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HERMETIC SEAL IN ANODE POUCH FOR LITHIUM-SEAWATER 

ELECTROCHEMICAL BATTERY 

 

STATEMENT OF GOVERNMENT INTEREST 

[0001] The invention described herein may be manufactured and 

used by or for the Government of the United States of America 

for governmental purposes without the payment of any royalties 

thereon or therefor. 

 

CROSS REFERENCE TO OTHER PATENT APPLICATIONS 

[0002] None.  

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

[0003] The present invention is a method to increase the 

strength and durability of an adhesive bond or seal between a 

solid ceramic electrolyte membrane and a flexible, multilayer 

laminate film, and the increased strength bond created by the 

method.  The invention is particularly useful for anode pouches 

for lithium-seawater batteries. 

(2) Description of the Related Art 

[0004] FIG. 1 is a schematic illustration of a conventional 

lithium-seawater battery 20.  Battery 20 includes an anode 22 
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made of lithium and a cathode 24 made of, for example, carbon, 

titanium, platinum coated nickel or other suitable materials.  

Battery 20 supplies power for an electrical load 26.  The 

battery 20 is immersed in seawater 28 that functions as a 

catholyte.  (This type of battery will also work in fresh water 

but with higher resistance until the concentration of ions 

increases.) The lithium anode 22 is encased in an anode pouch 

30.  A porous polymer membrane 32 is disposed between the 

lithium anode 22 and a lithium ion conducting glass ceramic 

membrane 34.  Open volume surrounding the lithium disk 22 is 

filled with an aprotic organic solvent.  Surface 36 of ceramic 

membrane 34 contacts the seawater 28 and is where ions are 

transmitted from the lithium anode 22 through the ceramic 

membrane 34 to the seawater 28. An annular laminate face ring 38 

provides a seal between the seawater-contacting side 36 of the 

ceramic membrane 34 and the remainder of anode pouch 30.  The 

seal is important to the service life of battery 20.  

[0005] FIG. 2 schematically illustrates the annular laminate 

face ring 38 placed over the ceramic membrane 34 having a 

diameter A. Membrane 34 is partially hidden behind annular face 

laminate ring 38.  Face ring 38 has a circular opening 40 of 

diameter B that forms the “window” for seawater-contacting face 

36 of ceramic membrane 34 to contact the seawater 28.  The 

overlapping annular area between ceramic membrane 34 and face 
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ring 38 has a width of (A-B)/2 and is the sealing area between 

the ceramic membrane and the face ring.  The main leak path 

during long-term exposure of the battery 20 to seawater is 

through this overlapping annular sealing area between the 

ceramic membrane 34 and the face ring 38.  The improvement of 

the strength and durability of the annular bond or seal between 

the ceramic membrane 34 and the face ring 38 is the principal 

purpose of the present invention. 

[0006] A useful adhesive bond must resist the mechanical 

forces that act on the bond and must resist the environment to 

which the bond is exposed.  Environmental resistance is a 

measure of the bond's durability.  The components of bond 

strength are adhesion and cohesion. 

[0007] There are five different theories used to explain 

adhesion.  The oldest theory or model describes adhesion in 

terms of the mechanical interlocking of an adhesive into the 

pores and around the other irregularities of a surface.  The 

mechanical adhesion model depends on sufficient wetting of the 

surface and proper adhesive rheology in order to fill the pores 

and surrounding surface irregularities. 

[0008] In addition to mechanical adhesion, there are four 

models of chemical adhesion that describe the various 

interactions between the adhesive and adherend at the molecular 

and atomic levels.  These interactions range from strong 
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(covalent) to very weak (van der Waals attractions) and are 

discussed in terms of the force required to separate them 

normalized by the active surface area of bond.  One common 

method for increasing chemical adhesion-related bond strength is 

to increase the active surface area of the adherend over a given 

geometric area.  By doing so, the adhesive force increases over 

that geometric area. 

[0009] Methods for increasing surface area include chemical 

etching and abrading.  Another method to increase bond strength 

is to alter the chemistry of the substrate or the adhesive to 

improve the molecular attraction at the interface.  An example 

of altering the chemistry of the substrate or the adhesive is 

the use of a primer on the substrate that might develop stronger 

attraction for functional groups on the adhesive molecules. 

