolyte with 1.0M LiPF¢ salt in EC/EMC
solvent of 3:7 ratio by volume. The resistance, R (Q) of

- the separator is measured by 4-probe AC impedance technique.
In order to reduce the measurement error on the
electrode/separator interface, multiple measurements are
needed by adding more separator layers. Based on the

multiple layer measurements, the electrical (ionic)

13



When the 7" mark is about ;5" fromthe jellyrol
(separator wound on the pin), the separator is cut at
W@ b@s/osaspk, and the free end of the separat orPEBHUS2007/082193
secured to the jellyroll wth a piece of adhesive
tape (1" wde, /2" overlap). The jellyroll (i.e., pin
W th separator wound thereon) is renoved fromthe
wi ndi ng nachi ne. An acceptable jellyroll 15 WO
resﬂ@mﬁc@eﬁsw (POT/d4S200 /| 332133 orhas thirawreidn kdies and no
tel escoping. The jellyroll is placed in a tensile

eleé%féi&ﬂé]fé*ﬂﬁgn(daf%ulégéﬁ|ﬂQ(Hhéw¥8¥mﬁﬂgp 500- Ms

fromcChatillon Inc., Geensboro, NC) wth a |oad cel
(501bs x 0.021b; Chatlllon DFGS §O) The strain rate
is 2.5 inches per minute agpd=d3ta fromthe |oad cell1)
is recorded at a rate of 100 poﬁnts per second. The
peak force is reported as the pin renpoval force. Al so
see: U S. Patent No. 6,692,867, incorporated herein

wheRy pefier eneeiobiel eekrkeiBleakdewshe VOLHAGELHS in Q-cm,
increased on a sanple wuntil a dielectric breakdown of

A 1§r%%én%f%#éﬂodé<¥g§ %?Qm1 Qbﬁ'%?&é'% grgggggﬁgsés the

expressed i'n vol separ i S ace Ween
electrodes and a volta Is applied across the

SePIF e JHERPL e %mag%hes ﬁ%%a%éé bnt Fhe siePectric

breakdown of the separator is observed. Strong

calsepated of s show giha fiadd We seldrager A¥istance (AR)
non- unifornity can lead to a low failure vol tage.

thaé}wiﬁ ST CHOBIh B0 URorBugVRE BT aPY

Inc.). Pore size is expressed in mcrons, m

Also see U.S. Patent Application Serial No. 11/400,465 filed
April 7, 2006, test procedure related to ‘ionic resistance’,
incorporated herein by reference.

Pin Removal: The pin removal test simulates the cell
winding process. Pin Removal force is the force in grams
required to pull the pin from the center of jelly roll after
winding. A battery winding machine was used to wind the
separator around a pin (or core or mandrel). The pin is a
two (2) piece cylindrical mandrel with a 0.16 inch diameter
and a smooth exterior surface. Each piece has a
semicircular cross section. The separator, discussed below,

is taken up on the pin. The initial force (tangential) on

14



M xed Penetration: M xed penetration is the force
required to create a short through a separator and is
wezpsessed in kil ogramforce, kgf. M xed penetPEI/USI007/682193
the force required to create a short through a
separator due to m xed penetration. In this test one
starts wwth a base of a 16 WO 2008/ 063804
PCT/ US2007/ 082193 first nmetal plate, on top of this
the (feparatemp|id &d %@fe@tndofchemar#&&é P%@teeﬁiegﬁr%ﬁrt 6P
of cathode is placed a separator, and on top of t he
woursk s &t araties qfl dsed @ 09hderchefs anoderentat ol (24) bal |
tip of 3 mMmmis then provided attached to a force
secgalge. Die ralWirddimg,s ac armedioad rod lielre ehigagk snehal
plate by a resistance nmeter. Pressure is applied to
sepditf- dalde i woMHL o $HeeERMGeE 10N tihe fehegogaugeler
Once force is applied, there builds up an anode m x

com dséas catode et §idiNe: Side Rl bhe tseparator.
n t he reS|stance falls dramatically it indicates a

oppqy sy Tl kb0 AL A oo eh%a@lée%fye%ﬁag&a&bon-

rrat’i on neasur'es rengt
separ.at or and resi stance tomar penetratlon
whicthils Bads HedtF I T Srore aa‘i’é’ “@“ens ChorgEd’ rngnd 2
, behavior of a real cell. It is a better _indicator
" W@QﬂﬂﬁﬁﬁﬁﬁQﬂﬂﬁ%ﬁ%ﬂﬁuﬁhﬁ(ﬁOQ%ﬁﬁ &6 paeatcyt INCRE - béhgve
inacell. This test is used to indicate the tendency

