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ADVANCED RESEARCH AND TECHNOLOGY DEVELOPMENT MATERIALS P R O G R a  
IMPLEMENTATION PLAN FOR FISCAL YEARS 1990 THROUGH 1994* 

Compiled by 
R. R. Judkins and D. N. Braski 

ABS TRACT 

This program implementation plan for the Department of Energy Fossil 

Energy Advinced Research and Technology Development (AR&TD) Materials 

Program reviews the technical issues and the materials research and 

development needs of  f o s s i l  energy technologies. The status and plans 

for research and development activities in the AR&TD Materials Program 

to meet those needs are presented. 

plans is provided for FY 1990 through FY 1991, and long-range plans are  

described for FY 1993 and FY 1994. 

Detailed information about these 

*Research sponsored by the U.S. Department of Energy, F o s s i l  
Energy AR&TD Materials Program [DOE/FE AA 15 10 10 0, Work Breakdown 
Structure Element ORNL-4(A)] under contract DE-AC05-840R21400 with 
Martin Marietta Energy Systems, Inc. 
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PART I 

INTRODUCTION 





1. INTRODUCTION 

1.1 PROGRAM DESCRIPTION AND OBJECTIVES 

This implementation plan for the Department of Energy Office o f  

Fossil Energy Advanced Research and Technology Development (AR&TD) 

Materials Program was prepared in cooperation with the U.S. Department 

of  Energy (DOE) Oak Ridge Operations (ORO) Office and the DOE Fossil 

Energy Office of Technical Coordination.' 

objectives, organization, and responsibilities of the various 

participants on the program, and is consistent with the Multi-Year 

Summary Program Plan issued by the Fossil Energy Office of Technical 

Coordination.' In particular, details of planned activities for 

FY 1 9 9 8 ,  FY 1991, and FY 1992 and an indication o f  anticipated 

activities through FY 199[+ are presented. This implementation plan is 

for a comprehensive materials program, and the funding indicated i s  an 

estimate of the funds required for the comprehensive program. O f  

course, the actual funds that are available in any fiscal year will 

depend on congressional appropriations, and the technical prograiii will 

be adjusted for consistency with those appropriations. 

included descriptions of new and expanded initiatives in this plan. 

These new and expanded initiatives are particularly important or 

promising developments; they include the development of catalyst 

supports for coal liquefaction, solid electrolyte (including f u e l  

cells) materials, iron alurninides, ceramic filters, cerainic membranes, 

advanced materials processing (ceramics and metal a1 l o y s )  , techno1 ogy 
transfer, and coatings and claddings. 

It describes the program 

We have also 

The goals of the AR&TD Materials Program are to develop a 

fundamental understanding of materials and their performance in f o s s i l  

energy systems and, based on this understanding, develop materials that 

will perform satisfactorily in the hostile environments o f  fossil 

energy plants. Exploratory research of new materials which have the 

potential to improve the performance of existing fossil systciiis o r  

enable the development of new f o s s i l  systems will a l s o  be conducted. 

5 
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The scope o f  t he  program encompasses all f o s s i l  energy systems,  and w e  

a t tempt  t.o address  the  rnstierials needs of t hese  systems wi th  a program 

t h a t  i s  gener ic  and c r o s s c u t t i n g ,  i . e . ,  no t  s p e c i f i c  t o  a s i n g l e  f o s s i l  

energy technoI.ogy. 

There is  a range of research  and development a c t i v i t i e s  w i th in  the 

DOE Fossil .  Energy Program. Within t h i s  spectrum, the  AIZ&TD Mat:erials 

Program l i e s  between the  b a s i c  research  of DOE Energy Research and the  

process  and engineer ing development o f  the  F o s s i l  Energy Technology R&D 

programs. 

and explora tory  research .  The Program i s  o r i e n t e d  toward novel and 

h igh ly  innovat ive concepts ,  and i t  develops i d e a s ,  understatidi.ng, arid 

knowledge t h a t  i s  broadly r e l evan t  t o  F o s s i l  energy t echnologies .  

Because of t he  na tu re  of the  r e sea rch ,  it i s  high  r i s k  b u t  wi th  

p o t e n t i a l  high payoffs  occuring i n  the  s h o r t - ,  mid- ,  and long-tcim time 

frames 

The AR&TD Mater ia l s  Program i s  concerned wi.th fundamental 

The fundamental and explora tory  research  a c t i v i t i e s  provide a very 

s t r o n g  base f o r  f u r t h e r  advances on the  process  and engineer ing 

development a c t i v i t i e s  of the  Technology R&D prograrns. 

t he  AR&TD Mater ia l s  Program with the  Technology R&D programs may 

produce r e s u l t s  with broad app l i ca t ions  ac ross  rnimerous technologies ,  

thus  the C e r m s  generi-c and c r o s s c u t t i n g .  Tables 1. I . .  A ,  1.1. B ,  1.1. C ,  

and 1 . . 1 . D  provide an i n d i c a t i o n  of  t he  broad a p p l i c a b i l i t y  of  t he  AR&TD 

Materia1.s Program, I n  t h i s  t a b l e ,  ongoing and planned research is  

c o r r e l a t e d  w . i t h  the  f o s s i l  energy technologies .  

The coupl ing o f  

Notwithstanding t h i s  gener ic  arid c r o s s c u t t i n g  approach, we. at tempt  

t o  develop lower-cos t  ma te r i a l s  where c o s t  is  a major f a c t o r  i n  

l i m i t i n g  the use of  an  advanced coa l  system.3 

c r i t e r i a  are e s t a b l i s h e d  f o r  the  ma te r i a l s  i n  s p e c i f i c  f o s s i l  energy 

systems. For example, our i r o n  alumixtide development i s  based 

p r imar i ly  on performance c r i . t e r i a  o f  hea t  exchange devices  i n  coa l  

g a s i f i c a t i o n  p l a n t s ,  b u t  these a l l o y s  are expected to a l s o  have 

widespread use  i n  o the r  f o s s i l  energy app l i ca t ions  and i n  va r ious  

i n d u s t r i a l  and automotive ( e .  g ,  , exhaust)  a p p l i c a t i o n s .  T h i s  approach 

he lps  t o  a s su re  a l a r g e r  commercial market and,  by s o  doing,  a s su res  

In a d d i t i o n ,  perforlnance 
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ORNL-I (.4) 

ORNL-1 (C) 

GT-1 

GT-l(A) 

I"4'NL-I 

INEL-](A) 

INEL-l(B) 

VPI-1 

NCAT-1 

NISF-1 

ANL-I 

ORNL-I([>) 

PN1.-1 

SNL-I 

ORGDP-I 

Table l.l.A Relationships among materials research program elements and t ~ h n d ~ g y  
areas of the Advanced Research and Technology Development 

(AR&TD) Materials Program 

Technology areas 

Program Element 

ORNL-I(B) I X X X X X X 

INEI. .I (C) X X X X X X 
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Tablc 1. l .B  Relationships among rnatcrials rescarch program elements and lerhnolog~ 
areas of the Advanced Rcsmrch and Technology Development 

(.4R&TD) Materials Program 

Program clcrnent 

,-Tb; s>5lcms 1 cells Fucl 

.-... ............ 

CAI Heal cngincs 
gasification and heat 

XW"tV 
prepam! ion liquelaclion 

New alloys 

ORNL-?(B) 

CU-2 

USC-2 

0aw-2 

urn-2 

FW-2 

SC(l.U)-Z 

ORNL-&A) 

ORNL-Z(t) 

INEL2 

CSM-2 

HWKL-2 

SC(1)-Z(A) 

osu-2 

WWC-2 

SC( I) -Z(C) 

SC(I)-:(D) 

X I X  

X I X  . X 

X 

X 

X 

X 

X 

X 

-. ......... .. 

X I X  X I  

I x  * .................. X X 

X X 

X I X  X I X  X I  

4 .................. - X X 

--?-I-- . 
X I X  

XIX 
..... x .......... ̂ . 
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Table 1.1.C Relationships among materials research program elemenas and tmhnology 
areas of the Advanced Research and Technology Devcloprnent 

(AR&TD) Materials Program 

Technology a r w s  

Program elemcnt 

Corrosion and erosion 
research 
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Table l.l.D Relalionships among materials research program elemenfs and tcxhnologr 
areas of the Advanced Rcmrch and Technolog Devcloprnenl 

(AR&TD) Materials Program 

Program element 

CMI 
prcpmdion 

---.--I___ 

Technology development 

- 

and transfcr 

_I 

X 
_I__ ...... .- 

~ ...... 

I___.... 

I X 

I X 

cnzl 
Iiquefaclion 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
._ _- 

Technology areas 

Fuel 
wlls 

__ x l x l x  ......... - 

..... 

X 

X 

X 

X 

X 

X 

X 

X 
____.. 
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greater industrial interest in transferring the important technological 

developments of the program. 

materials that wfll allow the extension of  fossil systems to higher 

performance levels will also be promoted. There is Fndeed a synergism 

between the fundamental and exploratory research of  the AKGTD Matxrials 

Program and the Technology R&D programs. The promising concepts and 

knowledge established by the fundamental and exploratory research can 

be extended and advanced to process and engineering development pro- 

grams, and the results of large-scale testing often identify needs €or 

new fundamental and exploratory research. 

The development of highly advanced 

Work on the program is identified by materials disciplines, or 

program elements, including ceramics, new alloys, corrosion and e ros ion  

research, and technology assessments and transfer. The ceramics 

research includes activities o n  structural ceramic composites, solid 

state electrolyte systems, catalyst support materials, ceramic mern- 

branes, ceramic filters, and new materials processing techniques. 

Research and development of new alloys includes work on advanced 

austenitic steels and iron aluminides. The corrosion and erosion 

research includes fundamental studies of corrosion and erosion pro- 

cesses. The fourth element addresses technology development and 

transfer. The organization of these activities is shown in Fig .  1.1. 

Those readers familiar with the program will notice some differences in 

this organization from that of prior years. Historically, the AR&TD 

Materials Program has focused on the development of structural 

materials, i.e., materials of construction, for fossil energy plants. 

This new organization recognizes the value and need of materials 

science in the development of process materials, For example, the work 

on catalyst supports for coal liquefaction is directed toward under- 

standing the structure-properties relationships of ceramic catalyst 

supports. By understanding these relationships, we hope to produce 

catalyst supports with suitable properties for a variety of coal 

conversion systems. 

Implementation of the AR&TD Materials Program has been decen- 

tralized to DOE-ORO, with OKNL as the technical support contractor. A 
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broad base of participation exists on the program and includas national 

and government Laboratories, universities, and industrial research 

centers. 

experts. 'Though independent, these organizations are all focused on 

the particular goals of the program and, in many instances, the se- 

search is complementary. This complementary approach works well, and 

it provides a range of talents for various aspects of a materials 

development effort. As an example of this approach, the work on 

advanced austenitic alloys is being conducted at Oak Ridge National 

Laboratory (alloy development), Cornel1 University (property evalua- 

tions), Babcock and Wilcox Company (fabricability studies), the Uriiver-  

sity of Tennessee (welding and joining), and Foster Wheeler Development 

Corporation (corrosion studies). This concerted effort has resulted in 

alloys with outstanding properties for  a variety of applications. 

I n  this Plan, relevant research and development needs of  the 

All work on the program is technically monitored by materials 

various fossil energy technologies are identified arid discussed in 

Part 11. Identified R&D needs are generally those that are appro- 

priately addressed on the AR&TD Materials Program. The individual 

chapters of Part I1 are not meant to be exhaustive in identification of 

materials research needs. Many short-range materials problems are 

being appropriately addressed by the Technology R&D programs. 

Descriptions of ongoing and planned activities are presented i n  

Part 1111. Tables in each chapter of Part 111, Current and Planned 

Projects in the AR&TD Materials Program, present funding levels for 

each project. The funding distribution for FY 1990 is current; for 

subsequent years, the distribution reflects our assessment of  needs. 

These needs have been identified by general in-house assessments, 4-5 

Conducted by subcontractors,'-' by research and development p r o p o s a l s ,  

by discussions with individuals and organizations interested in fossil 

energy materials development, and from a series o f  technology base 

reviews conducted annually by the DOE Fossil Energy Office of  Technical 

Coordination.' In addition, the AR&TD Materials Program interacts w i t h  

other DOE research programs, such as the Materials Sciences Program of 

the Office oE Basic Energy Sciences ( B E S ) ,  and through participation in 

the activities of the Energy Materials Coordinating Committee (EMnCC) . 
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Numerous other interactions occiir between the ARGLTD Materials Program 

and other DOE programs to ensure that the goals of  the program are 

consistent wtth the needs of developing fossil energy technologies. To 

maintain an awareness of current research needs, the program management 

stafE and principal investigators in the M&TD Materials Program 

routinely receive news bulletins from various programs and organiza- 

t:ions ( t h e  Electric Power Research Institute , the Gas Research 

Institute, etc. ) on subjects such as welding, erosion, structural 

cerarntcs, alloy development, and other areas 6f mutual interest. We 

intend to revise this program implementation plan annually, and we 

wel.cornu suggestions for these future revisions. 

As a final note, our goal is t o  have the very best program p o s -  

sible. The goal of  an optimum p1.m requires good planning, and good 

research. Our budget i s  l.i.mited, and to perform a l l  the research 

needed, an increase in the budget would be required. A s  a result of 

these budget limitations, funding o f  projects by tine Program is highly 

compet:i t ive,  

suggesti-ons for new projects for the Program. Generally, brief concept 

papers that provide sufficient information to permit a determination of  

interest are preferred to unsolicited p r o p o s a l s .  Selection of  projects 

on t i h e  Program is generally by competitive procurement. Virtually all 

of our research projects at industrial research centers have been 

selected by a competitive process. We anticipate that our sel.ection of 

future universi-ty projects will also emphasize competitive procurement. 

Ide are continually seeking new projects and welcome 
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PART I1 

MATERIALS RESEARCH AND DEVELOPMENT NEEDS 
OF FOSSIL ENERGY TECHNOLOGIES 





1. INTRODUCTION 

Part I1 covers a spectrum of fossil energy technologies and the 

technical issues relating to materials of construction. Other 

technical issues related to coal liquefaction, coal gasification, 

structural ceramics for heat engines and heat recovery, combustion 

systems, fuel cells, coal preparation, technology assessment, and 

technology transfer are discussed. 
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2. COAL LIQUEFACTION 

2.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

In direct liquefaction processes, coal is reacted with high- 

pressure gaseous hydrogen and/or hydrogen in a donor oil solvent. The 

materials issues that are addressed in the program are those involving 

the direct reaction of coal and hydrogen in a liquid slurry. 

processes have been demonstrated in the Wilsonville, Alabama, pilot 

plant that has been in operation since 1 9 7 4 .  

direct liquefaction processes are divided into the major process areas: 

coal and slurry preparation, preheaters, dissolver vessels, gas separa- 

tion vessels, heat exchangers, solids separation, product-solvent 

separation, pumps, and transfer lines.' 

Several 

For this discussion, the 

The research and development program (for coal liquefaction 

materials) described in Part I11 is based almost entirely on the needs 

of direct coal liquefaction plants. However, there are materials needs 

f o r  advanced processes which are currently at a bench-scale of develop- 

ment for which many of the current and planned activities in the AR&TD 

Materials Program are appropriate. These include the areas o f  erosion, 

corrosion, and erosion-corrosion. 

2.1.1. Coal and Slurrv Preuaration System 

The materials requirements for the coal and slurry preparation 

system of coal liquefaction plants are fairly well established. Wear, 

eros ion ,  and corrosion have been the main problems in the various 

components. For the size-reduction equipment, carbon steel is the 

currently accepted material. 

is substantial, especially with high-mineral-content coals, but the 

materials problems in this area do not significantly restrict 

commercialization. 

The abrasion and wear of  these components 

2.1.2 Preheaters 

Coal. liquefaction plant preheaters are generally helically coiled 

pipes heated by oil or gas burners. 

phase stream containing coal, solvent, and hydrogen-rich gas from the 

slurry feed pump. The temperature of this preheater feed is in the 

The preheaters receive a three- 

21 



22 

range 38 to 260°C and the pressure is in the range 14 to 21 MPa. The 

slurry leaves the preheater at a temperature between 400 and 450°C and 

at a pressure somewhat lower than the inlet pressure. Considerations 

in the selection of the preheater material include erosion, hydrogen 

and hydrogen sulfide attack, and chloride stress-corrosion cracking, 

all of which could result Prom contact with the slurry. 

the preheater is exposed to combustion gases. 

The o u t s i d e  of 

2 . 1 . 3  Dissolver Vessels 

Dissolvers f o r  direct coal liquefaction plants are pressure vessels 

containing coal slurried in process oils at temperatures ranging from 

-400 to -460°C in a reducing atmosphere consisting primarily o f  

hydrogen with gaseous hydrocarbons and impurities, particularly H’S, 

formed by reactions with impurities i n  the coal. Total pressures in 

the dissolvers range from -14 to -21 MPa. Vessel sizes vary but inay be 

about 4 m in diameter and 15 to 18 m tall, with a wall thickness o f  0.3 

to 0 . 4  111. Considerations that must be addressed in the design o f  these 

systems include pressure, temperature, fabrication and welding proce- 

dures, steel composition, temperature cycling, and partial pressures o f  

hydrogen and hydrogen sulfide. 

At the temperatures and pressures experienced by these vessels, 

low-alloy steels may experience hydrogen attack, which occurs when 

hydrogen reacts with carbon in solution in the steels to form methane. 

This internal decarburization weakens the steel. Temper and creep 

embrittlement o f  low-alloy steels is also of concern in the selection 

of materials far these vessels. Materials selection for  high-tempera- 

ture hydrogen service is based on Nelson curves, which are derived from 

experience and indicate the limits of temperature and pressure below 

which specific alloys have not failed in service,’ 

The conventional practice for joining sections of  thick-walled 

vessels, including nozzles, is submerged arc welding (SAW) .  Other 

welding processes that offer some advantages when used alone or in 

combination with SAW include narrow-groove variants of  gas metal arc 

welding ( G M W )  and hot-wire gas tungsten arc welding (HW-GTAW), 

e1ect:ran beam wel.ding, 2nd electroslag welding. Adaptation of SAW to 

vertical and horizontal welds and improvement and autornati.on of the 
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shielded metal 

these vessels. 

are welding process may also be useful in fabrication of 

2.1.4 Gas Separation Vessels 

The gas separation vessels downstream from the dissolver present 

similar, although less severe, problems to those of the dissolver, 

namely, the containment of a high-pressure and high-temperature slurry 

in an atmosphere consisting principally of hydrogen with gases such as 

hydrogen sulfide. 

Materials selection criteria for the gas separation (flash) vessels 

are similar to those of the dissolver vessels. The intermediate- and 

low-pressure flash vessels also require a weld overlay of type 347 

stainless steel for corrosion protection. 

Fabrication techniques for the gas separation vessels are the same 

as those for the dissolver vessels but are somewhat simpler because of 

the smaller overall dimensions and wall thicknesses. 

2.1.5 Heat Exchangers 

Coal liquefaction plants, like petroleum refineries and chemical 

processing plants, require a large number of heat exchangers for adding 

and recycling process heat. 

because of the demands of economics and process thermal efficiency, 

will have numerous heat exchangers handling many different process 

streams. 

materials selection and design can be based on refinery and chemical 

plant experience. Unique to direct liquefaction are several problem 

areas related to the presence of solids in the process streams and to 

the high operating temperatures and pressures. 

Demonstration and commercial-size plants, 

Many of these streams do not pose special problems, so 

In the pilot plants, the first heat exchanger contacted by the 

process stream is the reactor effluent cooler, which handles the solid, 

liquid, and gas mixture that leaves the reactor at temperatures as high 

as 460°C and pressures up to 21 MPa. Both air- and water-cooled 

exchangers have been used for this application, but not without some 

difficulties due partly to the large thermal gradients. 

designs for demonstration and commercial plants, the reactor effluent 

is fed directly to a separator vessel, thus eliminating the need for a 

In the current 
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heat exchanger to be operated under these especially scvcre condi- 

tions. Instead, a heat exchanger is used to cool the overhead product_ 

froin the firstr separator vessel, which is essentially free of solids 

but rPch in M,S and other corrosive gases. 

t t d a s  will probably be fabricated from an austenitEc stainless steel. 

In the demonstration plant designs (and for most o f  the pilot planzs), 

n series of  separator vessels operating at progressively lower tempera- 

tures further separate the inorganic gases and liqujds and the organic 

products. Before each of  these separator vessels, a heat exchanger is 

used to condense a portion of  the vessel feed. These exchangers are 

generally tube-and-shcbl type and, for all. but the lower-temperature 

applications, tlre tubes are of austenitic stainless steel (or duplex 

alloys where NH,C1 and water are condensed) and the shells are o f  carbon 

s t e e l .  For the lowest temperatures, the tubes and shells are generally 

carbon steel. 

Consequently, the exchanger 

2.1.6 Solids Separation 

One of the major differences between 1.iquefacti.ori o f  coal and 

refining o f  petroleum is the need t o  handle and remove the residue (ash 

and unreacted coal) remaining after hydrogenation o f  coal. Removal of  

this residue has been attempted by using filters centrifuges hydro- 

C I O R F , ~ ,  vacuum distillation, and proprietary solvent de-ashing tech- 

iilyues. 

used along w i t h  one o f  the o the r  techniques. 

In some of the operating pilot plants, vacuum distillation was 

Besides the mechanical problems, corrosion arid erosion have 

occurred on the solids separation devices. Erosion has been noted i n  

vacuum distill-ation vessels at the point where the incoming slurry 

impacts  the vessel wall. It has also been observed in reflux and 

rec i-rculation lines around these vacuum vessels. 

screens has Been reported and i.s probably due to an erosion-corrosion 

phenomenon. 

>230°C, appreciable corrosion o f  low-alloy st:eels has been noted. This 

corrosion, which involves sulfidation of the steel, has been alleviated 

by use of austenitic stainless steels. 

Thinning of  filter 

In the portions of  the vessels operated at temperatures 

Knowledge of materials performance in vessels of  solvent de-ashing 

units is liwit:d because of  the limited operating time accumulated and 
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the restrictions imposed on release of proprietary information about 

these units. It is known that some operations are performed at temp- 

eratures well above 260"C, and sulfidation could be a problem If alloy 

steels are not used. 

2.1.7 Product-Solvent Separation 

Liquid products are separated in coal liquefaction plants in 

fractionation columns operated at or slightly above atmospheric pres- 

sure. In some processes, the feed to the columns contains appreciable 

solids, while in other cases the feed streams have been through a 

vacuum distillation and/or solids removal process. Some plants use a 

two-stage distillation in which a light oil or naphtha product (bailing 

paint C175"C) along with residual water is removed in the first column. 

The temperature in the first column, the light oil fractionation 

column, generally ranges from -285°C in the bottom to -165°C at the 

top. 

In most cases these are packed rather than trayed towers and no 

severe corrosion problems have been encountered, although corrosion of 

carbon steel has been reported in the higher-temperature portions of 

some of these towers. The second column, the higher-temperature 

fractionation column, operates with the bottom of the column at least 

300°C and the top at least: 200°C. 

countered in this type column in the 200 to 260°C range, and the extent 

of corrasion is proportional to the chlorine content of  the feed coal. 

For processes in which a single fractionation column is used, the 

temperature range of  that column is greater and sidestream withdrawals 

are generally used to remove some of the products. Severe corrosion in 

the 200 to 260°C range has also resulted when only one column has been 

used. 

Severe Corrosion has been en- 

Thus, regardless of the number of columns used and the mode of 

operation and product withdrawal, corrosion has been confined primarily 

to the temperature range 200 to 260°C. Often little or no corrosion 

occurs in the column above or below the region in this temperature 

range. 
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Considerable study has been devoted to the mechanism and prevention 

af this corrosion. Amine hydrochlorides are transported to the frac- 

tionation columns, where they thermally dissociate above 240°C.  The 

volatile dissociation products move up the columns until a temperature 

is reached at which appreciable recombination occurs. 

boiling point of the cornp~und leads LO condensation and refluxing o f  

the amhe hydrochlori-des Thus a trapping and concentrating iiiechanism 

exists within the colurn. On dissociation, the amine hydrochlorides 

dissolve in the process liquids to form acidic solutions, which react 

with (i.e., corrode) the containment materials. T h i s  corrosion may be 

controlled by alloy selection or by process modifications. 

The higher 

A significant number of pumps is required in a coal liquefaction 

plant, to transfer a wide variety o f  fluids and slurries. Most require- 

ments to handle separated organic liquids and sour water can be m e t  by 

available centrifugal pumps with the materials choices based on petro- 

leum industry experience. 

designs and materials, because of the susceptibility of  the more common 

elastomers to rapid degradation by coal-derived liquids. Frequently, 

seals employing fluorinated hydrocarbons with graphite, glass, and 

asbestos fibers are needed in such applications. 

Care must be taken in the choice of seal 

The most severe demands on pump design and materials selection are 

encountered i n  the handling of coal and ash slurries at elevated 

temperature. The slurry pumping requirements can be roughly divided 

into four areas: coal feed preparati-on, reactor feed, slurry recir- 

culati.on, and mineral-ash residue slurry transport I 

In the coal feed preparation area, coal and process solvent, with 

or without recycled sl.urry, are blended. The slurry temperature is 

up to 230°C;  the pressure is nearly atmospheric; arid the s o l i d s  content 

is up to 4 5 % .  Typically, centrifugal pumps are used in these low-head 

applications to ci.rculat:c-. the feed slurry and deliver it to the r., nactor  

feed pumps. Erosion and erosion-corrosion are tihe principal materials 

concerns for pump i.nternals. 

In the reactor feed area,  lie pump requirements are more severe 

because coal slurry at temperatures up to 230°C must be pumped to 
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pressures as high as 24 MPa. Because of the high-head requirements, 

reciprocating pumps have been used almost exclusively, although ex- 

perimental centrifugal pumps and alternative reciprocating pumps, such 

as the surge leg design, have been Cested. In the reciprocating pumps 

the materials problems are associated with the plungers, check valves 

and seals. The solids in the slurry severely abrade all movlng parts 

and the high temperatures can affect the packing and interfere with 

alignment. High-strength steel is required for the cylinders. Hard- 

facings and coatings, particularly on the plungers, have not yet 

provided adequate service life. Gearbox thermal insulation, cooling of 

pump parts, and the use of process solvent purge liquids reduce the 

frequency of maintenance. 

have provided the best check valve performance. 

Tungsten carbide balls and Stellite seats 

For both recycle slurry and mineral-ash residue slurry transport, 

centrifugal and reciprocating pumps have been used, according to the 

head requirements. Materials choices and problems are similar to those 

for the other applications, although the higher temperatures (up to 

400°C) usually require the use of higher-alloyed steel, such as: the 

molybdenum-containing austenitic stainless steels, to prevent corrosion 

of the housings. 

2.1.9 Transfer Lines 

Piping used to transfer coal-derived products from one vessel to 

another is exposed to environments that may cause erosion, sulfidation, 

hydrogen attack, and chloride and polythionic acid stress-corrosion 

cracking. Service temperatures range from ambient to 480"C, and 

pressures range from near atmospheric to 21 MPa. Materfals,used in the 

pilot plants have ranged from carbon steel through ferritic and 

martensitic stainless steels to austenitic stainless steels. The most 

serious pilot plant piping failures observed have been in so-called 

"dead legs," pipes in which there is normally no flow. They are used 

for mounting temperature- or pressure-sensing devices, safety relief 

valves, or vent lines. The common feature of these dead legs is that 

they usually operate at somewhat lower temperature than connecting 

piping, thus providing a site where water can condense. 
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2.1 .10  Ceramic Catalyst Surirmrts 

Improvements i n  c a t a l y s t  performance i n  c o a l  l i q u e f a c t i o n  systems 

cou1.d provide h igher  throughput,  lower temperature process ing ,  and 

improved y i e l d  of h igh  va lue  l i q u i d s  froin c o a l .  

ogy e x i s t s  t o  convert  coal t o  l i q u i d  f u e l s ,  it i s  too  expensive t o  

a l low for t h e  establ ishment  of a competi t ive synfuel. i ndus t ry .  Devel- 

opment of advanced c a t a l y s t x  is a p r i n c i p a l  way t o  lower the  cos t s  o f  

conver t ing  coal. t o  l i q u i d s .  Modest i nc reases  i n  c a t a l y t i c  a c t i v i t y  and 

s e l e e t i v i . t y  can have a major impact on process ing  c o s t s  and t he  market 

val.ue of  l i q u i d s  prodilced. 

Although the  technol -  

Hydrous metal  oxide (HMO) supported c a t a l y s t s  have g r e a t  p o t e n t i a l  

f o r  conversion of  coa l  and r e l a t e d  ma te r i a l s  t o  l i q u i d  f u e l s .  Work 

sponsored b y  t he  DOE P i t t sbu rgh  Energy Technology Center ' s  Exploratory 

C a t a l y s i s  Program (Advanced Research-Coal 1,i.quefaction) has  shown that: 

HMO-supported ca t a l -ys t s  have similar r e a c t i v i t y  a t  one- t e n t h  the  acrive 

m e t a l  load tng  o f  a commercial c a t a l y s t  f o r  coa l  l i q u e f a c t i o n  r e a c t i o n s .  

The AR&TD Mate r i a l s  Program has supported work on ceramic c a t a l y s t  

suppor ts  to use ma te r i a l s  sc ience  techniques t o  explore  the  chemical 

and mic ros t ruc tu ra l  p r o p e r t i e s  of  llM0 supported c a t a l y s t s .  

Addi t iona l  work is  needed to determine h o w  s y n t h e s i s  condi t ions  

c o n t r o l  the molecular and extended s t r u c t u r e  of HMO suppor ts  and how 

t h e  suppor t  s t r u c t u r e  inf luences  the r e a c t i v i t y  and s e l e c t i v i t y  of  

c a t a l y s t s  used f o r  c o a l  conversion,  
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3 .  COAL GASIFICATION 

3.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

Coal g a s i f i c a t i o n  processes  have been summarized' and enn be 

c l a s s i f i e d  i n f o  s e v e r a l  major types:  (1)  f i x e d  bed,  ( 2 )  f l u i d i z e d  bed,  

( 3 )  e n t r a i n e d  f low,  and ( 4 )  molten b a t h .  

In  a f ixed-bed  g a s i f i e r ,  s i z e d  coa l  i s  f ed  i n t o  t h e  top  of t he  

g a s i f i e r .  I t  moves slowly downward i n  a bed f i x e d  QTI a g r a t e ,  through 

which steam and a i r  o r  oxygen pass  upward. 

carbon r e a c t s  wi th  oxygen t o  form carbon d ioxide  i n  a narrow a x i d a t i o n  

zone, above which t h e  endothermic r eac t ions  of carbon wi th  steam and 

carbon d ioxide  i n i t i a t e  t h e  formation of carbon monoxide and hydrogen. 