[0010] Cohesion refers to the bond strength of the 

material(s) within the adhesive and adherend.  Specifically, 

cohesion is the attraction between like molecules.  Wood, for 

example, has a very high cohesive strength, which makes it an 

excellent building material.  Glue based on polyvinyl acetate 

(PVAc) exhibits both chemical and mechanical adhesion when 

joining wood adherends. The PVAc glue reacts chemically to make 

strong covalent bonds with the cellulose fibers (chemical 

adhesion) in the wood.  Simultaneously, the polymer emulsion 

permeates the pores in the wood and locks itself around the wood 
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fibers once cured (mechanical adhesion).  The strong adhesion 

between PVAc and wood combined with high PVAc cohesive strength 

creates a strong adhesive joint.  The adhesive joint is so 

strong that, when under stress, wood adherends glued together 

with PVAc typically suffer cohesive failure within the wood 

rather than across the bond interface. 

[0011] In prior art lithium-seawater batteries 20, bond 

durability between the ceramic membrane 34 and laminate face 

ring 38 is adversely affected by contact with seawater over long 

immersion times.  The bond loosens after months of immersion. 

[0012] A need exists for improved adhesive strength and 

durability for the bond between the laminate 38 and the ceramic 

membrane 34. 

 

BRIEF SUMMARY OF THE INVENTION 

[0013] Accordingly, it is a primary object and general 

purpose of the present invention to provide improved adhesive 

strength and durability for the bond between an aluminum 

laminate and an ion conducting ceramic membrane. 

[0014] To realize the objects and purposes of the invention, 

a method of making a ceramic lithium ion conducting membrane is 

disclosed.  The method includes making a liquid slurry of LTAP 

(Li2O-Al2O3-SiO2-P2O5-TiO2) powder. Polyethylene microballoons are 

added into the liquid slurry.  The liquid slurry is converted 
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into porous green tape by casting the slurry onto a biaxally-

oriented polyethylene terephthalate (BOPT) film backing, like 

MylarTM, MelinexTM, HostaphanTM or the like, and then drying the 

slurry on the film backing.  (As used herein, “green” means 

before further processing.) The porous green tape is laminated 

onto the top of nonporous green tapes to form a stack.  The 

stack is compressed and then sintered in an oxidizing atmosphere 

whereupon the polyethylene microballoons decompose to create 

pores in a top layer of the ceramic lithium ion conducting 

membrane. Pores can be created on both faces of the stack. 

[0015] In one embodiment, the pores have a substantially 

spherical shape. 

[0016] The pores intersect a top surface of the ceramic 

lithium ion conducting membrane to form pore openings in the 

surface.  The diameter of the pore openings is smaller than the 

diameter of the substantially spherical pores. 

[0017] The objects and purposes of the invention are further 

realized by a method of making an anode pouch for a lithium-

seawater battery.  The method includes providing a water 

impermeable ceramic lithium ion conducting membrane having a 

porous top layer.  The porous top layer includes substantially 

spherical shaped pores that intersect a top surface of the 

porous top layer to form pore openings. 
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[0018] The porous top layer of the ceramic lithium ion 

conducting membrane is adhered to an annular laminate face ring 

to provide a hermetic seal between the ceramic lithium ion 

conducting membrane and the annular laminate face ring. 

[0019] The annular laminate face ring includes a layer of 

aluminum sandwiched between a layer of adhesive on one side and 

a layer of an abrasion-resistant waterproof material on an 

opposite side. The abrasion-resistant layer has a substantially 

higher melting point than the hot-melt adhesive. 

[0020] The step of adhering includes melting the layer of 

adhesive, filling the pores with the adhesive and cooling the 

adhesive to thereby form mechanical anchors between the adhesive 

layer and the ceramic lithium ion conducting membrane. This 

presents a mechanical bond that is impervious to seawater 

intrusion. 

[0021] This may be utilized in an anode pouch for a lithium-

seawater battery.  The anode pouch includes a membrane face 

assembly adhered to a formed section assembly. 

