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PRODUCTION OF HIGH POROSITY OPEN-CELL 
MEMBRANES 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application is a continuation-in-part of U.S. 
Ser. No. 11/040,277, filed Jan. 20, 2005, which claims 
priority benefit of Provisional Application No. 60/537,005, 
filed Jan. 20, 2004. 

BACKGROUND OF THE INVENTION 

0002 Porous membranes have utility in a wide variety of 
applications, most of which involve flow of a fluid or 
components of a fluid through pores of the membrane. 
Filtration of air, water, and blood are the most common 
commercial applications of microporous membranes. A sec 
ond significant application of Such materials is in electro 
chemical cells (e.g. batteries, fuel cells, sensors, and capaci 
tors) wherein membranes are used to separate the electrodes 
while allowing ions to flow therebetween. A third significant 
application is as a separator in a capacitor where the low 
dielectric constant of a highly porous insulating membrane 
is advantageous. 
0003) A number of basic processes have heretofore been 
used seeking to prepare various microporous membranes. 
These processes include: (i) laser drilling of holes which 
yields perforated, straight-thru, non-torturous holes in filter 
membranes; (ii) evaporation of dissolved gases in a melted 
or reactive polymer, followed by chemical, mechanical or 
thermal breakage of cell walls to produce open cell foams; 
(iii) addition and activation of chemical blowing agents 
followed by chemical, mechanical or thermal breakage of 
cell walls to produce open cell foams; (iv) addition of 
soluble particles at high concentration in the polymer, fol 
lowed by dissolution of the soluble particles to produce filter 
membranes with pores that match their original particle sizes 
and locations; (V) addition of a plasticizer at a high concen 
tration in the polymer, followed by extraction of the plasti 
cizer by a low-boiling solvent to produce an open cell 
battery separator, (vi) compression of polymer particles 
within a liquid medium causing bonds to form between Such 
particles, followed by stretching of the polymer film either 
uniaxially or biaxially to produce gas/liquid separation 
membranes; (vii) slitting of a polymer film followed by 
lateral stretching, (comparable to expanded metal sheet, to 
produce a battery separator having a straight-through path of 
a single membrane or a ZigZag path of Stacked membranes; 
(viii) Sol-gel, internal phase inversion followed by evapo 
ration of the solvent, then of the non-solvent from the 
polymer Solution to produce an open-cell membrane; and 
(ix) sol-gel, external phase inversion, followed by addition 
of a non-solvent external to the polymer Solution to produce 
an open cell filter membrane. 
0004 Some of these processes start with a solution of a 
thermoplastic polymer followed by removal of the liquid 
phase, and so does the process of this invention. Generally 
the prior art processes accomplish gelation of the polymer 
by placement of a film of the solution into a non-solvent bath 
that extracts the solvent from the solution. This causes an 
abrupt change in the solvent/non-solvent concentration that 
prompts an abrupt gelation of the polymer, usually forming 
a skin at the interface. The counter-flow of solvent and 
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quenching non-solvent leads to strong concentration gradi 
ents and high variability of pore structure in membranes of 
prior art, contrary to the process of the present invention. 
When a non-solvent is added to the polymer solution, it has 
commonly been an alcohol having a relatively low Surface 
tension. 

0005 Membranes made of polyvinylidene fluoride 
(PVDF) have been cited in the patent literature. Most are 
sheet membranes which are made by the common process of 
non-solvent (or poor solvent) intrusion to cause gelation or 
phase inversion, i.e. processes (viii) or (ix) above. 
0006 For example, U.S. Pat. No. 3,642,668 discloses 
dimethylsulfoxide (DMSO) or dimethylacetamide (DMAc) 
as the solvent for polyvinylidene fluoride when casting a 
membrane onto a Support structure, immediately followed 
by immersion in a non-solvent bath, typically methanol. 
0007 U.S. Pat. No. 4,203,847 discloses flat sheet mem 
branes formed by casting a nearly saturated PVDF solution 
in hot acetone solvent onto a heated moving belt which then 
passes (within 10 seconds) into a forming bath containing a 
mixture of 80% acetone solvent and 20% water non-solvent, 
followed by water washing. This produces a thin-skinned 
membrane. U.S. Pat. No. 4,203,848 describes the belt and 
machine used in the 847 process. 
0008 U.S. Pat. No. 4,384,047 discloses the preparation 
of assymetrical vinylidene fluoride polymer ultrafiltration 
membranes by casting a sheet of the polymer dissolved in a 
mixture of a triethylphosphate solvent and a glycerol non 
Solvent, on a smooth Substrate, evaporating a portion of the 
Solvent from the sheet, immersing said sheet in a gelation 
liquid (ice water), and optionally, stabilizing the gelled sheet 
by heat treatment thereof. 
0009 U.S. Pat. No. 4,399,035 discloses a polyvinylidene 
fluoride membrane prepared by casting a dope comprising 
polyvinylidene fluoride, an active solvent such as DMAc, 
N-methylpyrrolidone or tetramethylurea and a minor 
amount of a Surfactant or mixture of Surfactants into a 
non-solvent bath, typically water oran alcohol. Polyethylene 
glycol and polypropylene glycol are used as Surfactants and 
glycerin fatty acid esters are mentioned in the description as 
being Suitable. 
0010 U.S. Pat. No. 4,464,238 defines “MacMullin Num 
ber, NMAC, as the ratio of the electrical resistance of an 
electrolyte-saturated porous medium, R, to the resistance of 
an equivalent thickness and area of electrolyte, R. Mac 
Mullin Number is a relative measure of resistance to move 
ment of ions through a porous membrane. 
0011 U.S. Pat. No. 4,629,563 discloses ultraporous and 
microporous assymetric membranes of numerous polymers. 
The membranes have an entirely reticulated structure free of 
large finger voids. The reticulated Support structure has a 
gradually increasing pore size that reaches a maximum of 
from about 10 to about 20,000 times the diameter of the skin 
pores at the opposite face. Solvents which may be used 
include: dimethylformamide, dimethylacetamide, dioxane, 
N-Methyl pyrrolidone, dimethylsulfoxide, chloroform, tet 
ramethyl-urea, and tetrachloroethane. The non-solvents 
include: methanol, hept ethanol, octane, isopropanol, 
acetone, amyl alcohol, methylethylketone, hexanol, meth 
ylisobutyl ketone, heptanol, nitropropane, octanol, butyl 
ether, propane, ethyl acetate, hexane, and amyl acetate. A 
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mixture of 8 parts by weight polyvinylidene fluoride, 9.3 
parts by weight glycerin, and 82.7 parts by weight dimeth 
ylformamide was stirred at ambient temperature for two 
hours. After degassing, the mixture had a turbidity of 0.8 
optical density at 420 nanometers and was cast into water to 
form a membrane. 

0012 U.S. Pat. No. 4,666,607 describes a thermal gela 
tion process. It discloses the use of a quench tube in the form 
of a U-tube, or a tank with the fibre moving as if in a U-tube, 
which can be used to produce polyvinylidene fluoride films 
or hollow fibers by extrusion of a solution comprising the 
polymer, Solvent(s) and a non-solvent above the temperature 
at which the solution will separate into two phases, advan 
tageously through an air gap into a cooling liquid in the 
quench tube or tank. In the case of hollow fibers, a lumen 
forming fluid (which is not a solvent for the polymer) is 
employed. 

0013 U.S. Pat. No. 4,810,384 describes a process 
wherein polyvinylidene difluoride and a hydrophilic poly 
mer compatible therewith are dissolved in a mixture of 
lithium chloride, water and dimethylformamide, then cast 
onto a web and coagulated by passing the film through a 
water bath. A hydrophilic membrane that is a blend of the 
two polymers is produced. 

0014 U.S. Pat. No. 4,933,081 describes preparation of an 
assymetric micro-porous membrane having a layer of mini 
mum pores inside. The membrane is produced by a kind of 
dry-wet method in which a gas is brought into contact with 
the surface of the spread solution before it is immersed in a 
Solidifying bath to form a coacervation phase only in the 
Surface layer of the spread solution. A homogeneous raw 
Solution for forming a membrane was prepared by dissolv 
ing 20 parts of polyvinylidene fluoride, 60 parts of dimethyl 
acetamide as a good solvent, and a non-solvent consisting of 
10 parts of polyethyl-ene glycol 200, 10 parts of poly(vi 
nylpyrrolidone) and 0.7 parts of water. The solution was 
spread evenly over a glass plate using a doctor blade to have 
a spread solution thickness of 150 microns. Warm air at 60° 
C. (relative humidity 30%) was blown to the surface of the 
spread solution samples at a rate of 0.8 m/sec for up to 30 
seconds. Then the samples were immediately immersed in 
warm water at 60° C. for 2 minutes and further in cool water 
at 20° C. The minimum pore layer was formed inside the 
membrane when warm air was blown for 2 to less than 30 
seconds. The patent also uses water as a solvent for a film 
combining polysulfone and PVP (the PVP dissolves readily 
in water). The assymetric membranes had pore ratios (center 
size to skin size) ranging from 10 to 100. 

0015 U.S. Pat. No. 4,965,291 discloses a method of 
manufacturing a porous membrane by dissolving vinylidene 
fluoride polymer in a good solvent such as acetone and then 
causing Solidification of the resultant solution in a non 
solvent. The dissolution of the vinylidene fluoride polymer 
in the solvent is done in a predetermined pressure condition, 
preferably in a range of 0.5 to 5.0 kg/cm. A mixture of 
vinylidene fluoride and vinylidene fluoride?propylene 
hexafluoride copolymer in a weight ratio of 80:20 was added 
to acetone as a good solvent Such that the polymer concen 
tration was 19.0% by weight. The resultant solution was 
heated to 62° C. while pressurizing it to 1.0 kg/cm with 
agitation to obtain a uniform polymer Solution. This solution 
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was cast on a film which was then immersed in 1,1,2- 
trichloro-1,2,2-trifluoroethane and then dried to room tem 
perature. 