A t  t he  top  of t h e  bed the  c o a l  undergoes success ive  dry ing ,  d e v o l a t i l i -  

z a t i o n  and r e a c t i o n  wi th  oxygen and s t e m ,  and the  v o l a t i l e s  crack t o  

. form hydrogen, methane and l i g h t  hydrocarbons.  

A t  t h e  bottom of  t h e  bed ,  

In  f lu id i zed -bed  g a s i f i e r s ,  t he  maximum p a r t i c l e  s i z e  i s  much 

smaller than i n  f ixed-bed  ope ra t ion  and the  gas is passed up through 

t h e  bed wi th  a v e l o c i t y  h igh  enough t o  f l u i d i z e  t h e  p a r t i c l e s .  

temperature  of t he  e x i t  gas i s  approximately equal  t o  t h a t  of  t h e  bed.  

F lu id ized-bed  g a s i f i e r s '  can use a wide range of  c o a l s ,  b u t  pre t rea tment  

o r  some o t h e r  techniques may be necessary wi th  caking c o a l s  t h a t  can 

agglomerate i n  the  bed wi th  l o s s  of  proper  f l u i d i z a t i o n .  

common type of pre t rea tment  i s  mild ox ida t ion ,  u s u a l l y  wi th  hea ted  a i r .  

The 

The  most 

In  the  en t r a ined - f low p rocess ,  pu lver ized  c o a l  i s  c a r r i e d  through 

the  g a s i f i e r  wi th  the  gas .  

p a r t i c u l a t e  r e s idue  from the  product  gas .  

t end  t o  decrease  a s  t he  p a r t i c l e s  pass  through the  r e a c t o r ,  h igh  

temperatures  a r e  r equ i r ed  t o  achieve the  necessary conversion wi th  a 

reasonable  r e a c t o r  s i z e .  

and very  l i t t l e  methane a r e  produced. To improve the  thermal e f f i -  

c iency of the p rocess ,  t he  r e l a t i v e l y  high-temperature  product  gas i s  

usual-ly passed through a h e a t  recovery system. 

A s e p a r a t o r  i s  r equ i r ed  t o  remove t h e  

Because t h e  r e a c t i o n  rates 

A t  t hese  h igh  temperatures ,  l i t t l e  o r  no t a r  

A molten b a t h  can se rve  as an e f f e c t i v e  c o a l  g a s i f i c a t i o n  medium, 

s i n c e  some b a t h s  have good h e a t  t r a n s f e r  and s u l f u r  abso rp t ion  

p r o p e r t i e s .  Ma te r i a l s  s tud ied  o r  used as ba ths  have included fused  

29 
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salts and molten metal or coal slag. Such systems accept all types of 

coal. and, within limlts, are insensitive t o  particle size. A vertical 

partition may be used to produce separate sections of a common molten 

bath. The exot1rerrni.c air-blast phase and the eridothermic water gas 

phase may b e  applied to these separate seetions. By this technique, 

synthesis gas relatively free of nitrogen may be produced. 

The major materlals problems with gasification processes generally 

are associated with (a) resisting the aggressive gases, (b) feeding 

solids, and (c) removing ash. The severity o f  materials problems in 

gasification processes varies greatly with processing parameters, 

especially the temperature, the pressure, and the composition of  the 

coal. The sulfur-bearing compounds of the coal gas atmosphere, chiefly 

H,S, are very injurious to metal.lic materials of constructi-on, espe- 

cially under the more reducing conditions (low oxygen- t:o - sulfur part i.al 

pressure ratio). The coal gas atmosphere may also contain sodium 

and/or potassiuiri ( < 0 . 5 % ) ,  and, i f  s o ,  alkali attack on the refractory 

liners of gasifiers may be a problem. 

Although the materials requirements for coal gasification proc- 

esses vary consi-derably with the operating conditions of the process, 

the major materials considerations can be described under the following 

categories: coal preparation, coal feeding systems, gasifier shell and 

refractories, gasifier internals, gas quench and heat recovery, raw gas 

treatmnt ~ and piping and transfer lines. 

3.1.1. Coal P r e p a K g s - b  

With minor exceptions, the coal handling facilities in the front 

end of the gasification plant are constructed o f  carbon steel. 

materials problems i.n this area are generally confined to wear and 

abrasion, and suitable construction materials have been largely estab- 

lished by prior experience in handling solids in the electrical utility 

and mining fields. These problems are addressed by using hard alloy 

chute liners and wear plates and the application o f  hardfacing mate- 

rials where t he  wear is more severe. 

The 
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3.1.2 Coal Feeding Svstem 

One of the critical components of coal gasification plants is the 

system for feeding coal into the gasifier. Currently, lock hopper 

systems with two ball valves in series are used for transferring dry 

solids (coal, char, and slag) into and aut of  the gasifier when the 

operating pressure is -2 MPa. Typically, the b a l l  of these valves is 

constructed of type 316 stainless steel coated with hard chromium 

pl-ate, and the trim insert on which the ball seats  is Stellite 6. 

Rubbing wear between the two sealing surfaces, aggravated by abrasive 

coal constituents, results in eventual loss of pressure and neces- 

sitates periodic overhauling of  the valves. 

For gasification processes OpeKating at 3.5 MPa or higher, the 

coal feed is generally introduced into the pressure-temperature en- 

velope as a water or oil slurry, using a high-head reciprocating 

plunger pump to attain the operating pressure. 

the plunger pumps, which are composed of graphitic or special organic 

fabrics, pick up abrasives from the slurry and generally have very 

limited lifetime. 

packings would be needed in commercial plants. 

The packing seals of 

Parallel pumps with planned outages for replacing 

3.1.3 Gasifier Shell and Refractorles 

The principal candidate construction material for the gasifier 

vessel of  commercial substitute natural gas plants is 2% Cr-Mo steel. 

The plant typically would have two or more streams with 5 -  to 

10-m-diam and 150- to 250-mm-thick gasifier vessels. Designs generally 

are of  two basic types: 

shell. 

steam, dew points up to 215°C can be expected. Where the design 

temperature for the wall is below the dew point, the shell is exposed 

to an aqueous phase containing dissolved H,S, CO,, and NH, in equi- 

librium with the gasifier environment; depending on the pH, such 

solutions may be corrosive to medium- and low-alloy steels. For the 

unjacketed type, where the wall temperature is allowed to exceed 

-260"C, dry sulfide scaling from the H,S component of the gas 

environment becomes a concern. The gasifier shell is generally lined 

with a base refractory plus a hard, high-density, gas-side refractory 

(a) water-jacketed shell and (b) unjacketed 

Because gasifier environments contain high concentrations of 
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chosen to resist the reactxu environment. In appi.icatians where the 

coinbusti.on gas temperatures range from 1400 to 1 7 5 0 ° C  (slagging 

gasifiers), corrosion by the liquid slag is a prime consideration. 

3.1.4 W f i e r  Internals 

The most challenging materials problems in gasification processes 

relace to the essential metallic components that must function in the 

hottest regions inside the gasifier. Internal components include: 

c o n t a c t  thexrmomet.ers ~ char and coal burners I txyeres , bed st i r rers ,  and 

grates. There t h e  operating temperature tlocs n o t  exceed I .OOO"C, the 

metal components are generally fabricated of i . ron- ,  nickel- and cobalt- 

base heat-resistant alloys that rely principally on chromia for cor- 

rosion 'resistarice ' A major impediment to the performance of these 

m a t  e r i a h s i s  h i gh - t e rnp e r a cure s II l f i da t i o  11 I 

have traditi.anally served in oxidizing atmospheres where adherenix oxi~de 

films provide protection, coal g a s i i l e a t l o n  environments generally are 

only marginally oxidizing and may contain reactive ash and slag 

particles. The i n e t a b s  react with sulfur as well as oxygen, leading to 

eventual catastrophic  breakaway corrosion by mechani.siiis that are no t  

well understood. Additionally, entrained sol-ids often contribute a 

synergistic erosive effect. 

A 1 though such mat e r i a 1 s 

3,1.. 5 Gas Ouencl~..and HeagJlecoverp 

Coal gas is generally quenched to facilitate the gas-treating 

steps downstream and reduce c o r r o s i o n - e r o s i o n  o f  compot-tent:s, Both 

overhead water  spraying u n i t s  and heat exchanger systems are used. In 

water quench systems the usual  metallic liner t h a t  contains the water 

spray is s u b j e c t  to severe cavitation and cracking. 

3.1.6 Gas §eparation/Ceramic Membranes 

The development of membranes with high selectivity and flux capa- 

bilities has led to the commercial-scale use of membranes t o  separate 

gaseous components from gas mixtures. For example, modular iiiembrane 

separation systems are now commercially available f o r  hydrogen purifi- 

cation and recovery i n  ammonia plants ~ manufacture of oxygen-enriched 

air, sweetening o f  sour natural gas, and recovery of carbon dioxide 

from well-head gas i n  enhanced o i l  recovery operations. However, the 
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membranes used in these systems are thin film composites of polymeric 

organic materials which have limited thermal stability and are suscep- 

tible to abrasion and chemical attack in harsh environments. There- 

fore, these membranes have not found applications in high-temperature 

separation processes. 

environments. Although the permeability of several gases in various 

inorganic materials has been studied, there has been no large-scale 

application of inorganic membrane separations of gases except €or 

uranium enrichment. Gas permeabilities of metals such as tungsten, 

molybdenum, iron, copper, nickel, silver, and palladium, and alloys of 

these metals have been studied. Ceramics and porous metals have also 

been tested as supports for deposition of metal films of vanadium and 

aluminum, and for membrane coatings of  zirconium oxide, nickel oxide, 

and titanium oxide. Recently, inorganic polymeric membranes such as 

poly-phosphazenes and organic-inorganic membranes containing heteropoly 

acids and salts have been prepared. Two potentially important 

industrial applications of  inorganic membranes have been identified. 

These include recovery of hydrogen from synthesis gas at high tempera- 

ture and in chemically harsh environments and f o r  removal of acid gases 

from raw synthesis gas at 650 to 1000°C. Hydrogen is an important and 

valuable industrial raw material that has numerous uses in the chemical 

and fuels industries. Sy,nthesis gas produced in coal gasification is 

primarily hydrogen and carbon monoxide. However, isolating the 

hydrogen from the other gases produced requires low-temperature opera- 

tions such as pressure-swing adsorption (at 4 to 40°C) or cryogenic 

separation. Polymeric membranes have also been suggested to separate 

hydrogen for ammonia synthesis. However, because of membrane limita- 

tions, these operations are generally performed at relatively low 

temperatures on clean gas streams. 

separate the hydrogen from the raw gas at high temperatures, it would 

significantly lower the cost of hydrogen production. 

should be developed to achieve this goal. 

Ceramic membranes may withstand such hostile 

If technology could be developed to 

Ceramic membranes 

At present, commercial scrubbing processes for the bulk removal of  

acid gases from r a w  process gas such as synthesis gas include MDEA, 

Selexol, and Rectisol. Most of these processes operate at less than 

about 9 5 " C ,  although some can be designed to operate up to about 230°C. 
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Research is underway to develop acid gas removal processes capable of  

operating at teixperatures up to 650°C; for example, the zinc-ferritx 

process is being developed by the DOE Mareaxitown Energy Technology 

Center. Ceramic membranes could be developed to operate at conditions 

close to the e x i t  gas condit-ions from typical entrained f l o w  gasifiers. 

Satisfactory operation under these adverse operating conditions voilld 

significantly improve coal conversion process economics and could lead 

110 the recovery of the acid gases in sufficiently pure forin f o r  subse-  

quent conversion to marketable products .  

3.1.7 Pipinq. and Transf_e_x.- Lines 

Carbon steel piping lined with intermediate-purity (-55%) alumina, 

calcium aluminate cement eastable refractory has performed well f o r  

large off-gas piping interconnecting the gasifier and the various gas 

qiiench, heat recovery and char removal components. Such construction 

will probably be used f o r  similar applications i n  commercial plants. 

3.1.8 Raw Gas Treatment 

Downstream of the gas quench, the process steps o f  CO shift, fine 

particulate and acid gas removal and methanation are generally familiar 

to petrochemical and ammonia producers. The selection of materials o f  

construction f o r  these systems in commercial plants is expected t o  

follow rather well-established criteria and practices. 
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4 .  HEAT ENGINES 

4 . 1  TECHNOLOGY STATUS AND MATERIAL NEEDS 

Two Fossil Energy subprograms in which materials are a significant 

consideration include: 

Gas Turbine Systems. The goal is to develop the technology for 

firing turbines with coal, coal-water mixtures, or coal-derived fuel 

gases. 

Diesel Engines. The goal is to develop the technology for firing 

diesel engines directly with coal, coal-water mixtures, or coal-derived 

fuels, 

The AR&TD Materials Program is developing advanced ceramic 

materials, high-temperature alloys, and both the technical under- 

standing and materials to combat wear, erosion, and carrosion problems 

in these systems. 

4.1.1 Coal-Fired Turbine Technology 

The proposed coal-fired turbine system must compete with gas-fired 

turbines. G a s  turbines with combined steam cycle systems were in- 

stalled at a rapid rate during the late 1960s, before the rapid rise in 

oil and gas prices. 

fit a variety of applications, but 100 to 150 W(e) installations are 

popular. 

time. 

instability in fuel prices. 

They are modular and available in many sizes to 

Typical installed costs are $300-400/kW with a 3-year lead 

The obstacle to growth of natural gas-fired turbine usage is 

If a coal-fired turbine were available, it could impact the 

combined cycle power generation, repowering, industrial cogeneration, 

and transportation markets. The coal-fired turbine might be achieved 

either by converting coal to clean liquid o r  gaseous fuel to feed a 

combustor, or by directly firing a combustor with coal-water slurry or 

finely ground coal powder. 

includes developing turbine systems fired either by a cleaned hot-gas 

stream from a gasifier, or by finely ground, cleaned coal powder. The 

critical issues that are recognized are groyped as: (1) fuels selec- 

tion; (2) combustion phenomena, including combustor and fuel per- 

formance to yield complete combustion that is necessary to achieve 

The present Coal-Fired Turbine Program 

35 
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system performance goa l s  arid to avoid corrosion, erosion, and deposi- 

tion on turbine blades; ( 3 )  fuel-engine interactions, the tradeoffs 

required to limit to acceptable levels the corrosion of the turbine and 

heat recovery steam generator materials by alkali, sulfates, and other 

coal ash contaminants; deposition of adhesive ash onto turbine blades, 

and erosion of turbine components by abrasive ash particles; 

( 4 )  control o f  sulfur and nitrogen compounds and particulates to meet 

emissions standards; and (5) systems integration to define the most 

cost-effective system possible. 

Four cost-shared contracts totalling over $75M were awarded to 

General Electric (GE), General Motors (Allison), Solar Turbines, and 

Westinghouse for developiuent work through proof -of -concept testing. Of 

these vendors, only GE elected to use a conventional annul-ar aircraft 

combustor configuration that restricts what can be done to clean the 

combustion gases; GE is no 1-origer active i n  the program. The other 

three vendors are all exploring separate combustor/gas cleaning/heat 

recovery systems ahead of the turbine. The materials problems 

associated with producing clean, hot-gas streams have been discussed i n  

Chapter 3 :  a considerable amount of materials development work is 

indicated. The current status of the major programs is summarized 

below: 

(a) GE has experimentally verified that calcium-based compounds 

capture sulfur and has run an LM500 gas turbine si-mulator on coal- 

water mixture (CWM) for 2 3  h with less nozzle blockage than results 

f rom burning residual fuel oils, In addition, the annular metal-wall. 

combustor achieves 0ver 99% efficiency and deposition is reduced by 

adding kaolin aluminosilicate clay to the CWM.z 

had been a problem i n  early t e s t s  and was originally solved by on-line 

cleaning and reduced vane temperatures, methods that are unacceptable 

for commercial operations. 

Turbine nozzle blockage 

(b) Westirighouse has designed and constructed a subscale s l a g g i n g  

combustor. It features an oxygen-rich combustion st:age, sorbent 

injection, impact slag separation, and a lean burning stage that: 

produces gases low in NO, at a suitable turbine inlet temperature. 

Westinghouse has found that emathlite is effective in reducing alkali. 

in the hot-gas stream.2 
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(c) Solar's system is aimed at the industrial cogeneration market. 

Three subscale conibustor designs have been tested, and dolomite irijec- 

tions to absorb sulfur have been demonstrated. Initial tests o f  the 

two-stage combustor with first-stage four-vaned turbine nozzle segments 

in place resulted in blockage of the vanes after less than 10 h. 

(d) Allison is developing a combustor with a rich burning zone 

followed by a water quench, inertial (centrifugal) separation of 

particulates, and a lean zone. 

4.1.1.1 Materials RfLD f o r  Coal-Fired Turbines 

The current projects involve materials research and development 

for two distinctly different zones of the turbine system: 

relatively high-temperature, oxidizing region of the combustor; and 

second, the lower-temperature, reducing region of the turbine. These 

zones are separated by gas cleanup and particulate removal operations 

that are unique to each of the projects. 

first, the 

Combustor: Testing of commercially available materials of con- 

struction for the combustor, particularly refractory materials, is in 

progress, either in separate test programs o r  by exposure of materials 

in prototype combustors. The experience and data base developed for 

coal gasification by the AR&TD Materials Program from the mid 1970s to 

the mid 1980s has relevance to these conditions. 

Gas Cleanup: System testing to determine the allowable levels of 

particulates and chemical impurities is in progress. While cyclones 

are the current devices of choice, some types of filtration and gas 

separation devices to operate at elevated temperatures may be needed. 

The AR&TD Materials Program currently features development projects on 

ceramic filters fabricated by chemical vapor infiltration of fiber 

bodies and work on ceramic membranes for high-temperature gas separa- 

tions. 

Oak Ridge on filter tubesheets and gas separations materials i s  

directly relevant. 

Work sponsored by Morgantown Energy Technology Center at 

Turbine Components: The turbine inlet temperatures o f  the current 

programs are equal to or less than those of current land-based tur- 

bines, rather than the higher temperatures reached in aircraft tur- 

bines. Erosion and/or corrosion of airfoil materials and internal 
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parts is a major problem due to the gaseous impurities, erosive par- 

ticul-ates, and mineral ash deposits of the coal-derived gas streams. 

Work is in progress to develop sorbents for gaseous impurities that in 

turn increase the solids loading of the gas stream that lead to in- 

creased emphasis on gas stream cleanup. 

materials development work will be required will depend on the success 

of these efforts. However, all projects provide for development of a 

suitable data base on degradation of turbine materials and any subse- 

quent materials development work that may prove necessary. Protective 

coatings are standard within the industry, and their evaluation in the 

environment is anticipated. 

T h e  extent to which turbine 

The Electric Power Research Institute exarnined the case for power 

production by combined-cycle gas turbine-steam turbine systems using 

very clean gas produced by an advanced coal gasification process.3 

concluded also that the commercialization of land-based gas turbines i s  

extremely sensitive to economics, and in part dependent on the develop- 

ment of land-based gas turbines with high efficiency and capacity. 

Current commercial aircraft gas turbines operate at a maximum burner 

discharge temperature o f  about 1538°C (2800"F), whereas land-based gas 

turbines operate at 1204°C (2200OF). The increased efficiency of operat- 

ing a land-based turbine at 1427°C (2600°F) may be critical to the 

economics of  the situation. While there are differences in the service 

conditions and performance requi.rements for land-based and aircraft 

turbines, modification of land-based turbine technology to take advan- 

tage of available or near-term improvements should be pursued. This 

includes, on a component-by-component basis: 

They 

Compressor: Increasing compression ratio leads to higher tempera- 

tures and stresses in airfoils, and a need for higher strengrh 

materials. 

Cornbustor: Achieving 1427°C ( 2 6 0 0 ° F )  turbine inlet temperatures 

will require advanced materials and cooling technologies, including 

advanced thermal barrier coatings, ceramic composites, oxide- 

dispersion-strengthened alloys, and fabrication techniques allowing 

improved cooling. 

Turbine Airfoi1.s: Achieving 1427°C (2600°F) turbine inlet 

temperatures wfll require improved cooling and higher strength alloys, 
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probably directionally solidified or single crystal airfoils. 

tive coatings will be needed to provide oxidation resistance far longer 

lifetimes than are needed in the aircraft industry, while thermal 

barrier coatings on both stationary and rotaking airfoils can reduce 

thermal stresses and increase turbine efficiency. Advanced fabrication 

methods (for instance, joining separate airfoils and shroud castings) 

may be required f o r  cooling. Manufacturing large last-stage blades 

from high-temperature alloys may be challenging. 

Protec- 

Turbine Dish: Stronger turbine disks ,  probably of nickel. alloys 

that will require protection from sulfur capture upsets ,  will involve 

larger castings of these alloys than is current practice, and es- 

tablishing mechanical properties and nondestructive examination 

technology. 

Turbine Seals: The outer air seal  clearance i s  critical t-o 

efficiency, at the rate of 1% fuel consumption/0.508-m1 (Q.263-in.) gap. 

Aircraft style abradable seals and thermal.-barrier-conted seals may be 

needed. 

Life Prediction: Life prediction methods that account for time, 

environment, temperature, and duty cycles should be developed. The 

development projects of the AMTD Materials Program include advanced 

ceramic composite materials, improved austenitic alloys, and duninides 

that should be directly applicable to some of these critical turbine 

components. 

resistant materials of  exceptional durability and corrosion resistance 

that may find application in turbines. 

processes that is supported by the AR&TD Materials Program is aimed at 

the turbine vane problem, and the ceramic composites under study appear 

promising as structural materials for future turbine applications. 

The el ectrospark deposition process deposits wear- 

The understanding of  erosion 

4.1.2 Diesel Enpine Technologv 

Rudolph Diesel’s early experiments were followed by other techni- 

ca1l.y successful experiments between 1911 and 1940 in which some 1.9 

experimental engines were tested on coal dust with 1 to 154 L/cylinder 

at speeds from 160 to 1600 rpm. The technology was abandoned because 

of severe wear rates from accumulation of char/ash paste on cylinder 

liner walls and in the oil. In the late 197Qs,  DOE Conservation and 
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Renewable Energy t e s f e d  coa l -water  mixtures (CWM) wi th  excel- lent  mech- 

a n i c a l  r e s u l t s ,  1kut marred by a 50 t o  15 t imes inc rease  i n  r i n g  wear 

ra te  and a 10 t o  20 times increase  i n  cy l inde r  l i n e r  wear r a t e  compared 

t o  o i l - f i r e d  diesel .  engines .  DOE Conservation and Renewable Energy has  

supported the  development o f  a n  a d i a b a t i c  di-esel  engine t.hat requi red  

the  a p p l i c a t i o n  of  ceramics f o r  high-temperature  engine p a r t s .  

Research i n  c o a l - f i r e d  d i e s e l s  i s  dr iven  by engine thermal 

e f f i c i e n c i e s  o f  35 t o  40% t y p i c a l  ( t h a t  can reach 4 2  t:o 53% depending 

on bore s i z e ) ,  wi th  f u r t h e r  increases  t o  50% t y p i c a l  (wi-th p o t e n t i a l  

f O K  reachFng 60 t o  70%) by adding superchargers  and bottomi-ng cyc le s .  

From the user's s t andpo in t ,  d i e s e l s  a r e  compact modules wi th  good load-  

fol lowing c a p a b i l i t y ,  quick s t a r t u p  and shutdown c h a r a c t e r i s t i c s ,  and 

l o w  (--$250/kW) c a p i t a l  cost. 

The markets a r e  s u b s t a n t i a l :  about 40,000 u t i l i t y ,  i n d u s t r i a l ,  

r a i l r o a d ,  and ina-ri.rie d i e s e l s  c u r r e n t l y  consume DF2. The a v a i l a b l e  

r a i - l road  market burns about  l a r g e  quant i t i . es  o f  DF2 annual ly .  The 

p o t e n t i a l  f o r  c o a l - f i r e d  d i e s e l s  i n  the  t rucking  and automot:ive i n -  

d u s t r i e s  i s  s t agge r ing ,  b u t  d i f f i c u l t  t o  imagine because o f  engine com- 

p l e x i t y  t o  s a t i s f y  environmental emissions c0ncern.s. There a r e  th ree  

t echn ica l  a r eas  needing major improvement f o r  c o a l - f i r e d  di.ese1.s t o  

become commercial 1.y v i a b l e :  combustion, engine wear, and emissions.  

4 . 1 . 2 . 1  Mate r i a l s  K&D f o r  Q i e s e l  Engines 

Mate r i a l s  technol.ogy and improveinerits coupled wi.tl.1 design improve - 
ments t o  reduce engine wear a r e  c r i t i c a l .  The current: program i s  aimed 

a t  a ? -yea r  engine overhaul. schedule ,  r a t h e r  Limn the  4-year  schedule 

common f o r  DF2. Mater ia l s  and m a t e r i a l s - r e l a t e d  work i.s i.rr progress  i n  

the  f o l l o w i n g  c r i t i c a l .  a r eas  : 

Fuel Pumps : Conventional f u e l  pumps have been eva lua ted  and found 

t o  wear a t  unacceptably h igh  r a t e s .  Current: woi-k i s  aimed a t  f i n d i n g  

m a t e r i a l s  of cons t ruc t ion  that: are compatible with both e x i s t i n g  and 

advanced fuel. pump tlcsi.gns. 

Fuel Nozz1e.s.: The c u r r e n t  genera t ion  o f  s t e e l  nozzles  t h a t  

s u f f i c e  €or  s e r v i c e  have been demonstrated t o  be unsa t l sEac tory  f o r  CWM 

f u e l .  Ceramics, ceramic composites,  cermets ,  arid o the r  s p e c i a l  mate-  

ri.al.s are c u r r e n t l y  under evaluati ion.  Some cons ide ra t ion  i s  a l s o  b e i n g  
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given t o  s p e c i a l  coa t ings .  Design i s  c r i t i ca l  i n  nozzle material  

s e l e c t i o n ,  

Gvlinder Liners  arid Kings: P a r t i c u l a t e  material c-awes three-bod-j 

ab ras ion  thar is s e n s i t i v e  t o  s t r o k e  parameters and Idxi- r a n t s  ~ 

Tes t ing  of wear - re . s i s tan t  m a t e r i a l s  arid p r o t e c t i v e  coa t tngs  i s  i n  

p rogres s .  

Exhaust Valves: High v e l o c i t y  exhaust  gases  laden w i t h  ash cause 

r a p i d  wear o€ valves  made of convent ional  m;lterials. 

m a t e r i a l s  and coa t ings  a r e  be ing  eva lua ted  Tor this s e r v i c e .  

Wear - r e s i s t an t  

Turbocharzer:  Exhaust gases  are used t o  d r i v e  a tu rbocharger .  

The vanes a r e  s u b j e c t  t o  r,-pid wear when cons t ruc t ed  of convent ional  

materials. Evaluat ion of w e a r - r e s i s t a n t  m a t e r i a l s  anti coa t ings  s u i t -  

a b l e  f o r  t h i s  s e r v i c e  i s  i n  progress .  

Oi l -Lubr ica ted  Components : Blowby p a s t  t he  r i n g s  contaminates t:he 

engine o i l  wi th  ab ras ive  p a r t i c u l a t e s .  Effective f i l t r a t i o n  of t he  o i l  

i s  be ing  eva lua ted  t h a t  may r e q u i r e  improved f i l t e r  m a t e r i a l s  and 

f i l t r a t i o n  systems. 

Ma te r i a l s  may a l s o  be a cons ide ra t ion  f o r  meeting emissions 

requirements .  A t  96% combustion e f f i c i e n c y ,  a 1% ash c o a l  should 

produce 318 g ( 0 . 7  l b )  of  ash and l Q 4 3  g ( 2 . 3  l b )  of  unburned carbon 

pe r  m i l l i o n  Btu. Modif icat ions o f  ceramic bag f i l t e r s ,  c ros s - f low 

f i l t e r s ,  and candle  f i l t e rs  that a r e  c u r r e n t l y  be ing  developed f a r  

h o t - g a s  cleanup a p p l i c a t i o n s  i n  c o a l  g a s i f i c a t i o n  may prove u s e f u l  f o r  

t h i s  s e r v i c e ,  and coord ina t ion  of the  work is handled through program 

management. The AR&TD Mate r i a l s  Program i s  developing advanced ceramic 

composite m a t e r i a l s ,  improved a u s t e n i t i c  alloys, and aluminides t ha t  

may prove u s e f u l  i n  s e v e r a l  of t hese  a r e a s .  The e l e c t r s s p a r k  depos i -  

t i o n  process  may prove va luab le  i n  depos i t i ng  h igh  q u a l i t y  p r o t e c t i v e  

coa t ings  on r i n g s ,  c y l i n d e r  w a l l s ,  and other wear s u r f a c e s .  The 

Tribology Department of t h e  Nat ional  I n s t i t u t e  of Standards and Tech- 

nology i s  supported on a wear p r o j e c t  t h a t  i s  d i r e c t l y  i n t e r f a c e d  t o  

t h i s  problem, and i s  examining the  p a r t i c u l a t e s  r e spons ib l e  f o r  wear i n  

engine t es t s .  The understanding of  e ros ion  processes  t h a t  is  suppor ted  

by the  AR&TD Mate r i a l s  Program is d i r e c t l y  app l i cab le  t o  damage t o  

va lve  and supercharger  t u rb ine  r o t o r s ,  a r e a s  where ceramic composites 

may be d i r e c t l y  u s e f u l .  
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4 . 1 . 3  &mdestrructivAe Tescing 

Nondestructive examination ( N D E )  teehni.ques f o r  m a t e r i a l s  charac-  

t e r i z a t i o n  and flaw t le txct ion can have a l a r g e  c o s t  impact if appl ied  

t o  g r e e n - s t a t e  ceraii1i.c bodies  before  d e n s i f i c a t i o n .  

f law data ( s i z e ,  t y p e ,  and locacion)  and charae t -e r iza t ion  (dens i ty  

d i s t r i b u t i o n ,  p o r o s i t y  d i s t r i b u t i o n ,  b i n d e r / p l a s t i c i z e r  d i s t r i b u t i o n ,  

elast.i.c modulus var i - a t ion ,  e t c . )  should l e a d  t o  b e t t e r  f a i l u r e  p red ic -  

t i o n  rnodels. 

i n spec t  raw powders be fo re  each process ing  s t e p  t o  i d e n t i f y  which s t e p  

i s  in t roducing  flaws. Charac te r i za t ion  O €  micros t ruc ture  ( g r a i n  s i z e ,  

porosi:ty, f r e e  s i l i c o n  conten t )  can a l s o  be r e l a t e d  t o  process ing  

parameters as well as component performance and may l e a d  t o  b e t t e r  

p r e d i c t i o n s  o f  l i fe t ime.  However, t he  NDE e f f o r t  should be d i r e c t e d  

n o t  only t;o g r e e n - s t a t e  specimens b u t  t o  d e n s i f i e d  specimens as w e l l .  

