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ABSTRACT 

Sulfide ceramics are fmding application in the manufacture of advanced batteries 
with molten salt electrolyte. Use of these ceramics as a peripheral seal component 
has permitted development of bipolar Li/FeS2 batteries. This bipolar battery has a 
molten lithium halide electrolyte and operates at 400 to 450°C. Initial development 
and physical properties evaluations indicate the ability to form metal/ceramic- 
bonded seal (13-cm ID) components for use in high-temperature corrosive 
environments. These sealants are generally CaA12S4-based ceramics. Structural 
ceramics (composites with oxide or nitride fillers), highly wetting sealant 
formulations, and protective coatings are also being developed. Sulfide ceramics 
show great promise because of their relatively low melting point, high-temperature 
viscous flow, chemical stability, high-strength bonding, and tailored coefficients of 
thermal expansion. Our methodology of generating laminated mefaVceramic pellets 
(e.g., molybdenurdsulfide ceramic/molybdenum) with which to optimize materials 
formulation and seal processing is described. 

INTRODUCTION 

New materials have encouraged development of new electrochemical devices.['.2] 
Ceramic materials based on sulfides[3] have recently been identified as showing 
chemical stability in highly corrosive environments, including molten halides, 



sulfur, and alkali metals. Specifically, renewed interest in high performance lithium 
batteries (nonaqueous) has provided an opportunity to explore materials which may 
not have broad application but could have a profound influence upon specific device 
development. For example, the initial success of sulfide ceramic to form 
metal/ceramic-bonded seals of large diameter enabled continued development of the 
bipolar Li/FeS, battery at Argonne National Laboratory. It is one of a small number 
of batteries currently considered by the United States Advanced Battery Consortium 
(USABC) for use in a high-performance electric vehicle.[4] 

To pursue engineering development of the bipolar peripheral seal, we needed to 
generate a physical properties database for the sulfide ceramics. We have 
established methodology for identifying physical properties of new sulfide 
compounds of interest to sulfide ceramics. With these properties, we "engineer" the 
sulfide ceramic material for a more specific application, such as modifling the 
coefficient of thermal expansion (CTE). Engineering of the sulfide ceramics 
incorporates raw material selection, stoichiometry selection, particle size 
distribution tailoring, and materials processing. Processing includes dry blending, 
calcination, forming, and densification. All of these engineering aspects determine 
the h a l  phase equilibria, which then dictate the physical and chemical properties 
of the ceramics. Finally, materials properties and material requirements are matched 
through an iterative process of component stress modeling and component testing. 
This methodology was used in meeting our objective of manufacturing 
mefavceramic sd r ings  (13-cm ID) for prototype bipolar Li/FeS, batteries (Fig. 1). 
The purpose of this paper is to present an overview of these activities. We will 
describe a broad spectrum of materials research and evaluation activities related to 
development of sulfide ceramics. 

SULFIDES AS CERAMICS 

Development of sealant materials for a high-temperature corrosive environment 
with alkali metal and molten salt presents a special challenge. Generally, solder 
glasses and silicate-based sealant materials are applied as sealants for joining metal 
to ceramic for high-temperature service. Unfortunately, these silica-based materials 
are not chemically compatible with lithium. The sulfide-based sealant meets this 
challenge. 
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Fig. 1. Exploded View of a Four Cell Bipolar Stack Final assembly involves 
a peripheral weld of the bipolar plate to the metal ring that is captured 
in the ceramic-to-metal seal. 

The sulfide  ceramic^[^^^] are based on non-transition metal sulfides (rather than 
conventional oxides, nitrides, or borides). Examples are CaAl,S, , Li,CaAl,S,, 
YAlS,, Ca,$d,SiS,, LiAlS,, and Cay$,. The sulfide ceramics provide an 
attractive combination of properties (Table I) for advanced component development. 
Of particular concern for lithium batteries, Li,S and lithiated sulfides of interest to 
sulfide ceramics are electrical insulators and do not impart electrical conductivity, 
which would lead to a short circuit of the device. These sulfide compounds are 
characterized by relatively low melting temperatures (700-1 100OC) and have 
excellent chemical stability, similar to compounds which generally melt at 2000°C 
or greater. The melting temperature of the sulfide is lower than that for many 
candidate substrate materials. Inherent chemical stability of crystalline (rather than 
glassy) sulfide ceramics encourages high temperature application (400-1000°C). 



