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ADVANCED RESEARCH AND TECHNOLOGY DEVELOPMENT FOSSIL ENERGY MATERIALS 
PROGRAM IMPLEMENTATION PLAN FOR F I S C A L  YEARS 1986 THKOUGH 1990* 

Compiled by 
R. A. Bradley and P. T. Carlson 

ABSTRACT 

Thi.s program implementat ion p l a n  for t h e  Department of 
Energy Advanced Kesearch and Technology Development (AR&TD) 
F o s s i l  Energy Materials Program reviews t h e  t e c h n i c a l  i s s u e s  and 
t h e  materials r e s e a r c h  and development needs of f o s s i l  ene rgy  
t e c h n o l o g i e s .  Tlne s t a t u s  and p l a n s  f o r  r e s e a r c h  and development 
a c t i v i t i e s  i n  t h e  AR&TD Fossil ,  Energy Materials Program t o  meet 
t h o s e  needs are p resen ted .  D e t a i l e d  i n f o r m a t i o n  abou t  these 
p l a n s  i s  provided f a r  FY 1986 t h rough  FY 1988, and long-range 
p l a n s  are d e s c r i b e d  f o r  FY 1989 and FY 1990. 

Research sponsored by the U. S ,  Department of Energy, 
AR&TD Fossi l  Energy Platerials Program [DOE/FE FA 15 10 10 0 ,  
Work Breakdown Structure Element O R N E - 4 ( A ) ]  under contract 
No. DE-ACQ5-840R2h400 with Mar t in  Marietta Energy Systems, Inc. 

* 
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1 * INTRODUCTION 

1.1 PROGRAM DESCRIPTION ANI? OBJECTI.VES 

This implementation plan for the Department of Energy Advanced 

Research and Technol.ugy Development (ARhTD) Fossil Energy Materials 

Program was prepared in cooperation with the U.S. Department of Energy 

(DOE) Oak Ridge Operations (ORO> Office and the DOE F o s s i l  Energy Office 

of Technical Coordination. It describes t h e  program objectives, organiza- 

tion, and responsibilities of the var-lous participants of the program. 

In particular, details of planned actlvitfes for N 1986, FY 1987, and 

FY 1988 and an indicatfon of anticipated activities through N 1990 are 

presented. 

The overall objective of the AR&TD Fossil Energy Materials Program is 

to conduct long-range basic research and development that address generi- 

cally the materials needs of fossil energy systems, including materials 

€or coal preparation, coal liquefaction, coal gasification, heat engines 

and heat recovery, combustion systems, fuel cells, magnetohydrodynamlcs, 

and oil shale processing. Fn addltion, the scope of the Program includes 

the development of advanced materials and processlng techniques. 

The materials research thrust areas of the Program are (1) Structural 

Ceramics, (2) Nloy Development and Mechanical Properties, (3) Corrosion 

and Erosion of Alloys and Refractor-ies, and ( 4 )  Assessments and Technology 

Transfer. 

Materials research and development for specific fossil energy tech- 

nologies are funded by various DOE offices having specific materials 

requirements for those technologies. '@he intent f s  that this program be 

consistent with the emphasis of DOE on long-range generic research to 

address the needs of evolving Eossil energy technologies. An indication 

of  the relationship between the long-range generic research of the AB&TD 

Fossil Energy Materials Program and rhe needs of these fossil energy tech- 

nologies I s  given in Table 1.1, Designations of the research efforts of 

the AFSTD Fossil. Energy MaterZals Program are listed vertically according 

to research thrust area, alia the fossil energy technology areas are listed 

horizontally. The X-symbols i d 5  a t e  those technology areas affected by 



Table 1.1. Relationships among materials research t h r u s t  areas and technology 
areas of t h e  Advanced %search and Technology Developmnt 

(AR&TD) F o s s i l  Energy ?faterials Program 

Thrust areas 

I Technology areas 

I Coal ' 1 y:;ks I dynamics ' shale: 
I !  

Yagnetohydro- Oil ' 

I I  

1 Combustion i ! ~ Heat engines 

systems I recovery 
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research In the different thrust areas. In many areas, the generic 

research of the program contributes to the understanding o f  materials 

problems in several fossil energy technologies. 

Management of the program has been decentralized to WE-ORO, with 

the Oak Ridge National Laboratory (ORNL) as technical support contractor. 

A substantial portion of the work on the ARdTD Fossil Energy Materials 

Program is performed by partlcipating subcontractor organizations. A l l  

subcontractor work is technically monitort?tB by program staff members at 

ORNL and at Argonne National. Laboratory (ANL). 

The program is organized by a ~ ~ r k  breakdown structure (WBS) in which 

projects are organized according to the materials research thrust areas 

described above, A schematic summary of this organization i s  provided in 

Fig. 1.1. In this Plan, relevant materials research and development needs 

axe identlfied by fossil energy technology in Part 11. Descriptions of 

ongoing and planned research to address these needs are presented 

according to research thrust areas in Part 1x1. 

Tables in each chapter of Part 1x1, Current and Planned Projects in 

the ARGTD Fossil Energy Materials Program, present funding levels for each 

project. The fundfng distribution for FY 1986 reflects the activities 

planned for that year; for subsequent years, t h e  distribution reflects our 

assessment o f  research and development needs for the DOE Fossil Energy 

Materials Program. 

energy materials needs 5 1  from research and development proposals, through 

discussions with individua1.s and organizations interested in fossil energy 

materials development, and by a series of technology base reviews con- 

ducted annually by the DQE F o s s i l  Energy Office of Technical Coordination. 

In addition, the AR&TD F o s s i l  Energy MAterials Program Interacts with 

other DOE research program, such as the Materials Science Program of the 

Office of Basic Energy Sciences (BES) ,  through partielpation in the activ- 

ities of the Energy Materials Coordinating Committee (EMaCC). One activ- 

ity of EMaCC of particular Importance to close coordi.nation among 

programs is t he  annual technical report, the most recent issue of which 

covers research activtties during FY 1984 ( r e f .  2). Numerous other 

interactions occur between the F o s s i l  Energy Materials Program and otiher 

DOE programs to ensure that the goals of the program are consistent with 

These needs were identlfied by an assessment of fossil 
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the needs of fossil energy technologies. Finally, t o  main ta in  an aware- 

ness of curren t  researeh needs, the program management and principal 

investigators in the &TI) Fossil Energy M a t e r i a l s  Program rOUtin@ly 

receive news bulletdns issued by the BES terials Science Program on 

va r ious  subjects such as welding, erosion, structural ceramics, and s u l f u r  

attack. We expect this program h plemantat ion plan to be: revised 

annually, and industrial and other  research organizations are invited to 

contrl. biite to f u t u r e  revisions. 

1.2 REFERENCES 

1. R. T. 'King and R. R. Judkins,  comps. ,  Fossit  Enem.@ Mat;srial!s 

Needs Asaosament, @RNL/TM--7232, July 1980. 

2,  U.S. DQE Energy Materials Coopdinatiny Committee (EMaCC) .4nnual 

Technical Report, Fiscal Y e m  1984 with Fiscal Year 1985 Clata, IKIE/ER-O241, 

July 1385. 



PART I1 

MATERIALS RESEARCH AND DEVELOPMENT NEEDS 

OF FOSSIL ENERGY TECHNOLOGIES 





1, COAL PREPARATION 

1.1. TECHNOLOGY STATUS AND MATERIALS NEEDS 

The recent increased emphasjs on the efficient and cost-effective 

combustion o f  coal and on the retrofitting of oil- and gas-fired boilers 

to burn pulverized coal car coal-liquid slurries has increased the impor- 

tance of proper cleaning and preparation of the feed coal. The perfor- 

mance and efficiency of t he  combustion facility depend strongly on coal. 

quality. The inorganlie mineral matter in the feed coal, which transforms 

and reacts during the combustlion process, can be found in both the coal 

s lag  and fly ash waste products. The resultant slag and ash generally 

have highly deleterious erosive and corrosive effects on the components of 

a combustion facility. The particular problems of erosion, corrosion, 

slagging, and fouling during combustion are discussed in more detail in 

Chap. 5, Combustion Systems. The presence of mineral matter a lso  

results in erosion of coal-handling and coal preparation equipment. These 

problems are most economically addressed with adequate coal-cleaning tech- 

niques t o  reduce the ash and sulfur levels. In addition to pulverized 

coal, coal-water slurrdes are becoming economically attractive as replace- 

ment fuels for o i l  or natural gas in conventional combustors. The coal- 

water slurries typically contatn 65 to 75% pulverized coal and 25 t o  35% 

water. An important factor i n  the preparation of such slurries is  the use 

of ultrafine, ultraclean coal,  and this need has resulted in the develop- 

ment of advanced physhcochemical cleaning =thods for the removal of ash 

and sulfur, TO produce coal-water slurries, the coal is ground 5 t o  LO 

times finer than conventional pulverized coal and cleaned to 1 to 3% 

ash content and 0.5 t o  1% sulfur content, Finally, public opinion on the 

questlon of acid raln, which may result from the combustion of high-sulfur 

coal, has increased the interest i n  advanced coal-cleaning techniques. 

The use of coal-water slurries may contsllbute t o  the reduction of sulfur 

oxides in the atmosphere in light of  the requirement for ultraclean coals 

for the slurries, This may In t u r n  reduce the amount of acfd rain from 

coal cornbustion. 



The p r i n c i p a l  objective O F  any mal p r e p a r a t i o n  preeess is  io remove 

the mlncra l  impurities 'iha methods c i i r ren t ly  used c o m e r e h l l y  are 

dex2ved largely from t h r  s e p a r a t i o n  of iinprrritliea based on t he  d i f f e r e n c e s  

I n  specific- gravity O F  the varioos coal constituenps These  are gelresally 

r e f e r r r d  t o  as gravdty  separatiozz pruc'en.;es and typically use mechanical 

separarors such as j i g s  tables, and cyclones.  Another comme~ilal m ~ t ' t z o d  

used i s  frot-ii f l o t a t i o n ,  xh ich  U S I C  the  d i f f p s e n c e s  i n  srr-rfnee p i = p e ~ t i e s  

of thc  zeal and its mineral m a ~ ! _ e w  t o  clean i-he coal phgqica l ly .  Phys ica l  

c l ean i r~g  o r  benef i c f a t i o n  exirracts the coarser  forms of ininera3 matter, 

imc-ll?id",ng pyrbtic s r i l fu r ;  hoacvcn, none of t h e  organic  sul fu r  PR renooved. 

As ths m a l  par;icle size decreases btlnw 0.5 mi, g r a v i t y  sepa.6ati01-i 

rplchinods are inpr fec tLve  i n  removing snff-icieznt quantities of milfur  airad 

luinenral i n p r i r i t i e s .  TechnPques t h a t  can be employed f o r  cleaning coal 

ThaL has b . ~ e i l  p t d - ~ t ? r l ~ t ? d  to fine OF U l t r a f l k W  parCicle Sj 

(1) s d e ~ t i v c  coales~ence, ( a )  ht?i%vy l i q u i d  cycloning> airad ( 3 )  f r o t h  

f 10 LatiQPr 1 

The materials probleas encountered w - l t h  gravity ~ p n r a t i o n  ppncesses 

are p r t m a r i l y  diie t o  e r o s i o n  o f  p i p e s ,  chutes, cyclones ,  and screens. The 

problems of e r o s i o n  and w e s r  i n  phyalccal coal p r e p a r s t i o n  systems ?rise 

essentfally froa t he  consti:.rieiits of thc coal. A high-ash coal, f o r  

e x d q l e ,  c o n t a i n i n g  s i g n i f l c n n t  qrrantit-ies of hard minera ls  ( e . % .  , quartz 
and chert) and o t h e ~  ino rgan ic  matter w i l l  be a n r e  e r o s i v ~  Lhan r d l l  a 

lsw-3sh coa l .  Pipe e ros ion  occurs  pr f inar i ly  i n  elbow Jocat lons,  and q u i t e  

o f t e n  t h e  simplest approach Lo ~ l i m i n a t l n g  tlie problem is t o  design and 

b u i l d  a f a e i l i t - y  on t he  h a ~ i s  of experi~aice,. A ~ P X R  subjeel. to excessive 

we.m are idenc- i f ied  i n  p r a c t i c e ,  and the fau l  I S  are mual ly -  overcome hy 

r e a m i n g  the erodczd area anal r d e s i g n i n g  tlntg e l b o v  LO i nc lude  a bl-ind tee. 

The b l i n d  tee I n l t i a l l y  catches the s o J i d s ,  which tlieil become thr fmpfnge- 

merit s u r f a c e ,  Chute w v ~ r  i s  minimierd through the use of armor plate 

(harJ~rzed s t e e l  surfaces). P r o t e c t i v e  coatings conJd poss ib ly  be 

developed and plasora sprayed oni o the critPc:aZ s u r f a c e s  of gravL.'ry separa- 

t i o n  cyc lones  t o  r&uce P . T ~ P S ~ V ~  w e a l  i n  tlwse d e v i c r s -  Screen W P R ~  occurs 

at thc a i L e  oE prodwe Impingemrnr , ,znd ogcr . i lo rs  :n in imlze  b t  by periodi- 

c a l  ly r o t a t i n g  rhe sc reen  locat-ions.  Sc ~ e e n  w a r  calk be SrzinaticaPly 



reduced by use of rubber-coated screens; however, these screens cost con- 

siderably more than uncoated screens. In addition, rubber coating of 

screens reduces their capacity. 

Theoretically, a high percentage of the ash and inorganic sulfur could 

be removed from the coal by physical cleaning methods; however, total sul- 

fur reduction is  limited by the Concentration of organic sulfur in the 

coal. To reduce the organic sulfur and, thereby, the total sulfur content 

beyond the levels possible with physical cleaning, chemical coal cleaning 

methods are employed. 

(fused salt process) and the General Electric Company (microwave process) 

are based on alkali displacement and have demonstrated the abllity to 

remove greater than 90% of the total sulfur from various coals. In addi- 

tion, an acid wash, which follows desulfurization, has been shown to 

remove about 95 to 98% of the ash in the coa1.l 

to these levels represents a significant step in mitigating acid rain 

through the reduction Of SO, missions from coal combustion. As a result 
of the increasing need for cleaner coals with the lowest possible ash and 

sulfur levels and their expanded use, more advanced chemical coal cleaning 

techniques are being developed. Because of the severity (corrosive fluids 

at high temperatures and pressures) of these advanced chemical cleaning 

techniques, materials selection is of utmost importance. We will follow 

the progress of research activities related to these advanced coal 

cleaning methods and will coordinate our research and development activb- 

ties with the Coal Preparation Program in the ROE Fossil Energy Office of 

Coal Utilization, Advanced Conversion, and Gasification to address iden- 

tified materials problems and to implement the appropriate efforts. 

The chemical coal cleaning methods developed by TRW 

Removal of ash and sulfur 

As discussed above, coal-water slurries are becoming attractive as 

replacement fuels for oil OK natural gas. In fact, the ease of handling 

slurries in the same fashion as that for Liquid fuels has resulted in 

slurries being considered as replacements for pulverized coal for com- 

bustion. Advanced cleaning techniques such as those mentioned above can 

produce ultrafine pulverized coals with about 1% ash. Ultrafine 

pulverized coals are extremely difficult to feed into the combustion zone 

in the dry state; consequently, the use of coal-water slurries (containing 
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ultraclean coal) will result in more efficient combustion. The principal 

materials problems o f  both slusry product-lon and slurry use arise from the 

often caustic nature of the chemical additives present in the slurries (to 

impede agglomeration) as w e l l  as from the erosive attack of the ash and 

other inorganic matter still present in the coal. Corrosion, erosion, and 

wear of slurry mixers, pumps, transport pipes, and feed systems for trans- 

port of the slurry, either during the production process or to the com- 

bustor, are materials problems that will continue to be addressed. The 

corrosive and erosive nature of the slurry due to entrained ash particles 

and hard minerals is accentuated by degradation processes within the 

slurry itself such as changes in viscosityp pH, and partfcle size, The 

latter problem arises when insufficient mixing allows the fndividual coal 

particles in the slurry to agglomerate. Research programs need to con- 

tinue to address the problem of erosive-corrosive attack of key coin- 

ponents of slurry production equipment if this technology fs to remain 

economically competitive with pulverized-coal use. 

A potential r i v a l  of conventional coal transportatton is the proposed 

use of slurry pipelines.293 

tation system are expected to be similar ts those experienced in slurry 

production processes. Pumps and mlxing systems will be needed at various 

positions o f  the pipeline to maintain the flow of a uniform unagglornerated 

slurry. Erosion and corrosion will need to be reduced through the choice 

of proper materials or the applicatFoia of coatings and claddings on con- 

ventional materials. Rescarch activities on mechanisms of corrosion and 

erosion will greatly assist the ability to address these materials 

problems satisfactorily. 

Erosion and wear problems for this transpor- 

In addition to the effects that: proper coal preparation will have on 

either pulverized-coal-fired or coal-slurry-flred combustion systems, the 

substantial reduction or the virtual elimination of ash, sulfur, and 

chlorine I n  the feedstock f o ~  coal conversion systems would dramatically 

ternper the materials technology needs f o r  these systems. These systems 

are discussed in Chap. 2, Coal Liquefaction, and in Chap. 3,  Coal 

ea si f P ca t 1 o 11. 
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In summary, moat of the materfals problems of coal preparation are 

due to corrosion, erosi.on, and wear. These materials problems and needs 

will continue to be assessed by the AR&m Fossil Energy Materials Program 

to understand better the corrosion and erosfon problems and to identify 

the  research needed to solve these problems. The results from a number a€ 

projects on the AR&TD Fossil Energy Materials Program, which address 

problems of erosion and corrosion in coal preparation [UND-3(A)], coal 

liquefaction [BCL-3, LBL-3, and MaS-3(A)], and coal combustfon [OlWL-3(C), 

UCIN-3,  and UND-31 environments, are expected to contribute signiflcantly 

to understanding erosion and corrosion mechanisms that occur in coal pre- 

paration systems. Furthermore, we will coordinate our efforts wPth the 

research supported by the Coal Preparation Program of the DOE Fossil 

Energy Office oE Coal Utilization, Advanced Conversion, and Gasification 

to ensure that the research projects initiated by the AR&TD Fossil Energy 

Materials Program are consistent with the current materials needs of this 

technology . 
1.2 REFERENCES 

1. Coal. Preparntion Surnaqj P m c p a m  Plan, Department of Energy 

Fossil Energy Offlce o f  Coal Utilization, Advanced Conversion, and 

Gasification, February 1984.  

2. ''Who Will Hove the CoalS'' Mix. Eng. (N.Y.) 29(10), 49-50 

(October 1977). 

3. T. C. Aude, T. E., Thompson, and E. J.  Wasp, "Slurry-Pipeline 

System for Coal, Other Solids Come of Age," O i l  Gas J.  73(29),  6672 

(July 21, 1975). 





19 

2. COAL LIQUEFACTION 

2.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

For several years direct coal liquefaction processes have been under 

development by prtvate industry with support from WE. These development 

activities have included the operatfon of four major pilot plants: the 

SRC-I plant in Wilsonville, Alabama (1974-present); the SRC-IZ/T. plant tn 

Fort Lewis, Washington (1974-1981); the Exxon Donor Solvent plant in 

Baytown, Texas (19804982); and the H-Coal plant in Catlettsburg, Kentucky 

(198&1982). Only the Wilsonville plant remains in operatton. The prin- 

cipal processes were described in a previous program plan.' Although the 

processes differ in detail, similar systems may be considered for iden- 

tifying materials research and development needs. For this discussion, 

the direct liquefaction processes will be divided into the following major 

process areas: coal and slurry preparation, preheater and reactor system, 

pressure letdown and separation system, and fractionation system. 

The research and development program described here is based almost 

entirely on the needs of direct coal liquefaction plants o f  the types men- 

tioned above. Future activities should focus on the materials needs of 

advanced processes, which are currently at a bench-scale level of develop- 

ment. Many of our current projects and planned activities are appropriate 

f o r  advanced processes. These include the areas o f  erosion, corrosion, 

and erosion-corrosion. Our present pressure vessel materials projects are 

being phased out and will be replaced, if needed, by projects addressing 

pressure vessels appropriate f o r  advanced processes. Thus, as our plans 

suggest, research and development in these areas will be continued. The 

research and development activities for coal liquefaction that we have 

identified are discussed in Part 111 o f  this Plan. 

2.1.1 Coal and Slurry Preparation System 

The materials problems in the slurry preparation system of liquefac- 

tion process development units (PDUs)  and pilot plants are fairly well 

understood: wear, erosion, and corrosion have been the main problems in 

the various components. Tn recent years, however, several changes have 
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been introduced i n t o  component des igns ,  materials se lec . t ton ,  and process  

stream flow CharaCteKiStiCS. It i s  no t  a l t o g e t h e r  c e r t a i n  t h a t  a l l  t h e  

materials technology now maturing around p i l o t  p l a n t  experience can be 

extended t o  l a r g e r  scale p l a n t s  without soiiie degree o f  t r i a l  and e r r o r .  

Some materials s u h s t i t u t i . o n s  can a l s o  be expected. Strong tough a l l o y s  

a re  needed f o r  coal-crushing equipment. Wear can be reduced by hardEacing 

c r i t j -ca l  areas. S e l e c t i o n  of e r o s i o n - r e s t s t a n t  p ip ing  m a t e r i a l s  i n  t h e  

s1urry p r e p a r a t i o n  system i s  not  a s i g n i f i c a n t  problem I f  t h e  des ign ,  

s i z i n g ,  and c o n s t r u c t i o n  are adequate.  Erosion-corrosion problems may 

i n c r e a s e  w i t h  Increas ing  s l u r r y  mixing temperatures.  Pump and valve 

d e s i g n s  are  c r i t i c a l ,  and new hardfac ing  a l l o y s  w i l l  be needed i n  these 

eomporzents t o  ach ieve  satisfactory l i f e .  P ip ing  and v e s s e l  rna t e r t a l s  t h a t  

ho ld  t h e  r e c y c l e  s l u r r y  m n s t  be s e l e c t e d  t o  accommodate the e r o s i v e  and 

c o r r o s i v e  speetes t h a t  wL1.l be p r e s e n t ,  such as c o a l  a sh ,  HzS, and 

c h l o r i d e s .  L in ing  of cri t ical .  vesse1.s w i l l  be necessary in many cases. 

S p e c i f i c  e r o s i o n  areas m e d i n g  a t t e n t i o n  inc lude  s t u d i e s  a t  Power 

p a r t i c l e  v e l o c i t i e s  (0 .9 -4  m / s )  an a l t e r n a t i v e  materials and on l iqudd 

carr-lers typl.ca1 of t h e  slurrles a c t u a l l y  present .  Chemical effects of 

coa l  l i q u i d s  have s c a r c e l y  been addressed. E f f e c t s  of r e a c t i o n  products  

have been determined f o r  O n l y  simple oxide f i l m s  t o  d a t e .  Development of 

improved hardfac ing  rnatesia1.s and c o a t i n g s  and methods sf applying t h e s e  

ma te r i a l s  as l i n e r s  are needed t o  extend s l u r r y  pump I - i f e .  The use o f  

i n s e r t s ,  l i n e r s ,  and coat ings of erosion-resis tant :  materials of compatible 

thermal  expansion c h a r a c t e r i s t i c s  t o  s l u r r y  pump c o n s t r u c t i o n  materials 

needs t o  he explored. Addi t iona l  e f f o r t  i s  r e q u i r e d  t o  c h a r a c t e r i z e  and 

understand the corubined e f f e c t s  of m e c h a n ~ ~ a l  wear and cor ros ion .  

Nondes t ruc t ive  t e s t i n g  methods such as u l t r a s o n i c  t e s t i n g  and eddy- 

c u r r e n t  techniques f o r  t h i c k n e s s  de te rmina t ion  and u l t l r a s sn ic  and i n f  rased  

techwiques t~ confirm bonding i n t e g r i t y  should be i n v e s t i g a t e d  and 

developed for hardfac ing  I n  pumps, v a l v e s ,  and o t h e r  components subjec ted  

t o  e ros ion .  

2.2.2 P r e h e a t e r  and Reactor System -____ --____i_ 

The h igh-pressure  h igh- tempera tur~  hydrogenation s e c t i o n  of coal 

1 i q u e f a c t i o n  p l a n t s  p r e s e n t s  many probl elus f rom a n  economic and r e l i a b i l -  

i t y  p o t n t  of vPrw. The p r e h e a t e r  c o i l s ,  d i s s o l v e r ,  and h i g k p r e s s r i r e  
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separators will be designed to the rules of the ASME IbiZer arzd f i e s s ~ l r ) ~  

Vessel Code, and the desfgns will incorporate sections o f  the American 

Petroleum Institiate (APT) codes where needed. Considerations that m u s t  be 

addressed in the design of these systems include pressure, temperature, 

Fabrication techniques, welding procedures, steel composition, temperatare 

cycling, and part-lal pressures nf hydrogen and hydrogen sulfide. 

Potential failure modes that are addressed during materids selection 

include aging embrittlemeat, hydrogen attack, hydrogen embrittlemenat., 

sulfidation, erosion, stress rupture, creep-fatigue, chloride attack, 

pol.ythionic acid attack, naphrhenie acid attack, stress corros ion  

cracking, thermal fatigue, and dissimilar-metal weld cracking. 

The technology for the design and fabrication of these vessels will 

be baaed on the demonstrated rechnologles used f o r  fabricathon of vessels 

for high-temperature high-pressure applications in hydrogen-hydrocarbon 

service in the petroleum refining and chemical industries. However, we 

expect the demonstration and commercial plants to require extensions of 

existing technology to larger vessels and possibly higher operating tem- 

peratures, and there may be problems with such extenstons. For example, 

there is no existing deskgn methodology in the public sector that provides 

for fatigue, creep-fatigue, erack growth, or thermal ratchetting at tem- 

peratures above 3 J O * C .  L o g i e s l l y ,  it will be the responsibility o f  the 

coal conversion projects to develop an adequate design methodology and 

data base. The recent de-emphasis of coal liquefaction projects has ended 

work in these areas. In the absence of such projects, approaches to 

design problems must be anticipated In order to structure meaningful 

research programs in the materials area. 

The pressure vessels envisioned for the demonstration and near-term 

camrmereial coal lfquefaction plants are large. Recent designs call f o r  

pressure vessels 3 to 4 m i n  diameter and 20 to 25 m in height, with a 

wall thickness of 8 . 3  t o  0.4 m. The w a l l  thickness will be the maximum 

for which the steelmaker can obta in  the  specified properties (usually 

measured at quarter thickness) in the selected steel. Vessel s i z e s  would 

be the maximum that can be shop fabricated and transported to the pHatat 

site. Fabrication requirements hinge critically on the size o f  the reac- 

tlon pressure vessel.  Railroad transportation limits vessels to a 
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diameter  o f  4 . 3  rn, a mass 3f 775 HE$ and a maxiiuaam l e n g t h  of about 30 m. 

Vesacrls larger :ban the above s i z e s  would r e q u i r e  either p l a n t  siting near 

a naotgablp w s t ~ e - m y  or  f i e l d  f a b r i s a t  inn.? 

In addli t ion to I lrt. problems i nhesent in th: rk-sec t ion  hea t - t rea ted  

s ~ e e ? s ,  processes are requi red  co produce sound welds r a p i d l y  i n  any 

or3encatPon on a vessr\J t h a t  cannot he moved. Convrnt ional  p r a c t i c e  i s  

submerged a r c  welding (SAniS), which is highly an tomated  and e f f i c i e n t  but 

i s  p,eneraPly iisable only i n  t i l e  f l a t  pes i t ?on .  Processes i h a t  w d P l  give 

h i g h  d e p o s i t i o n  rates of high-qi ia l i  t y welds i n  the field and that do nnt- 

reqnirt? the f l a t  p o s i t i o n  aie being developed by i n d u s t r y  f o r  heavy-wall 

v e:;sePs i n  the p e t r o l e m i  t n d u s t r y  . Scrersl  different welding methods 

o f f  CT poi e n t l  a l  advantages. Exampl es are 

1. mrmv-groove variants of gas metal arc welding and koe: wire-filler 

gas tungsten arc k7eldlng, 

2. C I C ? C I  ron  beam w l d i n g S  

3 .  rlertroslag w c l d i n g ,  and 

A ,  a d a p t a t i o n  of SAW t o  vgrtical and h o r i z o n t a l  we lds .  

Any process  used must have been q u a l i f i e d  s u f f i c i e n t l y  t o  s a t i s f y  

appropri a r e  code and regulatory corninittees t h a t  Lhe mechanical properties 

n f  € u s i o n  zone9 heat-affectpd zone, and base metal vi11 meet o r  exceed 

s p e c i f i c  m i  itimilirr valucs  a f t e r  a l l  ve ld ing  and heat t reatrnent . 
S a t i s f y i n g  codn cornnittees ( i n  p a r t i c u l a r ,  the  ASME Boiler and 

Pressare Vessel Cude, sects.  V I P I  and IX) ( r e f .  3) vi11 s q u i r e  more tlian 

a s i n g l e  n e t  of t c s t s  on a sPngle wcld .  The welding process w i t h  

spec-l f t e d  ra.=;,gf?? of t he  welding pausmeters and heat ireatuirnt must be 

showfi t o  g i v e  c o n s i s t m t  meshmnlcal p r o p e r t i e s  a t  leash as good as 

spec i  Ffed values. I d e a l l y ,  t h e s e  m i n i m u m  p r o p ~ r ~ t e s  should br those of 

the basc r n ~ t - ~ i l  being jo ined;  i f  those  f o r  t h2  W ~ ~ ~ K E T I ~  are l ower ,  

c n tas fde rab l r  a d . n i n i s t r a t i v g  and technical romplicatians c a n  ensue in 

6etcra~rzi i ig  design rul es Tor the wehdrrr.-iit a'* 

O f  the sc?vc:-.i,l p o s s i b i l i t i e s  f o r  coal  conversion vessel material, 

t h e  iiiost oLrcLti;l selected i s  ASTM A 387, grdde 22, class 2 (2.25Cr--1No 

s tee l )  B 5  tallith has be tker  resistance t o  i l ~ d r O g C A  s t t . i ck  t h a n  have lower 



23 

alloy steels. In thick sections (about 0.2 m and greater) quenching and 

tempering are required to achFeve class 2 mechanical properties. Where 

some hydrogen resistance can be sacrificed in favor of strength, 

ASTM A 543,  type B ,  class 1 (3.5Ni-1.75Cr-0.5Mo), which is also quenched 

and tempered, is a possible alternatlve for vessels that operate at lower 

temperatures such as 371°C or less. 

In any quenched and tempered alloy steel, tensile properties and 

toughness may vary through the thickness because of differences in cooling 

rate. If so,  the properties of the steel will vary both with plate 

thickness and with the position in the plate from which the specimen is 

taken. The relationship between cooling rate (and, implicitly, position) 

and mechanical properties of each steel used must be determined as part 

of its characterizatfon. Fracture toughness analysts must be part of the 

characterization of a candidate material for service, and fracture analy- 

sis must be part of the evaluation of any proposed pressure vessel design. 

One of the more ubiquitous chemical species in any coal conversion 

system is hydrogen. In some systems it occurs at pressures of tens of 

megapascals and temperatures of several hundred degrees Celsius. Under 

these conditions hydrogen interacts strongly with ferritic steels to the 

detriment of their fitness €or service at both high temperature (hydrogen 

attack) and low temperature (hydrogen embrittlement). 

Hydrogen attack, a high-temperature process, occurs as carbon in the 

steel reacts with hydrogen to form methane. Near the surface, carbon dif- 

fuses to the surface, leading to decarburization and loss of strength. 

Internally, methane forms bubbles at nucleation sites; both decarburiza- 

tion and bubble growth by creep under methane pressure degrade mechanical 

properties. The petroleum industry has had to deal wtth the problem for 

several years. It uses Nelson curves, which show boundaries of hydrogen 

attack in temperature versus partial pressure of hydrogen coordinates, as 

its principal tool. For each steel composition, a Nelson curve shows com- 

binations of temperature and hydrogen partjlal pressure below which hydro- 

gen attack has not been found to occur. Although the Nelson curves have 

been very useful over the years, they have lirmjltations. They are empiri- 

cal, and a lack of fundamental understanding makes them difficult: to 

modify for new situations. They are based on environments that occur fn 
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petroleum process ing .  The response  of s t e e l s  t o  eqixal hydrogen pa r t i a l .  

p r e s s u r e s  when o t h e r  s p e c i e s  are p resen t  i s  unknown and may d i f f e r .  The 

Nelson curves  take no account of prlor hlstory such as forming, f ab r i ca -  

t i o n ,  welding, and h e a t  Lreatment o r  s e r v i c e  stress, which a f f e c t  t h e  

d i s t r i b u t i o n  of carbon o r  stress i n  t h e  s tee l .  These curves  should no t  be 

used f o r  s i t u a t i o n s  wherein stresses exceed t h e  stress a l lowab les  i n  t h e  

code 

Sfngle-stage des igns  of d i r e s t  c o a l  l i q u e f a c t i o n  processes  s p e c i f y  

p r e s s u r e s  of about 7 t o  21. MPa and tempera tures  of about 425 t o  455°C. 

Some process  deve lopers  have i n d i c a t e d  a need t o  go t o  ewen h igher  

p r e s s u r e s  and/or  tempera tures  t o  improve product d i s t r i b u t i o n ,  and o t h e r  

developments have focused on two-stage l i q u e f a c t i o n ,  i n  which lower t e m -  

p e r a t u r e s  and p res su res  are employed. Rheinische Braunkohlenwerke A6 i n  

t h e  Fede ra l  Republic of Germany i s  developi.ng a d i rec t  l i q u e f a c t i o n  pro- 

ce33 t o  ope ra t e  a t  460°C and 31 1@a. Changes i n  m a t e r i a l s  requirements 

r e s u l t i n g  from more severe ope ra t ing  cond i t ions  should be i d e n t l f i e d ,  and 

a p p r o p r i a t e  materials development vork should be i n f t l a t e d .  For exaiaple 

a s u b s t i t u t e  f o r  t h e  c u r r e n t  materials choice  f0-r d i s s o l v e r  v e s s e l s  

(2.25Cr-1Mo s tee l )  would be needed t o  provide adequate r e s i s t a n c e  t o  

hydrogen a t t a c k  under  t h e s e  cond i t ions .  S u b s t a t u t e s  being considered f o r  

these a p p l l c a t i o n s  are a fami ly  of 3Cr-140 a l l o y s .  A cons ide rab le  amount 

o f  in format ion  on t h e  3CP."-.Mo a l l o y s  has been developed on t h i s  prograin 

and on the  PXIE F o s s i l  Energy Surface  G a s i f i c a t i o n  M a t e r i a l s  

The h ighe r  chromium con ten t  -Lncreases the  hydrogen a t t a c k  r e s i s t a n c e ,  and 

a quench and temper heat t rea tment  provides  adequate s t r e n g t h  f o r  t h e  

s teel .  Several of t h e s e  a l l o y s  o f f e r  promise f o r  l i q u e f a c t i o n ,  g a s i f l c a -  

t f o n ,  and petroehemica1 v e s s e l  a p p l i c a t i o n s  .) 

I n  t h e  domestic development of two-stage l i q u e f a c t i o n  p rocesses ,  less 

s e v e r e  cond i t ione  are l i k e l y  to p r e v a i l  t h a n  i n  c u r r e n t  single-stisge pro- 

cesses. Also,  r e s idence  t i m e s  may be decreased from 1 h or  more t o  about 

20  min. Thus, smaller d i s s o l v e r  v e s s e l s  o f  a v a i l a b l e  grades of s tee l  

would be a p p r o p r i a t e .  

At ambient tempera tures  a s t ee l  t h a t  has a c r i t l c a l  tiydrogen con ten t  

o r  t h a t  i s  tested i n  a hydrogen environn~ent d i s p l a y s  a 3.0~;s i n  toughness, 

c a l l e d  hydrogen embr i t t l ement  . Although this I s  a d i f f e r e n t  phenomenon 
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from hydrogen attack, It may be produced by the same environmental expo-  

sureo The greatest decrease in toughness lis likely to occur in a steel 

that has been exposed to hydrogen at a high temperature and cooled too 

fast for the hydrogen to diffuse out. In addition, a steel held at an 

elevated temperature in any atmosphere for an extended period and then 

cooled to toom temperature may display temper embrittlement, which is also 

a loss of toughness. Hydrogen embrittlement and temper embrittlement have 

separate causes but sirnflar effects, Hydrogen embrittlement i s  more 

likely in high-yield-stress materials and is promoted by high stresses. 

Close coordination must be: maintained between fabrication research and 

hydrogen interaction studies. 

Fracture prevention in either monolithic or multilayered large 

pressure vessels for coal conversion may require more advanced experi- 

mental and analytical technfques than are in common use today, Such tech- 

niques either exist or are under development for nuclear reactor pressure 

vessel applications, but they are not generally used in pressure vessels 

designed to Sect, VIII, EHv. 1 or  2, of the ASME Boiler and Pressure 

Vessel Code. 

for undertaking design for fracture prevention requires examination. The 

design methodology requires characterization of the response to the stress 

state at a crack tip of a materia7 and analysis of its structures and 

parts to predict that stress state. The materials tests, such as those of 

ASTM Standard Method E 399 and the precracked Charpy slow bend test, 

generally consist of loading a special precracked specimen and observing 

crack propagation by various means. Related fatigue tests are also use- 

ful. Data from these newer testing methods are more readily related to 

design and are more appro-priate to sections thicker than about 45 mm. 

Although experience with smaller vessels has been excellent, the 

larger vessels planned far demonstration and commercial plants have no 

long-time service experience on which to develop reliable design criteria 

to supplement the rules in Sect. VIIX, Dive 1 or 2, of the ASME %4.Zer and 

Pmssure Vessel Code. Xt seems likely that design-by-analysis procedures 

will be needed to produce credible safety analyses for the large vessels. 

To implement these procedares, materials design data are needed from 370 

The reason is primarily an economic one, and justifleation 
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t o  5 4 0 ° C .  S p z c i f i c  d a t a  i n c l u d e  isochronous s t r e s s - s t r a i n  ciirves, re lax-  

a t i o n  response, s t r e s s - r u p t u r e  s t r e n g t h  t o  105 II, fat igue,  ana creep- 

f a t l g u e  des lgn  curves  f o r  the m a t e r i a l s  of c o n s t r u c t i o n .  