Also,  l abo ra to ry  specimens and a c t u a l  components used i n  h e a t  engines’ 

and. heat: recovery systems ( e . g . ,  t u rb ine  b l a d e s ,  p i s t o n  caps ,  va lve  

cove r s ,  va lve  wear p l a t e s ,  and heat exchanger tubes) shou1.d be s tud ied  

by NDE t oge the r  wi th  a r a t h e r  comprehensive f r a c t u r e  behavior  e f f o r t .  

The type of d e f e c t s  to be de tec t ed  by NDE i s  dependent upon whether the  

ceramic ma te r i a l  i s  a monoli thic  ma te r i a l  o r  a composite m a t e r i a l ,  

whether su r face  o r  bu1.k body is  the most  impor tan t ,  and whether the  

m a t e r i a l  -Ls i n  a green o r  d e n s i f i e d  s t a t e .  

Correl-at ion o f  

Nondestructive examination met:hods may a l s o  be used t o  

The al lowable load  on s t r u c t u r a l  ceramics i s  c o n t r o l l e d  by the  

stress necessary  t o  propagate a s u i t a b l y  o r i en ted  and s i z e d  f law t o  

c r i t i c a l  s i z e .  This  c r i t i c a l  f law s i z e  may be as small as 10  pm, which 

i s  about two orders  of magnitude smal le r  than  those f o r  me ta l s ,  and 

s p e c i a l  techniques must be developed t o  d e t e c t  such small  f laws.  Most  

ceramic materials a r e  s u b j e c t  t o  slow crack  growth. In  p r i n c i p l e ,  the  

probability o f  f a i l u r e  can be predic ted  if the temperature, s t r e s s ,  and 

atmosphere a r e  known; i f  the  materi .al  i s  adequately cha rac t e r i zed ;  and 

i f  t he  type and s i z e  of e x i s t i n g  flaws a r e  known. I f  i t :  can be e s t a b -  

l i s h e d  t h a t  f laws a r e  smal le r  than a determined c r i t i c a l  s i z e  and t h a t  

the  ma te r i a l  p r o p e r t i e s  and slow crack growth behavior  a r e  known, 

comporient life can be assured .  The r e s o l u t i o n  and speed of such NDE 

measiirements must be improved. Component r e l i a b i - l i t y  must u l t i m a t e l y  
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be assured by developing controlled processes f o r  fabricating cc-m- 

ponents and by keeping the manufacturing process in control. MDE 

examination is an integral element of such a quality program and is 

preferable in terms of  efficiency, cas t ,  and quality t o  a program that 

depends on mass inspection and rejection of s i g n i f i c a n t  numbers of 

conlpollents ~ 

4 . 1 . 3 . 1  Lensified Ceramics 

Process I induced defects such a s  inadequate binder distribution or 

lack of uniforrre green density, embody themselves in the final product. 

Other flaws to be detected typically include high- and low-densicy 

inclusions, cracks, and large voids. In composite ceramics made with 

random-length, random-oriented fibers (whiskers), typical flaws to be 

detected include whisker clusters, whisker stratification, and inclu- 

sions. In both monolithic and composite ceramics, where large loads 

are carried, measurement of residual stress levels in densified parts 

is also desirable. 

The best technical NDE approach for the ceramic material depends 

on whether the material is a composite or a monolithic, if surface or 

whole-body flaws are most important, and if the material is bn the 

densified or green-body state. 

densified ceramics allows higher frequencies (>2QO W z )  than those 

allowable for green-state ceramics. 

shorter wavelengths provide f o r  improved spatial resolution, w h i c h  is 

necessary f o r  detecting critically sized flaws in the whole body. 

Application of ultrasonic techniques to 

Higher frequencies and thus 

Use of focused acoustic transducers with appropriate signal pro- 

cessing should allow complete through-the-body flaw detection (and 

characterization) such that only selected planes in a body could be 

interrogated,3 

mined. 

2 5 - p m  range for specific types of defects. 

The spatial resolution capability has yet to be deter- 

Special highly focused transducers may allow resolution in the 

Radiographic techniques (X- and gamma-ray computed tomography, 

X- and gamma-ray contact and projection, real-time, and film with image 

processing) also hold potential for interrogating densified ceramic 

bodies. 

imaging techniques are best for low-density 

It has been known for some t h e  that low-kV radiographic 

Ellingson, 



Robert:sl et E I ~ . , ~  have shown that for green-state ceramics, X-ray heat 

voltages less that 50 kV ( p h o t o n  energies -20 keV) can be used; but for 

densified, reasonable sized specimens ~ i t h  high-atomic-number material-, 

up t:o 1-MeV photon energies are necessary for- penetration. Highly 

tailored radiographic techniques do appear to hold promise f o r  

inspecti.ng ceramic niateri.al.s , 

Computed tom~graphy~-~ (CT) can detect low- and high-density inclu- 

s i o n s  and cracks in the 2 5 -  to 50-pn range in quite large bodies, and 

it can map density distributions. The energy levels needed for C T  

imaging depends on the composition of the cEraix1iCS I the  thickness, and 

the state (green or densified). A n  important attribut:c: o f  CT is that 

it provides a method to i .nterrogate the entire ceramic body in a 

noncontac~r.ing way and provides almost .i.iiiiiwdiate images on which to base 

decisions. The limits of operatiion f o r  flaw detection and characteri- 

zation must be d e f i n e d ,  and the cost of implementation must be reduced. 

Contact; or projection radiographic imaging has strong potential. 

for application i o  Ceramics. Its drawback is that no through-thi.ckness 

spatial information is provided, 2nd two-dimensional flaws normal to 

the beam are not detected. Thus, a high-density inclusion may be 

detected, but the method does n o t  allow the location (wj . th in  the 

thickness di.mension) in the body to be determined. For  thin parts, 

location in the thickness may not be important:, and thus the image may 

be i.iniliediately useful, Analysis of X-ray images by digital image 

processing techniques will allow isodensi ty maps to be obtained as wel l  

as enhancement of  low-contrast defects such as silicon inclusions in 

silicon-based ceramics. 

Surface acoustic waves may be useful. f o r  detection of surface 

flaws, such as machining-induced cracks, by use of backscatteri-ng 

examinakion. Backscattering may a l s o  be useful f o r  characterizing 

surface fin ' lsl i  ( i .  e ,  , machining- induced roughness) . 
Small-angle neutron scattering, a new NDE technique, may be used 

to detect micropores and/or residual stresses. Tn general, studies 

must be carried n u t  to establish the correlation betwecn resul-is of the 

various NDE studies. 
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4 . l . 3 . 2  Creen:Stace Ceramics 

For green-state ceramics, it is desirable not only to detect flaws 

such as agglomerates, inclusions (iron, silicon, etc,), voids, and 

cracks, but 'to characterize the specimens for density distribution, 

binder content. arid distrLbution, and porosi t y  distribution. The 

delicat e nature sf green-state bodies implies that iioncorntactiwg 

methods be used. In addition, Cull-volume interrogation is necessary 

becaclse it is n o t  sufficient to look  only  at surface flaws. 

In coiltrast to densified materials, where all chemical additives 

(binders, plasticizers, and sintering aids) have been burned o u t ,  

green-state ceramic bodies still contain these additives. The dis- 

tribution of these additives affects the distribution of  the mechanical 

properties within the ceramic part. 

radiographic tcctiriiques discussed earlier for densified ceramics, 

chemically sensitive NDE methods such as nuclear magnetic resonance 

(NMR) may have potential for application. Full-body mapping of poros-  

ity, distribution of carbon-containing binders/plasticizers, and 

perhaps silicon distribution in siliconized Si,N,  may be possible. lo 

For mapping of  porosity, dopants that are compatible with t-he additives 

but that have nuclear spins ( i . e . ,  the nuclei are detectable by NMR) 

may allow mapping of  porosity. 

where NDE could offer the highest payoff in ceramic processing. 

Thus, in addition to acoustic arid 

Perhaps green-body characterization is 

Present techniques most widely employed by industry for NDE of 

ceramics are X-ray radiography and Eluorescent dye penetrant testing. 

These techniques provide a relatively coarse resolut ion of discon-  

tinuities (density variations, pores ,  cracks, inclusions, etc.). 

However, as noted earlier, efforts are under way to advance NDE techni- 

ques for structural ceramics. The techniques being studied include 

advanced acoust i.c methods (including focused transducers and si p a l  

processing), X- and gamma-ray tomography, X- and gamma-ray radiography 

with digital. image processing, NMR imaging, surface acoustic wave 

testing, small-angle neutron scattering, and overload-proof testing. 

NO single technique is expected to serve as a universal f l a w  detection 

and characterization method. Several techniques w i l l  be required to 

assess ceram-lc components thoroughly and cost-effectively in the green 

and densified states. Most of  these techniques are currently being 
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evalua ted  hy the  F o s s i l  Energy AR&TD Mate r i a l s  Program and have a p p l i -  

c a t i o n  t o  heat recovery systems as w e l l  as h e a t  engines .  

Future s t u d i e s  should focus o n  s e l e c t e d  s t r u c t u r a l  ceramic 

s p e c i m m  ( S I C ,  Si$,, %r02, and A 1 , 0 , ) ,  inc luding  samples i n  the  gt:een 

s t a t e .  Sarnp1.e.s shou1.d have v a r i a t i o n s  i n  shape a s  well as v a r i a t i - o m  

i n  micros t ruc ture  ( g r a i n  s i z e ,  grai.n d i s t r i b u t i o n )  and flaws (seeded 

i n c l u s i o n s ,  cracks and pores ) .  

Work 0 x 1  ceramics should ine lude  e s t a b l i s h i n g  t h e  abi.1.i.ty to 

c h a r a c t e r i z e  g r e e n - s t a t e  bodies ,  

ceramic process  development hit f law d e t e c t i o n  as w e l l .  Var i a t ions  i n  

ceramic specimen parameters r e l a t i v e  t o  f l a w  d e t e c t i o n  should be used 

t o  p r e d i c t  f r a c t u r e  behavior i n  l abora to ry  specimens ( t e n s i l e  and 

flexure s t r e s s  modes), and t he  re1ationshi.p between flaw d e t e c t i o n  and 

fai 1.ure needs t o  be e s t a b l i s h e d ,  Frac ture  mechanics ana lyses  and 

w i c r 0 s t r u ~ t i i r a 1  eva lua t ion  should be c a r r i e d  ou t  t o  i d e n t i f y  flaws most 

l i k e l y  t o  l i m i t  component l i f e  s o  the NDE e f f o r t  can focus on the most 

iniportant areas,  S tudies  must be c a r r i e d  out  t o  c o r r e l a t e  NDE r e s u l t s  

wi th  f r a c t u r e  behavior  t o  e s t a b l i s h  the u t i l i t y  of the NDE techniques.  

Tes t s  must be performed on samples with c o n t r o l l e d  flaw populati-ons t o  

determine t he  effect o f  flaws on f a i l u r e  g-trobabili ty d i s t r i b u t i o n .  A 

s i g n i f i c a n t  e f f o r t  should be developed t o  eva lua te  C T ,  a c o u s t i c ,  arid 

NMR imaging f o r  ceramics i n  the  green and d e n s i f i e d  s t a t e ,  and t o  

c o r r e l a t e  the  d a t a  wi . th  f r a c t u r e  behavior .  Cracks ~ p o r o s i t y ,  and 

d e n s i t y  v a r i a t i o n s  a r e  a l l  po ten t iaJ . ly  d e t e c t a b l e  wi.th these  advanced 

s o p h i s t i c a t e d  methods. In  addi. t ion t o  C'r scanning,  advanced NMR 

i.maging systicrms f o r  materi  a1.s should be evaluatied. 

This  abil i . ty wolu1.d a f f e c t  no t  only 
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5. COMBUSTION SYSTEMS 

5.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

5.1.1 Fluidized-Bed Combustion 

The combustion of coal in a fluidized bed of  crushed limestone or 

other sulfur sorbent offers a more energy-efficient approach for sulflil- 

capture than is currently attainable with other more conventional com- 

bustion processes. When coal is burned in a fluidized bed, the bed 

temperature must be kept helow about 9 5 0 ° C  to prevent ash agglomera- 

tion. In fact, efficient removal of sulfur will probably limit the bed 

temperature to below 900°C;  these relatively low combustion tempera- 

tures also limit NO, emissions. The heat of combustion may be trnns- 

ferred to in-bed and above-bed tubes carrying water, steam, or air, os 

it may be removed by increasing the air flow to greater than that 

required for stoichiometric combustion. In the latter application, tlic 

bed is normally pressurized, and the combustion gases are expanded 

through a gas turbine. Although the tube temperatures of the in-bed 

heat exchangers vary greatly with choice of  coolant, the heat exchanger 

concepts are alike in their requirements for uncooled support members, 

coal ports, ash lines, and other components that can operate at t e m -  

peratures approximately equal to the bed temperature, 

Materials requirements for fluidized-bed combustors (FBCs) have 

been addressed in several design studies. 1-3 

by the fluidized bed - heat exchanger tubes and supports, air dis- 
tributor plate, coal and limestone feed nozzles, side walls, bed-drain 

hardware, and instrumentation - must satisfy operating requirements 
that are unique in terns of past operating experience for coal combus- 

tion systems. Design parameters, such as location of coal feed ports 

and air fluidizing velocities, strongly affect materials performance 

and the compromises that can ultimately be achieved to establish the 

feasibility of  FBC concepts. Additional challenges to the designer are  

problems of creep and fatigue arising from imposed loads and vibra- 

tions. Not unique, but also of concern, are problems with dissimilar- 

metal welds. 

All components contacted 

4 9 



Fireside corrosion o f  superheaters i.n conventional pulverized- 

coal-fired boilers is due to the deposition of  ash-containing alkali- 

sulfates on t he  metal I Sulfate-containing coati.ngs are also formed on 

heat exchanger and other metallic surfaces imnler-sed in fluidized-bed 

combustors using 1.imestone as a sulfrw sorbent above approxiina.tely 

400°C.  In this case, the coatings are predominantly CaSO,, which 

remains so1.i.d even at the maximum bed temperature. Nevertheless, 

chemical interaction between these coatings and tAe underlying metal- 

metal oxide substrate is a major factor in the corrosion of  FBC mate- 

r i a l s .  A l s o  of importance is the discribution of air, coal, and 

combustion gas within the bed. Determinations of the oxygen fugacity 

o f  the bed by solid elect:rol.yte probes responsive t o  oxygen anion 

activities show rapidly fluctuating oxygen presstlres at any given point 

i.n the bed, the pressures reaching apparent levels as low as lo-'' Pa, 

implying that transient reducing condi.tions exist in t:he vicinity of 

burning coal particles. 

In addition to corrosion, the in-bed and freeboard heat exchanger 

components may also be subject to erosion. In practice, the local gas 

ve1.ociti.e.s in the freeboard (above-bed) area of- an FBC are comparable 

to those in conventional coal-burning systems. Thus, although the 

particle size and density are much higher i.n the FBC, problems with 

erosion in the freeboard region appear to be more conventional than 

those in the bed. Erosion patterns in the in-bed regions of fluidized 

beds have been o f  two general types. In the first type, tube surfaces 

and water walls operating at temperatures lower than approximately 

300°C in some (but n o t  all) fluidized beds have suffered rapid erosive 

and abrasive wear. The eroded surfaces appear highly polished, 

exhibiting no oxide films, sulfate, or char coatings. The second type 

of erosion has been manifested at higher temperatures (400 to 600°C) 

where the under surfaces o f  heat exchanger tubes have sometimes 

exhibited much higher  wall l.osses than the mating upper surfaces. The 

latter form of  erosion appears to be associated with an erosive effect 

on CaSO, deposits and/or underlying oxide films. Neither form of 

erosion has heen observed for heat-resisting (austenitic) a l l o y s  

operating at 800°C or above, where relatively thick, wear-resistant 



oxide films are formed. 

effecting in-bed erosion are: (1) the feedstock characteristics such 

as chemical composition, particle size and size distribution, and 

hardness; (2) the operating conditions such as fluidizing velocity, 

temperature, and pressure; and (3) the mechanical design of  the 

combustor including the tube bundle dimensions of  tube diameter and 

pitch, the distance from air distributor and coal and limestone 

introduction points, and the materials of construction of tubes and 

support hangers. The complex interaction o r  these variables determines 

the nature of fluidization, the combustion gas composition, the 

possible formation of  protective deposits or excessive corrosion, and, 

finally, the rate of erosion. 

Three factors that appear important in 

A recent overview of  FBC erosion4 indicated that several additional 

(to those discussed above) mechanisms may operate in F B C s ,  a l though n o t  

at all times or in all units, including the following: 

ticles moving against tubes tlnder the influence of gas bubbles and 

solids in the vicinity of the group of particles; fast-moving particles 

in the wake of rising bubbles; large, though slowly moving, particles 

with high kinetic energy; particles thrown into metal surfaces by the 

action of  bubbles collapsing; particles accelerated into in-bed com- 

ponents under the influence of in-bed jets associated with coal and 

limestone feedports, limestone recirculation ports, and air streams 

used to keep bed drains clear of  obstructions; and particles trapped 

within and moving with large-scale flow patterns in the fluidized bed.  

Bed design parameters, particularly t h e  noininal fluidizing velocity, 

the design of the air distributor arid lower bed plenum, and bed depth 

are fundamentally important in controlling erosion. 

groups o f  p a r -  

In general, combatting in-bed erosion through material upgrading 

and coating has not been as effective as have controlling local par- 

ticle velocities and using spoilers for disrupting adverse s o l i d s  flow 

patterns. Erosion problems of- still another form are encountered when 

the combustion gases from the FBC are expanded through a gas turbine. 

A substantial amount of work has dealt with gas turbines ingesting 

dusty air and with the recovery of energy from fluidized-bed c a t x l y s t  

regeneration units by expanding the product gas through turbines. All 



t :hi  s work i n d i c a t e s  t h a t  even inoderate Concentrat ions of  5 -pm p a r t i c u -  

l a t e s  can be very damaging a t  the  high v e l o c i t i e s  i n  the  engine.  

Because these  e ros ion  problems cannot be solved by materials s e l e c t i o n  

o n l y ,  design s o l u t i o n s  must a l s o  be sought ,  

e ros ion  problem i s  s t rong ly  inf luenced  by the  degree of  ho t -gas  CleaAUp 

t h a t  can be r e a l i z e d  and by the  d e t a i l e d  aerodynamics of  t he  t u r b i n e .  

The degree of  ho t -gas  cleanup s t rong ly  in f luences  the  p a r t i c u l a t e  

concen t r a t ion ,  and the  aerodynamics c o n t r o l  p a r t i c l e  v e l o c i t i e s  and 

temperatures  i n  mul t i s t age  gas t u r b i n e s .  Fi.riding a s o l u t i o n  t o  the  

coupled h o t  gas cleanup and gas tu rb ine  e ros ion  problem is probably the 

most cha l lenging  technologica l  problem fac ing  the  p re s su r i zed  

f l .uidized-bed combustion (PFRC) system. 

The magnitude of  t h e  

Erosion and depos i t i on  ( foul ing)  have gene ra l ly  l i m i t e d  the  l ives 

o f  c o a l - f i r e d  gas t u r b i n e s .  However, a t  longer  times o r  h igher  tem- 

p e r a t u r e s ,  h o t  co r ros ion  of gas tu rb ine  components appears  t o  be a 

s i g n i f i c a n t  t h r e a t .  Af t e r  e n t e r i n g  the  turbi-ne,  t he  PFRC gases  a r e  

cooled by expansion i n  the  tu rb ine  and by con tac t  wi th  cooled metal 

p a r t s  o r  wi th  the  boundary l a y e r  surrounding them. Alka l i  s u l f a t e s  can 

then  condense on the  metal s u r f a c e s ,  Thus, t he  s e l e c t i o n  of  t he  metal  

temperatures  c o n t r o l s  no t  only the  r a t e  of t he  co r ros ion  r e a c t i o n s  b u t  

a l s o  the  r a t e  o f  depos i t i on  of corrodent  on the s u r f a c e ,  Although the 

a l k a l i  vapor concent ra t ions  produced i n  a PFBC are i n  most ca ses  lower 

than those encountered i n  pulver ized-coa l  combustion systems the  f lux  

o f  a l k a l i  s a l t s  i ~ i  the gas tu rb ine  w i l l  be subs t an t i a l - ly  g r e a t e r  than 

that regarded a s  acceptab le  f o r  c u r r e n t  engines us ing  d i s t i l l a t e  f u e l s .  

Temperature i s  c r i t i c a l l y  important ,  and there  i.s now s t r o n g  evidencc 

t h a t  co r ros ion  o f  PFBC tu rb ine  components will be even inore severe i n  

t:ho range 600 t o  750°C than a t  h igher  temperatures .  However, some 

a l l o y s  2nd c laddings  a r e  c l e a r l y  less suscep t ib l e  t o  t h i s  type of 

a t t a c k  than a r e  o t h e r s ,  and t h e  choice of an adequate t u r b i n e  p r o t e c -  

t i o n  scheme (ma te r i a l  and surEace temperature) i s  no t  y e t  c l e a r .  

Given the  complexity of m a t e r i a l s  degrada t ion  processes  i n  

f l u i d i z e d  beds ( e . g .  , e ros ion ,  co r ros ion ,  and eros ion/cor ros ion)  , it i s  

not s u r p r i s i n g  t h a t  t he  wastage rates repor ted  f o r  s p e c i f i c  h e a t  

exchanger materi-a1.s have d i f f e r e d  by o rde r s  o f  magnitude among the  
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various in-bed materials studies conducted t o  date.6-8 However, the 

pattern of materials behavior has become more predictable as specific 

degradation mechanisms have been identified. For example, at service 

temperatures of 800°C and above, candidate materials have narrowed to 

austenitic stainless steels (including Al.loy SOO), and the degradation 

of these materials Is controlled by c lass ic  sxidation/sulfidation 

mechanlsms. The major concern with these materials is breakaway 

oxidation, which is associated with a critical distribution of internal 

sulfides near the oxide-metal interface. Still to be determined is the 

role of CaSQ4 deposits in the corrosion processes and the transport 

mechanisms of sulfur through the oxide film. Under steam boiler 

conditions (600°C and below), degradation of candidate heat exchanger 

materials has been negligible except where erosion has accelerated the  

normal oxidation processes or abraded unoxidized tube surfaces. 

Although laboratory corrosion and erosion tests are extremely 

useful in establishing the environmental and temperature conditions 

under which a given degradation mechanism can operate, it is still 

necessary to relate these laboratory test results to fluidized bed 

design parameters (excess air and SO, in the flue gas, bed temperature, 

superficial velocity, sorbent-fuel ratio, coal and sorbent feed size, 

etc.). Such comparisons require the exposure of materials in an FBC 

dedicated to materials testing, where the corrosion performance o f  heat 

exchanger and turbine materials can be correlated with bed design and 

operating parameters. 

Laboratory experiments under carefully controlled conditions a r e  

being conducted to understand the mechanisms and microstructural con- 

ditions that lead to breakaway oxidation at 593 to 850°C. Recent 

studies on heat exchanger materials exposed at 1140°C to an alternating 

high-Po/Pow-P atmosphere with a cycle time of 10 or 100 h showed that 

the materials need a sustained exposure for times greater than 10 h t o  

low-P atmosphere to initiate sulfidation attackeg It has a l s o  beeri 

established that a combination of  CaS04 or CaO deposits and the presence 

of low P 

high-chromium alloys.10 

2 02 

0, 

in the gas phase can lead to initiation of sulfidation in 
02. 

Tests at lower temperatures should be conducted 
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t o  e s t a b l i s h  the condi t ions  under which e ros ion  w i l l  a f f e c t  t he  rnechan- 

i c a l  i n t e g r i t y  of oxide f i lms  and CaSO, d e p o s i t s .  Laboratory t e s t s  a r e  

al.so r equ i r ed  t o  i d e n t i f y  the  iiiechanisms of  low- temperature h o t  co r ro -  

s i o n  of  turl:,'ine all .oys and coa t ings  i n  s imulated PFBC f l u e  gas 

environments.  

The ma te r i a l s  requirements f o r  c e r t a i n  ho t -gas  cleanup systems, 

such as cyc lones ,  do not  seem p a r t i c u l a r l y  d i f f i c u l t  t o  meet, al though 

candida te  ma te r i a l s  shou1.d be subjec ted  t o  long- term t e s t i n g .  However, 

more advanced ho t -gas  cleanup systems ( e . g . ,  i o n i c  conducting 

m a t e r i a l s )  a r e  under development; t h e i r  ma te r i a l s  requirements must be 

determined, and success fu l  ma te r i a l s  performance n u s t  be demonstrated.  

A c u r r e n t  problem i n  steam genera tors  i s  t h a t  oxide s c a l e  s p a l l s  

from rehea te r  and superhea ter  tube su r faces  and p a r t i a l l y  o b s t r u c t s  

passages o r  damages t u r b i n e s .  Conditions of h igh  h e a t  f l u x ,  such a s  i n  

l i qu id -me ta l  h e a t  exchangers,  increase  the  e x t e n t  o f  s p a l l a t i o n .  

Because the  h e a t  f l uxes  of FBC in-bed stearn generat1ors w i l l  be h igher  

than those i n  cu r ren t  f o s s i l - f i r e d  gene ra to r s ,  the  problem of  spalla- 

t i o n  could be accentuated.  A program should be i n i t i a t e d  t o  determine 

the  e f f e c t  o f  t he  h e a t  f l uxes  i n  FBC steam genera tors  on oxide s p a l l a -  

t i o n .  I f  the  e f f e c t  i s  s i g n i f i c a n t ,  the  b e n e f i t s  of  chromizing o r  

s u b s t i t u t i n g  more o x i d a t i o n - r e s i s t a n t  ma te r i a l s  sh0ul.d be eva lua ted .  

Diss imi la r -meta l  j o i n t s  between f e r r i t i c  and a u s t e n i t i c  b o i l e r  

tiubes are c u r r e n t l y  made wi th  h igh -n icke l  f i l l e r  meta l .  Such j o i n t s  

rriay n o t  be s u i t a b l e  f o r  app l i ca t ions  t h a t  l o c a t e  the  j o i n t s  w i th in  the 

f l -uidized-bed reg ion  o f  atmospheric FRCs (AFBCs) , because such h igh-  

n i c k e l  a l l o y s  a r e  suscep t ib l e  t o  ca t a s t roph ic  s u l f i d a t i o n  corrosion. 

The performance o f  j o i n t s  made b y  e x i s t i n g  methods must be r e l a t e d  t o  

ope ra t ing  temperatures and l o c a l  bed condi-t ions i n  A F B C s ,  and,  i f  

necessary ,  a l t e r n a t i v e  j o i n i n g  methods and ma te r i a l s  must be explored.  

Nondes tzrnctive techniques ( u l t r a s o n i c  and eddy c u r r e n t )  f o r  i n -  

s e r v i c e  i-nspection should be developed and app l i ed  f o r  tub ing ,  

d i s s i m i l a r  metal  welds,  and o the r  components. 
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5.1.2 Conventional Combustion 

Relative to combustion systems, the two central objectives of the 

DOE Office of Fossil Energy are (1) substitution of  coal (o r  coal- 

liquid mixtures) for oil and natural gas in utility and industrial 

boilers and (2) extension of the reserves of oil and gas hy improving 

the reliability and efficiency of  boilers and furnaces. Replacement o f  

oil and natural gas by pulverized coal or cod-liquid mLxtures in 

industrial and utility boilers requires solutions to several t echn ica l  

problems. 

slagging, corrosion, and erosion of boiler tubes and other components 

in conventional combustors. These problems are caused in p a r t  by the 

unirieral matter present in the feed coal and the transformation and 

reactivity of the mineral matter during and following combustion. An 

adequate understanding of the mechanisms responsib? e f o r  the chemical 

and physical reactions seen with the use o f  coal or coal-liquid mix- 

The principal problems are those of fly-ash fouling, 

tures is needed. Tube wastage in conventional pulverized-coal boilers 

is caused primarily by the corrosive reactions that occur at high 

temperatures between the impurities contained in the coal atid the metal 

tube surfaces, 

sulfur-containing acids. In addition to the development of more 

corrosion-resistant materials for boiler components, better coal 

cleaning techniques (as discussed in Chap. 7 )  will result in the 

removal o f  a large amount of the ash and sulfur from the feed coal and, 

thereby, reduce the problems caused by these materials. In addition to 

providing a better quality coal for pulverized-coal combustton, im- 

provement of feed coal quality is an important step in the preparation 

o f  coal-liquid slurries for combustion in retrofitted o i l  or gas 

combustors. The prime problems encountered when oil- or gas-fired 

boilers are retrofitted to burn coal or coal-liquid slurries are 

corrosion, erosion, and wear of  the burner nozzle, Again, proper c o a l  

cleaning will reduce this problem somewhat; however, burners w i l l  need 

to be redesigned to atomize the injected slurries into the combustion 

zone properly. The coal-liquid mixtures most successful t o  date have 

been coal-water 

economically attractive compared with oil, and recent studies showed 

Low-temperature corrosion is due mainly to attack by 

Currently coal-oil mixtures arc n o t  
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t h a t  cons iderable  l o s s  of  power-generacing capac i ty  could be expected 

when c o a l - o i l  mixtures a r e  used i n  o i l - f i r e d  ho:ileP-s .I2 

t i o n  a l s o  r equ i r e s  the a d d i t i o n  of  chernicals t h a t  cause a d i f f e r e n t  

type of f o u l i n g  problem, and t h i s  area w i l l  need t o  be addressed as 

wel l  before  coa l -water  mixtures w i l l  r ep l ace  o i l  o r  gas .  Ilowever, t he  

use of s l u r r i e s  r e s u l t e d  i n  NO, emlssions 100 t o  200 ppm lower than  

those occurr ing  when pulver ized  coa l  of  the sane q u a l i t y  w a s  burned. l3 

Slu r ry  produc- 

Among the  c u r r e n t  ma te r i a l s  l i m i t a t i o n s  t h a t  t he  Elec-Lric Power 

Research I n s t i t u t e  ( E P R I )  has  si.ngl.ed ou t  as p a r t i c u l a r l y  s i g n i f i c a n t  

to e l e c t r i c a l  u t i l i t i e s  a r e  the  cor ros ion  f a t i g u e  o f  steam tu rb ine  

r o t o r s  and b lades  and the  oxi.de s p a l l i n g  of  superhea ter  materials, 

which causes erosi .ve impingement on tu rb ine  b l ades .  The a t ta inment  of  

h igher  e f f i c i e n c i e s  i n  the  steam-Rankine power cycle demands materials 

wi th  improved f i r e s i d e  and steam cor ros ion  r e s i s t a n c e  at 600 t:o 700°C.  

l l igher e f f i c i e n c i e s  thus achievable  by the  s u b s t i t u t i o n  of more 

h igh ly  a l loyed  metals f o r  present -day  b o i l e r  m a t e r i a l s ,  a l b e i t  with a 

s i g n i f i c a n t  increase  i n  p l a n t  c a p i t a l  c o s t s .  The development of  

ox ida t ion -  and s u l f i d a t i o n - r e s i s t a n t  coa t ings  to upgrade e x i s t i n g  

b o i l e r  m a t e r i a l s  may be a more cost-effective means of  achiev ing  the 

needed temperature inc reases .  