0016 U.S. Pat. No. 5,013,339 describes preparing a 
polyvinylidene fluoride polymer membrane containing (1) a 
polyvinylidene fluoride polymer, (2) glycerol mono-acetate, 
glycerol diacetate, glycerol triacetate, or mixtures thereof, 
and (3) optionally glycerol, wherein the polyvinylidene 
fluoride polymer membrane so prepared is useful for a 
membrane liquid separation process such as microfiltration, 
ultra-filtration, dialysis, or membrane stripping. Preferably 
the polyvinylidene fluoride polymer membrane is made by 
forming a mixture of the composition, heating the mixture to 
a temperature at which the mixture becomes a homogeneous 
fluid, and extruding, molding, or casting the homogeneous 
fluid into water to form a porous membrane. 
0017 U.S. Pat. No. 5,387.378 describes fabricating an 
asymmetric fluoropolymer membrane having a first Surface 
comprised of a dense layer of the fluoropolymer material, 
and an opposite second Surface comprised of a porous layer 
of the fluoropolymer material, by (a) dissolving a fluo 
ropolymer material in a solvent mixture of a low boiling 
point (40-60° C.) solvent and a high boiling point (140-200 
C.) Solvent to form a solution; (b) depositing the solution on 
a casting Surface; and (c) removing the solvent from the 
Solution, to precipitate the membrane. The solvent removing 
step requires two steps: (i) evaporating the solvent by air 
drying the solution for a sufficient period of time until the 
surface of the solution at the air interface has gelled, and 
then (ii) immersing the solution in a precipitation bath 
prepared from a major amount of a non-solvent and a minor 
amount of a solvent. 

0018 U.S. Pat. No. 5,489,406 discloses a method of 
making a porous polymeric material by heating a mixture 
containing polyvinylidene fluoride and a solvent system of 
(i) a latent solvent (a glycerol ester Such as glycerol triac 
etate, glycerol tripropionate, glycerol tributyrate and par 
tially-esterified glycerol) and (ii) a non-solvent (e.g. a higher 
alcohol, glycol or polyol), at elevated temperatures. The 
patent specifically excludes active solvents such as acetone. 
The solution is extruded as a fiber and then rapidly cooled 
so that non-equilibrium liquid-liquid phase separation takes 
place to form a continuous polymer rich phase and a 
continuous polymer lean phase with the two phases being 
intermingled in the form of bicontinuous matrix of large 
interfacial area. Cooling is continued until the polymer rich 
phase solidifies. The polymer lean phase is then removed 
from the Solid polymeric material by a lumenal gas wash 
procedure at a pressure of about 600 kPa (87 psi). 
0.019 U.S. Pat. Nos. 5,834,107, 6,110,309, and 6,146,747 
describe preparing a polyvinylidene difluoride membrane by 
adding a water-soluble polymer along with the PVDF, and 
then using humid air followed by hot water as the quench 
and extractant. More particularly, they provide a casting 
dope of about 12-20% by weight of PVDF and between up 
to 30% by weight of a hydrophilic polymer such as poly 
vinylpyrrolidone, dissolved in a solvent; casting the dope to 
form a thin film; exposing the thin film to a humid gaseous 
environment; coagulating the film in a water bath; and then 
recovering a formed assymetric microporous PVDF mem 
brane. 

0020 U.S. Pat. No. 5,922,493 describes an electrochemi 
cal cell having a positive electrode, an absorber-separator 
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and a negative electrode wherein at least one of the elec 
trodes or absorber-separator comprises a porous polyvi 
nylidene fluoride. The porous polyvinylidene fluoride elec 
trodes have an electrode material combined therewith, and 
the porous polyvinylidene fluoride absorber-separator has an 
electrolyte material combined therewith. 
0021 U.S. Pat. No. 6,013,688 describes methods for 
making microporous polyvinylidene fluoride (PVDF) mem 
branes from vinylidene fluoride polymers and the products 
produced. The process includes dissolving the polymer at a 
temperature of 20 to 50° C. in a liquid that includes a solvent 
and a co-solvent for the polymer. The solvent: co-solvent 
mixture requires at least one solvent selected from N-me 
thyl-2-pyrrolidone, tetrahydrofuran, methyl ethyl ketone, 
dimethylacetamide, tetramethyl urea, dimethyl sulfoxide 
and trimethyl phosphate. The co-solvent is preferably 
selected from formamide, methyl isobutyl ketone, cyclohex 
one, diacetone alcohol, isobutyl ketone, ethyl acetoacetate, 
triethyl phosphate, propylene carbonate, glycol ethers, gly 
col ether esters, and n-butylacetate. The solution is then 
heated or maintained at a desired temperature for a particular 
pore size. Then the Solution is spread onto a solid Surface to 
form a film and the solventico-solvent mixture is displaced 
from the film with a bath of a co-solvent: non-solvent liquid 
mixture. 

0022 U.S. Pat. No. 6,432.586 describes a separator for a 
high-energy rechargeable lithium battery and the corre 
sponding battery in which the separator includes a ceramic 
composite layer and a polymeric microporous layer. The 
ceramic layer is a mixture of inorganic particles in a matrix 
material. The ceramic layer is adapted, at least, to block 
dendrite growth and to prevent electronic shorting. The 
polymeric layer is adapted, at least, to block ionic flow 
between the anode and the cathode in the event of thermal 
runaway. 

0023 U.S. Pat. No. 6,444,356 describes a secondary 
lithium battery separator of a fibrous core coated with a 
polymer having improved electrode adhesion properties in a 
unitary laminated construction. The separator is made of a 
pre-formed porous non-woven mat of a first homopolymer 
of polypropylene, polyethylene, or polyvinylalcohol, coated 
with a second homopolymer. Porosity of the homopolymeric 
coating, which may preferably be polyvinylidene difluoride, 
is obtained by first mixing the homopolymer with a low 
boiling solvent, e.g. acetone, and a non-aromatic aliphatic 
diester plasticizer, followed by forming a layer of the 
polymer-diester-acetone mixture on a fiber sheet, incorpo 
rating the sheet into a battery and then subjecting the entire 
structure to a vacuum to remove residual plasticizers. 
0024 U.S. Pat. No. 6,537,703 describes adding an alco 
hol to the polymer Solution as a non-solvent. The alcohol, 
which has a low Surface tension, is selected to evaporate at 
a temperature higher than the primary solvent (acetone), and 
the transition from liquid to solid involves selective evapo 
ration of the acetone prior to that of the alcohol. This causes 
gelation of the polymer to occur. The process results in 
significant shrinkage of the film in its thickness direction 
(from 250 micron wet film to 50 micron dry film). Moreover 
it requires the use of fumed silica (7 parts silica per 10 PFDF 
polymer) to reinforce the film strength to make thin films. 
0025 U.S. Pat. No. 6,586,138 describes a freestanding 
battery separator that includes a microporous polymer web 
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with passageways that provide overall fluid permeability 
which contains (i) ultra high molecular weight polyethylene 
(UHMWPE) and (ii) a gel-forming polymer material. In one 
embodiment, the gel-forming polymer material is a coating 
on the UHMWPE web surface. In a second embodiment, the 
gel-forming polymer material is incorporated into the UHM 
WPE web while retaining overall fluid permeability. Both 
embodiments produce hybrid gel electrolyte systems in 
which gel and liquid electrolyte co-exist. 
0026 U.S. Pat. No. 6,994,811 describes a process for 
making macroVoid-free microporous membranes from a 
polymer Solution and the membranes there-from by means 
of a thermal assist, Such as heating of the polymer Solution 
subsequent to forming a film, tube or hollow fiber of the 
Solution under conditions that do not cause phase separation. 
The formed solution is briefly heated to generate a tempera 
ture gradient through the body of the formed solution. The 
polymer in Solution then is precipitated by immersion into a 
liquid bath of Such as methanol to form a microporous 
structure by. The formation of a wide variety of symmetric 
and asymmetric structures can be obtained using this pro 
cess. Higher temperatures and/or longer heating times 
effected during the heating step result in larger pore sizes 
and different pore gradients in the final membrane product. 
0027 U.S. Pat. No. 6,998,193 describes a battery having 
at least one positive electrode, at least one negative elec 
trode, an electrolyte, and a homogeneous microporous mem 
brane that contains (a) a hot-melt adhesive, (b) an engineer 
ing plastics, (c) optionally a tackifier, and (d) a filler having 
an average particle size of less than about 50 microns. The 
microporous membrane is bound permanently onto the 
surface of a positive electrode or a negative electrode. The 
hot-melt adhesive, engineering plastic, and filler are distrib 
uted in the microporous membrane. 
0028 U.S. Pat. Applin. 2004/0241550-A1 describes a bat 
tery separator for a lithium battery in the form of a 
microporous membrane (generally UHMWPE) and coated 
on both sides. The coatings are made from a mixture of a gel 
forming polymer, a first solvent Such as tetrahydrofuran, 
methylethylketone, acetone, low molecular weight glymes, 
and combinations thereof, and a second solvent or non 
Solvent such as propanol, isopropanol, butanol, and mixtures 
thereof. The first solvent is more volatile than the second 
Solvent. The second solvent or non-solvent acts as a pore 
former for the gel-forming polymer. A Small amount of 
water may also be added along with the second solvent or 
non-solvent. The first solvent is allowed to evaporate, pref 
erably without the use of heat. Thereafter, the second solvent 
or non-solvent is removed in an oven with the application of 
heat. The process also requires a controlled high humidity 
for gelation when coated onto a Celgard film. By controlling 
the relative humidity (% RH) during the coating process, the 
uniformity of resistance (measured by the MacMullin Num 
ber) may be controlled. It has been determined that when the 
% RH is below 45%, the MacMullin Number (as defined in 
U.S. Pat. No. 4,464,238, incorporated therein by reference) 
may be controlled to be within the range of 5-12, preferably 
5-6 with a coating density of about 0.25 mg/cm. 
0029 Japanese Pat. No. 51-8268 uses cyclohexanone as 
a solvent for polyvinylidene difluoride. The solution is 
heated and then cooled during which time the solution 
passes through a region of maximum viscosity. The mem 
brane is cast when the Viscosity of the solution is decreasing. 
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0030 European Patent No. 223,709 discloses a mixture 
of acetone and dimethyl formamide (DMF) as a preferred 
Solvent although all the usual standard or active solvents 
Such as ketones, ethers such as tetrahydrofuran and 1.4 
dioxane, and amides such as DMF, DMAC and DMSO are 
described. To form the membrane, the polymer solution is 
coated onto a Substrate and then the coating is immediately 
immersed into a bath of a poor solvent. 
0031. Most porous membranes to date have been directed 
toward the filtration of solids from liquids where an asym 
metric filter has been of advantage (usually a fine porosity on 
the downstream side of the filter and more coarse porosity on 
the upstream side to entrap larger particles to avoid rapid 
clogging of the fine pores). However, some applications, 
particularly separators for battery electrodes, are more effi 
cient if the membrane has fairly uniform porosity throughout 
the thickness of the membrane so that ionic flow (ions do not 
clog) can be unimpeded for maximum current flow (charg 
ing and discharging currents). 
0032. The present process and its products are distinct 
from the processes and products of the prior art. The process 
allows the rapid formation of highly porous, Substantially 
uniform, thin membranes having Sufficient strength as to be 
easily handled. Moreover, the process avoids the use of 
liquid extraction baths and the disposal problems associated 
therewith. 

