
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



~,-.'; 

ENERGY CONVERSION ALTERNATIVES STUDY 
-ECAS~ 

WESTINGHOUSE PHASE I FINAL REPORT 

Volume ]I -MATERIALS CONSIDERATIONS 

Prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 

NATIONAL SCIENCE FOUNDATION 

NASA Lewis Research Center 
Contract NAS 3-19407 

(NASA-CB-134941-Vol-2) ENERGY CCNVEFSICN 
lIlTFIiNA'IIVES STUn (ECAS), ,IESTINGHOUSE 
PHASE 1. VOLUME 2: ~ATEFIUS 

N76-23693 

CONSIDERA'IIuNS Final Report (Westinghouse Unclas 
'( c ._"" •• ",,,, __ ~ •• ",",~_e_se,~rch La..\Js.) 306 __ f __ ~_S".!~. __ !_1.?_, __ .~_". __ ~g:J. ___ lqJL.G_~L~~L _28,167 

:J 
~f~~ .-"'. - -,--,: ' 

. 
< , 

,1 
.",,' ;' 

j 
, t 

", j 
,; 0.l 

,< I 
< , 

«,.. j 
... i 

',J 



" 
:.,....;;,,', 

I 
1 , . , , 
, , 

;-1 
! 1 

i 

I I , , , 
ji 

HI l' 

qj , I 
»" I, 

)1 
ii , , 
" fl 
i" 
i-'J 
I: 
i'c! 
I! 
I , 
I' r 
Ii 
~: 
fl 

iJ 
I !: 
I' 
L 
" I 
i" 
1·, 
H 
I:,' 
I 
U 
I 

i-' 
" Ii 
I' 
i5 n 
" i' 
I 

( 
I,' 
fe' 
\ ' 
to' 

~: 
L 
r-\ 

~.--'--

. 

1 Report No. NASA CR-134941 I 2. Govarnment AcceSlion No. 3, Recipient" catalng No. 

Volume II 

I 

4, TItle and Subtitle 
5, Report Datil 

ENERGY CONVERSION ALTERNAtIVES STUDY (EeAS) • Februarv 12 1976 

W~STINGHOUSE PHASE I FINAL ImPORT 
., Performing Organization Code 

VOLUME II - MATERIALS CONSIDERATIONS 

7. A.uthor!!1 
BW Performing Or~nizlltlon AII§ort No. 

D. E. Thomas, et 81 
est1nghouse Report o. 

76-9E9-ECAS-Rlv.2 
10, Work Unit No. 

9. Performinll Organization Nilme and Addre", 

Westinghouse Electric Corporation 11. Contract or Grant No. 

Research Laboratories NAS 3-19407 
Pittsburgh, PA 15Z35 

13. TVpe of Report and Period Covered -
12. Sponwrlnll Agency Nam~ .nd AddrlHl 

Energy Research and Development Administration 
Contractor Report 

~ational Aeronautics and Space Administration 14, Sponsorlnll Agency Cod~ 

National Science Foundation 
Wsshin&...ton D. C. 

15. Supplementary Notes 

Project Managers: 
~. J. Brown, NASA Le~is Research Center, Cleveland, OH 44135 

D. T. Beecher, Westinghouse Research Laboratories, Pittsburgh. PA l5Z35 

16. Abstract 

£xtensive studies were carried out on materials behavior of importance in advanced energ} 

conversion systems USing coal or coal-derived fuels. Fireside corrosion and erosion of boi~er 

and heat exchanger materials are treated. Specific materials recommendation3 are tl'ade for 

critical components of the nine advanced energy con vera ion system studied. 

17. Key Words (Suggested by Authorlsll 18. Distribution St3tement 

materials e1:osion helium 

temperature atenm. 

stress gas turbine 
:' •• clnssified - Unlimited 

corrosion liquid-metal 

19. Security Oaull, lot this reportJ 120, Security Clauil. tof this pagei 121, No, of Po, .. 122~ P<k,· 

Unclassified Unclassified Z9G 

• For sale by the National Technical Information Selvice. Spllngfield. Virginia 22161 

NASA-c-168 (Rev. 10.75) 



r~ 

) 

t 

I 

1 , 

I " 
" 

, , 
'. . , 
1 , . . , 
: 
i 
, 
1 , 
f-

l.' 
i , , I : , 
I 

( : 
\ 

I , 
4·~,Li 

, 
I, , 

, , 

~ ______________________________________________________ ~ ____________ .... .m.~ .............. ~~"~~ 
~ p 

the 

ACKNOlVLEDGMENTS 

Section 3 entitled "Haterials Considerations ll was cer~tered in 

Westinghouse Research Laboratories and directed by D. E, Thomas. 

Those making significant contributions were: 

• F. G. Arcella, who assembled the information on materials 

for use ir. the presence of cesium and potassium vapor. 

(Subs~ction 3.7) 

• F. J. Harvey, who assembled the information on materials 

exposed to helium in closed-cycle gas turbine systems. 