Fa i lu re  o f  dissi.ini.lar-metal welded j o i n t s  i n  steam genera tors  has 

become a major f a c t o r  a f f e c t i n g  the  r e l i a b i l i t y  of u t i l i t y  steam 

b o i l e r s  I l5 

commonly employ a u s t e n i t i c  s t a i n l e s s  stee1.s for higher  tenlperature 

reg ions  and f e r r i t i c  s t e e l s  f o r  lower temperature r eg ions .  Although 

these tubes can be j o i n e d  wi th  a var ie ty  of  wel.ding approaches,  c racks  

a r e  c h a r a c t e r i s t i c a l l y  encountered i n  the  ferri-t;ic material ad jacen t  t o  

the  weld i n t e r f a c e  o r  i n  the  heat-affected zone.  O f  54 u t i l i t i e s  

responding t o  a siirvey SpOnsOKed by the  Pmexi.can Socie ty  f o r  Tes t ing  

and Materials, American Socie ty  of Mechanical. Engineers ~ and The 

Haterials P rope r t i e s  Coiincil 20 r epor t ed  d iss imi la r -meta l .  w e l d  

f a i l u r e s . 1 5  These f a i l u r e s  involve 6 0  u n i t s  o f  a t o t a l  of  320 and were 

not: a t t r  i-butable t o  poor welding techniques.  Improved t e c h i q u e s  were 

success fu l ly  developed i n  an Et?R:C- funded program for j o i n i n g  a u s t e n t i c  

s t a i n l e s s  

Superheaters  and r ehea te r s  d e l i v e r i n g  steam at 5 4 0 ° C  
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steels and ferritic tubes to resolve the cracking problem, and the 

reliability of  steam power plants has been increased. 

The effluent emission standards imposed by the Environmental 

Protection Agency on fossil-fueled power plants require the removal of 

SO, from the stack gases of plants burning high-sulfur coals a n d  Euel 

oils. 

Typically the stack gas is quenched by water immersian and is then 

passed upward through a spray tower in which a neutralizing material, 

such as limestone o r  MgO, is contacted with the gas to capture sulfur- 

bearing species. 

from seawater to both acidic and alkaline chemicals. As these l i q u i d s  

contact the flue gas, the absorption of  SQ, lowers the pH and 

increases corrosion. Chloride ions introduced by the coal, scrubber 

water, or sorbent also exacerbate the corrosion pzfoblern, e s p e c i a l l y  

where closed-loop recirculating water systems are used. 

low temperature o f  the combustion gas as it leaves the scrubber also 

poses a serious dew point corrosion problem (condensation Q E  acids) in 

stack and blower sections downstream from the scrubber. 

The most common method f o r  S O ,  removal is wet scrubbing. 

Wet scrubbers can use a variety of liquids, ranging 

The relatively 

Corrosion problems experienced to date in the operation of  p o l l u -  

tion control equipment have been sufficient to warrant upgrading to 

more corrosion-resistant alloys to reduce downtime and repair .IK 

Corrosion testing and field surveillance will be required to verify 

that the performance improvement in the upgraded materials is cGst 

beneficlal. 

As noted above, the EPRI has instituted a materials development 

program to improve the reliability o f  steam turbine r o t o r s  and b lades .  

Advances in turbine material performance require commensurate improva- 

ments in steam supply components. Duplex materials such as corrosion- 

resistant claddings on austenitic stainless steels, when retrofitted 

into existing steam generators, have proved very cost-effecLive in 

reducing fireside corrosion under current boiler operating 

conditions.” 

generically similar to those being developed for gasifier applications. 

Accordingly, coating and cladding developments for gasifier 

applications should be extended to cover potential coal-fired k o i l e r  

The eladdings used in rhe latter application are 
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applications at temperatures o f  600°C and higher. Nondestructive 

techniques, including eddy-current, ultrasonic, and infrared methods, 

are needed to accommodate the cladding developmenrs. 
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6.1 TEChVOLOGY STATUS AND MATERIALS NEEDS 

Modern fate1 cells convert the chemical energy released hy 

oxidizhng a fuel into electrtcal energy at high efficiency 

release of  recoverable 

conducting liquid or nonporous solid electrolyte layer that separate:: 

porous, electronically conducting electrodes. Fuel and oxldant are 

supplied to the anode and cathode, respectively, migrate tQ the 

electrode-electro9yte interface, react, arid produce waste products that 

migrate away from their respective sides of the electrolyte. 

Electrodes are current collectors connected through an external circuit 

in which electrons flow from the anode to the cachode. Cells are 

stacked (coainei=t:ed in series to produce useful voltages), provided w i t h  

manifolded flow channels f o r  reactants and products, and thermally 

controlled by various heat transfer means. Fuel ce l l  systems 

precondition fuel and recover waste heat with a variety of internal and 

external devices. 

w i t h  soiiie 

Simple cells consist of an ionlcally 

Of the major current fuel cell (FC) types [phosphoric acid (PAFC), 

molten carbonate (MCFC), solid oxide (SQFC). solid polymer, and 

alkaline], Fossil Energy supports major programs for the first three 

and s ~ m e  research on solid polymer electrolytes, because they are most 

eompatible with f o s s i l  fuels. These four cell types were listed in 

approximate order of readiness for commercialization; nsne has been 

demonstrated to be competitive with other options for electricity 

production, but together they offer future advantages for utility 

power, cogeneration, industrial, transportation, military, and space 

applications. 

over 10,000 h. 

each type of fuel cell by improving its performance, fabricability, 

economics, compatibility with fossil fuel, o r  environmental accepta- 

bility. The ARErTD Materials Program now performs electrochemical 

materials research that could benefit the SOFC, and other ongoing 

Demonstration PAFC and MCFC systems have operated to 

New materials could dramatically alter the future o f  
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m a t e r i a l s  r e sea rch  - ceramics ,  a luminides ,  and advanced s t a i n l e s s  s t e e l  

a l l o y s  - could impact a l l  systems. A p r o j e c t  is  ongoing t o  develop 

microwave s i n t e r i n g  techniques f o r  s o l i d  oxide f u e l  c e l l s .  

Most: f u e l  c e l l s  share  some common ma te r i a l s  problems: 

1.. i n  a l l  fuel. c e l l s ,  t he  e l e c t r o l y t e ,  mechanical suppor t s ,  and 

the  cont-ainment system a r e  exposed to s t rong  ox id iz ing  and reducing 

condi t ions  on the  cat;lrode and anode s i d e s ,  r e s p e c t i v e l y .  There a r e  f e w  

m a t e r i a l s  t h a t  res i s t  degrading r eac t ions  i n  both ox id iz ing  and reduc- 

ing  environments.  Typica l ly ,  materials a r e  sought t o  func t ion  ade- 

qua te ly  f o r  t he  ope ra t ing  l i f e  of t he  c e l l ,  perhaps 1 0 , 0 0 0  LO 4 0 , 0 0 0  h ,  

and surv ive  upse t  cond i t ions .  

2 .  The p o r o s i t i e s  of b o t h  anode and cathode,  necessary f o r  

ma te r i a l  t r a n s p o r t ,  genera l ly  r e s u l t  i n  phys ica l  weakness. Many s t ack  

desi.gns depend on claiuping fo rces  t o  i n i - n i m i z e  phys ica l  migra t ion  

( l eak ing ,  seepage,  e t c . )  of  some system component, and creep o r  the  

porous s t r u c t u r e s  under load is  a cons tan t  engineer ing problem. 

3 .  C a t a l y s t s  must be physi.cal1.y placed a t  an e l ec t rode -  

e l e c t r o l y t e  i n t e r f a c e .  To be e f f e c t i v e  and inexpensive,  they must be 

f i n e l y  d iv ided  and anchored i n  p lace .  Migration and coarsening o f  

ca t a lys t ,  co r ros ion  of i t s  support  s t r u c t u r e ,  and poisoning o f  the 

catalyst: by i t s  environment and f u e l  contaninanes a r e  s e r i o u s  problems 

needing Lmprovement ~ 

4 .  Elements t h a t  opera te  i n  a h ighly  chemically a c t i v e  reg ion  i n  

an e l e c t r i c  f i e l d  are s u b j e c t  t o  d i s s o l u t i o n ,  e l e c t r i c a l l y  dr iven  ion ic  

migra t ion  and d i f h s i o n ,  and r e p r e c i p i t a t i o n .  Thin elements promote 

desi.ri3ble low elcct:ri .cal  r e s i s t a n c e  and materia1.s c o s t s ,  b u t  a l s o  h igh  

f i e l d  g rad ien t s  and s h o r t  d i f f u s i o n  d i s t ances  with r a p i d  migrat ion and 

i n t e r d i f f u s i o n  effects, 

5 .  Cell s t a c k s  a r e  c l o s e l y  i n t e g r a t e d  a r r a y s  of components t h a t  

are subjec ted  t o  thermal cyc l ing ,  sometimes during c o n s t r u c t i o n ,  and 

n e a r l y  always dur ing  ops ra t ion .  Prevent ing f a i l u r e s  from thermal. 

expansion mismatch and thermal s t r e s s e s  r equ i r e s  d e l i c a t e  balances in 

both m a t e r i a l s  and des igns .  
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6 . 1 . 2  Phosphoric Acid Fuel eel& 

It is generally felt that PAFCs are sufficiently near commerciali- 

zation that direct ARCkTD Materials support is not appropriate. Demon- 

strating that economies of  scale can make PAFCs competitive with o the r  

systems is clearly outside the Materials Program scope. Some 

inventions could dramatically i-mprove their future potentia.1, however, 

including the following materials-related considerations: 

Fuel Preparation: Hydrogen is the only current fuel with 

sufficient mobility to operate PAFCs near 200°C. 

gas can be made by externally reforming clean, coal-derived gases, 

naphtha, or natural. gas. Either catalysts for reforming these 

hydrocarbon fuels or gas separation membranes to provide inexpensive 

fuel could markedly affect system economi.cs. 

separation might a l s o  be useful .  

Hydrogen-bearing fuel 

Efficient oxygen 

Electrolyte: Liquid phosphoric aci.d is contained in a membrane 

such as polytetrafluoroethylene (PTFE)-bonded sllicon carbide t o  retain 

electrolyte by capillarity. 

replenishment and design f o r  electrolyte retention retard long-time 

cell voltage degradation; further improvements are possible. 

Built-in reservoirs for electrolyte 

Anode: Hydrophobic electrodes to minimize acid migration contain 

platinum catalyst in porous graphitic papers or felts bonded with PTFE 

(wetproofed). 

surface area while 3 -  t o  50-pm-diam pores distribute gas; other systems 

have been explored. 

liquid in a fine-pore-size layer. 

are poisoned by H,S, CO, and S above some levels. While low-loaded 

platinum systems that will tolerate 1.5% CQ and up to 50 to 75 ppm 

(H,S + COS) are known, less expensive catalysts are desired. 
Particulate binding o f  electrode pore structures is poorly understood 

but may become a problem f o r  coal-derived fuels. 

Micropores below 50 A in diameter give high reaction 

Gas barrier layers can be formed by trapping 

Platinum electrocatalyst materials 

Cathode: Corrosion-resistant, inexpensive graphite supports and 

improved catalysts are needed for cathodes. 

acetylene black or graphitic materials are already near their limits of 

corrosion resistance on the cathode side. Alternate ceramic support 

Catalyst substrates of 
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mate r i a l s  have been explored including high-surface-area t i t an ium 

ca rb ide ,  s i l i c o n  c a r b i d e ,  and tantalum carb ide .  Electrocata1yt i .c  

reduct ion  of oxygen. ai; about 0 .4  V overpo ten t i a l  i s  c o s t l y  i.n terms o f  

e f f i c i e n c y ;  an a f fo rdab le  c a t a l y s t  with accept:abl.e k i n e t i c s  a t  lower 

overvol tage i s  h ighly  d e s i r a b l e .  Platinum alloys, organometal l ic  

c a t a l y s t s ,  and novel plati.xium c a t a l y s t s  are all p o s s i b i l i t i e s .  

S t r u c t u r a l  Members : S t r u c t u r a l  iiieanbers ha~ve an important impact 

on c e l l  economics because the  cu r ren t  choices  a r e  not  compatible w i t h  

i nc reas ing  temperatures and pressures  above the  205°C and 8 atm l e v e l  

t o  increase  c e l l  vo l t age .  YTFE, the mater ia l  of choice f o r  cor ros ion  

r e s i s t a n c e ,  does not  have s u f f i c i e n t  creep s t r e n g t h ,  and a l t e r n a t i v e s  

are needed where i t  is  used. Separator  p l a t e s  inexpensively molded 

from g r a p h i t e - r e s i n  mixtures and carbonized a t  900 t o  1200°C a r e  not  

s u f f i c i e n t l y  cor ros ion  r e s i s t a n t ,  and the c o r r o s i o n - r e s i s t a n t  f u l l y  

g raph i t i zed  ma te r i a l  h e a t -  tiseated a t  2000 t o  2900°C i s  too expens i.ve 

fo r  increased  temperatures and p res su res .  A major innovat ion is  

requi red  t o  circumvent t1ti.s dilemma i n  oxldizi.ng r eg ions ,  such as 

wetproofing inexpensive ma te r i a l s  o r  doping g r a p h i t e .  

5.1" 3 Molten Carbonate Fuel Cel l s  

MCFCs presen t ly  o f f e r  h igher  system e f f i c i e n c i e s  than PAFCs, bu t  

a r e  f u r  t he  r f r  orn c o m e  r c  i a1 i. z a t i on.  

MCFCs can use coa l -de r ived  fue ls  d i r e c t l y ,  un l ike  PAFCs: they a r e  not  

poisoned by CO and consume CO a s  f u e l  through a water-gas s h i f t  tlrat 

produces H,. 

r e j e c t e d  h e a t  f o r  a bottoming cyc le  o r  f o r  i n d u s t r i a l  cogenerat ion i s  

one of the  i i iost promising coa l -based  technologies f o r  e l e c t r i c  power 

generat i .on,  with project:ed system e f f i c i e n c i e s  over 50%.  Increas ing  

opera t ing  pressures  t o  10 atm increases  r e v e r s i b l e  c e l l  v o l t a g e ,  

reduces p o l a r i z a t i o n  vol tage  l o s s e s ,  and increases  gas s o l u b i l i t i e s  

(hence power d e n s i t i e s  o r  v o l t a g e s ) .  Some areas i n  which generic  

ma te r i a l s  improvements would advance the  technology inc lude :  

In t eg ra t ixg  a MCFC with a coa l  g a s i f i e r  and using tihe 

-....I___ Fuel Prepara t ion :  A t  t he  650°C opera t ing  temperatures o f  MCFCs, 

n i c k e l  c a t a l y s i s  f o r  ex te rna l  o r  i n t e r n a l  steam reforming o f  hydro- 

carbon fue1.s i s  f e a s i b l e ;  contaminat ion- res i s  t a n t  c a t a l y s t s  for coal  - 
derived gases are needed. H,S chemisorbs on N i  c a t x l y s t  su r f aces  and 



blocks  a c t i v e  s i t e s ,  poisoning t h e  c a t a l y s t  f o r  t h e  water -gas  s h i f t  

r e a c t i o n .  Membrane o r  e lec t rochemica l  materials f o r  contaminant 

removal a r e  another  a l t e r n a t i v e .  

E l e c t r o l y t e  and E l e c t r o l y t e  Matrix:  Numerous carbonates  form 

h igh ly  conductive l i q u i d  phases t h a t  can be r e t a i n e d  by c a p i l l a r i t y  

f o r c e s  i n  porous s o l i d s  i n  a l a y e r  between the  e l e c t r o d e s .  The most 

comrnon a r e  62% Li-38% K ,  50% Li-50% Na, and 50% Li-50% M. Varying base 

compositions and a d d i t i v e s  can change c o r r o s i v i t y ,  cathode r e a c t i o n  

k i n e t i c s  and s o ' l u b i l i t y ,  LiAlO,  matr ix  s t a b i l i t y ,  and e l e c t r o l y t e  

migra t ion .  Basic d a t a  on s o l u b i l i t i e s ,  d i f f u s i v i t i e s ,  equi l ibr ium 

c o n s t a n t s ,  and r a t e  cons t an t s  a r e  gene ra l ly  n o t  a v a i l a b l e .  

Migrat ing e l e c t r o l y t e  damages o t h e r  c e l l  e lements ,  makes s e a l i n g  

d i f f i c u l t ,  arid reduces c e l l  performance. There i s  no known s u b s t i t u t e  

f o r  nonwetting PTFE (used i n  low-temperature aqueous e l e c t r o d e s )  t o  

prevent  e l e c t r o l y t e  migra t ion  a t  MCFC temperatures .  Pas te  e l e c t r o d e s  

of  mixed carbonate  and f i n e  MgO o r  Al,O, have been rep laced  by low- 

d e n s i t y ,  porous,  s i n t e r e d  ceramic (LiAlO,) mat r ices  wi th  c o n t r o l l e d  pore 

s i z e s  t h a t  a r e  mechanically weak and s u b j e c t  t o  c rack ing ,  p a r t i c u l a r l y  

from volume changes dur ing  carbonate  phase t ransformat ions  (me l t ing ) .  

The magnitude o f  t h i s  problem depends on system des ign  and e l e c t r o l y t e  

mat r ix  des ign ,  b u t  c rack  a r r e s t o r s  and mic ros t ruc tu ra l  c o n t r o l  are 

impor tan t .  

incorpora ted  between the  mat r ix  and the  anode t o  prevent  carbonate  

mig ra t ion ,  system d e t e r i o r a t i o n  r e s u l t i n g  from e l e c t r o d e  c rack ing ,  and 

gas c rossover  a s  e l e c t r o l y t e  is l o s t  from t h e  mat r ix .  

F i r ed  l i t h i u m  aluminate  wi th  c o n t r o l l e d  p o r o s i t y  may be 

H,S i n  coa l -de r ived  f u e l s  ox id i zes  t o  SO,  t h a t  r e a c t s  wi th  

carbonate  ions  i n  t h e  e l e c t r o l y t e ;  t hese  r e a c t i o n s  are reversed  by 

burn ing  c l e a n  f u e l ,  so p e r i o d i c  off-normal  cleanup may be p o s s i b l e .  

Membrane o r  e lec t rochemica l  gas cleanup mechanisms would be valusible.  

Anode: C e l l  r e a c t i o n  k i n e t i c s  a t  650°C al low n i c k e l  c a t a l y s t s  

r a t h e r  t han  expensive prec ious  meta ls .  S in t e red  n i c k e l  anodes a r e  

t y p i c a l l y  60 to 70% porous,  wi th  a 4 t o  6 pm pore diameter  t o  prevent  

carbonate  migra t ion  from t h e  e l e c t r o l y t e  mat r ix .  A t  650"C,  however, 

pure n i c k e l  s i n t e r s  and deforms r e a d i l y  over a 40,000-h c e l l  des ign  



l i f e t i m e  ~ c r e a t i n g  di.:E.Eic:ulty i n  maintaining the  s e a l i n g  fo rces  and 

e l e c t r i c a l .  c o n t a c t s .  Nickel-chromium and nickel-aluminum a l l o y s  and 

metal-coated ceramics (LiFeO,) have been explored as a l t e r n a t e  

materials. 'Improved materials a r e  s t i l l  needed. 

Solid p a r t i c u l a t e  contarninan%s i n  coa l -der ived  f u e l s  can block gas 

passageways and the  anode su r face  when they exceed roughly 0 . 1  g/L of 

p a r t i c l e s  over 3 rum i n  diameter .  Carbon depos i t i on  can be avoided by 

maintaining a H,O p a r t i a l  p ressure  i n  the  gas stream t h a t  p re fe ren -  

t i a l l y  forms methane. Perhaps 10  ppm H2S, below 'I ppm of  halogen ( C 1  i n  

coa l -de r ived  gas tends t o  be i n  the  1. t o  500 ppm range), and up t o  

0 . 5  v o l  % NH, appear t o  be acceptab le  for s h o r t  t imes ,  b u t  an anode with 

long-term to l e rance  i s  needed. Alloying add i t ions  and coa t ings  a r e  

being i n v e s t i g a t e d .  Generic work on p a r t i c l e  f i lfxrs and gas 

s e p a r a t t o n  ma te r i a l s  can con t r ibn te  t o  s o l u t i o n s .  

Cathode: Nickel powder is  compacted o r  s i n t e r e d  t o  t h e  des i - red  

pore densi-ty and d i s t r i b u t i o n ,  ox id ized ,  and 1 i th i . a t ed  i n  s i t u .  Rates 

of n i c k e l  d i s s o l u t i o n  a t  the cathode and r e p r e c i p i t a t i o n  a t  t h e  anode 

inc rease  wi th  inc reas ing  pressure  and are a ma,jor impediment t o  1.0-atrn 

ope ra t ion ;  ambient c e l l  ope ra t ton  can be p ro jec t ed  t o  40,000 h .  

c ip i t ia ted  n i cke l  a l t e r s  the po ros i ty  and c a t a l y t i c  a c t i v i t y  o f  t he  

anode and causes  s h o r t i n g .  Sinter i -ng n i cke l  cathodes inc reases  

s t r e n g t h ,  reduces su r face  a r e a ,  and changes pore s i z e  d i s t r i b u t i o n s ,  

wi th  nega t ive  ne t  e l e c t r i c a l  e f f e c t s .  Carbonate doping may reduce 

d i s s o l u t i o n  ra tes .  A l t e rna te  cathode ma te r i a l s  such as Mn-doped LiFeO, 

a r e  be ing  explored.  

Repre -  

L e s s  than  1 ppm 11,s a t  the  cathode can be t o l e r a t e d  a t  1 a t r r i  f o r  

h igh  f u e l  u t i l i z a t i o n ,  and Less i s  t o l e r a t e d  with inc reas ing  teinpera- 

t u r e  and p res su re ;  40,000-h continuous ope ra t ion  may r e q u i r e  

<0.01 pprn s u l f u r .  

Stri ictiural  md..S.e.gl-ing. C o m ~ o ~ g n t s :  Corrosion of the b i p o l a r  sepa-  

r a t o r  i s  a p a r t i c u l a r l y  difficu1.t: problem, s i n c e  the  P can be t o  
0, 

on the  anode s i d e  and lo-' on the  cathode s i d e  f o r  long  t imes a t  

600 t o  700°C. High---temperature a l l o y s  inc luding  a u s t e n i t i c  s t a i n l e s s  

s t ee l s ,  N i -  and Co-base a l l o y s ,  and S i -  o r  Al-bear ing a l l o y s ,  bo th  

exposed and coa ted  have been explored.  I n t e r n a l  r e s i s t a n c e  l o s s e s  
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from corrosion of  current collectors, l o w  structural integrity, and 

electrolyte l o s s  at wet seais  can all be corrosion related. 

problems of externally manifolded systems depend on whether the matrix 

extends through the seal (wet seal) or ends internally at a seal 

gasket. 

areas is a current solution that may not be optimum fox the long term. 

The design option of internal manifolding eases the w e t  sealing problem 

but exacerbates the matrix integrity problem. 

Sealing 

Vapor-deposited alumina selectively deposited at wet seal 

Additional corrosion in this area is anticipated with the 

introduction of 1 ppm S, a reasonable level f o r  coal-derived fuels. 

Carbonate Manaaement; The lack of a non-wetting material. at the 

operatEng temperature o f  MCFCs makes carbonate migration from the 

electrolyte matrix Find sealing more d i f f g c u l t  than if such a material 

could be incorporated into the electrodes. Failing in this approach, 

improved materials to reduce electrolyte movement past the manifold 

seal areas or cell seal areas are needed. 

6 . 1 . 4  Solid Oxide Fuel Gel& 

SOFCs operate by diffusion of either H' or 0- through a solid 

electrolyte layer to provide charge transport; most current development 

work is on oxygen-transporting materials. There are several cell 

design concepts under active development: planar, tubular, and 

monolithic (stacked, corrugated planar devices). The Westinghouse 

tubular design is nearest commercialization. 

materials system, based on yttria-stabilized zirconia (YSZ) 

electrolyte, has been demonstrated; exploratory work may yield others. 

Achieving high overall system efficiencies at the operating 

temperatures of current SOFCs requires bottoming cycles for waste heat  

recovery. Cell voltages arid efficiencies should benefit f rom high 

pressure or high oxygen potential at the cathode, bu t  the relatively 

fragile construction of SOFGs has discouraged pressurization by most 

developers. 

(4000 kW/m3) and specific powers ( 8  kW/kg), compared to other state-of- 

the-art fuel cells (140 kW/m3 and 0.097 kW/kg, respectively). Generic. 

solid state electrochemical research in this area is highly appropriate 

Only one practical. 

Monolithic SOFCs have high projected power densities 



to the AFt&TD Materials Prugram, since cel.7.s driven in reverse can be 

versatile chemical separation devices. 

Materials issues fall into t w o  general categories that are inex- 

tricably connected: 

electrical properties and cell lifetime, and the matching of materials 

characteristics to manufacturing processes. Any program must address 

both s e t s  of issues to be practical. The discussion is broken into 

near-term e f f o r t s  to use the YSZ system (or  some modification thereof), 

and longer-tern efforts to find an alternative system. 

basic materi.al.s selection issues affecting 

Fuel Preparation: At 1.00OoC, the operating temperature of a YSZ 

SOP(':, practically all light hydrocarbon fuels dissociate in the 

presence of inexpensive nickel or cobalt catalysts. 

fuel is mixed with steam for reforming, a mixture of hydrogen and 

carbon monoxide can be used as fuel. 

If a hydrocarbon 

Electrolvtg: Electrolytes are selected t o  have high oxide ion or 

p r o t o n  diffusivities, but low cation diffusivities and low electronic 

conduction at the operating temperature, and stability in both oxidiz- 

ing and reducing conditions. Thin (perhaps 29 ym) electrolyte layers 

have low resistivity; they must be dense and free of defects through 

the thickness over large areas to develop appreciable power at about 

1 V and 200 to 400 mA/crn2. For most fuels, measures of cell electrical 

efficiencies decline with increasing temperature. 

Yttria-stabilization o f  zirconia yields good electrical 

characteristics and suppresses phase transformations that cause 

discontinuous changes in properties, particularly density, between room 

temperature and the operating temperature of about 1000°C. 

-I__ Anodes: Porous precious metals are sometimes used in experimental 

cells, but most attention is currently focused on porous cermet 

catalyst support and current-conductor materials. Metallic nickel or 

cobalt supported or1 yttria-stabilized zirconia are currently popular 

choi.ces for the YSZ electrolyte. This selection does minimize 

fabrication path and shrinkage, as well as thermal expansion and 

thermal cycling mi-smatch diff icult::i.es I 

Cathodes : Porous  precious m e t a l  cathodes are sometiines used in 

modeling work, but porous semicondueting ceramics are more likely f o r  
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commercial service. Strontium-doped lanthanum manganite perovskite 

Lal-,Sr,-lMn03 (0  < x < 0.05) and Lal-,CaFln03 (0 < y < 0 , 6 ) ,  p-type 

semiconductors, are reaseannbly compatible w i t h  the electrolyte both 

chemically and physically. 

Interconnects: Electrical current conductors (interconnects) must 

Eunction over a wide range of oxygen potentials without reacting with 

any other system components t o  form electrically resistive phases or 

interfaces. The common choice i s  magnesium- or strontium-doped 

lanthanum chromite. 

Westinghouse Tubular Construction: Cells are built on 1 2 -  to 

13-mm-OD porous calcia-stabilized zirconla support: tubes. Modified 

lanthanum manganite is slurried over the tubes and fired at 1400 to 

1500°C to form a 0.07-cm-thick porous cathode. Electrolyte material is 

electrochemically vapor deposited (EVD) from 1200 to 1400°C zinc 

chloride vapor to a typical thickness of  0.004 cm. Interconnection 

material, 0,004 cm of magnesium-doped lanthanum chromite, is also 

deposited by EVD. 

cobalt-zirconia cermet anode is fired below 1000°C. Interconnects are 

nickel-plated and the cells are connected with a nickel felt. 

Materials problems associated with this concept include: 

A 0.OQl-cm-thick slurry-caaeed nickel-zirconia o r  

(a) The calcia-doped zirconia support tube destabilizes slowly 

above 2000°C during later manufacturing processes. 

stable, thinner support tube would be an advantage. 

A thermodynamically 

(b) The EQD process that allows deposition of electrolyte arid 

interconnect material without oversintering the already-deposited 

electrode materials is very expensive and cannot by itself deposit 

certain electrode compositions of interest. 

(c) Electrically insulating phases can Eorm at the cathnde- 

electrolyte interface. About half of the total cell infrared loss is 

in the cathode, making a lower resistivity material desirable. A 

thicker, self-supporting cathode might eliminate the support tube. A 

doped lanthanum manganite with more tolerance to reducing conditions is  

desired. Exposure to fuel during upset conditions causes dimensional 

changes and cracking as oxygen is exchanged. 



70 

(d) Diffusion of dopants from electrodes into the electrolyte 

during fabrication and operation can significantly change the proper- 

ties o f  the electrolyte. 

( e )  Defects in the electrolyte can cause hot spots in the fuel 

cell, and both prevention and detection of defects should be upgraded. 

(f) Relatively high current densities in the anode near the 

interconnect can cause voltage-driven interdiffusion and hot spots. 

( g )  The interconnect material undergoes a phase transformation at 

300°C. Calcium or strontium doping would be an improvement, but it is 

not compatible with the current manufacturing process. Any process 

requiring sintering of lanthanum chromite is not compatible with the 

rest of the process, since it sinters at about 1700°C. 

Monolithic SOFC Construction: Garrett AiResearch, Combustion 

Engineering, and the Argonne National Laboratory are a consortium 

pursuing a cofi-red monolithic construction featuring a corrugated 

anode-electrolyte-cathode honeycomb sandwich that resembles cardboard, 

with the corrugatlons serving as fuel and oxidant channe1.s. The 

ceramic tape casting technology used i s  common in the el.ectronics 

industry; there are several approaches to forming and bonding the 

layers. The electrolyte and electrode chemical compositions are 

similar to Westinghouse's system, but they are laid up simultaneously 

w l t h  different green densities designed to shrink at the same rates 

during binder burn-off and firi.ng, without cracking or significant 

distortion. Important concerns are:  

(a) Ceramic formulation shrinkages must match during binder 

removal. and firing to avoid warpage and cracking. 