BRIEF DESCRIPTION OF THE FIGURES 

0033 FIG. 1 is a Scanning Electron Microscope (SEM) 
view of the air side of the membrane of Example 1. 
0034 FIG. 2 is an SEM view of the substrate side of the 
Example 1 membrane. 
0035 FIG. 3 is an SEM view of the air side of the 
Example 2 membrane. 
0036 FIG. 4 is an SEM view of the substrate side of the 
Example 2 membrane. 
0037 FIG. 5 is an SEM view of the air side of the 
Example 3 membrane. 
0038 FIG. 6 is an SEM view of the substrate side of the 
Example 3 membrane. 
0039 FIG. 7 is an SEM view of the cross-section of the 
Example 3 membrane with its air side on top and substrate 
side on bottom. 

0040 FIG. 8 is an SEM view of the air side of the 
Example 4 membrane. 
0041 FIG.9 is an SEM view of the substrate side of the 
Example 4 membrane. 
0042 FIG. 10 is an SEM of a fractured cross-section of 
the Example 4 membrane showing oblate voids, minor axis 
in the thickness direction. 

0043 FIG. 11 is an SEM photo of porous membrane 
(25-28 microns thick) applied onto the very granular nega 
tive electrode of a lithium ion battery, from Example 4. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0044) The present invention is directed to the production 
of highly porous polymer membranes with open cells of 
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relatively uniform size throughout the thickness of each 
membrane. Cell size and percent porosity are controllable by 
the composition of the starting polymer Solution in combi 
nation with the process conditions used to cause transition of 
that solution into a flat or tubular membrane. 

0045. In a first embodiment the present invention is 
directed to a method of producing a symmetric, strong, 
highly porous, microporous polymer film by: 

0046 (a) forming a layer of a polymer solution on a 
Substrate, wherein the polymer Solution comprises two mis 
cible liquids and a polymer material dissolved therein, 
wherein the two miscible liquids comprise (i) a principal 
solvent liquid that has a surface tension at least 5% lower 
than the Surface energy of the polymer and (ii) a second 
liquid that has a Surface tension at least 5% greater than the 
Surface energy of the polymer; 
0047 (b) producing a film of gelled polymer from the 
layer of polymer Solution under conditions sufficient to 
provide a non-wetting, high Surface tension Solution within 
the layer of polymer Solution; and 
0048 (c) rapidly removing the liquid from the film of 
gelled polymer by unidirectional mass transfer without 
dissolving the gelled polymer to produce the strong, highly 
porous, microporous polymer film. 

0049. In a second embodiment, the present invention is 
directed to a method of preparing highly porous, strong, thin, 
polymer membranes with symmetric open cells of a rela 
tively uniform size throughout the thickness of each mem 
brane by: 

0050 (i) preparing a solution of one or more polymers in 
a mixture of a principal liquid which is a solvent for the 
polymer and a second liquid which is miscible with the 
principal liquid, wherein (i) the principal liquid has a surface 
tension at least 5% lower than the surface energy of the 
polymer, (ii) the second liquid has a Surface tension at least 
5% higher than the surface energy of the polymer, (iii) the 
normal boiling point of the principal liquid is less than 125° 
C. and the normal boiling point of the second liquid is less 
than about 160° C., (iv) the polymer has a lower solubility 
in the second liquid than in the principal liquid, and (v) the 
solution is prepared at a temperature less than about 20°C. 
above the normal boiling point of the principal liquid and 
while precluding any substantial evaporation of the principal 
liquid; 

0051 (ii) reducing the temperature of the solution by at 
least 5° C. to between the normal boiling point of the 
principal liquid and the temperature of the Substrate upon the 
Solution is to be cast; 

0052 (iii) casting the polymer solution onto a high sur 
face energy Substrate to form a liquid coating thereon, said 
Substrate having a Surface energy greater than the Surface 
energy of the polymer, and 

0053 (iv) removing the principal liquid and the second 
liquid from the coating by unidirectional mass transfer 
without use of an extraction bath, (ii) without re-dissolving 
the polymer, and (iii) at a maximum air temperature of less 
than about 100° C. within a period of about 5 minutes, to 
form the strong, highly porous, thin, symmetric polymer 
membrane. 
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0054. In a third embodiment, the present invention is 
directed to a method of preparing a strong, thin, symmetric 
microporous polymer membrane by: 
0055 (i) dissolving about 3 to 20% by weight of a 
polymer in a heated multiple liquid system comprising (a) a 
principal liquid which is a solvent for the polymer and (b) a 
second liquid to form a polymer Solution, wherein (i) the 
principal liquid has a surface tension at least 5% lower than 
the Surface energy of the polymer, (ii) the second liquid has 
a surface tension at least 5% greater than the Surface energy 
of the polymer; and (iii) the polymer has a lower solubility 
in the second liquid than it has in the principal Solvent liquid; 
0056 (ii) reducing the temperature of the solution by at 
least 5° C. to between the normal boiling point of the 
principal liquid and the temperature of the Substrate upon 
which it will be cast; 

0057 (iii) casting a film of the fully dissolved solution 
onto a substrate which has a higher Surface energy than the 
Surface energy of the polymer; 
0.058 (iv) precipitating the polymer to form a continuous 
gel phase while maintaining at least 70% of the total liquid 
content of the initial polymer Solution, said precipitation 
caused by a means selected from the group consisting of 
cooling, extended dwell time, Solvent evaporation, vibra 
tion, or ultrasonics; and 

0059 (V) removing the residual liquids without causing 
dissolution of the continuous gel phase by unidirectional 
mass transfer without any extraction bath, at a maximum 
film temperature which is less than the normal boiling point 
of the lowest boiling liquid, and within a period of about 5 
minutes, to form a strong, highly porous, thin, symmetric 
polymer membrane. 
0060 Each of the processes begins with the formation of 
a solution of one or more soluble polymers in a liquid 
medium that comprises two or more dissimilar but miscible 
liquids. To form highly porous products, the total polymer 
concentration will generally be in the range of about 3 to 
20% by weight. Lower polymer concentrations of about 3 to 
10% are preferred for the preparation of membranes having 
porosities greater than 70%, preferably greater than 75%, 
and most preferably greater than 80% by weight. Higher 
polymer concentrations of about 10 to 20% are more useful 
to prepare slightly lower porosity membranes, i.e. about 60 
to 70%. 

0061. A suitable temperature for forming the polymer 
solution generally ranges from about 40°C. up to about 20° 
above the normal boiling point of the principal liquid, 
preferably about 40 to 80° C., more preferably about 50° C. 
to about 70° C. A suitable pressure for forming the polymer 
Solution generally ranges from about 0 to about 50 psig. 
Preferably a sealed pressurized system is used. 

0062) This invention requires the presence of at least two 
dissimilar but miscible liquids to form the polymer solution 
from which a polymer film is cast. The first “principal 
liquid is a better solvent for the polymer than the second 
liquid and has a Surface tension at least 5%, preferably at 
least 10%, lower than the surface energy of the polymer 
involved. The second liquid may be a solvent or a non 
solvent for the polymer and has a surface tension at least 5%, 
preferably at least 10%, greater than the surface energy of 
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the polymer. The invention does not require and avoids the 
use of a special gelation medium. 