sepafats@paratorst s il Slordd gy dwiiddhduri A§” paecepyof
assembly. Al so see U.S. Patent Application Serial No.
the TP b Hdinedfprdd. 7,Fi2R06(5)i ndortpesat eephepsiomshypre
ref erence.
tested, the results averaged, and the averaged value is
reported. Each piece is spliced onto a separator feed roll
on the winding machine with a 1” overlap. From the free end
of the separator, i.e., distal the spliced end, ink marks
are made at ¥” and 7”. The %" mark is aligned with the far
side of the pin (i.e., the side adjacent the tension
roller), the separator is engaged between the pieces of the
pin, and winding is begun with the tension roller engaged.
When the 77 mark is about ¥” from the jellyroll (separator
wound on the pin), the separator is cut at that mark, and
the free end of the separator is secured to the jellyroll
with a piece of adhesive tape (1” wide, %” overlap). The

jellyroll (i.e., pin with separator wound thereon) is

removed from the winding machine. An acceptable jellyroll

15



17 WO 2008/ 063804 PCT/ US2007/082193 WN N a~ d d. N
p~~o OMMd OLnh 110 00 ~0 cd WOON ~ ~ N

W@L@8M083804/ aao.cy 00, r- r Oa N rn 00 O t~ HTUSPONS2193
MMNN WOrl1 00 NOct 0O0Oa aa rn~oci 00 Ln
V) 110 Ln C71\ 00 C) g 00 ~t O "t CNI'D C A cd
00 WMNOV) 4 C) Wwd \\as~:m)%lJLNO
r'lpd NO WONCYNOO N[- MOn g d
has e Grimkles ead gp Welegcopindln Fhe oeN Yroll s Placed

in a tensile strength tester (i.e., Chatillon Model TCD 500-
MS from Chatillon Inc., Greensboro, NC) with a load cell
(501bs x 0.021b; Chatillon DFGS 50). The strain rate is 2.5
inches per minute and data from the load cell is recorded at
a rate of 100 points per second. The peak force is reported
as the pin removal force. Also see: U.S. Patent No.
6,692,867, incorporated herein by reference.

Dielectric Breakdown: Voltage is increased on a sample
until a dielectric breakdown of the material is observed.
Dielectric Breakdown is expressed in volts. A separator is
placed between two electrodes and a voltage is applied
across the electrodes. The voltage is increased until
dielectric breakdown of the separator is observed. Strong
separators show high failure voltage. Any non-uniformity
can lead to a low failure voltage.

Aquapore Size: Pore size is measured using the Aquapore
available through PMI (Porous Materials Inc.). Pore size 1is
expressed in microns, pm.

Mixed Penetration: Mixed penetration is the force
required to create a short through a separator and is
expressed in kilogram-force, kgf. Mixed penetration is the
force required to create a short through a separator due to

mixed penetration. In this test one starts with a base of a

16
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00 Ln WOON LnCDt CL a !1. Wa nr o00rl mF
a\ Ort OOn N- 0000 wNQ@- v~o00nYV ;t ~oW

Q. Ncal rl Wv i~ NOOOOCI4 C N rl) O V) CL 00
first metal plate, on top of this plate is placed a sheet of

cathode material, on top of cathode is placed a separator,
and on top of the separator is placed a sheet of anode
material. A ball tip of 3 mm is then provided attached to a
force gauge. The ball tip is connected to the first metal
plate by a resistance meter. Pressure is applied to the
ball tip, which is recorded on the force gauge. Once force
is applied, there builds up an anode mix and a cathode mix
on either side of the separator. When the resistance falls
dramatically it indicates a short through the separator due
to mixed penetration. Mixed penetration measures the
strength of the separator and resistance towards mixed
penetration. This has been found to more accurately
simulate the behavior of a real cell. It is a better
indicator than puncture strength of how a separator will
behave in a cell. This test is used to indicate the
tendency of separators to allow short-circuits during
battery assembly. Also see U.S. Patent Application Serial
No. 11/400,465 filed April 7, 2006, incorporated herein by

reference.
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The present invention may be embodied in other forms
without departing from the spirit and the essential
attributes thereof, and, accordingly, reference should be
made to the appended claims, rather than to the foregoing

specification, as indicated the scope of the invention.