(h)  The thermal expansion coefficients of the indivi-dual 

components of  a cell must match closely to avoid fracturi-ng during 

thermal cycling. 

(c) Process and material control. and reproducibil.iCy of  extraor- 

dinary quality will be required. A single deEect can cause rejection 

of a large fuel. cell element. 

(d)  Locally high current densities occur where the interconnect 

and the electrodes contact. 
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(e) The e lec t rode-e l .ec t . ro ly te  composites pose delaminat ion 

FrObleKfE. 

(f) The s t r e n g t h  and f r a c t u r e  toughness of the  e l e c t r o l y t e  should 

be improved. 

(g)  The anode i s  n o t  p e r f e c t l y  matched i n  thermal expansion with 

the rest  of  the system, and should be more compliant .  

( i) A s i n t e r a b l e  in te rconnec t  i s  needed. 

F l a t  P la te  Construct ion:  I n t e r n a t i o n a l  h e 1  C e l l s  ( IFC) a.nd 

Ceramatec a r e  pursuing a f l a t  p l a t e  des ign  i n  which the f l a t  anode- 

e l e c t r o l y t e - c a t h o d e  layer  will he sepa ra t ed  by a crossfhaw b i p o l a r  

p l a t e  t h a t  provides  s t r u c t u r a l  support  and c o n t r o l s  gas f low.  A f l a t ,  

impermeable 0.051- t o  0 .127-mi- thick (0 .002 -  t o  0 .005- in . )  e l e c t r o l y t e  

accepts  s e reen  p r i n t e d  el.ectrotles ; plasma spraylng  has  a l s o  been used. 

Add i t iona l ly ,  7.-tek has  developed a I-kU module based on a f l a t  

p l a t e  propr i -e ta ry  design f e a t u r i n g  10.2-em-diam ( 4 - i n , ) ,  0.25-mm-thick 

(0 .010- in . )  f l a t ,  s t ackab le  e l e c t r o l y t e  l a y e r s .  Thei r  materials are 

n o t  n e c e s s a r i l y  those of  t he  Westinghouse system. F l a t  p l a t e  systems 

a r e  not  s u f f i c i e n t l y  def ined  t o  develop independent comments. 

Advanced materials work ranges from doping s t u d i e s  through 

a t tempts  t o  use des ign  o r  process  technology t o  avoid o r  minimize the 

e f f e c t s  of known d i f f i c u l t i e s .  A major breakthrough may resu l t :  i n  an 

improved SOFC. 

S t a b i l i z a t i o n  of the  cubic  form of  z i r c o n i a  has been achieved by 

doping wi th  calcia ,  y t t r i a ,  y t t e r b i a ,  heavy rare e a r t h  oxides  froin 

dyspros ia  t o  l u t e t i a ,  and scandia .  There e x i s t s  a p o s s i b i l i t y  t h a t  

some dopant: o r  combination of  dopants n o t  y e t  discovered may produce a 

more u s e f u l  z i rconia-based  system. 

Cer ia  (CeQ,), t1iori.a (Tho,), and y t t r i a  have lower i o n i c  conduc- 

t i v i t y  than z i r c o n i a .  Cer ia  develops e l e c t r o n i c  conduction under 

reducing c o n d i t i o n s ,  Doped bismuth oxide (Rf,Q,) conducts as w e l l  a t  

850°C as z i r c o n i a  does a t  1000°C b u t  i.s uns t ab le  under reducing condi -  

t i o n s  on t h e  anode s i d e .  Y e t  the electri .cal  e f f i -c iency  ga in  f r o i n  

ope ra t ing  a t  lower temperature l eads  t o  p e r s i s t e n t  i n t e r e s t  i n  Bi.,O,, 
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E'erovskite oxides, bismuth trioxide-doped zirconia, b i s m u t h  crioxidc- 

doped tungsten trioxide, layered structures such as 

Ko~72(Tno~7zSno~28)2, a l k a l i  metal aluminates ,  and certain superionic 

conduction oxides. 
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7 .  COAL PREPARATION AND HOT-GAS @I,EANING 

7.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

The combustion of coa l  r ep resen t s  a l a r g e  p o r t i o n  of the elect:- 

r i e a l  energy genera t ion  c a p a b i l i t y  i n  the  United States, and w i t h  

increased  a t t e n t i o n  t o  environmental e f f e c t s  and economics e f f i c i e n t  

and e f f e c t i v e  cua l  c leaning  techniques a r e  assuming a more important 

n a t i o n a l  r o l e .  

Acid r a i n ,  r e s u l t i n g  i n  p a r t  from tlte combanstion of h i g h - s u l f u r  

coa l s  I demands an immediate s o l u t i o n  t o  m i t i g a t e  i r r e v e r s i b l e  e f f e c t s  

o n  our  ecosystem. 

remove a l l  the  s u l f u r  from the coal combustion products .  Bruper coa l  

c leaning  i s  a more a t t r a c t i v e  a l t e r n a t i v e ,  although t y p i c a l l y  the bound 

s u l f u r  i s  d i f f i c u l t  t o  remove. I n  add i t ion ,  tJhe performance and 

e f f i c i e n c y  of coa l  combustion f a c i l i t i e s  a r e  dependent on the  q u a l i t y  

o f  t he  input  c o a l .  

c o a l ,  which transforms and r e a c t s  during the  combustion process ,  can be 

found i n  both the  coa l  s l a g  and f l y  ash waste products .  

ash have h igh ly  d e l e t e r i o u s  e ros ive  and cor ros ive  e f f e c t s  on the  

components of  combustion f a c i l i t i e s ,  l ead ing  t o  expensive rebui ld ing  

and lass of power genera t ion  a v a i l a b i l i t y .  A t t en t ion  i s  being d i r e c t e d  

today toward the development of c o a l - l i q u i d  s l u r r i e s  as f u e l s  f o r  

convent ional  combustors and i n  d i r e c t  c o a l - f i r e d  tu rb ines  and d i e s e l s .  

For  t hese  advanced processes ,  l”t i s  e s p e c i a l l y  c r i t i c a l .  t h a t  h igh ly  

cleaned c o a l s  be used. 

Flue-gas c leaning  systems a r e  expensive and f a i l  t o  

Evidence of inorganic  mineral  matCer i n  the  feed  

Slag and fly 

7 . 1 . 1  Coal Cleaning Processes 

The pr inc i -pa l  ob jec t ive  of  any coa l  prepara t ion  process  i s  to 

remove the  mineral  impur i t i e s ,  including 0Kgani.c and inorgani-c s u l f u r  

compounds, t o  l e v e l s  acceptab le  f o r  the  environmentally s a f e  and 

economical comhustion of the  c o a l .  Coal p r e p a r a t i o n  techniques a r e  

g e n e r a l l y  c l a s s i f i e d  as e i t h e r  physical  coal c leaning  o r  chemical coa l  

c leaning .  

mineral  ma t t e r ,  inc luding  p y r i t i c  s u l f u r ,  l eav ing  the  organic  s u l f u r  

Physical  c leaning  of coa l  e x t r a c t s  only the  coa r se r  forms of  
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compounds i n t a c t .  To reduce the  organic  s u l f u r  and,  thereby ,  the  t o t a l  

sulfur  con ten t  of the c o a l  be low the l e v e l s  p o s s i b l e  wit-h phys ica l  coa l  

c l ean ing ,  chemical. cleani.rrg i s  used.  Chemical c leaning  methods, i n  

conjunct:i.on with phys ica l  c l ean ing ,  have demonst:rated the a b i l i t y  to 

remove greater than 908 of the  t o t a l  s u l f u r  Erom some c o a l .  I n  addi.- 

t i o n ,  an a c i d  wash can remove 95 t o  38% of  t h e  ash i n  t h e  c o a l . '  

Grav-l.t:y s epa ra t ion  processes  sepa ra t e  c o a l  iriipuritkes by s p e c i f i c  

g r a v i t y .  These processes  t;ypical.ly u s e  mechanical s epa ra to r s  suck1 as  

s i f t i n g  tables and cyclonci:~ t o  sepa ra t e  the  mineral  ma t t e r .  Other 

processes such as f r o t h  f l o t a t i o n ,  s epa ra t e  i iqn1ri . t l .e~ on t h e  b a s i s  o f  

d i f f e rences  i n  the  su r face  p r o p e r t i e s  o f  the  coa l  and the  mineral. 

ma t t e r .  Ma te r i a l s  problems encountered with g r a v i t y  sepa ra t ion  proc- 

e s ses  a r e  primari1.y e ros ion  o f  p i p e s ,  chu te s ,  cyc lones ,  and sc reens .  

The probl.eins o f  e r o s i o n  and wear i n  phys ica l  coal p repa ra t ion  systems 

a r e  more s e r i o u s  wit.h h igh-ash  c o a l s .  A h igh-ash  c o a l ,  conr_al.ni.ng s i g -  

r i iEicant  amounts of  hard  minerals  ( e , g . ,  qua r t z  and chei-t) and o the r  

inorganic  mat te r  i s  much more e ros ive  than a ].ow-ash c o a l .  Pipe 

e ros ion  occurs  p r imar i ly  a t  elbow l .ocat ions,  and o f t e n  the  sirnpl-est 

approach t o  e l imina t ing  the  problem is  t o  redes ign  the eroded a r e a .  

For example, t he  eroded elbow i s  removed, and the a r e a  redesigned t o  

inc lude  a b l i n d  tee .  The b l i n d  t e e  i.rri.tially ca tches  the  s o l i d s ,  and 

t he  c o l l e c t e d  s o l i d s  then become the  impi.ngement s u r f a c e ,  p revent ing  

f u r t h e r  e ros ion  arid eventual  f a i l u r e .  Chute wear i s  minimized through 

the  use o f  hardened s t e e l  su r f aces .  P ro tec t ive  c o a t i n g s ,  inc luding  

plasma-sprayed coa t ings ,  a r e  candida tes  f o r  the  c r i t i c a l  su r f aces  o f  

g r a v i t y  sepa ra t ion  cyclone.? t o  reduce wear i n  these  dev ices .  Screen 

wear OCCIITS a c  the  s i t e  of impingement, and ope ra to r s  minimize thi.s 

problem by p e r i o d i c a l l y  r o t a t i n g  the  sc reens .  Rubber coa t ing  reduces 

sc reen  wear, b u t  t h i s  s o l u t i o n  i s  expensive and reduces the capac i ty  o f  

t:he screen5; " 1,2 

Although very  e f f e c t i v e  i n  the renioval o f  s u l f u r  compounds and 

a s h ,  chemical c l ean ing  methods introduce co r ros ive  f l u i d s  a t  high 

temperatures  and pressures  I A s  an example I the  Ledgemont Oxygeri 

Leaching Process i s  based on the  aqueous oxidati-on o f  the  p y r i t i c  

s u l f u r  i n  coal a t  e l eva ted  temperatures arid pres su res ,  i n  a stream o f  

oxygen. The process  i s  capable of  removing more than 90% of the  
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p y r i t i c  s u l f u r  i n  c o a l s  of widely d i f f e r i n g  ranks .  The p r h c i p a l  

problem wi th  t h e  process  i s  a s s o c i a t e d  with t h e  presence of h igh -  

temperature  (120Qe) d i l u t e  s u l f u r i c  a c i d  a t  p re s su res  up t o  I S  a t m ,  A t  

t hese  tempera tures ,  t h e  d i l u t e  a c i d  i s  h igh ly  co r ros ive  and a s u i t a b l e  

p r o t e c t i v e  l i n i n g  i s  needed f o r  a l l  p i eces  of equipment exposed to the 

a c i d .  

m a t e r i a l  would make t h e  p r o c e s s  uneconomical I 

A 60Ta-40Nb alloy has been suggested,  b u t  t he  c o s t  of  us ing  t h i s  

Another example i s  the  Battelle Hydrotberinal Coal Process ,  which 

i s  based on the  hydrothermal a l k a l i  l eaching  of mineral  and organic  

s u l f u r  compounds from coal .  Severe co r ros ion  problems aecur i n  the 

d e s u l f u r i z a t i o n  r e a c t i o n ,  s i n c e  alkalis a t  temperatures  of  250'6 i n  the 

presence of  water a r e  capable  of i n i t i a t i n g  s t r e s s  co r ros ion  failures 

of m a t e r t a l s .  

s t and  t h e  a l k a l i  a t t a c k  i s  Inconel  671 ;  however, t h i s  m a t e r i a l  has  

never been t e s t e d  i n  a c t u a l  ope ra t ing  cond i t ions .  In  a d d i t i o n ,  i t  i s  

expected t h a t  t h e  Inconel  6 7 1  would be p r o h i b i t i v e l y  expensive. '  T h e  

J e t  Propuls ion L.aboratory process  uses  c h l o r i n e ,  hydrogen c h l o r i d e  gas ,  

hydrochlor ic  a c i d ,  and dilut-e and concent ra ted  s u l f u r i c  a c i d .  The 

ina t e r i a l s  needed t o  overcome problems o f  co r ros ion  i n  this  process  w i l l  

be ve ry  expensive ~ 

The only ma te r i a l  t h a t  has been demonstrated t o  with- 

Advanced c l ean ing  techniques can produce u l t r a f i n e  pu lve r i zed  

coals  wi th  less than 1% ash f o r  t he  manufacture of  c o a l - l i q u i d  

s l u r r i e s .  

of c o a l - l i q u i d  s l u r r i e s  a r i s e  from t h e  c a u s t i c  na tu re  of  t he  chemicals 

t h a t  must be added t o  the  s l u r r i e s  t o  impede agglomeration. I n  

a d d i t i o n ,  t h e  r e s i d u a l  ash and mineral  mat te r  i n  t h e  coa l  s tock  cause 

wear and e r o s i o n  problems. Corrosion,  e r o s i o n ,  and wear of  s l u r r y  

mixers ,  pumps, t r a n s p o r t  p i p e s ,  and feed  systems, e i t h e r  i n  t h e  

product ion process  o r  i n  the t r a n s p o r t  system t o  t h e  combustor, p resent  

s i g n i f i c a n t  m a t e r i a l s  problems. The co r ros lve  and e r o s i v e  na tu re  of  

t he  ash  p a r t i c l e s  and mineral  mat te r  i n  the  s l u r r y  i s  a c c e l e r a t e d  by 

degrada t ion  processes  of the s l u r r y ,  such a s  changes i n  v i s c o s i t y ,  pH, 

and p a r t i c l e  s i ze . '  

f i r e d  t u r b i n e s  and d i e s e l  engines i s  necessary  t o  minimize wear o f  

t u r b i n e  b l a d e s .  Coatings can reduce some of t he  wear,  b u t  long-term 

ope ra t ion  will u l t i m a t e l y  depend on the  q u a l i t y  of  the feed  c o a l .  

The p r i n c i p a l  m a t e r i a l s  problems wi th  the  product ion arid use 

The product ion of u l t r a c l e a n  c o a l s  f o r  d i r e c t  c o a l -  



Materials problem i n  coa l  p repa ra t ion  are l a r g e l y  due t o  c o r -  

r o s i o n ,  e r a s i o n ,  and wear. P ro jec t s  on the  AR&TD Mate r i a l s  Program 

which address  such prohlems are d iscussed  i n  Part  1 x 1 .  The r e s u l t s  

Prom c u r r e n t  and p a s t  A%Q&TD Matcr ia l s  Program research  on problems of  

e r o s i o n  and co r ros ion  i n  coal 1- iquefact ion,  g a s i f i c a t i o n ,  and combus- 

t h n  enviroumcnts c o n t r i b u t e  t o  t h e  understanding of  e ros ion  problems 

i n  coal  p repa ra t ion  schemes. 

7.1. I 2 Hot-Gas CLeCa~j~&articulate F i l t e r s  

Several  advanced coa l  technologies  w i l l  b e n e f f t  s i g n i f i c a n t l y  from 

t h e  development of  hoc-gas cleanup technology, Severa l  techniques have 

been considered f o r  t he  removal of par tFcul .a tes  from ho t -gas  streams I 

inc1udi.n.g ceramic bag f i l t e r s ,  ceramic c ross f low f i l t e r s ,  p a r t i c l e  bed 

f i l t e r s ,  and cerniiai.c: candle  f i l t e r s "  

I n  ndd i t ion  t o  problems with d u r a b i l i t y  and c l e a n a b i l i t y ,  e a r l y  

ve r s ions  of ceramic bag EiPters di.d not  have adequate f L l t e r a b i l i t y  

because o f  l a r g e  pores wi th in  the  l a y e r s  of c l o t h .  Seamless bags o f f e r  

improvements ~ b u t  problems w i . t h  adapt ing  bag clamps and screen suppor ts  

t o  ho t -gas  condi t ions  r e m a i n .  Crassflow f i l t e r s  are very  e f f i c i e n t  i n  

removing p a r t i c u l a t e s  b u t  requi.re complex cons t ruc t ion .  P a r t i c l e  bed 

f i l  ters du not o f f e r  t he  needed e f f i c i e n c y ,  

Ceramic candle  f i l t e r s  are promising cand ida te s ,  provided they a r e  

s u f f i c i e n t l y  strong and tough and a r e  made from c o r r o s i o n - r e s i s t a n t  

materials.  Monolithic ceramic cand1.o f i l t e r s  a r e  avai1ahI.e commer- 

c i a l l y  and have been used i n  g a s i f i c a t i o n  p i l o t  p l a n t s  both i n  the  

United S t a t e s  and abroad.  These f i l t e r s  a r e  gene ra l ly  good i n  regard  

t o  their f . i l t r a t i o n  e f f i c i e n c y ,  b u t  they f a i l  due t o  thermomcchariical 

s t r e s s e s  and chemical a t t a c k  (such as a l k a l i )  of t h e  b inder  phase of 

t h e  ceramic.  I n  opera t ing  pilot. p l a n t s ,  process  upse t s  have r e s u l t e d  

i n  stresses on the  candle  f i l t e r s  s u f f i c i e n t  t o  cause f a i l u r e s .  A l s o ,  

candle  f i l t e r s  are s u b j e c t  t o  failure a t  t h e  f lange/candle  body i n t e r -  

f a c e ,  but t h i s  problem can be mi t iga ted  wi th  rounded f l anges .  

a need ex i s t s  t o  develop a proper ly  designed ceramic f i l t e r  t h a t  can 

not  only wi ths tand  the  h igh-  temperature envirorunerits b u t  which can 

a l s o  tiolerate changes i n  system opera t ions  t h a t  r e s u l t  i n  severe  

thermal. and mechanical shock. 

C l e a r l y ,  



77  

The U & T D  Materials Program has developed materials with improved 

properties f o r  use in fossil energy systems. One material developed is 

a ceramic fiber-ceramic matrix composite made by chemical vapor d e p o s i -  

tion (CVP). In this PYQC~SS, a reactive gas [methyltrichlorosilane 

(CH3C13Si) ] which decomposes aQ high temperature (1200°C) is forced  

through a fibrous preform. Silicon carbide is thus deposited OTI Lhe 

fibers, bonding them together, arid partjally filling the space between 

fibers. Ceramic fiber-ceramic matrix composites with fiber volumes of 

up to 60% and about 90% of  theoretfcal density have been made. 

o f  the fiber reinforcement, such composites have shown exceptional 

strain tolerance, thus overcoming the problem of brittle fracture which 

limits the performance of most ceramics. 

Because 

In related work sponsored by the DOE Morgantown Energy Technology 

Center, the chemical vapor infiltration ( C V I )  process has been modified 

to produce ceramic fiber filter materials for use in hot-gas cleanup 

systems. Fibrous preforms containing fibers of the appropriate 

diameter, length-to-diameter ratio, and volume loading are being 

infiltrated with a ceramic matrix to provide the required strength and 

toughness, and sufficient porosity to provide adequate gas f l o w  through 

the porous fiber medium. 

excellent filterability and clean-ability and should have the 

mechanical properties required to tolerate the cyclic stresses imposed 

on ceramic filters. In addition, since these materials do not have a 

binder phase, the potential problem of chemical degradation should be 

obviated. 

Such a composite has been shown to provide 

Additional development work is needed to scale up the CVD process 

to produce full-size candle filters and to test them in realistic 

environments typical of coal combustion and gasification. Ceramic 

compositions which are not affected by alkali compounds and steam are 

needed. Protective coatings may also be used to minimize the effects 

of the process environments. The effects of  ash, particularly molten 

ash, on ceramic filters should also be investigated. Different binders 

and different fabrication techniques may also be useful in improving 

the durability of the filters and their resistance to the environments. 
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8 .  TECHNOLOGY DEVELOPMENT AND TRANSFEK 

8.1 TECHNICAL ASSESSMENTS 

One of the more important responsibilities of the AR&TD Naterials 

Program is responding to technical issues and research and development 

needs of both established and emerging fossil energy systems. The 

assessment of materials problems and needed research to solve those 

problems in a wide variety of fossil energy technologies is the founds-  

tion of  an active and relevant research program. The AR&TD Material-s 

Program fulfills this responsibility through technical assessments of 

materials needs in fossil energy systems. 

Several assessments have been performed as a part of this program. 

In FY 1980, an assessment o f  materials research needs for fossil energy 

was performed. This assessment was fairly comprehensive and provided 

background infurination relative to the various fossil energy tech- 

nologies. The aim of the assessment was to identify materials research 

and development which, if successful, would improve the viability and 

economics of fossil energy processes. 

materi als-related disciplines including the design-materials interface, 

materials fabrication technology , corrosion and materials com- 
patibility, wear phenomena, ceramic materials, and nondestructive 

testing. The needs of these various disciplines were correlated with 

the emerging f o s s i l  energy technologies that require materials con- 

siderations. Much of the needed research identified in that assessment 

has been implemented and, in some instances, completed. P 

The assessment was presented by 

An assessment was completed in late FY 1982 to identify and quari- 

tify the critical (strategic) materials requirements for a generic coal 

liquefaction facility.2 It was performed as an engineering estimate o f  

materials requirements based on engineering and technical data for this 

type of synthetic fuel facility. 

An assessment completed in FY 1985 determined the status of  mate- 

rials technology for advanced coal-fired power systems and identified 

materials research and development that would permit the design, 

7 9  



constructi.on, and reliable operation of  more efficient power 

plants" To establish performance criteria for materials, a pulverized- 

coal powear plant employing an advanced steam cyc1.e with improved 

efficiency was defined. Materials R&D needs and areas of  research that 

will provide the greatest return in t:er:ms o f  i.mproved efficiency and 

plant availability were idencified. The assessment: idencified 

materials f o r  superheaters and reheaters as the development t h a t  could 

have the greatest techni-cal and econumic impacts on these systems. 

Work was initiated un the development of advanced austenitic stec1.s 

that would have the required properties to meet the performance 

criteria. This work should be completed i n  FY 1990 or 1991 and should 

provide alloys with propert i -es  far superior to those of conventional 

austenitic stainless steels. 

Acurex Corporation recently compl.eted an assessment of the causes 

of failure of cerami.~ Filters f o r  hot-gas cleanup i.n fossil energy 

systems. This report identified the critical problems associ-ated with 

the use of cerzmic filters and ideritifi.ed needed research and 

development to assure t:t~at; the poteintiak of these ceramic filters is 

realized. Work has been initiated at the 3f.I Company to develop a new 

type of ceramic candle f i l t e r  using a ceramic fiber-ceramic matrix 

structure I This development will if successful, provide a ceramic 

filter that can withstand the thermal and mechanical. stresses of h o t -  

gas cleanup systems as well as withstand the deleterious effects of  the 

harsh process environments. 
t 

The Babcock and Wil-cox Company, with support from S o l a r  Turbines, 

Inc . , has recently compl etxd an assessment of the potential applica- 

tions of s tructurai ceramic composites in gas tu rb ines .  The most 

promising appli-cations identified f o r  ceramic composites in gas tnr- 

bines were the airfoil-shaped nozzle vanes and rotor blades in the 

txrbine hot: end, The application of ceramics to these components 

offers large potential increases i.n system performance. Combustor 

liners or turbine inlet ducting components were also identified as 

potential components f o r  ceramic couposi.tes, but little benefit would 

be obtained by their use. A s  a result of  this assessment, future 

research and development: needs were identified t:o use ceramic 



composites in coal-fired gas turbines. These needs are being incor- 

porated into our planning of projects for future years. 

Technical assessments of the fossil energy technologies such as 

those described above are conducted on a continuing basis to determine 

research projects which should be initiated O T ~  the ARdTD Materials 

Program. Projects initiated will be required to meet the criteria o f  

generic o r  crosscutting research of a fundamental or exploratory 

nature, 

8.2 TECHNOLOGY TRANSFER 

Technology transfer is achieved on the ARdTD Materials Program by 

several techniques including dissemination of information, cost-shared 

projects with industry, and formation of consortia to fund projects 

with the express intent of  transferring developments on the program to 

the industrial sector. 

In regard to the dissemination of information, a bimonthly news- 

letter, Materials and Components in Fossil Energy Applications, is 

published.6 This document provides for the collection, evaluation, and 

dissemination of information pertinent to the use of materials and 

components in fossil energy systems. This project, conducted by 

Battelle Columbus Laboratories under subcontract, has been a very 

effective means of information and technology transfer. 

Progress reports for the program are published semiannually and 

include contributions from all participants on the program. 

series of progress reports was initiated in FY 1981 and has been 

extremely useful in providing information to the fossil energy com- 

munity in a timely fashion. 

reports and open literature publications as well as presentations at 

technical society meetings are used to transfer information about 

activities on the program. 

raphy of publications by both past and current participants on the 

This 

In addition to progress reports, topical 

Another program publication is a bibliog- 

A conference on Fossil Energy Materials is held annually to 

These reports present research results of all projects on the program, 
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and meetings represent a very comprehensive information transSer 

activity. 

Technology transfer is most often achieved through cost- shared 

projects with industry. For example, a project to USE an ORNL- 

developed technique for producing ceramic fiber-ceramic matrix hot-gas 

cleanup filters was recently initi.at:ed at: the 3M Company. This project 

will result in the fabrication and testing o f  several. full-size candle 

ClLlters and, inore importantly, the establishment: of an industrial 

capability for producing the filters ~ 

One o f  tlie most exciting materials developments on the Program is 

a ductile iron-alminide alloy. This alloy has very good high- 

temperature (up to 600°C) strength and outstanding corrosion resis t -  

ance. The sulfidation resistance of  this alloy is superior to that of 

any commercial or developmental alloys being considered as structural 

materials in coal gasification plants. To assure the early use of t h i s  

alloy in an industrial application, ORNL is working with hmetek 

Specialty Metals Division, Pall Corporation, arid the DOE Morgantowrr 

Energy Technology Center t o  produce si.iitered porous metal filters made 

from one version of the al1.o~. 

material. specifications to Ainetek. Ametek will produce powder and 

provide it to P a l l  Corporation, the f i l r e r  manufacturer. Pall w i l l  

fabricate several filters, and the f i l t e r s  w i l - 1  be tested at 

Morgantown. Pre- and post-test eva1uat:ions will be performed by ORWL. 

Another approach to technology transfer that is being used is the 

In this effort, ORNL will provide 

formation of  consortia with industrial organizations to extend 

devel-opments on the Program to the p o i n t  that commercialization by 

industry is assured. A pioneering e f f o r t  o f  this type was made in 

FY 1988 by the  establishment of  a consortium o f  ORNL and 12 industrial 

firms to develop a user-friendly and intelligent software system f o r  

the therrnomechanieal stress analysis of refractory systems. This 

soEtware incorporates a finite element analysis model developed at 

Massachusetts Institute o f  Technology tinder AR&TD Materials Program 

subcontract. The MIT model, as developed, i s  extremely useful in the 

design o f  refractory systems, but it is somewhat completx and requires 

expertise not generally available i.n inany i-ridustrial organizations. 
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The user-friendly and intelligent software being developed will permit 

the use of: t h i s  very powerful design t o o l  by engineers not necessarily 

expert in either finite element analysis or refractory design. 
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PART 111 

CURRENT AND PLA.NNED PROJECTS OF 
THE FOSSIL ENERGY AR&TD MATERIALS PROGRAM 





1. CERAMICS 

1.1 RESEARCH OBJECTIVES 

One goal of this research is to understand the relationships 

between the chemical composition, microstructure, and properties of 

structural ceramic composites. This understanding should lead to 

improvements in toughness, corrosion resistance, and resistance to 

fracture in these ceramic materials. Another objective is to t ievelop 

ceramic composites f o r  structural applications and use as filters in 

gas cleanup. Underlining these goals i s  desire to produce more 

efficfent and lower cost fossil energy systems. 

An important facet o f  this program element deals w i t h  the ceramic 

fiber-ceramic matrix composites produced by chemical vapor infiltration 

( C V I ) .  In these studies, the interfacial bonding between fiber and 

matrix is crucial and is receiving considerable attention. Significant 

investigations are also included that deal with the mechanical p r o p e r -  

ties, performance, and reliability of advanced ceramic composites. 

Another study is concerned with the j o in ing  of fiber-reinforced 

ceramics. Others deal with the development of  new technology materials 

such as solid state electrolyte systems materials, catalyst support 

materials; and ceramic membranes for new, high performance f o s s i l  

systems. Projects involving the nondestructive testing of structural 

ceramics and microwave sintering of fuel cell materials are also 

included in the program. 