Research on t h e  r e l a t i o n s h i p s  of mechanical proper t - les  t o  a l l o y  com- 

p o s i t i o n  and s t r iw tu re ,  envtronm~nt, and stress s t a t e  should i n i t i a l l y  

a d d r e s s  t h e  classes of materials t h a t  arc-) c u r r e n t l y  a v a i l a b l e  and that. 

vi11 be used i n  f i r s t - g e n e r a t i o n  p l a n t s .  Onc type  of task, for example, 

could u~ie t h e  most advanced m i c r o a n a l y t f c a l  techniques t o  determine t h e  

reasons  f o r  v a r i a b i l i t y  from hea t  t o  h e a t  and to develop t h e  methods f o r  

opt1“rcaizing me::hzw-lcal p r o p e r t i e s  and c o r r o s i o n  resistance by c o n t r o l  of 

t’m- m i c r o s t r u c t u r e .  F U T L ~ P ~ .  constitutive r e l a t i o n s h i p s ,  

environmental  effects on crack  i n - i t i a t i o n  and propagat ion,  and phase ska- 

b i l i r y  w i l l  gTvc conFidence I n  cur a b i l f t y  t o  p r e d i c t  long-term service 

pcrZormanee. 

Basic  s t u d i e s  on t h e  mechanlsrns of a t t a c k  by c o a l - d e r i v e d  l i q u l d f ;  

s h o o l d  form t h e  f raninwork f o r  l i f e t i m e  p r e d i c t i o n s  and f o r  designing 

improvt?.d d a d d i n g  o r  s t r u c t u r a l  materials. Topics inc lude ,  for example, 

a t r a c k  by t y p i c a l  o rzanic  l iqu-lds;  the  r o l e  of S ,  c h l o r i d e ,  and N i n  such 

a t t a c k ;  the t r a n s p o r t  of C1, S ,  Pe, N i ,  and Cr i n  s u l f i d e  c o r r o s i o n  prod- 

u c t s  at 200 t o  300°C; and t h e  cornplexing o €  P e ,  N i ,  and C r  i n  su l fona ted  

hydrocarbons.  

We1 ded c ~ ~ ~ ~ ~ ~ u ~ f l - ~ ~ ~ y ~ ~ ~ n ~ ~  steel  s need postweld heat t rea tment  proce- 

diirt.8 t h a t  do ne t  lower mechanical p r o p e r t t e s  below a c c e p t a b l e  l i m i t s .  

‘ iemperaturcs o f  sgmc postweld h e a t  treatuiehats dur Ing f a b s i  c a t i o n  corild 

p o s s i b l y  he reduced ~ i t h o u t  loss of i n t e g r i t y  and produce steels with  

increased s t r e n g t h s .  Prog~ilrr~s such as those sponsored hy The Metal 

P a o y e ~ t i c s  C o u ~ i e i l  f o r  APH at”(’ aimed a t  improving the  heat t reatment  pro- 

cedure  and w l  11 e s t a b l i s h  the i n f l u e n c e  ~f posrweld heat  t reatment  con- 

d i t i o n s  on r e s i d u a l  stresses and marerial p r o p e r t i e s .  A determina t ion  o f  

t h e  prrmlssib19 lar iEu& of these condi t fons  ~ 3 1 1  EOZPOW f r o m  t h i s .  

Envir-onrneietal i n t e r a c t i o n  w i ~ h  w c l d m ~ n t s  mainly means hydrogen a t t a c k  

and m h r i t t l e l a t n L .  T h i s  conccrn conld be pu& I n t o  t h e  hydrogen a t t a c k  

caLtpy,ary, but i t  c r i t i c a l l y  needs t o  be addressed,  A l l  p rocesses  w i l l  

z p q u f r e  data i n  t h i s  f l e l d ,  and an esperlmPKtal program t o  I n v e s t i g a t e  the 

P i f e - t S  of hydrogen a t t a c k  and ewbri t t lement  on w e l d m e n t s  m u s t  be cont inued.  



27 

If demonstration or comerercial plants are built, various types of 

dfssimilar-metal joints w i l l  be required. Each desfgn wi.11 probably have 

sonte critical dissimilar-metal joints. This ongoing problem should be 

dealt with by a conttnuing effort; nondestructive techniques such as 

ultrasonic testing are needed for inspection of dissiaifar-metal ;joints. 

Multilayer vessels may offer solutions to sone of the miterials 

problems with thfck-wall vessels. Multffayer vessels affer several fabri- 

cation advantages and have been used In numerous petrochemical appli- 

cations. However, the combination of pressares, teaperaeurcs, sizes, w a l l  

thicknesses, and nozzle penetrations needed for coal liquefaction dis-  

solver vessels represents a technological extensloa w e l l  beyond current 

experience, If rnultfLlayer vessels are considered, design methodology, 

nondestructlve testing (PJDT) technology far fabricattun exadnation, and 

in-service inspection procedures must be developed. 

The necessity for field-fabricated vessels will raise an attendant 

need for field-applicable MYT; ultsasoaie and field radiographic tech- 

niques should be investigated and developed as necessary. ESondestructive 

techniques should be developed €or evaluation of weld overlay cladding. 

Eddy-current and ultrasonic methods for thickness determination and ultra- 

sonic methods for bonding and undercracking inspection are l ike ly  

candidates. 

2.1 .3  Pressure Letdawn and Separation Spstea 

Materials problems in the pressure letdown and separation area 

include both erosion and corrosion. 

the: pressure letdown valves, for which selection of appropriate c r h  

rnaterfal has been difficult. To date,  comercialfy available mslaterfals 

that have shown the best perfamanee in letdown valves are cmented 

tungsten carbides with cobalt or cobalt-chrmiw binders-  The PDUs and 

pilot plants have reported sfgntficant variations in the perfoxmaace of a 

given grade or type f x m  B given manufacturer. I n  addition KQ the bask 

materials linitations, the standard trim component desfgns for all avail- 

able conrmereial l e t d m  valves have proved inadequate for the extreme 

service conditions in processes for the direct. liquefaction of coal. In 

general, design am3 coatpaeenf: assetably process revisions b y e  been made by 

each PDU and p i l o t  plans to modify its slzes and types of valves to 

improve their reliability. To date, su& specific mdifkat ions  have h e n  

Erosion fs especially a probles in 
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reasonably  s u c c e s s f u l  i n  that t he  p i l o t  p l a n t s  h a ~ e  been able. t o  improve 

letdown va lve  performance t o  thta po in t  that process development could 

proceed. The maximum service l i f e  achieved f o r  letdown va lve  t r i m  has 

been s e v e r a l  thousand hours a t  t h e  l d i l s o n v i l l e  Advanced Coal L ique fac t ion  

Research and l?evelopment F a c i l i t y ,  bu t  i n  most rases t h e  s e r v i c e  l i f e  was 

l i m i t e d  t o  300 t o  LOO h. Of t he  two l a r g e r  p i l o t  p l a n t s  t h a t  have 

o p e r a t e d ,  t h e  11-Coal P i l o t  P l a n t  a t  C a t l e t t s b u r g ,  Kentucky, experienced 

s e r i o u s  va lve  problems, bu t  the Exxon Coal Lique fae t ion  P l a n t  a t  Baytown, 

Texas, completed ope ra t ions  w l t h  no s e r i o u s  letdown va lve  f a i l u r e s .  

Deslred l i f e  between. r equ i r ed  maintenance o r  replacement is about one year 

o f  o p e r a t i o n ,  o r  8000 to 10,000 11. 

Corros ion  observed i n  Llie s e p a r a t i o n  system has coas i s t ed  prirnar t l y  

o f  stress c o r r o s i o n  crackfng, both c h l o r i d e  induced and po ly th ion ic  a c i d  

caused. T h e  c racking  has o f t e n  heen observed i n  t h e  hea t - a f f ec t ed  zone 

around welds but  a l s o  was found P a  t h e  c ladding  i n  s e p a r a t i o n  v e s s e l s  at 

t h e  F o r t  L e w i s ,  Washington, Solvent  Refined Coal Pilot Plant. 

Eros ion  due t o  the handl ing  of coal upstream from the reactor and ash 

s o l i d s  downstream was a n t i c l p a t e d  as a major inaterials problem i n  so lvent  

r e f i n e d  coal (SRC) p i l o t  p l a n t s ,  and experlence I n  t h e s e  plants has borne 

o u t  the adverse  e f f e c t s  of r r o s l o n  on t l~r a p e r a t t o n  of pumps and letdown 

v a l v e s  i n  t h e s e  processes. P r o j e c t s  t o  opt imize  materials s e l e c t i o n s  f o r  

t h e s o  a p p l i e a t l o n s  are needed. 

Letdown va lve  t r i m  f a i l u r e s  a t  t h e  He-Coal P i l o t  Plant i n d i c a t e  a need 

f o r  va lve  trim e v a l u a t i o n  and fabrication pzograms. Erosion i s  a poten- 

t i a l  problem i n  the vaciiussi d i s t i l l a t i o n  units and i n  the i n i t i a l  atrnos- 

p h e r i c  d i s t i l l a t i o n  u n i t s  of the Exxnn Donor S ~ Z v e n t  and SKC-I1  systems. 

S p e c i f i c  material.; problmns i n  t h e  s e p a r a t i o n s  systems i nvo lv ing  both 

l i qu id -gas  and so l id - l iq i i i d  separattons a r e  not well def ined .  Both 

c o r r o s i o n  and e r o s i c n ~ c o r r o s i o n ,  as well as gas phase c o r r o s i o n ,  have been 

observed i n  p l l o t  p l a n t  l i q u i d  ope ra t ions .  S p e c i f i c  matertals problems 

are being assessed a g a i n s t  petrole~irn i n d u s t r y  exper ience  to determine i f  

a d d i t i o n a l  m a t e r i a l s  p r o j e c t s  are needed. 

2.1.4 F r a c t i o n a t t o n  System .....I..._I ___ 

M a t e r i a l s  cons idera t i -ons  f o r  the f r a c t i o n a t i o n  area of coal l i que fac -  

t i o n  systems are s i m p l i f i e d  by the absence O F  s o l i d s  i n  m o s t  of t h e  l i q u i d  
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streams, thus avoiding an. erosion p r o b l a .  Furthermore, process designers 

thought that the liquids being handled were similar emugh to those in 

petroleum refineries that the technology associated with reffnery operation 

would be sufficfent EO handle any problems encmntered, Unfortunately, 

in the t W 0  SRC p i l o t  p h l l t s ,  the f i - C O d  P ' f l O t  P l a n t  and t h e  EXXOa Coal 

Liquefaction PPlot Plant,  severe ccrrroaion was observed, which was 

explained by petrolem refinery technology. The =st severe corrosion was 

found in the 220 to 260"C range in fracrionatfun cofumns used to separate 

the f i l ter  wash solvent  frcvm a heavier l i q u i d  smtetiares used as the 

recycle solvent. The corrosion is characterized by selective r m a v a l  of 

iron from exposed alPoys and formation of a sulfide scale. The severity 

of corrosion is proportional to the  chlorine content of the  coal feed, and 

maechanisms far chlorine transport, concentration fn the cdumns, and 

corrosion of the coluams have been developed. "he folmatfon of corrosive 

species and their transport as w e l l  as the corrosfoa process have been 

explained and duplicated in laboratory simulations. Peetholds for ccrntrol 

of the fractionator corrasfon were proposed and tested un a limited basis 

in pilot plant operatfon. This completed activity was highly successful. 

The O W L  activity was cclmpllmwnted greatly by activities at  the Southwest 

Research Institute (an ARdTD project funded through "he Metal Properties 

Cauncil, Xnc.), the Tnstftarte of M2ning and Minerals Research of the 

University 0;f Kentucky, the International Coal IEefirting Company, and 

the caal liquefactfon pilot plants. On the basfs of the results of these 

activitfes, plant designers should now be able tu incorporate and test. 

various control measures in plant  systems. 
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3. COAL GASIFICATION 

3.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

The several coal gasification processes currently under development 

for use in the United States were described in the program plan for 

FY 1981 (ref. 1). Although these processes differ considerably in detail 

and mode of operation, many features or process areas are common. 

Throughout this section, reference is made to low-, medium-, and high-Btu 

gas. Low-Btu (3-5 MJ/m3) gas is made by gasifying coal with aPr and 

steam. 

oxygen and steam. 

methanation of the CO and H;! in medium-Btltu gas. In the discussions that 

follow, the gasification systems are divided into several c m o n  process 

areas, namely, coal preparation and feed systems, gasification pressure 

vessels, refractories for gasifiers, metal gasifier internals, gasifier 

heat exchangers, and gas cleanup and shift converter. 

To produce medium-Btu gas (20-20 MJ/m3) ,  coal is gasified with 

High-Btu (40 MJ/m3) gas is produced by the catalytic 

3.1.1 Coal Preparation and Feed Systems 

Coal is fed into gasifiers as either a dry solid or a slurry d t h  

water or other liquid. Depending on the coal conversion process, several 

stages may be necessary to prepare the coal for injection. The equipment 

used in these stages includes storage hoppers; transport lines; pretreat- 

ment vessels; lock-hopper systems; and coal slurry feed systems, including 

slurry pumps, slurry feed lines, and slvrry driers. Most of these com- 

ponents are exposed to fairly l o w  temperatures (<lOO"C) and to benign 

environments typically consisting of slurries mixed with water, oil, or 

inert gases at pressures up to 10 MPa. However, some components encounter 

severe service conditions. For example, mild oxidation of coal. to destroy 

its caking qualities is carried out in vessels heated to as high as 425°C 

in an oxygen atmosphere, and parts of the lock-hopper valve system that 

are close to the gasification reactors may be subjected to temperatures up 

to 425°C and pressures up to 11 MBa. The. pretreatment unit generally con- 

sists of a vessel wirh a thermocouple assembly. The normal operating con- 

ditions for the unit are temperature, 400 to 425°C; pressure, atmospheric; 
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reactanfs, coal, steam, and either air or 0 2 ;  and environment, gas 

containing CnH2n+7_, H 2 ,  CO, M2, N20, and C02, with some H2S. Even at 

these more severe conditions, materials-related p - r ~ b l e i o ~  are not expected 

under normal operating conditions. Materials now in use in pilot plants 

appear t o  be adequate; refractory-lined carbon steel shells should be 

suitable for commercial application up to 425'C. 

P l a n t ,  a type 304 stainless steel (ASTI4 A 317) pretreatment vessel was in 

use at up to 650°C. 

T i l  the Mygas Pilot 

In some gasifiers, particularly high-pressure entrained-flow gasi- 

fiers, the char feed burner nozz le  is exposed to high-temperature, high- 

velocity, erosive, and corrosive envirorments and is subject to thermal 

fatigue, which can be critical to performance, 

The major materials-related problems with l.ock-hopper valves are 

abrasion arid erosion of the balls and seats, which result in the inability 

to seal against the pressurized f eed .  Erosion is caused by impingement of 

solids passing through the open valve and by leakage across Lhe sealing 

elements after the valve has been closed and a pressure differenttal 

created .2-4 mtarials research p~isgrams need to be strengthened For 

development of valves having satisfactory 'Eifettmes at temperatures above 

429OC under conditions o f  erosive and abrasive w a r .  

Hoppers made of carbon steel appear to be qu€te adequate. Hardfaced 

stainless steels may be used to l i ne  carbon steel. construction to improve 

wear resfstance. The ixse of materials such as S t c l Z i t e  3,  StePljte 6B (a 

Cr-Ni-R-Cs alloy), airtl high-chromimn white irons for b a l l  and seat appl l -  

cations has improved con~ganant lives considerably. At present, high- 

chromium white iron a l l o y s  such as AfTM whifte cast Iron with 28% chromium 

and 2.8% carbon (wh-ich showed more than 40 times t h e  abrasion resistance 

of  wild steel in bench-scale wear tests), type 4 4 O C  staiildcss steel with 

a plasma coating of chromium oxide or tungsten carbI.de, and Graph-Air 

tool steels appear to 

alloys could prove to be mre econnmical than cobalr-base alloys such as 

Stellites 3 and 6B,  which are much more expensive. 

!he most promistng for this applicat-~on.5 T ~ E S ~  
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In a slurry feed system, the components of interest include coal 

slurry storage vessels, slurry tanks, mixing and feed discharge pumps, 

driers and preheaters, and feed lines. Temperatures and pressures are 

fairly low in most parts of the system; however, components between the 

discharge pump and gasifier may 'encounter temperatures and pressures as 

high as 425°C and 7 ma, respectively. Slurry flow rates in the system 

normally range between 3 and 9 m/s. 

usually not corrosive except when elffl-uent gas is circulated t o  preheat 

the slurry before it is pumped into the gasifier. This gas may be cotro- 

sive because of such constituents as residual sulfur compounds and trace 

elements from coal. High pressure and temperature in some parts of the 

system, together with corrosive flue gas and, possibly, moisture asso- 

ciated with chemicals leached from the feedstock, tend to accelerate 

materials degradation through a combined action of erosion and corrosion. 

The environment in the system is 

The high-pressure slurry feed system brings coal up from atmospherk 

pressure to slightly above gashfier pressure. This allows the coal to be 

fed into the gasifier by gravity flow. Centrtfugal pumps are generally 

used for low-pressure (g4-MPa) applications, whereas for higher pressure 

operations posi tive-displacement reciprocating pumps are required. '-' 
Slurry pumps are subject to erosion from coal particles moving at high 

velocities. The discharge velocitfes across the valves of high-pressure 

pumps range from 3 to 9 m/s. 

slurry at a high velocity and are subject to a spectrum o f  velocitfes and 

effective angles of particle incidence, but the surfaces of the surround- 

ing pump housing constrain and direct the f l o w .  In addition to erasion 

and corrosion, the pumps may have to withstand impact, shock loading, 

fatigue stress, and so forth. Several cases of erosion failures in pump 

components ranging from impellers to caslngs have been reported in pilot 

plant operations. 10 

The vanes of impeller pumps move through the 

Abrasion or wear of pump parts is governed by the size of the solad 

particles, slurry conceneration, veloclty of f l o w ,  impingement angles, 

and SO forth. If the impact is direct, more elastic pump materials are 

selected; if the impact angle is relatively small with f l o w  almost 

parallel to the surface, harder materials are selected. Parts of east 

iron with Stellite hardfacing should perform satisfactorily under con- 

ditions of solid-particle impact.' ' Pumps with carbon or low-alloy 



c a s i n g s  , e r o s i o n - r e s i s t a n t  impel le rs  and i n t e r n a l  l i n i n g s  of 

2 7% rhronium high--carlron cast iron (HC-250) should a l so  perform 

adequate ly .  ? h t e ~ 4 a l s  s a t t a b l e  f o r  htg,h-prassure pumps inc lude  forged 

1 2 %  c\tromium s t a f n l e s s  steel for c a s i n g s ,  t y p e  44QC s t a i n l e s s  s t ee l  f o r  

i m p e l l e r  %lades ,  and t u n g s t e n  c a r b i d e  f o r  b a l l s  and seats of a s s o c i a t e d  

valves .  111 a d d l r i o n  t o  use of the best a v a i l a b l e  materials f o r  slurry 

feed pump p a r e s ,  one should cons ider  t h e  use  of d i sposable  p a r t s  and 

l i  wrs and 1 o c a l i z e d  n p p l i c a t h o n  of mu1 t-l layered  meta l l ic  and ceramic 

coatings, whore p o s s i b l e ,  i n  high-wenr areas. 

Coal s l u r r y  feed l i n e s  a r e  s u b j e c t  t o  both e r o s i o n  and cor ros ion .  

Thp  f l u i d  f l o w  i n  2 r y y l c a l  s l u r r y  feed l i n e  i s  t u r l m l e n t  t o  main ta in  t h e  

p a r t i c u l  ares  in suspension. T h i s  t u r b u l e n t  motion, however causes severe 

e r o s i o n  at, the p ipe  j o i n t s ,  elbows, v a l v e s ,  and o t h e r  locattons where the  

f l o w  i s  prrturbed. Misalignments a t  j o l -n t s  and ol.ber manufacturing 

d e f e c f s  also c o n t r i b u t e  Lo increased  e ros ion  i n  the feed  l i n e s .  The 

s l u r r y  feed ltne should be designed for an optimum v e l o c i t y  h igh  enough t o  

prevent  p a r t t c l e  d r a g  b u t  low enough r o  prevent  excess ive  f r i c t i o n  and 

d2magtng parcticle impingement. 

Carbon s t ee l  f o r  low-temperature (<lQO°C j feed l i n e s  and a u s t e n i t i c  

s taPnlcRs  s tee ls ,  such ips t y p e s  347 and 316,  f o r  higher-temperature (up t o  

540°C j app l i ca t lo f i s  should perform s a t i s f a c t o r i l y .  EIardfaesd I n s e r t s  

must be consldered where t h e  flow changes directiorn.  Erosion in 90" elbows 

h a s  been reduced by r e p l a c i n g  the  elbow with a tee conta in ing  a blocked 

bnaiich. Ahraslve pari:P(-lfs collecf- i n  the blocked branch and provide an 

a k r a s k o n - r p s i s t a n t  layPr  over the most critical area of t h e  liize, The use 

of a blocked tee a l a 0  permits  t he  l i n e  t o  be ~ p ~ n e d  p e r l o d i c n l l y  for 

i n s p e r f i o n  and maintenance. As with  s l u r r y  pumps, s l u r r y  l i n e s  need to be 

exanined c l o s e l y ,  and mal-.?rials programs t o  address  e r o s i o n  need to  be 

i n i t i a t e d .  

Unwnlded a l l o y  800 a p p e a r s  t o  be a s l i t t a b l e  marerial f o r  t h e  pre- 

hrn::er c o i l s  under normal opera t ion ;  types  304 and 316 s t a i n l e s s  steel 

s h o d d  perform e q u a l l y  well. Bt-cause the f i r s t  few r o i l s  of the h e a t e r  

r e m a i n  much c o o l e r  than (.hose near f-he f i r e d  end, c o n s i d e r a t i o n  should be 

g:uen L O  ihe m e  of low-alloy 2.25Cr-lMo steel for  lie low--temperature 

s r r t - j o n  of the c o i l ,  followed by t y p e s  304 and 316 c o i l  segments as ?he 

t c  y t , i - p  i nc'cpp -,>q. 1 2  2 1 3  
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3.1.2 Gasification Pressure Vessels 

The specific pressure, temperature, and train capacity needed to make 

a given gasifieati-on process economical have a major influence on tbe 

selection of the pressure vessel material and cans tsuc t lon  methods, and 

there are literally a hundred or mare gasification sctiemes.l4 

in operating pressure f rom near atmospheric to more than 9.3 ?+Pa. Gas 

temperatures vary from 650 to 165Q"C, and coal input train capacities For 

current designs: range from 725 to 2500 t o n s / d  (ref. Is>, although the 

capacity will probably center around 900 to LOO0 tonsfti, As i% -(.esu.Lt of 

the wide diversity in the operating parameters, it I s  virtually Impossible 

to pinpoint a set of operating parameters that can be used ta develop a 

conceptual gasifier pressure vessel design far materials selection and 

performance eval.uation. Without such a design, it is c l%f f i cu l t  to quart- 

tify the economic impact of alternattve pressure vessel alloys and 

construction methods. 

~hese range 

In his description of the construction of coal conversion vessels, 

Hicklen16 narrows the choice of gasifier pressure vessel. matertals to five 

alloys identified i n  Table 11.1. The A 516-70 is often described as a 

carbon-manganese (C-Mn) or carbon-silicon (C-Si) steel and would be 

selected when wall thickness did not exceed 75 mm ( 3  in*)" The SA-302-6 

and SA-533-B steels, on the other hand, are identified as prime candidates 

for vessels that see service to 370°C QT in vessels whose wall thicknesses 

would range from 50 to 250 mna (2-141 fa , ) .  Bath steels contafn 0.5% 81; f o r  

hardenability and 0.5% Mo for strength and resistance to hydrogen attack. 

These steels are often mentioned in connection with gasifier pressure 

vessel sesvice.15 

fifth steels listed in Table 11.1 are the l o w a l l o y  SA-387, grade 22, 

class 2, and SA-387, grade 21, class 2, chromium-mol.ybderpum. steels: 

2.25Cr-IMo and 3Cr-1Moe 

the petrochemical and petroleum i n d u s t r i e s  because of their good strength 

properties from 379 to 480°C. 

t i o n  and hydrogen attack, and the molybdenum imparts high-temperatiire 

strength. For gasfEier applications, these steels as clarrently approved 

in the Code for pressure vessel application are S€ less interest k h a n  are 

the A 302-C and A 53343, class 1, steels because of the lower allowable 

Both have excellent strength to 371aC. The fourth and 

nese are popular pressure vessel steels fn 

The chromium hparts resistance to oxida- 



Table 11.1. Candidate plate steels f o r  pressure vessels with w a l l  thiCknQS9 
requirements of greater than 0.1 m 

Tensile requirements 

Ultimate strength Yield point Zlonjation In Reduction 

Maximum 
? hickness Chemical requirements (wt 1) Steel 

fica- :class) 
tion‘ 

leenti- Grade 
____ 

C b  Mn P S  si uo x i  cr 51 rm ( 2  In.) ol area 
(m) (in*) <ma) ( b i )  (ma) ( k a i )  <Z) ( 2 )  

SA-516 70 0.31 0.BCk1.25 0.035 0.04 0 . i M . 3 3  203d g d  455-620 70-90  260 38 21 

SA-533 3(1) 0.25 \.1,3-i.55 0.035 0.040 9 . 1 3 4 . 3 2  0.4i-O.64 0.37-0.73 305d l Z d  55-90 8C-100 345 50 18 

SA-302 C 0.25 1.1C-1.55 0.035 0.040 0.12-0.32 0.41-0.64 0.374.73 550-690 8#-100 345 50 20 

SA-38;’ 2 1 < 2 )  0.17 3.27-3.63 0.035 0.035 3.50 0 . 8 s ; .  15 51S-690 75-100 310 45 18 45 

SA-387 2 2 ( 2 )  0.17 0.274.63 0.035 0.035 0.50 0.85;. 15 1.8e-2.62 515490 75400 310 45 18 45 

2.653.31 

aSpecifications designated SA have Seen taken from the ASMS Eoiler and Ressure Vcsset Code, Sect. 11, Part A. 

haximum carbon content based on requirements f o r  thickest plates. 

cE(aximum available plate thickness Is limited only by the capacity of the chemical composition to meet specified minimum mechanical properties. 

dCur;ent practice normally limits che specification to this thickness. 
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stresses at temperatures up to 37QQC. 

steels can he heat treated to produce much higher strength.17s1' 

example, the quenched and tempered A 542 version of 2.25Cr-lldo has f o u r  

higher strength classes. 

However, both of these l o w a k l o y  

For 

The ecanomlc savlngs that would accrue from the use of an advanced 

steel would be many t h e s  the cost to the government for the development 

and code quallfication of such a materialI This conclusion is drawn from 

a s tudy  of assessment reports written from 1975 to 1982, which include. 

requirements for high-Btu gasification processes. These reports reflect 

the op-tnions and technical judgments of people representing materia3 pro- 

duce r s ,  vessel fabricators, architect: engineers, vessel users, code 

bodies and research fundlng agencies. 7-2 

The need f o r  a high-strength loralloy steel f o r  hydrogen service 

€ram 316 to 538OC is recognized by the technical community, and several 

approaches have been taken to m e e t  this need. One approach, supported by 

the American Petroleum Institute (APX) and The Metal Properties Council, 

Xnc. (MPC), is to upgrade the 2.2SCr-1Mo steel by restricting the corn- 

position and introducing heat treatments (accelerated cooling, lower tem- 

pering temperatures) to improve short-time properties. 27 

approach, taken by several industrial laboratories such as U.S .  Steel, 2 8  

Climax 

additions (V, Ti, and S> in a restricted-chemistry version of 

2.25Cr-1Mo steel or 3Cr-lNo steel to improve the heat-treating 

response and long-time strength properties. The first approach represents 

a near-term minimum-expense solution t o  the problem and has been for- 

mulated h t o  a lprlagrana by Subcommittee 1 of MPC.  Clearly, DOE has little 

or no justification for developing a similar program. Action on the 

second approach has been deferred by industry on the basis that it w i l l  

take a longer time and require more money to reach the ultimate objectfve 

of  a code-qualified alloy with higher allowable design stresses and 

improved corrosion resistance. The development program Q H ~  the 

microa l loyed  steel fits well &thin the mission of DOE in advancing the 

t e c b n o l ~ g p  of coal W W F ~ ~ S ~ ~ R .  Such a program has higher potential, 311 

terns of applicability, than does the IUPPC program. The microalloyed steel 

development has a somewhat higher risk, so near-term returns are unlikely. 

Another 

and Japan Steel Works, 30 is to include microalloying 
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))evelopifieit.t by DOE of a 3Cr-1.5Mo-O.lV a l l o y  1 0  the p o i n t  that a Code 

c.asc f o r  P w T -  p e r s r u r ~  appl ica tdons  could he na2e should provlde thc 

nreded  i.onFIdc~ice by I n d u s t r y -  t o  ens t l i e  the conrinued development, incsr- 

pora t i a t i  I n t o  the ASFE Codp, acd use of the a l l o y  f o r  i t s  broad range of 

2pp l  i c..-tioris Q i i t e  Important ly ,  t t ip steel devclapxl  would o f f e r  a 

rlomostlc a l t c r n a t i v r  t o  forelgn-prodwxxl a l l o y s .  

3.1.3 Krf rac tor ies  €or Gas-LEiezs -..-___ -___ - c ~  - 

Gas1 €Per refracLouies cafi be d iv ided  i n t o  low- and high-temperalure 

a p p l i c a t i o n s -  ~ o w - ~ e n p e r a t d i l e  apyIicaLIons are those belaw about I 1 O O ” C ,  

i n  r .hIch coal ash i s  sLIll i n  s o l j d  form and does not react with zihe re- 

r r a : : t n r y .  D ~ g r a d a ~ L s n  mcctnnisms are r m i n l y  gaseous c o r r o s i o n  and erosion 

hy p a s r i c u l  aces 1 n ad3 Ition LO z p p l i c n t I o n  i n  d r y a s h  and agglomerating 

asli gas1 f: e r s  such refraetorles are u s e f u l  i n  press( lr :zd  f luldized-bed 

combusiors,  p r o c e s s  l ~ e a t e r s  cyclones,  and associated p ip ing .  Wilth 

c c c l i n g ,  lorc--tenpe~.aiurC r e f r a c t n r t e s  can be suhstl i tut  ed f o r  r e f r a c t o r i e s  

nor, , ia1Ly U S P ~  i n  hPgh--s,-imperature applications ( e . & .  wazer-cooled refrac- 

t o r y  l i n e r s  i n  high- t e ~ p  ture Pntrained gasifiers) e High-temperature 

a p p l l c ~ t i o t i s  g e n e r a l l y  Involve tmiperatures above about 125OoC, a t  which 

c o a l  ash I s  m i t e n  an& reacts w r t h  the  r c f r a r t o r g  l i ne r .  The madn 

d e g r a d a t i o n  mr-knnisma her$: are  (1) corrosion-  eraasion hy mol ten  s l a g  and 

( 7 )  damagi. causrd by thermally induced inechani cal stress. Typical applP-  

( d i l o n s  a re  I n  slzggiug gasifiers and combusfors. Refractories €or 

i n c ~ l  tcn -salt easi f i c t  map a1 s o  t~ c l a s s i f i e d  wi th  t h l s  group, although 

t m p ” * - ~ t u r e s  ar- much POWPT (about. SSO’C), and 110 molten slag Is prciaent. 

B e f t  a c t o r i p s  f o r  icw-:empPratui-P applications ran g e n e r a l l y  be 

~ l o d e l c d  .iFtc; thosc  used i n  the p t - ~ o c h e m i ~ .  a1 i n d u s ~ r y . ~  1,32 

c onc rgtcs bo th  dense a d  insulae i i ig  t y p e s  are s tandard  materials in t h a t  

i nd i i s c ry .  kesul ts f rom extensive t e s c l n g  and evalr ia t ion program..; t o  

Refrac tory  

t h o  IlJost sui ~ ~ ) - J L F  ?-efrac i o r i e s  f o r  these app1 i c a t i o n a  ‘iaavQ lnbi -  

cat :?d ;)ISC s a i i  a b l e  1 ow-SOSL razterials s v a i l a b l  P commfiscially. 3 3  

Kef raci-ory service condi t ionq i n  s l a g g i n g  gastf l r rcs  arc much more 

srvejlye Cilc l i i  Chc r o r d i t i o n s  i n  dry-nch s n s i f i r r s  Scczuse of the  h igher  tern-- 

p e r a t u c e s  i n  slagging gas i f fp i - s  and the corrosiveiwss of t h ~  s l a g .  I n  the 

~ n < l y  1970s s l a 8 g a I n g  p s i f i e :  ~ e c h n o l o g y  ~ a : ~  sevcr-ly l irri i ted by lack of 
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suitable refractories. Therefore, a program was initiated at Argonne 

National Laboratory (ANL) to identify the refractory-bond systems best 

suitable for slagging gasifier applications. 

Refractory experience in blast furnaces34 served as a guide for 

refractory applications in slagging gasifiers. However, the atmosphere in 

a gasifier contains considerable sulfur and, most important, is more oxi- 

dizing. Consequently, the slag generally does not contain metallic iron, 

but may contain appreciable quantities (as high as 25%) of iron oxide. 
Therefore, successful performance in a blast furnace does not guarantee 

adequate performance i n  a gasifier. Thermodynamically, none of the 

currently available refractories are stable i n  the presence of typical 

coal slags. Therefore, the approach to ensure satisfactory operation is 

to modify refractory composition and structure, slag composition (through 

the addition of fluxing agents to the coal), and/or operating conditions 

to promote the fonnatPon of protective layers and/or to alter the kinetics 

of the refractory slag corrosion reactions. 

One approach, and still the only viable method for operating at tem- 

peratures above 1680"@, is to cool extensively by using water walls coated 

with a thin, sacrificial refractory lining, This approach has limited 

practical application because the large heat l o s s  drastically reduces 

the overall efficiency of the gasification system. Par gasifiers 

operating at lower temperatures (14O0-1S0O0C), the laboratory corrosion 

tests at Argonne indicated that thick refractory linings (with or wlthout 

water cooling) of chromium-base refractories should be satisfactory i n  

many applications .35 -4 2 

In particular, a fused cast picrochromite (a chromia-magnesia spinel 

containing 75-80 wt % Cr203) was quite resistant to slag attack in labora- 

tory tests. More recently, a number of refractory suppliers, at least 

some of whom were encouraged by these laboratory results, developed sin- 

tered bricks of similar composition. Subsequent work at Argonne seems to 

confirm the superiority of the picrochromite refractories, and the labora- 

tory results are supported by actual gasifier service, 

The early work on the fused cast material indicated that while the 

picrochromite had superior corrosion resistance, its resistance to thermal 
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shock and/or thenmal-stress-induced fracture was unsatisfactory. 

shock damage testing undertaken in a separate program at ANL confirmed 

that many of the picrochromite bricks then commercially available were in 

fact lower in thermal-shock damage resistance than a number of alumina- 

based refractories. Further research at ANE showed $hat thermal-shock 

damage resistance could be improved by microstructural alterations that 

improved fracture toughness. One composition, which includes about 17% 

Zr02, was demonstrated to have about 5 tlmes the Fracture toughness of 

pure magnesium chromite. 

Thermal- 

In addition to the work on picrochromite, tests at ANL, which were 

again confirmed by limited plant data, Indicate that (at least in acidic 

slags) solid solution refractories of  the composition 75% Cr203-25% 

A1203 have slag corrosion resistance comparable to that of the picrochro- 

mites. AI-so ,  these materials appear to possess superior thermal- 

mechanical properties. 

Because some types of slagging coal gasification systems can operate 

at rather low temperatures (14O0--150O0C) without a significant loss in 

efficiency, and because the corrosion rates of the refractories generally 

decreasc as temperature decreases, the limiting factor in operating at 

relaclvely low temperatures in these processes is often the plugging o f  

t h e  slag rap hole. Because plugging of this hole is directly related to 

the flow properties of the slag, the criterion of malntaining the vlsco- 

sity of the slag at less than 25 P a n s  (generally accepted as the point at 

which slag starts t o  flow under its own welght) may govern the selection 

of the process temperature, particularly in first-generation gasifiers. 

Data developed a t  AM7, have demonstrated that slag temperature i s  a much 

more important variable than slag viscosity in controlling refractory 

corrosion. Thus, the use of fluxes (e.g., CaO or dolomite) to produce 

adequately low slag viseosPties at temperatures sriffieiently low to assure 

satisfactory refractory operating life is a viable method of operation. 

The environments found in dry-ash gasifiers (temperatures < 1 2 0 0 O C )  

are significantly less demanding o f  refractory materials than are those of 

slagging gasifiers. To date, no critical problems have been identified 

from pilot plant exposures. Laboratory tests have shown that existing 

law-cost intermediate alumina p r o d u c t s  may give satisfactory service; 
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however, some questions remainr Results of research at Babcock & Wilcox 

indicated that the use of metal-fiber-reinforced monolithic linings 

results in less cracking during heatup, Uowever, laboratory tests at the 

Virginia Polytechnic Institute indfcated that carbon monoxide disin- 

tegration can occur %n metal-fiber-reinforced tnonolithics as well as in 

materials with as little as 0.1% metallic iron. Thus, further research 

may be needed to characterize CO disintegration, especially in metal- 

fiber-containing refractories. Also ,  the mechanical properties, in par- 

ticular the high-temperature creep of metal-fiber monolithics, need to be 

characterized. hng-duration exposures of promising candidate concretes 

are needed to identify optimal materials and potential refractory problems 

caused by upset conditions. 

Refractory linings f o r  gasifier transfer lines need attention. 

Ava€lable refractorhes have undergone a limited number of tests under con- 

ditions of flow and entrained-particle content typical of gasifiers. %st 

testlng was under more severe conditions, so present units m y  be over- 

designed. A test program should be considered to identify a material with 

optimal insulating value and resistance to erosion. 

3 . 1 . 4  Metal Gasifier Internals 

In contrast to the design situation for vessels and piping, no code 

or standard exists for vessel internals and long-life external components, 

especially for service in corrosive-erosive environments at elevated 

temperatures. 

N a t e ~ a n ~ ~  has published reviews of corrosion behavior of materials 

in h-hgh-Btu coal gasifier environments as well as in low- and medium-Btu 

enviranrnent~.~~ r 4 5  

the manjor mode of material attack i n  these systems and that a viable alloy 

should develop protective surface oxide scales during the service life of 

the component. 