[0022] The membrane face assembly includes a water 

impermeable ceramic lithium ion conducting membrane having a 

porous top layer.  The porous top layer includes substantially 

spherical shaped pores that intersect a top surface of the 

porous top layer to form pore openings.  An annular laminate 

face ring is adhered to the porous top layer to provide a 
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hermetic seal.  An annular laminate locking ring is adhered to a 

side of the ceramic lithium ion conducting membrane opposite the 

annular laminate face ring and the locking ring overlaps the 

adhesive on the seawater facing laminate on the top side of the 

membrane. The membrane is sandwiched between two annular 

laminate sections, doubling the bond length between the external 

seawater and the inside of the anode pouch. A porous polymer 

membrane is disposed adjacent to the side of the ceramic lithium 

ion conducting membrane opposite the annular laminate face ring.  

[0023] The formed section assembly includes a cup housing and 

a nickel mesh support disposed in the cup housing.  A lithium 

anode disk is disposed on the nickel mesh support.  An 

electrical lead is connected to the nickel mesh support and 

extends outside the anode pouch through the seal between the 

formed section and the seawater face. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] A more complete understanding of the invention and 

many of the attendant advantages thereto will be readily 

appreciated as the same becomes better understood by reference 

to the following detailed description when considered in 

conjunction with the accompanying drawings wherein like 

reference numerals and symbols designate identical or 

corresponding parts throughout the several views and wherein: 
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[0025] FIG. 1 schematically illustrates a conventional 

lithium-seawater battery. 

[0026] FIG. 2 illustrates the overlapping annular sealing 

area between a conventional ceramic membrane and an annular 

laminate face ring in an anode pouch of a conventional lithium-

seawater battery.    

[0027] FIG. 3 illustrates an exploded view of the components 

of one embodiment of a lithium-seawater battery in accordance 

with the invention. 

[0028] FIG. 4 illustrates a sectional view of aluminum 

laminates used in a lithium-seawater battery. 

[0029] FIG. 5A is an enlarged schematic cross-sectional 

partial view of a ceramic membrane having a porous top layer. 

[0030] FIG. 5B is a schematic top view of the ceramic 

membrane of FIG. 5A. 

[0031] FIG. 6 shows a graph of adhesive strength as a 

function of elongation as the laminate is peeled off the ceramic 

membrane.   

 

DETAILED DESCRIPTION OF THE INVENTION 

[0032] The invention includes a method for forming an 

adhesive bond between a solid ceramic electrolyte membrane and a 

flexible, multilayer aluminum film.  More particularly the 

invention is a method for making an anode pouch for a metal ion-



Attorney Docket No. 300176 

10 of 27 

 

seawater electrochemical cell such as a lithium-seawater 

electrochemical cell. 

[0033] A purpose of the invention is to increase the strength 

and durability of an adhesive bond between a solid ceramic 

electrolyte membrane and a flexible, multilayer laminate film.   

The bond is important for the shelf life and service life of a 

lithium anode pouch.  The lithium anode pouch must be a hermetic 

package.  The anode pouch houses a solid lithium metal disk and 

protects the lithium disk from contact with the atmosphere 

outside the anode pouch.  The anode pouch is one half of a 

lithium­seawater electrochemical cell.  During operation of the 

cell, the anode pouch is immersed in seawater.  The seawater 

acts as a catholyte.  Long-term exposure to seawater can 

adversely affect the integrity of the bond between the ceramic 

membrane and the laminate face ring thereby allowing water into 

the pouch.  Oxygen and water react readily with lithium 

resulting in the reduction of anode electrical capacity and, in 

the case of water, eventually anode failure through generation 

of hydrogen gas.  Even a little water leakage into the pouch 

will cause it to fail through passivation of the lithium surface 

and/or the production of hydrogen gas.  The production of 

hydrogen gas will cause the pouch to bulge and the ceramic 

membrane to crack. 
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[0034] FIG. 3 is an exploded perspective view showing 

components of a lithium-seawater battery 42.  In the discussion 

below, the “front side” refers to the right-hand side of 

components as depicted in FIG. 3 and the “rear side” refers to 

the left-hand side (mostly hidden from normal view) of 

components depicted in FIG. 3.  Battery cell 42 includes an 

anode pouch 44 and a cathode 46.  The lithium anode disk 48 is 

encased in anode pouch 44.  Battery cell 42 is immersed in 

seawater.   