21



chna. ' bi. _U. Opop s... aa k>M",200 a)
~wTO~~ FOo EE5 bn ZF a)t R ¢c> a) O
W@ 28063804 D C7 3 cra N WD 2008/ 063804 PCT/ US20071/0820D@32193
The present invention may be enbodied in other forns
wi t hout departing fromthe spirit and the essenti al
attri butes thereof, and, accordingly, reference shoul d
be made to the appended clains, rather than to the
We ¢rEfoi ng specification, as indicated the scope of
the invention. 21 WO 2008/ 063804 PCT/ US2007/082193 W
claim 1. A battery separator conprising: a
co- extruded, m croporous nenbrane having at |east two

| ayer s muset ofrexdepeiadbt @ podnyreirssirand havi ng a
uni formthi ckness defined by a standard deviation of <
0.80 Rﬂ‘co—extruded, microporous membrane having at

least two layers made of extrudable polymers and having a

uniform thickness defined by a standard deviation of < 0.80

pm.

2. The battery separator of claim 1 wherein said

standard deviation being over a thickness range of 4-125 pm.

3. The battery separator of claim 3 wherein said

standard deviation being over a thickness range of 4-50 um.

4. The battery separator of claim 1 wherein said
polymer of one said layer being the same or different than

sald polymer of said other layer.

5. The battery separator according to claim 1 wherein

one said extrudable polymer being a thermoplastic polymer.

6. The battery separator according to claim 1 wherein
one sald extrudable polymer being selected from the group

consisting of: polyolefins, polyacetals, polyamides,
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2. The battery separator of claim1l wherein said
standard devi ati on being over a thickness range of
wa2806380d 3. The battery separator of clai mBCTIHKg20e7/082193
sai d standard devi ati on being over a thickness range
of 4-50 pm 4. The battery separator of claim1l
wherein said polyner of one said |ayer being the sane
or different than said polyner of said other |ayer.
poly®:sthis batlarsplddsiacat folavdevdi Agcrbodisai RPEYWABY éi n
one sai d extrudabl e pol ymer being a thernoplastic
estepdl y merlyBlLnylhieldyatst, e oppsdpmeatso o facber domgarangl aprfl
wherein one said extrudabl e pol yner being sel ected
bleddomudegroup consisting of: polyolefins,
pol yacet al s, pol yam des, 22 WD 2008/ 063804
PCT/ US2007/ 082193 pol yesters, pol ysul fides, polyvinyl
al cohol s, polyvinyl esters, polyvinylidenes,
copol y foregol Aand, - pl 11@0f. wherein
Tﬁg'ba?$%$;&%g%gﬁéf%% acgggaing fgﬁgﬁgﬁﬁi%h%%erein
one. sai ol r_further c risin rial, .added
One iy t%ofjllgf'eﬁl/'gurb%fetrercyom ergLalglr?L Ator %@%gﬁltaﬁg a{ﬁ 5°C1 ai m 7
wherein said material being selected fromthe group
thexttmterials adapted to: |ower the melting
tenperature of the polyner; inprove the nelt
integrity of the nmenbrane; inprove the strength of
t oughness of the nenbrane; inprove the antistatic .
prépertiles lodttéey nesprearor iagroviinhds wisdse 7 wherein
wettability of the separator; inprove the surface
said m&odePYl being selected from the group of materials

adapted to: lower the melting temperature of the polymer;
improve the melt integrity of the membrane; imprbve the
strength of toughness of the membrane; improve the
antistatic properties of the membrane; improve the surface
wettability of the separator; improve the surface tribology
performance of the separator; improve the processing of the
polymer; improve the flame retardance of the membrane;
facilitate nucleation of the polymer; color the layer of the

membrane; and combinations thereof.

9. A battery separator comprising:
a co-extruded, microporous membrane having at
least two layers made of extrudable polymers and having an

interply adhesion as defined by a peel strength >60 grams.
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performance of the separator; inprove the processing
of the polyner; inprove the flane retardance of the
worewbBioeased facilitate nucleation of the pol yne€T/USWID082193
the | ayer of the nenbrane; and conbi nati ons thereof.
9. A battery separator conprising: a co-extruded,
m cr oporous nenbrane having at |least two | ayers nade
of extrudabl e polyners and having an interply
adhesi on as defined by a peel strength >60 grans. 23
WD 2008/ 063804 PCT/ US2007/ 082193 10. The battery
separ at e dotorelings ¢ tabim B asheligion tenelsdind 9 wherein
extrudabl e pol ynmer being a thernopl astic polyner. 11.
one Tl dad:terySeranailomedf e iaignad thkeneipn asaiid ppalyeer.
of one said | ayer being the sane or different than
said polyner of said other layer. 12. The battery
separator according to claim9 wherein one said
ud i g u
ex{{ udapl g kg%t}’éﬁgf y%%%&gantz&l %éﬁ‘ &4 4P LHR Q0| %3

consi st1ng yacetals polyam

pol ers, ulfid oI V|n al co
pol %v‘? e aypﬁ %lﬁ% e Spol r%re °5F thHE"