0063. The principal liquid is at least 70%, preferably 
about 80 to 95%, by weight of the total liquid medium. The 
principal liquid can dissolve the polymer at the temperature 
and pressure at which the solution is formed. The dissolution 
will generally take place near or above the boiling tempera 
ture of the principal liquid, usually. in a sealed container to 
prevent evaporation of the principal liquid. The principal 
liquid has a greater Solvent strength for the polymer than the 
second liquid. Also the principal liquid has a surface tension 
at least about 5%, preferably at least about 10%, lower than 
the surface energy of the polymer. The lower surface tension 
often leads to better polymer wetting and hence greater 
solubilizing power. 

0064. The second liquid, which generally represents 
about 1 to 10% by weight of the total liquid medium, must 
be miscible with the first liquid. It does not normally 
dissolve the polymer as well as the first liquid at the selected 
temperature and pressure and it has a higher Surface tension 
than the surface energy of the polymer. Preferably the 
second liquid does not wet the polymer at the gelation 
temperature though it may wet the polymer at more elevated 
temperatures. 

0065 Table A and Table B identify some specific prin 
cipal and second liquids for use with typical polymers, 
especially including PVDF, that meet the requirements for 
the present invention. Table A lists liquids that have at least 
some degree of solubility towards PVDF (surface energy of 
35 dyne/cm), which is required to produce the dissolved 
polymer Solution in the first step of the process. Ideally, a 
liquid is selected from Table A that has solubility limits 
between 1% and 50% by weight of polymer at a temperature 
within the range of about 20 and 90° C. The liquids in Table 
B, on the other hand, have lower polymer solubility than 
those in Table A, but more importantly are selected because 
they have a higher Surface tension than both the principal 
liquid and the polymers that are dissolved in the Solution 
made with liquid(s) from Table A. 

0066 Suitable liquids for use as the principal liquid, 
along with their boiling point and Surface tensions are 
provided in Table A below. The table is arranged in order of 
increasing boiling point—the most useful parameter for 
achieving rapid gelling and removal of the liquid during the 
film formation step. In general, a lower boiling point is 
preferred. 

TABLE A 

Normal Surface Energy, 
Principal Liquid Boiling Point, dynesicm 

methyl formate 31.7 24.4 
acetone (2-propanone) 56 23.5 
methyl acetate 56.9 24.7 
tetrahydrofuran 66 26.4 
ethyl acetate 77 23.4 
methyl ethyl ketone (2-butanone) 8O 24 
acetonitrile 81 29 
dimethyl carbonate 90 31.9 
1,2-dioxane 100 32 
Toluene 110 28.4 
methyl isobutyl ketone 116 23.4 
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0067 Suitable liquids for use as the second liquid, along 
with their boiling point and Surface tensions are provided in 
Table B below. This table is arranged in order of increasing 
Surface tension as that parameter is most useful (i.e., in 
general, higher Surface tension is better) for achieving the 
combination of high porosity, high strength and Small, 
uniform pore size distributions during the Subsequent poly 
mergelling and liquid removal steps of the process. 

TABLE B 

Normal boiling Surface Energy, 
Second Liquid point, C. dynes, cm 

nitromethane 101 37 
bromobenzene 156 37 
formic acid 100 38 
pyridine 114 38 
ethylene bromide 131 38 
3-fluraldehyde 144 40 
bromine 59 42 
tribromomethane 150 42 
quinoline 24 43 
nitric acid (69%) 86 43 
Water 100 72.5 

0068 The present invention uses a unique liquid medium 
for forming the polymer Solution. The liquid medium is 
rapidly removable at a sufficiently low temperature that the 
liquid removal does not cause the formed polymer gel to 
re-dissolve during the liquid removal process. The liquid 
medium is devoid of plasticizers. The liquids that form the 
liquid medium are relatively low boiling point materials. 
The liquids normally boil at temperatures less than about 
125° C., preferably about 100° C. and below. Somewhat 
higher boiling point liquids, i.e. up to about 160°C., may be 
used as the second liquid if at least about 60% of the total 
liquid medium is removable at low temperature, e.g. less 
than about 50° C. The balance of the liquid medium can be 
removed at a higher temperature and/or under reduced 
pressure. Suitable removal conditions depend upon the 
specific liquids, polymers, and concentrations utilized. 
0069 Preferably the liquid removal is completed within 
a short period of time, e.g. less than 5 minutes, preferably 
within about 2 minutes, and most preferably within about 
1.5 minutes. Rapid low temperature liquid removal, prefer 
ably using air flowing at a temperature of about 80° C. and 
below, most preferably at about 60° C. and below, without 
immersion of the membrane into another liquid has been 
found to produce a membrane with enhanced uniformity. 
The liquid removal is preferably done in a tunnel oven with 
an opportunity to remove and/or recover flammable, toxic or 
expensive liquids. The tunnel oven temperature is generally 
operated at a temperature less than about 90° C., preferably 
less than about 60° C. 

0070 The polymer solution as formed may be supersatu 
rated, but more commonly as formed it is not Supersaturated. 
Rather the solution becomes supersaturated prior to film 
formation. Generally cooling of the solution will cause the 
Supersaturation. Alternatively, the Solution becomes Super 
saturated after film formation by means of evaporation of a 
portion of the principal liquid. In each of these cases, a 
polymer gel is formed while there is still sufficient liquid 
present to generate the desired high Void content in the 
resulting polymer film when that remaining liquid is Subse 
quently removed. 
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0071. After the polymer solution has been prepared, it is 
then formed into a thin film. The film-forming temperature 
is preferably lower than the solution-forming temperature. 
The film-forming temperature should be sufficiently low that 
a polymer gel will rapidly form. That gel must then be stable 
throughout the liquid removal procedure. A lower film 
forming temperature can be accomplished, for example, by 
pre-cooling the Substrate onto which the solution is depos 
ited, or by self-cooling of the polymer solution by controlled 
evaporation of a small amount of the principal liquid. 
0072 The film-forming step usually occurs at a lower 
temperature (and often at a lower pressure) than the solu 
tion-forming step. Commonly, it occurs at or about room 
temperature. However, it can occur at any temperature and 
pressure if precipitation of the polymer is caused by means 
other than cooling, e.g. by slight drying, extended dwell 
time, vibrations, or the like. Application as a thin film allows 
the polymer to precipitate in a geometry defined by the 
interaction of the liquids of the solution. 
0073. The thin film may be formed by any suitable 
means. Extrusion or flow through a controlled orifice or by 
flow through a doctor blade is most common. The substrate 
onto which the solution is deposited should have a surface 
energy higher than the Surface energy of the polymer. 
Examples of suitable substrate materials (with their surface 
energies) include copper (44 dynes/cm), aluminum (45 
dynes/cm), glass (47 dynes/cm), polyethylene terephthalate 
(44.7 dynes/cm), and nylon (4.6 dynes/cm). Preferably a 
metal, metalized or glass Surface is used. More preferably 
the metalized surface is an aluminized polyalkylene Such as 
aluminized polyethylene and aluminized polypropylene. 
0074. In view of the thinness of the films, the temperature 
throughout is thought to be relatively uniform, though the 
outer surface may be slightly cooler than the bottom layer. 
Thermal uniformity may enable the Subsequent polymer 
precipitation to occur in a more uniform manner. 
0075) The films should be cooled/dried in a manner that 
prevents coiling of the polymer chains. Thus the cooling/ 
drying should be conducted rapidly, i.e. within about 5 
minutes, preferably within about 3 minutes, most preferably 
within about 2 minutes, because a rapid solidification of the 
spread polymer solution facilitates retention of the partially 
uncoiled orientation of the polymer molecules when first 
deposited from the polymer solution. 
0076. The process entails producing a film of gelled 
polymer from the layer of polymer Solution under conditions 
Sufficient to provide a non-wetting, high Surface tension 
solution within the layer of polymer solution. Preferably 
gelation of the polymer into a continuous gel phase occurs 
while maintaining at least 70% of the total liquid content of 
the initial polymer solution. More particularly, the precipi 
tation of the gelled polymer is caused by a means selected 
from the group consisting of cooling, extended dwell time, 
Solvent evaporation, vibration, or ultrasonics. Then, the 
balance of the liquids are removed by a unidirectional 
process, usually by evaporation, from the formed film to 
form a strong micro-porous membrane of geometry con 
trolled by the combination of the two liquids in the medium. 
The present invention avoids the use of a liquid bath to 
extract the liquids from the membrane. Rather, the liquid 
materials preferably evaporate at moderate temperatures, i.e. 
at a temperature lower than that used for the polymer 
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dissolution to prepare the polymer solution. The reduced 
temperature may be accomplished by the use of cool air or 
even the use of forced convection with cool to slightly 
warmed air to promote greater evaporative cooling. 
0077. The interaction among the two liquids (with their 
different surface tension characteristics) and the polymer 
(with a surface energy intermediate the Surface tensions of 
the liquids) yields a membrane with high porosity and 
relatively uniform pore size throughout its thickness. The 
surface tension forces act at the interface between the liquids 
and the polymer to give uniformity to the cell structure 
during the removal step. The resulting product is a Solid 
polymeric membrane with relatively high porosity and uni 
formity of pore size. The strength of the membrane is 
Surprisingly high, due to the more linear orientation of 
polymer molecules. 
0078. The ratio of the principal liquid to the second liquid 
at the point of gelation needs to be such that the Surface 
tension of the composite liquid phase is greater than the 
Surface energy of the polymer. The calculation of the com 
posite liquid Surface tension can be predicted based upon the 
mol fractions of liquids, as defined in “Surface Tension 
Prediction for Liquid Mixtures.” AIChE Journal, Vol 44, no. 
10, p. 2324, 1998, the subject matter of which is incorpo 
rated herein by reference. 
0079 Thermodynamic calculations show that adiabatic 
cooling of a solution can be significant initially and that the 
temperature gradient through such a film is very small (in 
contrast to concentration gradients of the prior art). The 
latter is thought responsible for the exceptional uniformity 
obtained by the present invention. 
0080 Adiabatic cooling calculations based on the formu 
lation of Example 1 below, show that the temperature drop 
starts out at 3.1° C. for each 1 percent of acetone that 
evaporates from the film. The temperature gradient across a 
500-micron thick wet film would then be 0.13° C. for each 
1% of acetone evaporated from the film. By the time that 4% 
of the acetone evaporates (presumed adiabatically) the tem 
perature drop can be 12° C. and the temperature gradient is 
only 0.52°C. If the substrate is pre-cooled this temperature 
drop can be increased considerably while maintaining a low 
temperature gradient. 