[0035] Anode pouch 44 includes a membrane face assembly 50 

and a formed section assembly 52. The membrane face assembly 50 

is a heat-sealed assembly that is made of a lithium-ion 

conducting glass ceramic membrane 54 and a flexible aluminum 

laminate face ring 56 in the shape of an annulus.  The annular 

seal area 58 between the inner circumferential area of the rear 

side of the face ring 56 and the outer circumferential area of 

the front side of the ceramic membrane 54 is very important to 

the service life of the membrane face assembly 50.  The front 

side of ceramic membrane 54 is exposed to seawater via the 

opening 60 in face ring 56. 

[0036] The membrane face assembly 50 includes a porous 

polymer membrane 62 located behind the ceramic membrane 54 and 

an annular laminate locking ring 64. An inner annular 

circumferential area of a front side of locking ring 64 is 
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adhered to an outer annular circumferential area of a rear side 

of ceramic membrane 54. An outer annular circumferential area of 

the front side of the locking ring 64 is adhered to a middle 

circumferential annular area of a rear surface of face ring 56.  

[0037] The formed section assembly 52 contains a laminate 

housing or cup 66 which is sized to receive the lithium anode 

disk 48 and the nickel support. The lithium disk 48 is typically 

between 1 and 3 inches in diameter and from 0.1 to 0.4 inches 

thick, although other sizes may be used.  The lithium disk 48 is 

pressed onto a nickel mesh support 68. An electrical lead 70 

connects to the nickel mesh support 68 and protrudes between the 

pouch seal, described below. Cup 66 is filled with an aprotic 

organic solvent which surrounds nickel mesh support 68, lithium 

disk 48, and porous membrane 62.  

[0038] The membrane face assembly 50 and the formed section 

assembly 52 are joined in a heat-sealing process to form the 

anode pouch 44.  The anode pouch seal is the bond between the 

outer annular circumferential area of the rear side of face ring 

56 and the outer annular circumferential area of the front side 

of cup 66.  In this embodiment, the face ring 56 and the cup 66 

are laminates with the same adhesive, so the pouch seal formed 

between face ring 56 and cup 66 is an effective, long term seal 

and is not the subject of the present invention.  Likewise, the 

adhesive bond formed between the outer annular circumferential 
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area of the front side of the locking ring 64 and the middle 

annular circumference of the rear side of face ring 56 is 

generally an effective seal because the adhesive faces of those 

two annular pieces are pressed together, melt congruently, 

interpenetrate, and then cool to form a bond that is impermeable 

to liquid or gas. If a more critical seal is desired between 

locking ring 64 and the rear side of ceramic membrane 54, 

membrane 54 could be made with a porous layer on the rear side. 

An adhesive layer of locking ring 64 could be joined to this 

rear side porous layer. 

[0039] As shown in FIG. 4, the cup 66, aluminum laminate 

locking ring 64 and face laminate ring 56 are each formed of an 

aluminum layer 72 coated with an adhesive 74 on one side and an 

abrasion-resistant waterproof layer 76 (for example, 

polyethylene terephthalate (PET)) on the opposite side. The 

adhesive 74 is preferably an adhesive with oxygen or polar 

functionality, e.g. acid-modified polypropylene resin. The 

thickness of the aluminum layer 72 can be in a range of about 30 

microns to about 45 microns although other thicknesses can be 

used.  

[0040] FIG. 5A is an enlarged schematic view of ceramic 

membrane 54 having a porous top layer.  FIG. 5B is a schematic 

top view of the ceramic membrane 54 of FIG. 5A.  The porous top 

layer of ceramic membrane 54 defines a plurality of spherical 
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pores 100 at and below a surface 102 of the ceramic membrane.  

Spherical pores 100 are connected to the surface 102 of the 

ceramic membrane 54 by openings 104. Openings 104 have a 

diameter D that is smaller than the diameter C of the spherical 

pores 100.  The pores 100 provide mechanical anchor points for 

the melted adhesive layer 74 of the laminate face ring 56.  The 

benefit of the mechanical anchors provided by pores 100 is the 

increased adhesive strength between the laminate face ring 56 

and the ceramic porous membrane 54 compared to the bond strength 

between laminate face ring 38 and the conventional nonporous 

ceramic membrane 34 (See FIG. 1).  The shape and spacing of the 

pores 100 are idealized in FIGS. 5A and 5B. In actual porous 

ceramic membranes 54, there would be some variation in the pore 

shape and size and the pores would not be aligned perfectly. 