A sulfide ceramic based on CaAl,S,, for example, has unique properties, offering 
prospects for a variety of new engineering applications.[6] As an "enabling" 
material, sulfide ceramics display high-strength bonding to other materials, 
properties that can be engineered to specific applications, and inherent stability in 
highly corrosive environments. A significant application of sulfide ceramic, thus 
far, has been to couple together metal components in a large-diameter, electrically 
insulating configuration (Fig. 1) for service within severely corrosive, high- 
temperature environments. 

Table I. Properties of Sulfide Ceramic Materials 

1. A ceramic insulator with low fusion temperatures (85O0C-1O50"C). 

2. Chemical stabilitv to alkali metals in molten halides at 400°C to 500°C. 
~ 

3. Engineered thermal expansion properties of composite materials, 
average CTE (100-400°C) of 5 to 15 x 10-6/0C. 

Wetting of a broad range of metals, ceramics, and graphite. 

Excellent bonding to metals by self-fluxing. 

4. 

5.  

As bonding and sealing agents, sulfide ceramics form a strong reaction bond with 
a broad range of metal components. In joining metals to ceramics, they produce 
bonds up to 20 times stronger than those of other bonding agents. The sulfide 
sealant is applied as a powder or may be used in a paint-like, dry organic liquid. 
The sulfide ceramic melts at about 1 100 "C, then aggressively wets and attacks the 
metal surface to strongly bond as interlocking fingers of metal and ceramic (Fig. 2). 
Certain sulfides exhibit more aggressive attack to some substrates and can be used 
for development of bonded couples. Sulfide ceramics could replace welding for 
joining materials that are difficult to weld, such as graphite, molybdenum, and 
tungsten. These ceramics produce strong bonds between materials with coefficients 
of thermal expansion that differ significantly (such as, graphite coupled to steel). 
The excellent wetting of sulfide sealants to metals and ceramics joins components 
without extended time at high temperature and pressure. Unlike fabrication by 
thermal compression bonding, multiaxial joints can be made. Bonded couples are 
produced in minutes. 
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Fig. 2. Crossection (500 X )  of Mo Bonded to Mo via Sulfide Ceramic Sealant. 

As shown in Table II, the standard sulfide sealant produces strong bonds. In many 
cases, the substrate ruptured before the ceramic bond. As shown in Fig. 3, strip 
samples are joined using sulfide ceramic sealant. These samples, with about 1-cm2 
bonded area, are hung with progressive weights added to the bottom strip until 
rupture. In forming a bond to molybdenum, the bond strength is increased more 
than seven-fold by producing an intermetallic surface layer on the molybdenum 
prior to bond formation. In comparison to commercially available, high- 
temperature bonding agents (e.g., borosilicate glass, silicate-based products), the 
standard CaAl,S, sealant exhibits bond strengths approximately ten times greater. 
Most commercially available bonding agents were unable to survive thermal cycles 
to 400°C in the test configuration. Also, the chemical stability of sulfide sealants 
makes them ideally suited for high temperature battery applications. Additionally, 
as a result of excellent wetting properties, bond formation does not rely on a 
thermalkompression process; thus, the bonding is not unidirectional. 



Table 11. Combination ShearRensile Strength of Bonded Surfaces 
a 

Mo/standard sealanth40 

Mo/standard sealant/Mo (Mo intermetallic used) 

F r a c t u r e - %  

3.2 

23 -0 

Mo/borosilicate glasshlo 

Al,O,/standard sealant/Al,O, 

MgO/standard sealantiMg0 

SteeVstandard sealantiMn0 

~ 

3.47 

19.76 

52.87 

>35Ab 

11 SteeVsilicate-based sealanth4gO I 1 .4' 11 I 
aStandard sealant is CaAl,S, composite. 
bSubstrate ruptured before bond. 
'Many silicate based sealants failed due to thermal cycling. 

I TiN coated steelhtandard sealanfliN coated steel >16.7b 
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Fig. 3. Bond Strength Test Sample of Two Substrate Materials (1-cm wide 
strips) Bonded by Sulfide Ceramic (0.5 to 1.0 cm2 bond area). 