Current and planned research projects i n  this program element are 

described in the following section and are listed in Table 111.1 at the 

end of  the section. 
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1.2 SUMMARIES OF cummrr AND PUNNED RESEARCH 

:.CCerainic Matrix 

ComDosites bv Chemical V_apor I i i f i l t r a t i g n .  Oak Ki-dge Nad._qml 

-__ Laboratorx.  . . The purpose of  this t a s k  i s  t o  develop a ceramic composite 

having h ighe r  than  normal s t r eng th  and toughness y e t  r e t a i n i n g  the  

normal. ceramic a t t r i b u t e s  of  r e f r a c t o r i n e s s  and h igh  r e s i s t a n c e  t o  

abras ion  and co r ros ion .  T'nis w i l l  be  accomplished by forming tilrict. 

matr ix  usi.ng a comparatively low- s t r e s s ,  low- temperature process  that: 

w i l l  avoid the  p i t f a l l s  of csnventi-onal ceramic process ing .  The 

t e c h n i c a l  approach includes e i g h t  t a s k s :  (1) parametr ic  exami.nation o f  

i n f i l t r a t i o n  condi t ions  ; ( 2 )  development o f  improved f i b r o u s  preforms ; 

( 3 )  i n f i l t r a t i o n  of  improved preforms with S i c ;  ( 4 )  prepa ra t ion  of 

composites us ing  overcoated f ibe r s ;  (5) p repa ra t ion  of  composites using 

a l t e r n a t e  Ei-ber t ypes ;  ( 6 )  developm.ent: oE improved mat r ix  m a t e r i a l s ;  

( 7 )  i n f i l t r a t i o n  of  optimized p r e f u m s  wi th  improved mat r ices  ; and 

(8)  c h a r a c t e r i z a t i o n  of  composites and ca r r e l a t i -on  o f  process  

v a r i a b l e s ,  mic ros t ruc tu re ,  and p r o p e r t i e s .  Others have used C V I  f o r  

f a b r i c a t i n g  ceramic composites;  i t  has  been used t o  prepare  f i b e r  

composit;es wi th  mat r ices  o f  carbon and/or ceramics such as S i c ,  S i ,N, ,  

B,C, EN, and T i & .  Because o f  t h e i r  promising mechanical p r o p e r t i e s ,  

f i b e r - r e i n f o r c e d  composites wi.th S i c  and Si ,N,  matxices are being 

f a b r i c a t e d .  Computerized equipment: w i . 1 . 1 ~  a t  f i r s t ,  be used t o  monitor 

t he  experimental  v a r i a b l e s  o f  the CVT process  and l a t e r  t o  c o n t r o l  the  

process  cond i t ions .  Process models belng developed a t  Georgia Tech 

Research I n s t i t u t e  and elsewhere will be t e s t e d  and eva lua ted  wi th  the  

goal  o f  improving the  micros t ruc ture  and p r o p e r t i e s  of the composites.  

The mechanical p r o p c r t l e s  of the  composites with var ious  f i b e r  t y p e s  

( e .  g I Nextel., A1,0, ,  improved Sic fi.bers , e t c  . ) and mat r ices  ( S i , N , ,  

A1,0, ,  et:c. ) will. he  determined and compared wi th  previous composites s o  

t h a t  the  optimum f i b e r  and mat r ix  t y p e s  can be s e l e c t e d .  Future plans 

inc lude  the  bu i ld ing  o f  equipment (15-em-diam furnace)  t h a t  can be used 
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t o  f a b r i c a t e  l a r g e r  eng inee r ing - sca l e  specimens and emphasis on oxi.de 

mat r ix  composites f o r  ox ida t ion  and/or co r ros ion  r e s i s t a n c e .  

1 . 2 . 3 . . 2  OrWL-llC). "Charac te r i za t ion  of Fiber-CVD M a t r i x  I n t e r f a c i a l  

Bonds," Oak Ridge Nat ional  Laboratory.  The purpose of  t h i s  t a s k  i s  t o  

nptirnizo. the ' s t r eng th  and toughness of f i b e r - r e i n f o r w d  ceramic com- 

p o s i t e s  by cont ro l . i ing  the bonding anal f r i c t i o n a l  stresses a t  the 

f i b e r - m a t r i x  i n t e r f a c e .  

adequate f r a c t u r e  toughness can only be obta ined  by t r a n s f e r r i n g  thc 

load t o  t h e  f i b e r  while  e x h i b i t i n g  s i g n i f i c a n t  f i b e r  pullout;. Pyro- 

l y t i c  carbon coa t ing  o f  Nicalon f ibers  by Aaereoru and Xi'efraetosry Cu111- 

p o s i t e s  r e s u l t e d  i n  improvements i n  mechanical p r o p e r t i e s  i n  Sic 

ma t r i ces .  The s t r e n g t h  of  the i n t e r f a c f a l  bond between the  S i c  matrix 

and t h e  Nicalon f i b e r  w a s  r e d w e d ,  which r e s u l t e d  in i n c r ~ n s t ~ t i  f i b c r  

p u l l o u t  and improved f r a c t u r e  toughness ~ 

i n t e r f a c i a l  hond s t r e n g t h s  w i l l  be f u r t h e r  i n v e s t i g a t e d  so that f i b e r  

p re t r ea tmen t s  o r  coa t ing  processes  can be developed w h i c h  optimize thc 

s t r e n g t h  and f r a c t u r e  toughness of  va r ious  composite systems. The goal 

of  t h i s  p r o j e c t  i s  TO demonstrate t h a t  t he  i n t e r f a c i a l  bond between 

Nicalon f i b e r s  and va r ious  ceramic mat r ices  can be measurcd and con- 

t r o l  l e d  f o r  op t imiza t ion  sf  mechanical p r o p e r t i e s  such as s t r e n g t h  and 

toughness.  

t a s k s  : (1) develop i n t e r f a c e  c h a r a c t e r i z a t i o n  techniques ,  ( 2 )  devc:lop 

bond s t r e n g t h  measurement techniques ~ ( 3 )  determine csntfidatc overco<it 

compositions and develop overcoat ing of  f i b e r s ,  and ( 4 )  character ize  

composites and c o r r e l a t e  f i b e r - m a t r i x  bonding wi th  s t r e n g t h  and s t r a i n  

to l e rance .  

i nc lud ing  room-temperature s t r e n g t h ,  high-temperature  s t r e n g t h ,  and 

f r a c t u r e  toughness ,  w i l l  be determined and c o r r e l a t e d  w i t h  t h e  f i be r -  

mat r ix  bond s t r e n g t h s .  Addit ional  s t u d f e s  w i l l  cont inue t o  focus on 

t h e  s t a b i l i t y  of  t he  composites and i n t e r l a y e r s  at e leva ted  temperature 

i n  ox id i z ing  o r  co r ros ive  environments. 

Composites wi th  both  h igh  s t r e n g t h  and 

%e ef fec t  of c:ontrol l ing 

The t e c h n i c a l  approach f o r  t h i s  p r o j e c t  inc ludes  fou r  

The mechanical p r o p e r t i e s  of optimized composites,  
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1.2.1.3 G T - 1 .  "Development of Advanced Fiber-Reinforced Ceramics," 

- Georgia Tech Research Institute. The objective o f  tihe program is to 

develop an understanding of the critical factors in composite pr-ocess- 

ing and t o  u s e  this improved understanding to develop a silicon nitride 

composite microstructure for increased fracture toughness. The criti- 

cal factors to be addressed are the nitriding process, the fibcr. 

matrlx interface, and processing-induced fiber orientation and residual 

porosity. X-ray diffraction (XRD), Auger electron spectroscopy (AES), 

electron spectroscopy for chemical analysis (ESCA), secondary ion i n d s s  

spectroscopy ( S I M S ) ,  transmission electron microscopy (TEM), and 

scanning electron microscopy (SEM) will be used to characterize the 

interface region for the whisker- and fiber-toughened silicon nitride 

materials. This, along with mechanical property evaluation, will a l l o w  

development o f  optimized processing conditions. In  order to opt  h i z e  

the nitriding process for reaction sintered silicon nitride composites, 

a computer-controlled nitriding system is being developed. The system 

will utilize intelligent, real-time control o f  processing variables to 

assure complete conversion of the matrix material while minimizing 

fiber degradation. 

1.2.1.b GT-l(A), "Modelinp - of  Fibrous Preforms f o r  CVD Infilt_r_gt-ion," 

Georgia Tech Kesearch Institute. The purpose of this research is  t o  

develop models of  various fibrous preforms for CVI processes. The CVI 

technique has demonstrated considerable promise for fabrication of 

fiber-reinforced ceramic composites. Unidirectional and bidirectional 

composites of  Sic fibers in a Sic matrix have shown good strength and 

exceptional strain tolerance. An analytical model provides insight 

into the CVT process, helps identify key processing parameters, and 

guides experimental process optimization efforts. The one-dimensional 

model developed for a random fiber preform has been modified to 

simulate the densification process with a cloth lay-up preform. A 

three-dimensional model f o r  the forced CVI process has been developed, 

although iiiiplementation is not complete. Additional experimental 

measurements are required to provide physical properties and boundary 

values. Given these, the model will simulate the infiltration process 
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for a variety of shapes and furnace configurations and assist i.n 

development of optimum process conditions. 

1.2.1.5 LANL-1. "Vapor-Liauid-Solid Sic Whisker Process Development," 

Los Alamos National Laboratory. This program addresses the need to 

improve the fracture toughness of  whisker-reinforced ceramics to 

achieve both high and reliable strength characteristics, and non- 

catastophic failure. The latter implies the existence of residual 

load-carrying capability after initial failure. Our approach is to 

extend the vapor-liquid-solid (VLS) process used to grow short S f C  

whiskers to the growth of long whiskers (up to 100 mm) and develop the 

use of rhese whiskers as semi-continuous, oriented reinforcement for 

ceramic matrices. Two principal tasks are included in this work. One 

is to modify and optimize the existing VLS whisker growth process to 

produce long Sic whiskers. 

be established to incorporate an artificial intelligence ( A I )  system in 

the whisker growth process. An AI system offers the potential for 

markedly improving the yield, quality, and reproducibility of a product 

at a fraction of the human resources. 

attractive from the standpoint of technology transfer. 

long whiskers will require some reassessment and modification of the 

harvesting and beneficiation procedures used f o r  short whiskers. 

second task entails the  development of a staple whisker yarn. 

predict the performance of the yarn in composites, work will continue 

in characterizing the strength of long VLS Sic whiskers as a function 

of temperature and surface treatment. A portion of this research is 

supported by Los Alamos National Laboratory General Materials and 

Process Development funding and the DARPA/Los Alamos IMA Program. 

As part of this task, the groundwork will 

Such a payoff is especially 

"he use of the 

The 

To help 

1.2.1.6 INEL-L(A). "Nondestructive Evaluation of Advanced Ceramic 

ComDosite Materials." Idaho National Eneineerine Laboratory. The 

objective of this program is to evaluate aqd develop nondestructive 

evaluation (NDE) techniques for advanced ceramic composite materials 

The capabilities of state-of-the-art NDE techniques to reliably 
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cPetec% and charac te r i . ze  d e f e c t s  w i 7 . 1  be de'ermined. N e w  and/or i m -  

proved techniques w i l l  be developed as the needs are i d e n t i f i e d .  A 

S i c - r e i n f o r c e d  Sic matr ix  composite i s  tire f L r s t  matexi-a1 system being 

s t u d i e d .  The material  is  f a b r i c a t e d  by i . n f iP t r a t ing  f ib rous  preform 

s t r u c t u r e s  wit.h vapors t h a t  depos i t  on t h e  Fiber 5urfaces t o  forrii the 

mat r ix  o f  the composite.  Techniques t o  d e t e c t  antl c h a r a c t e r i z e  poros-  

i t y  and ind iv idua l  v o i d s ,  known t o  be produced i n  t he  m a t e r i a l  antl 

decrease i t s  s t r e n g t h ,  a r e  bei.ng inves t iga t ed  f i r s t : .  A physical. and 

mathematical model of  the propagat ion o f  ul t rasound through the  ceramic 

composite is  be ing  developed tha t  shou1.d help r e l a t e  u l t r a s o n i c  

measurements t o  sample p o r o s i t y ,  h e l p  p r e d i c t  t he  de txx t ion  l i m i t s  f o r  

v o i d s ,  and provi.de guidance f o r  developing s i n g l e - s i d e d  in spec t ion  

techniques.  To d a t e ,  the  model achieves good q u a l i t a t l v e  r e s u l t s .  

Noncontacting l a s e r  v i b r a t i o n  d e t e c t i o n  methods and acous t i c  emissioii 

m-easurements will be used t o  study the  f i b e r - m a t r i x  i n t e r f a c e  I 

1 . 2 . 1 . 7  INEL-l(B) , "Jo in inx  o f  S i l i c o n  Carbide Reinforced Cerami.cs , It 

Idaho N a t i p n - ~ ~ E n g i n e e r i n n  Laboratory.  This research  program w i l l  

i d e n t i f y  and develop techniques f o r  j o i n i n g  SiC-P:iber-rt?inforced 

ceramic composites o f  tubimlar geometr ies ,  p r i m a r i l y  through the  use o f  

gl.ass j o in ing  materials.  Recent ly ,  Mg0-Li20-Al,0,-Si0, g l a s s  wi th  Nb,O, 

a d d i t i o n s  was used t o  success fu l ly  j o i n  S i c -  f i b e r - r e i n f o r c e d - S i c  mat r ix  

composites.  Thc genera l  t a s k s  of  t h i s  program inc lude  i d e n t i f y i n g ,  

p repa r ing ,  and charac te r iz i r ig  compositions s u i t a b l e  f o r  j o i n i n g  

ceramic-ceramic composites ; developing a j o i n i n g  methodology and 

eva lua t ing  t h e  e f fec ts  o f  process  parameters on j o i n t  c h a r a c t e r i s t i c s ;  

f a b r i c a t i n g  and c h a r a c t e r i z i n g  j o i n t s ;  and determining phys ica l -  

mechanical p r o p e r t i e s  and. f a i l u r e  behavior  of j o i n t s  under ambient 

cond i t ions ,  e l eva ted  temperatures ,  and s imulated s e r v i c e  environments.  

1 . 2 . 1 . 8  V P I - 1 ,  " Inves t iga r ion  o f -  Propcrt ies and Performance o f  Ceramic 

Composite Components.' VirRinia  Polytechnic  I n s t i t u t e  and S t a t e  Univey- 

u. The cc?mtral ob jec t ives  of t he  program are t o :  (a) develop an 

understanding of  the  mechanical behavior  o f  advanced composites sub- 

j e c t e d  t o  e l eva ted  temperature and dynamic ( c y c l i c )  l oad ing ,  

(b) develop a t e s t  sys t em and t e s t  methods t h a t  w i l l  be used t o  ob ta in  
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the propertles and performance information requlred to design 

engineering components made from ceramic composite materials, and 

(c) provide crltical and comprehenslve evaluations of such materials 

to material synthesizers and developers ~ Specific obj ectives include 

the following: 

(1) A mechanical tesr: devlcc: using a servohydraulic test frame designed 

for multiaxial loading w i l l  be designed arid constructcd. 

(2) The room- temperature respnrzse of several material types of  cercimic 

composite tubes to quasistatic-uniaxial loading will be established. 

The strength, stiffness, and failure modes of  those tubes, the 

statistical variations of those characterfstics, and the mechanistic 

rel-ationship of the microstructure and damage state w i l l  he 

investigated, 

( 3 )  The response of ceramic composite tubes to cyclic loading will be 

determined. 

( 4 )  The response o f  ceramic coinposite tubes under quasistatic- uniaxial 

and cyclic loads to elevated temperature up to 1370°C (2500°F) will be 

determined, 

(5) Mechanistic models which are capable of predicting the strength (or 

residual strength) of ceramic composite cubes subjected to various load  

histories and temperatures will be developed. 

(6 )  The need for subsequent work dealing with additional parameters for 

other component shapes, atmospheres, material systems, load histories, 

or response characteristics will be determined. 

1.2.1.9 NCAT-1, “Mechanical Properties TestinEof Ceramic Fihe r -  

Ceramic Matrix Composites,” North Carolina A&T State Zinlversity. The 

purpose of this effort i s  to expand the mechanical properties data base 

for composites fabricated by forced CVI. Composites are currently 

being fabricated with continuous Si@ fiber reinforcement, Sic  whisker 

reinforcement, Sic platelet reinforcement, and continuous 

aluminosilicate fiber reinforcement. The mechanical properties vary 

with the type of reinforcement and with the type o f  coating utilized to 

control the fiber-matrix interfacial bond. The effect of the 

reinforcement type and interfacial bond on the tensile strength, 
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thermal shock resistance, oxidation resistance, and tensile strength 

during cyclic loading will be investigated. 

1.2.1.10 NIST-1, "Structural Religbility an3 Qamage Tol_erancc of  

- - - ~  Ceramic Composites for High-Temperature Applications." National 

--- Institute of Standards and Technologv. With an objective of  improved 

performance €or heat engine and heat recovery applications, the NIST 

program addresses the problems of improved reliability and extended 

lifetime through determination and characterization of major toughening 

mechanisms in ceramic composites, examining both model crack-fiber 

systems and actual composites. 

determination of the critical processing factors which influence 

microsrructure and interfacial behavior in these materials. 

A key aspect of fhc program is 

1.2.1.11 ANL-1, "Development of  Nondestructive Evaluation Methods for 

Structural Ceramics." Arp,onne National Laboraeory. The purpose o f  

Part A of this work is to (1) evaluate and develop acoustic, 

radiographic, and nuclear magnetic resonance (NMR) techniques for NDE 

of  structural ceramics, with emphasis on characterization of formed 

(green-state) ceramic bodies to obtain information relevant to process 

control; (2) establish the types of characteristics (density gradients, 

organic binder/plasticizer distributions, inclusion distributions, 

etc.) that can be detected by NDE techniques; and ( 3 )  determine 

correlations between the presence of flaws, NDE results, and fracture 

behavior of densified ceramics in Part B. NDE techniques are being 

developed txo detect porosity, cracking (surface and internal), 

inclusions, density variations, and binder-plasticizer distributions. 

The work encompasses monolithic ceramics and ceramic-ceramic 

composites. Part B o f  this task i s  the charactxrization of the 

fracture behavior of structural ceramics (Si,N,) with well-defined 

flaws. 

introducjrig controlled amounts of pore formers and second-phase addi- 

tions, such as Fe, Si, WC, and TiC, Selected NDE methods will. be used 

to locate the flaws, arid fracture bars will be cut accordingly. The 

fracture stress, fracture toughness, and elastic modulus of these 

specimens will be evaluated to establish the effects of microstructural 

Specimens of Si,N, with controlled flaws will be fabricated by 



flaws on the fracture behavior of these structural ceramics. The 

findings will be correlated with the data from Part A to allow the NDE 

inspection methods to be quantified. 

1.2.2 Solid State Electrolyte Svstems 

1.2.2.1 ORNL-l(D). "Microwave Sintering of Ceramics." Oak Ridge 

National Laboratory. 

feasibility of using microwave heating as a means of fabricating 

The purpose of  this research is to explore the 

electrode and electrolyte materials having improved electrical proper- 

ties for solid oxide fuel cells. The ultimate goal is to develop the 

technology for fabricating a complete monolithic fuel cell module in 

one operation. Two classes of ceramics will be included in this study: 

(1) cubic Y,O,-stabilized zirconia, the solid electrolyte; and 

(2) La(M+2)Cr0, type materials, the current interconnectors. The 

objective for both materials is to produce ceramic bodies having 

electrical properties superior to those attainable using resistance 

heating. 

it is necessary to understand their individual. behavior before they can 

be fired together. In addition to material composition, variables to 

be examined include powder processing, green-body fabrication 

techniques, microwave furnace atmosphere, and heating parameters. The 

sintered material will be characterized to determine its sintered 

density, its grain size and uniformity, and, finally, its mechanical 

and electrical properties. 

Since both materials respond differently to the microwaves, 

1.2.2.2 PML-1. "Advanced Materials/Electrochemical Processes of Solid 

Electrolytes." Pacific Northwest Laboratory. The objective of this 

work is to identify and develop new, highly-electrically conducting 

oxide materials as electrodes, electrolytes, and current connections 

and to develop an understanding of synergistic effects of materials 

properties, structures and compositions on the electrochemical 

processes for high-temperature, solid electrolyte, electrochemical 

cells. The goals are to: 

(a) Synthesize new materials; determine electrical transport, thermal 

and chemical properties; obtain an understanding of the effects of 

structure, microstructure, phase equilibria, and composition on these 
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p r o p e r t i e s ;  develop advanced oxide systems based on [La,Y](M')(Cr,M")03 

intereonnec t ions and ZrO,  -M0,-Re,0,-Y20, and ZrO,  (HfO,) -Re$,-MO, 

e l e c t r o d e s  f o r  e a s i e r  f a b r i c a t i o n  of  e l e c t r o l y t e  cp.1 Is with  improved 

rl e c t r i c a l ~  thermal ,  and e lec t rochemica l  p r o p c r t i e s  ~ 

(b)  Determine the  electrochemical  i n t e r a c t i o n s  and processes  between 

so l ids / so l ids / f lu i . t l s  p a r t i c u l a r l y  the  r o l e  of  i n t e r f a c e s  , i n  h igh-  

temperature I s o l i d  e l e c t r o l y t e  systems ; understand e lec t rochemica l  

p rocesses ,  k i n e t i c s  and mechanisms f o r  charge t r a n s f e r ,  adsorp t ion  and 

mass t r a n s p o r t  r e l a t i n g  t o  ion  d i f f u s i o n ,  materials i n t e r a c t i o n ,  and 

composition change; develop experimental  methods, i.e., complex 

impedance, coupled with convent ional  e lec t rochemica l  techniques ; and 

de f ine  accel.erat-ed t e s t i n g  based on empir ica l  and t h e o r e t i c a l  

e l  cc t rochemis t ry .  

1. 2 .  3 . 1  SJNrl- "Ceramic C.g.caLys-sterials: Hvdrous Metal Oxide..I.o.n:. 

Exchange S upp o r t:sE.o r D i re  c t C o a 1 L i  cruef.a.ct.i on. " Sand i a N a  t i ona 1 

----..___ Labora tor ies .  T h e  goal  of t h i s  p r o j e c t  is  t ; ~  develop a fundamental 

understanding of t he  p repa ra t ion  and p r o p e r t i e s  of a number of  unique 

c a t a l y t i c  support  materials. The following areas w i l l  be i -nvest igated:  

(1) molecular arid extended macroscopic s t r t i c tu re  of t he  hydrous 

t i t a n a t e ,  ( 2 )  mechanism of incorpora t ion  of c a t a l y t i c  m e t a l s ,  and 

( 3 )  c a t a l y t i c  and r e a c t i v i t y  s t u d i e s  of the  metal- loaded c a t a l y s t s .  

Ca ta lys t  p r o p e r t i e s  €or s p e c i f i c  a p p l i c a t i o n s  w i l l  be  t:ai.'l.ored, and 

w i l l  provide n foundat ion f o r  f u r t h e r  c a t a l y s t  devel.opment. The 

s p e c i f i c  ina te r ia l s  under s tudy a r e  from a group o f  hydrous oxide ion-  

exchange compounds o f  T i ,  Z r ,  Nh, and T a  developed a t  Sandi-a Nat ional  

Labora to r i e s .  

novel. syn thes i s  rou te  involving the  incorpora t ion  of  a c t i v e  metals by 

ion  exchange, The use of  these  compounds as ceramic ca t a l -ys t  supportis 

arises from the  unique p r o p e r t i e s  which these systems e x h i b i t :  

(1) a b i l i t y  t:o incorpora te  a metal., o r  mixture of rnetal.5, i n t o  the  

ma te r i a l s  over a wide concent ra t ion  range by a simple p rocess ;  ( 2 )  high 

surface. a r e a  whi ch increases  w i . t h  i nc reas ing  temperature ; ( 3 )  good 

chemical s t a b i l i t y ;  ( 4 )  s o l u t i o n  chemistry o r  more convent ional  h igh-  

temperature r e a c t i o n s  which can be used t o  provide con t ro l  of t he  

a c t i v e  m e t a l  ox ida t ion  s t a t e ;  (5 )  a c i d i t y  and b a s i c i t y  of the  s u b s t r a t e  

These compounds have been used t o  prepare  c a t a l y s t s  by a 
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which can be  modified by ion  exchange; and ( 6 )  c a t a l y s t s  which can be 

prepared on t r a n s i t i o n  metal oxide suppor ts .  

1 . 2 . 4  Ceramic Membranes 

1 . 2 . 4 . 1  ORGDP-1 ,  "DevePomient of Ceramic Membranes f o r  G a s  

Separa t ion ."  Oak Ridge Gaseous Diffusion P lan t .  The o b j e c t i v e  o f  t h i s  

p r o j e c t  i s  t o  explore  t h e  a p p l i c a b i l i t y  o f  inorganic  membranes t o  

s e p a r a t e  gases  a t  h igh  temperatures and/or i n  h o s t i l e  process  exiviron- 

niients encountered i n  f o s s i l  energy conversion processes  such as c o a l  

g a s i f i c a t i o n .  

nology developed f o r  uranium enrichment t o  the  s e p a r a t i o n  of t hese  

gases .  

would improve the  economics of f o s s i l  energy conversion processes  by 

s i g n i f i c a n t l y  reducing gas cleanup and s e p a r a t i o n  c o s t s .  

RdI) program c o n s i s t s  of t he  development o f  membrane s e p a r a t i o n  systems 

f o r  t h e  recovery of W, and the  s e p a r a t i o n  of a c i d  gases  (H,S, CO,) from 

s y n t h e s i s  gas .  

c h a r a c t e r i z i n g  the  candida te  membranes us ing  the  s p e c i f i e d  techniques 

p r e s e n t l y  a v a i l a b l e  a t  the  Oak Ridge Gaseous Dif fus ion  P l a n t .  

w i l l  be made t o  t r a n s f e r  the  technology t o  indus t ry .  

t h i s  program, which i s  funded from the  Gas Stream Cleanup Program, 

involves  t h e  i d e n t i f i c a t i o n  of  t he  candida te  membrane materials based 

upon t h e  chemistry of t he  sepa ra t ions  envirorunent eva lua t ion  of t h e  

sepa ra t ions  c a p a b i l i t y  o f  the f a b r i c a t e d  membranes i n  terms of p e r -  

m e a b i l i t i e s  and f l u x e s  of  gases  assessment of t he  worldwide R&CI 

a c t i v i t y  i n  t h i s  f i e l d  and r epor t ing  on the p r o j e c t .  

The program w i l l  seek t o  apply porous membrane t ech -  

The program could l e a d  t o  t h e  development of processes  t h a t  

The o v e r a l l  

The work c o n s i s t s  of  f a b r i c a t i n g  and phys ica l ly  

EEforts 

Another p a r t  o f  

1 . 2 . 5  Ceramic F i l t e r s  

1.2.5.1.  ORNL-l(R). "Ceramic F i l t e r  Develomnent." Oak Rldne National  

Laboratory.  This  expanded i n i t i a t i v e  w i l l  look a t  t h e  chemical. vapor 

i n f i l t r a t i o n  process  t o  produce f i l t e rs  o t h e r  than  candle  f i l t e r s ,  such 

as c ross f low f i l t e r s ,  and ma te r i a l s  o the r  than  Sic.  Candle f i b e r  

development i s  be ing  pursued as p a r t  of  a technology t r a n s f e r  e f f o r t  

wi th  t h e  3M Company ( see  4 . 2 . 2 . 1 ) .  
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1 . 2 . 6  New Materi-als Processes 

1 . 2 . 6 . 1  T N E L - l ( C ) .  "Superconr&ucting F i l m  Fabr i  t i o n  Res a r c h ,  It Idaho 

Nat ional  En3ineerinp Laboratory.  This  program i n v e s t i g a t e d  tech-  

niques f o r  f a b r i c a t i n g  s o l - g e l  der ived  f i lms  of  YBazCu307-, based 

superconducting ceramics wi th  the  u l t ima te  goal  of  dcveloping a 

f a b r i c a t i o n  technology t h a t  can produce u s e f u l  devices .  

f irst  t a s k s  w a s  t o  develop method(s) of  syn thes i z ing  alkoxy compounds 

of  copper and y t t r ium f o r  sol-gel syn thes i s  and f a b r i c a t i o n  of  

YBa2Cu30,-, superconducting f i lms  . The genera l  tasks of t h i s  program 

included syn thes i s  of a lkoxide p recu r so r s ;  development of  s o l  

p repa ra t ion  procedure(s ) ;  preparTtion o f  s o l - g e l  der ived  powders; and 

film f a b r i c a t i o n  using s o l  as w e l l  a s  s o l - g e l  superconducting 

p r o p e r t i e s ,  mic ros t ruc tu re ,  and chemical homogeneity. I t  has  a l ready  

been demonstrated t h a t  t he  sol  - g e l  der ived  YBazCug07-, superconductor was 

more homogeneous than t h a t  produced by convent ional  methods ( i ~ e . ,  

s o l i d  s t a t e  r e a c t i o n s  of  oxides and ca rbona te s ) .  

One of the 



Table 111.1. Research projects for ceramics 

Research project Performing 
organization 

Funding (thousands of dollars) 

FY FY FY FY FY 
1990 1991 I992 1993 1994 

ORNL-l(A) - Fabrication of Ceramic 
Fiber-Ceramic Matrix Composites 
by Chemical Vapor Infiltration 

ORNL-l(C) - Characterization of 
Fiber-CVD Matrix Interfacial 
Bonds 

GT-1 - Development of Advanced 
Fiber-Reinforced Ceramics 

GT-l(A) - Itodeling of Fibrous 
Preforms for CVD Infiltration 

INEL-l(A) - Nondestructive Evalua- 
tion of Advanced Ceramic 
Composite Materials 

INEL-1(B) - Joining of Silicon 
Carbide Ceramic Composites 

Structural Ceramic Composites 

Oak Ridge National Laboratory 188 245 250 250 250 
(OWL) 

ORNL 138 194 200 200 200 

Georgia Tech Research 
Institute (GT) 

GT 

\o 

148 150 150 0 o *  

49 50 50 0 0 

INEL 172  175 175 175 175 

INEL 173 175 175 175 175 

VPI-I - Investigation of  Properties Virgina Polytechnic Institute a 0 0 0 0 
and Performance of Ceramic and State University 
Composite Components (VPI 1 



Table 114.1. (continued) 

Funding (thousands of dollars) 
Research project Performing 

organization FY ;Fy FY FY FY 
1990 1991 1992 1993 1 3 9 4  

XCAT-1 - Mechanical Properties 
Testing of Ceramic Fiber -  
Ceramic Matrix Composites 

NIST-1 - S t r u c t u r a l  Reliability 
and Damage Tolerance of  
Zeranric Composites for High- 
Ternperature Appllcatjons 

ANL-1 - Development of N Q ~ -  
destructive Evaluation 
Techniques and the Effect of  
Flaws on the Fracture Behavior 
of Structural Ceramics 

PNL-1 - Investigation of Electro- 
chemical Processes in High- 
Temperature Solid Electrolytes 

SNL-1 - Ceramic Catalyst MaCeriaPs: 
Hydrous Metal Oxide Ion-Exchange 
Supports for Direct Coal 
Liquefac+ '  L l O n  

North Carolina A&T State 91 100 100 100 100 
University (NCAT) 

National Institute o f  148 150 150 200 200 
Standards and Technology 
(NIST) 

Argonne National Laboratory 
W W  

S o l i d  State Electrolyte Systems 

Pacific Northwest Laboratory 
(PNL) 

Catalyst Srrppo~t Materials 

S andia National Lab o rat0 r i e s 
(SNL) 

w 
0 

311 350 350 400 400 0 

296 1000 1000 1000 1000 

197 390 390 40c 400 
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2. NEW ALLOYS 

2.1 RESEARCH OBJECTIVES 

The objective of  the research in this area is to gain a better 

understanding of the behavior of structural materials used in coal 

gasification, combustion power, and other f o s s i l  systems. This kiiowl- 

edge will enable the continued development of advanced, \+$-strength 

materials which range from austenitic stainless steels and o the r  h igh-  

temperature alloys to the inexpensive, but highly corrosion-resistant, 

iron alminides, and coatings and cladclings. These advanced a l l n y s  

should offer greater service lifetimes and/or lower costs than existing 

carbon steels and ferritic stainless steels. Work in this a r e a  in- 

cludes mechanical properties, microstructural studies, welding and 

joining, and corrosion testing. An e f f o r t  in developing materials 

processes is proposed for FY 1991 to improve quality, reduce cost, 

and/or provide the capability t o  produce new materials and s t r u c t u r e s .  