[0041] To form adhesive anchors, laminate face ring 56 is 

heated above the melting temperature of the adhesive layer 74 on 

one side of the ring 56. Melted laminate face ring 56 is pressed 

against ceramic membrane surface 102 using 0.5 to 2 pounds of 

force per square inch of seal area. In one embodiment, the 

molten adhesive 74 wicks into the pores 100 in ceramic membrane 

54 and solidifies when adhesive 74 cools. In other embodiments, 

gravity or a slight pressure may cause the molten adhesive to 

enter pores 100. Because of the spherical shape of pores 100, 

the face ring 56 cannot be removed from the surface 102 of the 
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ceramic membrane 54 except by exceeding the cohesive strength of 

the chemical bonds in the adhesive 74.  Mechanically locking the 

adhesive 74 into the ceramic surface 102 improves the bond 

strength between the ceramic membrane 54 and the adhesive.  In 

addition, when in contact with harsh environmental conditions, 

the inventive bond exhibits greater durability and strength than 

conventional bonds. Durability and strength are measures of the 

resistance of the bond to environmental factors such as 

moisture.  Durability of the bond is especially important for 

the lithium-seawater battery 42 where the bond between ceramic 

membrane 54 and aluminum laminate face ring 56 is constantly 

exposed to seawater during the battery’s service life. 

[0042] The spherical pores 100 in the ceramic membrane 54 

provide an opportunity for mechanical interlocking.  After 

wetting, filling and curing adhesive 74 within the pores 100, 

the adhesive is locked to the surface 102 of the ceramic 

membrane because the "anchor" formed below the surface is wider 

than the opening 104 of the pore. Mechanical linkages increase 

bond strength by adding the cohesive forces that hold together 

the adhesive and the adherend (i.e., the ceramic membrane). 

[0043] Ceramic membranes 54 with spherical pores 100 have 

higher bond strength when heat-sealed to a face ring 56 than 

ceramic membranes 34 without pores.  Also, porous ceramic 

membranes 54 show higher bond durability, as defined by higher 
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peel strength after exposure to 70°C water for 10 days.  It is 

thought that the improved bond strength and bond durability are 

the results of the mechanical interlock sites and the increased 

substrate surface area that provide improved mechanical and 

chemical adhesion, respectively. 

[0044] In prototypes of ceramic membranes 54 with pores 100, 

scanning electron micrographs of the cross-section of the 

membranes show a thickness of the porous layer (perpendicular to 

the surface 102) of approximately 15 microns. There appears to 

be no advantage to making the porous layer thicker because any 

spherical pores far from the surface 102 are not accessible to 

the molten adhesive 74, except through other surface connected 

pores. 

[0045] Scanning electron micrographs of a conventional 

ceramic membrane 34 reveal a densely sintered ceramic with 

surface pores less than 0.5 microns in diameter. In addition, 

pores in the membrane 34 are straight sided and do not appear to 

penetrate into the bulk of the non-porous ceramic membrane.  

Such a geometry would not result in interlocking linkages with 

the laminate adhesive 74. 

[0046] Table 1. below shows data on pore dimensions and 

porosity for some actual porous ceramic membranes 54.  The data 

was compiled using scanning electron micrographs. 
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TABLE 1. 

Average 

sphere 

diameter 

(microns) 

Standard 

deviation 

of pore 

diameter 

(microns) 

Average 

diameter 

of pore 

opening 

at the 

surface 

(microns) 

Standard 

deviation 

of pore 

opening 

diameter 

(microns) 

Porosity 

(%) 

Openings 

per 

geometric 

area 

(cm2) 

6.5 0.2 2.7 2.6 3.7 677 x 103 

 

[0047] The data in Table 1. show a narrow distribution of 

sphere diameter C which indicates good control over the pore 

fabrication process. There is a wide distribution of diameters D 

of pore openings 104, indicating that the pores 100 are at 

varying depths as they break through to the surface 102. The 

pore openings 104 are smaller relative to pore diameter C so 

that when the adhesive 74 fills and hardens inside the pores, 

the adhesive is trapped below the surface and ensures a 

mechanical linkage between the face ring and the ceramic 

membrane. 