These reviews clearly establish that sulfidation is 

Results from a recently completed program administered by the MPC 

show that several commercially available alloys exhibit acceptable 

corrosion rates of about 0*6 mJyear ( 2 4  mils/year) based on 10,000-h 

exposures. However, the corrosion experiments were conducted at oxygen 

partial pressures about IO3 times the threshold for oxide formation or 
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1 l l igher .  ‘ l i e  a v a i l a b l e  d a t a  have b e ~ w  analyzed i n  d e t a i l  t o  e s t a b l i s h  a 

c r i  r e r i o n  Ifi a1 toy  composition f o r  m l n i n u m  corrosii)iz r a t e  .It 

of  tlir cornbincd cr i t r>r la  f o r  Fe:Cr ratios i n  the range 1.6 to 2.0 atid an 

N-C : Cr rat i o  of about  1.0, the follossl mg a l l o y  compositions have acceptable 

On t h e  basis 

;I loss r a t r s :  25 itlo 28 wr ;k Cr, 25 t o  28 Y%. 2 Ni, and SO t o  44 wA Z. 

FP. hLlhys such as lncoloy  800 and Lyype 310 stainless steel  f a l l  on 

e j t h t r  s i d e  of r h t s  range. Tile analysis ind-lcater t h a t  the  calculated 

c o a p o s i % i o n  range f o r  F e y  Cr, and N i  can be used as a base on which to 

dz-zrl op opeimizcd a l l o y s  w: th minor  alloying a d d i i  ions  t a  impruve  scale 

_=ldt?csttiil, self healing, resistance to thermal cycling, and so f o r t h  and 

thereby  provide acceptable c o r r o s i o n  pe r fnnaance  i n  csal gasif PcaltPon 

a cm;spheres e 

Xc? a1 l i c  na~erial f u r  Internal menhrt-s i n  a g a s i f  -I c a t i o n  system must 

o pefa t :  under Pnvironmrntal  c o a d i t i o n s  t l a i3 t  have s t r o n g l y  deleterious 

e f f c r f s  on iwchaairal  p r o p e r t i e s .  The ruptlire s t r eng th  of the S e s t  of 

matr.;Ia’ls is q u i t e  l o w  dn the temper:at~re range (80&-100Q°C) that 

r y p i f i r s  m m :  second-genenatlon g a s i f i c a t l o a  processes. The gasffication 
?.---’- I I v  ~oiil i iei l~ may ~ e s a a l ~  Prr even lower J-e~eBs OF stress-rupture s t r e n g t h .  

T 3 7 p ! l ~  and covwzkers rt>poi-ted 27 t o  85% l o sces  i n  s t r e s s - r u p t u r e  l-lfe as a 

r i - ) n s ~ q w n t - e  of testing va1:ous me: l i c  m ~ ; t a r i a l  s i n  high-Btu gasification 

nnvi  ~ u m - t - s  ret-her than i n  air. 4 7  

300 t i  at 8 1 5 ° C  at s t r , ~ ~ s e s  from 36 to 90 MPa. These s h o r t  rupture t i m e s  

c o ~ ? f l l c ~  c r i t h  ‘ c l ~ r  d e s i r e d  u s e f u l  l i f e  of 20,000 h ( 2 . 3  y e a r s )  f o r  commer- 

r i A 1 a p p l  l e  R t i ~ i i s  . 
irIc i \ f f s ~ i b  of mii(p;1 gas  F ? : I V ~ ~ O T ~ I I I P L I ~ S  or1 I h a n l c a l  propert  Pes are 

~ h e < r  t c s t  specimens f a i l e d  i n  100 t o  

__ 

pl-iinar C’Jy dptcrninrd 3; a f ixed  oxygen aiitl suliinr ar t - t v t t y  i n  the gas 

p h a s e .  A1 t1~c)ti~~l;h the uni.z,xtal t e n s i l e  d a t a  f o r  s ev~ra l  a l loys  preexposcd 

i i j  t -onplrr ,  gzs I l l j ~ t i r ~ e r  showed a l o s s  i f i  strength and t e n s i l e  d w t i l i t y ,  

ies a i e  gencr ally adequate  €or the f n t e r n a l  
c n  

r t r u r p ~  iient 5.4 8 J ~r 1 I 3 r ~ n ~ n r  t h r  d a t a  are based on 1000-h preexposrire times , 
of longer  C ~ ~ G S U I P  timcs wac, not  e s t a b l i s h e d .  The results 

tl biaxial s t r c s s - r ~ p t u r e  C C S L S  shsb7ed a l o s s  i n  t h e  1000-h 

r ~ t p t i i i - e  s t re tcgth n F  t h c  laaterial s preoxposed  7 0  mn-ixod-gas envtronments 

??creii?!-y,  w t e s a n  sltoTJed that ,  i f  the i t A s t  m v i r o n m m t  i s  such that the 

n l  t o y  caii r l c v e l c p  a p r o t c r t i \ r e  o x i d e  s c a l p  ( € . p a  the oxygen partial 
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pressure is above the threshold partial pressure needed for oxide 

formation), then the creep properties of the materials are not signif%- 

cantly This has been conflirmed by experiments in air, 

l o w - p ~ ~ ,  and oxygen-sulfur atmospheres with Po2 greater than 
pQ2(threshold). 

p o  2 
sulfidation and substantial degradation in the creep properties, wLth 

significantly lower rupture life and rupture strafm. On the basis 05 t he  

morphological features of creep-tested specimens, we concluded that the 

breakdown or cracking of the protective oxide scale (ieee* mechanical pro- 

perties of the scales) may determine the degree to which the oxygen-sulfur 

environment degrades the creep properties of the material. The mechanical 

testing effort is expected to continue into low-chromium heat exchanger 

materials with and without surface coatings. 

On the other hand, if the test environment is such that 

is less than &Z(threshoPd), then the alloy exhibits significant 

Coal gasification environments generally contain partlculates such as 

char and ash, which can interact both chemically and phystcally with 

materials of construction of various components. Char, derived from coal, 

is a major ingredient in any gasification scheme. The reactivity of chars 

can vary widely, depending on the coal from which the char was derived and 

processing conditionss In general, chars have high carbon contents and 

may contain appreciable amounts of sulfur and mineral matter. The corro- 

sion behavior of materials used In elevated-temperature regions of the 

gasifiers can be affected by (1) the deposition of char and ash partCcl.es 

on the components, which thereby prevents the development of continuous 

protective oxide scales, and (2 )  the gasification of sulfur En the char to 
H2S, which alters the mixed-gas chemistry to higher sulfur potentials -in 

the vicinity of the component materials. 

Very limited work i s  being conducted t o  evaluate ehe role of par- 

ticulates on the corrosion behavior of  material^.^ 295 
now available show that the presence of particulates such. as char can 

alter the mode of attack from oxidation to sulfidation, Furthermore, the 

corrosion rates at elevated test pressures in particle-laden gases were 

significantly greater than those in atmospheric pressure t e s t s .  In the  

selection of an a l l o y  for use in internal components oE coal gasffieation 

systems, the available results dictate that the char effect be considered, 

The meager data 
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especially when the sulfur content of the char is high. To reduce the 

corrosion rates to acceptable levels, the alloy selected should develop 

protective oxide scales even In the presence of one to t w o  orders of 

magnitude higher sulfur potential (caused by sulfur in the char) than in 

the gas phase, 

Sulfidation is the major type of corrosion i n  environments that pre- 

vail in coal gasification systems. Therefore, it is essential that the 

alloys deve lop  a protective oxide scale during the service life of the 

component. It should also be recognized that various ongoing corrosion 

programs involve evaluation of commercial materials, but that very little 

work is being conducted to modify or tailor alloys for application in coal 

conversion systems. Research activities in the areas of alloy com- 

position modification, alloy coatings, alloy claddings, and weld overlays 

should be conducted for development of materials that resist corrosion and 

erosion when exposed to coal gasifier environments. 

Signif ieant additional work is required to establish the mechanisms 

O F  scale formation, adhesion and plasticity of the scales, and transport 

properties of cations (such as Cr, Fe,  and W i >  and anions (such as 0, S, 

and C) in and across the scale. Most alloys tested in a mixed-gas 

environment exhibit breakaway or accelerated corrosion at some stage of 

exposure ,  depending on temperature and partial pressures of sulfur and 

oxygen in the envtronment. It is imperative that alloys selected for 

application in. coal conversion systems not exhibit breakaway corrosion 

during the service life of the component. However, very little is known 

about the mechanisms that came accelerated corrosion. Additional work is 

requ-lred in thfs area so that the contents of minor alloying additions can 

b e  opthized judiciously. 

Most long-term kinetic work has been conducted with commercial 

alloys, primarily in environments wlth fixed oxygen and sulfur partial 

pressures. Without a substantial understanding of the corrosion processes 

that occur in these envtronments, it is difficult t o  extrapolate and 

predict the corrosion rate for a given alloy under various practical con- 

djtions from the kinetlc information obtained at a fixed gas composition. 

Several investigators have observed breakaway corrosion of alloys exposed 

to multicomponent gas envlronments. It has been established that sulfur 
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in the gas environment accelerates the outward migration of base metal 

elements such as iron and nickel through the oxide scale leading to sulfi- 

datfsn at the external gas-scale interface. Significant additional 

research is required to develop predictive capability for onset sf 

breakaway processes so that allay modification can be approached systema- 

tically. It is also essential to de~elop a fundamental understandfng of 

the role of chlorine In the gas phase on the corrosion of metallic 

materials. of interest i n  moderate- to high-temperature components for coal 

gasification systems. 

Experimental programs are needed to determine the fundamental aspects 

of the corrosion of materials exposed to particle-laden gas environments. 

The corrosion rates of materials are substantially greater at higher pres- 

surea if the experiments are conducted in particle-laden mixed-gas environ- 

ments. Therefore, it is necessary to establish the influence of high 

pressures an the erosion parameters, such as particle velocity, to develop 

a better understanding of material behavior under corrosive-erosive 

conditions. 

The effects of mixed-gas environments on mechanical properties must 

be known to establish the design and performance requirements of various 

components in a coal gasification system. Substantial additional wark is 

needed to determine the long-term creep properties and to develop creep 

correlations that are useful to component designers. 

Programs should be supported to design alloys that resist corrosion 

in complex gas atmospheres, Previous and ongoing programs have shown that 

the usefulness of conventional off-the-shelf engineering materials as 

internal members of  a gasification plant is limlted. Greater emphasis 

must be placed on novel design approaches that minimize the number of 

internal components and on alternative materials to achieve the desired 

lifetimes for the internal components. Avenues that involve alloy modiff- 

cation (composition, second-phase particles, etc.) and surface modifica- 

tton (duplex tubes, coatings, and weld overlays) should be supported at 

reasonable funding levels over a long perfod of time. The results from 

such programs not only w i l l  have a large impact on component performance 

but may be the only approach that can make these gasification schemes 

viable . 



3.1 ,5 ECXZ Exchangers . . . . . . . . . . . . . . . . . . ..-- 



47 

sophisticated hot-gas cleanup systems, slag and particulate carryovers to 

the extent of 10% with particle sizes of 5 pm or less are expected. 

Only limited technical information is available to predict material 

performance {lifetime, corrosion rates) in these heat exchangers and waste 

heat boilers. A substantial amount of corrosion information in the range 

400 to 700°C in simulated low- and medium-Btu gasification atmospheres is 

required €or judicious materials selection in these applications. The 

results developed thus far show that the presence of heat flux can accel- 

erate the corrosion scale development and thus lead to a significant 

increase in scale thicknesses, especially at high gas temperatures I) The 

information, once generated, will identify the roles of crittcal variables 

such as metal and gas temperatures and gas chemistry on corrosion rates 

and will establish the process variable envelopes €or several commercial 

materials for use in heat exchangers and waste heat boilers. 

As pointed out, only structural ceramic materials have the potential 

for use in a heat exchanger application at temperatures higher than about 

650°C.  The design, fabrication, and application of these ceramic com- 

ponents is described in greater detail in Chap. 4, Heat Engines and Heat 

Recovery. 

3.1.6 Gas Cleanup System and Shift Converter 

Coal-derived gaseous fuels leave most gasifiers at high temperature 

and pressure, These fuels are laden wFth chemical impurities (such as 

H 2 S ,  N H l J ,  H2S, COS, HCN, oil, tar acids, and chlorides) and entrained 

solids (such as char, ash, and unburned coal). The raw product gas must 

be purified for several reasons, the most important of which are (1) to 

prevent entrained solids from interfering with operations downstream of 

the gasifier that produce high-Btu gas, (2) to increase lffe expectancy of 
downstream equipment and reduce equipment downtime, ( 3 )  to protect sen- 

sitive downstream catalysts, ( 4 )  to minimize erosion of hot turbine parts, 

and ( 5 )  to comply with air-pollution standards and with purity standards 

f o r  pipeline distribution. Gas cleanup may be accomplished through either 

low- or high-temperature methods; only the latter are discussed here. 

A major problem encountered in hot purification processes is erosion 

when high-efficiency solids removal equipment (i.e., cyclones and filters) 
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1s employed. Materials problems in the hot-gas solids separation step 

include erosion, deposdtfon, and corrosion in the gasifier overhead lines 

and cyclones. 

In coal conversion processes, construction materlals will be sub- 

jected to the synergistic effects o€ erosion and corrosion at both low and 

high temperatures and at high pressures. In the absence of corrosion, the 

material removal rate may be controlled by ductile or bristle erosion. 

With corroston product development, erosion of this product rather than 

the substrate will occur,  and the rate of erosion of the corrosion product 

can be greater or less than t h a t  of the substrate. 
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4 .  HEAT ENGINES AND HEAT 'RECOVERY 

4.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

Structural ceramics are of interest in fossil energy systems, par- 

ticularly for use in heat engines and heat recovery devices, because of 

their ability to withstand high temperatures and corrosive-erosive 

environments. The term structural ceramic as used in this textl describes 

a ceramic material to be employed under conditions in which the maximum 

working stress is an appreciable fraction of the average measured fracture 

stress for the material under those conditions. We have therefore used 

this definition to designate the material as a structural ceramic in terms 

of its ability to maintain its mechanical, physical, and dimensional sta- 

bility under stress and various environmental conditions rather than using 

a more arbitrary definition based on less relevant characteristics such as 

melting point of the materials. Interest in these ceramic materials for 

potential applications €n fossil energy systems focuses primarily on high- 

temperature environments. Most anticipated fossil energy applications of 

this type of material involve temperatures above llOO°C. 

4.1.1 Heat Engines 

Stationary heat engines for the production of power are an important 

application for coal and coal-derived fuels, and they represent significant 

materials problems not always encountered in engines that use petroleum 

fuels or natural gas. In particular, corrosion of engine materials by ash 

particles (or, if the ash is molten, by slags) and gaseous combustion pro- 

ducts and erosion of surfaces by ash particles are unique problems for 

heat engine materials when coal-derived fuels are used. Gas turbine and 

diesel engines are the primary engine types f o r  use in fossll systems. 

Gas turbines and materials for these turbines are of considerable 

importance in the effective and efffcient use of coal and coal-derived 

gases and liquids. Heated air and combustion gases from coal burned in a 

pressurized fluidized-bed combustor, gases from intermediate- or low-Btu 

gasifiers, and coal-derived fuels (liquids and solids) may be used in gas 

turbine systems. 
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Potential improvements in the efflciency of gas turbine systems for 

producrlng electricity from coal or other fossil fuels by use of structural 

ceramics €or selected turbine components have been known for some time. 

Kfforts t o  use ceramics in gas turbines were first formalized in the 

United State!: by the National Advisory Commtttee for Aeronautics [now 

National Aeronautics and Space Administration (NASA)] in the 1950s and 

later i n  a program undertaken -Ln the ear ly 1970s and funded by the Defense 

Advanced Reseaich Projects Agency ( D W A )  of the Department of Defense 

(DOT)). During the DARPA program it became obvious that the available 

structural cerarn-lcs of the 1971 period were n u t  adequate f o r  use in gas 

turbines, but great strides were made in developing the methodology for 

design with brittle materials. 

Some potPntPaP benefits. anticipated with the use of uncooled turbines 

having turbine-inlet temperatures above about 1370°C were reported in 

October 1976 by the @omm€ttee OR the Use of Ceramics in Industrial Gas 

Turbines.' 

path at turbine-inlet temperatures of 1370°C and above could increase the 

eEfPciency of a combined-cycle power plant by 2 to 3% to a net effic€ency 

of  over S O X 9  because the conversion efficiency of a gas turbine is roughly 

proportional to the absolute turbine-inlet temperatures if the pressure 

ratlo is held constant. This is a very significant increase, which could 

ultimately have a major national impact on fuel consumption. The conclu- 

sions of this committee were fairly similar to those reached in 1975 by 

t h e  National Materials Advisory Board, wh-lch are still relevant today. 

The high-temperature combustion and hot walls of the combustor are of par- 

ticular importance for lower-rank coal fuels, which will burn more 

completely and with lower emissions in the high-temperature radiant 

This  committee concluded that use of ceramics in the hot-gas 

combustor. 

For example, both of the advanced ceramic gas turbine (AGT) efforts 

currently being funded. within the W E  Conservation Program have high 

tiirbine inlet temperatures as a principal goal. This program includes 

two m.jor ceramic gas turbine efforts identified as the AGT 101 and 

,4GT 100 engines. The AGT 101 engine being developed for vehicular pio- 

pulsion by the Garrett-Ford team has as its final configuration (Mod 11) 

an all-ceramic structure capable of 1370°C turbine inlet temperature. 
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The AGT 100 engine, also heing developed f o r  vehicular propulsion by the 

A l l i s o n  Gas Turbine-Pontiac team, has the major goal of demonstrating a 

final engine configuration capable of operating with a turbine inlet tem- 

perature of 1288°C. Alternative fuels capability is an important goal of 

the AGT programs. The potential advantages of high turbine inlet tem- 

peratures in providing higher turbine engine efficiencies and alternative 

ftiels capabflity for the AGT type engines (-70 kW) also apply to larger 

turbines of interest far cogeneration and utillty application (5-PQQ PIN) .  

In Japan the Agency of lndisstrial Science and Technology (AIST) has 

been conducting a large-scale seven-year program to demonstrate a 1OO-MW 

AGT with a combined plant efflciency greater than 50%. This is part o f  

the ‘“Moonlight“ project, which began in 1978. The AGT i s  a large sta- 

tionary gas turbine that drives an electrical power generator and includes 

exhaust heat recovery to drive a sream turbine power generator. The tur- 

bine lnput temperature is 130O5CI This program has included a great deal 

of ceramic materials development. However, the available structural 

ceramics during the period of performance for this project were not ade- 

quate f o r  large turbfne components, and cooled superalloy companents are 

being used in the demonstration. The AIST and the parent Ministry of 

International Trade and Industry consider Structural (“fine”) ceramics to 

he a very high-priority development task in Japan, and they continue to 

fund and to promote aggressively ceramfc development for heat engine 

application. 

Silfcon carbide (Sic) and silicon nitride (Si3N4) are the primary 

candidates for use Pn the AGT because of their high-temperature strength 

and oxidation resistance. Corrosion and erosion by particulate and 

gaseous combustian products of coal represent a unique requirement €or 

turbines fired directly with fossil fuels. The principal developmental 

requirement for these materials in gas turbine applications is mechanical 

reliability at 1300 to 1400°6 in corrosive and erosive atmospheres. 

Development oE the required mechanical reliability can be realized only by 

a balanced effort that addresses the undesirable creation of flaws in raw 

materials and component processing; characterization of the behavior of 

flaws as a function of stress, environment, temperature, and time; and the 

design of components by use of real.istic statistical descriptions o f  flaw 

populations and strength behavior. 

1 
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A variety of ceramic materials have been and are still being investi- 

gated in vartous DOE and DOD programs for application at high stress and 

high temperatures in both heat engines and heat exchangers. These include 

ceramics wherein the major phase is silicon carbide, silicon nitride, 

silicon-aluminum oxynitrides, and others, but most work on national 

programs has been performed on silicon-carbide and silicon nitride. To 

address the materials research problems adequately in the area of struc- 

tural ceramics and to attain significant results within the next five 

years, the expected available AR&TD Fossil Energy Materials Program funds 
will initially be focused primarily on Sic-base ceramics for several 

reasons. In past work on employing structural ceramics in heat engines 

and heat exchangers, the data clearly show that both dense Sic and sili- 

conized Sic ceramics have considerable potential as high-temperature engi- 

neering materials. In addition, several industrial firms manufacture 

these Sic-base ceramics, and it is reasonable to expect positive results 

E r o m  this program to be transferred to at least some of the firius and 

thereby to generate industrial sources of improved S I C  ceramics for future 

fossil energy systems. Potentially competing materials are Si3Nq-base 

ceramfcs and related ceramics, primarily because of desirable high- 

temperature properties of this material and the large amount of research 

conducted on it in previous DOD and in current W E  heat engine programs. 

Other structural ceramics such as the sialans (e.g., the Si-A1-0-N 

system), whlch are related to the Si3N4 ceramics, or toughened ceramics 

(e.g., Sic-fiber-reinforced ceramics and transformation-toughened systems) 

are also considered as candidate materials with excellent potential and 

will be factored into the program as it progresses. 

A structural ceramic materials technology program should include the 

critical examination of ceramiclnatrix composite systems to assess their 

potential for application i n  gas turbines e A ceramic-matrix composite as 

discussed here is defined as a material having a continuous homogeneous 

ceramic phase, reinforced with at least one other phase, which may or may 

not be continuous. The added phases may be either particulate or fibrous 

and may be ceramic or possibly metallic. The major purpose for con- 

stdering a ceramic-matrix composite is to overcome the single greatest 

disadvantage of structural ceramics (brittle fracture characteristics) 

while taking advantage of their excellent high-temperature properties, 



corrosion resistance, and hardness. Data available suggest that the 

dispersed phases in ceramic-matrix composites greatly increase the frac- 

ture energy (toughness) and effectively arrest catastrophic crack propaga- 

tion in the brittle major phase when the secondary phase has the correct 

mechanical and geometric properties. Toughness must be improved wfthout 

degrading the fracture strength for the improvements to be usable. 

Diesel engines are the other heat engine alternative for com- 

bustion of fossil fuels. Coal slurries OF coal gases can be burned in 

diesel engines for power generation. Erosion, corrosion, and wear of the 

cylinder, piston, rings, and valves by ash from coal represent signifi- 

cant materials problems. Ceramic coat-lngs on cast-iron components o r  

monolithic ceramics may be necessary for the wear resistance required in 

the combustion chamber. High-temperature (-lOOO"C> radiant uncooled com- 

bustion chamber components will be required to achieve acceptable ignition 

delay, combustion efficiency, and gaseous emissions when coal or coal- 

derived fuels are used. The requirement of uncooled high-temperature com- 

bustion chamber materials that are resistant to corrosion and erosion by 

ash particles and gaseous products restricts the materials of construction 

to ceramics. High-temperature "adiabatic" engines introduce other 

materials problems not otherwise encountered. High-temperature lubriea- 

tion and tribology requirements are not well defined, but l o w  friction is 

obviously important and also limits materials selection to ceramics. 

Cyclic fatigue of materials at elevated temperatures could posshbly be a 

problem, but it is not w e l l  characterized or understood. 

Adiabatic diesel engines for transportation are being developed by 

DOD and by DOE Conservation and Renewable Energy. 

is developing uncooled engines for tanks and other armored vehicles to 

eliminate vulnerable cooling systems. The W E  Office af Vehicles and 

Engines Research and Development is developing adiabatic diesel components 

in the Heavy Duty Transport Program for fuel conservation. 

temperature exhaust is used for turbocharging and turbocompounding the 

engine. The latter refers t o  expanding the exhaust through a gas turbine 

geared to the diesel engine's crankshaft. 

The Army Tank Command 

The high- 

Zirconia is a promising material for the transportation applications 

of adiabatic diesels. Zirconia has a coefficient of thermal expansion 

(CTE) that matches the CTE of cast iron fairly closely. The compatibility 
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of CTE makes subst1t;iatIon 01 zirconia into conventional engines attrac- 

t i v e .  Zirconfa is a very good thermal insulator for a structural ceramic. 

Plasma-sprayed zirconia on cast iron makes an excellent thermal barrler. 

Partially stabilized zirconla (PSZ) is very strong and relatively tough. 

The critical questlon fo r  PSZ is whether or not the time-dependent behav- 

ior at operating temperatures in the s n g h e  ~€11 be adequate. 

h new program entltled Ceramic Techn~Logy for Advanced Heat Engines 

was initiated by the DOE Off ice  of Transportation Systems under the 

Assistant S e c r e ~ n r y  f o r  Conservation and Renewable Energy in FY 1983 as 

p a r t  of a major new WE effort. In additlon, R major program initiative 

in s t ruc tura l  eeramlc tec_hnology has been taken by NASA, and this program 

is the responsibility of thr NASA LewPs Research CenLer. The DOE program, 

a generic structural ceramic materials ~Z"QQF~ITI, has the purpose of deve- 

loping the industrial technology base needed for  the AGT and adiabatic 

diesel engines f o r  transportation. The M4SA program is limited to turbine 

applications f o r  aeronautics and is a lso  generic. 

Many o f  the object ives  o f  the structural ceramic work to be conducted 

in the DOE and NASA programs are common to the  needs and objectives of the 

Fossll Energy Materials Program, 

4 .  A e 2 Heat R ~ C C S V ~ K ~  --..--- 

The technology for Lransferring heat. Prom one working fluid to 

another, sincli as gases, through a metallic heat exchanger 1s w e l l  

e s tab l fshed ,  Materials f o r  metallic heat exchangers in combustion systems 

a r e  discussed in map. 5; structural ceramics in heat exchangers f o r  heat 

recovery are addressed here. T h i s  application is o f  interest only a t  tem- 

peratures high ensrag11 and in environinents hostile enough that available 

alloys are iinsuitable became of their lark o f  the mechanical strength or 

the corrosion rcsitatamce required. 

Potential appllcatione E Q ~  eeramtc. heat exchangers in fossil energy 

a r e  in two p o s s i h l e  areas- In one, the heat exchanger fa used eo transfer 

heat from a fos s i l - fue l - f i r t ng  process t o  a high-pressure working fluid 

as heiit1lir r-or use i n  a riosed--eyci.e  rayto ton system OF to a i r  or 

nl-tragen for use in an open-cycle  Brayton or possibly some other s i m - l . l a r  

system. The second applicaclon uses  the Beat exchanger (recuperator) to 

recover heat from hot waste gase.: by prchenting e ~ ~ l ~ l o u ~ t i o n  air, batch 

mater:  315, or proczss rrac t an LS or for some s i m i l a r  purpose. 



Materials research and development on the high-temperature high- 

pressure unit outside the AUTD program has been sponsored primarily by 

the Electric Power Research Institute (EPRI)  i n  a recent Coal-Fired 

Prototype High-Temperature Continuous Flow Heat Exchanger Program. 

Results of that program prnvided considerable understanding of structural 

ceramics technology relevant to advanced heat exchangers, including tube- 

to-tube and tube-to-header joining needs. The heat exchanger desfgn con- 

slsted of tubular inlet and outlet headers joined by U-tubes, which are 

the heat transfer surfaces.4 p5 

significant potential for ceramic heat exchangers for high-temperature 

applications. The design in the EPRI program focused exclusively on a 

tube-and-header with folded cross flow because of the energy flux 

requfrements and the need to ensure that the coal slag on the hot  face 

did not  adversely foul the hear. exchanger during service. Availability 

of  candidate structural ceramics in a H m i t e d  number of shapes was also a 

significant factor in determining several aspects of these early designs. 

The research and development on ceramic heat exchangers for the 

waste heat recovery application bas been conducted under both government 

and private sponsorship. Two earlier demonstration programs on recupera- 

tive ceramic heat exchangers were funded by the Office of Industrlal 

Applications and ComercializatPon of DOE (1NDUSI)QE). Two program 

efforts on tubular ceramic recuperators, supported by the Industrial 

Conservation Program through the Idaho Operations Office of DOE, are under 

way with industrial contractors. Specifically, the Babcock & Wilcox and 

the Garrett-AiReseareh program efforts are directed to heat recovery from 

steel soaking pits and aluminum remelt furnaces. Both programs will use 

ceramic recuperators in the high-temperature regions of the burner ducts. 

The design phase of the recuperators is complete, and they are currently 

under construction, Xn a d d i t i o n ,  substantial efforts are under way on 

ceramic recuperators, supported by the Gas Research Institute. A program 

on materials for waste heat utilization is also under way at ORNE, sup- 

ported by the DOE Xndustrial Comervatton Program. Two other programs, 

the Ceramic Heat Exchangers for High-Temperature Fossil Fuel  Combastlon 

Environments Program at BRNL and the Ceramlc Joining Project at the Solar 

Division of International Harvester, were initiated by the DOE Office of 

Results from this program clearly fndicated 
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Fossil Fuel Utilization and were managed by Pittsburgh Energy Technology 

Center in the Haat Exchanger Technology Program. Both of these programs 

are complete. 

The two programs supported by INljWS-DOE involved the demonstratlon of 

much smaller ceramic recuperators on process heat furnaces. The GTE 

Sylvanla program had the objective of demonstrating extended-surface 

honeycomb ceramic heat exchangers on five different types o f  production 

furnaces. T h i s  program is complete. A major program objective was to 

demonstrate the viability of the honeycomb type made of magnesium aluminum 

silicate OF other ceramic material opernt-lreg in a cross-flow mode wjtth 

waste gas inlet temperatures of 13QQ°C and above with an effectiveness 

exceeding 50%. 

The second ZNDUS contractor, TerraTek, Tnc., had the major objectSve 

of demonstrating a very high-temperature ceramic heat exchanger capable ~f 

operating on a commercial glass-melting furnace or similar relatively 

dirty industrial hot waste gas source. Materials screening tests and 

selecrfon were a part o f  this program. X,i.mited evaluations were completed 

under this contract. 

Of the 14 programs previously active in the Heat Exchanger Technology 

Program (HETP) sponsored by DOE Fossil Energy as listed in the May 1978 

Heal; Exchanger Technologg B o p a m  Newsletter, 

to cerainic heat exchanger technology, and a sixth was oriented to heat 

transfer enhancement. 

five were directly oriented 

The WETI? and Industrial Conservation have been the only organized DOE 

programs oriented t o  technology development of ceramic heat exchangers, 

w i t h  the exception of work at the Solar Divtsion of International 

Harvester funded by the AR&TD Fossil Energy Materials Program and two 

solar energy program" The AR&TD project at Solar resulted in successful 

assembly of an Sic ceramic heat exchanger during FY 1980, followed by stic- 

cessful high-temperature and leakage tests. SJork involving coal combustton 

studies continued w9.th EPRI support. 

The use o f  structural ceramics in heat exchangers 1s anticipated bo 

b e  less demanding than that in gas turbines, because in general the stress 

levels  in these components will be lower and because more design latitude 



may be available in a heat exchanger than in the rotors and stators of a 

turbine. However, practical ceramic heat exchangers for fossil energy 

systems will typically be very large. Specific research and development 

needs for structural ceramics are detailed in the following paragraphs e 

An understanding of the mechanical behavior of silicon carbide and 

silicon nitride ceramics at elevated temperatures in the presence of 

stress and atmospheric exposure conditions appropriate to the end use (hot 

gas exposure from clean and dirty fuels) is required. A critical evalu- 

ation of the oxidation and corrosion properties of SIC and SI~NL, under 

high-temperature service conditions is also required, as is an orderly 

sequence of ceramic heat exchanger module testing in aggressive fossil- 

f uel-f ired environments to identify structural ceramic limitations in 

corrosion and jofnt durability. This testing should include materials 

exposure from actual fossil fuel combustion, rather than from simulated 

conditions, and should also include tube-and-header and possibly honeycomb 

designs. 

Relationships between the powder properties, impurities, fabrication 

processes, and so forth and the final mechanical properties of silicon 

nitride and silicon carbide ceramics are poorly understood. This poor 

understanding limits a realistic assessment of the application potential 

for silicon nitride and silicon carbide ceramics as fossil energy system 

components. Near-net-shape fabrication of these ceramics i s  critically 

important for economic reasons. An investigation is required to determine 

the potential for fabricating high-density high-strength silicon-base 

ceramics by cheaper or simpler novel techniques and from lower cost  

starting materials. 

Unlike metals, ceramics generally cannot be procured i n  standard 

sizes and then cut, joined, and assembled by the end user. Frequently, 

the ceramic part must be fabricated to its final or near final shape. The 

inability to j o i n  silicon carbide and silicon nitride ceramic shapes 

reliably once the parts have been densified is a serious fmpediment to the 

design o f  large assemblies such as heat exchangers. Furthermore, results 

from the AGT and later D M P A  programs indicate that undesirable bonding 

can occur at ceramic-ceramic or ceramic-metal joints in a structure 

designed for a free mechanical interface. Such unwanted joining results 
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i n  high stress and frac-iure i n  the ceramjcs during system cooldown. 

J o i n i n g  and s e a l i n g  of s t r u c t u r a l  ceramics f o r  high-temperature service i s  

p a r t i c u l a r l y  important  f o r  hea t  exchan'ger a p p l i c a t i o n s .  Mechanical 

compression seals f o r  Lube-to-header j o i n t s  may be a d e s i r a b l e  des ign  

choice  i f  leakage can be msint_a-hraed s u f f i c i e n t 1  9 low under s e r v i c e  con- 

d i t i o n s .  A l t e r n a t i v e l y ,  s o l i d  m a t e r t a l  j o i n t s  or brazed j o i n t s  mast 

wi ths tand  mu1 t i p l e  thermal and stress c y r l e s  i n  aggress ive  e n v i r s m e n t s .  

Joint r e p a i r  c a p a b i l i t y  i n  the f i e l d  (and p o s s i b l y  fPe ld  f a b r i c a t i o n  of 

large tube-and-hpade-r ceramic hea t  exchangers) is  very  desirable! f o r  

maintenance. 

Nondessructive tes t  devvl  opnent i s  needed f o r  s t r u c t u r a l  ceramic 

matertals t o  d e t e c t  flaws, s tudy  f a b r i c a t i o n  v a r i a b l e s  ( through r a t h e r  

complete gr~~n-state c h a r a c t e r i z a t i o n ) ,  and measare phys ica l  and mechani- 

c a l  properties. P o t e n t i a l  techniques inc lude  X- and gamma-ray tomography; 

c o n t a c t  and p r o j e c t i o n  radiography (real-time and f i l m  wi th  image 

process ing)  ; u l t r a s o n i  c methods i n c l u d i n g  thrcsugh--r_ransmission; pslse- 

echo, and s u r f a c e  a c o u s t i c s  vi t h  adlzanccd s ignal  processing;  nuc lear  

magnetic resonance (NPEt) spes t rosrnpy;  NMIP imaging; and low-kY radiography 

w i t h  d i g i t a l  image processing.  

A generixl d e f i c t e n c y  i n  the s t ruc twa :  ceraraiLrs area i s  t h e  l a c k  of a 

d a t a  base o f  key rnaterial p r o p e r t i e s  as a f u n c t i o n  of temperature  and t i m e  

i n  reactivc environmenrs. These d a t a  must be developed f o r  a c o n s i s t e n t  

set of well-defined specimens and mateiials. This  d e f i c i e n c y  has r e s u l t e d  

i n a void i n  propprty-mater ia l  s p e c i i t c  ations f o r  s t r u c t u r a l  ceramic 

a p p l i c a t t o n s  wheP~%sa moderate si high stresses are experienced a t  h igh  

temperature .  The only s u b s t a n t i a l  eZfor i  o f  t h i s  type has  heen supported 

a t  Z I T  Researsh I r z s t i t u t c h  by t h e  U.S .  Adr Force  and o the r s .  

Work i s  needed t o  i d e n t i f y  t l w  p o t e n t l a l  and l j m i t a t i o n s  of c e l l u l a r  

ceramic h c a t  e x h a n g e r s  f o r  large fos sd l  energy system needs. I f  f o u l i n g  

and  leakage can be c o n t r o l l e d  adequately I n  highly contaminated c o m h ~ s t i ~ n  

gas environmenrs, t h i s  dpsign off,orc; g r e a t  p o ~ e r n t i a l  for providjng rela- 

tPvePy small low-cost: high-performance h ~ n t  exchangers.  Severa l  candida te  

materials should bc ev.aluated for f a b r i c a b d l i t y ,  arreptable p r o p e r t i e s ,  

l eakage ,  and d u r a b i l i t y  by means of mQdUlF FBring t e s t s  w t t h  coal, s y -  

t he t i c  f w l s  and P Psidual  01 1 s. Such heat excliaagess may have p a r t i c u l a r  
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promise i€ advanced indirectly fired gas turbine systems with isolative 

heat exchangers and multiple fuel burners  are attractive for the system's 

performance or economics. 

4.1.3 Nondestructdve Testlng 

Nondestructfve examination (NDE) techniques for materials charac- 

terization and flaw detection can have a large cost impact if applied to 

green-state ceramic bodies before densification. Correlation af 

NDE-detected flaw data (size, type, and location) and characterization 

(density distributhan, p o r o s i t y  distrfbution, binder/plasticizer distribu- 

tion, elastic modulus variation, etc.) should lead to better failure pre- 

diction models. Nondestructtve examination methods may also be used to 

inspect raw powders before processing steps to identify which powder step 

is introducing flaws. Characterization of microstructure (grain size, 

porosity, free silicon content) can also be related to processing parame- 

ters as well as component performance and may lead to better predictions 

of lifetime. However, the NDE effort should be directed not only to 

green-state specimens but to densified specimens as well. Also, laboratory 

specimens and actual components used in heat engines and heat recovery 

systems (e.g., turbine blades, piston caps, valve covers, valve wear 

plates, and heat exchanger tubes) should be studied by W E  together with a 

rather comprehensive fracture behavior effort. The type of defects to be 

detected by NDE is dependent upon whether the ceramic material is a mono- 

lithic material or a composite material, whether surface or bulk body is 

the most important, and whether the material is in a green or densified 

state I 

The allowable load on structural ceramics is controlled by the stress 

necessary to propagate a suitably oriented and sized flaw to critical 

size. This critical flaw size may be as mall as 10 pm. This is abaut 

two orders of magnitude smaller than those for metals, and special tech- 

niques must be developed t.0 detect such small flaws. Most ceramic 

materials are subject to slow crack growth. In principle, the probability 

of failure can be predicted If the temperature, stress, and atmosphere are 

known; if the material is adequately characterized; and if the type and 

size of existing flaws are known. If it: can be established that flaws are 
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smallcr t h a n  a determined critical size and that the material properties 

and s l o w  crack growth behavior are know, the component life can be 

assured. 'fits could perhaps be established by NDE methods, but the 

resolution and speed of such measurements m u s t  be improved. Component 

reliability m u s t  ultimately be assured by developing c o n t r o l l e d  processes 

f9r  fabricating ccmponents and by keeping the manufacturing process in 

contrvl. Mondestruct lve examination i s  an integral element of such a 

quality program and 1s preferable i n  terms o f  efficiency, cost, and 

quality LO a program that depends on mass inspection and rejection of 

significant numbers of components. 