Summaries of  the research and development activities in this 

program element are described in the following section and in 

Table 111.2 at the end of  the section. The research projects arc 

listed under four separate categories: advanced austenitic alloys, 

iron aluminides, coatings and claddings, and new materials processes. 

2.2 SUMMARIES OF CURRENT AND PLANNED RESEMCH 

2.2.1 Advanced Austenitic Alloys 

2 . 2 . 1 . 1  ORNL-2(B). "Development and Evaluation of Advanced Austeni t ic  

A l l o y s . "  Oak Ridge National Laboratory. The purpose of  this t ask  is to 

evaluate advanced austenitic alloys for the design, construction, and 

reliable operation of  heat recovery systems in coal combustion p lan t s  

through utilization of higher-temperature advanced steam cycle con- 

cepts. The approach is to consult with boiler manufacturers, utili- 

ties, and related industrial groups to establish the alloy perforninncc. 

criteria. Factors considered will be strength, ductility, corrosion 

resistance, stability, fabricability, inspectability, and costs. The 

availability and performance of existing alloys will then be reviewed 

103 
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i n  comparison wi th  the c i - j  t e r i a .  A program plan  has been deve1oped 

that  i der r t i f ies  t he  needed research  t.0 q u a l i f y  e x i s t i n g  a l l o y s ,  modify 

e x i s t i n g  a l l o y s ,  o r  develop new alloys. Concepts i n  m a t e r i a l s  sc ience  

1~7iIl be uscd t o  the f u l l e s t  ex ten t  t o  s e l e c t  compositions expected t o  

meet the c r i t e r i a .  I n d u s t r i a l  sui1,c:tznt ractors wi I1 s u p p l y  h e a t s  of  

t hese  a l l o y s ,  and Oak Ridge Nat ional  Laboratory (ORNL) and u n i v e r s i t y  

suhconerac tors  will  provide the  expertise t o  sc reen  and eva lua te  the  

a l l o y s  throueh experimental  wsrk. Exploratory studies o f  f a b r i c a t i o n  

methods. j o i n i n g  mcehods ~ and su r face  t rea tments  w i  1 1  be undertaken on 

t 'ne nwsr promi s i n g  a l l o y s  A procedure w i l l  be developed whereby the  

optimum a l l o y  composition and surface t-reatinent can be s e l e c t e d  accord- 

i ng  t o  the s p e c i f i c  performance requirements rc la tc r l  t o  environment, 

compontnL conf igu ra t ion ,  f a b r i c a t i o n  methods, and the  load-tirue- 

temperature histogram f o r  the component. 

2.2.1.2 CU~:2A--~Mechanical. Properti-g.s and Mic ros t ruc tu ra l  St:ak)iLi t y  of  

&&aneed...A-u-s.fF-ni t i c  Al loys ,  C~-r.~ell . . .UniversitY . The goals  of  this 

p r o j e c t  are t o  ( a )  o b t a i n  mechan.ical. p r o p e r t y  data which can  be used t o  

s c reen  a l l o y s  developed f o r  use i n  advanced s t e m  cycle  p l a n t s ,  and to 

(b )  c h a r a c t e r i z e  the  long-  term mechanical p r o p e r t i e s  of the promising 

a l l o y s .  

o f  the, 17/14CuMo ref-erence a l l o y  5sit.h i t s  m k r o s t r u c t u r a l  evoluLlon 

dur ing  aging a t  800°C f o r  times up t o  2146 h .  I t :  was concluded t h a t  

dur ing  t h e  i n i t i a l  200 h o f  aging the re  w a s  a 10 t o  30% drop  i.n flow 

stsrer,gi:I-r as a r e s u l t  of coarsening o:E EZC- type p r e c i p i t a t e s  ~ 

i n i t i a l .  drop t h e  flow s t r e n g t h  of the a l l o y  was found t o  l e v e l  o f f .  

This  l e v e l i n g  o f f  was c o n s i s t e n t  wi th  the  dec-reasetl r ipen ing  ra te  o f  

t he  Me-type p r e c i p i t a t x s .  The a l l o y s  screening  p o r t i o n  of  t he  program 

wi I1 be cont inued us ing  1.oad r e l a x a t i o n  tests o f  advanced a u s t e n i t i c  

a l l o y s  i n  various states of thermornechariical p re t rea tment .  

Previous work emphasized c o r r e l a t t o n  of mechanical p r o p e r t i e s  

Af t e r  t he  

2 . 2 . 1 . 3  USC-2. "Micros t ruc tQra l  S.t.cdigs of Advanced A u s t e n i t i c  

S t e e l s  ,.:'..-University of Southern @a1 i f o r n i a .  This research  a i m s  t o  

(1) c h a r a c t e r i z e  the  Z ~ K C J  stress micros tructurral evo lu t ion  d ix i  ng 

tempering of a type 316 a i i s t e n i t i c  s t a i n l e s s  steeJ r e fe rence  a l l o y ,  

( 2 )  dcterrsixie the  e f f e c t s  of p r i o r  deformation (5 t o  8% co ld  work) on 
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the precipitation kinetics, (3 )  investigate the Influence a f  cazpptx and 

phosphorus additions on the kinetics of aging, and (4) compare tlaese 

data with microstructural observations from stress; relaxation and 

creep-tested specimens. 

data base f o r  phase optimization in these advanced s t e e l s .  So far, it 

has been shown that optimization of the mechanical and creep rupture 

properties of one series o f  these alloys can be achieved by csrcfinl 

control o f  solution treatment temperature, stabilizing element dtlrli - 
tions, and initial dislocation substructure. 

The microstructural studies will provide a 

Tubing," Babcock & Wilcox Research. This program addresses the problem 

of fabricating tubing from alloys containing eon t ro l l ed  amounts o f  

minor element additions and cladding or surface creating the t u b i n g  f o r  

optimum corrosion resistance. The spec i f ic  a l l o y s  have been def ined 

through an alloy screening program that is concerned with st-rength and 

metallurgical stability at temperatures in the range s E  650 to 760°C.  

The scope 05 the program consists of melting experimental a l l o y s ,  

conditioning of ingots and forging of ingots into extrusion b i l l e r s ,  

and production of  seamless tubing. 

tubing will be clad on the outside witb high-chromium, high-nickel 

alloys (Alloy 671, Alloy 690)  for corrosion protection. Specific 

details on each of  the processing routines and results of chemical and 

metallurgical testing o f  tubing procluced to date are present.cbd IKI a 

recent report. Samples of  the tubing pr~duced under this task wi 11 be 

used in complementary tasks to examine the mechanical behavior, 

weldability, and fireside and steamside corrosion of  the tubing. 

A portion of some of  the sample 

2.2 .1 .5  UTN-2. "Investigation of  WeldinE and Joinin2 Techniacies for 

Advanced Austenitic Alloys. " The University of  T e r i n e s s s .  The obj ec - 
tive of this project is to evaluate the weldability of  selPcted RUS- 

tenitic alloys with potential applications in superheaters arid ~ ' c h l r w a t -  

ers of advanced steam cycles operating at 700°C and 35  MPa pressure. 

Fabrication procedures especially by welding, must fall w i t h i n  the 

realm of standard practice in the fossil energy industry and hc con- 

sistent with the tenets of the ASME Boiler and Pressure Vessel Code. 
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The a l l o y s  shou1.d be f r e e  from h o t  c racking ,  r e h e a t  c racking ,  h e a t -  

a f f e c t e d  zone creep  rupture  proper ty  d e t e r i o r a t i o n ,  and embri t t lement  

i n  long-t ime s e r v i c e .  I t  shou1.d a l s o  be p o s s i b l e  t o  j o i n  them with 

o t h e r  a l l o y s  without  ].one- t i m e  i n t e r f a c e  e f f e c t s ;  the f i l l e r  metals  f o r  

j o i n i n g  the  a l l o y s  should be developed concurren t ly  wi th  Che a l l o y  

s e l e c t i o n  i n v e s t i g a t i o n s .  Weldabi l i ty  s t u d i e s  have shown t h a t  severa l  

of  the aus t en i . t i c  compositions were marginal €or s tandard  f a b r i c a t i o n  

p r a c t i c e s  and thus  a s e r i e s  o f  a l l o y  modif icat ions were considered 

based on e leva ted- tempera ture  p r o p e r t i e s  and w e l d a b i l i t y .  

w i l l  inc lude  v a r e s t r a i n t  ho t  c racking  t e s t s  and me ta l lu rg ica l  eva lua-  

t i o n s  of  the  t e s t e d  samples us ing  a n a l y t i c a l  e l e c t r o n  microscopy. 

Future work 

2 , 3 . . 1 "  6 FW-2,  "F-ireside Corros.iz...'esting o f  Candidate Superheater  

Tube A l l o y s ,  C o a t i w L .  and CladdinKs , Foste.r.-.&.eeler Developmenx 

Coruoratiori. This  p r o j e c t  c o n s i s t s  of t h ree  t a s k s .  The f i r s t  t ask  i s  

a l i t e r a t u r e  search  which w i l l  provide a review o f  t he  l i t e r a t u r e  

desc r ih ing  the  mechanisms and cor ros ion  dara  f o r  c o a l  ash co r ros ion .  

This  t:eview w i l l  inc lude  publ ished l i t e r a t u r e ;  u n i v e r s i t y  work; and 

u t i l i t y  con tac t s  i n  the  United S t a t e s ,  and, t o  a l i m i t e d  e x t e n t ,  i n  

Canada, Great Brita-i .n,  and Japan.  The purpose of  t he  second t a s k  w i l l  

he t o  genera te  comprehensive cor ros ion  d a t a  f o r  s e l e c t e d  superhea ter  

and r ehea te r  tube a l l o y s  i n  aggressive coa l  ash  environments. ORNL- 

modified alloys and staridard comparison a l l o y s  w i l l  be t e s t e d  us ing  a 

35 wt % Na2S04 ,  35 w t  % K,S04, and balance Fe,O, a sh .  The except ion w i l l  

be tests of unclad lean  s t a i n l e s s  s t e e l s  and modified a l l o y  800H us ing  

a 10% a l .ka l i  s u l f a t e  s a l t  i n  s imulated coa l  a sh .  Re to r t  t e s t s  w i l l  be 

conducted a t  0 .25  and 1.0% SO, a t  650 and 700°C f o r  100 and 1000 h .  The 

t h i r d  t a s k  i s  t o  eva lua te  the  v a r i a b l e s  a f f e c t i n g  c o a l  ash  co r ros ion  

and the mechanisins governing oxide breakdown and cor ros ion  pene t r a t ion .  

C o r r o s i o n  r a t e s  o f  the  t e s t  a l l o y s  w i l l  be determined as furictiorrs o f  

temperature ,  ash composition, gas cornposition, and t i m e .  A model based 

on the  i socor ros ion  diagram w i l l  be developed t o  p r e d i c t  co r ros ion  

r a t e s  f o r  condi t ions  o the r  than  the  t e s t  cond i t ions .  Me ta l lu rg ica l  

ana lyses ,  inc luding  scanning e l e c t r o n  microscopy/energy d i s p e r s i v e  

X- ray  a n a l y s i s  and microprobe examinations,  o f  samples,  co r ros ion  
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products, arid subsurfac.e penetrations will he performed to aid i n  the 

understanding of  the corrosion process. 

2 - 2 . 1 . 7  §C(I,U)-2, "Steamside Corrosion Tests of Advanced Austc?r:itic 

subcontractor to be determined. The purpose of t h i s  work will 

be to investigate the COIXO~~QII of the advanced austenitic alloys i n  

steam at 650°C and 34.5 MPa. 

firm is anticipated. 

A two-year subcontractr with an industrial 

2.2.2 Iron Aluminides 

2 . 2 . 2 . 1  BRNL- 2 (F) a "Development of L r L  

National Laboratory. 

cost ~ low-density intermetallic alloys based on Fe3hl with an optitnuin 

combination of strength, ductility, and corrosion reststance for use as 

components in advanced fossil energy conversion systems. Iron alurni- 

nides near the Fe3Al composition are expected to be resistant to cor- 

rosion and sulfidation in high-temperature fossil energy systems 

because of  their ability to form protective aluminum oxide scales. 

Until recently, the usefulness of Fe3Al has been limited by its low 

room-temperature ductility (;=1-2%) and poor hot strength above 600°C. 

Now, with careful alloying and the development of effective themio- 

mechanical treatments, a 15% room-temperature ductility and significant 

increases (as high as 50%) in strength at 6 0 O O C  have been achieved. 

Moreover, these improvements have been realized without sacrificing 

oxidation or corrosion resistance, Future efforts will be aimed at 

measuring and/or improving other mechanical properties such as creep 

strength, fatigue strength, and fracture toughness. 

The objective of this task Ls to develop low- 

2.2.2.2 ORNL-2(A). "Environmental Effects on Iron Aluminides," Oak 

Ridve National Laboratory. 

protective scales on iron-based alloys in mixed-oxidant (oxygen-sulfur) 

environments for coal-related applications at 500 to 800°C. 

objectives include (1) development of protective oxide scales by 

modifying oxide chemistry/microstructure to reduce the transport of 

sulfur through the scales; (2) formation of a sulfur-diffusional 

barrier under or above the protective scale to minimize the sulfur 

The purpose of this task is to develop 

Impor t an t  
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a t t a c k ;  and ( 3 )  s t d y  o f  t he  cfrcct-s of  a l l o y  chemis t ry ,  oxide morphol- 

ogy, and Cernperature on tile breakdown o f  p r o t e c t i v e  s c a l e s .  Two 

geaci-al approaches a r c  cut r e n t l y  being eva lua ted  f o r  achiev ing  s u l f  i d a -  

t i  on-  resi s t a n t  s c a l e s .  Oiie i s  t o  e s t a b l i s h  a thernodynamically s t a b l e  

oxide f i lm  oii an alloy o r  coa t ing  s u b s t r a t e  and the o the r  i s  t o  inco r -  

p o i a t e  a l l o y i n g  elein2nd-s t h a t  w i  11 form a 1 herrnodynamical I y s t a b l e  and 

s lowly growing s u l f i d c  phase The f i r s t  dppi-oach uses Fe,A1 as tlie 

model system and eva lua tes  the e f f e c t s  o f  a1 1 oying mod i f i ca t ions ,  

designed i'Lo improve meclianical behavior ,  on ox ida t ion /su l f ida t - ion  

r e s i s t a n c e .  The second approach i-ravolves the  a d d i t i o n  O F  9 t o  18 w t  0 

niobium, a s t r o n g  s u l f i d e  former,  t o  improve the  s u l f i d a t i o n  r e s i s t a n c e  

o f  a1 umina-forming i ron-based  a l l o y s .  

2. 2. 2 3 INEL-2, ':S.'~!:jy o f  the  In.El.~-ence o f  Praessiny on .M.i.cMir= 

st :  t-uc ture and-1gopc.r ties o f  kl.umi.nides, Tdabe-..N-a-gi.anal h g j n e e r i n g  

Labo.~.a-tory. T h i s  program w i l l  determine the  inf luence  o f  -processing on 

the  p r o p e r t i e s  o f  a1 1 oys based on the  i n t e r m e t a l l i c  compound Fe,Al. 

Therrrnnmechanical processing of  a i l o y s  based on E'e,Al wi1.l be pursued t o  

improve the  room temperature d u c t i l i t y  o f  these  a l l o y s .  The response 

o f  the mic:rostructure t o  anneal ing w i l l  be cha rac t e r i zed  i n  terms o f  

the  establishment: o E  equi l~ ibr ium phases and equi l ibr ium degree o f  long 

range o r d e r .  The r o l e  o f  d i s l o c a t i o n  and an t iphase  boundary s t r u c t u r e s  

i n  enhancjng the  d u c t i l i t y  of  Fe3AI w i l l  be  i n v e s t i g a t e d .  

mechanical p r o p e r t i e s  w i l l  be determined a t  room and e l eva ted  tempera- 

t u r e   id re l .a ted  t o  the mic ros t ruc tu re .  

wil .1.  be produced by gas atomizat ion a t  t he  Idaho Nat ional  Engineering 

Laboratory ( I N E L )  f o r  c h a r a c t e r i z a t i o n  and a l s o  consol idac ion  by h o t  

e x t r u s i o n .  

process ing  rou te s  w i l l  be determined i n  c o l l a b o r a t i o n  wi th  t h e  program 

a t  Oak Ridge National. Laboratory.  

The 

S m a l l  ba tches  of  Fe,Ab powders 

The composition o f  t he  Fe3A1 a l l o y s  and the  thermomechanical 

2.2.2. G 

Colorado School o f  Mines and 0W-L. T h i s  j o i n t  i n v e s t i g a t i o n  w a s  e s -  

t a b l i s h e d  t o  s tudy the  we ldab i l i t y  o f  p o l y c r y s t a l l i n e  Fe,Al-type a l l o y s ,  

and to c o r r e l a t e  we1 dab ib i ty  t o  composition, phase e q u i l i b r i a ,  g r a i n  

s i z e  and morpholosy, domain s i z e ,  and degree of  l.ong range o rde r .  The 

fol-lowing s p e c i f i c  t a sks  w i l l  be undertaken: (1) s e l e c t  the  most 

CSM-2 I "Inv&z.c&at:ion o f  t he  Weldabi l i tv  o f  I r o n  Aluminides . 



promising composition of  Fe,A1 a l l o y  (with ORNIL); ( 2 )  apply 

thermomechanical t rea tments  t o  c r e a t e  a range of  grai.n s i z e s  i .n  the 

Fe3Al a l l o y  and conduct h o t  d u c t i l i t y  t e s t s  , u t i l i z i n g  the  1500 Gleeble 

( e f t h e r  a t  CSM or ORNX,), t o  c h a r a c t e r i z e  the s e n s i t i v i t y  of  w e l d a b i l i t y  

t o  g r a i n  re f i rxment ;  ( 3 )  use t ransmission e l e c t r o n  micro!;copy and 

o p t i c a l  microscopy t o  c h a r a c t e r i z e  the  mic ros t ruc tu re ;  ( 4 )  use metal- 

lography,  X -  ray t:ee:hniques ~ and d iEferent ia l  thermal . zna lys i  s to def ine  

t h e  D03/B2 t ransformat ion  temperature and degree o f  long-range order-; 

( 5 )  c o r r e l a t e  the h o t  d u c t i l i t y  o f  d i f f e r e n t  t es t  sper:irneris w i t h  their 

r e s p e c t i v e  composi t ions,  domain s i z e s ,  and degrees  of  o r d e r ;  and ( 6 )  

make e l e c t r o n  beam and gas tungs ten  arc we1.d~ t h a t  will. be evalua ted  

f o r  s u s c e p t i b i l i t y  t o  h o t  c racking  a t  t h r e e  wi.dely varying c o o l i n g  

r a t e s .  
I 

2 . 2 . 2  a 5 HRWL-2 ~ "SEIcoridary- Ion Mass SDectrometry_Study .or S c a l e s  on 

I_ I ron  Aluminides , " H a r w e l l  Labora tor ies  ~ Sheet speci  m2ns o f  

Fe-28 l i t ,  % A l  preoxid ized  a t  OWL, as we l l  as N i , A 1  r e in fo rced  w i t h  

A1,0,, w i l l  be forwarded t o  W a r w e l l .  Laboratories, United Kingdom, f o r  

subsequent exposure i n  ~ x y g e t i ,  enr iched  wi th  " 0 .  A f  L e r  exposurs ,  the 

specimens w i l l  be s e n t  t o  ORNL f o r  metal lographic  p r e p a r a t i o n ,  and then 

re tu rned  

t o  Harwell f o r  secondary- ion  I ~ S S  spectrometry ( S I M S )  a n a l y s i s .  Tliese 

analyses  w L l l  show the  l o c a t i o n  o f  " 0  and w i l l  serve t o  d e f i n e  the  

p r e f e r r e d  d i f f u s i o n  pa ths  of  oxygen i n  these  two materials. 

2 . 2 . 2 . 6  S C ( 1 )  - 2 ( A )  ~ l lEvaluat ion of  t he  Fabrieab:il.i.ty o f  I r o n  

Alurninitles. I' subcont rac tor  t o  be determined. T h i s  p r o j e c t  addresses 

t h e  problems a s s o c i a t e d  wi th  f a b r i c a t i n g  tub ing ,  s h e e t s ,  and o ther  

product  forms from i-ron aluminide a l l o y s .  The s p e c i f i c  a l l o y s  t h a t  

w i l l  be i n v e s t i g a t e d  a r e  being i d e n t i f i e d  i n  p r o j e c t  O W L - % ( F ) ,  

"Development of I r o n  Aluminides . " The scope of t h e  planned p r o j e c t  

C Q l l s i S t S  of  mel t ing  experimental  a l l o y s ,  condi t ion ing  of  i i i g o t s  and 

fo rg ing  of  ingots  i n t o  extrueion billets, and product ion o f  seamless 

tubing. 

eva lua te  the  f a b r i c a b i l i t y  of t h i s  mater i -a l .  Samples o f  the product  

forms produced an t h i s  p r o j e c t  w i l l  be used i n  cornpI.emeritary tasks  t o  

P l a t e  and s h e e t  m a t e r i a l  w i l l  a l s o  be produced t o  f u r t h e r  
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exaxrii ne the mechanical behavior we1 dability , and corrosion behavior of 
the matertal. 

2.2.3 Coatinzs,.-and C 1  a d d i w  

2.2.3.1 OSU-2. "Fundamental S-cu& of Aluminizinn and Chroniizing 

- ~ .  Processes," Ohio State University. The purpose o f  this work is to gain 

an understanding o f  the mechanism of simul.taneous depositkon of chro- 

mium and aluminum i.nto iron stibstrat.es and to achieve sLmilar diffusi.on 

coat:ings on  the surfaces of austeni-tzic and ferritic stainless steels = 

It is known that the combination of chromium and a l u ~ i n u n  in the 

surfaces of iron-base alloys provides superior resistance to degrada- 

ti.on by a variety of high-temperature environments. 

which is a modi-fied chemical vapor deposition process, will be 

employed at an elevated temperature of  about 1000°C.. A concurrent 

compute~-i~Ssisted thermodynami-c study of the cquil ibrieun vapor p r e s  - 
sues of volatile speci.es is conducted to a i d  in the interpretation of 

the experimental results. A number of  different pack alloys are be.ing 

used t o  produce chromium-aluminum coatings on such alloys as 

2LCr-lMo, Fe-l2Cr, 304 S S ,  316 S S ,  and Incol.oy 800. In the future, 

decarburization of the surface (to eliminate the initial carbide layer) 

and the incorporation of reactive elements in the surface (to improve 

scale adhesion) w i l l  be investi-gated. 

Pack cementation, 

2.2.3.2 WHC-2, "Investigation of Electro-Spark Deposited Coatings for 

Protection of  Materials in Sulfidizinn Atmospheres. 'I Westinghouse 

Hanfard Company. The objective of this prograin i s  to develop candidate 

coatings, using the electro-spark deposition (ESD) process, for the 

protec t i a n  of  materials in sulf idizing atmospheres typical o f  fossil 

energy applications. Coatings o f  interest include single o r  multilayer 

deposits of commercially available hardfacing alloys, as well as custom 

formulations of metal aluminides, chromium alloys, refractory metals, 

carbides, silicides, and borides. Materials to be protected include 

low all.oy steels, Alloy 8 0 0 ,  and type 310 stainless steel. ESD coat- 

ings of refractory metials also are being developed for use as diffusion 

barri-ers between the substrate steel. and another corrosion- or erosion- 

resistiant: coating. ESD coatings of rhenium on austenitic stainless 
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steels are completely free of cracking and parameters have been devel- 

oped that produce an excellent, uniform coating. Experiments are now 

proceeding with the use of rhenium as an initial layer on 310 stain- 

less steel, with subsequent layers of niobium and other corrosion- 

resistant alloys. 

2.2.3.3 SC(I)-2(C). "Coating: and Claddin? Process Development," 

subcontractor to be determined. 

the development of novel coating and cladding processes, The work w i l l .  

include processes for applying iron-aluminide alloys to less corrosion- 

resistant, but greater high-temperature strength, alloys. The overall 

goal is to develop more effective (than currently available) processes 

to apply highly corrosion-resistant materials to ASME Code-accepted 

alloys. 

This project will be concerned with 

2 . 2 . 4  New Materials Processes 

2.2.4.1 SC(I)-Z(D). "Develovment of Advanced Materials Processes.'' 

subcontractor to be determined. 

development of new material process methods to develop new material 

forms and structures involving composites, layered materials, coatings, 

and so forth. The advancement of  materials processing techniques on 

the AR&TD Materials Program to the stage where industrial interest is 

sufficient to continue development to commercialization is the aim of 

this work. 

Processes having significant commercial potential will be identified 

and extended in development through collaborative arrangements with 

interested industrial organizations. 

This project will focus on the 
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Table 111.2. (continued) 

Research pro j ect Performing 
organization 

Funding (thausands of dol lars)  

FY A’ FY FY FY 
1990 1991 1992 1993 1994 

S C ( I ) - 2 ( A )  - Procurement of Advanced Subcontractor to be determined 49 7 1  75 150 150 
Austenitic and Aluminide Alloys 

Iron Aluminides 

ORNL-2(F) - Development of Iron 
Aluminides 

ORNL-2(A) - Environmental Effects 
on I r o n  Aluminides 

INEL-2 - Study of the Influence of 
Processing on Microstructure 
and Properties of Aluminides 

CSM-2 - Investigation of  the 
Weldability of Iron 
Aluminides 

HRWL-2 - Secondary-Ion Mass 
Spectrometry Study of Scales 
on Iron Aluminides 

OELYL 296 440  500 400 400 

ORNL 192 250 250 250 250 
w 
w 
w 

Idaho National Engineering 173 175 175 250 250 
Laboratory (INEL) 

Colorado School of Mines 74 75 75 75 0 

(CSM) 

Harwell Laboratories 
W R W  

15 0 0 0 0 
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3, CORROSION AND EROSION RESEARCH 

3.1 RESEARCH OBJECTIVES 

A major objective of this program element is to gain mechanistic 

understanding of nucleation and growth of protective oxide scales and 

the degradation of scales in a sulfidation environment. Specifically, 

attempts will be made to identify alloy modifications and surface 

treatments that will improve the performance of oxide scales in the 

environments found in coal combustion and coal conversion processes, 

Other environments of interest include aqueous and molten salts. In 

these latter cases, the alloys being tested are the advanced austenitic 

ssteels and iron aluminides. 

Another objective of this research area is to investigate the 

mechanisms of erosion, erosion-corrosion, and abrasive wear. Progress 

in understanding these mechanisms will provide the basis for the 

development of improved materials subjected to these types of  degrada- 

tion. Most o f  the projects in this area tend to be fundamental in 

nature and often incorporate computer modeling studies. 

A final area, which is actually the last in a series of ongoing 

investigations, deals with the development of a data base for refrac- 

tories used in coal gasification vessels. 

mechanical model to predict failure mechanisms that will help optimize 

vessel configuration, material property combinations, and heating 

schedules. 

a technology transfer initiative (TCRD-4) and is described in Chap. 4 .  

The study utilizes a thermo- 

Work related to this area has recently been organized under 

All of these fundamental studies are described more fully in the 

following section and are listed in Table 111.3. 

3.2 SUMMARIES OF CURRENT AND PLANNED RESEARCH 

3.2.1 Fundamental Studies 

3.2.1.1 A N L - 3 .  "Corrosion and Mechanical ProDerties o f  Al loys  in FBC 

and Mixed-Gas Environments." Argonne National Laboratorv. Laboratory 

oxidation tests have been continued on model base alloys such as 

Fe-25Cr, Fe-25Cr-20Ni, and Fe-25Cr-6Al (all wt S) in the temperature 
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range of 500 to 7 0 0 ° C .  Oxidation tests are also in progress on alloys 

modified by (a) alloying additions of 3 wt % Nb or Zr, (b) Nb implanta- 

t i .on,  and (c) sputter deposits of silicon. Experiments have been 

carried out to determine the electrical conductivity o f  thermally grown 

oxide scales and chemi.cal diffusion of defects in the scales as a 

function of oxygen partial pressure, temperature, and sulfur level in 

the gas phase. Additional experiments are under way to determine the 

solubility and diffusion of sulfur in thermally g r o m  chromium oxide at 

relatively high oxygen partial pressures and low sulfur partial pres- 

sures. An open cell will be used in the near future to evaluate the 

effect of sulfur in the gas phase on the conductivity, defect struc- 

ture, and transport properties in thermally grown oxide scales. 

3.2.1.2 E L - 3 . .  "Investigation of  the Effects o f  kl4qr-oalloy Con- 

..._.._. stituents, Surface Treatment, and Oxidat i.on Condit:i.ons on the DevglQp- 

-.--.I__.--I ment and Breakdown of  Protective Oxide Scales. Battelle C o l u m ~ ~ s  

Laboratories. The objectives of this program are (1) tro gain an 

improved understanding of  the effects o f  alloying constituents present 

at low levels on the development and mode of breakdown o f  protective 

oxide scales in conditions representing those encountered in combustion 

arid gasification processes at 500 to 700°C; and ( 2 )  to achieve better 

control over the growth of scales which will contribure to improvements 

in long- term, high- temperahue corrosion resiscance of heat exchanger 

and heat recovery materials. 

3.2.1.3 m-3. "Investifation of  the Effects of Microalloy 

Constituents . Surface 'l'rentrncnt . a~~...~xidatPon.-~ond~t.ions on the 

Development and Breakdown of Protect.ive Oxide Scales, I' Case Western 

Reserve Uniyersity. The focus o f  the current program is to obtain a 

better understanding of material behavior in fossil energy environ- 

ments. The particular elliphasis is on che protectiveness of oxide 

scales formed in atmospheres containing high Ps,/Po, ratios. 

based alloys Fe-25Cr, Fe-25Cr-20Ni, and Fe-25Cr-6AI (all in 65'3 % )  are 

base alloys for this investigation. 

formers while the third is an A1,03 former. 

were employed in the initial experiments to help understand basic 

Thc iron- 

The first two alloys are Cr203 

Very severe atmospheres 
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mechanlsms; further experiments are being devoted to milder and more 

realistic atmospheres. 