One of the techniques developed at ANL to determine corrosion compatibility 
between the sulfide seal materials and high-activity lithium employs differential 
thermal analysis (DTA). The short-term stability between these materials is 
analyzed over the operating temperature range of the Li/FeS, battery. The 
technique uses a mixture of electrode material and sulfide seal materials. Under 
flowing, high-purity argon, this mixture is then heated in the DTA apparatus 
(Netzsch STA 409, Al,O, standard) to 500°C at a rate of 5"C/min and then furnace 



cooled. The DTA data show the incongruent melting of the electrolyte salt and, if 
present, subsequent reactions within the powder mixtures. Candidate seal materials 
that show instability can be screened using this technique, while materials which 
show stability can be more rigorously tested for long term and synergistic effects. 

Phvsical ProDerties: Powders of CaAl,S, were made with a stoichiometric mixture 
of AI$, (Cerac, 99.9% purity, -100 mesh) and Cas (Cerac, 99.99% purity, -325 
mesh). Dry blending of the powders was done in an argon glovebox by ball milling 
the powders in either high-density polyethylene bottles (Nalgene) for small batches 
or a twin-shell blender (Patterson-Kelley) for large batches. Both methods employ 
high-purity ZrO, dispersion media (Zirbead XR, 1.4- 1.7 mm). This mixture was 
then heated at 20"C/min to between 1100 and 1125°C and held at this temperature 
for 30 min. Powders were then ground to desired particle sizes after furnace 
cooling. The physical properties of CaAI,S, have been determined for engineering 
purposes. A congruent melt was observed at 1070°C using DTA (heating rate of 
5 OC/min). X-ray diffraction techniques (Phillips Debye-Scherrer powder camera, 
114.6 mm, and filtered Cu-Ka radiation) showed the material to be crystalline; an 
orthorhombic structure with lattice parameters of a = 20.1 19 8,, b = 20.039 A, and 
c = 12.051 8, (all f 0.010 A). A density of 2.43 g/cm3 was calculated fiom these 
data, which is comparable to earlier published data.[A The linear coefficient of 
thermal expansion averaged 1 1.7 x 10-6/oC over 100 to 400°C. High-temperature 
deformation mechanisms are currently under study by personnel in the Energy 
Technology Division at 

ENGINEERING PROPERTIES OF THE SULFIDE CERAMIC 

Molten non-transition metal sulfides exhibit excellent wetting properties to a broad 
variety of surfaces. Wetting angles approach 0" with at least 95% surface coverage. 
Aside from metal surfaces, the ability of these sulfides to aggressively wet other 
ceramics and carbons facilitates composite material formation.[*] A variety of 
oxides, nitrides, and carbides have been blended with the sulfides and fused into 
composite materials having modified physical properties. The primary objective of 
the composite material development is to generate strong structural ceramic. Typical 
fillers are M e ,  CaO, A1203, AlN, and BN. Generally, the filler materials for these 
composites are selected on the basis of their inherent stability to the service 
environment and their thermal expansion characteristics. Thermal expansion of the 
structural cerarnics has been engineered to match or complement the metals which 



are to be joined (Fig. 4). For example, development of bonds for low-carbon steel 
to molybdenum has shown that the thermal expansion of the structural ceramic 
should favor steel for maximum component strength. Also, bond strength and 
integrity between similar metals are maximized when the ceramic component 
matches or is lower than the thermal expansion of the metal component. 

A B C D E F G H I J K 
Vartoui SuHida Ceramic Compooiter 

Fig. 4. Range of Coefficients of Thermal Expansion, Available from Sulfide 
Ceramics 

Structural ceramic bodies have been formed by uniaxial cold pressing and a 
combination of liquid-phase and solid-state sintering. The fusible sulfide envelops 
powdered filler materials. X-ray diffraction spectroscopy, XRD, has confirmed the 
chemical inertness of the filler materials. Two approaches to powder processing 
have been successful: formation of composite powders and dry blending of sulfide 
and filler material powders in argon atmosphere. The combination of liquid-phase 
and solid-state sintering depicted in Fig. 5 achieves 95% of theoretical density (or 
greater). Large (1 3 cm ID x 15 cm OD x 1.5 mm thick) sulfide ceramic rings are 
formed in this fashion. 
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Fig. 5. An Example of Combination Liquid-Phase/Solid-State Sintering 
(Tm denotes the melting temperature of the matrix phase). 

A typical cross section of a structural ceramic is shown in Fig. 6. An effective 
modulus of rupture (MOR) of the structural ceramics is evaluated with a pellet 
sample (2.86 cm dia.) by using a three-point bend method. These materials have 
rupture strength approximating that of sintered MgO. This level of rupture strength 
has been suflicient for our component requirements and, as will be discussed later, 
is significantly enhanced by bonding/laminating with metal foils as shown in Fig. 7, 
which also illustrates the progression of bond development. 