4.1.3.1 Densified Ceramics 

Proems-bnduced defects, such as inadequate binder distribution or 

lack of uniform green density, ernbody themselves In the final product. 

O t h e r  flaws to be detected typically include high- and lordensity inclu- 

sions, cracks, anrd large voids. In composttr ceramics made with random- 

length randorn--orienred fibers (whiskers), t yp lca l  flaws to be detected 

include xhisker eliisters, whisker stratification, and inclusions, In both 

monolithic and composite ceramics, where big loads are carried, measure- 

m ~ n t  OE residual stress levels in densified parts would be desirable. 

The best technical NDE approach f o r  the ceramic material greatly 

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

o r  whole-body flaw.; are most irnporLarit, and if the material is i n  the den- 

s f f l e d  or green-body s t a t e .  Application of ixltrasonlc techniques to den- 

sified reramics allows higher f reqrieacies 0 2 0 0  MHz) than those allowable 

f o r  green-state ceramics. Higher FmqueneiPs provlde shorter wavelengths 

f o r  improved spatial resolution, which is necessary f o r  del:ect-kng critl- 

cally sized flaws in the whole body. 

U s c  of focused acoustic transducers w i t h  appropriate s i g n a l  pro- 

c e s s i n g  should allow complete through-the-body flaw detection (and charac- 

t e r i z a t i o n )  such   hat only selected planes in a body could be 

interrogated .7 

y r t  to be dPfea7ninPd. Special highly foccised transducers may a l low very 

hrlgh spatial resolution -fn t h e  2 5 - p ~  range f o r  s p e c i f i c  types of defects. 

Exactly. what the spatial resolution cap2tri . l i ty ~4111 be is 



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

gamma-ray contact and projection, real-time, and film wfth gmage pro- 

cessing) also hold potential €or interrogating densified ceramic bodies, 

It has been known for some time that low-kU radiographic imaging terh- 

niques are best for low-density materials.’ E11ingson’ has shown that far 

green-state ceramics, X-ray heat voltages less that 50 kV (photon energies 

-20 keU) can be used, but for densified, reasonable-sized specimens with 

high-atomic-number material, up to 1 MeV photon energies are necessary for 

penetration. Highly tailored radiographic techniques do appear to hold 

promise for inspecting ceramic materials. 

Computed tomography (CT) can detect low- and high-density inclu- 

sions and cracks in the 25- to 50-pm range in qulite large bodies, and it. 

can map density distrfbutions, 

depends on the composition of the ceramics, the thickness, and the state 

(green or densified). An important attribute of CT is that it provides a 

method to interrogate the entire ceramic body in a noncontacting way and 

provides almost immediate images on which to base decisions. A great deal 

of work remains to be done t o  define the limits of operation for flaw 

detection and characterization and to reduce the cost of implementation. 

Contact or projection radiographic lmaging has strong potential for 

application to ceramics. Its drawback is that no through-thickness spa- 

tial information is provided. Thus, a high-density inclusion may be 

detected, but the method does not allow the locatfon in the body to be 

determined. For thin parts, location in the thickness may not be impor- 

tant, and thus the image may be immediately useful. Analysis of X-ray 

images by digital image processing techniques will allow isodensity maps 

to be obtained as well as enhancement of low-contrast defects such as 

silicon inclusions Itn bilicon-based ceramics. 

The energy levels needed for CT imaging 

Surface acoustic waves may be useful far detectfon of surface flaws, 

such as machining-induced cracks, by looking at backscattering. 

Backscattering may also be useful. for characterizing surface finish (€.e., 

machining-induced roughness). 
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Small-anel2 ncu%ron scat tering, a ne= NDE technfque,  may be used t o  

detect  micropores and/or  residual S ~ ~ P _ S R S ~  ~ r n  genera1, must be 

c a r r i e d  out  t o  e s t a b l i s h  thr corrslarion betawen r~s:ilts of the va r ious  

NDE s t u d i e s .  

4.1.3.2 Green-State Ceramics ~. L - ---- - 

For green- s fa t e  ceramics, i t  is  desirable not only t o  d e t e c t  f laws  

such as aggloaaeratrq, i nc los ions  (Pc, Si, rtc.), vo ids ,  atid c racks ,  but to 

characterize the specimens f o r  density distributjon, binder  content and 

d i sc r Ib i i t i on r .  and porosity df  q t r i b u t f o n .  T ~ P  delicate n a t u r e  O €  green- 

state bodies  implies That noncontactfng methods be used. I n  a d d i t i o n ,  

f ull-volme In t e r roga t ion  i s  o c c c s a a ~ y  because it i s  no t  s u f f i c i e n t  t o  look 

o n l y  a t  surface Fla5Fs .  

In contriish: t o  d e n s i f i e d  matci Lals W ~ Z S S :  a P B  chemiral a d d i t i v e s  

(binders, plastfcizers, and sin9 cring a i d s )  have been burned our green- 

state ceramnis bodies  s t i l l  c o n t a l n  these addi t l v e s .  Further, i t  i s  

usually cons idered  char the d i s t r i b u t i o n  of these additives a f  Eects the  

d i s t r i b u t i o n  of the  mechanic..il p r o p e r t i e s  ~~icblhin the ceramlc p a r t .  Thus, 

i n  a d d i t i o n  t o  acoi int ic  and radiogaaphfe techniques d i scussed  earl ier f o r  

d e n s i f i 9 d  cerarnkcs, chcmfcally sensitive PJDE m?s,I-rods such as nuc lear  

magnetic ~ F S O I ~ B ~ B C P  (NPR) mag havs p o t e n t i a l  f o r  application, Full-body 

mapping of p a m s i t y ,  d i s t r l b t i v i n n  of ca rbon-conmfn ing  b i n d e r s / p l a s t i -  

c i z e r s ,  and perhaps s i  l i c o n  d i  s t r i b u t i o w  i n  s t l i c o n i a e d  Si3Nt+ may be 

po~sib1e.l~ 

addt t iver ;  brit t h a t  havc imclear  s p i n s  (F.e,, the iluclei. are detec tab le  by 

N I P )  may allow mapping of potosity. C+~limaps green-body characterizae€on 

i s  where NDE could o f f e r  the highest payoff -in ceramfc processing. 

For uapping o f  p o z u s j r y ,  dopants t ha t  are compatible with the  

PresenL techniques mosr d d e l g  i ~ m p l o y ~ d  by i n d i i s t r y  fo r  NDE of ceram- 

i c s  are X-ray radiography and f l u o r e s ~ e n t  dye pcncLrant testLng. These 

t echniqiics p rov ide  3 r r l a t i v e l g  coarsc r s s a l u t i o n  of d i  scont i t - ru i t ies  

( d e n s i t y  v a r i a t i o n s ,  p o r e s ,  cracks ,  i n c l u s i o n s ,  e'cc.). Iiowever, as noted 

earlier, efforts ars under w;; t u  advance NBE t zrhniquer; f o r  s t r u c t u r a l  



69 

ceramics. The techniques under study include advanced acoustic methods 

( including focused transducers and signal processing) , X- and gamma-ray 

tomography, X- and gamma-ray radiography with digital image processing, 

NMR imaging, surface acoustic wave testing, small-angle neutron scat- 

tering, and overload proof testing. No single technique is expecte 

serve as a universal flaw detection and characterization method. Several 

techniques will be required to assess ceramic components thoroughly and 

cost-ef€ectively in the green and densified states* Most of these tech- 

niques are currently being evaluated by the ARhTD Fossil Energy Materials 

Program and have application to heat recovery systems as well. as heat 

engines. 

Future studies should focus on selected structural ceramic specimens 

(SIC, Si3I%+,  Zr02, A L 2 6 3 ) ,  including samples in the green state. Samples 

should have variations in shape as well as variations in microstructure 

(grain size, grain distributfon) and flaws (seeded inclusions, cracks, and 

pores). 

Work on ceramics shoul.d include establishing the  ability to charac- 

terize green-state bodies. This ability would affect not only ceramic 

process development but flaw detection as well. Variations in ceramic 

specimen parameters relative to flaw detection should be used to predict 

fracture behavior in laboratory specimens (tensfle and flexure stress 

modes), and the relationship between flaw detection and failure needs to 

b e  established. 

Fracture mechanics analyses and microstructural evaluation should be 

carried out to identify flaws most lfkely to limit component life so the 

NDE effort can focus on the most important areas. Studies must be carried 

out to correlate NZ)E results w&th fracture behavior to establish the util- 

ity of the NDE techniques. Tests must be performed on samples with 

controlled flaw populations to determine the effect of flaws on failure 

probability distribution. 

A significant e f f o r t  should be developed to evaluate CT, acoustic, 

and NMR imaging for cernmks in the green and densified state, and to 

correlate the data with fracture behavior. Cracks, porosity, and density 

variations are a11 potentially detectable with these advanced sophisti- 

cated methods. In addltton to GT scanning, advanced NMR imaging systems 

f o r  materials should be e v a l u a t e d .  
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5.1.1 Fluidized-Bed Combustion 

The cornbustion of cod. In a fluidized bed of crushed limestone o r  

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

capture than is currently attainable wtth other more conventional corn- 

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

perature must be kept below about 950'6 to prevent ash agglomeration. In 

fact, efficient removal of sulfur will probably limit the bed temperature 

to below 900°C; these relatively low combustion temperatures also limit 

NOtc emissions. The hear of combustion may be transferred to in-bed and 

above-bed tubes carrying water, steam, or air, or it may be removed by 

increasing the air flow to greater rhan that required for stoichfometric 

combustion, In the latter application, the bed is normally pressurized, 

and the combustion gases are expanded through a gas turbine. Although the 

tube temperatures o f  the in-bed heat exchangers vary greatly with choice 

o f  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 temperatures approximately equal to the bed tempera- 

ture. 

Materials requirements for fluidized-bed combustors (FBCs) have been 

addressed in several design studies .Im3 

fluidized bed -heat exehangpr tubes and supports, air distributor plate, 

coal and limestone feed nozzles ,  side walls, bed-drain hardware, and 

instrumentation - must sattsfy operating requirements that are unique in 
terms of past operating experience for coal combustion systems. Design 

parameters, such as location of coal feed ports and air fluidizlng velaci- 

ties, strongly affect materials performance, and the compromises that can 

ultimately be achieved between design and materials requirements wfll be a 

major factor in establishing the feasibility of FBC concepts. Additional 

challenges to the deslgner are problems of creep and fatigue arising from 

imposed loads and vibrations8 Mot unique, but also of concern, are 

problems with dissimilar-metal welds. 

All components contacted by t he  
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Pfreside corrosion of superheaters in conventional pulverized-coal- 

fired b o i l e r s  is due t o  the deposition of ash-containing alkali sulfates 

on the metal. SulTate-containing coatings are also formed on heat- 

exchanger and other metallic surfaces immersed in limestone-scavenged 

fluidized-bed combustors above approximately 400°C. In this case, the 

coa t ings  are predominantly CaSQ4, which remains solid even at the maximum 

bed temperature. Nevertheless, chemical interaction between these 

coatings and the underlying metal-inetal oxide substrate is a ~najor factor 

in the corrasion of FBC materials. Also o f  importance i s  the distribution 

of air, coal, and combustion gas within the bed. Determinations o f  the 

oxygen fugacity of the bed by solid electrolyte probes responsive to oxy- 

gen anion activities show rapidly fluctuating oxygen pressures at any 

given point in the bed, the pressures reaching apparent levels as l o w  as 

Pa. This implies that transient reducing conditions exist in the 

vlcinity of burning coal particles. 

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

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

velocities In the Freeboard (above-bed) area of an FBC are comparable to 

those i n  conventional coal-burning systems. Thus, although the particle 

density is much higher in the FBC, problems with erosion in t he  freeboard 

region appear to be more conventional than those in the bed, Erosion pat- 

terns in the in-bed regions of fluidized beds have been of two general 

types. T n  the first type, tube surfaces and water-walls operating at tem- 

peratures lower than approximately 300°C in some (but not all) fluidized 

beds have suffered rapid erosive wear, the wear patterns conforming to 

classic abrasion by hard particles. The eroded surfaces appear highly 

polislied, exhibiting no oxide films, sulfate, or char coatlngs. The 

second type o f  erosion has been manifested at higher temperatures 

(40c) -6OO0C)  where the under surfaces of heat exchanger tubes have some- 

times exhibited much higher wall losses than the mating upper surfaces, 

The latter f o rm o€ erosion appears to be associated with an erosive effect 

o f  the growth and spallation of CaSQq and/or underlying oxide films. 

N e h t l i e s  form of erosion has been observed for heat resisti.ng (austenitic) 

a l l o y s  o p e r a t i n g  at 800°C or above, where relatively thick, wear-resistant 

oxidr films are formed. Three factors t ha t  appear important In effecting 



75 

I 
in-bed erosion are (1) localized high-velocity jets, (2) the angle between 

the tube axis and direction of air flow, and ( 3 )  the downward movement of 

bed material along water-wall surfaces. Bed design parameters, particu- 

larly the nominal fluidizing velocity, the design of the air distributor 

and lower bed plenum, and bed depth are fundamentally important in 

controlling erosion. In general, combatting in-bed erosion through 

material upgrading and coating has not been as effective as  have 

controlling local particle velocities and using spoilers for disrupting 

adverse air flow patterns. 

Erosion problems of still another form are encountered when the com- 

bustion gases from the FBC are expanded through a gas turbine. A substan- 

tial amount of work has dealt with gas turbines ingesting dusty air and 

with the recovery of energy from fluidized-bed catalyst regeneration 

units by expanding the product gas through turbines. All this work indi- 

cates that even moderate concentrations of 5-pm particulates can be very 

dancaging at the hFgh velocities in the engine. Because these erosion 

problems cannot be solved by materials selection only, design solutions 

must also be sought. The magnitude of the erosion problem is strongly 

influenced by the degree of hot-gas cleanup that can be realized and by 

the detailed aerodynamics of the turbine. The former strongly influences 

the particulate concentration, and the latter controls particle velocities 

and temperatures in multistage gas turbines. Solution of the coupled hot- 

gas cleanup and gas turbine erosion problem is probably the most difficult 

technological problem facing the pressurized fluidized-bed combustion 

(PFBC) system. 

Erosion and deposition (fouling) have generally limited the lives of 

coal-fired gas turbines. Ifowever, at longer times or higher temperatures, 

hot corrosion of gas turbine components appears to be a significant 

threat.4 

sion in the turbine and by contact with cooled metal parts or with the 

boundary layer surrounding them. Alkali sulfates can then condense on the 

metal surfaces. Thus, the selection of the metal temperatures controls 

not only the rate of the corrosion reactions but also the rate of deposi- 

tion of corrodent on the surface. Although the alkali vapor concentrations 

produced in a PFBC are in most cases lower than those encountered i n  

After entering the turbine, the PFBC gases are cooled by expan- 
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pulver ized-coal  combustion systems, t he  f l u x  of a l k a l i  s a l t s  i n  the  gas 

t u r b i n e  will be s u b s t a n t i a l l y  g r e a t e r  than that regarded as accep tab le  for 

c u r r e n t  engines  us ing  d i s t l l l a t e  fuelse Temperature i s  c r i t i c a l l y  

impor t an t ,  and t h e r e  i s  now s t rong  evidence t h a t  cmrrosion of PFBC t u r b i n e  

compnnents  w i l l  be even more severe i n  t h e  range 600 t o  750°C than a i  

h ighe r  tempera tures l  However, some a l l o y s  and c laddings  are c l e a r l y  less 

suscepLlble t o  t h i s  type of a t t a c k  than are o t h e r s ,  and t h e  choice of an 

adeqtxate tu rb tne  p r o t e c t i o n  seheuae (material and s u r f a c e  temperature)  i s  

n o t  ye t  clear. 

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  

beas (e .g . ,  e ros ion ,  co r ros ion ,  and e ros fon /co r ros ion ) ,  i t  is not 

s u r p r i s i n g  t h a t  t he  wastage rates r epor t ed  f o r  s p e c i f i c  hea t  exchanger 

matertals have d i f f e r e d  by o r d e r s  of magnitude among the  var ious  in-bed 

m a t e r i a l s  s t u d i e s  conductw~ t o  However, the p a t t e r n  of materials 

behavior  has  become more p r e d i c t a b l e  as s p e c i f f c  degrada t ion  meehanisms 

have brren better ident - l f ied .  For  example, a t  s e r v i c e  temperatures  of 

800°C and above, c a d i d a t e  materials have narrowed t o  a u s t e n i t i c  s t a i n l e s s  

s tee l s  ( inc lud ing  Incoloy SOO), and the  degrada t ion  of t h e s e  materials i s  

c o n t r o l l e d  by c l a s s f c  ox ida t ion l sn l  Clda t ioa  mechanisms. 

w i t h  these  materials i s  breakaway ox ida t ion ,  which i s  a s s o c i a t e d  with a 

c r i t i ca l  d i s t r i b u t i o n  of i n t e r n a l  sulftdes near the. oxfde-metal i n t e r f a c e .  

S t i l l  t o  be d e t e m i n e d  is  t h e  role OF Cas04 d e p o s i t s  i n  t h e  co r ros ion  pro- 

cesses and tine t r a n s p o r t  mechanism of s u l f u r  through the oxide f i lm .  

Under steam boilpr cond i t ions  (600°C and below), degrada t ion  o f  candida te  

h e a t  exchanger m t e r i a l s  has been t i eg l ig ib l e  except  where e ros ion  has 

a c c e l e r a t e d  the  narmal oxidation processes  or abraded unoxidized tube 

s u r f  aces. 

The major concern 

Although l abora to ry  c o ~ r o s i o n  and e ros ion  tests a r e  extremely u s e f u l  

i n  e s t a b l i s h i n g  the environmental and temperature  cond i t ions  under which a 

g iven  degrada t ion  mechanism can o p e r a t e ,  i t  i s  s t i l l  necessary  t o  relate 

t h e s e  l abora to ry  t e s t  r e s u l t s  t o  f luid- tzed bed des ign  parameters (excess  

air and SO2 i n  the f l u e  gas ,  bed temperature ,  s u p e r f i c i a l  v e l o c i t y ,  

so rben t - fue l  r a t i o ,  c o a l  and sorbent  feed size, e tc . )  This  r e q u i r e s  t h e  

expowire of inaterials In an FBC deddcated t o  materials t e s t i n g ,  where the 

c o r r o s i o n  perfsnnancr  of hea t  exchanger and t u r b i n e  materials can be 
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c o r r e l a t e d  wi th  bed des ign  and o p e r a t i n g  parameters. During FY 1985 an 

$8,000,000 in-bed materials t e s t  program w a s  completed under t h e  sponsorsh lp  

o f  Energy, Mines, arid Fiesources (EMR) Canada. The test was conducted f o r  

a t o t a l  o f  10,000 h In a 1- x 1-rn atmospheric f lu id ized-bed  combustor 

owned and opera ted  by t he  Nova S c o t i a  Power Corporation. Materials 

d a t a  from t h l s  test are being made a v a i l a b l e  t o  t h e  United S t a t e s  through 

t h e  P h y s i c a l  ilietallurgy Research Labora to r i e s ,  a t e c h n i c a l  arm of Em., I n  

a d d i t i o n ,  t h e  Morgantown Energy Technology Center has  s o l i c i t e d  proposa ls  

f o r  a n  in-bed materials t e s t i n g  program t o  i n v e s t i g a t e  t h e  e f f e c t s  of 

o p e r a t i n g  and des ign  parameters on tube  m e t a l  wastage in F B C s .  These 

programs c o n s t i t u t e  an  important ad junc t  t o  t h e  AR&TD F o s s i l  Energy 

Materials Program and are r e f l e c t e d  i n  t h e  c u r r e n t  and proposed test 

programs €or  FBC materials s t u d i e s .  

Labora tory  experiments under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  should 

a l s o  be cont inued  t o  understand t h e  mechanisms and m i c r o s t r u c t u r a l  COW 

d i t i o n s  t h a t  l e a d  t o  breakaway o x i d a t i o n  a t  800°C and above. T e s t s  a t  

lower tempera tures  should be conducted t o  e s t a b l i s h  t h e  c o n d i t i o n s  under 

which e r o s i o n  wf1l a f f e c t  t h e  mechanical i n t e g r i t y  of oxide f i l m s  and 

Cas04 d e p o s i t s .  Labora tory  tests are also r e q u i r e d  t o  i d e n t i f y  t h e  necha- 

nisms of low t empera ture  ho t  corrosion of t u r b i n e  a l l o y s  and c o a t i n g s  i n  

s imula t ed  PFB f l u e  gas environments. 

The m a t e r i a l s  requirements f o r  c e r t a i n  hot-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 i i l t  t o  meet, a l though can- 

d i d a t e  materials should be sub jec t ed  to long-term t e s t i n g .  However, 

more advanced hot-gas c leanup systems (e.g., i o n i c  conducting materials) 

are under development; t h e i r  materfals requirements must be determined, 

and s u c c e s s f u l  mat:esials performance must be demonstrated.  

A c u r r e n t  problem i n  steam g e n e r a t o r s  is t h a t  ox ide  scale s p a l l s  from 

r e h e a t e r  and supe rhea te r  tube s u r f a c e s  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 ,  ConditPons: of h igh  h e a t  f l u x ,  such as i n  l iqu id-meta l  

h e a t  exchangers increase.  t h e  e x t e n t  of s p a l l a t i o n -  Because t h e  hea t  

f l u x e s  of FBC in-bed steam g e n e r a t a r s  w i l l  be h igher  than  those  i n  c u r r e n t  

f o s s l l - f i r e d  g e n e r a t o r s ,  the problem Q €  s p a l l a t i o n  could be accentua ted .  

A program should be inLC-.iated t o  determine the e f f e c t  of t h e  h e a t  f l u x e s  
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i n  FBC steam gene ra to r s  on oxide  s p a l l a t i o n .  If t h e  e f f e c t  i s  s i g n i f i -  

can'h, the  h e n e f t 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  

materials should he eva lua ted .  

Dissi;nilar-rraetal 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  I.ubes 

a r e  c u r r e n t l y  made wi th  high-nickel f i l l e r  metal ,  Such j o i n t s  may not be 

su-ltab'he f o r  a p p l i c a t i o n s  t h a t  l o c a t e  t h e  j o i n t s  w i t h i n  t h e  fluidized-hcd 

r eg ion  of atmospheric FBCs (AFBCs) , because such high-nickel a l l o y s  are 

s u s c ~ p t f b l e  to c a t a s t r o p h i c  s u l f l d a t i o n  c o r r o s i o n ,  The pcrcormance o f  

j o i n t s  made by e x i s t i n g  methods must be r e l a t e d  t o  o p e r a t i n g  temperatures 

and l o c a l  bed cond i t ions  i n  AFBCs ,  and, i f  necessary ,  a l t e r n a t i v e  j o i n i n g  

methods and m a t e r i a l s  must  be explored. 

NondestructPvc techniques  ( u l t r a s o n i c  and eddy c u r r e n t )  f o r  in- 

s e r v i c e  i n s p e c t i  on should be developed and app l i ed  f o r  t ub ing ,  d i s s i m i l  ar- 

metal welds,  and o t h e r  components. 

5.1.2 Conventional Combustion 
I_______ .- ... 

T s s  c e n t r a l  o b j e c t l v e s  of the DOE Of f i ce  of F o s s i l  Energy f o r  t he  

development o f  coiubustion systems are (1) s u b s t i t u t i o n  of c o a l  ( o r  coal- 

l i q u i d  mixtures)  f o r  o i l  and natural .  gas  i n  u t i l i t y  and i n d u s t r i a l  b o i l e r s  

and ( 2 )  ex t ens ion  of the r e s e r v e s  of o i l  and gas by improving t h e  Telia- 

b i l i t y  and e f f i c i e n c y  of b o i l e r s  and furnaces. 

Replacement o f  o i l  and n a t u r a l  gas by pixlverized c o a l  o r  coa l - - l iqu id  

rnixl-ures i n  i n d u s t r i a l  and ut i  1 f r y  b o i l e r s  r e q u i r e s  s o l u t i o n s  t o  a number 

o f  t e c h n i c a l  probl.crnse The p r i n c i p a l  problems are thosp of fly-ash 

f o u l i n g ,  s lagging ,  co r ros ion ,  and e r o s i o n  of b a i l e r  t ubes  and o the r  corn-- 

poiients i n  convent iona l  combustors. These problems are caused i n  p a r t  by 

t h e  mfnearal matter p re sen t  i n  t h e  feed  coa l  and the  t r ans fo ima t ion  and 

r c a c i - t v i t y  of the minera l  matter dur ing  and fo l lowing  combustion. An ade- 

q u a t e  unders tanding  of t h e  mcehanisms r e s p o n s i b l e  f o r  the chemical and 

physlcal r e a c t i o n s  seen  with t h e  use of coal  or  coa l - l i qu id  mixtures  i s  

needed, B o i l e r  tube wastage i n  convent iona l  pu lver ized-coa l  b o i l e r s  i s  

caused PTllnZKily by zlhe c o r r o s i v e  K&lcti.onS t h a t  QCCUT a t  h igh  tempera- 

t u r e s  between t h e  compounds fomed from tlre elements conta ined  i n  t h e  c o a l  

and t h e  m e t a l  tube  su r faces .  Eo-w-temperature COPKOSiOn i s  due mainly t o  

a t h c k  by s i~ l€ur - -conta inPng ac-lds. I n  a d d i t i o n  t o  the  devrluprnrnt of 

nore cor ros ion - r - s l s t an t  m a t e r i a l s  f o r  bo1Per components, b e t t e r  coa l  
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cleaning techniques (as discussed in Chap. 1) w i l l  result in the removal 

of a large amount of the ash and sillfur irom the feed coal and, thereby, 

reduce the problems caused by these materials. Tn addition tcr providing a 

better quality coal for pulverized-coal combustion, dmprovement of feed 

coal quality is an important step in Ehe preparation of coal-liquid 

slurries for combustion in retrofitted oil or gas combustors. The prime 

problems encountered when oil- or gas-fired boilers are retrofitted to 

burn coal or coal-liquid slurries are corrosion, ero~ron, and wear of the 

burner nozzle. Again, proper coal cleaning w i l l  reduce this problem 

somewhat; however, burners will need to be redesigned to atomize the 

injected slurries into the combustion zone properly. The coal-liquid m i x -  

tures most successful to date have been coal-water Coal-oil 

mixtures have not proved economically attractive in comparison with 

current o i l  prices, and recent studies showed that considerable loss of 

power-generating capacity could be expected when coal-oil mixtures are 

fired in oil-f ired boilers .9 Slurry production a lso  requires the addition 

of chemicals that cause a different type af fouling problem, and t h i s  area 

will need to be addressed as well before coal-water mixtures w i l l  replace 

oil or gas. However, the use of slurries resulted in NOz emissions 104) to 

200 p p  lower than those occurring when pulverized coal of the same 

quality was burned 

Among the current materials limitations that the Electric Power 

Research Institute (EPKI) has singled out as particularly significant to 

electrical utilities are the carrosion fatigue of steam turbine rotors and 

blades and the oxide spalling of superheater materials, which causes ero- 

s ive impingement on turbine blades e The attainment of higher ef ficien- 

eies in the steam-Rankine power cycle demands materials with improved 

fireside and steam corrosion resistance at 600 to 700°C. This I s  achlev- 

able by the substitution o€ more highly alloyed metals f o r  present-day 

boiler materials, although not without a significant increase in plant 

capital CQS~S. The development of oxldatlon- and sulfidation-resPst3nt 

coatings to upgrade existing boiler materials may be a mare cost-effective 

means of achieving the needed temperature increases. 

Failure of dissimilar-metal welded joints in steam generators has 

become a major factor affecting the reliability of utility steam 

boilers = l 2  Superheaters and reheaters d e l i v e r i n g  steam at 548°C 



csnrmonly employ austentric s t a i n l e s s  steels f o r  higher temperature r eg ions  

a n d  f e r r i t f c  steel s for lower  t ~ r n p e r a t t i ~ e  regions. Although these tubes 

can  @e joBneh! wfth  8 v a r i r t y  of w l d i n g  approaches,  c r acks  are charac- 

terist:lcally e n c o m t e r e d  i n  the f c r r i t i  r tmterial adjacent to the weld 

intcrfaee. O f  54 utP1i t iP . s  responding t o  a survey by the  Steam Power 

Panel  of the American Soclety  f o r  Tesrliag and M a t e r i a l s ,  American Society 

of Mechanical Engineers end The M~t-al  Properties Councd I., 20 repor ted  

dissimt1ar-metal  wpxn failurea.12 

total of ’320 and WPT-P mt a t t r t b i i t a b h  to poor welding techniques .  

Because none of the t ~ ~ h n i q u r ~ s  AOV used for j o i n i n g  stainless steel and 

ferarttic tubes h ~ s  Y ~ S O ~ V P ~ ~  the cracking  problem, the development of an 

improved rype of d i a s M 1  ar-acral weld l a  I major requirement for 

increas tng  the rPliabllity or steam power p l a n t s .  

mese f a i l u r e s  involve GO u n i t s  o f  a 

‘rhe e f f l u e n t  cmiaalon standards imprrsrd by the Envi romen ta l  

P r o t e c t i o n  Agency 011 foswf I-farled power plaIlCs require 6h9 removal. of 

S O 2  from rhe stack gasps of p l a n t s  t u rn ing  high-sulfur  coals and fuel 

o i l s .  The ?nos t  common m@tI-iad foe SO2 rel11~9Val is w e t  scrubbing. Typ ica l ly  

t h e  stack gas i s  qinench~d by water P ~ ~ W I P P S ~ Q ~  and i s  Chen passed upward 

through a spray t o w r  i n  d t i c h  a chemical reagent, such as l imes tone  o r  

MgO’., i s  confac tez  d t h  t l t i  gas t o  capture su l fu r -bea r ing  species. Wet 

scrubbers c a n  USF ,a var i e ty  of l t q t i i d s ,  ranging from seawater t o  both 

a c i d i c  arid a k k a l l n e  c h r w i c s l s .  As ;ches,- l i q u i d s  contact the flue gas, the 

absorpfi i rn  of SO? and S O 3  1ox.pers t h r  pH and increases comos-lon. Chloride 

i o n s  i n t rodured  b y  L h e  coal ,  serubher w g  t PI- ,  o r  sorbent  a l s o  exacerbate 

t l r c  corros ion  pLoblem, p a p e c k 1  ly v h t ? r ~  closed - loop recircul atlng water 

systrmr; are uced  The rekafively J O ~ J  + a m p c r a f u i e  of the con ibus t i~n  gas as 

i t  ‘Leaves the  scimhber a1 so poses a SEI G ous devplalnt c o r r o s i o n  problem 

( rondensa t ion  of acids) €n s t a r k  and b l o w e ~  s~ctions downstream from the  

scrubbpr. 

@orr,;sion Pi-obPeioa p ~ p ~ ~ t ~ : t ~ e d  t o  (late i n   he operistion of p o l l u t i o n  

cont ro l  equiprnrnt h a v e  been stiEfir:mit t o  warrant upgrading t o  more 

c o r m s f o n -  res?.€starir alloy4 ta reduce dovnrlime and r e p a i r .  C O r T Q S i O t l  

t e s t i n g  and F i e l d  s:wvpilLancp d 1 1  hr? i-equirr-d to verify that the per- 

fommicz improvemnn! i n  t-hp i ipgtdded matea la l s  i s  c o s t  b e n e f i c i a l .  

A s  n n l d  ebovr. chp EPKT has ilist!?iitrd 9 iaaterials development 

yragram F i r  j i i i ~ J L l ) i i ~  t h ?  i a a  [Phi1 i t y  of < t e a l  t t l rblne Tot0r8 and blades. 



The U & T D  P o s s l t  Energy Marerials Program should match any advances in 

tiirbine material performance with commensurate improvements fn stearn 

supply components. Rtplcx materials such as corrosian-resistant claddings 

on austen-ltic stalnless steels, when retrofitted into existing steam 

generators, have proved very cost-effective in reducing fireside corrosion 

under current bo1le.r operat.8 ng conditions. The eladdings used i n  the 

latter application are gensrlcally simdlar to those being developed f o r  

gas l f ier  applicat tons Accardlngly, mattrag and c1.addfn.g developments for 

gasifier applications ahorald be extended to cover potential coal-fl~ed 

boiler applications at temperatures of 600°C and higher. 

techniques, including eddy-current, ultrasonic, and infrared methods, are 

needed to accommodate the c ladding  developments. 

Nondestructive 

5,2 REFERENCES 

1. T. E. Doway et aI., S u m m y  &.mtuatim of Atr708pheriC *assure 

F l  u i d i  zed-Red @mnbust<ms A p p l k d  t o  E‘lect;ric r J t i l i t y  Large S t e m  

 generator^, EPRI-PP-308-SY, Electric Power Research Institute, Palo Alto, 

Calif. October 1976. 

2. .J. E. J Q T P ~ B ,  $re, et al., Systems Assessment of Atmspherie 

Ftuidizad-Bed Comnhustion: Raseline Study, QRm/m-6208, my 1978. 

3 *  S. Cohen and se M. W O l Q s i I I ,  Materials for Air-Cooled Heat 

Exchangers in Pressurized FZu?Xzed-Ned Combustors, CW-WK-78-006, 

Curtis-Wright C o ~ p . ,  Wood-Ridge, N.J., April 1979. 

4. R. I,. PZcGarr~n, Hot Corres-Lon~%rosion Testing of Matefiats for 

Advanced POWIP Cornversion S$s-b:ems Ns-ing Coal-Derived Fuels, FE-2326-41 ~ 

National Bureau of Standards, Gaithersburg, Md., September 1980. 

5 .  T. G. Godfrey et alp, “Heat Exchanger Materials for Fluidized- 

Red Coal C+ombaistorssa’ pp. 44&-68 in Proceedings of S<xth B t e r n a t b n a l  

Conference m f l u i d i z e d  Red &&w~x~w, lBOo, VOI. 2, proceedings of 

meeting held in Atlanta on Apr. 9--11v 1980, CONF-800428, U.S. ‘Departmen% 

of  Energy, Washington, D.C., 1988. 

6 .  J .  StrSnger and T. G. Wright, “WaterPals Issues in Fluldized Bed 

Combustton,” pp. 1-23-36 Ln ASM Cofl fmmee on Materials fop Futtcrcl Enmgj  

S y S t e m G 3  proceedings sf meeting held In Washington, D - C . ,  ?fay 1-3, 1 

American Soetety  f o r  Metals, Metals Park, Ohia, 1985. 

7. K. Natesan, “Corrosfsn oP H e a t  Exchanges mterials in Simulated 

Fluidized-Bed. Combustion Envirsnments p’‘ Corros<on Xi( 51, 230-41  (19889 



82 

8. J. C .  G r i e s s ,  9. H. DeVarn, and W. A. Mimaell, "The Effect of a 

High Heat Flux on the Oxidat ion of 2 1 / 4  C r - l  MCI S t e e l  Tubing in 

Superheated Steam," Mater. Perform. 19(6) , 46-52. (1980). 

9. R. S .  Scheffee e t  a l . ,  Cocrt-IJater SZin~ry a8 a U t i l i t y  Boiler  

Fuel, EPRI-CS-2287, ElectrEc Power Research Institute, Palo A l t o ,  Cal i f . ,  

March 1982. 

10. G. A. F a r t h i n g ,  JP., S .  A. Johwxm, and S. J. Vecci, Combustion 

Tes ts  of Coat-Water S ~ u m y  EPRI-CS-2286, Electric Power Research 

I n s t i t u t e ,  PaPo Al to ,  C a l i f . ,  March 1982. 

11. I?. cklhaus et al . ,  BPRI S~eam-l'urbine-Reta.tan Rmeamh PYDojectc3, 

EPRX NP-88R-%R, Elect-nric Power Research Institute, Palo Alto,  C a l i f . ,  

August 1918. 

12. A. 0. Schaefer, "Dfsslmilar-Metal Weld-Failure Problems in Large 

S t e a m  G e n e r a t ~ ~ ~ , "  POweP 123(12)9 68-69 (1979). 

13. 8. T. Mj-chels and E. C. H Q x P ~ ,  ""Mow t o  Rate Alloys far SO2 

Seruhhers , "  Chem. l k g .  eSS(13) 161-65 (1978). 

14. D. W. Rahoi, "Cont ro l l ing  Fuel-Ash @orrosliom w i t h  Nickel AlJ.oys," 

Met. Eng. Q. ?14(3) ,  44-51 ( 1 9 7 4 ) .  