. foregoi ng, and bl ends thereof 13 The battery
Sa“%é&i&ﬂ?ﬁ A HH FAF A2HSh9 wherein  one said

extrudabl e pol yner further conprising a nateri al

added thereto. 14. The battery separator according to

claim13 wherein said material being selected from

t he2 gr olipe dfat tnetersadsradaptas-damiidower dllkeme twhegein

tenperature of the
one said extrudable polymer being selected from the group
consisting of: polyolefins, polyacetals, polyamides,
polyesters, polysulfides, polyvinyl alcohols, polyvinyl
esters, polyvinylidenes, copolymers of the foregoing, and

blends thereof.

13. The battery separator according to claim 9 wherein
one said extrudable polymer further comprising a material

added thereto.

14. The battery separator according to claim 13
wherein said material being selected from the group of
materials adapted to: lower the melting temperature of the
polymer; improve the melt integrity of the membrane; improve

the strength of toughness of the membrane; improve the
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pol ynmer; inprove the nelt integrity of the nmenbrane;
i nprove the strength of toughness of the nenbrane;

WO pg9B0§3804 he 24 WD 2008/ 063804 PCT/ US2007/ 082 1BGI/US2007/082193
antistatic properties of the nenbrane; inprove the
surface wettability of the separator; inprove the
surface tribology performance of the separator;

i mprove the processing of the polyner; inprove the

ant ifs|tare o @rareaidEsoh aengwpanee; faprPVeatee surface
nucl eati on of the polyner; color the layer of the

we t tregmifdrianye ;o fandhec Greparatticons itrpercsef thessukfbaet erybology
separator conprising: a nmulti-layered, m croporous

perftfldaRe dwyg sipadagast; tiwproayetsiempadecebspaby oer she
wherein one said polynmer being selected fromthe

polyBfUP GNshal itk AflandPdormmidyieniraree Rehypacekal s,
pol yest érs, pol yam des, polyvinyl alcohols, polyvinyl
esit ysulf | ol ywi i.d

fa s, e e B R o a Fai 4° paryier fof
one said layer being the,sane or different than said

memkr i five Pt SV S ay&r"°L7. The battery separ at or
according to claim15 wherein said nenbrane being a
dry-stretched nmenbrane. 18. A nethod of neking a
m croporous nulti-layered nmenbrane conprising the
steps ot bPEENY 2RBF0BIBO 4 PEHUISZH07/ 082193

co-extruding a nonporous nulti-layered precursor
a multi-layered, microporous membrane having at

least two layers made of polymers wherein one said polymer
being selected from the group consisting of:
polymethylpentane, polyacetals, polyesters, polyamides,
polyvinyl alcohols, polyvinyl esters, polysulfides,

polyvinylidenes.

16. The battery separator of claim 15 wherein said
polymer of one said layer being the same or different than

gsaid polymer of said other layer.

17. The battery separator according to claim 15

wherein said membrane being a dry-stretched membrane.

18. A method of making a microporous multi-layered

membrane comprising the steps of:
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t hrough an extrusion die wth mnimum shear rate of 4
sec-1 and a throughput being 18-100 I bs/hr (8.2-45.4
waKeooRog3sper | ayer; and processing the nonpor ORGT/US2007/082193

mul ti-layered precursor to obtain the m croporous

mul ti-layered nenbrane. 19. The nethod of claim 18
wherein the shear rate being > 8/ sec. 20. The nethod

of claim 18 wherein processing further conprises:

anneal i 9Ry @He UbiHlsh rfo PeTRAMIUS Fpditdd 15 Ee&EFs BFSCUARAT

stretching the anneal ed nonporous nulti-Iayered
thrqugc@rs@xt2@ion die with minimum shear rate of 4 sec

1
and a throughput being 18-100 lbs/hr (8.2-45.4 Kg/hr) per
layer; and

processing the nonporous multi-layered precursor

to obtain the microporous multi-layered membrane.

19. The method of claim 18 wherein the shear rate

being > 8/sec.

20. The method of claim 18 wherein processing further
comprises:
annealing the nonporous multi-layered precursor;

and
stretching the annealed nonporous multi-layered

precursor.
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