A significant portion of our seal development activity revolves around production 
of disk pellet samples. This shape was chosen because of ease of production and 
good reproducibility of pellet sample properties. Although a rectangular sample is 
more common for measuring physicaVmechanical properties, the disk pellet samples 
are more amenable to our chemical and thermal stability testing. They are used to 
guide our peripheral seal process development, and to optimize sulfide ceramic 
compositions. With this approach, the relative property evaluation is more 
important than absolute property measurement. Quick turnaround of sample 
production is very important to our project objectives. We do, however, produce 
rectangular samples to generate data for stress modeling for which absolute physical 
property values are required. 



Fig. 6. Photomicrograph of High Density Sulfide Composite (reflected optical 
light, lOOX, crossed-polars) 

’ ComDarison of Structural Ceramics & Laminatesm 

Fig. 7. Modulus of Rupture (MOR) for Sulfide Ceramics and Laminates with 
Sulfide Ceramics 



Mechanical strength evaluation is done with a very compact three-point fracture 
device (shown in Fig. 8). We measure applied load and displacement to fracture . 
with 0.7-cm spacing between 1/16-in. rod edges. Load is applied pneumatically and 
registered by a load cell. The pellets are 2.86 cm dia. by 1.5 to 2.5 cm thick. Our 
typical pellet sample is laminated with 0.126 mm molybdenum or steel bonded to 
the upper and lower faces. These samples then mimic the compositions and 
processes used to form the metdceramic ring with 13-cm ID. Generally, a sulfide 
ceramic composite pellet is pressed and sintered. A second processing step is used 
to bond the metal films to the pellet with a sulfide sealant. The seal formation 
process has been divided into two separate thermal cycles to assure maximum bulk 
density of the structural ceramic. We use metal surface modifiers to enhance 
bonding strength. As shown in Fig. 9, an intermetallic layer has been formed at the 
interface between the metal and the ceramic to enhance the mechanical strength of 
the bond. Alone, the intermetallic is extremely brittle, as are most intermetallics; 
however, in these bonds the intermetallic has been interwoven with the molten 
ceramic phase during the bonding process, which leads to a very strong interface. 
Testing of MOR samples has shown that the interface does not fail prior to 
catastrophic bending as the sample yields. This interface has also been shown, in 
MOR analysis, to anneal and become stronger at the operating temperature of the 
bipolar Li/FeS, battery, 400 to 450°C. 

Fig. 8. 
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Molybdenum has proven to be the current metal of choice for use in the Li/FeS2 
battery. Unfortunately, pure molybdenum in 5 mil sheets will embrittle rapidly at 
temperatures above 1000°C due to grain growth. This is a problem because the 
sulfide ceramic is applied as a melt at about 1 100°C. For this reason, oxide 
dispersants are used in the molybdenum to act as grain boundary pinners. One of 
the alloys was heated to 1200°C and held at that temperature for five minutes. After 
cooling, the ribbon of molybdenum was twisted to illustrate its ductility. This 
thermal cycle that is used to evaluate the molybdenum alloy, is more severe than 
that used to form bonds with the sulfide ceramics. 

Fig. 9. Photomicrograph of Mo/Sulfide Ceramic 
Bond wnntermetallic Interface 



COMPONENT DEVELOPMENT USING SULFIDE CERAMICS 

As mentioned earlier, a key to the successll development of lithidsulfide bipolar 
batteries is a mewceramic-bonded peripheral seal for each cell. The development 
of corrosion-resistant sulfide sealants at ANL led to metakeramic bonds that are 
an order of magnitude stronger than those obtainable with commercially available 
sealants for service over 300°C. This peripheral seal aids in achieving long life by 
eliminating electrolyte leakage fkom and between cells of the bipolar stack 
(see Fig 1). 

Requirements for the peripheral seal in molten salt electrolyte are that they 

possess properties of an electrical insulator, 
provide strong bonds to metals and ceramics, 
maintain bonds during cool down from formation at 1 100 O C and during 
thermal cycles between room temperature and 450 O , 
remain stable to electrode active materials and electrolyte over the same 
temperature range, and 
provide gas-tight seals. 