83 

6 .  FUEL CELLS 

6.1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

A f u e l  ce l l  is an e l ec t rochemica l  dev ice  t h a t  conve r t s  t h e  chemical 

energy  of a f u e l  and oxidant  i n t o  electrical energy i n  a h i g h l y  e f f i c i e n t  

manner. Once i n  ope ra t ion ,  a fuel. cell  w i l l  cont inue  t o  ope ra t e  t o  con- 

ve r t  chemical energy t o  e lectr ical  energy as long as both f u e l  and oxidant  

are suppl ied  t o  t h e  e l e c t r o d e s ,  A t y p i c a l  f u e l  ce l l  c o n s i s t s  of two 

e l e c t r o d e s  (each possess ing  high e l e c t r o n i c  conduc t iv i ty )  and an e l e c t r o -  

l y t e  ( e i t h e r  s o l i d  o r  l i q u i d ) ,  which i s  an i o n i c  conductor  in i n t i m a t e  

c o n t a c t  w i th  each e l e c t r o d e .  The e l e c t r o l y t e  is a nonporous b a r r i e r ,  

which s e p a r a t e s  fuel. and oxidant .  The e l e c t r o d e s  are porous t o  f a c i l i t a t e  

t r a n s p o r t  of t he  f u e l  and oxlldant t o  t h e  r e a c t i o n  su r faces .  The f u e l  i s  

g e n e r a l l y  hydrogen o r  n a t u r a l  gas  and is in t roduced  a t  one e l e c t r o d e ,  

wh i l e  t h e  oxidant  ( t y p i c a l l y  oxygen o r  a i r )  is suppl ied  t o  the  o t h e r  

e l e c t r o d e .  The r e a c t i o n  s u r f a c e s  are t h e  i n t e r f a c e s  between each of t h e  

e l e c t r o d e s  and t h e  e l e c t r o l y t e .  The ox ida t ion  a€ t h e  f u e l  a t  t h e  one 

e l e c t r o d e  provides  e l e c t r o n s  t o  t h e  e x t e r n a l  c i r c u i r ;  t h e  r educ t ion  of 

oxygen ( o r  a i r )  a t  the o t h e r  e l e c t r o d e  uses  e l e c t r o n s  from the  e x t e r n a l  

c i r c u i t .  Through t h e  above process ,  a f u e l  c e l l  can produce de electrie- 

i t y  on t h e  o r d e r  of hundreds of amperes per  square  f o o t  o f  e l e c t r o d e  area 

and v o l t a g e s  of about  1 V. Voltage l e v e l s  can be inc reased  by connect ing 

a number of i n d i v i d u a l  f u e l  cells i n  s e r i e s .  This  c o n f i g u r a t i o n  i s  

r e f e r r e d  to as a f u e l  ce l l  s t ack .  

The f ive p r i n c i p a l  types  of f u e l  ce l l s ,  ca t egor i zed  according t o  t h e  

type  of e l e c t r o l y t e  used, are the  phosphoric a c i d ,  molten carbonate ,  s o l i d  

ox ide ,  a l k a l i n e ,  and s o l i d  polymer e l e c t r o l y t e  f u e l  cel ls .  The phosphoric 

a c i d ,  molten carbonate ,  and s o l i d  oxide f u e l  cel ls  have a p p l i c a t i o n s  p r i -  

m a r l l y  i n  t h e  comrnerclal and i n d u s t r i a l  areas, whi le  t h e  a l k a l i n e  and 

s o l i d  polymer e l e c t r o l y t e  f u e l  cells are used mainly f o r  space,  m i l i t a r y ,  

and t r a n s p o r t a t i o n  a p p l i c a t i o n s .  Consequently,  t h e  l a t t e r  group f a l l s  

o u t s i d e  t h e  scope of t h e  AR&TD F o s s i l  Energy Materials Program. In addi- 

t i o n ,  t h e  t echno log ica l  advances f o r  t h e  phosphoric  a c i d  f u e l  c e l l  over t he  



p a s t  t e n  yrzs.; hsvc k e i i  s i g n i E i e a a ~  and havc brought this technology very 

near to comnis*rializa!Pan. M~ter i a l s  resear;:, t h a t  addresses t h i s  tech- 

‘Id t h e r r r n r e  5r  I ~ l a p p r o p r I a t e  for a long-range generic research 

program such as The ,U-STD F o s s i l  Energy Ma”_.rEal  s Program. Consequently, 

t he  following rli  scvssion ad r ia l s  research needs For 

molten carbonat? and s o l i d  nxPde fu~!. fe l ls .  

6.1.1 Molten Carbonate Fuel  C c l P s  --_- I_ - 
The rr;oIten carbonate  flreB c e l l  (MCFC) operaftas from 600 t o  700°C. It 

consists of a porous nlckeP anode, a porous n i c k e l  oxide cachde ,  an 

electrolyte E;trtic-turP that  soparates the aral.de. and cathode and conducts 

only i o n i c  rurrent ’taerweei: them, and anode and cathode c ~ l l e c t o r s  

t h a t  may alss spree as  h-ipolar cell-separator sbeete f o r  stacks o f  cellscl 

The i nd iv id i t a t  cells  wc.jrttiLn a s teck are m1ntaine.l I n  p h y o i c d  eontact by 

n ~ c h a n i c a l  loading.  The anode and cathode gases are sealed i n  the stack 

by thp c a p i l l a r y  az+iori of  a wet SWI at the edges of the  s t a c k  a t  the 

junctPon of tkc 2urner.t collector and elcc~rolyte structure. 

The nickel- .mode sheet is lypically about  0.8 m thlck and con ta ins  

ae additive of f r o m  2 t o  10 at .  2 C r 2 O 3  o r  M2O3. The additive oxide 

6 t rengthens tF? mc-de arid stabilizes the r icke l  agalnst i n - s i t u  sintering 

( coa r sen ing) .  T ~ P  n i c k 1  oxid0 cathode Ils a O.b-anm-.thick sheet t ha t  con- 

t a l n s  about 3 a t .  %, lirhlum. The prrw~nce of lithium increaser; the 

elec t r o n l c  cond.7~ L i v i t y  of I l:e nickel oxide.  Both the anode and cathode 

R T P  porous.  The c:;ithodr is e dual-porostty szructure i n  which t he  f ine  

pores  (<1 pin) b ~ c o m e  f i l  l e d  r.13 1 h e1ecrrnlytc to provide catalytic surfaces 

and i o n i c  co~d t~c i r ance  paths, and t h ”  large poi-es (10 pm) rc3unabn unfilled 

t o  provide access of chc ,pas to t h c  cathode. Likcwfse, the anode is 

Fabr ica ted  wi til 5-pm pozes t o  mit gas a @ c c s s -  

The  e l r s  r r o l y t e  strlncl tire ( m a t r t x )  samtlwl@hed between t . 1 ~  dec t rodes ,  

i s  a compssice Cicm<.turr cf zbm.iti /EO sy-t X of i n c r t  particulate m a % - r P s  

rnatzs’lfil, r u r r e w t l y  L i A I O ? ,  arid 60 wr ,% of a mixture of a l k a l i  carbonates .  

( i y  is 62 x 
L i ~ C 0 3  -38 mn? 2 Y2CO3,  a WI t ~ n  i o n i c  csnderci or above 490°C. 

the r csJ  s i  a x r  n C  the e lcr tro ly~a:  matj-3~ 1s d i r  tly r e l a t e d  t o  i t s  

thickness; t l l e~e fo r i ? ,  the thf  anes i  Fafr ix  possible is preferred. The 

- L u c k n e s ~  *.r 

a wa. 

c u r r e ~ t ~ y  uspd i s  i l > n r i t  0.5 rmn f o c  imtrtccs up to 0.1 m2 i n  



85 

The anode and cathode current collectors (common bipolar sheets in 

stacks) are generally constructed sf type 316 stainless steel; however, 

this matertal c-orrades in the anode environment and is therefore usually 

protected on the anode side d t h  a nickel layer. A more corrosion- 

resistant bipolar sheet is needed. 

The principal materials problems wLth the MCFC are dissolution of the 

nlckel oxide cathode, interface corr sion, corrosion of the anode and 

cathode current collectors, electrolyte loss, and sulfur tolerance of 

materials e 

Dissolution of the lithfated nickel oxide cathode material in the 

presence of the carbonate salt i s  ra serious problem at the high pressures 

(up to 1 MPa) proposed for large MCFC plants. (The potential result I s  

the loss of mechanical and electrical stability and subsequent failure of 

the fuel cell..) Nickel oxide dissolves as a result of concentratlon- 

driven mass transport involving a l o w  concentration of nickel ions in 

equilibrium at the cathode diffusing toward the anode, where the reducing 

conditions precipitate them as metal. The solubility at the cathode is 

proporttonal to the CO2 concentration and, therefore, is greater f o r  

pressurized cells. 

solid and gaseous reactants and a condensed (lfqulld) product. In accor- 

dance with thermodynamic principles, as the pressure is increased over the 

cell, the system compensates by reacting the gases present to form solids 

to decrease the pressure and approach equilibrum conditions. In this 

situation, additional nickel dissolves in the carbonate melt as I\Ti2+, 

which subsequently diffuses toward the anode. based on cell failures, due 

to cathode dissolution in accelerated tests, it is unlikely that the goal 

life o f  40,000 h can be reached with. cells operating at high pressures of 

C 0 2 *  Observed failures aecurred by cell shorting as a result of nickel 

deposition in the electrolyte matrix. 

2- 
The reaction, NiO + C 0 2 S N i 2 +  + C03 , involves 

Interface corr'oafon was a problem in the w e t  seal area in which the 

metallic cell separator contacts the electrolyte tile tu €om sealed com- 

partments for the f u e l  and oxidant gases o f  the MCFC. Depending on the 

blanket gas c~mposltton, electrical potential gradients within the wet: 

seal  can give rise to poss i  le galvanic corrosion problems, especially at 
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t h e  anode. Aluminizing t i h P w  s u r f a c e s  has  proved PTEective f o r  r o n t r o l -  

l i n g  this yroblern- An I n e r t  i n s u l a t i n g  Payer  01 LPA102 forms o n  the 

s e p . ~ r a t o u  s h e e t  s u r f a c e  - 
The separa ' lor s h e e t ,  a l s o  c a l l e d  a b i p o l a r  p l a t e ,  both maintains t h e  

electrodes i n  i n t i m a t e  c o n t a c t  wfth t h e  e l e c t r o l y p e  s t r u c t u r e  a:ld p r w i d e s  

a p a t h  f o r  the c u r r e n t  t o  o r  from the e l e c t r o d e s .  The terms "separator 

shee tvc  and "cixrrent c o l l c c t s r "  w I B 1  br .;yno~pous i n  t he  folllowiiig 

d i s c u s s i o n .  Corrosion o f  t h e s e  components Cn t h e  a c t i v e  area o f  t h e  ce l l  

might caiiqe c e l l  degrada t ion  through contaminat ion of the e l e c t r o d e s  and 

e l e c t r o l y t e  by t h e  rorrosion products .  T y p i c a l l y ,  a s a l t  layer on the 

e l e c t r o d e  and c u r r e n t  r o l l e c e o r  i n i t i a t e s  t h e  C O ~ ~ O S P Q ~  p r o c ~ s s .  I n  addi- 

tlon, the growth of a c o r r o s i o n  product scale on t h e  current c o l l e c t o r s  

c o u l d  ciause excess ive  cel l  r e s i s t a n c e .  The most s l g n l f i e a n t  c o r r o s i o n  

problem f o r  t h e  c u r r e n t  c o l l e c t o r s ,  however, i s  the p o s s i b i l i t y  of 

t h r o u g h - r o r r o s j o n  al lowtng p a r a s i t i c  mixing of iuel  an3 oxidant .  The suc- 

c e s s f u l  o p e r a l i o n  of an MCVC depends on t h e  formation o f  a p r o t e c t i v e  

o x i d e  scale; however, the scale must  be thin, e l e r t r P e a l l y  conduct ing,  and 

rnwhanica l ly  s table .  A l t e r n a t i v e  materials and c ladding  m a t e r i a l s  have 

been examined f o r  iise as c u r r e n t  eo lPec tors ,  but economic considerations 

l i m i t  t h e  choices .  F i n a l l y ,  the ffiaterlal chosen fo r  the c u r r e n t  co l lec-  

t o r s  musi restst  o x i r k t i o n  by t h e  oxldarat gaseso The c o r r o s i o n  of current  

c o l l e c t o r s  i s  a problem t h a t  must be solved before  long-term s e r v i c e  r d t - h  

MCFCs I s  possible. 

E l e c t r o l y t e  losses due t o  evapora t ion ,  seepage, or  corrosion pro-- 

c e s s e s  are l i f e - l i m i t i n g  f a c t o r s  In MCFCa. These l o s s e s ,  which r e s u l t  in 

decreases i n  t h e  d e c t r o l  y t e  conduct ivi  t y  , increased  e l e c t r o l y t ?  s t r o c r i i r e  

p o r o s i t y ,  and d i f f u s i o n  of r e a c t a n t s  a c r o s s  t h e  cell, cause a decrease  In 

r e 4 1  v o l t a g e  and e f f ic iency .2  9 3  

matrices is c r y s t a l  growth of L i A l O ?  during c e l l  o p c r a t i o n ,  uh ich  might: 

r :-.stilt I n  unacceptable  changes i n  t-he d i a i  s i b u t  Lorn of interstice s i  ze in 

t h r  matrix and, consequent ly ,  i n  a decrease i n  c e l l  performance.",5 

A p o s s i b l e  problem w t t h  e l e r t r o l y t e  

The s o l i d  oxide f u e l  c e l l  (SOFC) operates between 900 and 1100°C. 

The MCFC c o n f i g u r a t i o n  i s  that of p lanar  elertrotde and e lectrolyte  s h e e t s  

he'd i n  nr?chanica! rontac' l ,  brit tkc configura ' l ion o f  t h e  SOFC i s  t y p i c a l l y  
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that o f  a laminated cylindrical tube. The laminates, from the inner to 

outer diameter of the tube, consist of (1) a porous support tube of 

calcia-stabilized zirconia, ( 2 )  an air electrode (cathode) of strontium- 

doped lanthanum manganite, ( 3 )  an electrolyte of yttria-stabilized z i r -  

conia, and ( 4 )  a fuel electrode (anode) consisting of a cermet of cobalt 

or nickel metal with stabiffzed zirconia. In addition, an interconnection 

contact consisting of magnesium-doped lanthanum chromite is laminated to 

the air electrode and provides the electrical path between individual 

cells in a stack. During operation, oxygen (or air) i s  passed through the 

SOFC cylinder, while the fuel gas, generally hydrogen, is passed over the 

outer surface . 6 4 3  

The materials in an SOFC must (1) be stable in an oxidizing and/or 

reducing environment, (2 )  be chemically compatible with other materials 

in the cell at both the operating temperatures and higher fabricatLon 

temperatures, (3) have high electrical conductivitfes, and ( 4 )  have similar 

coefficients of thermal expansion to avoid delaminatton of the layers 

comprising the cell. The last criterion is particularly important because 

the process conditions cannot be selected independently for the fabrica- 

tion of each component of an SOFC. Because the fabrication of an SOFC 

consists of progressive lamination, the sintering temperature of each suc- 

cessive layer must be lower than that o f  the preceding porous layer to 

avoid altering the characteristics of the previously deposited layers. 9-1 1 

The principal materials needs of SQFCs are (1) the development of a 

higher conductivity cathode material and (2) improvement in the sulfida- 

tion resistance of the fue l  electrode (anode). The relatively l o w  con- 

ductivity of the cathode material coupled with the long current path in 

the plane of the cathode results in the cathode being the principal com- 

ponent responsible for voltage losses due to internal reststance in an 

SOFC. In  addition, the l o w  conductivity of the cathode results in a non- 

uniform distribution of current around the circumference of the cell and 

through the electrolyte. The alternative cathode material. should have an 

electronic conductlvdty greater than 75 (Q’c~)’~ at 1000°C, which is the 
conductivity of the currently used cathode material, stsonrium-doped 

lanthanum chrorni te. C e l l  performance can be significantly improved 
through the development of higher conductivity cathode materials; however, 
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thP a l t e r n a t i v e  mtes i a l s  s h o d d  at the same timc satisfy the. other three 

c r i t e r i a  mentioned ahovr.  F i r s t ,  tht. carhode  ater rials maif i t  be stable i n  

an oxfdizing envirwnment  aE; tempm-atnres of cell opera t i  on (900-1 100°C) as 

.re11 as of c e l l  f a b r l c a r i n n  ( 1 100--1500QG). Second, t h e  a l t e r n a t i v e  mate- 

r ia ls  mclst be compatible \%At11 the o t h ~ r  c e l l  components so that i n t e r d i f -  

fusion and chemical I n ~ c ? r a c ~ i s n s  at ekie i n t e r f a c e s  are kept  t o  a minimum, 

both f o r  operating an? f s b r i c a r l o n  cond i t ions ,  Third,  the alLernative 

cathode material should have a coefflrient cif thermal expans ion  of about 

1.0 x 10-50C-1 to avoid de?ammir1atlon o f  the ceramic laye-s during f a b r i c a -  

t i  oil and rhermsl cyc l ing  during opc rntiotl .  

The dcuelopn,ent of anodes ~d th i nc reased  sul f idatton reststance i s  

a1 su needed. Esperimcntally , solid oxide material 8 are rmch more tolerant 

o f  sulfur t h a n  arc C ~ P  a?"er-lals ir i  Y L S T P P T  f u e l  cells .  For example ,  

approxbmtelg ROO h of spe-:-atbon at 58 uppm hydrogen s u l f j d e  have heen 

observed d t - h  a n i c k e l  anode. A f L m  an irnltlal vo l t age  drop of about. SX, 

no further delPt-erious effects  W C P ~ ,  noted. Fureiaermore, the i n i t i a l  per- 

formance l o s s  rrra~ recovered at t he  end of the  I I P S ~ ,  when sulfsnr-free file1 

was re--int roduced.  Hcx~evrs,  m c b  imre d a t a  on su1f'tn~- tolerance are 

aed. A fsmdass,cntaI ~ n d e r ~ c a n d i ~ - n g  of the e f f e c t  S U I ~ U P  OBL fue l  cel l  

perforrnmce 1s requj red. Aazodc miterials d t h  even hIgbes tolerances for 

s u l f u r  are dc.;i+ed for mro_ ePf i e i en t  opera t ion .  Furthermore, an i n c r e a s e  

i n  the s u l f l d a t i o n  resistance iild r-Fldalice Lhr a l r e a d y  dninral  gas cleanup 

t s  a ~ i ~ l  aI?n>~ t he  11s;ts of more energy rhficient hat-gas cleanup 

cnf i t in rd  coal gasbficaiionrSOEC p l a n t s .  In  addttion, improvtng 

L l w  s o l f u r  t o l e rance  w w i l d  aPBox7 t h e  $freer use of PPquid fueIs such as 

diesel  fm?l (0.5 1PT z F X l l f U L \ Y .  
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7. MAGNETOHYDRODYNAMICS 

7e1 TECHNOLOGY STATUS AND MATERIALS NEEDS 

Magnetohydrodynamic (MHD) power generation is the direct conversion 

of heat to electricity by passage of a high-temperature high-velocity 

electrically conducting fluid through a magnetic field. The principle of 

MM) power generation is the jinteraction of a partially ionized coal com- 

bustion gas with a transverse (to the fluid flow direction) magnetic field 

to induce an electric field withdn the fluid. Potassium carbonate 

injected into the combustion region provides the needed electrical conduc- 

tivity of the fluid. Electrodes collect the current, and electric power 

can be supplied through an inverter to a power grid. 

The major government MHD test facilities in the United States are 

located at the University of Tennessee Space Institute (UTSI) near 

Tullahoma, Tennessee, and at the Component Development and Integration 

Facility (CDIF)  in Butte, Montana. The UTSI Coal-Fired Flow Facility 

was constructed to provide development testing of components simulating 

the complete MHD steam system. The CDLF was established to evaluate the 

performance of MHD components and systems, to compare performanee of dif- 

ferent designs, and to provide a basis for scaleup of MHD system designs. 

The materials research, development, and evaluation needs for MHD 

components are considerable. These needs include metals and ceramics for 

channel electrodes, ceramics for electrode insulators and channel side 

walls, ceramics for a regenerative air heater for preheatfng combustion 

air, high-temperature metal alloys for a recuperative air preheater, and 

metals and refractories for the steam bottoming plant. These needs are 

being addressed primarily by the MHD program in the DOE Fossil Energy 

Office of Advanced Energy Conversion Systems and managed by the Pittsburgh 

Energy Technology Center (PETC). Although no MHD materials research is 

presently in progress on the AR&TD Fossil Energy Materials Program, an MHD 

project' at the National Bureau of Standards (NBS) was funded by the AR&TD 

Fossil Energy Materials Program in FY 1981. The objective of the project 

was to determine the dimensional stability of refraceory materials for  
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At the NBS, work5 on MID seed-slag interactions and effects 

addressed, among other things, the corrosion of alloys in downstream com- 

ponents of MHD systems. The c~l - ros ioa  portion of the program included the 

development of test methods for assessing relative corrosion resistance of 

alloys, screening of alloys under same simulated downstream conditions, 

and evaluation of screened a l l o y s  to determine the applicability of cer- 

tain alloys to downstream comp~nents. 

A second study6 a t  the NBS OR creep and other properties of refrac- 

tories resulted in data on the high-temperature compressive creep of 

refractorfes for use in MND air preheaters. In addition, the refractories 

were ranked for creep resistance at 1400 to 1600°C. Of several materials 

tested, an excess magnesia spinel refractory, X-317, had the lowest creep 

and was most stable under the test conditions. 

The corrosion of a wide variety of commercial refractories was 

studied at Argonne Natfond Laboratory (ANL) under reducing conditions at 

1500°C in the presence of mixtures o f  coal-ash slag and potassium seed.7 

For several refractories, the results appeared quite promising wfth a 

fused-east chromiaspinel refractory material exhibiting superior Corro- 

sion resistance. 

A second project' at AN& was concerned with the evaluation of 

materlals f o r  the HHD steam bottoming plant and the corrosion behavior of 

selected ASME-coded boiler materials exposed to simulated MHD combustion 

atmospheres for about 500 h at gas temperatures in the range 825 to 875°C. 

The data, in general, indicated that high-chromium alloys such as type 310 

stainless steel and IncoPoy 800 are suitable for steam heaters with tube 

temperatures above 475'C. 

service below 425°C. 

Low-ehromium alloys appeared to be suitable for 

During FY 1984, the national WID program w a s  redirected to conduct 

only that testing necessary ts obtain design data for a retrofit plant by 

the end of this decade. This plant mufd be assembled by integrating an 

MWD topping cycle into an existing coal-fired power plant. 
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OIL SMALE 

8.1 TECHNQLQGY ST LS MEEDS 

Oil shale is one of the energy resources being developed to satisfy 

the U.S. midterm energy requfrements. The western Green River shale for- 

mation in Utah, Colorado, and Wyoming is the primary source of 011 shale 

in this country. Two major methods o f  production are being pursued, sur- 

face and in-situ retorting, and materials requirements for the two differ 

in significant waysI 

We address here gome of the materials research and development needs 

that may be appropriate for funding as part of the AIZ&TD Fossil Energy 

Materials Program. However, oil shale retorting processes are nearing 

commereialization, and some of the identified materials research and 

development needs are more appropriately addressed by the o i l  shale 

industry. The needed areas of research that are appropriate for AR6TD 

Materials Program sponsorship will, for the most: part, be based on 

industry's experience and its identtfication of speeif ic materlals 

problems. 

Because of the tremendous quantity of rock that must be mined, 

transported, and handled (each ton of rock contains only 91 to 182 L of 

recoverable product) in aboveground retorting, more abrasion-resistant 

low-alloy steels may he required in the future. The need for longer-life 

mining components, such as rock-cutting heads, may also require materials 

development. The refractories available for a variety of elevated- 

temperature processes appear to be satisfactory for lining aboveground 

crucibles. The ability of the refractories to withstand the abrasion or 

combined corrosion and abrasion of the shale may become a problem. The 

effects of heating and cooling cycles and severe climatic changes during 

inactive periods may also lTmit refractory life. Corrosion of metals in 

hot retorting environments is a problem that should be addressed. Tum- 

bling abrasion tests are directly applicable to a rotating-kiln retort and 

could be extended to other equipment items. High-temperature erosion by 

shale particulates should also be investigated. 
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&cause of t h e  q u a n t i t y  of f a i r 1  y large-diameter  p ip ing  t h a t  w l P P  be 

needsd tn t n - s i t u  r c r o r t s  f o r  in jec i - ion  and S ~ C W ~ K ~  wel l s ,  ecoizoi~~ics 

d i c t a t e s  t h a t  thg lowest-cost  low-alloy scee l s  be uscd. I n  some syst?msP 

these p ipes  may pass through .t-he r e t o r t ,  and t h e l r  a h i l i t y  t o  withstand 

t h e  c o r r o s i v e  envitoiiments of the retort f o r  the requiLcpJ tlmes i s  a 

prol3lern. P r o t e c t i v e  coa t ings  simch as a luminiz ing  on carbon s t re ls  and on 

lcw-alloy s teels  may so lve  t h i c  problem. I n  some re tor t  des igns ,  t hese  

p i p e s  w i l l  floc enc01111"Lr t h e  hot coci-osiv~? environlment. 

i n  vert l ical  retoits, the &hr-rruoweIls can br more LIran 300 m long and 

muc,!- pass through the  combustion and burned-ouL zones t o  c a r r y  t h e i r  

cz t t i ca l  tcmpei-ature measurements t o  t h e  surface. T h e  cor ros ion  of t h e i r  

metal sheaths, which occurs  because of t he  presence af  oxygen and w l f u r  

at. 1000°C and even h ighe r ,  caw severely l i m i t  themowel l  l i f e ,  

T e m F P r a i u r e s  high enough t o  cause seve re  a t t ack  may be n a f n l a i n d  f o r  

per iods  ranging from rniany hours near 1000°C t o  days a t  ovex 800OC. The 

c ceep strength of the~rnowel l  shenths  m e ~ ~ t  be s u f i i c i c ~ ~ t  t o  pro tec t  t h e  

i n t e r n a l  components from the  forces o f  shifiEng rock dur ing  t h e  r e t o r t i n g  

o p e r a t i  on. 1119 d e v r l o p m m t  and dcrm:istrarl on of s u c c e s s f u l  i n d i r e c t  chc- 

mica1 arthods of imiiitoriing r e L o r i  zoncl.ci m y  have eliuitclated t h e  need f o r  

thermowells and materials rcoearc'm associated w i  t h  these thcrmowol Is. 

i.llaintaining r e l f a b l e  f r inr t ion ing  of  sump pumps t o  d r j  v e  the  p r o d u c t s  

ft-oni t h e  bottom of r e t o r t s  t o  t l r t .  surPace can be a problem. The corrosion 

potent:al of the l i q u i d a  and gases being pumped has not  b c m  rd~ell defined 

ai13 may adve r se ly  a f f e c t  thc  recovery p i p i n g  an9 i t s  c o n t r o l  valves as 

well as thc pumps. Tnc f l u i d  temperatures  i n  these componpnts dl1 be 

absiit 250°C. Shale dus t  entrained i n  the o i l  may result i n  a c c e l e r a t e d  

wear of pump cotnponents. 

'roe u n c e r t a i n t y  of f u t u r e  developmenl of o i l  shale r r r o r t i n g  pro-  

cesses makes i t  d i f f i c u l t  t o  i d e n t l E y  posf tively thosz materials researcdh 

and development programs that should be undpstakcn. ther both rabovc- 

ground and i n - s i t u  r e t o r t i n g  w l l 1  bcouic commercial is not clear-  Sotlie 

unrc?o'bved materials r e q u i i e w e n t s  of absvpguound r-eirorting were ? d e n  

t i f  1 ed Research and devcl. opment t x )  suppor t  inore gt';:ieric energy-sbpply 

material 5 r squi rements ,  such  at> t h o s e  in minjng and c o a l  conversion,  ~ a y  

be appljcable t o  some 01 t h c z ~  needs.  
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The a d d i t i o n a l  requi rements  of i n - s i t u  r e t o r t s  are d i f f i c u l t  t o  pre- 

d i c t  t h i s  e a r l y  i n  t h e  development and u t i l i z a t i o n  of t h e  process.  The 

one-time use of t h e  p ip ing  and o t h e r  components i n  underground r e t o r t s  may 

permi t  t h e  use of a l r e a d y  a v a i l a b l e  materials, p r i m a r i l y  those  t h a t  are 

used i n  t h e  o i l - d r i l l i n g  indus t ry .  The thermowell problem is c u r r e n t l y  

d e f i n a b l e ,  bu t  even h e r e  i t  i s  expected t h a t ,  af ter  t h e  r e t o r t  development 

pe r iod  i s  over ,  r e t o r t s  could be opera ted  accord ing  t o  procedures es tab-  

l i s h e d  dur ing  t h e  development wi thout  t h e  need t o  monitor combustion 

zones. A t  t h i s  t i m e  more expe r i ence  appears  t o  be necessary ,  p a r t i c u l a r l y  

i n  a c t u a l  underground o p e r a t i o n s ,  be fo re  a d d i t i o n a l  s p e c i f i c  materials 

r e s e a r c h  and development programs can be def ined .  However, as improved 

a l l o y  c o a t i n g s  are developed t o  reduce c o r r o s i o n  l o s s e s  i n  t h e  r e t o r t ,  

a t t e n d a n t  n o n d e s t r u c t i v e  t e s t i n g  development inc lud ing  u l t r a s o n i c  and eddy- 

c u r r e n t  methods should be accomplished t o  ensu re  adequate i n t e g r i t y .  

Cons ider ing  t h e  magnitude and near-term timing of commercial o i l  s h a l e  

p rocess ing ,  i t  would appear a p p r o p r i a t e  t o  perform a materials review 

and /o r  a materials needs assessment f o r  s u r f a c e  r e t o r t i n g .  

materials needs are i d e n t i f i e d ,  suppor t  of r e sea rch  addres s ing  t h e s e  needs 

by t h e  AR&TD Fossil Energy Materials Program would be i n d i c a t e d .  

I f  g e n e r i c  





9 .  TECNNOLQGY ASSESSMeNT AND TECHNOLOGY TRANSFER 

9.1 TECHNOLOGY ASSESSMENT 

One of the more important responsibilities of the AR&TD Fossil Energy 

Materials Program is to be aware of 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 foundation 

of an active and relevant research program. The AR&TD Fossil Energy 

Materials Program fulfills this responsibility by use of technology 

assessments of materials needs in fossil energy systems. 

One such assessment was performed in FY 1980 to identify materials 

problems In a variety of fossil energy systems.’ 

relative to the various technologies is given, and materials research 

needed to improve the viability and economics of fossil energy processes is 

discussed. The assessment is presented on the basis of materials-related 

disciplines that affect fossil energy materials development. These disci- 

plines include design-materials interface, materials fabrication tech- 

nology, corrosion and materials compatibility, wear phenomena, ceramic 

materials, and nondestructive testing. The needs of these various 

disciplines are correlated with the emerging fossil energy technologies 

that require materials consideration. 

Background information 

A secand assessment was completed in late FY 1982 to identify and 

quantify the critical (strategic) materials requirements €or a generic 

direct coal liquefaction facility.2 

estimate of materials requirements based on engineering and technical data 

for this type of synthetic fuel facility. This method may be characterized 

as a microanalysis approach (i.e.9 building the whole from its parts) as 

opposed to the macroanalysis approach by use of national economic input- 

output data that €oms the basfs of some investigations reported in the 

literature.3 

It was performed as an engineering 

A thlrd assessment w a s  completed in FY 1985 to determine the status of 

materials technology for advanced-steam-cycle pulverized-coal plants and to 

identify materials research and development that would permit the design, 
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The transfer of erchnology t o  i n t e r e s t e d  p a r t i e s  i s  a ided  by a hi-  

rnoiithIgi nerrasletrei, Mater<,rlu and Conrporl.eni;s in F Q S S ~ ~  Knerg Applications. 

IL'LS  project (WES element HCL-4), conducted C u r  the  ARhTD F o s s i l  Energy 

M t t e r  I d s  frograia by the Battcll e Columbus Labora to r i e s  (BCL) p rovPdes  

I- ~ ~ 

r .  I CJT the rn l l ec t io r l  evaluation, and. d i sseminat ion  of in format ion  p e r t i n e n t  

t o  thz* use of materials and cornponnnts i n  f o s s i l  cne:gy appllratioz-ts.  T h e  

p c o g r a a  at H C X  has beera very  cffectfvr f o r  in format ion  tint1 technology 

LranSfeK and i s  expected to Conf indP.  

To p r o v i d r  3 more ~ f f e c t i v ~  d iwtr ibut  ion of inforrnatioim gained on this 

ARF/TTI F o s s i l  Ei?eTg>r Materials Program, consol ida :ed  quaz'r-c.rly r e p o r t s  on 

t h e  p r o g r r s s  of tire prograrn w r e  i n i t t a t l ed  i n  FY 1981 and have cont lnued.  

The r n n s o l i d a t t 4  qua r t e r1  y r e p o i  t-s rover  the prog : oF a47 a c t f v i t i e s  

i . o n d u c t ~ d  on thc program. hach r epor t  is divided into se:tions and chap-- 

te;:;, w l t h  each s e c t i o n  descrkbinq projeci-s r e l a t a d  i.0 d partlcular f o s s i l  

5 

energy t.*xc-hfiology. 

ha important consiili.caEPon oT I he AX&TO Fossil Eriergy Naf er-iels 

s-? - _-_ , L ~ i s ~ ; r n  i c ,  t o  S Z ~ I J ~ P  tha' others i n  the f o s s i l  ertergy romrinun'liy, AS 7 . ~ ~ 1 1  

a 1 i~ Ehe nvera21 rcse.?,rch comrailiiity, ar:= krrs-il4 ,:>le of tile r e p o r t s  and 
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publications that result from each of the research projects on the 

Program. To facilitate this awareness and to encourage transfer of the 

technology developed on the Program, the AR&TD Fossil Energy Materials 

Program will publish in early J?Y 1986 a bibliography of publications by 

past and current participants on the Program. 

Ad hoc meetings on current materials problems related to corrosion 

and erosion have been sponsored jointly by the AR&TD F o s s i l  Energy 

Materials Program, the Office o f  Coal Processing, and the SRC/H-Coal 

Projects Office. Meetings on the subject of corrosion in liquefaction 

plant fractionation columns were held at Oak Ridge, Tennessee; Baytown, 

Texas; Lexington, Kentucky; and Birmingham, Alabama. These meetLngs 

brought together those parties directly involved in materials problems for 

coal liquefaction in a forum specifically designed €or the transfer of 

information. 

The Department of Energy, Electric Power Research Institute, Gas 

Research Institute, and National Bureau o f  Standards sponsor conferences on 

Materials for Coal Conversion and Utilization. Seven of these conferences 

have been held, and they have been very effective in the transfer and 

exchange of information from the sponsors' programs. Proceedings of these 

conferences are published, making this information readily available. 
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1.07 

1. STRUCTURAL CERAMICS 

1.1 RESEARCH OBJECTIVES 

Structural ceramic materials such as Sic or Si3N4 offer the potential 

of higher strength, lower creep, and greater oxidation resistance above 

1000°C than do available engineering alloys, but they have the disadvantage 

of having large varlations in strength (low Weibull modulus) and relatively 

low fracture toughness compared with alloys. The mechanical behavior o f  

structural ceramics is determined by flaw sensitivity and unforgiving 

brittle behavior. Flaws may be pores, inclustons, grain boundaries, large 

grains, or other microstructural irregularities. Flaws introduced from the 

starting materials or from material processing and fabrication cannot be 

mitigated by microplasticity as they would be in ductile materials. Thus, 

the characterization of the starting materials and the processing technology 

are critical. The populations of flaws within structural ceramics are sta- 

tistfcal in nature and must be treated as such in the design of components. 

For example, the strength of components made from the same material depends 

on component volume (and the probability of a critical flaw). Subcritical 

flaws may grow under stress and, in aggressive environments, may become 

critical and thus cause failure. The time-dependent behavior of brittle 

materials must: be understood and considered in design with structural ceram- 

ics. The objective of this research area is to study the relationships 

between the chemical composition, microstructure, and properties of struc- 

tural ceramics and fiber-reinforced ceramics used in fossil energy systems. 

An understanding of the mechanisms responsible f o r  streqgthening and 

toughening will provide the basis for the development of whisker- or fiber- 

reinforced ceramic composites with improved properties €or high-temperature 

fossil energy systems. This area a lso  includes work on nondestructive exam- 

ination of ceramics, and on electrochemical behavior and phase chemistry of 

oxides for solid oxide fuel cells. 

Current and planned research projects in this thrust area are 

described in the following section and are listed in Table 111.1 at the 

end of the section.. 



1.2 S I J W I E S  OF CURRENT AND PLANNED EKESEARCH 

ANJ,-I ( A )  "Develop?nent of Nondestructive Evaluation -.̂ .- Techniques €or .~ 

Structural . . ..-. Ceramics," . . .. Argonne . .. . National 1.1 Laboratory. 

project are to (1) evaluate and develop effective nondestructive evaluation 

(NDE) techniques (mainly acoustic and radiographic techniques) for 

detecting flaws and characterizing structural ceramics (green state and 

densified); ( 2 )  establish the types and characteristics of flaws that can 

be found by such technfques; and ( 3 )  determine correlations between detecte 

flaws, characterizations, and fracture behavior o f  the ceramics. The NDE 

techniques will be applied primarily to monolithic ceramics to detect poros- 

ity, cracking (surface and internal), inclusions, and density variations. 

Green-state specimens are being emphas-lzed at present, but densified 

samples are included in the experimental program. This task is correlated 

with ms element m - l ( B ) .  

The purposes of this 

ANL-l(B), ""Effect o f  Flaws on the Fracture Behavior of Structural 

Ceramics," -. .. . Argonne National 1..1- L,aboratory. The purpose of this work is to 

(I) establish correlations between the composition, microstriicture, and 

mechanical properties o f  structural ceramics ( S i 3 N 4  and SIC) with well- 

defined flaws, and (2) provl.de information that. will be used to relate 

mechanical properties to nondestructurc evaluation (NDE) results obtained 

i n  14BS element ANL-1(8). The work will include fabricating specimens of 

Si3N4 and Sic wJt-h controlled flaws and measuring their mechanical pro- 

perties (fracture stress, Fracture toughness ,  and elastic modulus). 

Subsequently, m-lcrosLructures of the fracture surface will be evaluated in 

o r d e ~  t o  locate the critical flaws. The results of the evaluation of 

mechanical properties and microstructure will be used together with the 

results of WHS element ANL-l(A) in a joint effort to correlate fracture 

behavior with flaws. Tnfornation obtained from these studies will help 

control processing of structural ceramics t o  improve mechanical properties. 

Furthermore, correlation of mechanical properties x i t h  N I X  results will 

provide additional informarion that will help verify the ability of NDE to 

detect failure-initiating flaws. Knowledge of failure-initiating flaws is 

needed to help better defi17e the flaws to be detected by NDE in WBS element 

ANL-I(A). 



ANL-l(C), "Study of Fracture Stress and Fracture Toughness Behavior 

of Fiber-Reinforced Ceramic Composites," Argonne National. Laboratory. 

The goal of this project will be to establish acceptable mechanical property 

evaluation methods for fiber-reinforced composites, with particular 

emphasis on fracture stress and fracture roughness measurements. Fracture 

toughness is currently considered a property of major importance for mono- 

lithic materials, yet its significance with respect to composites where 

multiple phases exist has yet to be resolved. 

composition, microstructure, and fiber-matrix interaction on these mechanl- 

cal properties will be investigated. 