[0048] The porous ceramic membranes 54 may be used as 

separators in water­based (aqueous) lithium batteries.  In a 

battery such as battery 20, porous ceramic membrane 54 replaces 

the conventional non-porous ceramic membrane 34. The membranes 

54 are waterproof and highly conductive for lithium ions.  The 

ceramic membranes 54 are coupled with face rings 56 to make a 

hermetic pouch 44 for a lithium metal anode 48. The pouch 44 
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prevents contact between water and lithium, which results in 

high anode efficiency.  Equally as important, lithium ions 

resulting from lithium oxidation are transported across the 

window of the ceramic membrane 54 to the cathode 46.  The 

ceramic membrane 54 is electronically resistive, which prevents 

self-discharge of the anode 48 when placed in seawater.  For 

long life and high efficiency, the seal between the ceramic 50 

and the laminate face ring 56 must prevent intrusion of water, 

oxygen and other reactive elements that surround the pouch 44 

during its operational and shelf life. To achieve this sealing 

function, there must be a strong bond between the ceramic 50 and 

the face ring 56 and the bond must resist the harsh environment 

surrounding the pouch 44. Typically the ambient environment 

around the pouch 44 during use is composed of high pH water and 

dissolved gases as well as other inert materials and biologicals 

found in seawater. The ceramic membrane 54 is impermeable to 

water. Lithium ions move through the ceramic membrane 54 from 

the anode 48 to the cathode 46 to complete the ionic part of the 

electrochemical circuit during battery operation.  Without ion 

flow the battery cannot not generate electricity.  The laminate 

face pouch functions to maintain a water and oxygen free 

environment around the lithium anode 48 and to exclude the 

ambient environment around the pouch from contact with the 

lithium anode. 
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[0049] An advantage of the porous ceramic 50 is higher bond 

strength to the face ring 56 compared to the bond strength 

between the nonporous membrane 34 and the face ring 38, as shown 

in Table 2. below. Bond strength was investigated using standard 

(180°) peel tests to measure the force required to peel the 

laminate face ring 56 off the surface of the ceramic membrane 

54. Tests were performed immediately after making the seal and 

after 10 days of immersion in 70°C deionized water. High 

temperature water was used to simulate and accelerate the 

environmental aging that occurs while the pouch is submerged in 

seawater for long periods.  Deionized water was used because the 

ceramic membrane 54 will break apart if exposed to seawater 

while no current is being drawn from the pouch anode.  Table 2. 

shows a higher bond strength between the porous ceramic 50 and 

laminate face ring 56 compared to the bond strength of the non-

porous ceramic 34 and face ring 38. Table 2. also shows better 

bond durability for the non-porous ceramic bond, as defined by 

bond strength after immersion in 70°C deionized water. 
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TABLE 2. 

Specimen Avg. dry 

peel 

strength 

(lbs. per 

linear 

inch) 

Standard 

deviation 

Avg. peel 

strength 

after water 

immersion 

(lbs. per 

linear 

inch) 

Standard 

deviation 

Porous 13.2 0.9 10.0 0.5 

Non-porous 10.4 0.9 7.7 1.0 

 

[0050] The invention includes a method of making a ceramic 

membrane 54 with spherical pores 100 that intersect the surface 

102 of the ceramic membrane.  The pores 100 have a larger 

diameter below the surface 102 than at the surface opening 104.  

Adhesive 74 fills the pores 100 below the surface 102 and 

provides a mechanical anchor. 

[0051] The method of making the conventional non-porous 

ceramic membranes 34 is known. Parts of that known method are 

disclosed herein for clarity in understanding the method of 

making the porous ceramic membrane 54. 

 

EXAMPLE 

[0052] The base powder for making the ceramic membranes 54 is 

a lithium ion conducting glass ceramic based on Li2O-Al2O3-SiO2-

P2O5-TiO2-TiO2 (LTAP).  To produce the LTAP powder, it is melted 



Attorney Docket No. 300176 

21 of 27 

 

as a glass, quenched in water, heated to crystallize, and ground 

into a fine powder. 