The sulfide ceramic sealants appear to meet all these requirements. They can be 
specially formulated to accommodate differences in thermal expansion between 
steel, molybdenum, and ceramics by forming "graded" ceramic seals. They exhibit 
greater than 95% coverage and wetting angles that approach 0" for both steel and 
molybdenum. Additionally, we have achieved a six-fold increase in fracture 
strength of the sulfide structural ceramic through changes in its composition and 
processing, We have successfully fabricated over six dozen 13-cm ID peripheral 
seals and evaluated them in bipolar lithidsulfide cells. Most of these seals were 
made in a quasi-production method in which all raw materials, processing, methods, 
processing atmospheres, and operators were documented. To provide a quality- 
assurance measure, a leak checking apparatus was designed and built. This 
apparatus detects leaks that would visually go undetected. The seals that have had 
gross leaks have been successfully re-processed lending product yield of 100%. 

The initial work to establish long-term stability and reproducibility of seals was 
conducted with 2.5-cm ID components. We prepared six bipolar seals using similar 
ceramic compositions and processing methods. One seal was leak-checked at a 



vacuum of 100 pm Hg, the limit of our test fixture. Another seal was used to build 
a sealed bipolar Li/FeS2 cell to establish thermal-cycle (25 to 425°C) stability 
(greater than 15 thermal cycles). This cell operated for more than 
400 charge/discharge cycles and 2000 h with less than 10% capacity loss. The 
remaining four seals were used to fabricate bipolar Li/FeS2 cells, which were 
assembled into a four-cell bipolar battery. 

This four-cell bipolar battery operated for more than 500 cycles (2500 h) with 
greater than 98% coulombic efficiency to demonstrate seal stability. Three of the 
four original cells were employed throughout the 500 cycles, while one initially 
weak cell was replaced at 150 cycles. Bipolar stack capacity (0.45 Ah) was at 
least 90% that of individual cells. The stack operated at 425 "C using 4-h charge 
and 2-h discharge rates, with charge and discharge cutoff voltages of 8.2 and 5.4 V, 
respectively. The average stack discharge voltage of approximately 6.5 V greatly 
exceeded the decomposition voltage of the molten salt electrolyte, at 3.2 V. Thus, 
extended operation of this stack verified the ability of our seals to maintain 
individual cell isolation. This initial bipolar stack was assembled fiom four 
individual cells stacked with nickel felt pads and voltage leads between the cells. 
The stack impedance was 0.7 ohm cm2 of cell area, which is within 130% that of 
individual cells, in spite of the added intercell contact resistance. Improvement 
resulting fiom stack integration indicates that stack impedance should be less than 
that of the cells, because of greater uniformity in the intercell contact. The voltage 
and capacity of individual cells were sufficiently well matched that charge 
equalization was needed only every 20 cycles. 

Our bipolar cell and stack scaleup efforts involve setting up equipment capable of 
handling the fabrication of 13-cm. ID metal/ceramic seals. The fabrication facility 
incorporates a 200-ton hydraulic press (Tee Tool, Joplin, MO), a large 1700°C 
processing oven, ceramic powder preparation equipment, welding equipment, and 
bipolar stack test stations, all contained within a high-purity argon glovebox. The 
processing furnace provides excellent, radial heating with negligible temperature 
gradients within the heating cavity. Radial heating is necessary due to the size and 
shape of the seal components. This array of equipment permits the development 
and evaluation of alternative designs and processing methods. In our current bipolar 
seal design, the metal current collector components are attached to each other with 
a ceramic ring that is 2-mm thick, 13-cm ID. This ceramic ring is formed fiom 
pressed powders of sulfide ceramic materials. 



The parts that make up a seal are designed for simple stack assembly. The metal 
components are each bonded to the sulfide ceramic ring (an electrical insulator) via 
parallel horizontal surfaces by using sulfide sealant material. The metal 
components are custom designed and fabricated by stamping 5-mil sheet metal 
(usually molybdenum). The seal is forrned in a single thermal processing performed 
at 1100°C. Subsequent thermal cycling is performed between 25 and 400°C to 
evaluate seal mechanical durability. MetaVceramic interfaces prepared in this 
manner have remained flaw-free after thermal cycling. It is anticipated that further 
evolution of the seal design will lead to improvements in fabrication and durability. 
The sulfide ceramics can be engineered to meet new seal design objectives. 