The influence of chemical 

B&W/ORNL-I(B), "Transfer of CVD Infiltration Technology to Industry,'' 

Babcack & Wilcox and Oak Ridge National. Laboratory. The purpose of this 

task is to transfer to industry the technology developed in WBS element 

ORNL-1(A) for fabricating ceramic fiber-ceramic matrix composites by the 

chemical vapor deposition (CVD) infiltration process. An agreement has 

been reached between ORNL. and the Babcock and Wilcox Company (B&W) to 

collaborate in the further development of this technology. Jointly with 

B&W, ORNI, will develop and characterize fiber-reinforced ceramic composites 

having improved fracture toughness. The development of useful composite 

materials will require (1) the development of higher density ceramic fiber 

preforms and (2) rapid, low-cost methods O E  infiltrating the fibrous pre- 

forms with a ceramic matrix. Babcock and Wilcox will develop the higher 

density ceramic fiber preforms at its Lynchburg, Virginia, facility. With 

the assistance of a B&W researcher located here part-time, ORNL will 

infiltrate the preforms by using the CVD process. New CVD apparatus and 

tooling are developed as parr of this joint effort and tested by the B&W 

assignee at QRNL. The materials investigated include silicon-carbide and 

aluminum-oxide fibers, and CVD infiltration matrices of silicon carbide and 

silicon nitride. Oak Ridge Wational Laboratory will evaluate composite 

microstructures by using optical microscopy, and B&W will perform addi- 

tional characterization by measurfng the mechanical properties. 

GT-1, "'Development of Advanced Fiber-Reinforced Ceramics,'' Georgia 

Institute af Technology, The purpose of this work is to conduct a theore- 

tical and experimental program to identify new compositions and processing 

methods t o  improve the physical and mechanical. properties of selected 



f i b e r - r e i n f o r c e d  ce ramics .  The ceramic iuatr ix  m a t e r i a l  t o  be s t u d i e d  i n  

t h e  f i r s t  yea r  i s  amorphous “ f u s e d “  s i l i c a  o r  modif ied s i l i c a  g l a s s ,  and 

t h e  focus  w i l l  on be t h e  development of f i b e r - r e i n f o r c e d  s i l i ca .  

Pa rame te r s  t o  be s t u d i e d  incl-ude (1) d i f f e r e n c e s  i n  e l a s t i c  modulus between 

m a t r i x  and f i b e r ,  ( 2 )  d i f f e r e n c e s  i n  thermal  expansion,  ( 3 )  n a t u r e  of 

i n t e r f a c i a l  bond, ( 4 )  d e n s i f i c a t i o n  of m a t r i x ,  ( 5 )  n a t u r e  of f i b e r  f r a c -  

t u r e - p u l l - o u t  , ( 6 )  f i.ber d i ame te r  and f i b e r  length-to-diameter r a t i o ,  

( i )  f i b e r  l o a d i n g ,  a.nd (8) f i b e r  d i spe r s i . on  and o r i e n t a t i o n .  I n  a d d i t i o n ,  

a model based oci t h e  i n f o r m a t i o n  g e n e r a t e d  i n  t h e  expe r imen ta l  phase of t h e  

program wi.11 be developed. Work will a l s o  be d i - r ec t ed  t o  t h e  improvement 

o f  [-he p h y s i c a l  and mechanical p r o p e r t i e s  of s i n t e r e d  and react ion-bonded 

E €her- . - re inforced s i l i c o n  n i i i r i d e .  

G T - I I A ) ,  ”Modeling of ... F i b r o u s  I___..__ Preforms f o r  CVD : [ n f i l t r a t i o n , ”  Georgia -_I___.. .. . . 
I n s t i t u t e  of Tee-hnology. The purpose  of t h i s  p r o j e c t  i s  t o  conduct a 

t h e o r e t i e a l  and expe r imen ta l  program t o  develop an a n a l y t i c a l  model f o r  t h e  

f a b r i c a t i o n  and i n f i l t r a t l o n  of f i b r o u s  preforms. Chemical vapor deposi-  

t t o n  (CVO) h a s  demonstrated consi .derable  promise as a t echn ique  f o r  Eabri-  

c a t i o n  of f i b e r - r e i n f o r c e d  ceramic composi tes  U n i d i r e c t  i.onal atid 

c l o t h - r e l n € o r c e d  composi tes  of S i c  f i b e r s  i n  a S i c  m a t r i x  have shown good 

s t r e n g t h  and e x c e p t i o n a l  s t r a i n  t o l e r a n c e .  Tlowever , results have been 

i n c o n s i s t e n t  w i t h  t h e  f a b r i c a t i o n  of  randoiiily o r i e n t e d  s h o r t - f i b e r  coiii-- 

p o s i t e s .  A c r i t i c a l  problem has  been t h e  l n a b i l i t y  t o  c o n s i s t e n t l y  f a b r i -  

c a t e  fibrous preforms w i t h  bo th  h i g h  € i h e r  1-oading and a p e r m e a b i l i t y  

sllf table f o r  i n f i l - t r a t i o n .  A better understandi-ng of the fundamenta1. 

parametehs c o n t r o l l i n g  preform f a b r i c a c k o n  and CVD i n f i l t r a t i o n  of er:eh 

preforms is  needed t o  gu ide  f l i r t h e r  development. ‘l’he proposed a n a l y t i c a l  

modeh w i l l  (1) p r e d i c t  p r e f o r m  s t r u c t u r e  ( d e n s i  t y ,  p o r o s i t y ,  f i b e r  o r i e n -  

t a t i o n ,  e r c . )  based on f a b r i c a t i o n  t echn ique  and fundamental  f i b e r  parame- 

tpr‘s ( d i a m e t e r ,  a s p e c t  r a t i o ,  e t c . )  and ( 2 )  p r e d i c t  permeat ion and h e a t  

c o n d u c t i ~ o n  through t h e  preform s t r u c t u r e  and,  t h u s ,  p r e d i c t  t h e  CVD 

inf- i  1.t r a t i o n  performance. I n i t i a l l y ,  t h e  model w i l l  be developed f o r  pre-  

fo rms  c o n t a i n i n g  only one  type  of f i b e r ,  bui: e x t e n s i o n  t o  mixed f i b e r  and 

f i b e r - p a r t i c l e  b l ends  i s  planned. 

__I_ ___l-~-_l-- 
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INEL-l(A), "Nondestructive Evaluation of Advanced Ceramfc Composite 

Materials," Idaho National Engineering Laboratory. The purpose of this 

project is to develop an effective capability f o r  nondestructive evaluation 

o f  ceramic-fiber-reinforced ceramic composites. The response of selected 

samples of sintered composite materials consisting of Sir: fibers in SiC 

and Si3N4 matrices to both ultrasonic and radiographic techniques will be 

investigated. Experimental techniques and signal processing algorithms 

will be developed for (1) characterizing acoustic properties and sample 

morphology, including fiber size and distribution and the degree of 

bonding of the fibers to the matrix, ( 2 )  detecting flaws including cracks, 

porosity, fiber clusters, and bonding anomalies, and (3 )  detecting flaws 
in joints. The NDE techniques developed in this project will result in 

more effective and extensive use of advanced ceramic composite materials 

in fossil energy applications. 

INEL-l(B), "Joining of Silicon Carbide Reinforced Ceramics," Idaho 

National Engineering Laboratory. The purpose of this project is to iden- 

tify and develop techniques for joining composite mterials reinforced with 

silicon carbide fibers. Primary emphasis will be on composite materials 

with either a silicon nitride or a silicon carbide matrix; lesser emphasis 

will be placed on silica reinforced with silicon carbide fibers. The work 

will investigate oxynitride and oxide glass joining materials and joining 

techniques that promote the devitrification of these materials to produce 

glass-ceramics and joints that are both strong and tough. Joining of com- 

posite matrix materials w i l l  be studied, and the resulting information will 

be applied to the joining of the fiber-reinforced composites. The joining 

material, surface preparaton, heat treatments, methods of binder applica- 

tion, joining technique, and joint configuration will be considered during 

joint design and fabrication. Microstructural examination of the joints 

will be conducted to investigate wetting, microstructure, mass transfer, 

and process parameter effects. Limited mechanical testing of joints will 

be  conducted. Thermal cycling and service environment scoping tests will 

be performed f o r  selected composite joints. Practical joining techniques 

must be developed to fully realize the advantages of ceramic composite 

materials reinforced with silicon carbide fibers. Successful joining 

methods will permit the design and use of  complex component shapes and the 

integration of component parts into larger structures. 



LAMA-1, "Short .... Fiber Reinforced Structural Ceramics," Los Alamos 

National Laboratory. ..... 

utPlity of whi.sker reinforcement technology for producing structural 

ceramic composites of  improved strength and fracture toughness. The pro- 

j e c - t  consists of two technical tasks. The first is to optimize a whisker 

growth process t o  produce alpha-phase silicon nitride (a-S%3N4) whiskers 

and beta-phase silicon carbide (R -S fC)  whiskers of uniform size and opti- 

mum strength and in quan t i t i - e s  sgitable for composite use. The second 

task will involve determining the contribution of the whiskers to fracture 

strength and toughness in selected ceramic-matrix composites. 

The purpose of this pro jec t  is t o  investigate the ........ I- 

NBS-1, "High-Temperature ....... ~ Applications ....... . of Structural Ceramics," 

Natioi ia l  Bureau of Standards. The objective of this study is t o  charac- 

tesize the high-temperature failure mechanisms and factors that influence 

their operation with an aim toward improving the mechanical propert-ies of 

stri.icturai ceramics, especially materials based on silicon carbide and 

silicon nitrZLde> for coal  conversion applications. This project consists 

o f  four t asks :  (1) Bigh--'Tctnperature Fracture of Struetural Ceramics, 

( 2 )  Crack Growth Mechanism Maps, (3) Microstructure and Phase Alteration, 

and ( 4 )  Mi.crosI:rricturi and Frac tu re  in Reactive Environments. 

.- ........ 

OKNL-1(A), . "Fabrication ....... of Ftber-Reinforced ..I Composites by CVD .......I.-.- - 
.______ Infiltration," .... Oak .... Ridge National -. Laboratory. The purpose of this task I s  

to develop a ceramic composite having high fracture reststance and 

strength yet retai-ning the typi-cal ceramic attributes of refractoriness 

and high resistance t o  abrasion and corrosion. The desired fracture 

toughness and strength are on ;'ne order of 20 MPa*m'/* and 500 ma, 
respectively. In additio.n, a practical process capable of fabricating 

simple o r  complex shapes is desired. The ceramic fiber-ceramic matrix 

composites are fabricated by infiltrating low-density fiber structures 

wi th  gases, which deposit as solid phases 011 and between the fibers t o  

Form the matrix of the composite. The goal is to demonstrate that a 

ceramlc composite can be prepared by using inaterials of high interest to 

the fossil energy community. Our earlier assessment identified S i c  fibers 

and iil;ntr€cc?s of SiC and Si3N1, as being m o s t  promising. Pfber dimensions, 

g e o ~ ~ e ~ % y ,  packing density, binder type and concentrations, and other yro- 

cesslng variables are evaluated experimentally. 

__________-.._ c_.-_- 



Initial experimental efforts focused ~n the use of a vacuum-forming 

molding process to form a low-density fiber bed suitable for gas infiltra- 

tion. Once the Eiber bed was formed, dried, and heat treated, the matrix 

of the composite was formed by CVD in a high-temperature furnace. A 

novel scheme (patent appli.ed for> o f  forcing the coating gases to flow 

through the fiber bed was tested i n  an attempt to increase the deposition 

rate over rates normafly obtained when the deposition gases flow across 

the surface to be coated. In addition, depending on the deposition 

reaction, a vacuum may OK may not be used t o  assist the flow of gases 

through the fibrous parts. Important variables of the CVII process, such 

a s  temperature, gas composition, Flow rate, and pressure, are systemati- 

cally altered to maximize matrix denslty and to obtain a microstructure 

consistent with the goal of fabrication of high-toughness, high-strength 

ceramic composites. 

The room temperature flexure strength and the stress-strain curve are 

currently determined in four-polnt flexure. The notched heam technique is 

used to measure the fracture toughness of the composite. However, the 

strength and fracture toughness values determined by these techniques may 

not be valid for fibrous composites, and other measurement techniques are 

being exploredt Direct tensile measurements are being evaluated fo r  these 

composites. 

O R N L - l ( @ ) ,  "Development of Ceramic Fiber-Ceramic Matrix F€lters f o r  - 
Hot-Gas Cleanup in Fossil Energy Systems," Oak Ridge National Laboratory. 

The purpose of this project is to develop a ceramic fiber-eeramic matrix 

composite that will be suitable as a high-temperature particulate filter 

for use in hot-gas cleanup systemso The goal is to produce a composite 

that has the requisite strength and toughness, but that also has suf- 

ficient porosity to be permeable e 0  the gas stream and has the requited 

s i z e  and distribution of porosity to be an effective filter. A practical 

process for fabricating porous ceramic fiber-ceramic matrix filter 

materials in both d i s k  and cylindrical shapes will be developed. 

UKCRE-1. "Investigation of the Mechanisms of Failure of Ceramic 

Elaterials for  Hot Gas FiLtrati~n," United Kingdom Coal Research 
._1_--1 

Establishment. High-temperature ceramic filters used far removing par-  

ticulates from gas stream have been under evaluation at the United Kingdom 
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Coal. Research Rstablishment (UKCRE) . These f i l t e r s ,  a l s o  c.aX1-d ''candles ," 
have been t e s t e d  a t  950°C i n  gasification atrcospheres. Cracks at t h e  p ~ f ~ t  

o f  at:tachmcr,t i o  the mani.fold have not  o n l y  been a drawhack t o  the appl iea-  

t i o n  of t h i s  s p e r i f i c  ceramic design,  they represent a phenomenon generic to 

most r i g i d  c-eramic f i l t e r s  .. N o  detai1.ed phenomenslogical ~ ~ p l a f i a t i o t ~  of 

t l i g  f a i l u r e  has been detesinined. T h i s  r a s k  i s  a "cooperative project of the  

DOE AR6TD F o s s i l  %:nergy Msterials Program and the UKCRE eo develop an 

undcrs tandi  iig of the m e r h a n i s m s  of fai.I.ure of ceramic hot-gas fi1trat::on 

inaterials and, thereby ,  provlde a b a s i s  f o r  rmt i.al and S Y S ~ ~ I M  

improvements. 

SC(  I)---l , "Assessment of t h e  Causes of F a i l u r e  of CeraiizIc F i l t e r s  f o r  
. .~ ,.- . ~ - . ~ ~  ......... __ ....... .............I__I-_ ,,-- __ .......... __T________ 

Hot-Gas C1 easiup i n  I;'ossi:i. F:n 

Research and ikvelopmen; Meeds , '' contractor t o  be determined. The purpose 

of  t h i s  project is to determine Ehe p r i n c i p a l  caiises o f  Fai lure  of ceramic 

f i l t e r s  used f o r  removal of f i n e  parti .culatea from high-'eemperature, high- 

p r ~ s s r r r e  gas st~eams i n  c o a l  ro i ivn ro ion  and u t l l i z a C i o n  systems such AS 

f l~ i i id ized-bed  combustors d i r e c t  coal-Eire3 gas  tl.lTbiiZr3A, and c-oal g a s i f i -  

. . . - . ~ ~ I -  r m i m t . l  on of . Materials .... ..___ ~ -.-_- 

-.-..I . l.l..... ........... I______- 

tens. A s  ? a r t  of this p r o j e c t ,  t h e  current- practlce f o r  design 

and e n g i n e e r i n g  of ceramic -Ei".lte~s w i l l  be r e s e a ~ c h e d ,  end the current u s e  

f o r  such  €Liters i n  industrial arid uti.l.i.ty a p p l i c a t i o n s  similar t o  those  

in tile fos s i l .  eraergy systems l i s t e d  a b o v ~  v i P P  be described, Malierials 

f a i l u r e  expel-ience w i l l  be  examined, and causes  o f  f a i l a r e  of ceramic 

f JLPters will be determined through conversacions iciir.i.t inuaniifacturers and 

u s e r s  arid through 1aborats:y f a i l u r e  analyses - ?la t e r i a l s  researc:h and 

d r.velcpi;e~;t t h a t  would lrixprove t h e  r e l i a b i l i t y  o f  these filters, 2nd design.  

f e a t u r e s  of c u r r e n t  f i l t e r s  tha t  c o n t r i h u t e  to -materials f a i l u r e ,  w t l l  be 

iden!: j. fied . 
-n S t u d y , "  contractor t o  

~ .- ......... ___ ....... _____I.-____ .......... ___... ...... .......... .... SC( 'I. ,Uj-l, " S t r u c t u r a l  Ceramics Deaa 

be det:ermfnd. T h i s  work, to cornmerice i n  FP 1988, w T l l  fort is  on techniques 

t o  f a b r i c a t e  powders i n t o  decse mc.nol.i.thic ceramics and ceramic-cstu i.x eom- 

p o s i  tes w i t h  contuo1.led inicros~:ructznre. Tilo ernpliasls of the work v.ril 1- be 

O i i  p r a c c r c a l  m e t h n d  L U  produce r e l i a b l e  ceraniics such as heat exchanger 

t uhe R I 

-____ 
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SC(U)-1(A), "Tnvestigation --- of the Mechanical Properties of CVD 

Infiltrated Ceramic Composite Tubular Components," contractor to be -- 
- determined. The purpose of this project I s  to develop an understanding of 

the long-term performance o f  CVD infiltrated ceramic composite components 

with the use of comprehensive mechanical properties tests of composite 

components such as tubes, plates, shells, and beams subjected to static and 

cycl-tc multiaxial loading at elevated temperatures over  various time 

periods. 

SC(U)-l(B), "Advanced Concepts in Design with Brlttle Materials ) * '  

contractor to be determined. This new task, beginning in F'Y 1988, will 

apply a combfnation of finite-element stress analyses and statistical 

descriptions of fracture strength t o  the design of structural. ceramic com- 

ponents for fossil energy systems, such as heat exchanger and heat engine 

components. Design methodologies for typical components will be developed 

and demonstrated. 

PNL-I, "Oxide Electrodes for High-Temperature Fuel Cells," Pacific 

Northwest Taboratory. The objective of this research is to find and 

develop highly electronically conducting oxides €or use as cathodes in 

solid oxide fuel cells (SOFCs). Specifically, the work involves deter- 

mining the effects of rare earth (RE) and Indium oxide additions on the 

electrical transport properties of Hf02(Zr02)-RE~~y-In203. 

the study w i l l  develop an understanding of the crystallographic, 

microstructural, and phase equilibrium factors that influence the above 

properties. The cornposittons QE the Hfo~(%roz)-RE~y-In%03 are varied, 

and the electrical properties are measured relative to the phase 

equilibrium and crystallo-graphic structures to determine the RE and 

In203 combinations that provide the highest electronic conductivity. The 

electronic conductivity, transference riumbers, and Seebeck coefficient are 

measured as functions of temperature and oxygen partial pressure. An 

important part of this investigatlon involves the study of the stability 

of a particular oxide in the environments and temperature ranges of SOFC 

fabrication and operation as well as the compaatibilfty of the oxide 

electrode with the other cell components. This latter criterion Includes 

both chemical compatibility and relative thermal expansion coefficients. 

In addition, 
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Table 111.1. (continued) 

Funding (thousands of dollars)a 

Research project Perf oming 
organization 

~ ~ ~~~~ 

PY FY FY FY FY 
1986 1987 1988 1989 1990 

MBS-1 - High-Temperature Appli-  

ORNL-I(A) -Fabrication of Fiber- 

cations of Structural Ceramics 

Reinforced Composites by CVD 
Infiltration 

ORNL-I(C) - Development of Ceramic 
Fiber-Ceramic Matrix Filters 
fa r  Hot Gas Cleanup in Fossil 
Energy Systems 

Mechanisms of Failure of 
Ceramic Materials for Hot Gas 
Filtration 

UKCRE-1 -Investigation of the 

SC(1)-1 -Assessment of the Causes 
of Failure of Ceramic Filters f o r  
Hot Gas Cleanup in Fossil Energy 
Systems and Determination of 
Materials Research and Develop- 
ment Needs 

SC(I,U)-l - Structural Ceramics 
Densiftcatton Study 

S C ( U ) - l ( A )  - InvestigatCon of the 
Mechanical Properties of CVD 
Infiltrated Ceramic Composite 
Tubu la r  Components 

National Bureau of Standards 
( NBS 1 

Oak Ridge National Laboratory 
(ORNL) 

ORNL 

United Kingdom Coal Research 
E s tab 1 i s limen t (UKCRE ) 

To be determined (TBD) 

TBD 

TBD 

240 240 256 250 250 

324 208 200 200 200 

0 125 225 225 225 

c 

56 

0 0 0 0 

0 0 0 0 

0 0 200 200 200 

140 200 200 200 200 
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2. ALLOY DEVELOPMENT AND NEXHANICAL PROPERTIES 

2.1 RESEARCH OBJECTIVES 

The objective of research in this thrust area is to rinderstand the 

chemical and physical metallurgy that affects the high-temperature mechani- 

cal properties, as well a s  welding and jolning, of high-temperature alloys 

used as structural materials in coal conversion and utilization systems. 

Work in this area will include studies of mechantcal properttes, weldabil- 

ity and fabricability of materials ranging from advanced austenitic steels 

to ordered intermetalltc alloys. The research in this area will provide 

the needed background for the development of high-strength, structural 

alloys for high-temperature applications in coal gasification and coal com- 

bustion systems. This area also includes projects near completion on 

pressure vessel materials for coal liquefaction appltcations. 

Research projects are described in the following section and are 

listed in Table 111.2 at the end of the section. A s  was noted above, and 

as will be obvious from the following descriptions, the emphasis in pre- 

v i o u s  years on pressure vessel materials will be replaced by emphasis on 

high-temperature structural alloys for wider applicattons. 

2.2 SUMMARIES OF CURRENT AWD PLANNED RESEARCH 

2.2.1 Pressure Vessel Materials 

CU-2(A), "'Hydrogen Attack in Cr-Mo Steels at Elevated Temperatures,"' 

Cornel1 University. This was the only in-situ hydrogen attack work sup- 

ported by the AR&TD Fossil Energy Materials Program. All other programs 

that address hydrogen attack involve autoclave exposure f~llowed by an 

evaluation. This work on the effect o f  constant stress and pressure on the 

nucleation and growth of methane bubbles in lowalloy steels was completed 

in early FY 1986. 

to describe hydrogen attack in 2.25Cr-1Mo s tee l ,  and the important 

metallurgical parameters were identified, Experiments were conducted on 

modified low-alloy steels, including Phose steels developed by the 

University of California at Rerkeley on an AR&TD Fossil Energy Materials 

Program project completed in FY 1985. 

Models based on experimental observations were developed 
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PNST-2, "Three-Dimensional R e s i d u a l  .......... St re s s  C h a r a c t e r i z a t i o n  ..... of Thick __ ....... ___^_-.._1__ ......... - 
P l a t e  Weldrnents w i t h  Advanced I n s t r u m e n t a t i o n  and Methodologies," 

19ennsylvania S t a t e  U n i v e r s i t y .  

and expand previous  work a t  Pennsylvania  S t a t e  U n i v e r s i t y ,  ( 2 )  t o  i n v o l v e  

t h e  eharac te r . i . za t ion  of t h e  three-dimensional  r e s i d u a l  stress f i e l d  i n  an  

approxPmately 30-~cm--thPck (12-in.) V-gr:oove weldmeant: of 2.25Cr-1Mo s tee l ,  

and ( 3 )  to evaluate v a r i o u s  pos tweld  h e a t  treatment t echniques  and 

s c h e d u l e s  pl-oposed .€car t h e  f a b r i c a t i o n  of l a r g e  p r e s s u r e  vesse ls  This 

-________- _________l__l___l__.__ ..... ___-- 
T h i s  projec; is designed (1) t o  c o n t i n u e  _----.-. ---...--- 

s t u d y  i s  expected 'LO p r o v l d e  the most a c c u r a t e  and d e t a i l e d  exper imenta l  

r e s i d u a l .  scress a n a l y s i s  of l-arge weldnents  t o  date and t h e  needed i n f o r -  

mat ion for a c c u r a t e  €racttxre mechanical c a l c u l a t i o n  and f i n i t e - e l e m e n t  

modeling for these w l d m e n t s .  

UCR-2, ................. "Study of Damage Mechanisms i n  Coal Conversion Atmospheres 
II_ -I.. 

A f f e c t i n g  the F a t i g u e  -........_I_ and Creep .......... Rupture P r o p e r t i e s  .- of Cr-Mo Steels ,'* 

U n i v e r s i t y  ___ of ...... CalPfornia, Berkeley. The purpose of t h i s  p r o j e c t  i s  t o  

e v a l u a t e  the  effects of high-temperature  s e r v i c e  i n  a d v e r s e  environments on 

t h e  m e t a l l u r g i c a l  p r o p e r t l e s  ( p a r t i c u l a r l y  on f a t i g u e  c r a c k  propagat ion  and 

c r e e p  PUpi:\1Te p r o p e r t i e s )  of weld metal and h e a t - a f f e c t e d  zone (HAZ) 

r e g l o n s  i.11 thick-secl:ion weldments of 3Cr-Mo steels .  The overa l l .  ob jec- 

t i v c  i s  t o  deve lop  techniques  f o r  modifying t h e  m i c r o s t r u c t u r e s  ( i n  t h e  HA% 

and base plate) resulting from welding in o r d e r  t o  provide  adequate  

r e s i s t a n c e  t o  envirolmeneal1.y induced damage w h i l e  a t  the same t l m e  wain- 

t a i n i w g  01:'ner dcs-lred mrciianieal p r o p e r t i e s .  

--- 
~ - - _ _ _ .  

P l i c r o s t r u c t u r e s  i n  the base metal ,  W ,  and weld w i l l  be f u l l y  eharac- 

teer1zr.d i n  t e x i s  of m i c r o c o n s t i t u e n t s  and phases.. Damage i n  the form of 

m i c r o c a v i t i e s  o r  methane hiabbles, s i t u a t e d  i n  areas expected t o  be high-- 

damage Ereas r e s u l t i n g  from extended environmental  exposure (e.g., t o  high- 

p r e s s u s e ,  inigli-Esmperature hydrogen) and from welding, w i l l  be in t roduced .  

F a t f g u e  craek growth c h n r a c t e r i - z a t i o n  s t u d i e s  of weldments 19111 be c a r r i e d  

o u t  to deteaiinine the  i n f  l.uence of m e t a l l u r g i c a l  f e a t u r e s  and environment on 

the f a t i g u e  crack growth ra te  from near - threshold  t o  n e a r - i n s t a b i l i t y .  

C r ~ p  r u p t u r e  testing w l l l  be done i n  o r d e r  to i n v e s t i g a t e  the i n f l u e n c e  of 

damage rneehanj..sins i n  weidments t h a t  are t i m e  dependent i n  t h e i r  e f f e c t  on 

mic-rostructurelmechani@al properky r e l a t i o n s h i p s .  
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UCSB-2 ~ "Anal yels of Hydrogen Attack on Pressure Vessel Steels ,*' 

University of California, Santa Barbara. The initial objectives of t h i s  

program have been achieved, and physfcal  models that describe the 

initiation and development of: methane damage in carbon steel, C-Mn-Si 

steels, 2.25Cr-IMrs steel, and weldmeslts have been developed. Nelson 

diagrams have been predic ted  and appear to be reasonably consistent with 

available data. Additional work is needed to refine the analyses and to 

confirm the adequacy of the basic themodynamfc information available in 

the literature. The model has been particularly useful in establishing 

the xelatlve jmportank-e of microeonstituents, deformation mechanisms, and 

fracture mechanisms to the hydrogen attack process. In this sense it will 

guide the development: of modlefied low-alloy steels for optimum resistance 

to hydrogen attack. 'En Pkl 1985 significant progress was made in examining 

the role that stress and plastic strain transients play in the hydrogen 

attack phenomena. Such information i s  vital because the current design 

rules for hydrogen service restrict the use of Nelson curves to situations 

in which the stresses do not  exceed t he  prtmary stress intensities provided 

in the ASME &?:le~n and P ~ a a s ~ r e  'Ereasel Code. 

UTN-2, "Transformation, Metallurgical Response, and Behavior of the 

Weld Fusion Zone and HAZ in Cr-Mo Steels," University of Tennessee. 

Continuous cooldng transformation diagrams were developed f o r  several 

chromium-molybdenum a l loys .  T h e  heat-af Eected zone (W)  and autogenously 

welded fusion zone microstructures of gas tungsten arc (GTA) welds were 

metallurgically characterlaed. The cold cracking tendency of the weld and 

HAZ regions are being detelr-rsllmed as well as the effect of postweld heat 

treatment on the HAZ properties, microstructure, and cracking tendencies. 

Some weldments will be creep-rupture tested. Materials include 

2,25Cr-1M02 3Cr-1.5M0-V~ and 9Cr-LMo-V-Nb steels. 

WEC-2(A3 ""Xvaluat i o n  sf 3Cr-1+ 5Ma Steel in a Simulated Coal 

Conversion En~iron~~nt," Westdnghouse Electric Corporation. The purpose 

of  t h i s  work i s  tu develop a fracture mechanics characterization of can- 

didate materials Cor coal gasifPzat2on pressure vessels. The apparatus eo 

be used f a r  the f rac ture  charactertzation has unique capabilitfes f o r  in- 

situ testing of steels in high-pressure high-temperature H z - H ~ S  envirsn- 

ments. The study w i l l  be complemented by a physical metalLurglcal 
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e v a l u a t i o n  of the v a r i o u s  degradation p r o c e s s e s  observed i n  t h e  basic 

c h a r a c t e r f  z a t i o n .  T h i s  i - f f o r t  G J ~  7 1 Foccls p r i m a r i l y  on t h e  sisi ir lated 

~ n v l r o n m e n t a l  p r o p e r t i c s  of a c a n d € d a t e  material (3Cr -1.5Mo-V s tee l )  t o  

b e  U R P ~  i n  presscre v e s s e l  c o n s t r u c t i o n  €or  coal  g a s i f i c a t i o n  p r o r ~ s s e s  . 
Thr. erzvlronirrcnts and condi t - lons t o  which t h e  s tee l  ~dX1 be exposad are  

(1) a rmlxtenr'e o f  gases Inc lud ing  M2 and ahoait P X  max 117s and (29 10.4 MFa 

p r e s s u r e  at: 315°C. This i s  a laboraf-ory s i m u l a t i o n  ef the c o a l  g a s i f i r a -  

t €on enwfLronmenl which, i n  a d d i t t o n ,  i n c l u d e s  CO-CO? and I:2-H20. Besawe 

thc  selectcd s tee l  w L 1 1  u l t i m a t e l y  bc welded, tlne f o l l o w i n g  nei a1 l .urgica1 

c o n s t d e s a t i o n s  m u s t  a l s o  bc wa lua tcd :  (1) w e l d a b i l i t y  of t h e  base metal ,  

( 2 )  w a d  metal compos i t ion ,  and ( 3 )  h e a t - a f f e c t e d  m i i e  (WAZ).  T h m ,  i t  

..rill e v e n t u a l l y  be n e c e s s a r y  t o  test both  the w e l d  metal and t h e  R A Z 9  as 

~ ~ 2 7  as t h e  base metal, t o  e n s u r e  r e l i a b i l i t y .  The c u r r e n t  Itifirk diiclurle; 

t h e  base plate metal on ly .  

lJEF--7( K )  " I n v r s t I g a t i o n  of  t h e  ..... C o r r e l a t i o n  c3f Carbide Sizc 2nd .......-.-__ _I.._.. _._- ......... ....... _ - ~ -  
P e r c e n t a g e  vi.th Mechanical. .. Proper t i -es  _l___ of High-Strength ......... I,o?~?--AlIoy S t e e l s , "  
______-__Î  .....-. ~ - . ~  ~ 

Bes'einghoinse .......... E l e c t r i c  Corpora t ion .  The purpose of t h i s  p r o j ~ t r  i s  t o  -. _ss 

exam1 ne  t h e  c o r r e l a t i o n  between t h e  5 1 7 ~  aid perc*entage of r a r b i d r s  in 

high- s t r e n g t h  low-a1 loy s t  c h e l s  w i  t h  t h e  mecharileal p r o p e r t i e s .  Ca rb ides  

f rom a s e k  of at least  20 h i g h - s t r e n g t h  Cr-Mo s t ce l s  w J ! I  b~ nnaPyzed try 

scann lng  t r a n s m i s s i o n  el.ectrsn microscopy t o  de t c rmlne  the s i z e ,  percen- 

t a g e ,  and t y p e  of carbfdes  as a f u n c t i o n  of composi t ion and teniperlng 

paraiiw Ser _I A rnodel &vel oped f o r  c h a r a e  tt-r i z a t i o n  or the c a r b i d e s  w l l 1  bc 

uscr!  t o  deve! c p  i o r r e l s t i o n s  of composj i i o n  and h e a t  t r ~ d t i i l e n t  w d  t h  the  

f o l l o w t n g  p L o p e r t i e s :  ( 1 )  shlft I n  t h e  54-5 Charily-V transition t ~ m -  

pera ture  dhac t o  t eraper e rnb r i t t l emea t ,  ( 2  9 room -tempel-atcre y i e l d  s t r e n g t h  

and mltlaate s t r e n g t h ,  ( 3 )  room-temperature Charpy-V impact energy,  and 

( 4 )  crack ar res t  t h r e s h o l d  stress i n t e n s i t y .  

SC(U)-2(A), "Modcling of R e s i d u a l  S t r e s ses  i n  Thick-Section Stet38 1,- and - I _ .  1-1- .. - -~ 
Weldrncnt~," c o n t r a c t o r  t o  he detersiEned. T h i s  work, t o  begin in  r"Y 1988, 

i n v o l v e s  t h e  deve lopwnk  of t e c h n i q u e s  E O  measut- r e s i d u a l  s t r e s s ~ ~  and t o  

deve lop  finite-ca emont modpis t o  t i escr ibc  I he res idua l  stresses p r ~ ~ t  in 

-- . . . . .  I 

l a r g P  ~ 7 e l d x t v t  s .  Also,  t e r h n i q u s s  w i l l  be developed t o  w a s u r e  m r t a l  - 
l .urgica1 changes i n  structure:;. T ~ P  eventual goal  w i l l  he t o  p rov ide  

methods €or  rva l i ia t ing  the f i t n e s s  of a ~ z s s e l  fo r  cont+iilied seivLce a f t e r  

iii.;pectfai,.  repa:r .  o r  modi f i ea t io i r .  
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2.2.2 Superheater and Reheater Materials 

CE-2, "Production of Test Heats of Candidate Alloys for Superheaters 

and Reheaters for Advanced Steam Cycles,"' Combustion Engineering, Inc. 

This task will involve the production of test heats (up to 40 compositions) 

of  alloys developed or selected by ORM, for evaluation as superheater and 

reheater materials. Standard melting practices or modifications thereof 

based on the requirements of the particular alloys will be used. The test 

ingots will be shipped to OEWL for evaluation. 

CU-2, "Mechanical Properties and Microstructural Stability of 

Advanced Steam Cycle Materials,'' Cornell University. The purpose of this 

project is to rank the strengths and metallurgical stabilities of advanced 

steam cycle superheater alloys at temperatures ranging from 650 to 760°C. 

Mechanical testing of the steels consists o f  relaxation experiments (-24 h 

duration each) that cover stresses producing deformation rates from about 

to 10'9/see. The precipitate or dislocation microstructure of the 

steels in the grain boundary and matrix regions is being studied to deter- 

mine the role of strain-time history on the stability of the dcrostruc- 

ture. The relaxation data will be correlated with constant-load creep data 

provided by Oak Ridge National Laboratory [ORNL-2(6)] and analyzed in terms 

of deformation mechanisms to deternine relative contributions of grain 

boundary and matri-x deformations. The most promising alloys from the 

screening test will be included in relaxation tests at 7OO0C to determine 

optimum heat treatments f o r  strength and metallurgical stability. 

HEDL-2, "Application of Coatings to Candidate Superheater Alloys 

by the Electrospark Deposition Coating Process," Hanford Engineering 

Development Laboratory. The purpose of this task is to exanrine the use 

of  the electrospark depositlon coatlng process f o r  the application of 

corrosion-resistant coatings to candidate superheater alloys. A s  coating 

materials are identified [SC(I)-Z(C)] and tested [SC(I,U)-2(B)], the use of 

electrospark deposition as an application technique f o r  these coatings will 

be investigated. 

ORNL-Z(B), "Development and Microstructural Evaluation of Advanced 

Austenitic Alloys," Oak Ridge National Laboratory. Alloys based on modifi- 

cations to four groups of alloys w i l l  be developed on the basis of attributes 
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UT-2, "Development of a Design Methodology for High-Temperature 

Cyclic Application of Materials which Experience Cyclic Softening," 

University of Illinois. The objective of this project is to develop a 

design methodology for high-temperature cyclic conditions, taking into 

account the effects of strain softening. Since the problem of cyclic sof- 

tening is generic t o  a wide class of medium- to high-strength low alloy 

steels, it is not the main purpose of this investigation to examine speci- 

fic characteristics of any one steel but to investigate the general behav- 

ior of components subject to the cyclic softening phenomenon. 

The specific objectives of the project are: (1) the development of 

simplified methods of component analysis to evaluate overall and local 

effects of cyclic softening on time-dependent deformatians, (2) the develop- 

ment of an improved understanding of the mechanisms of interaction between 

intermittent cyclic stresses and reduction of resistance to creep defor- 

mation, (3 )  an evaluation of the possible effects of cyclic softening on 

the initiation and propagation of defects, ( 4 )  an evaluation of the 

possible effects of cyclic softening on the procedure f o r  determining 

allowable design stresses f o r  high-temperature design, and ( 5 )  provision of 

input into the material effort to extend life in existing power plants by 

examining the relation between material damage parameters and component 

performance criteria, for possible use in remnant life assessment. 

SC(1)-%(A), "Production of Small Heats of Tubing,"' contractor to be 

determined. Based on the production and evaluation of the initial can- 

didate alloys in OIRML-2(B), -2(C), and -2(D), the number of compositions 

will be reduced to sixteen in the four alloy groups. These alloys will be 

produced as small heats and d.11 be formed into tubular shapes for evalu- 

ation. These tubes wPlP be submitted to ORNL and will be evaluated for 

mechanical properties and phase stability. Surface protection methods for 

fireside and steamside corrosion will. also be investigated. 