[0053] Ceramic plates are made by a tape casting and 

sintering method.  The density of the LTAP powder was determined 

to be 2.8 g/cm3 by the Archimedes method and 2.8 g/cm3 was the 

density goal for the prototype sintered plates.  The ceramic 

plates must be dense, be water impermeable, have high lithium 

ion conductivity, be acceptably strong, be flat, and be 

resistant to attack by sea water.  The tape casting and 

sintering process can be easily scaled-up for high production 

volumes and is more cost effective than the molten glass 

casting, crystallization and polishing process for glass-type 

membranes. 

[0054] Plate production begins by combining the LTAP powder 

with binders, low level additives such as dispersants, 

defoamers, and sintering aids in a polyethylene jar used as a 

ball mill.  The mill is closed and rotated on a ball mill rack 

for milling.  The dispersed LTAP in the form of liquid slurry is 

drained from the ball mill.  The slurry is converted into tape 

by casting onto a biaxally-oriented polyethylene terephthalate 

(BOPT) film and drying.  The gap on the doctor blade is adjusted 

to a level which provides the required thickness of green tape 

(dry but not yet sintered).  The green tape is formed into 

sheets by cutting to a size slightly larger than the desired 
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lamination sheet size. Then, the sheets of tape cast LTAP are 

removed from the BOPT film backing.  The stripped sheets are 

laid on top of one another until the desired number of sheets 

are used.   The number of sheets in a stack is determined by the 

thickness of each layer and the final desired fired thickness, 

taking into account shrinkage that occurs.  The sheets are 

laminated either using a uniaxial press or an iso-static press. 

[0055] After pressure lamination, the green sheet is cut into 

the desired final shape.  The dimensions of the shape must be 

larger than the final fired shape due to sintering shrinkage, 

which is determined from firing trials.  The parts are then 

loaded into a furnace and sintered.  The process described above 

is used to make non-porous, conventional ceramic membranes. 

[0056] To make the ceramic membrane 54 with a top porous 

layer, pore formers were used in the top layer to form surface 

porosity.  The thickness of the green tape layer with pore 

formers was in the range of 10-20 microns.  The pore formers 

were polyethylene (PE) microballoons.  The non-porous green tape 

is made by using this slurry or a similar slurry without adding 

microballoons.  The microballoons were either 5 or 10 microns in 

diameter, although other diameters may be used. For example, 

microballoons with diameters in a range of about 2 microns to 

about 25 microns may be used.  The slurry with microballoons 

therein was laminated onto BOPT film and dried between 100 and 
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150⁰C to form the porous green tape.  Porous green tape was 

formed with 5 micron diameter microballoons at 25% and 50% 

porosity (by volume) and other porous green tape was formed with 

10 micron diameter microballoons at 25% and 50% porosity (by 

volume).  Porous green tape formed with other diameters of 

microballoons and other porosities may be used.  For example, 

porosities may be in a range of about 20% to about 55% or more, 

by volume. If the porosity is too large, the porous layer may 

become mechanically weak.  

[0057] A single, green, tape with microballoons was laminated 

to nonporous green tapes for a total sintered thickness between 

250 and 350 microns.  Upon sintering in an oxidizing environment 

(air or oxygen) at elevated temperature (> 500⁰C), the 

polyethylene microballoons decompose, leaving the open pores 100 

in the surface 102 of the ceramic membrane 54. 

[0058] The pores 100 are filled by the molten adhesive 74 

from the face ring 56 during the heat-sealing process. The 

resulting pores 100 filled with polymer adhesive 74 act as 

mechanical anchor points for the face ring on the ceramic 

membrane surface thereby increasing the wet and dry bond 

strength between the face ring and the ceramic membrane.     

[0059] To prepare peel strength specimens, partial membrane 

face assemblies 52 were prepared by heat sealing face rings 56 

to ceramic membranes 54.  The face ring 56 was die cut so that 
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there was a 3/16" overlap with the ceramic membrane 54.  The 

face ring 56 was a thin layer of aluminum with a hot melt 

adhesive 74 on one side and a heat resistant polymer 76 on the 

other side.  To fabricate the partial membrane face assembly 50, 

the heat resistant side of the face ring 56 was placed on a 

heating element and the ceramic membrane 54 was centered over 

the circular opening hole on the adhesive side of the face ring 

56.  A polytetrafluoroethylene release liner was placed over the 

ceramic membrane 54 and the face ring 56. 