One objective of our seal development effort for the bipolar Li/FeS2 system is to 
incorporate a molybdenum bipolar plate in such a way that the stack does not 
require a difficult Mo-Mo weld during fmal assembly. As described elsewhere,f8] 
the preferred seal configuration of steel ring/ceramic/molybdenum cupkeel ring has 
been successfully fabricated. This configuration permits Li/FeS2 stack integration 
using a steel/steel weld. The unique properties of the sulfide ceramics and sealants 
enable formulation of stress absorbing mefavceramic seals that have a variety of 
compositions. Large-diameter components possessing different coefficients of 
thermal expansion (e.g., molybdenurdsteel) have been bonded together using a 
single-composition ceramic ring. However, due to limitations in other cell 
component sizing, an all molybdenum hardware battery with bipolar seals in a 
ring/ceramic/ring configuration was used in the assembly of the first bipolar Li/FeS, 
stack with 13-cm dia. ID ring seals. 

Coated steel may substitute for molybdenum in Li/FeS2 batteries. Such seal 
configurations would permit easy bipolar stack integration by using a steel-steel 
peripheral weld. Coated-steel materials (e.g., TiN applied by plasma vapor 
deposition, PDV) or Grafoil have been investigated as replacements for 
molybdenum as the positive current collector, and sulfide ceramic coatings on steel 
for corrosion protection have shown promise for use as a FeS, positive electrode 
current collector in molten-electrolyte batteries. These developmental sulfide 
coatings have been formulated with TiN and graphite to achieve an electrically 
conductive composite material. The primary challenge is production of pore-free 
films. Application of the sulfide composite material to the steel surface has been 
approached generally by slip-casting formulations that are sprayed, painted, or 
dipped onto a test component. Test samples have a 0.02-to 0.05-mm thick coating 



on 0.125-mm thick steel. Testing is conducted by substituting the molybdenum 
component of our Li/FeS2 cell with a sulfide coating steel component. Post-test 
evaluation has verified coating stability. A coating breach would result in rapid 
corrosion of the substrate to form holes in the component. These coated 
components have survived >500 h at 425 "C under cell operating conditions without 
corrosion. 

SUMMARY 

Sulfide ceramics are an emerging materials technology. These materials are 
particularly suited to application in high temperature corrosive environments, 
including molten salts, molten metals, alkali metal, and sulfur. The excellent 
bonding properties of the sulfides have been an advantage for device development. 
Large-diameter metaVceramic ring seals are fostering development of a bipolar 
molten-salt electrolyte battery for electric cars.['] In the course of this ongoing 
development, a physical properties database is being gathered to engineer desired 
properties of sulfide ceramics on demand. 

A group of previously uncharacterized sulfide compounds was examined by XRD, 
DTA, and microscopy. Melting points in the range 700-1 100°C were determined 
for stoichiometric crystalline phases. The bonding properties of the sulfide 
ceramics were evaluated by mechanically loading bonded strips until tensilekhear 
stress rupture occurred. High strength bonding was achieved between metals and 
ceramics for high temperature (300-500°C) service. 

These sulfides readily form composite materials. Powders of oxide and/or nitride 
ceramic have been combined with the sulfides to modi@ the coefficients of thermal 
expansion for structural ceramic pieces. Testing in which 2.86-cm-dia pellet 
samples are generated to mimic our peripheral seal component provides relative 
MOR's for these laminated materials. Structural ceramic pieces have MOR's typical 
to that of sintered MgO. Pellets with metal foils (steel or molybdenum) exhibit 
MOR's at least 50% greater than that of the structural sulfide ceramic itself. The 
excellent bonding strength of sulfide ceramic was important to development of the 
13-cm ID ring seal for our development of the bipolar LiFeS, battery. 

We have taken advantage of the wetting and bonding properties of the sulfide 
ceramics to achieve corrosion-protective coatings on steel, as well as porous, rigid 



fiit structures for battery separators. Our ability to engineer the properties of the 
sulfide ceramics enhances the durability of these materials for high temperature use. 
It is advantageous to match the CTE of the coating with that of the substrate to 
eliminate coating cracks or spalling. We can integrate battery components, for 
example, by bonding the separator (porous, ceramic components) with the 
peripheral seal structure. 

In conclusion, the capabilities of sulfide ceramics continue to be uncovered. They 
possess the desirable properties of chemical stability, relatively low fusion 
temperature, excellent bonding characteristics, and tailored CTE. As a 
consequence, there is much flexibility in our approach to component development. 
Options in materials lead to options in design. The options in manufacturing 
approach with sulfide ceramic also encourage development of low cost processes. 
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