3.2.1.4 UES-3. "Investigation of the Effects of Microalloy 

Constituents. Surface Treatments, andC)xidation Conditions on the 

Develoment and Breakdown of Protective Oxide Scales," IY-niversa1-Ene-z.g.y 

Svstems. The primary 0hject:Lve of this program is to understand and 

gain control over the factors that promote the formation of adherent 

corrosion-resistant protective chromia and alumina scales for long- 

term application in coal combustion and gasification environments. 

has been planned to achieve this objective by investigating the effects 

of minor alloy additions, surface pretreatments, and the oxidation 

conditions on the formation and breakdown of  chromia and alumina scales 

in environments containing oxygen and sulfur. 

interest are in the range of 500 to 7OO"C, and the partial pressures of 

oxygen and sulfur of the order of lo-'' and lo-' atm respectively. 

identify the steps of scale breakdown, pre-oxidized samples are exposed 

to atmospheres of oxygen and sulfur for different lengths of time. A 

variety of surface analytical instruments is used to characterize the 

scale and substrate which will help understand the mixed-gas corrosion 

process. 

It 

The temperatures of  

To 

3.2.1.5 UTN-3. "Aqueous Corrosion of Iron Aluminides." The University 

OF Tennessee. The purpose of this project is to study the aqueous 

corrosion characteristics t r f  iron aluminides . T h e  initial effort has 

primarily entailed generation and analyses of cyclic anodic polariza- 

tion curves in acid, neutral-chloride, and basic solutions. It h a s  

also involved determinations of average corrosion rates in selected 

systems by two electrochemical methods: 

cathodic polarization curves, and the use of  small-potential sweeps 

through the corrosion potenti.al with subsequent statistical analyses. 

Future evaluations will involve selected mass-loss irnmcrsion tests ~ 

Tafel extrapolation of 

3.2.1.6 &IN-3(A). "Molten Salt-Inued Hot Corrosion of Nickel-Iron 

Aluminides." University of-Cincinnati. The objective of  thi.3 work is 

to evaluate the molten salt-i.nduced hot corrosion of nickel- iron and 

iron aluminides. If these aluminides are to be used i n  fossil enerey 
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conversion and uti-lization systems, they must exhibit resistance t o  

mixed sulfidation/oxidation attack and severe corrosion in the presence 

of molten salts at elevated temperatures. The specific alloys to be 

used in this s,t:udy are (Ni, Fe),A1, Fe3Al-2Cr, and Fe,Al-SCr. A nickel 

aluminide ((Ni,Al) w i l l  be used as the standard f o r  the corrosion tests. 

The hot corrosion rate shall be evaluated from the weight change as a 

function o f  time. The corrosion product shal.1 be characterized by 

(X-ray) diffraction analysis, scanning electron microscopy, and energy 

dispersive analysis of X-ray (EDAX). Both the surface morphology and 

cross-section microstructures will be characterized. 

3.2.1.7 LBL-3. "Studies of  Materials Erosion in Coal Conversion and 

Utilization Systems. I' Lawrence Berkeley Laboratorv. The purpose of  

this work is to gain an understanding of the erosion of material 

surfaces by small solid part:icles carried in gas and liquid carriers. 

The materials are tested over a range of conditions that simulate 

portions of the operating environment of containment surfaces in coal 

gasifi.cation, liquefaction, and fluidized bed combustion processes. 

The effects o f  material properties, microstructures, and compositions 

on their eroslon behavior are being investigated. The effects of 

elevated-temperature corrosion in combination with the erosion are 

stiudied to determine the mechanisms and rates of the combined surface 

degradation modes. 

3.2.1.8 ORNL-3(B). "Responses of Metallic and Oxide Scales to Deforma- 

t : i on . "  Oak Ridpe National Laboratory. The purpose o f  this study is to 

invest:igate the processes of  corrosion, erosion, and erosion-corrosion 

in coal combustion and conversion environments, As part of this work, 

in situ scanning electron microscopy studies of the erosion, corrosion, 

and simultaneous erosion and corrosion of hot metallic samples are 

being performed. Fundamental studies are currently bei.ng conducted on 

mechanisms of erosion and corrosion, and long-range pl.ans call for 

studies of erosion-corrosion. One current study involves determination 

of the variation in hardness beneath the surface of four aluminum 
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alloys that have been subjected to multiple impacts by spherical 

erosive particles. Another study involves similar hardness measure- 

ments on annealed 1100 aluminum samples that were exposed to erosive 

particle impacts at a level below that  required to reach steady s t a t e  

conditions. A third study involves use of thc erosive particle gun t o  

impact zhe surface of previously oxidized materials that have sinal 1 

differences in base metal compos1 t.€on. 

corrosion of selected materials has been initiated w i  th L.awrcnee 

Berkeley Laboratory. 

A cooperative study of ernsion- 

3 . 2  1 ~ 9 UCB- 3 ,  "Solid Particle-Qrosion j.n Turbulent Flows Past Tube 

Banks.IP Universitv of  California. Berkeley. The purpose of  this work 

is to provide knowledge, both experimentally and numerically, about 

particle-laden erosive flows in tube banks. In the experirnent:, the 

flow of air is directed at high speeds through a vertical duct with ~ W Q  

in-line tubes of discretely variable spacing aligned normal. to the 

flow. "he air carries a dilute concentration of glass beads having R 

nominal diameter of 97 pm. The speed and turbulence levels of the a i r  

approaching the tubes can be altered to investigate their respective 

influence on particle flux to the tube surfaces. In addition to 

particle flux, the study calls for measuring particle and fluid-phase 

velocities using a laser-Doppler velocimeter. 

has two principal objectives: ( 1 )  to predict as validation test cases 

the one- and two-tube configurations investigated experimentally, 

( 2 )  to extrapolate the use of the validated numerical procedure to 
predict particle-laden gas flows in tube banks. In addition, a new 

apparatus for developing experimental techniques to study fl ir tclized 

particle flows around tubes bas been devised. The apparatus in very 

simple to construct and allows some of the main fluid mechanic features 

of fluidized beds to be clearly visualized and quantified Optically. 

The numerical simulation 

3.2.1.10 UND-3. "A Studv of  the Correlation of Materials Structure_ 

with Flow Characteristics of Erosive Particles," Universitv of Notre 

Dame, This research is designed to provide a systematic investigation 

of the effects of materials properties and experimental variables on 

the rebound directions and velocities of erodent particles, The 
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general approach is to develop computer models for the impact o f  

spherical and angular particles, and to compare the predictions wirh 

experimental measurements o f  both single - and multiple - impact rebound 
parameters. The project w i l l  also probt. the question of the effects of 

various strengthening mechanisms 011 the dynamic f low stress o r  metals, 
which serves as tlre major material variable used as input Kor the 

computxr rebound models  ~ 

cotnpu'tei- models which can be used to predict the direction and velocit-y 

of  rebound o f  a particle f r o m  a material, which i s  important- in other 

program aimed at computation of the flight path  of part-icles through 

turbine engines. The rebound problem is a l s o  of interest f rom a purely 

scientific p o i n t  oE view, and because of the relationship between the 

energy l o s t  and the amount of material removed by a particle during 

impact. The computer models being developed will take into account 

several effects neglected i n  previous models, and will be used to 

concentrat e prlrnai-ily on the rebound problem. The project will include 

experiments in which rebound velocity measurements are made during both  

single- and multiple-particle impact. 

The project is primarily intended to develop 

3.2.1.11 3 ~ "Studies o f  Erosion and Erosi on-Corrosion o f  Advancd 

Alloys."-Oak Ridge Associated Uniyggsities. 

is to study the erosion-corrosion o f  various metals and metal alloys 

using the specially modified scanning electron microscope as well as 

the mechanical properties microprobe. Specific materials t o  be 

investigated include: aluminum alloys, copper, nickel, and iron 

al-minidcs.  The impact response of these materials will be rei-aced to 

particle velocity and substrate tenperature. 

The goal of this project 

3 . 2 . 1 , 1 2  

Aluminides." subcont-ragtor to be determined. It was recently 

discovered tha t  tlie ductility of iron-alwinide alloys is reduced in 

the presence o f  moisture, at room temperature, apparently due to 

hydrogen einbrittleaent. The goal  of this research is to investigate 

the mechanism of embrittlement in this class sT alloys and determine 

the condi t ions  under which the mechanism i s  operative. It is expected 

that the study will be experimental in nature, involving various 

SC(1 ,U)-3,-._1'Study o f  M o i s t u r e - l n d u c e $ _ _ E m b ~ i t t l e ~ e ~ ~  of Iron 
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tests, and that the results will be analyzed in ways to h e l p  understand 

the mechanism. 

3.2.1.13 UCIM-3. "Study of Particle Rebound ~ ~ ~ r a c ~ : ~ ~ ~ ~ . ~ ~ - . - ~ ~ ~  

Material Erosion at High Temperatures." University of Cinc,inmgsL. 

objective of this research is to investigate the basic eros ion  prcac- 

esses and fluid mechanics associated with material degradation in the 

components of various coal conversion and. utilization systems. T h e  

1-inderstanding of erosion patterns and rates will he enhanced through a 

study of the rebound characteristics of particles impinging various 

surfaces and through the measurement of erosion rates of materials 

exposed to high temperatures, The overall goal is to develop a p a n -  

titative model, which will facilitate the prediction of erosion in 

systems operating in particulated environments. experimental s e t -  

up consists of an erosion wind tunnel, a laser Doppler velocimeter 

system, a data acquisition system, and a particle feeder. 

The 

3.2.1 14 NIST-3, "Mechanisms of Galling and Abrasive Wear ~ '' NaL~.pgaaa 

Institute of Standards and Techno loa .  The successful commercial 

development of direct coal-fueled diesel engines depends on solving 

severe wear problems that are not encountered wfth present day oil- 

fueled engines. The purpose of this program is to develop a fundamen- 

tal understanding of the processes and mechanisms that are responsible 

for wear at the critical piston ring/cylinder wall contact, Particu- 

late matter both from the raw fuel and from cornbustion products enters 

the piston ring/cylinder wall contact region and causes rapid wear as a 

result of direct abrasion of the r i n g  and cylinder wall materials 

and/or by interfering with the normal lubrication process. 

program, analyses and tests are carried out on raw fuel materials and 

combustion particulates to determine their abrasion characteristics. 

Laboratory wear tests are conducted under carefully controlled con- 

ditions that are consistent with those occurring at the p i s t o n  ring/ 

cylinder liner contact in the diesel engine. 

conditions, different types of particulate materials, different lubri- 

cants and lubricant additives, and various specimen materials are 

studied. 

In this 

The e f fec t s  of test 
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3 . 2 . 1 . 1 5  1jXT- 3 .  "Material Data Base Devel.o.pment f o r  R e f r a c t o r i e s .  " 

Mg.ss.f.c&etir.s Institute_.-.of Technoloep. The ob jec t ive  of t h i s  task i s  

t o  s tudy t h e  f a i l u r e  mechanisms o f  r e f r a c ~ ~ o r y - b r i c k - l i n e d  coa l  g a s i f i -  

c a t i o n  v e s s e l s  under t r a n s i e n t  temperature loadings ~ 

i c a l  model, &i-ch inc ludes  c y c l i c  mul t i ax ia l  non1i.nea-r c o n s t i t u t i v e  

l a w ,  temperature - dependent heat conduct ion,  and temperature - dependent- 

creep laws, has been developed f o r  r e f r a c t o r y  b r i c k  and mortar .  

motlel. has  been implemented i n  a f i n i t e  - element program f o r  p r e d i c t i n g  

the  s t r e s s  and s t r a i n  d i s t r i b u t t o n s  i n  br ick-mor tar  l i n i n g s  during the 

heattip and cooldowri cyc le s .  Through s imula t ion  and parameter studi-es,  

design rccorrunendations w i l l  be made f o r  vessel conf igu ra t ion ,  ma te r i a l  

p roper ty  combinations,  and optimum hea t ing  schedules .  

A therrnoinechan- 

'lihe 



Table 111.3. Research projects for corrosion and erosion of alloys 

Research project Performing 
organization 

Funding (thousands of d O l h r 5 )  

FY Fi FhT FY FY 
3.990 1991 1992 1993 1994 

ANL-3 - Corrosion and Hechanical 
Properties of Alloys in FBC and 
Mixed-Gas Environments 

BCL-3 - Investigation of the Effects 
of Microalloy Constituents, 
Surface Treatment, and Oxidation 
Conditions on the Development and 
Breakdown of Protective Oxide 
Scales 

CWR-3 - Investigation of the Effects 
of Microalloy Constituents, 
Surface Treatment, and Oxidation 
Conditions on the Development and 
Breakdown of Protective Oxide 
Scales 

UES-3 - Investigation of the Effects 
of  Microalloy Constituents, 
Surface Treatments, and Oxida- 
tion Conditions on the Devefop- 
iiient and Breakdown of  Protective 
Oxide Scales 

Fundamental Studies 

Argonne National Laboratory 316 320 320 400 400 
(ANL) 

Battelle Columbus Laboratories a 0 0 0 0 
( BCL) 

Case Western Reserve 
University (CWR) 

Universal Energy Systems 
(UES) 

a 

a 0 0 0 

0 

0 
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Table 111.3. (continued) 

Funding (thousands o f  dollars) 
Research project Performing 

organization FY FY El! FY Fi 
1990 1 9 9 1  1992 1993 1994 

ORAU-3 - Studies of Erosion and 
Erosion-Corrosion of 
Advanced Alloys 

RPI-2 - Study of Moisture-Induced 
Embrittlement of Iron 
Alumin i de s 

WIN-3 - Study of Particle Rebound 
Characteristics and Material 
Erosion at High Temperatures 

NIST-3 - Mechanisms of Galling and 
Abrasive Wear 

MI"-3 - Material Data Base Develop- 
ment f o r  Refractories 

TOTALS 

Oak Ridge Associated 
Universities (OMU) 

Rensselaer Polytechnic 
Institute ( R P I )  

University of Cincinnati 
(UCIN) 

a 0 Q 0 0 

59 60 60 60 0 

National Institute of 74 125 12.5 I25 125 
Standards and Technology 
( N I X >  

Massachusetts Institute d 0 0 8 0 
of  Technology (HIT) 

1 ,093  1,351 1,415 1 , 5 6 0  1,480 

5 Refers to carryover funding f rom previous fiscal year. 





4 .  TECHNOLOGY DEVELOPMENT AND TRANSFER 

4.1 OBJECTIVES 

Technology assessments are performed on the F o s s i l  Energy AR&TD 

Materials Program to identify existing materials problems or those 

emerging within the fossil energy technologies, and define the research 

areas needed to solve these problems. Emphasis will also be directed 

toward early commercial availability o f  new materials, and enhRnced 

U.S.  technological competitiveness in a world market. The current 

assessment projects deal with the applicability o f  structural ceramic. 

composites to gas turbines, on-site examination and failure analysis of 

components at a coal conversion facility, and the long-range materials 

research and development needs for F o s s i l  Energy. 

The objective of the technology transfer part of the progi-am 

element is to make industry more aware of  the developments on the AR&TD 

program and t o  encourage early participation by industry in the devel- 

opment of new materials. Such participation would encourage early 

commercialization of useful and reliable products. 

transfer mechanisms to help the U . S ,  maintain a technical edge in 

material science include: outreach programs to seek corporate part- 

ners ,  cooperative process scaleups or application evaluations, and the 

establishment o f  consortia. Current technology transfer projects on 

the program include the development of software to analyze refractory 

linings, the compilation of data concerning the performance of various 

materials in coal liquefaction environments, and a materials and 

components newsletter. Also included are two proposed technology 

transfer projects (for F'Y 1991) dealing with iron aluminides, and 

advanced austenitic alloys. 

Other technology 

The specific activities associated with these program elements are 

described in the following section and are listed in Table 111.4. 

127  
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4 . 2  SUMMAEtIES OF CURRENT AND PLANNED AC'I'WLTIES 

1 4 . 2 . 1 . 1  ~ ~ ~ q . , . . . , M ~ ~ ~ - ~ r i a l s  ag.C.omp,onents i n  FossiJ...En.e.ra. App l i ca t r ions  

Newsletter. 'I Rat:.tr?lle Co'Lumnbus T..aboratoxy.. The DOE Newslct tev  on 

Mater.i.als and Components i n  Fossil Energy Applicat.ions i s  intended a s  a 

v e h i c l e  t o  provide t imely d i  ssemi.raation o f  information concerning 

developments in ,  o r  performance r e s u l t s  o f ,  materia1.s and components i n  

convent ional  o r  new processes  f o r  the ut:.i.li.i.zat:ion of c o a l ,  o r  f o r  the 

conversion of c o a l  t o  o the r  energy forms, In r ecen t  y e a r s ,  emphas3.s 

has been p laced  on the d i r e c t  u t : i l i za t ion  of  coa l  a s  a cheinical feed-  

stock o r  as a f u e l ,  r a t h e r  than f o r  providing a s u b s t i t u t e  f o r  n a t u r a l  

gas. Process e f f i c i e n c y  and compliance w i t r h  p resent  and a n t i c i p a t x d  

environmental. r egu la t ions  are t w o  of t he  most important f ac to r s  driving 

developments, arid s t rong ly  inf luence  no t  only new processes ,  bu t  also 

e x i s t i n g  systems.  

4 .  ?. . 1 ~  2 NIST-4, "Assessrne~,..of-. F o s s i l  Eneray MaterigLs Research 

Needs2 N a t i o n a l r n s t i t u t e  of  Standards and Technolopy. The purpose of 

this twelve-month s tudy i.s t o  i d e n t i f y  long-range mater i.als research  

and development needs and oppor tun i t i e s  as they impact evolving f o s s i l  

energy t echno log ie s ,  The needs and oppor tun i t i e s  t h a t  a r e  i d e n t i f i e d  

should be appropr i a t e  f o r  f u t u r e  r e sea rch  on t h e  AR6rTO Matierials P r o -  

gram. The assessiiient i s  being conducted i n  th ree  phases:  (1) review 

o f  p r i o r  assessments o f  f o s s i l  ma te r i a l s  needs,  ( 2 )  review of c u r r e n t  

f o s s i l  energy program needs,  and ( 3 )  study conclusion and coord ina t ion .  

4.2.1. .  3 ORNL-4(B). "Coal_C-?-nversion and 1Jtilizat:ion P lan t  Support 

S e r v i c e s . "  O a & - m e  National  Laboratory.  The purpose of  t h i s  work i s  

t o  supply suppor t  s e r v i c e s  t o  t he  Energy Technology Centers  (Morgantown 

and P i t t sbu rgh)  and the Advanced Coal Liquefacr ion Research and Devel- 

opment F a c i l i t y  a t  Wilsonville, Alabama. The support  i s  i n  the a reas  

o f  m a t e r i a l s  s e l e c t i o n ,  eva lua t ion ,  t e s t i n g ,  o ~ i - s i t e  examination, and 

a n a l y s i s  o f  f a i l e d  components. I n  a d d i t i o n  t o  providing a va luable  

service? t o  the  opera tors  of these  f a c i l i t i e s ,  t h i s  t a sk  a s su res  t h a t  

t he  F o s s i l  Energy Mate r i a l s  Program s ta f f  i s  kept  a b r e a s t  of  the  
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materials problems that are being encountered, and provides input to 

the ongoing assessment of materials research needs based on actual 

operating experience. 

4.2.1.4 SOR-4. "Reference Book on Performance of Materials in CoaL 

Liquefaction Environments." G .  Sorell. Through the auspices of The 

Materials Properties Council, Inc. (MPC), several government, indus- 

trial, and university organizations are contributing information and 

data on materials performance in coal liquefaction environments for 

inclusion in a reference book. 

is sorely needed as an archival reference to the great body of informa- 

tion developed over the past several years. A consultant ( G .  Sorell) 

will collect. information (chapters of  the book) from the various 

authors, edit the submitted information, and compile it into a single 

reference source for subsequent publication. 

Such a book is not only desirable but 

4.2.2 7%-chnology Transfer 

4.2.2.1 3M-4, "Fabrication of  Full-Scale Fiber-Reinforced H o t - C s  

Filters by Chemical Vapor Deposition." 3M Company. 

project is to scale. up the Chemical Vapor Infiltration (CVI) process 

developed at OWL for fabricating ceramic fiber-ceramic matrix com- 

posites filters. The goal is to use this scaled-up CVI process to 

produce composite filters that have the requisite strength and tough- 

ness, but which also have sufficient porosity to be permeable to gas 

streams and the appropriate size and distribution of porosity to be an 

effective filter. A practical process for fabricating porous ceramic 

fiber-ceramic matrix candle filters (full-size) with increased surface 

area will be developed in collaboration with OWL. 

The purpose of this 

4.2.2.2 TCRD-4. "Development of  User-Friendly Software for the Thermo- 

mechanical Stress Analysis of Refractory Systems." Tennessee Center for 

Research and Development. The objective of this work is to develop 

user-friendly software within the UNIX environment which will enable 

the non-expert using a work station to perform thermomechanical stress 

analysis of refractory linings for the user's specific design and 

analysis problems. The user-friendly software system will allow users 

to access design guidelines and to develop preliminary refractory 



l i n i n g  designs, t o  perform fPni.te element ana lyses  f o r  f i n a l  des igns ,  

and t o  f a c i l i t a t e  t h e  modi f ica t ion  of e x i s t i n g  o r  the addi t i -on o f  new 

c a p a b i l i t i e s  through a modular program s t r u c t u r e .  

4 .  2 . 2 .  3 C.ARB:L+-,....:'.VLS SiC---Pr-e.c.g.ss Develgg=&,." Carholrundun Cornpaax. 

T1-ii.s work will t ra r i s fe r  t o  .indust;ry a spec i - f ic  technology devc!.opetl on 

t h e  AR&TD Materials Program f o r  t he  prnducti.on o f  s i l i c o n  ca rb ide  

whLskers . The v a p o r - l i q u i d - s o l i d  ( V I S )  process  w a s  developed a t  Los 

Alamos Nat ional  Laboratory f o r  the  growth o f  s i l i c o n  ca rh ide  whiskers 

of up t o  73 m i  i n  l eng th .  Whisker l eng th  can be reduced by subsequent 

process ing .  This  work wi l l  develop the  VLS i n t o  an engineerin-g- s ca l e  

(45 t o  226 kg/year) process  t h a t  w i l l  enable  the  U . S .  industzrial  s e c t o r  

t o  C O m m e r @ i a l h ?  t he  process  f o r  the  product ion o f  whiskers for  the  

reinforcement  o f  s t r u c t u r a l  ceramic eomposi.t.es. Request for Proposal 

(IZFP) N o .  SD86l-86 w a s  i s sued  on J u l y  5 ,  1989 ,  t o  i n v i t e  proposals  t o  

conduct t he  work. The successful pioposa l  w a s  submit ted by the  

Carbox-undwn Company, and w e  ant:i.ci.pate the  work w i l l  be  i n i t i t a t e d  i n  

the  t h i r d  q u a r t e r  of  FY 1??0 .  

4 .  2 .  2 . 4  s c ( Z 1 . z - B )  , "De_ls.lopmgnt and EvaLu-a.Li.9.n of  Ceramic Corn-sosi-tes. 

f o r  G a s  -Turbi.ne Cogonents  I " subcont rac tor  to be determined. The 

Babcvck and Wilcox Company with a s s i s t a n c e  from Solar  Turl, i.xies, Inc .  , 

r e c e n t l y  completed an assessment o f  t he  app l i ca t ions  o f  st.ructuraI 

ceramic composites i n  gas t u r b i n e s ,  inc1udin.g d i r e c t  c o a l -  fi.red 

t u r b i n e s .  The conclusions o f  t h i s  s tudy were t h a t  ceramics composites 

w0uJ.d be oE considerable value f o r  use as tu rb lne  nozzle  vanes and as 

r o t o r  bl-ades. Based on t h a t  assessment,  a reques t  f o r  proposal  w i l l  be 

i s sued  t o  develop and eva lua te  these  components. The  development w i l l  

inc lude  t h e  i d e n t i f i c a t i o n  of appropr ia te  ma te r i a l s  o f  cons t ruc t ion  and 

processing methods, and the establ ishment  of  performance c r i t e r i a  for 

the materials. The eva lua t ion  of ma te r i a l s  wi.11. determine i f  p e r f u r -  

mance c r i t e r i a  were met. 

4 . 2  - 2 . 5  

Aluminides," subcont rac tor  t o  be de t e rmima .  This  p r o j e c t  addresses  

the problems a s soc ia t ed  wi th  f a b r i c a t i n g  tub ing ,  shee t s  I and o t h e r  

product  forms from i r o n  alui i inide a l l o y s  I The s p e c i f i c  a l l o y s  t h a t  

w i l l  be i n v e s t i g a t e d  a r e  being i d c n t i f i e d  i n  p r o j e c t  ORNL-2(F), 

SC(I) -4(C) ,  .-' 'Evaluation o f  t he  F a b r i c a b i l i t y  of...I_gm 
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"Development of Iron Aluminides." The scope of  the planned project 

consists of melting experimental alloys, conditioning ingots and 

forging of ingots intso extrusion billets, and producing seamless 

tubing. Plate and sheet materials will also be produced to further 

evaluate the fabricability of this material. Samples of t:he product 

forms produced on this project will be used in complementary tasks to 

examine the mechanical behavior, weldability, and corrosion behavior of 

the material. 

4.2.2.6 SC(I)-4(D), '"Ceramic Filter Development." subcontractor to.!?e 

determined. This work will focus on further development and scaling up 

of the processes using ceramic filaments and forced CVI to fabricate 

reinforced ceramic filters, 

4.2.2.7 SC(I)-4(E). "Ceramic Membrane Development," subcontractor-Jo 

be determined. Ceramic membranes are presently being developed on the 

AR&TD Materials Program by the Oak Ridge Gaseous Diffusion Plant. 

work is a companion project to work sponsored by the Morgantown Energy 

Technology Center at OKFJL to test these membranes f o r  hydrogen recovery 

and noxious gas removal from coal gasification streams. This work, to 

be init:iated at an industrial subcontractor, will use and extend the 

results of the OEWL/ORGDP work to other membrane systems for a variety 

of gas separation systems. The principal focus o f  the project will be 

on hot-gas stream cleanup. 

That 

4.2.2.8 SC(I)-4(F). "TechnoloEy Transfer :-Iron Aluminides," sub- 

contractor to be determined. As potential applications for the iron 

aluminides are identified, we will establish cost-shared contracts with 

industrial organizations to further the development for these specific 

applications. Although our interest is first for applications in coal 

technologies, related applications will be considered as well. For 

example, funding of further development for applications that would 

assure the introduction of the iron aluminides into the commercial 

sector would be appropriate for the AR&TD Materials Program. 
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4 . 2 . 2 . 9  SC(I) - 4 ( G ) ,  "Technology Transfer - Advanced A u > . L e n i . G L  

Alloys." subcontractor to be determined. The advanced austenitic 

alloys have considerable potential in a variety of high-temperature 

applica 

tions including heat exchanger, or boiler, tubing in advanced combus- 

t i o n  systems such as coal-fired power plants and fluidized bed combus- 

tors. Applications for these alloys are probably somewhat inore l i m i r e d  

than they are for the iron aliunitli.de alloys. Therefore, a somewhat 

different approach will be used in this technology transfer effort. 

will attempt to establish a consortium o f  industrial companies for the 

purpose of funding work to f u r t h e r  demonstrate the potential of  these 

alloys in heat exchangers o f  advanced combustion systems. The consor- 

tium concept allows each member to leverage its funds and t o  obtain t r h e  

benefits of a substantial project. Such an effort could be coordinated 

with organizations such as The Materials Properties Council, Inc., or 

the Electric Power Kesearch Institute 

W e  



Table IIf.4. Technology development and transfer activities 

-~ ~~~ ~~ ~ 

Research project Performing 
organization 

Funding (thousands of dollars) 

FY FY FI' FY FY 
1990 1991 1992 15193 1994 

BCL-4 - Materials and Components 
in Fossil Energy Applications 
Newsletter 

NIST-4 - Assessment of Fossil Energy 
Materials Research Needs 

ORNL-4(B) - Coal Coriversion and 
Utilization Plant Support 
Services 

SOR-4 - Reference Book on Performance 
of Materials in Coal Liquefaction 
Environments 

3M-4 - Fabrication of Full-scale 
Fiber-Reinforced Hot-Gas Filters 
by Chemical Vapor Deposition 

TCRD-4 - Development of User-Friendly 
Sofware for the Thermomechanical 
Stress Analysis of Refractory 
Systems 

Technology Assessments 

Battelle C o l u ' b u s  Laboratories 114 115 115 115 115 
(BCL) 

National Institute of a 0 0 0 0 
Standards and Technology 
(NIST) 

r 
W Oak Ridge National Laboratory 49 100 100 100 200 W 

(QRNL) 

@ .  Sorell (SOR) a 0 0 0 0 

Technology Transfer 

3 M  Coinpany (3M) a 100 200 2GO 0 

Tennessee Center f o r  82 100 108 
Research and Development 
( TCRD) 

50 0 



Table 111.4.  (continued) 

Research p r o j e c t  Performing 
o rgan iza t ion  

Funding (thousands of  dollars) 

Fi FY IFY n' Pi 
1990 1991 1992 9993 1994 

SAKB-4 - VLS S I C  Process 
Development 

SC(I)-4(B) - Developmsnt and 
EvaLilation o f  Ceramic 
Composites f o r  G a s  
Turbine Zomponents 

S C ( I ) - S S ( C )  - Evaluation o f  t h e  
Fabr i cab i l i t y  o f  I ron  
Aluminides 

S C ( 1 )  - 4 ( B )  - Ceramic F i l t e r  
Deve loprclent 

SC(1)-4(E) - Ceramic Membrane 
Development 

SC( I ) -4 (F)  - Technology Transfer 
I roil A l u n ~ i  nlde s 

Carborundum Compsny 
(CARB) 

subcont rac tor  io be 
determined 

Subcontractor  t o  b e  
determined 

Subcontractor  t o  be 
determined 

Sabcontractor  t o  be 
determined 

Subcontractor  t o  be 
determined 

235 250 350 fi 0 

0 240 150 200 250 

25 100 150 l5G 100 

0 100 250 250 250 

0 100 250 250 250 

0 100 250 250 250 



Table 111.4. (continued) 

Funding (thousands of dollars) 
Research project Performing 

organization FY Fy FY FY FY 
1990 1991 1992 1993 1994 

SC(I)-4(G) - Technology Transfer - Subcontractor to be 
Advanced Austenitic Alloys determined 

SC(I)-4(H) - Technology Transfer - Subcontractor to be 
Advanced Materials Processes determined 

MSS-4 - Management, Support Services 
and Special Studies 

0 100 250 250 250 

0 0 0 785 933 

635  595 817 8 2 5  827 
----- 

+ 
w 
w 

TOTALS 1,143 2,003 2,982 2,640 2,492 

a Refers to carryover funding from previous fiscal year. 
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