0081. After gelation has occurred, somewhat higher tem 
peratures can be used to facilitate removal of the remaining 
liquids therefrom, so long as the temperature is not so high 
that the gel re-dissolves. The maximum liquid removal 
temperature is preferably less than about 100° C., more 
preferably less than about 80° C., and most preferably less 
than about 60° C. 

0082 The polymers used to produce the microporous 
membranes of the present invention are organic polymers. 
Accordingly, the microporous polymers comprise carbon 
and a chemical group selected from hydrogen, halogen, 
oxygen, nitrogen, Sulfur and a combination thereof. In a 
preferred embodiment, the composition of the microporous 
polymer includes a halogen. Preferably, the halogen is 
selected from the group consisting of chloride, fluoride, and 
a mixture thereof. 

0.083 Suitable polymers for use herein are either semi 
crystalline or a blend of at least one amorphous polymer and 
at least one crystalline polymer. 
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0084 Preferred semi-crystalline polymers of the present 
invention are selected from the group consisting of polyvi 
nylidene fluoride, polyvinylidene fluoride-hexafluoropropy 
lene copolymer, polyvinyl chloride, polyvinylidene chlo 
ride, chlorinated polyvinyl chloride, polymethyl 
methacrylate... and mixtures of two or more of these semi 
crystalline polymers. 
0085 Preferably the products produced by the process of 
this invention are used as a battery separator. For this use, 
the polymer will most commonly comprise a polymer 
selected from the group consisting of polyvinylidene fluo 
ride (PVDF), polylvinylidene fluoride-hexafluoropropylene 
copolymer (PVDF-HFP), polyvinyl chloride, and mixtures 
thereof. Still more preferably the polymer will comprise at 
least about 75% polyvinylidene fluoride. 
0086) The “MacMullin' or “McMullin' Number mea 
sures resistance to ion flow as defined in U.S. Pat. No. 
4,464,238, the subject matter of which is incorporated herein 
by reference. The MacMullin Number is “a measure of 
resistance to movement of ions. The product of MacMullin 
Number and thickness defines an equivalent path length for 
ionic transport through the separator. The MacMullin Num 
ber appears explicitly in the one-dimensional dilute Solution 
flux equations which govern the movement of ionic species 
within the separator; it is of practical utility because of the 
ease with which it is determined experimentally.” The lower 
a MacMullin Number the better for battery separators. 
Products of the present invention have a low MacMullin 
number, i.e. about 1.05 to 3, preferably about 1.1 to less than 
2, most preferably about 1.2 to about 1.8. 
0087 Good tortuosity is an additional attribute of the 
membranes of this invention. A devious or tortuous flow 
path with multiple interruptions and fine pores acts as a filter 
against penetration of invading Solids. Tortuosity of the flow 
path can be helpful to prevent penetration by loose particles 
from an electrode or to minimize growth of dendrites 
through a separator that might cause electrical shorts. This 
characteristic cannot be quantified, except by long-term use, 
but it can be observed qualitatively by viewing a cross 
section of the porosity as seen, for example, in FIG. 7. Each 
orifice (many about 1 micron in diameter) between adjacent 
voids represents a filter to capture loose particles or a barrier 
to growth of dendrites. About 12 such orifices in the 18-mi 
cron thickness of this film are seen in this Figure. 
0088. The membranes produced by the present process 
are generally uniform and symmetric, i.e. the Substrate side 
pores are Substantially similar in size to the central and the 
air side pores. Pores varying in diameter by a factor of about 
5 or less are sufficiently uniform for the membranes to 
function in a symmetric manner. While some variation in 
pore sizes is evident in the figures and it may be of merit in 
an electrode separator where loose particles or dendrites are 
a particular problem, generally the more symmetric a mem 
brane, the better performance as a battery separator. Prior art 
assymetric PVDF membranes have had variations in pore 
sizes ranging from 10 to several hundred. 
0089. Numerous polymer membranes have been pre 
pared using variations of the procedure of Example 1 and 
have provided films with thickness ranging from about 15 to 
100 microns, with porosities up to 95%, with Gurley flow 
numbers as low 0.1 second, and MacMullin numbers of 1.05 
to 1.5. Permeabilities were as high as 1870 cm micron 



US 2007/01 000 12 A1 

cpoise/minute Torr. Mercury porosimetry tests have shown 
the presence of Some large pores ranging from 0.2 micron 
diameter up to 7 microns in different membranes, but with 
average pore sizes ranging from about 0.2 to 1.0 micron. 
Films have been produced with average pore diameters of 
0.245 micron (85% porosity) and 0.398 microns (86% 
porosity). Prior art films have shown far smaller average 
pore diameters, e.g. 0.064 micron and correspondingly a far 
lower porosity (57%). 
0090 The percentage of blind pores ranges from less than 
1% to a maximum of 10% in some inferior films. Surface 
areas are usually in the range of about 5 to 8 sq. meters/gm. 
0.091 Highly porous membranes have been cast directly 
onto battery electrodes and onto porous structures (e.g. 
non-woven films) thus obviating or facilitating mechanical 
transfer. This permits higher porosity separators to be made 
without the necessity of high tensile strength and tensile 
modulus. FIG. 11 presents a cross-section view of such a 
product, where the PVDF membrane is comparable to that 
of Example 4, and the Substrate is a commercial battery 
electrode (Lithium Technology Corporation). 
0092. Where additional strength or stiffness may be 
needed for handling purposes, micro- or nano-particles can 
be added to the formulation with such particulates residing 
within the polymer phase. A few such additives include 
silica aerogel, talc, and clay. 
0093. Accordingly, the present invention makes a product 
that has significantly better flow characteristics, strength, 
and uniformity than the prior art, as shown by the following 
examples, in which all parts and percents are by weight 
unless otherwise specified. A conductivity meter, model 
TL201 from Timberline Instruments, was used to test elec 
trical resistance in the examples below. Electrodes were 
made of 100-mesh stainless steel screen 1 cm in diameter. 
The electrolyte was 1 molar lithium perchlorate dissolved in 
propylene carbonate. Reference resistances were measured 
with synthetic fiber spacers of about 1-mil diameter, and 
membrane resistances were measured using wetted mem 
branes. 

EXAMPLE 1. 

0094. A polymer solution was prepared with the follow 
ing formulation heated in a pressure chamber to 60° C. and 
20 psig with stirring: 1 part Kynar 2801 PVDF-HFP copoly 
mer; 1 part Kynar 761 PVDF homopolymer, 4 parts Kynar 
301F PVDF homopolymer, 90.5 parts acetone (industrial 
grade), 3.5 parts water. 
0.095 The solution was allowed to cool to room tempera 
ture (about 23° C.). A first portion was allowed to stand 
overnight and it did not gel visibly within a period of 24 
hours but it was observed to gel after a longer period at room 
temperature, indicating that the solution was Supersaturated. 
0096] A second portion within 3 hours of mixing was 
flowed through a slotted die onto a conveyed aluminum foil 
3 mils thick. The aluminum foil had a surface energy of 
about 45 dynes/cm. The polymer solution had been cooled 
to about 35° C. and cast at that temperature onto the 
aluminum foil open to the atmosphere. The wet membrane 
as cast was about 200-250 microns thick. The acetone and 
water were caused to evaporate and the membrane dry by the 
flow of warm air from a multiplicity of different devices at 
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about 350 fpm horizonal airflow for about 100 seconds, until 
the membrane turned from clear to white. 

0097 Calculations show that the surface tension of the 
solvent mixture of Example 1 increased rapidly to exceed 
that of the polymer as evaporation of the primary solvent 
occurred. When the acetone had evaporated sufficiently to 
change the Volume concentration of polymer from its initial 
2.1 mol % (6 wt %) up to 10 mol %, the surface tension of 
the liquid mixture had increased from an initial 29 dynes/cm 
to 39 dynes/cm, thus exceeding that of the polymer during 
the process of forming Voids and pores. The calculation was 
based upon the mol fractions of liquids, as defined in 
“Surface Tension Prediction for Liquid Mixtures.” AIChE 
Journal, Vol 44, no. 10, p. 2324, 1998. 
0098. The resultant dried films were 27-30 microns thick 
and had the following characteristics: Gurley number 0.10 
seconds (30 microns thick); air permeability 5.3-9.2x10 cm 
micron/minute Torr; tensile modulus 25,800 psi; tensile 
yield 2,000 psi; and MacMullin Number: 1.1-1.4. The 
porosity was measured to be about 80% by absorption of 
isopropanol. 