SC(I)-2(B), "Production of Full-Size Tubing of Candidate Alloys," 

contractor to be determined. On the basis of evaluation of the small heats 

of  tubing in SC(I)-2(A), the number of candidate alloys will be reduced to 

four allays in two alloy groaips. An industrial subcontractor w i l l  be 

selected to produce tubing by current commercial techniques. This tiibing 

will also be delivered to QTWE, and evaluated f o r  the advanced steam cyle 

application. 
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SC(Ij-2(@>, "Surface  Treatments of Tubing -.x for Fkreside ~~- . ........... Corrosion 

P r o t e c t i o n , "  contractor .......... to be determined. Selec ted  sur face treatments 

developed f o r  the candida te  all.ogs Pan t h i s  project ,  w - i l l  be tested i n  the 

p ro jec t  S@(T ,U) -2 (R)  t o  de te rmine  theBs a b i l i t y  t o  provide TesistEnce CLO 

c o r r o s i o n  on tlne stearr?si.de and i n  t h e  flrcside enviroament of advanced 

stearn eye le  systems. A l t e r n a t i v e  techniques incli tdlng coal:lngs (e.g., 

chromizing) , c l a d d i n g s  E and coextrusfons wflJ- be i n v e s t  $.gated and 

demonstrated 

SC( E )-2(D) , ' "Effect  o f  Microal laying ....... ...- A d d i t  I.ons cn II:Lgb-Ternpasatuse ......... ...... _..-. I______ 

s t re l rg th  of candidate ~11.0ys  f o r  Aavancea steam _I c y c ~ e  ~ u p e r ~ ~ e a . ~ e r ~  ......... .--..I and ,- 

Rehes ters , "  con t r ac to r  io be determined. This project vi11 be dlrcctt?d Lo 

understanding the performance (and thus the effect o f  microal loying addl-- 

t Ions)  of advanced a u s t e n i t i c  alloys under t:emperatnre and load cyc l ing  eofi- 

d f t l o n s  t h a t  could be experienced i n  advanced steam cycle  superheaters and 

r e h e a t e r s .  This p r o j e c t  will be complementary to  ORNL--2(C), but  %t id11 

extend t h e  range of t e s t ing  t o  conditions more r e p r e s e n t a t i v e  of ac tua l  

s i e e a m  cycles e MiiltfaxPal stress testlng, bend t.c:stlng, c : ~ c : e p  testing, and 

crack i d t i a t i o n  and growth t e s t j n g  w3.l.l be performed. 

t e s t s  will be used i n  pro jec t  0RWT4-2(C) t:o f u r t h e r  verPEy the cumulative 

damage models. 

-___. . _...- I_- 

.__l _.__ 

D a t a  from these 

SC(I,U)-2(H), " " F i r e s i d e  -- Corrosion ......... Tests of C a n d i d a ~ e  -_x . . Superheater . . .......... Tube _I - 
~ bllloys,  Coatings . and Claddings , cont rac tor  .1_1_ t o  .......... be determined, ........ Molten 

coa l  ash co r ros ion  I s  probably the  most: c r i t f c a l  materials C O I Z C ~ T B B  f o r  

supe rhea te r s  and r e h e a t e r s  I n  the advanced stlearn cycle plants 

tests of c a n d i d a t e  a l l o y s  (with coacings and c laddings)  i n  envlronmsmts 

that:  slrnulate the f i r e s i d e  environment of superhea ter  and reheater tubes 

w1l.l he  conducted. Tests of t h e  s i iper ior  candida te  a l l o y s  may a l s o  be sort- 

d i x t e d  i n  ope ra t ing  units o r  t es t  furnaces .  

t h P s  a c t l . v i t y  as a supplemental  p a r t  of the Eiee t r lc  Power Research 

I n s t i t u t e  (EPRIQ Phase 1 test program, which will be conductcxl a t  l o ~ ~ ~ e r  

temperatures .  

whereas I:he EPRI Phase 1 program w m l d  i n v o l v e  usua l  rneta":. 1 :mperstures  3f 

abaut  590°C. 

Laboratory 

Our approach 7 d J . J -  be t o  fund 

We a n t i c i p a t e  a usual metal tempera ture  of about 7P)Q"C 

SC(T. ,U)-2(C) , "Steamside ..... ............. Cor~.os ion  T e s t s  o f  CatIdiCatt? .--I.-.___._.I Superhea ter  Tube 
.- _._.I__._. -x ....... ................... 

A l l o y s ,  ............ '' con t rac to r  .......... t c ?  be determined.  ___ 
tubes i n  t he  advanced steam cycle systems is a c r l t l c d  problem because of 

S Z ~ L I K ~  cor ros ion  of sup?rhnater  -_ - ... 
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the more rapid formation of scale at the higher temperatures. Exfoliation 

of the scale is the principal concern because of the damage to turbines 

that can result due to erosion. This project will involve laboratory tests 

of the candidate alloys and coating materials in the steam environment. 

This project, as well as project SC(I,U)-2(B), will provide information for 

the investigation of surface treatment techniques [SC(I)-2(C)]. 

SC(I,U)-2(D), "Joining Techniques for Candidate Alloys for Super- 

heaters and Reheaters for Advanced Steam Cycles,'n contractor t o  be deter- 

mined. The complete development of alloys for advanced steam cycle super- 

heaters and reheaters will include the development of reliable filler 

metals and welding techniques, as well as the establishment of appropriate 

welding parameters. We will initiate a collaborative industry-university 

project in FY 1987 to develop these joining techniques. 

2.2.3 Aluminides 

CSM-2, "Investigation of the Weldability of Ductile Aluminides,"' 

Colorado School of Mines. The purpose of this project is to study the 

weldability of nickel-iron aluminides. The major thrust of the project is 

to determine the role of microstructure in the intergranular cracking of 

aluminides, with special emphasis on weld cracking susceptibility. This 

project is a cooperative effort: of Oak Kidge National Laboratory ( O W )  and 

Colorado School of Mines (CSM) and will be conducted as a PhD thesis pro- 

ject by a CSM student working at CSM and at ORNL. 

INEL-2(A), "Consolidation of Rapid ly  Solidified Aluminide Metal 

Powders," Idaho National Engineering Laboratory. The purpose of this pro- 

ject is to determine the most effective means of, and associated parameters 

for, consolidating rapidly solidified nickel-iron a1umini.de powders. 

Three consolidation techniques will be explored for the rapid solidifica- 

tion process (RSP) powders: hot extrusion (baseline), hot isostatic 

pressing (HIP), and dynamic (i.e., explosive) methods. The investigation 

of these consolidation techniques will emphasize the Influence of pressure, 

temperature, and time on RSP structures. Structure/property assessments 

will be performed on the consolidated materials. In particular, thermal 

stability, mechanical properties, and oxidation response will be deter- 

mined. The RSP aluminide powders and extrusions will be obtained from out- 

side sources. Limited atomization investigations w i l l  be performed at the 
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Idaho  N a t i o n a l  Engineer ing J a b o r a t o r y  t o  assess RSP parame"irs f o r  the a l u -  

minidf,- powleis. Coinpositloas of tlle aluminide p o w d ~ r s  will be based Oak 

R i d g e  N a t i o n a l  L a b o r a t o r y ' s  assessment and i n i t i a l l y  wtll i n v o l v e  Ni-80, 

FP-IO, AI-10, B - C . 0 2  ( a l l  in w t  %),  TiicCh and wdthrjut m f c t o a l l o y f n g  addi -  

t i o n s ,  e . g . ,  hafni im.  

I N E L - I ? ( R ) ,  "Joini . lg  of Advancr:! ,AlamPn2des, '' Idaho Naj-ional -- ~ ._I__.. _ _ -  .. . -__-_____I___- - 
'She objective of t h i s  pfciject  i s  t o  i n v e s t i g a t e  

w e l d a b i l i t y  p r o b l e m  i l i u i t i n g  the usc o f  aluali3 d d e s  i n  w l d r d  S ~ P U C ' C I % F ~ S .  

1htw i n c l u d e s  a b i l i t y  ( a f f e c t s  of d n n r  alloying elements, p r o ~ e s s  and 

process  v a r i a b l  P effesr..;, s o l l d t f i c a t i o r a  mechanics,  fll'ber n a t < n r l a l  devel-  

opmenl, a d  ext-ensisil t-o h e a v i e r  sect fnns.  

- 

ORNL- ? ( A ) ,  "D~velopnca t  of I ron  and Nicke l  Al imlnides ,  Oak Ridg-e- - - I __I . - ~ .  . _̂I__- ___I_ 

Na"Lona1 Labora to ry .  N c ~ 7  -Inprovcd alloys are itrPded for h i g h - t m p ~ r a t i i r e  

componmtw in s ~ v e r e  mviroPmpnEs f o r  applicat-Cons such as coal - - f i re6  gas 

turb- tnes  BI diesel englncs ,  f l u i d i z e d  bed combustors coal  g a s l f i c a t i o n  

s y s t e ~ s ,  and f u e l  cel ls .  The p u r p ~ s ' 1  of t h i s  t a s k  i s  t o  d e s i g n  and t e s ~  

rnatcrlafls t h a t  ~3 11 possess good m-r ' ran iea l  gx-opertl'es a t  c l e v a i e d  t e m -  

pe ra tu re s  and t h a t  w i l l  d ~ i i e l o p  p r o t e c t i v e  N 3 0 3  layers rto pre?ren?k sralfida- 

t ion a t  Lack. AI :mi%nidPs bascd o n  i h e  pseudobinary sys t erns N i  3Al -Fe 3PJ and 

N i A l - F c A I  r.ri 11 f o r a  tlie b a s i s  f o r  d c v ~ l o p ~ e n ~  o f  materials wit 11 t h e  

r e q u i r d  p , ~ o ~ z ~ r t l ~ s .  Success i n  dcvelc meat o f  i r o n  and n t c k e l  a l t m i n i d e s  

ac; s t r u c t u r a l  m a t ~ r t a l s  roii ld s u b s t a n t i a l  ly impcove Chc performance 2nd 

r e l i a b i l i t y  of adua-fccd f o s s i l  energy systems. 

L-. . __ -- .. 

r l  Ihe drs-rlopmcnt of i r o n  and n i c k e l  slunirlnides for cr"cDPcal components 

i i i  r o a l  rombbsi i o n  and r o n v e r s i n n  syst Ps  based oii de t e rmin ing  phase 

r c l a i i o n s h i p s  a d  u n d e r s t a n d i n g  tkr strticiclre p ropr sby  r e l a t i o n s h i p s  that 

d e t e r w i n e  t h e  oxid2 i i on-sslr~datboa behavior ,  t h c  mechafiiral  propertles, 

and t k e  f d b r i c a b i l i t y  and w e l b a b l l i t y  of the a l l o y s .  T n i s  reqaires 2 

knO-lCdp9 of t 1 1 ~  phy-sicaL a e h a l l i i r g y  of the a l l o y  syet~nr ,s  i nvo lved  as well 

as the soiircc of  he grzilr -botiudary c m b r i t t l m w a t  and <-he sxidc/saalf  i d e  

fo r ina t i~ i i .  Cozposiiional c n n t r c l  by innarro- an9 n i c r o a l l o y l  CIS and micro- 

s i i - \ l C t u f d . i l  conri  1 1 1  by p r o c e s s i n g  treatments vi11 bc I ~ S C . ~  t o  opt imize  

t h e  r'l;.sirabl P prop~rtles. 

l r i ~  i i i l t i a l  a p p i u d c h  of thIs task I s  t o  dcvelop ali iminides based on 

t h e  pseudobinary s y b t e ~  NL3AI-Fe3A3. i r o n  U i P l i i  b? microa l loyed  to N i 3 A 1  
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for solid solution hardening at elevated temperatures and for corrosion 

resistance in sulfidizing environments. Boron and other elements will be 

employed for controlling the chemistry and-cohesion of grain boundaries. 

The development of aluminides will also be extended to the FeAI-NiAl 

system, which contains 50 at. % Al f o r  better oxidation and corrosion 

resistance . 
Welding studies will. concentrate in two areas: evaluating weldability 

and developing an understanding of the factors controlling weldability. 

Part of the goal of this project will be to assess the effects of alloy 

composition and welding process variables on weldability by using both the 

electron-beam and gas-tungsten-arc processes to make autogeneous welds. 

This work will be done mainly with thin sheet material (typically 0.7 mm 

thick), but thicker material will also be used when available. 

The more basic work will be subdivided into microstructural charac- 

terization and high temperature mechanical testing. The microstructural 

work will be aimed at characterizing fusion zone microstructures in terms 

of phase identification, dfstribution, and composition as well as rnicro- 

segregation behavior. The high temperature mechanical testing will be used 

to determine the ductility and strength of alloys as a function of tem- 

perature. This informatton will be used to help evaluate weldability and 

fabricability and to help identify factors controlling cracking phenomena 

in aluminides. An attempt w i l l  also be made t o  incorporate a computer 

model of thermal stress analysls into this work. 

SC(U)-2(B), "Joining Techniques for Iron-Nickel Aluminides ," 
contractor to be determined. This university project will be initiated in 

FY 1987 and will be directed to the development of reliable joining tech- 

niques for the iron-nickel aluminides. It will draw on the information 

developed in WBS element GSM-2, which is an investigation of the 

weldability of ductile ahminides. We expect this project to lead to 

reliable welding methods with specified welding parameters appropriate for 

selected iron-nickel aluminides. 
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RDA-2, "Evaluation o f  t h e  Feas5biltty of Pressure ~ . _ _ _ _ .  Quenching I- to 
__n__.....- -,l._.__C_-- 

Produce  €Pard Metastable Materials K&D Associates, lnc. The purpose of 

this work Pa to design, kmdld, and test a novel hlg'm-pressure press system 

to explore the scientific posstbilitles of p r e s s u r r  qucw.hing of 

~ - . ^  ~ . . _ I  . . . ....__I____ 

riiaterlals, that is, the retention at ambient condttions o f  metastable 

material phases normally observed only under cxrremely h€gh prc'ssuri.s- 

The devtce w i l l  be capable o f  exerting pressin-es up t o  6 GPa on small 

specimens o f  soPids at room t e inp~ra tu re  and. o f  rcSeaising the pressure so 

rapidly (ahout 10 u s  or less) Lbat the high-pressure phases wdll be 

r e t a ined .  it is anticipated t h a t  new materials will result Iron speclfic 

experiments on selecked rnaterla8s undertaken to dcmons"isar9 the capabi]  I I y 

o f  producing such materjals. 



Table 111.2. Research projects for alloy development and mechanical properties 

Performing 
organization 

~ ~ _ _  ~- - ~ ~ ~ ~~~ 

Funding (thousands of dollars)a 

FY FY M FY FY Research project 

1986 1987 1988 1989 1990 

Pressure vessel materials 

CU-Z(A) -Hydrogen Attack in Cr-Mo Cornell University (CU) b 0 0 0 0 
Steels at Elevated Temperatures 

PNST-2 - Three-Dimensional Residual Pennsylvania State University b 0 0 0 0 
Stress Characterization of Thick (PNST) 
Plate Weldments with Advanced 
Instrumentation and Methodologies 

UCB-2 - Study of Damage Mechanisms in University of California (UCB) 150 0 0 
Coal Conversion Atmospheres 
Affecting the Fatigue and Creep 
Rupture Properties of Cr-Mo 
Steels 

Attack on Pressure Vessel Steels Santa Barbara (UCSB) 

Response, and Behavior of the 
Weld Fusion Zone and HA2 in Cr-Mo 
Steels 

UCSB-2 -Analysis of Hydrogen University of California, 95 0 0 

UTN-2 - Transformation, Metallurgical University of Tennessee (UTN) 100 0 0 

WEC-2(A) -Evaluation of 3 Cr-1.5 Mo 
Steel in a Simulated Coal Conver- 
sion Environment 

Correlation of Carbide Size Corporation (WEC) 
and Percentage with Mechanical 
Properties of High-Strength 
Low-Alloy Steels 

WEC-Z(B) -Investigation of the Westinghouse Electric 

0 0 

0 0 

+ 
G, 
e 

0 0 

0 0 

0 0 

0 0 

0 0 
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Table 111.2. (continued) 

Funding (thousands of dollars)Q 

Research project Perf oming 
organization FY FY FY FY FY 

1986 1987 1988 1989 1990 

UI-2 - Development of a Design 
Methodology €or High Temperature 
C y c l i c  Application of Materials 
which Experience Cyclic Softening 

SC(1)-2(A) -Production of Small 
Keats of Tubing 

SC(I)- 'L(B) -Production of Full- 
Size Tubing of Candidate 
A1 loys 

Tubing for Fireside Corrosion 
Protect ion 

S C ( I ) - Z ( C >  - Surface Treatments of 

SC(I)-Z(D) - Effect of Microalloy- 
ing Additions on High-Tempera- 
ture Strength of Candidate 
Alloys for Advanced Steam 
Cycle Superheaters and Reheaters 

SC(I,U)-2(B) - Fireside Corrosion 
Tests of Candidate Superheater 
Tube Alloys,  Coatings, and 
C 1 adding s 

SC(I,U)-2(C) - Steamside Corrosion 
Tests of Candidate Superheater 
Tube Alloys 

University of Illinois (UI) 100 100 125 125 100 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

120 150 0 0 0 

r-L 
u 
u 

0 150 150 150 150 

0 250 250 250 250 

150 300 300 300 300 

90 200 250 275 275 

0 200 200 200 200 



134 

% k
 

ld 
a m a, 
FL: 

k
 
0
 

I 
u.4 

a
m

 
v
)
 

hl 

ul 

N
 

x
m

 

o
m

 
l

n
l

n
 

N
 

a
a

 
m

e
 

N
 

I 

u
 

5 

m
o

o
 

ul 
0
 

0
 

N
 

c=
4 

hl 

w
o

o
 

-3
 

I-. 
m

 
N

 
i

4
 

r
l 

a
 

c4 



135 

3.  CORROSION EROSION OF ALLOYS ~ ~ ~ ~ T ~ ~ ~ E S  

3.1 RESEARCH OBJECTIVES 

Because of the mineral ash, sulfur, and chlorine content of coal, the 

heat exchanger and heat recovery components in coal utilization and coal 

conversion systems are subject to severe corrosion* These components 

include syngss coolers in coal gasification systems, superheaters and 

reheaters in pulverized-coal boilers, superheaters in industrial coal-fired 

boilers, heat exchangers In fluidized-bed combustors, and heat exchangers 

in hot-gas cleanup systems o r  steam-bottoming cycles associated with direct 

coal-fired heat engines. 

Since sulfide scales are not protective in the environments o f  

interest, the alloys used in heat exchangers in coal utilization and coal 

conversion systems depend on the formation of oxide scales to provide pro- 

tection against catastrophic corrosion by oxygen or sulfur-bearing gases8 

In the temperature range of interest, only A1203 and Cr2Q3 scales provide 

significant protection. However, even In a l l o y s  that initially fornu 

protective M2O3 or Cr2O3 scales, the scale eventually breaks down as a 

result of penetration of sulfur, chlorine, or cation sp~cies through the 

scale, cracking of the scale due to thermal or mechanical (including 

growth) stresses, loss of adhesion of the scale to the substrate, or a com- 

bination of those mechanismsn 

The purpose of this thrust area is to provide a generPc development 

plan to understand the key factors that affect nucleation and growth sf  

protective oxide scales and the mechanisms by which the scales degrade in 

sulfur-bearing atmospheres. The primary objective is to Identify alloy 

modifications and surface treatments that w i l l .  Improve the mechanical 

performance and chemical integrity of oxide scales in the environnents 

characteristic o€ coal combustion and coal conversion processes, 

Another objective of this research thrust area is to fnvestigate the 

mechanisms of erosion and wear of a l lays  and cermets used in fossil energy 

systems. An improved understanding o f  erosion mechanlsms w i l l  provide the 

basis for the development of alloys and cermets that PQSS~SS significantly 

improved erosion resistance. The research in progress and that planned is 

designed to lead to this better undersranding of erosion. processes. 



Research e f f o r t s  i n c l u d e  s t u d i e s  of e r o ~ i o n  behav-bor of a l l o y s  and cermets 

in coal p r e p a r a t i o n ,  c o a l  J iqi iefaet ion,  c o a l  g a s i f i c a t i o n ,  c o a l  combustion, 

and eoal-ftred heat engines .  

T h i s  thrust area alss i n c l u d e s  r e s e a r c h  and developmcnL a c t i v i t i e s  on 

materials f o r  molten c a r b o n a t e  f u e l  cell (HCFC) systems. An impor tan t  p a r t  

of the involvement of r h ~ .  ARZT13 Fossil Energy Materials Program i n  t h t s  

Teaearell ares 1s e m r d 8 n a t i o n  with independent  b u t  r e l a t e d  f u e l  cel l  actlv- 

i t i e s  SpQPmsQred by the h e 1  Cells Pragrarn the WE F o s s t l  Energy O f f i c e  

of Advanced Energy C O I W ~ ~ S P O A  Systems. Such awareness o f  o the r  programs 

ensures t h a t  the long-range goals of t h e  AR&e"yT F o s s i l  Energy Materials 

Program f u e l  cells effort w i l l  be c o n s i s t e n t  w i t h  t h e  needs of the tech- 

nology and comparihle  w i t h  work elsewhere.  The p r i n c i p a l  problems wf th  

MCPCs are d i s s o l u t i o n  o€ t h e  n i c k e l  oxide cathode, i n t e r f a c e  C O K T - O S ~ Q ~ ,  

cor roshon a €  t h e  anode and cathode c u r r e n t  c o l l e c t o r s ,  and e l e c t r o l y t e  

loss. The  AUT19 F o s s i l  Energy Materials Program w i l l  a d d r e s s  t h e  problems 

o f  n i c k e l  ox ide  cathode d i s s o l u t i o n ,  alternative cathode materials, and 

C ~ ~ K ~ S ~ O I I  nierjhanisms of anode and cathode c u r r e n t  c o l l e c t o r s  i n  MCFCs. 

F i n a l l y ,  t h i s  thrust area I n c l u d e s  work near complet ion an the mechan- 

i c a l  behavior  of r e f r a c t o r i e s  f o r  c o a l  g a s i f i c a t i o n  systems. 

Kesearcl-x and d c v e l o p e n t  a c t l v l t i e s  f o r  t h i s  t h r u s t  area are d e s c r i b e d  

i n  rhe fo l lowing  s e c t i o n  and arc* listed i n  Tab le  111.3 at the end of the 

s e c t i o n .  

3.2 SUtMRTES OF CURRENT PLANNED RESEARCH 

3 . 2 . 1  C o r r o s i o n  of Ihllovs 

AWL-3(A), "Corrosion and Heehanical  P r o p e r t i e s  of ..._- A l l o y s  f o r  _...l_r__-_-y_____ 

I n t e r n a l s  and Heat Exchangers .,..-. i n  Mixed-Gas _I Environments "' Argonne Natl onal  _....-.. ~ - - - ~  ...... ~ _ _  - 
Labora tory .  Thc p i rposes  of t h i s  t a s k  are t o  (1) develop c o r r o s i o n  i n f o r -  _ _ _ _ _ ^ . _ _ . ~  
mation I n  t h e  tempera',aire range 400 t o  750°C in mixed-gas atmospheres COR- 

t a i n l n g  0, S ,  and i;l by use of internally cooled t u b e  specimens of 

s e l c c ~ e d  corunescial material 5 ;  ( 2 )  e v a l u a t e  mechanfsmrg sf t h e  format ion  

and breakma:7 b ~ l l a ~ i i o r  o f  pro;-ect ive scales on base metals and weldmerits 

exposed i o  atmosphere4 c o n t a i n i n g  0, S, and CJ.; (3) experimentally evalu- 

a t e  t h e  m i a x i a l  c recp  r u p t u r e  behavior  of srlected hPgh-chromium a l l o y s  

and  ueldirieiits exposed t o  complex gas mixtures; ( 4 )  establish ehe 
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synerglstic effects o f  stress and environment on the materials behavior; 

(5 )  develop coraosLon rate expressions on the basis of experimental data  

for long-term ~ x t ~ ~ p ~ ~ . ~ ~ i ~ ~  t:o c~mp~nent design lives; and ( 6 )  correlate 

t he  creep properties such as r u p t u r e  life, rupture strain, and minimum 

creep rate with the chemistry of exposure environment, temperature, and 

a l l o y  chemistry, 

Work befng conducted under chis t ask  provides a basic understanding 

of the corrosion behavior of comercial and model a l l o y s  after exposure t o  

multicomponent gas mixtures. The Information on scale thickness, 

Intergranular penetration, and morphological changes developed i n  this 

Task provides n rational basis for the extrapolation of corrosion rates as 

a function of temperature, alloy composition, and chemistry of the gas 

env2roment. The carroshon experiments by a thermogravfmerric teehndque 

in mixed-gas atmospheres ~n selected commercial high-chromium alloys and 

on model alloys fabricated with compositional variations will establish 

the role of different alloying elements on the mechanisms of scale devel- 

o p e n t  and adhesion and on breakaway phenomena leading t o  scale failure. 

The project on heat exchanger mterlals involves development of corrosion 

information in the low- and medfum-Btu gasification atmospheres. The 

experiments rare conducted with internally cooled tube specimens of 

selected commercial materials and some commercial coatings, The critical 

varfiables, such as gas temperature and metal temperature, are indepea- 

dent ly  controlled in the ranges of interest In practical systems. The gas 

temperacures will range from $50 t o  LLOO"C, a range that encompasses the 

r a w  gas outlet temperatures of dry ash and slagging gasifier types, The 

results from this program ~ 3 . 3 1 .  establfsh the process variable envelopes f o r  

various commercial materials f o r  use in heat exchanger applications. 

Incolop 800H plates welde with low-nickel filler metals have been fabri- 

cated, and they will be ~ x a i ~ i n ~ ~  for their corrosion resistance in tnixed- 

gas atmospheres. Nickel aluminides and iron-nickel aluminides developed at 

O W  will be examined for their sulfur resistance by using thermal gravi- 

metrtc analysis and post-exposure analysis of specimens. 

), ' " C O ~ K Q S I Q ~  of A l l o y s  Pn FBC Systems,'" Argonne National 
_I___-- 

Laboratory- This work inv58ves laboratory testing of the fornation mech- 

anisms and corrosion effects of CaS04 coatlngs on in-bed heat exchanger 



surfaces. More specifically, the purposes of this task are (1) t o  s tudy  

experimentally the high-temperature corrosion behavior of iron- and nickel- 

base alloys and welldments with lownickel €Iller inetals i n  sindated eom-" 

bustion gas environments w i t h  a wide range of oxygen an3 s u l f u r  potentials; 

(2 )  to steady deposit-tnduced corrosion behavior of coated and uncoated heat 

exchanger and gas turblne materials after exposur~ to mulblcompoment gas 

environments; ( 3 )  to evaluate the sulfidation and oxidation resistance of 

O B m -  developed nickel aluminldea and iron-nickel al m ~ i n l d e s  i n  simulated 

atmospheres wit11 and wdthaut depos i t s ;  and ( 4 )  to develop corras-2an 

r a t e  expresstons, b a s 4  on experPmenPal d a t a ,  f ~ r  long-term exfrapolation 

to component design l i v e s .  

ERE-3. "Reference Book on Performance of Materials i n  Coal 

Liquefaction - Envtronmenrs," - Exxsn Research and . EngineerPng .. .. .- . Company. ._-.__ 
Through the auspices of The Metal Properties Council, Inc. (PET), S P V ~ K ~ .  

govermcnt, industrial, and university organizations are contributing 

infomation and data on materials performance in coal liquefaction environ- 

ments for inclusion in a reference book. Such a baok is not only desirable 

but is s o r e l y  needed as an archiva l  reference to the great body o f  infar- 

matdon developed over the past several years. Exxon Researe11 and 

EngPneerPng Company w d l l  collect information (ehapt ers of the book) frr>m 

t h e  various authors, edit the submitted information, and compile i t  into a 

s h g l e  r e f e r e n ~ e  source for subsequent publication, 

- - _ ~ ~ -  

Ge--3, ""A Mechanistic ___..... .̂ S t d y  o f  bW-T€~1pe?X3~3.17~? .,.- C o r r ~ s i o n  I _. of Materials 
_I 1 

in the Coal Combustion l3no2ronment," General Electric Company. The purpose 

of this work is to develop a maechanPsLic understanding of the Bow- 
-..._ -. ......- ______ -_-_________. 

temperature corrosioii phenomena of materials exposed t o  envirotlments 

charac te r fs t ic  of soal coiubustion. Specific tasks include (I) etladfes of 

the corrosion morphology 2nd interlace chemistry on select-ed specjmens 

after exposlire to coal contaminants; (2) thermochemical calculat-ions t o  

establish t h c ~  range of CsnAPtIons f o r  stability o f  the a l l o y  p h a w s ,  COPTO- 

s€on products, a d  chemical compounds forrasd; and (3) specific laboratory 

t e s t s  t o  correlate the experjrnental results wtth prvdictions from the ther- 

mochemical calculations. Specimens are characterized wtth scarnifliig 

electron microscopy, electron microprobe analysis, and X-ray diffraction. 

Reference alloys include IN-738, FeCrAlY-coared IN-?38, RT--22--coatcd 
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IN-738, and two different CoCrAlY coatings on 'IN-738. The thermochemical 

calculations include (1) the minimum partial pressure of SO3 required to 

form a K~SOL+-COSC& liquid and an N ~ ~ S ~ ~ - K ~ S & + - C O S Q ~  lfquid, and (2)  the 

thermochemistry of low-temperature attack in the coal combustion environ- 

ment on iron- and aluminum-rich coatings. Laboratory test results will be 

correlated with thermochemical calculations and phase stability plots. 

ORAU-3, "Investigation of the Elastic Properties of Oxide Films and 

Adhesion of Oxides to Metal Substrates '' Oak Ridge Associated Universities. 

The purpose of this  project i s  to study the elastic properties of  oxide 

f€lms on metal substrates and to examine their adhesion properties. A 

dynamic resonance device has been designed and built for the study of 

elastic and anelastic behavior o f  thin films on metals. The approach is 

to measure both the elastic properties of A1203 as it forms on Pt, Pt-A1, 

Ni-A1, and (Fe,Ni)-A1 alloys and of A1203 deposited by chemical vapor 

deposition on platinum substrares and the adhesive strength of the film- 

substrate composites. The microstructure and modes af failure of the 

A1203 films as they are subjected to thermal cycling will be related to 

the ability of the film to deform plastically and the manner in which the 

elastic-plastic behavior is influenced by platinum solution in the scale. 

The data from this study can form the beginning of the abilPty to modify 

the mechanical properties o f  an oxide-substrate composite and, thus, 

develop a truly protective oxide film. 

__5_ 

ORNL-3(A), "Pilot Plant Materials Testing and Failure Analysis," Oak 

Ridge National Laboratory. This task provides screening data on the sus- 

ceptibility t o  corrosion and stress-corrosion cracking of potential mate- 

rials of construction for coal liquefaction plants. It also provides Eail- 

ure analyses and on-site examinations for the Wilsonvflle, Alabama, Advanced 

Coal Liquefaction Research and Development Facility. Corrosion coupons and 

stress-corrosion cracking specimens of selected alloys will be exposed in 

selected areas of the Wilsonville coal liquefaction facil-lty. Metallurgical 

examinations of failed and selected components from Wilsoaville and other 

coal conversion plants will also be made. 

copy, scanning electron microscopy, nondestrtacttve evaluations, and other 

metallurgical techniques will be used. On request of the plant engineers, 

on-site examinations of vessels and components will be made. 

Extensive use of optical micros- 
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O W N k 3 ( B ) ,  "Tnvestbgat ion of C o r r o s i o n - R e s i s t a n t  Oxide Scales -- ~ on Iron-  
_ _ _ _ r n _ ~  _ - - ~ _ - _ _ _ _ - - ~  ___ 

Based Al loys  i n  Mtxed Gas Environments," Oak Ridge Natconal  - Laboratory.  

The  purpose of t h i s  task is  to develop p r o t e c t i v e  oxide  scales on C r 2 0 3 -  

and Al203-forming i r o n  based a l l o y s  .En mixed o x i d a n t  ( 0 2 ,  S02, H2S, 820)  

environments  Zor c o a l - r c l a r e d  appl icaLPsns a t  600 t o  800°C. S p e c i f i c  

o b j r c i i v e s  i n c l u d e  ( 1 )  the development of p r t l t e ~ t i ~ e  oxide scales by 

l__l______ I- -___I______-___I_____. _ 1  

modtfying oxide cheznlstry and m i c r u s t r m t t i r e  t o  reduce the t r a n s p o r t  of 

sulfi i i-  tlhroi~gl-I thp  9cal-e; (2) t h ~  formasion of a s u l f u r - d i f f u s i o n  barrier 

( i . e . ,  Si02 l a y e r )  under  o r  above t h e  p r o t e c t t w e  sxlde scale t o  minimize 

t h e  s u l f u r  attack; ( 3 )  t h e  s t u d y  of the  e f fec ts  of a l l o y  chemis t ry ,  ox lde  

~norphologg,  and tempera ture  on t h e  breakdown of p r o t e c t i v e  oxide  scales;  

a n d  (4)  t h e  examinat ion of metheds t o  limit i n t e r n a l  s u l f i d a t i o n .  The 

mechanical  performanc~ an2 a8nerencP of oxJde scales i n  mixed oxtdant gases  

w i l l  be s tud ied  by Impinging t u n g s t e n  c a r b i d e  p a r t i c l e s  on t h e  oxide w i t h i n  

a scanning  e l e c t r o n  microscope tinder c o n t r o l l e d  tempera ture  and environ-  

t ~ e n t a :  c o n d i r i o n s .  

PF'I'T-3 ,"lCnves LPnatiorx of Corrosion Mechanisms of Coal Combustion 

Products  om Al loys  and Coatings," U n i v e r s i t y  of P i t t s b u r g h .  -- 
o f  t h i s  resear1.k p r o j e c t  i s  ro invt.Xstigatk3 t h e  format ion  and breakdown of 

p r o t e c t i v e  oxide s ta les  i n  mixed o x i d a n t  gases. The r e s u l t s  of t h i s  

1 e s e a r z h  w i l l  support  t h e  development of  improved heat  exchanger mterialc,  

F O T  a p p l i c a t i o n s  i n  (1)  heat r ecowry  systems f o r  c o a l  conversion p l a n t s  

( p a r F i c u l a r l y  g a s i  f ica t io i i )  and C?) ~ 0 a 1 - f i ~ e d  i n d u s t r i a l  and u t i l i t y  

b o i l e r s .  Tne materials rised !n rh:s st-udy; w!El  be model a l l o y s  s e l e c t e d  

f o r  the-ir ability t o  form s i n g l e  o x i d e s  of chromiim, aluminum, and s i l i c o n .  

The t m p e r a t u r e  rauge zf i n t e r e s t  i s  500°C; t o  7OG"C, and t h c  t ~ s t  environ-  

ments contain m I m : I  oxidants (02 ,  C 0 2 ,  S02, RzS, and C1 2). S p e c i f i c  objec- 

t i v e s  dizclude d e b e r n i n a t i o n  of the ef fec t  of s u r f a r a  pretreatment  and 

preoxidation o1i t h e  s;t r t i@ti l re and p r o p e r t i e s  of oxide scales, and t h e  

correlation of t h e s e  t r e a t m e n t s  and the r e s u l t i n g  s t r u c t u r e s  and properties 

w d t h  the  k i ~ a k d o w  of t h e  s c a l e s  I n  r n i x ~ d  oxidarrt gases. Loss of scale 

protcctlon by mechanical means ( c r a c k i n g ,  s p a l l i n g ,  et&,) and by t r a n s p o r t  

o f  c o r r o d i n g  species (S and C 1 )  w i l l  be c o n s i d e r r d .  

The o b j e c t i v e  - __-____I I______ 
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S@(I ,U)-3(A), "Inves$i.gatisn _I.- Q €  the Effects of Microalloy ~ - - - - - -  
Constituents, Surface Treatment, and Oxidation Conditions an the 

Development and Breakdown of Protective Oxide Scales in Mixed Oxidant -... 
Gases for Coal-Related AppM.catfonsBo' contractors to be determined. A 

36-moizth experimental reseal-ch project w l l . 1  be initiated in IT 1986 to 
---- -.-.-_.--- 

investtgate the chemical and metallurgical factors that control the 

nucleation, growth, and eventual breakdown 5f protective oxide scales on 

Al2 03 - and Cr203 -forming, a l l o y s  or coatings in coal-related environments .) 

The objective 1.s to improve the corrosion resistance of heat exchanger 

materials by enhancing the mechanical properties and chemical passivity of 

corrosion-product scales based. on alumina or chromia, The project will 

address the following effects pertaining to the development and breakdown 

of protective oxide sca3es: (1) the effect of microalloy constituents, 

(2 )  the effect of method of hcarporation of  microalloy constituents, 

( 3 )  the effect o f  surface pretreatment, and (4) the effect of oxidation 

conditZons. 

' SC(I,U)-3(D), "Development Y of Dispersion-Toughened, Spalling- 

Resistant Oxide Corrosioa Scales," contractor to be determined. This pro- _-*.- 

ject will begin Pn F91 1988 with the adm to develop protective corrosion 

scales on materials used in coal combustion and conversion systems. The 

objectlve is to develop techniques for modifying the compositions of 

in-situ oxide films and 60 evaluate the effects of the modificatlons on 

the fracture touglrrness propertles of the films. Modifications will be 

made in accordance wlth principles recently developed t o  ductilize erx-lde 

ceramics and with the results obtalned under WBS element SC(T,U)-3(A). 