[0060] A press foot with a silicone ring was used to apply 

pressure (8 psi) to the annular shaped face ring/ceramic seal 

area during heating and cooling of the element. The element 

temperature was maintained at 200°C for 100 seconds, which was 

high enough to cause the adhesive 74 to melt and long enough for 

the adhesive to thoroughly wet the outer annular surface of the 

ceramic membrane 54.  Power to the element was then shut off and 

the press foot lifted when the element temperature was 70°C, 

which was below the melt point of the adhesive 74. 

[0061] Peel specimens used to generate the results in Table 

2. above were fabricated from the partial membrane face 

assemblies 50 described above.  The membrane face ring 56 was 

marked to outline four peel strips.  The remaining face ring 56 

was cut away and the four peel strips were joined to longer 

laminate tails.  An adhesive was applied to the back of the 
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ceramic membrane 54 and the ceramic membrane was mounted to an 

aluminum support plate. 

[0062] The face ring 56 was cut so that the four peel strips 

could be pulled cleanly off the ceramic membrane 54. Each test 

area was 0.75 inches wide x 0.19 inches high in the shape of the 

arc of the face ring to ceramic seal. 

[0063] To measure the peel force, the specimen was placed 

into the jaws of an Instron®. The jaw holding the aluminum 

support plate contained the load cell and moved the support 

plate away from the lower jaw at 0.1 inch per minute.  The lower 

jaw was stationary and held the face ring strip which was folded 

over approximately 180°. 

[0064] FIG. 6 shows a typical curve for the peel tests 

performed in this study.  The force recorded by the load cell 

(i.e., peel strength) is shown as a function of the length of 

the extension or elongation.  Peel force increased and decreased 

according to the bond length as the specimen was peeled across 

its arc. Peel strength was a maximum when the bond line 

stretched the full length of the arc.  The maximum peel strength 

for each specimen was normalized by the maximum possible bond 

length (0.75 inches). The data in Table 2. above show average 

peel strengths and standard deviations for eight specimens at 

each test condition. 
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[0065] Rather than forming pores 100 across the complete 

surface 102 of the ceramic membrane 54, the pores 100 could be 

localized to affect the adhesion in a specific area of the 

ceramic membrane.  The diameter of the pores 100 can be 

controlled and may play a role in adhesive strength. The number 

of pores per geometric area can also be controlled.  In another 

variation, the ceramic membrane 54 may be formed with pores 100 

on both the front and rear surfaces. Pores on the rear surface 

of ceramic membrane 54 would result in an improved bond between 

the inner circumferential area of the front side of aluminum 

laminate locking ring 64 (See FIG. 3) and the rear side of 

ceramic membrane 54.  

[0066] The foregoing description of the preferred embodiments 

of the invention has been presented for purposes of illustration 

and description only. It is not intended to be exhaustive nor to 

limit the invention to the precise form disclosed; and obviously 

many modifications and variations are possible in light of the 

above teaching. Such modifications and variations that may be 

apparent to a person skilled in the art are intended to be 

included within the scope of this invention as defined by the 

accompanying claims. 
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HERMETIC SEAL IN ANODE POUCH FOR LITHIUM-SEAWATER 

ELECTROCHEMICAL BATTERY 

 

ABSTRACT OF THE DISCLOSURE 

A method is provided for making a ceramic lithium ion 

conducting membrane and for making an anode pouch for a lithium-

seawater battery. The method for making the ceramic membrane 

includes adding pore formers into a liquid slurry of LTAP (Li2O-

Al2O3-SiO2-P2O5-TiO2) powder.  The liquid slurry is converted into 

porous green tape and the porous green tape is laminated onto 

the top of nonporous green tapes to form a stack. The stack is 

sintered and the pore formers are decomposed to create pores in 

the top layer of the ceramic membrane. The porous ceramic 

membrane is used to create a more robust hermetic seal in an 

anode pouch for the battery compared to a seal made with a 

nonporous ceramic membrane. 
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