0099 FIGS. 1 and 2 show the air and substrate surfaces 
of the films. The surface voids were measured as being: air 
side average 2.5 microns, standard deviation 2.1 microns; 
Substrate side average 1.7 microns, standard deviation 1.3 
microns. 

0100. The PVDF formulation of this example was ascer 
tained by a parametric study of different PVDF polymers 
and copolymers, directed toward enhanced wet strength in 
ethylene carbonate and ethyl methyl carbonate battery elec 
trolytes. These membranes showed good handling charac 
teristics and high porosity. 

EXAMPLE 2 

0101 A PVDF polymer solution was prepared and a film 
was made as in Example 1. 
0102) The dried films were approximately 30 microns 
thick and were found to have the following characteristics: 
Gurley number 0.19 seconds (30 microns thick); air perme 
ability 29x10 cm micron/minute Torr, tensile modulus 
26,000 psi; tensile yield 2,000 psi; puncture resistance tup 
with /16" radius, membrane clamped 1" diameter, force to 
penetrate 81.2 grams/mil thickness, test patterned after 
ASTM D6241; MacMullin Number 1.15-1.20; and porosity 
of about 80% as determined by isopropanol absorption. 
0103 FIGS. 3 and 4 show the two surfaces of the films. 
The Surface Voids were measured as being: air side average 
2.6 microns, standard deviation 1.6 microns; Substrate side 
average 0.8 microns, standard deviation 0.5 microns. 

EXAMPLE 3 

0.104) A PVDF polymer solution was prepared as in 
Example 1. The solution was placed in an applicator where 
it first flowed through a series of mechanical filters to 
remove any unseen gels, and then was caused to flow 
through a slotted die onto a conveyed aluminum foil (Surface 
energy about 800 dynes/cm), form-ing a wet film. Room air 
was caused to flow above the wet film to commence evapo 
ration of the acetone and water, which provided cooling to 
the film. An opaque matrix was seen within 30 seconds after 
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the wet film was applied, and the conveyor with film then 
passed through a tunnel oven for about 100 seconds using 
heated air (at 37° C.) to evaporate the acetone and remove 
much of the water from the membrane. The membrane was 
removed by peeling it from the substrate so it could be tested 
as a free film. 

0105 The resulting films had sufficient strength to be 
easily handled and the following characteristics: dried films 
were 20 microns thick, standard deviation 1.3 microns; 
Gurley number, calculated for 10 cc air flow, 1 sq. in. area 
and constant 12.5 inch water column pressure, range of 10 
specimens, 0.10 to 0.17 seconds, depending upon thickness; 
air permeability 5.3-9.2x10 cm micron/minute Torr; fluid 
permeability 9.5-16.5x102 cm cpoise micron/-minute Torr; 
puncture resistance tup with /16" radius, membrane clamped 
1" diameter, force to penetrate 97.2 grams/mil thickness, test 
patterned after ASTM D6241; MacMullin Number 1.3-1.6 
as measured using a battery electrolyte of 1 molar lithium 
perchlorate in propylene carbonate; porosity of 60-70%, as 
calculated from bulk density and original polymer density; 
average open Void size determined from Scanning electron 
microscope photos, 43 voids measured on diagonals (see 
FIGS. 5-7): (i) air side average 5.05 microns, standard 
deviation 2.22 microns, (ii) center average 1.25 microns, 
standard deviation 0.63 microns, (iii) Substrate side average 
1.77 microns, standard deviation (non-random) 1.17 
microns (Asymmetry as ratio of average Void sizes, air 
side? substrate side, 2.85. The surface voids are noted to be 
considerably larger than the layer of pores immediately 
below the surface, which are comparable to the center 
pores.); puncture resistance, tup with /16" radius, membrane 
clamped 1" diameter, force to penetrate 97.2 grams/mil 
thickness, test patterned after ASTM D6241. 

0106 Strength and stiffness measurements were as 
shown in the following table: 

Machine Transverse 
Property Test Method Direction Direction 

Tensile strength, psi ASTM D882 860 600 
Tensile Elongation, % ASTM D882 19 9 
Matrix Tensile Strength, psi Gore definition 21SO 1SOO 
Tensile Modulus, psi ASTM D882 21,000 

0107 This membrane was applied onto an aluminum foil 
that may have had some residual oil which caused beading 
of a drop of water on its surface; this was a probable cause 
for the slight asymmetry of porosity at the Substrate Surface 
and for the about 10% lower porosity than expected. 

EXAMPLE 4 

0108) A run was made using aluminized polypropylene 
film as the substrate in place of the aluminum foil of 
Example 3. This solution was prepared and the membrane 
was cast as in Example 1, except that the Substrate was 
cooled upstream of the applicator by lightly treating it with 
water. No water was visible on the substrate when the 
solution was deposited thereon. This substrate had a lower 
thermal conductivity and a lower thermal diffusivity than the 
aluminum substrate of Example 3. The effect of the cooling, 
if any, has not been explored. 
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0.109 The membranes had very similar air and substrate 
side appearances as can be seen in FIGS. 8 and 9. The 
membranes peeled off the substrate more easily than some of 
the prior examples. 
0110 Some of the characteristics of this membrane were: 
(i) thickness, average 33.5 microns, standard deviation 6.9 
microns; (ii) porosity, as calculated from bulk density and 
original polymer density, 78.5%; (iii) Gurley number, cal 
culated for 10 cc air flow, 1 sq. in. area and constant 12.5 
inch water column pressure, range of 10 specimens, less 
than 1 Second, depending upon thickness; (iv) air perme 
ability 44x10 cm. micron/minute Torr, (v) fluid permeabil 
ity 79x10 cm cpoise micron/minute Torr, calculated from 
air flow; (vi) water permeability, 86x10 cm cpoise micron/ 
minute Torr measured using water containing 0.1% Triton 
X-100 (octoxynol) surfactant; (vii) average open void size 
from SEM photographs, 74 voids measured on diagonals 
(FIGS. 9-10). The air side average voids were 1.80 microns, 
standard deviation 1.3 microns. The center average Voids 
were 1.63 microns, standard deviation 0.96 microns. The 
Substrate side average Voids were 1.44 microns, standard 
deviation (non-random) 1.0 microns. The ratio of average 
void sizes, air side/substrate side was 1.25: (viii) puncture 
resistance, tup with /16" radius, membrane clamped 1" 
diameter, force to penetrate 59.3 -62.1 grams/mil thickness; 
and (ix) strength and stiffness measurements per the follow 
ing table C. 

TABLE C 

Machine Transverse 
Property Test Method Direction Direction 

Tensile strength, psi ASTM D882 332 247 
Tensile Elongation, % ASTM D882 48 2O 
Matrix Tensile Strength, psi Gore definition 1,540 1,150 
Tensile Modulus, psi ASTM D882 8,360 

0111. This Example had fluid (air and water) flow rates 
considerably higher than those of any of the referenced 
patents, evidence of its highly open structure. 

EXAMPLE 5 

0112 A mixture of 97% acetone, 3% polymer (AtoChem 
PVDF-HFP2801), 2% water (all amounts by weight%) was 
heated to about 40°C. with high shear mixing until all the 
polymer material dissolved. The resulting solution was 
cooled carefully to about 30° C. to avoid any gel formation. 
The solution was then coated onto glass or Smooth metal foil 
substrates at ambient temperature to yield about 500 micron 
of solution film thickness. 

0113. The film was further solidified/dried into final 
configuration by natural convection or forced air drying at a 
temperature of about 25°C. The dried polymer was removed 
from the substrate. A low surface tension alcohol was used 
to wet the porous membrane to break adhesion of polymer 
to glass. The film was further dried prior to use in lithium 
cells (i.e., vacuum oven drying of solidified films at <50° C. 
for 16 hr). 
0114. The above procedure was repeated to produce 
microporous polymer films both the PVDF-HFP copolymer 
material as well as blends thereof with multiple PVDF 
grades and liquids. These samples were produced as 
described above using water as the high Surface tension 
liquid. The table below provides the details for these 
samples. 
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Test Sample Data for Density and Porosity Calculation Formulation 

W t Wt. 8 
(g/mL) porosity Composition (cm) (cm) (Lm) (g) 

3% PVDF 2801; 2% water: 95% 12 24 19 O.38 0.69 
acetOne 

same as above (except coated on 15 29 19 O.47 0.57 
ethylene glycol release agent) 
2.3% PVDF 2801, 1.5% PVDF 301 F, 13 16 25 O.23 0.44 
0.75% PVDF 761, 78.2% acetone, 
6.9% MEK, 6.9% dioxolane, 3.4% 
Water 

w = width: 
I = length; 
t = thickness (slightly compressed); 
wt = dry weight; 
8 = density 

COMPARATIVE EXAMPLEA 

0115) A mixture was made according to the teachings of 
U.S. Pat. No. 5,387.378 using 10% PVDF homopolymer and 
2% PVDF-HFP copolymer in a mixture of acetone, 73%, 
and dimethylformamide, 15%. 
0116 Portions of the solution were spread with a doctor 
blade onto a glass substrate (surface energy 250-500 dynes/ 
cm) and were allowed to dry at 25°C. for time periods of 1 
hour and for 3 hours. After these time periods, the mem 
branes were washed with water. The 3-hour dry sample 
appeared to be white and opaque, but the 1-hour dry sample 
was able to be wetted with water and therefore became clear, 
indicating the presence of residual DMF. The films were 
then washed with isopropanol. 
0117. When the films were fully dry, the 3-hour dry film 
was too fragile to handle and to measure film thickness with 
a micrometer. The 1-hour dry film had fair strength, but it 
was brittle and it had about 40% porosity. 