SC(I,U)-3(E), "Invest€gation QE Effects of Beat Flux on €??foliation 

of Oxide Films in Steam and Air," contractor to be determlned. A problem 

limiting the use oE: fer~itlc steels i n  superheaters and reheaters above 

540°C is the spallatfon of axfde films with the attendant obstructton oE 

steam passages or turbine damage, Tpnle higher heat fluxes attainable with 

the fluidized-bed concept are expecked to accentuate the problem. Silicon, 

if minor alloying element in steels, appears to be extremely beneficial 1x1 

r e d u r l n g  oxide spallatione A research project is planned for initicatlon in 

FY 1988 to determine the in f luence  of sflicon additions to 2.25Cr-240 

-yl 
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and 9Cr LMo S~S‘PIS on ox ide  s p a l l a t i o n  i n  steon geneeators  and a i i  p re -  

hcat le is .  Tnc p r o j e c %  mzy a l s o  i n v o l v e  the e v a l u a t i o n  of b e n ~ f l l s  arcri l ing 

from s u r f a c e  t r e a t m e n r s  ( e . g - >  chrori iz ing)  a a d  the use of wore h i g h l y  

a1 1 oyed material  R . 
3.2 .2  Erosioi-r of Alloys 

__r -.____.-__ 

BCL-3,  “ E v a l u a t i o n  of Advanced Matnrlals for  S l u r r y  Esosien Serv ice , “  
~ _I___. I Il_-_ll-xl-__ ____ , _ _ _ ~  ~ .~ _ _  ---- 

E a t r e l l c  Columbus Laboratories. The ptirposc o f  t h i s  projrst  is  t o  o b t a i n  

e r o s i o n  d a t a  an seve ra l  caradidate v a l v e  trim m a t e r i a l s  undpr a range of 

sluirry e s o s i o n  c o n d i t t n n s ,  ‘finese d a t a  2 r e  u s e f u l  t o  va lve  and process 

e n g i n e e r s  in niatnr2als s e a e c t i o n  and v a l v e  design.  R e c o n s t i t u t e d  m a l  

d e r i v e d  slurries haare been used co e rode  cand i r i s t e  materials under a range 

of s l u r r y  velocities and impingement  a n g l e s .  I h e  e r o s i v e  s l u r r i e s  have 

b ~ e n  c h a i a c t c r i z p d ,  and t h e  e ros ive  r e s i s t a n c e s  of reme.,n:Pr? t u n g s t e n  car- 

b i d e s  and varioris cerainiics have becr, ranked. The i e s u l t s  o f  a serv ice  

trtal of ail c x p - r i n e n t a l  c a r b i d e  va lve  s t e m  have been stnr l ied.  

_____ ___ -~ __I_ ^--  

As p a r t  o f  Chis  p ro j ec t ,  a s u i t a b l e  S l l h S t i t l l ~ P  9iodeKI’L and l i q u i d  

c a r r i e r  combbnatfon has bcrn devel oped t o  r e d ~ c ~  bevels of hpa! ch r i s k s  

and hand1 i n g  problems i n  s t a n d a r d i  zed l a b o r a t o r y  materials e v a l u a t i o n  

and ssrcenirq-z tes t s .  This p r o j e r t ,  5klcli dl1 be conrluded Pi? PT 1986, 

i s  h e l p i n g  t o  deve lop  a n  unde r s t and ing  of satpria’,s behav io r  i n  s l u r r y  

e ros ion .  

LBL- 3. S t d i e s  of 15tercials Erosfoii Ln Coal Conversion and 

U t i l i z a t i o n  Systems ,” Lawrence Berkeley LahoraLory. Tkira o b j e c t i v e  of 

t h i s  p r o j p c t  is  to  determine the  ~sosion-r~rros3on behav io r  of rnaterlals 

used iin thc f low passages  f o r  of l i q u i d  slurries under c o n d i t i o n s  repre- 

s r n ‘ e a t i v e  of t h o s e  i n  coal l i q u e f a c t i o n  systpws. Cur ren t  ~ f f o r t s  are 

a i m d  a t  an unde r s t and ing  o f  t h e  mecharii-sm of erosion i n  cnal l iq i ie fac t ion  

envil onruents. 

. - -____ . .__ --^-__ -_c__-._-- ~ . ___ . 

One phase OS t h i s  p r o j e c t ,  h i t i a t - e d  i~ PY 198/r, icrvo’ives the 

i n v e s t i g a t i o n  of the meclmnisms of crosion -cor rosfoa  ai sack. S i n c e  

ex is t i i ig  data ha:! been e m p i r i c a l  or :rad been deEFvPC3 by an a n a l y s i s  of 

o p r r a c i n g  m p s r i e n c e ,  a r c l i a b l e  p r r d i c t i o n  of aater i .z l  l o s s  d r r  60 

e r o s i o n  c-oirosion had n o t  been p o s s i b l e .  Thc d - t e r n i n a c i o n  o f  erosion-  

corrss:on lilechr(iifs~11s i n  t h i s  p i o j e c t  v i11  c e r t a i n l y  a i d  t h e  a h i l i t y  t o  

prc‘dict  material losses and w ? l l  bs  i n v a l u a b l e  i n  selecting mairerials for 

)il 3 ~ .  a ?roblt.qi, 
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NBS-3(A), "Mechanisms of Galling and Abrasive Wear,'" National Bureau 

of Standards. This project began at the National Bureau of Standards 

in N 1983; its purpose is to develop an understanding of the wear mecha- 

nisms of materials associated with valves in coal. conversion systems. 

This work addresses the mechanical and chemical effects experienced in 

closure regions of valves in coal conversion systems. It includes theo- 

retical considerations of chemical reactions and effects of the working 

media on valve closure materials. Measurements dire being performed to 

determine the static and kinetic coefficfents of friction of the various 

comblnations of test materials. 

ORNL-3(C), "Mechanisms of Erosion-Corrosion in Coal Combustion 

Environments," Oak Ridge National Laboratory. The purpose of this task is 

to perform a fundamental study of the erosion, corrosion, and erosion- 

corrosion of alloys in coal combustion environments by direct observation 

of a surface being subjected to erodent particles in a stream of corrosive 

gas. The goal is to improve our understanding of the fundamental nature of 

erosion, corrosion, and erosion-corrosion. The basic feature of this study 

i s  the impingement of erodent particles on alloy surfaces that may be 

exposed to corrosive gas environments. Degradation of the alloys will be 

monitored by a scanning electron microscope equipped with a hot-stage test 

chamber. Single or multiple particle effects will be determined as well 

as the effects of temperature, corrosive medfum, and characteristics 

(size, mass, hardness, and angle of impingement) of eroding particles. 

UCIN-3. "Study of Particle Rebound Characteristics and Material 

Erosion at High Temperature," University of Cincinnati. The purpose of 

this effort is to investigate the erosion processes and fluid mechanics 

phenomena that occur in fluidized-bed combustors, coal-fired boilers, 

cyclones, pumps, turbines, valves, and other coal. conversion systems. The 

overall objective is to develop a quantitatlve model that w i l l  facilitate 

the prediction of erosion in systems operating in particle-laden environ- 

ments. The experimental study of the impact and. rebound characteristics 

are being performed with selected solid particles, including A I 2 0 3  and 



s i @ ,  w i t h  c t z c s  fron 5 t o  3 0 0  pm. Tiw target materials are s e l e c t e d  

accor-Jiiig t o  presccb a n d  a n t i c i p a t e d  matertals needs o f  coal convers ion  

sys~crtan. CanGidetP mater<-wls i i iviude s s a i n l e n n  steel, INCO 718, Ti 6 - 4 ,  

end 2021 PI. 

are  &lie d i f i e r e n c c s  i n  e r o s i o n  rakes  of tlie a l l o y  matrix and second-phase 

 pa^! i cS5s .  The aat-esialq being I n v e s t € g a t e d  i n c l u d e  8 series of t h i t e  cast  

i f 0 k l . S  high l a  rliroinlm and ratrlybdenum vf t h  composi t ions t a i l o r e d  t o  v a r y  

s y s c e m a r l c a l l y  cacbi.de vol iime f r a c t l o n  ~ C r h  constant c a r b i d e  and matrlx 

composl L L ~ O C ~ .  The role of l e r g r  hard second-phase p a r t i c l e s  i n  e r o s i o n  

r rq !  s'eanct i s  bct rtg i n v e s t t e a t  ed (. Thi s p ~ o j e c ?  wf 11 be concluded i n  

Pf i985. 

UND-3, " C o r r e l a t i o n  of Matesials S t r i l C t i J K t ?  with Flow C h a r a c t e r i s t i c s  ..I___ . __ ___I -I___ _ - . ~ _ - - ~ .  . _ ~ _ X _ _ P _ . . .  .. 
of E x a s i v s  Particles,** University o f  N s E r r  Dame. Sincc PY 1982, a p r o j e c t  

[UNC-'J(B) spnsort: ; I  by Lhr AREc'rll F o s s i l  Energy MatertaBs Program a t  tlhe 

U r l f g e r s i  l y  of Nc? re  Thw (UMD) has i nvo lved  the s tudy  of the e f f e c t s  of 

t he  r i l i c r ~ s t ~ ~ ~ t i ~ ~ e  of alloy.; on  t k 3 s  erosion behavioe.  T h i s  new p r o j e c t ,  

t o  b r  5 f i I t i a i e d  i n  FY 1985, T d l l  rmphasi7e 'the c o r r e l a t i o n  of materials 

s t t u r t i l r e  d t h  flow c h a r a r t e r i s i  i c s  of  o r o s i v r  particles. The  work t o  be 

p ~ r f o m c d  d 1 l  be c l o s e l y  r c l a t e l  L O ,  and canrd inared  w I I : ~ . ~  the  s t u d y  of 

p a r t i c l e  z~Flo!iiild c h a r a e i c i  i i t l c s  and mater3 a1 e r o s i o n  being performed a t  

t h p  U f i i v r r s i t y  of  Ciricinrra'Li ( U C i N  3 ) .  

__ -z__ ~~ -___ I- 

SC(i,U) 3(8), J ! l o r r  % c t e r i s t i e s  of Particles i n  a Simdated Coal- -- -___ ~ __ _ _  _c_--. ~~~~ I._ -. 
c o n t r a c t o i  i o  be d e t p r a i n e d .  T h i s  work i s  sche- 

. . I________ 

d d e d  co beg in  i n  FP 1987 and w d S 1  provdde a de te r ia ina t lon  or t h e  flow 

c ' o a ~ - a c t ~ : - a ' s t i ~ ~  nf  p a r ; i c l c s  bn s imula ted  c o a l - f i r e d  gas turbines. ,  T h e  

t e s t s  wU=P1 ~.u,aa;ne rhe  e f f e c t s  of p a r t i e l c  s i z e s  and l o a d i n g s  i n  gas 

s ~reamns at te inpesztkrrs  charac te r i s t ic  of c o a l - f i r e d  ays t  c w ~  s u b j e c t e d  t o  

c12atxt:p by r y c l o n -  spgarators. T h e  parpose of these t e s t s  i s  to determine 

tlre m z n i i ~ c  i n  wldch p a r t i c l - r ;  Seliavc- i n  these  gas streams and, thus, o b t a i n  

i r i s ig i i l i  i n t o  the l i k e l y  r t -os ion  modes. The nerd fo r  a d d i t i o n a l  c leanup and 

t l ~ e  C C ~  f o r  r f ~ v a l  op~937t of m a t e r i a l s  t o  vi ' thstand pros ion  i n  such systems 

shoiild hc i r r d i c a t d  by t i i :=5e tnsi-S. 
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S@(I,U)-3(F), "Investigation .- of the Mechanisms o f  Erosfon and 

Corrosion of Materials Daring Combustion -_-. of Coal-Liquid Slurries," 

contractor to be .y.-.-I.._ determined. Axan investigation of the mechanisms respon- 

sible for eros io t i  and corrosion of boiler tubes and components in oil- or 

gas-fired boilers t l a a F  hawe been re t rof i t ted  to burn coal slurries is pro- 

posed for knitlation i n  FY 1488, A bench-scale experiment may be designed 

to measure the extent of f ly-ash erroslon and corrosion o f  materials that 

are the current choices For coaiatrtact9on of botler tubes and related com- 

ponents. The results of this e f f o r t  will provide input to the selection 

of materials used in conventional fossil-flred systems as well as infor- 

matton regarding necessary dexf-gsa changes to reduce the ef fect o f  fly-ash 

corrosbn-erasion. Furthermore, an increased understanding of the mecha- 

nisms responsible for the corros ion  ~ E Q C ~ ~ Q ~ S  in the combustLon zone and 

the relation of such mechanisms t o  the coal slurry quality and charac- 

teristlcs will Improve the ultimate effectiveness of the combustion of 

coal-liquid mixtures 

SC(V)-S(A), "Investfgakion of Fluld - Dynamic Behavior o f  Erosive 

Particulates in Gas Streams," contractor to be determined. The purpose a f  
-_I__- 

this investigation is to improve the understanding of erosion processes in 

pas  streams. To fully u n d e r s t a i d  erosion processes caused by particles 

entratned in gas streams, the fl.nLd dynamic behavior of the particulates 

must be understood. Laboratory experiments have generally focused on ero- 

sive particles Interacting w i t h  materials under carefully controlled flaw 

conditions ( p a r t i c l  e velocity and impact angle) ThPs project should aid 

attempts to correlate the results of the carefully controlled laboratory 

experiments with the experj-ewe of plant systems. 

SCO.J)-3(B). "Effects of Partick Size and Velocitv on Erosion-Corro- 

sion in an Oxidizing enviro~~ent,"'_contractor -- to be determined. The cam- 

bined effects of erosion ad. corrosion in an oxidizing environment are 

dependent on many factors including oxide scale adhesion, the eroding 

medium, and properties of the bulk material being eroded. The effects of 

particle s i z e  and velocity have not been unequivocally established- T h i s  

project, which w i l l  he i n t t i a t e d  fn  PY 1987, will focus on a determination 

of the effects of particle slze and velocity on erosion and corrasian of 

materials in an oxkdfz ing  environment. 
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develop an understanding of the effect of electrolyte melt chemistry on the 

corrosion of components in molten carbonate fuel cells (MCFCs). High- 

temperature corrosion O E  iron- and nickel-base alloys in the presence of 

molten electrolytes (sulfates, carbonates) is strongly inEluenced by melt 

chemistry. Accelerated corrosion due to changes in the acidity and basi- 

city of the melt are known to cause oxide scale fluxing, porous nonprotec- 

rive oxide formation, and cracking an spalling of the scale., Of 

particular interest will be the corrosion behavior S€ candidate current 

collector materials under the conditions of operating MCfCs. In this 

regard the work will be complementary to the work presently being con- 

ducted under WBS element ORNL-3CD). As part of this project, candidate 

current collector materials from ORNL-3(D) will be tested € o r  long times in 

an optimum electrolyte composition in laboratory-scale MCFCs for examina- 

tion of long-term MCFC behavior and stability. 

SC(I)-3(B), "Phase Equilibria and Corrosion of Molten Carbonate Fuel 

Cell Current Collectors in Ternary (Li,Na,K)$03 Electrolytes," 

contractor to be determined. The purpose of this task will be ta investi- 

gate the thermodynamics controlling, and the phase equilibria that result 

from, the reactions between the materials used f o r  current collectors In 

molten carbonate fuel cells and the ternary electrolyte, (LI,Na,K)2C03. 

In addition, this work will study the mechanisms and kinetics associated 

with the corrosion of current collector materials in the presence of ter- 

nary electrolytes. Primary objectives include (1) the identification of 

the reaction products formed between structural elements (Fe, Cr, and Ni) 

and carbonate mixtures, (Li,Na9K)2C03, under fuel cell operating con- 

ditions; (2) the evaluation of rate limiting processes controlling the 

corrosion of candidate current collectar materials in (Li,Na,K)2C03; and 

( 3 )  the measurement of the equilfbrfum solukilities of Fe, Cr, and Ni 

(and their oxides) in ternary carbonate mixtures under fuel. cell operating 

conditions. 

3 . 2 . 4  Refractories 

ISU-3, "High-Temperature Creep Behavior of Refractory Bricks9'@ Iowa 

State University. This research effort is a continuation of the study of 

creep of refractories used to line fossil-fuel process vessels. The work 





deformed in c r e e p .  Data w i l l  'be evaluated on mechanisms developed to 

explain cavity foxmatbon, cavity coalescence, and crack growth in ceramtc 

materials, and the m o d e l s  wPl1. he revised as appropriate. A model wilt be 

developed to predict the lifetPmes of refractories in slaggin@; gasifiers. 

In addition, a prartlon of the work will. focus on a systematic compilation 

of data relating t o  slag prnpertEss  and corrosion of refractor-les €or 

advanced coal conversion systems 

PMST-3, ~ ' ~ h ~ ~ ~ ~ ~ ~ ~ ~ ~  .- - Properties -.----111 and Phase Relations f o r  Refractory- 

Slag Reactions in SZag$ing Coal Gasifiers I____ p * '  Pennsylvania State University, 

The purpose of thZs project I s  to determine the chemical constraints 

affecting the perfopmanee of refractory materials under experimental con- 

ditions corresponding to those preva.ll_ing in slagging gasifiers. fn par- 

tlcular, this project will concentrate on systems containing chromlc 

oxide, because refractories containing significant amounts of this com- 

ponent have demonstrated excellent resistance to corrosion. Work on this 

project is div ided  among the following tasks: (1) determination of ther- 

modynamic properties of various oxide components, espec-lally chromium 

oxide and A1203s in silicate m e l t s  of compositions of interest in slagging 

coal gasifiers, (2) deteminatlon o f  kinetics and mechanisms of reactions 

between refractory phases and coal-ash slags, (3) delineation of phase 

relations in Zr02-containing systems, and ( 4 )  determination of thermo- 

dynamic parameters f o r  react ions between FeO-containing slags and carbon, 

VPI-3, "'Alkalf A t  tack of Coal Gasif fer Refractory Linings I I' 
I_ -- 

Virginia Polytechnic Institute. I 

gate the physical and chemical characteristics of alkali attack of coal 

gasifier refractory lPnings irnder slagging and nonslagging conditions. 

VarFous refractories wlll be exposed to slmulated coal gasification 

atmospheres contatnfng a1kal-P metals such as sodium and potassium. 

Following exposure, the phase changes and compound formation that occur in 

the refractories ~3-11 be evaluated and compared with theoretical calcula- 

t ions .  In addition, changes in. selected physical and chemical properties 

o f  t h e  refractories such  as strength, thermal expansion, and solubility 

will be measureid. "The effect- of sulfur in the formation o f  stable, 

nonreactive alkali ~~~~~~~~~ in c o a l  gasification atmospheres ccantafning 

alkali metals will be investigated. 

The purpose of this project is to investi- 
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Table 111.3. (continued) 

Funding (thousands of dollars) a 

Research Project Performing 
Organization J?Y FY FY FY FY 

1986 1987 I988 1989 1990 

SC(I,U)-3(A) - Investigation of the 
Effects of Microalloy Constitu- 
ents, Surface Treatment, and 
Oxidation Conditions on the 
Development and Breakdown of 
Protective Oxide Scales in 
Mixed Oxidant Gases for Coal- 
Related Applications 

SC(I,U)-3(D) - Development of Disper- 
s ion-Toughened , Spalling- 
Resistant Oxide Corrosion Scales 

SC(I,U)-3(E) - Investigation of 
Effects of Heat Flux on Exfolia- 
tion of Oxide Films in Steam and 
Air 

BCL-3 -Evaluation of Advanced 
Materials f o r  Slurry Erosion 
Service 

LBL-3 - Studies of Materials Erosion 
in Coal Conversion and Utiliza- 
tion Systems 

Abrasive Wear 
NBS-3(A) -Mechanisms of Galling and 

ORNL-3(C) -Mechanisms of Erosion- 
Corrosion in Coal Combustion 
Environments 

To be determined (TBD) 255 645 0 0 0 

TBD 

TBD 

Erosion of alloys 

Battelle Columbus Laboratories 
(BCL) 

Lawrence Berkeley Laboratory 
(LBL) 

National Bureau of Standards 
(NBS) 

ORNL 

0 0 500 600 600 

0 200 200 100 0 

b 0 0 0 0 

300 300 350 350 350 

75 75 BOO 100 180 

180 200 200 208 0 
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Table 111.3. (continued) 

Funding (thousands of dollars)a 

Research project Performing 
organization FY FY FY FY FY 

1986 1987 1988 1989 1990 

ORh%-3(D) -Investigation of the 
Mechanisms of Yolteti Salt 
Cor ros ion  of Candidate Xaterials 
f o r  Molten Carbonate Fuel Cells 

S C ( I ) - 3 ( A )  - I r l V e S t I g a t t O R  of the 
Effect of 4lectrolyte Melt 
Chemistry on Corrosion of 
Components in Molten Carbonate 
F u e l  C e l l s  

SC(T)-3(B) -Phase Equilibria and 
Corrosion of Holten Carbonate 
Fuel Cell Current Collectors 
in Ternary (Li,Na,K)zC03 
Electrolytes 

ISU-3 - High-Temperature Creep 
Behavior of Refractory Bricks 

NIT-3 - Thermomechanical Modeling of 
Refractory Brick Linings for 
Slagging Gasifiers 

Effect of S l a g  Penetration on 
the Mechanical Properties of 
Refractories 

NBS-3(B) - Investigation o€ the 

Fuel cells  

ORNL 100 0 0 0 0 

TBD 75  200 200 0 0 

TBD 0 0 0 200 200 

Refractories 

Iowa State University (E%) 60 0 0 

Massachusetts Institute of b 0 0 
Technology (HIT) 

NBS b 0 0 

0 0 

0 0 

0 0 
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4, ASSESSMENTS AND TECHNOLOGY TRANSFER 

4.1 INTRODUCTION 

The purpose of the technology assessment activity of the AUTD Fossfl .  

Energy Materials Program is to malntain an awareness of the technical 

issues and research and development needs o f  established and ~~merglng 

Eossil energy technologies. SpecifScally, the performance of the assess- 

ments of materials problems and needed research TO salve those problems in 

a wide variety of fossil energy technologies f s  an Important part of the 

AR&TD F o s s i l  Energy Materials Program. 

In addition to technology assessments, the transfer of technology 

developed on the AR&TD Fossil Energy Materials Program to others in the 

fossil energy community is an important responsibility and serious commit- 

ment of the Program. 

The activities associated with technology assessment and technology 

transfer are described in the following section and are listed i n  

Table ' I I T . 4  at the end of the section. 

4.2 SUMMARIES OF CURRENT AND PLANNED ACTIVITIES 

4.2"l Technoloczv Assessment 

ORNL-4(B), "Membrane Separation of Gases from Coal Combustlon and Coal 

Conversion Processes," Oak Ridge National -- Laboratory. The objective of 

this task 1s to assess the applications of membrane technology for 

separating and recovering gases (e.g., S02s W2S, C O P ,  NO, N2, and 02) 

encountered in coal combustion and coal conversion processes. 

Commercial membranes will be selected and evaluated for use i n  

separating gases such as S 0 2 ,  H2S, C 0 2 ,  NO, N2, and 0 2 ,  wlilch occur in coal. 

combustion and conversion processes. The permeability of pure gases 

through different types oE membranes will be determined by measuring the 

flow rates of the gases through the membranes at different pressures. The 

most promisLng membranes will then be used to study the separatlon of gas 

mixtures such as H2S and C02, N2, and $ 0 2 ,  as well as other gas ralxtures o f  

interest in coal combustion and conversion processes. 
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SC(P1-4. "Assessment of M a t e r i a l s  Needs € o r  Coal-Fired Heat Ermines," 

c o n t r a c t o r  io be determined.  The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  review 

the  m a t e r i a l s  requirements f o r  c o a l - f i r e d  heat engines ,  t o  assess t h e  s ta te  

of  technology f o r  materials t o  meet t h o s e  requi rements ,  and i o  i d e n t i f y  t h e  

priiinary areas i n  whbch materPals r e s e a r c h  and developmene i s  r e q u i r e d .  

-~ c_l____ - 

4 2. 2 Tec.hnology T r a n s f e r  -~ ...... ____._-___ 

B C L - ~ ,  "Matsrials  ad. .... Components . i n  -- Fossil I____..- Energy Appl icat ions 
-.ll_--_l_-~ __ ~ 

N e w s l e t t e r  , '' Battel le  Columbus L a b o r a t o r i e s .  Thil s n e w s l e t t e r  commurafcates 

exper:enee and t e s t  r e s u l - t s  rel.aLed t o  f o s s i l  energy ma-rerials and com- 

ponents  i o  t h o s e  o r g a a l z a t l o n s  involved i n  t h e  development of f o s s i l  energy 

systems. The n e w s l e t t e r  is i s s u e d  by the DOE Oak Ridge Opesat tons and i s  

d i s t r l b u t e d  bimonthly t o  about: 2500 domest ic  and f o r e i g n  s u b s c r i b e r s .  

.......... .___^--.. __..._.. ....... ..,_ 

. SC(I ,U>- -4 ,  " T r a n s f e r  ... of Refrac tory  Technology ____.I t o  Indi is t ry ,a '  - .....-. __-____ - I__ 

contxac tors  t o  be determined.  "Inis p r o j e c t  wlll be i n i . t i a t e d  i n  FY 1986 

and w i l l  be n c o l l a b o r a t i v e  e f f o r t  of a u n i v e r s i t y  and an i n d u s t r i a l  orga- 

n i z a t i o n .  T h i s  a c t i v i t y  will assrp~e that  t h e  technology developed on pro- 

j ec t s  i n  progress  a t  Iowa St-ate U n i v e r s i t y  ( c r e e p  praper l ; ies  of r e f r a c t o r y  

b r i c k s ) ,  Massachuset ts  I n s t P t u t e  of Technology (thermomechanical modeling 

O K  r e f r a c t o r y  b r i c k  l i n i n g s ) ,  National Bureau of Standa rds  ( e f f e c t s  of s l a g  

p e n e r r a t t o n  o n  mechanical p r o p e r t i e s  of r e f r a c t o r i e s ) ,  and V i r g i n i a  

P o l y t e c h n i c  I n s t i t u t e  ( a l k a l i  atl:ack of r e f r a c t o r i e s )  w i l l  be t ransEerred  

io a p p r o p r i a t e  i n d u s t r i e s  i n  the f o s s i l  energy community. 

.......... ....... 
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1-2. 
3.  

4-5. 
6 .  
7. 
a. 

9-28. 
29. 
30. 
31. 
32. 
33. 
34. 
3 5. 
36. 
37. 
38.  
39. 

Centra l  Research Libra ry  
Document Reference S e c t i o n  
Laboratory Records Department 
Laboratory Records, ORNI, RC 
ORNL Pa ten t  Sec t ion  
E. E. Bloom 
Ez. A. Bradley 
A. J. Caput0 
P. T. Car l son  
J. A. C a r p e n t e r ,  Jr. 
J. A .  Horton 
J. K. Huffssetler 
D. R. Johnson 
R. R. Judkins  
J. J?. King 
E. L. Long, Jr. 
R. W. McClung 
J.  J. McGowaa 

40 d 
4 2  
42. 
4 3  P 
44  0 

45. 
46 s 

47-49. 
so B 

51 * 
52 e 
53. 
54 u 

5 5 ,  
56. 
57 I 
58 a 

59 e 

R. K. Nanstad 
T. w, Pickel 
M. Siman-Tov 

D e  P. Scintsn 
R e  W. Swindernan 
J, 0. Sriegler 
P* T a  moslzton 
.J. F. Vi l l i e f - s -F i sher  
J. R. Weir, Jr. 
R. 0, Willlams 
R e  J, Charles  ( C o n s ~ l t a n t )  
G, Y. Chin (Consul tant)  
H. E. Cook (Consul tant)  
Alan Lawley (Consultant] 
W e  D. N i x  (Consul tan t )  
R e  I;. SmFth (Consul tant)  
J. C. Williams (Consul tant)  

G. N. Slaughter 

EXTERNAL 01 STRI R U T I O N  

60. ARC0 HETALS, S i l a g  Operation, Route 6, BQX A, Grees, SC 29651 

R e  Le R e a t t y  

61-67. ARGONNE NATIONAL LABORATORY 9900 S e Cass A~enue,  Argonne 
IL 60439 

W .  A. Ellingson K. Natesan 
D. C. Fee R. D. Pierce 

D. S. Kupperman 
S .  Greenberg J m  P c  S P l ~ g h  

68. BARCOCK & WTLCOX, F o s s i l  Power Genera t ion  Division, 20 South 
Van Buren Avenue, Barberton, OH 44203 

M. Gold 

69. RATTELLE COLUMBUS LA%ORATOKI.ES 5Q) 5 K4iig Avenue, Colimbus 
OH 43201 

I. G e  Wright 
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70.  CAMAD4 CENTER FOR MINERBL .~~ ENEKGY TECHNOLOGY, 555 Booth 
S t r e e t ,  Ottawa, Ontario, Canada KIP. 0 G 1  

R. WinsLCIn Revic 

71. CBI TNDUSTRTES, 800 JorPe Rlvd . ,  Oak Brook, I L  6052’) 

v d o  R. Mikesell 

72 .  CHEVRON C O R P O R A T I O N ,  P.O. Box 4012, Richmond, @A 94804 

A .  e,. I m g r a m  

73.  CLIMAX MOLYBDENUM COMPANY OF MTCHTGAN, 1600 Huron P a r k w a y ,  
P.O. Box 1568, A n n  Arbor ,  MY 48106 

T. B. Cox 

7 4 .  COL,ORADO SCHOOL OF M I N E S ,  Depar tment  of Metallurgical 
E n g i n e e r i n g ,  Colden, CO 80401 

G. It. Edwards 

7 5. COMBUSTION E N G I N E E R I N G ,  911 W. Main Street, Chattanooga, 
TN 37402 

N .  C. Cole 

7 5 .  COMMISSION OF T H E  EUROPEAN COMMUNITIES, Pet tern Es tab l i shment ,  
P o s t b u s  2,  1755 %G P e t t e n ,  The N e t h e r l a n d s  

Marcel Van de Voorde 

7 7 .  CORNELL UNIVFRSTTY, P h t e r P a l s  Sciences and Engineering 
D e p a r t m e n t ,  Bard M a l l ,  Tthaca,  NY 14853 

Che-Yu L i  

78. EC T E C H N O L O G I E S ,  1401 Park Avenue, EmeryvPlle, CA 94608 

D. J. Kenton 

4?-.-8Q. EGAG IDAHO, I N C . ,  Idaho N a t i o n a l  Engineering Laboratory, 
P.O. Box 1625,  Idaho F a l l s ,  ID 83415 

A .  D. Donaldsom 
M. E. W I l w a l n  

81-42 .  SIXCTRIC PO!9F,?2 FUCSEARCH [NSTITUTE, 3412 Hil lview Avenue, 
P.O. Box 10417, P a l o  A l t o ,  CA 9/*307 

14. %. Bakker 
.J. S t r i n g e r  

83-84a FXXON RESEARCH AND ENGLNEERING COMPANY, P.O. Box 101, 
Floritiiim r ack ,  N J  07932 

E .  M. Anderson 
G .  Sore11  
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9 ,  GENERAL ELECTREG COMFANY, 1 River  Road, Schenectady, 
NY 12345 

W. von E ,  Doering 
R ,  W. Hasketl 

90. GEIZRGZA INSTITUTE OF TECHNOLOGY, Georgia Tech Research 
I n s t P t m t e ,  A t l a n t a ,  GA 30332 

T, 1,. Starr 

92 INSTITU1'R FOR. MIMING AND MINERALS RESEARCH, Kentucky Center for  
Energy Research, Truri  Works Pike, P.O. Box 13015, Lexington, 
KY 40512 

A.  he SagKk 

93. IOWA STATE U N I V E R S I T Y ,  Materials Sc ience  and Engineer ing  
Depart:ment h e s ,  IA 5OOl1 

T.  D., IlkGee 

9 4 *  THE JOHNS HQPRINS UNIVERSITY,  Materials Sc ience  and Engineer ing ,  
B a l t i m o r e ,  MI 21218 

a.  E* Green, Jr .  

9 s .  LAVA CR~TCInLE-REFRAGTQKTES CO. P.O. Box 278, Z e l i e n o p l e ,  
PA 16043 

w. M. DavCs 

96 ,  LAWRENCE BER.KET.,EY ~~~~~~~~~ U n i v e r s i t y  of California, 
Berkeley, CA 94720 

A. v. T.,r..vy 
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99. LUKENS STEEL COMPANY, R&D Center, Coatesville, PA 19x0 

J. A. GuS.ya 

100. MASSACHUSETTS INSTITUTE OF TECHNOLOGY, Department of Civil 
Engineering, 77 Massachusetts Avenue, Cambridge, MA (32 139 

0 .  Buyukozturk 

101. MELLON INSTITUTE, 4400 F f f t h  Avenue, Pittsburgh, PA 1-52'1.3 

J. C. Williams 

102. THE METAL PROPERTIES COUNCIL, INC., United Engineering Center, 
345 E. Forty-Seventh Street, New York, NY 10017 

A. 0 .  Schaefer 

103. MOBZL RESEARCH AND DEVELOPMENT CORPOa4TION, P.O. Box 1026, 
Princeton, NJ 08540 

R. C. Searles 

104-lO7. NATIONAL BUREAIJ OF STANDmS, Materials Building, Gaithersburg, 
MD 20899 

E. R. Fuller 
L. K. Tves 

S . M. Wiederhorn 
S. J. Schneider, Jr. 

108. OREGON GRADUATE CENTER, Materials Science and Engineering 
Department, 19600 N.W. Walker Road, Beaverton, OR 97006 

W. E. Wood 

109. PACIFIC NORTHWEST LABORATORY, P.O. BQX 999, Richland, YA 99353- 

J. L. Bates 

110. PENNSYLVANIA STATE UNIVERSITY, College of Earth and Mineral 
Sciences, University Park,  PA 168CR- 

A .  Miuan 

111. PENNSYLVANIA STATE UNIVERSITY, Materials Research Laboratory, 
University Park, PA 16802 

e .  0. Ruud 

1 2 .  R&D ASSOCIATES, 4640 AdrnPral.t:y Nay, Marina del Rey, @A 98;!91 

R .  L. Weisberg 

113. S m D I A  LABORATORIES, P.O. Box 5800, Albuquerque, NM 87115 

J. R. Hellmann 
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115. SOUTHWEST =SEARCH INSTITUTE, 6220 Culeba Raad, P*O. Drawer 
29510, San Antonio,  TX 78284 

F. I?. L y l e ,  Jr* 

116-117. IJNIVERSITY OF CALFFORMTA, BERKELEY, Department of Materials 
S c i e n c e  and Minera l  Rngineering, Berkeley,  CA 94420 

E .  9. P a r k e r  
R e  0. % i t c h i @  

118. UNIVERSITY OF CALIFORNIA, SANTA BARBARA, Department of 
Chemical and Nuclear Engineer ing ,  S a n t a  Barbara ,  CA 93106 

G. Ti. 9 d e t t e  

119. UNIVERSITY OF C I N C I N N A T I ,  Department of Aerospace Engineer ing  
and  Applied Mechanics, C i n c i n n a t f ,  OH 45221 

W. Tabakoff 

120. UNIVERSITY OF I L L I N O I S ,  Department of Mechanlcal and I n d u s t r i a l  
EngLneering, 1206 West Green S t r e e t ,  Urbana, It 61801 

D. L. Yarriott 

121. UNIVERSITY OF NOTRE DAME, Department of M e t a l l u r g i c a l  
Engfneer ing  and Materials Sctence, P.0. BQX E ,  Notre Dame, 
‘IN 46556 

T. H. Kosel 

122. UNIVERSITY OF PITTSBURGH, Department nf  Metallurgical and 
Materials Engineering, 848 Benedum Hall, P i t t s b u r g h ,  PA 15261 

G .  H. Meier 

123. VNIVERSITY OF SOUTHERN CATJIFORN?LA, Departlnent QP Materials 
Scfence ,  Los Angeles, CA 90089 

J. A. Todd 

124. UNIVERSITY OF TENNESSEE AT KNOXVILLE ~ Department of Chemical., 
M e t a l l u r g i c a l ,  and Polymer Engineering, Knoxvi l le ,  TN 33916 

C .  T). Lundin 

1 2 5 .  V I U G I N I A  POLYTECHNIC INSTITUTE AND STATE UNXVERSITY, Department 
of  Materials Engineer ing ,  Blacksburg,  VA 24601 

J. %J. Brown, .Tr. 
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126.  WESTLNGHOUSE ELECTRIC CORPORAI'ION, Resea rch  and Development 
C e n t e r ,  West inghouse  R u f l d i n g ,  Gateway C e n t e r ,  P i t t s b u r g h ,  
PA 15222 

B.  J. SRaw 

127.  DOE,  ENERGY CONVERSION ,IwD UTIL'IZATION TECHNOLOGIES DIVTSION, 
F o r r e s t a l  B u i l d i n g ,  Washington,  DC 20 58 5 

J. J. E b e r h a r d t  

128-1 3 4 .  DOE, MORGANTOWN ENERGY TECHNOLOGY CENTER, P. 0. Box 880, 
Murgantown, 26505 

F .  lJe Crause ,  Jr. J. E .  Sholes  
F .  D. Gmeiiidl J. 5 .  Wilson  
J .  hi. Tlnhday C .  M. Zeh 
J. E. NotcsLeB~ 

135. DOE, OAK RLI)GE OPERATIONS OFFICE, P.O. Box E ,  Oak R i d g e ,  
TN 37831 

A s s i s t a n t  Manager F o r  Energy Resea rch  and Development 

136. DOE, OFFICE OF BASIC ENERGY SCIENCES, Materials S c i e n c e s  
D i v i s i o n ,  Washington,  TIC 20545 

P. V. N o l f i ,  Jr .  

137-143. DOE,  OFFICE OF FOSSIL ENERGY, Washington,  DC 20545 

J .  P. Cart  
S .  .J. Dapkunas ( 5 )  
T .  B. Siinpson 

144 ,  D O E ,  OFFICE OF VEHICLE AND ENERGY R&D, F o r r e s t a l  B u i l d i n g ,  
Washington ,  DC 20 58 5 

R .  5.  S r h u l z  

1454 50. DOE,  PITTSBURGH ENERGY TECHNOLOGY CENTER, P .0 .  BOX 10940,  
P i t t s b u r g h ,  PA 15236 

R .  A .  C a r a b e t t a  .I. D. H i c k e r s o n  
S . V .  Chun S.  R. Lee 
A .  14. Dcurbrouck F. W. Steffgen 

151---177. DOE, TECFlNiCAL INFOKMAT'LON CENTER, P.O. Box 62 ,  Oak Ridge ,  
TN 37831 

F o r  d i s t r i b u t i o n  by m i c r o f i c h e  as shown i n  DOE/TIC-4500, 
D f s t r i b u t i o n  C a t e g o r i e s  uC-90~. (Coa l  G a s i f i c a t l o n ) ,  
UC-9Cd (Coa l  L i q u e f a c t i o n ) ,  UC-9Oe (Direct Combustion of 
C o a l ) ,  aild UC-90h (Materials and Components). 