COMPARATIVE EXAMPLE B 

0118. The procedure of Example 1 was repeated to pre 
pare three films using Kynar 2801 (PVDF-HFP copolymer) 
at 3 to 6% by weight concentrations in acetone as the sole 
liquid. The acetone-polymer mixture was heated under pres 
sure to 56°C. After cooling to 35° C., each solution was 
spread onto glass and the acetone removed by drying at 30° 
C. 

0119 Film thickness ranged from 0.5 to 5 mils and void 
volumes ranged 40 (thickest) to 74% (thinnest). The films 
strengths were unacceptably weak, ranging from fragile to 
fair. 

COMPARATIVE EXAMPLE C 

0120) Three films were prepared using 3% of three dif 
ferent commercially available PVDF polymers. Two of the 
polymers were homopolymers and one was a PVDV-HFP 
copolymer. To the polymers was added 94% acetone and 3% 
ethanol (b.p. 78° C., surface tension 22 dynes/cm). 
0121 All of the films were too fragile to test. 

COMPARATIVE EXAMPLED 

0122) Three films were prepared using the three different 
PVDF polymers of Comparative Example C in three differ 
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85 

90 
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ent 3% solutions, 94% acetone and 3% ethylene glycol (b.p. 
196° C., surface tension 48 dynes/cm). The glycol was 
removed by extended forced air convection drying at mod 
erate temperature (25° C. going up to 40°C. max) followed 
by a final water rinse and dry. 
0123 Films ranged from 71 to 81% porosity and had 
good puncture resistance. The process was feasible, but 
required a water wash to remove the glycol or a long 
evaporation time, with emission of toxic vapors. 

What is claimed is: 
1. A method of producing a symmetric, strong, highly 

porous, microporous polymer film comprising: 
(a) forming a layer of a polymer Solution on a Substrate, 

wherein the polymer solution comprises two miscible 
liquids and a polymer material dissolved therein, and 
wherein the two miscible liquids comprise (i) a prin 
cipal liquid that has a surface tension at least 5% lower 
than the Surface energy of the polymer and (ii) a second 
liquid that has a surface tension at least 5% greater than 
the Surface energy of the polymer; 

(b) producing a film of gelled polymer from the layer of 
polymer Solution under conditions sufficient to provide 
a non-wetting, high Surface tension Solution within the 
layer of polymer Solution; and 

(c) rapidly removing the liquid from the film of gelled 
polymer by unidirectional mass transfer without dis 
Solving the gelled polymer to produce the strong, 
highly porous, microporous polymer film. 

2. The method of claim 1, wherein the principal liquid has 
a normal boiling point of less than about 125° C. 

3. The method of claim 2, wherein the second liquid has 
a normal boiling point of less than about 160° C. 

4. The method of claim 3, wherein the principal and 
second liquids are removed in less than about 5 minutes. 

5. The method of claim 1, wherein the principal and 
second liquids are removed at a temperature no higher than 
the temperature at which the polymer solution was formed. 

6. The method of claim 1, wherein the polymer is semi 
crystalline. 

7. The method of claim 1, wherein the polymer is a blend 
of amorphous and crystalline polymers. 
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8. The method of claim 1, wherein the polymer is selected 
from the group consisting of polyvinylidene fluoride, poly 
vinylidene fluoride-hexafluoro-propylene copolymer, poly 
vinyl chloride, polyvinylidene chloride, chlorinated polyvi 
nyl chloride, polymethyl methacrylate, and mixtures thereof. 

9. The method of claim 8, wherein the polymer is a 
mixture of polyvinylidene fluoride polymers and a polyvi 
nylidene fluoride-hexafluoro-propylene copolymer. 

10. The method of claim 1, wherein the principal liquid is 
selected from the group consisting of: 

Normal Boiling Surface Energy, 
Principal Liquid Point, C. dynesicm 

methyl formate 31.7 24.4 
acetone (2-propanone) 56 23.5 
methyl acetate 56.9 24.7 
tetrahydrofuran 66 26.4 
ethyl acetate 77 23.4 
methyl ethyl ketone (2-butanone) 8O 24 
acetonitrile 81 29 
Dimethyl carbonate 90 31.9 
1,2-dioxane 100 32 
Toluene 110 28.4 
methyl isobutyl ketone 116 23.4 

11. The method of claim 1, wherein the second liquid is 
selected from the group consisting of: 

Normal boiling Surface Energy, 
Second Liquid point, C. dynes, cm 

nitromethane 101 37 
bromobenzene 156 37 
formic acid 100 38 
pyridine 114 38 
ethylene bromide 131 38 
3-fluraldehyde 144 40 
bromine 59 42 
tribromomethane 150 42 
quinoline 24 43 
nitric acid (69%) 86 43 
Water 100 72.5 

12. The method of claim 1, wherein the principal liquid 
comprises acetone and the second liquid comprises water. 

13. The method of claim 1, wherein the polymer mem 
brane is less than 50 microns thick. 

14. The method of claim 1, wherein the polymer mem 
brane is less than 35 microns thick. 

15. The method of claim 1, wherein the polymer is about 
3 to 10% by weight of the solution, the void volume of the 
polymer membrane is at least 75%, and less than 5% of the 
Surface Voids are occluded. 

16. The method of claim 1, wherein the polymer solution 
is formed by heating the mixture with agitation to about the 
normal boiling point of the principal liquid in a sealed, 
pressurized container. 

17. The method of claim 1, where the polymer solution is 
applied to the high Surface energy Substrate prior to gelation 
of the polymer. 

18. The method of claim 17, wherein the polymer solution 
is applied to the high energy substrate within about 5 hours 
of being mixed and cooled. 
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19. The method of claim 1, wherein the high surface 
energy Substrate comprises a metal. 

20. The method of claim 19, wherein the high surface 
energy Substrate is a metalized polymeric film. 

21. The method of claim 20, wherein the metalized 
polymeric film is selected from the group consisting of 
aluminized polyethylene and aluminized polypropylene. 

22. The method of claim 1 wherein the polymer mem 
brane has an average pore diameter of less than 1 micron as 
determined by mercury porosimitry. 

23. The method of claim 1 wherein the polymer mem 
brane has an average pore diameter of less than 0.5 microns 
as determined by mercury porosimitry. 

24. The method of claim 1 wherein the polymer mem 
brane has a permeability greater than 500 centimeter micron 
centipoise/minute Torr. 

25. The method of claim 1 wherein the polymer mem 
brane has a tensile strength greater than 300 psi in both 
machine and transverse directions. 

26. The method of claim 1, wherein the polymer mem 
brane has a tensile modulus greater than 10,000 psi in the 
machine direction. 

27. The method of claim 1, wherein the polymer mem 
brane has a MacMullin number between 1.01 and 3. 

28. The method of claim 1, wherein the polymer mem 
brane has a MacMullin number between 1.01 and 2. 

29. The method of claim 1, wherein the principal liquid 
has a surface tension at least 10% lower than the surface 
energy of the polymer. 

30. The method of claim 1, wherein the second liquid has 
a surface tension at least 10% higher than the Surface energy 
of the polymers 

31. A process of preparing highly porous, strong, thin, 
polymer membranes with symmetric open cells of a rela 
tively uniform size throughout the thickness of each mem 
brane comprising: 

(a) preparing a solution of one or more polymers in a 
mixture of a principal liquid which is a solvent for the 
polymer and a second liquid which is miscible with the 
principal liquid, wherein (i) the principal liquid has a 
surface tension at least 5% lower than the surface 
energy of the polymer, (ii) the second liquid has a 
surface tension at least 5% higher than the surface 
energy of the polymer, (iii) the normal boiling point of 
the principal liquid is less than 125° C. and the normal 
boiling point of the second liquid is less than about 
160° C., (iv) the polymer has a lower solubility in the 
second liquid than in the principal liquid, and (v) the 
solution is prepared at a temperature less than about 20° 
C. above the normal boiling point of the principal liquid 
and while precluding any Substantial evaporation of the 
principal liquid; 

(b) reducing the temperature of the solution by at least 5° 
C. to between the normal boiling point of the principal 
liquid and the temperature of the substrate upon the 
Solution is to be cast; 

(c) casting the polymer Solution onto a high surface 
energy Substrate to form a liquid coating thereon, said 
Substrate having a surface energy greater than the 
Surface energy of the polymer, and 

(d) removing the principal liquid and the second liquid 
from the coating by unidirectional mass transfer with 
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out use of an extraction bath, (ii) without re-dissolving 
the polymer, and (iii) at a maximum air temperature of 
less than about 100° C. in a period of about 5 minutes, 
to form the strong, highly porous, thin, symmetric 
polymer membrane. 

32. The process of claim 31, wherein the polymer is 
semi-crystalline. 

33. The process of claim 31, wherein the polymer is a 
blend of amorphous and crystalline polymers. 

34. The process of claim 31, wherein the polymer is 
selected from the group consisting of polyvinylidene fluo 
ride, polyvinylidene fluoride-hexa-fluoropropylene copoly 
mer, polyvinyl chloride, polyvinylidene chloride, chlori 
nated polyvinyl chloride, polymethyl methacrylate, and 
mixtures thereof. 

35. The process of claim 34, wherein the polymer com 
prises a mixture of a polyvinylidene fluoride polymer and a 
polyvinylidene fluoride-hexafluoropropylene copolymer. 

36. The process of claim 31, wherein the principal liquid 
is selected from the group consisting of 

Normal Boiling Surface Energy, 
Principal Liquid Point, C. dynesicm 

methyl formate 31.7 24.4 
acetone (2-propanone) 56 23.5 
methyl acetate 56.9 24.7 
tetrahydrofuran 66 26.4 
ethyl acetate 77 23.4 
methyl ethyl ketone (2-butanone) 8O 24 
acetonitrile 81 29 
dimethyl carbonate 90 31.9 
1,2-dioxane 100 32 
Toluene 110 28.4 
methyl isobutyl ketone 116 23.4 

37. The process of claim 31, wherein the second liquid is 
selected from the group consisting of 

Normal boiling Surface Energy, 
Second Liquid point, C. dynes, cm 

nitromethane 101 37 
bromobenzene 156 37 
formic acid 100 38 
pyridine 114 38 
ethylene bromide 131 38 
3-fluraldehyde 144 40 
bromine 59 42 
tribromomethane 150 42 
quinoline 24 43 
nitric acid (69%) 86 43 
Water 100 72.5 

38. The process of claim 31, wherein the principal liquid 
comprises acetone and the second liquid comprises water. 

39. The process of claim 31, wherein the polymer mem 
brane is less than 50 microns thick. 

40. The process of claim 31, wherein the polymer mem 
brane is less than 35 microns thick. 

41. The process of claim 31, wherein the polymers are 
about 3 to 10% by weight of the solution, the void volume 
of the polymer membrane is at least 75%, and less than 5% 
of the surface voids are occluded. 
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42. The process of claim 31, wherein the polymer solution 
is formed by heating the mixture to about the normal boiling 
point of the principal liquid in a sealed, pressurized con 
tainer. 

43. The process of claim 42, where the cooled polymer 
Solution is applied to the high Surface energy Substrate prior 
to gelation of the polymer. 

44. The process of claim 42, wherein the cooled polymer 
Solution is applied to the high energy Substrate within about 
5 hours of being cooled. 

45. The process of claim 31, wherein the high surface 
energy Substrate comprises a metal. 

46. The process of claim 45, wherein the high surface 
energy Substrate is a metalized polymeric film. 

47. The process of claim 46, wherein the metalized 
polymeric film is selected from the group consisting of 
aluminized polyethylene and aluminized polypropylene. 

48. The process of claim 31, wherein the second liquid is 
a solvent for the polymer. 

49. The process of claim 31, wherein the second liquid is 
a non-solvent for the polymer. 

50. The process of claim 31 wherein the polymer mem 
brane has an average pore diameter is less than 1 micron as 
determined by mercury porosimitry. 

51. The process of claim 31 wherein the polymer mem 
brane has an average pore diameter less than 0.5 microns as 
determined by mercury porosimitry. 

52. The process of claim 31 wherein the polymer mem 
brane has a permeability greater than 500 centimeter micron 
centipoise/minute Torr. 

53. The process of claim 31 wherein the polymer mem 
brane has a tensile strength greater than 300 psi in both 
machine and transverse directions. 

54. The process of Claim 31, wherein the polymer mem 
brane has a tensile modulus greater than 10,000 psi in the 
machine direction. 

55. The process of claim 31, wherein the polymer mem 
brane has a McMullin number between about 1.01 and about 
5. 

56. The process of claim 55, wherein the McMullin 
Number is between about 1.01 and about 2. 

57. The process of claim 31, wherein the principal liquid 
has a surface tension at least 10% lower than the surface 
energy of the polymers. 

58. The process of claim 31, wherein the second liquid has 
a surface tension at least 10% higher than the Surface energy 
of the polymers. 

59. A method of preparing a strong, thin, symmetric 
microporous polymer membrane which comprises the steps 
of: 

(a) dissolving about 3 to 20% by weight of a polymer in 
a heated multiple liquid system comprising (a) a prin 
cipal liquid which is a solvent for the polymer and (b) 
a second liquid to form a polymer Solution, wherein (i) 
the principal liquid has a surface tension at least 5% 
lower than the surface energy of the polymer, (ii) the 
second liquid has a surface tension at least 5% greater 
than the Surface energy of the polymer, and (iii) the 
polymer has a lower solubility in the second liquid than 
it has in the principal Solvent liquid; 

(b) reducing the temperature of the solution by at least 5° 
C. to between the normal boiling point of the principal 
liquid and the temperature of the substrate upon which 
it will be cast; 



US 2007/01 000 12 A1 

(c) casting a film of the fully dissolved solution onto a 
Substrate which has a higher Surface energy than the 
Surface energy of the polymer; 

(d) precipitating the polymer to form a continuous gel 
phase while maintaining at least 70% of the total liquid 
content of the initial polymer Solution, said precipita 
tion caused by a means- selected from the group 
consisting of cooling, extended dwell time, solvent 
evaporation, vibration, or ultrasonics; and 

(e) removing the residual liquids without causing disso 
lution of the continuous gel phase by unidirectional 
mass transfer without any extraction bath, at a maxi 
mum film temperature which is less than the normal 
boiling point of the lowest boiling liquid, and within a 
period of about 5 minutes, to form a strong, highly 
porous, thin, symmetric polymer membrane. 

60. The process of claim 59, wherein the polymer is 
semi-crystalline. 

61. The process of claim 59, wherein the polymer is a 
blend of amorphous and crystalline polymers. 

62. The process of claim 59, wherein the polymer is 
selected from the group consisting of polyvinylidene fluo 
ride, polyvinylidene fluoride-hexafluoropropylene copoly 
mer, polyvinyl chloride, polyvinylidene chloride, chlori 
nated polyvinyl chloride, polymethyl methacrylate, and 
mixtures thereof. 

63. The process of claim 62, wherein the polymer com 
prises a mixture of a polyvinylidene fluoride polymer and a 
polyvinylidene fluoride-hexafluoro-propylene copolymer. 

64. The process of claim 59, wherein the polymer is about 
3 to 10% by weight of the solution and the membrane has a 
porosity greater than 75%. 

65. The process of claim 59, wherein the polymer is about 
10 to 20% by weight of the solution and the membrane has 
a porosity of about 60 to 70%. 

66. The process of claim 1, wherein the principal liquid is 
selected from the group consisting of 

Normal Boiling Surface Energy, 
Principal Liquid Point, C. dynesicm 

methyl formate 31.7 24.4 
acetone (2-propanone) 56 23.5 
methyl acetate 56.9 24.7 
tetrahydrofuran 66 26.4 
ethyl acetate 77 23.4 
methyl ethyl ketone (2-butanone) 8O 24 
acetonitrile 81 29 
Dimethyl carbonate 90 31.9 
1,2-dioxane 100 32 
Toluene 110 28.4 
methyl isobutyl ketone 116 23.9 

67. The process of claim 59, wherein the second liquid is 
selected from the group consisting of 

Normal boiling Surface Energy, 
Second Liquid point, C. dynes, cm 

nitromethane 101 37 
bromobenzene 156 37 
formic acid 100 38 
pyridine 114 38 
ethylene bromide 131 38 
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-continued 

Normal boiling Surface Energy, 
Second Liquid point, C. dynes, cm 

3-furaldehyde 144 40 
bromine 59 42 
tribromomethane 150 42 
quinoline 24 43 
nitric acid (69%) 86 43 
Water 100 72.5 

68. The process of claim 59, wherein the principal liquid 
comprises acetone and the second liquid comprises water. 

69. The process of claim 59, wherein the polymer mem 
brane is less than 50 microns thick. 

70. The process of claim 59, wherein the polymer mem 
brane is less than 35 microns thick. 

71. The process of claim 59, wherein the polymer solution 
is formed by heating the mixture to about the normal boiling 
point of the principal liquid in a sealed, pressurized con 
tainer. 

72. The process of claim 71, where the cooled polymer 
Solution is applied to the high Surface energy Substrate prior 
to gelation of the polymer. 

73. The process of claim 71, wherein the cooled polymer 
Solution is applied to the high energy Substrate within about 
5 hours of being cooled. 

74. The process of claim 59, wherein the high surface 
energy Substrate comprises a metal. 

75. The process of claim 74, wherein the high surface 
energy Substrate is a metalized polymeric film. 

76. The process of claim 75, wherein the metalized 
polymeric film is selected from the group consisting of 
aluminized polyethylene and aluminized polypropylene. 

77. The process of claim 59, wherein the second liquid is 
a non-solvent for the polymer. 

78. The process of claim 59, wherein the polymer mem 
brane has an average pore diameter of less than 1 micron as 
determined by mercury porosimitry. 

79. The process of claim 59 wherein the polymer mem 
brane has an average pore diameter is less than 0.5 microns 
as determined by mercury porosimitry. 

80. The process of claim 59 wherein the polymer mem 
brane has a permeability greater than 500 centimeter micron 
centipoise/minute Torr. 

81. The process of claim 59 wherein the polymer mem 
brane has a tensile strength greater than 300 psi in both 
machine and transverse directions. 

82. The process of claim 59, wherein the polymer mem 
brane has a tensile modulus greater than 10,000 psi in the 
machine direction. 

83. The process of claim 59, wherein the polymer mem 
brane has a McMullin number between about 1.01 and about 
3. 

84. The process of claim 83, wherein the McMullin 
Number is between about 1.01 and about 2. 

85. The process of claim 59, wherein the principal liquid 
has a surface tension at least 10% lower than the surface 
energy of the polymer. 

86. The process of claim 59, wherein the second liquid has 
a surface tension at least 10% higher than the Surface energy 
of the polymer. 