(Subsection 3.6) 

• D. M. Moon, who assembled the information on materials 

exposed to high temperature combustion products in gas 

turbines, combustors and boilers. (Subsections 3.4, 3.5, 

3.6 and 3.12) 

• B. R. Rossing, who assembled the information on material 

for open- and closed-cycle MHD systems. (Subsection 3.9 

and 3.10) 

• T. Vojnovich, who assembled the information on materials 

for fuel cells. (Subsection 3.11) 

• R. E. Witkowski, who assembled the information on materials 

for liquid-metal MHD systems. (Subsection 3.8) 

J. 

'. ".', 

~ 

k I ... 

~~ I 
, 

. I 
~"'1 

:l ~.".' 
.. -~_-,",' 1 .. ' ,'.~,.' 

... - ~~"':"':"'-~"'-"--' 



.. ) 1 i"'\ 
ld 

II 
i 

i 
I I 

I I 

I I t I 
! i 
I i 
! , 
i , 
f 
i ,- I i 

f i 

NASA Report No. 
NASA CR-134941 

ii 
I 
, , 

I 
, 

Volume I 

I i 

;-: 
t i 

Volume II 

" i ,1 ,.,.. , 
i 

r 1 

i 
I 

Volume III 

1 
;..~ 

Volume IV 

I 
I 

I 
t I 

Volume V 

i I 
I Volume VI 
I 
II 
(! 

Volume VII 

I , 
r-; 

I' 
I' , 

L 

Volume VIII 

Volume IX 

, , 
Ii 

Volume X 

j',: 
~ - Volume XI 

I: 
p Volume XII , 
r 
i' 

I' 
t 
i.1 
I: 
Ii 
I' 
~ ; 

\: 
[' 
I 
F 

, 
II .. ,~-:~'--.... '-', , -,., 

= 

TABLE OF CONTENTS 

Section 1 INTRODUCTION AND SUMMARY 

Section 2 GENERAL ASSliMPTIONS 

Section 3 MATERIALS CONSIDERATIONS 

Section 4 COMBUSTORS. FURNACES. AND LOW-

BTU GASIFIERS 

Section 5 OPEN RECUPERATED AND BOTTOMED GAS 

TURBINE CYCLES 

Section 6 COMBINED GAS-STEAM TURBINE CYCLES 

Section 7 CLOSED-CYCLE GAS TURBINE SYSTEMS 

Section 8 14ETAL VAPOR RANKINE TOPPING-STEAM 

BOTTOMING CYCLES 

Section 9 OPEN-CYCLE MIlD 

Section 10 CLOSED-CYCLE MHO 

Section 11 LIQUID-METAL MIlD SYSTEMB 

Section 12 ADVANCED STEAM SYSTE~ffi 

Section 13 FUEL CELLS 

ii 

" II 
'I 

~ ; 

I' 
! 
" 

! 
I ' r 
~ 

, I 
d 

j 



,,..:..0..;. 

f 1 , , 
I i 

i I 
i I 
, i 
i-

i 1 
. f J 

Ii 
1,1 

I , . ! -
Jl ,, 

i 

,fi 
1ft l' , 
, II' 
, : 
Ii 

;',-. 

1 
I 
r 
!. 
r 

EXPANDED TABLE OF CONTENTS 

Volume II 

ACKNOWLEDGMENTS 

TABLE OF CONTENTS 

SUMMARY ••• 

3. MATERIALS CONSIDERATIONS 

3.1 Introduction. . . . 

3.1.1 Purpose, Organization and Use 

3.1.2 Materials Application Rating System 

3.2 Corrosion and Erosion of Material in Combustion Gases. 

3.2.1 

3.2.2 

Gas Turbine Materials . . 

3.2.1.1 Contaminant Levels in Coal Derived Fuels .. 

High-Btu Gas . 

Medium-Btu Gas 

Distillate from Coal-Derived Liquids 

Low-Btu Gas 

3.2.1.2 Recommended Materials for Gas Turbine 

Vanes and Blades . 

Ceramic Materials 

Chromium-Based Alloys 

Uncoated Nickel- and Cobalt-Based 

Superalloys 

Oxidation- and Hot-Corrosion Resistant 

Coatings . 

Heat Exchanger Materials 

3.2.2.1 Corrosion,Erosicn, and Fouling of Heat 

Exchanger Materials 

3.2.2.2 Bxperimental Studies of In-Bed Gorro"ion 

and l£rosion 

iii 

Page 

i 

ii 

viii 

3-1 

3-1 

3-1 

3-2 

3-4 

3-4 

3-4 

3-4 

3-5 

3-5 

3-5 

3-20 

3-23 

3-25 

3-27 

3-31 

3-38 

3-38 

3-44 

I 

L\ 
i \ .' 

I " r I -

~. 
! '. 
: }. 

~i 

i 

j 
, 
-f 



) 

r' 

? 
: , 

I 

-j 
- _2 _ 

i' 
I' 
J'1 
I' , ! 

l' 

i--: 

:-:: 

.J 

EXPANDED TABLE OF CONTENTS (Continued) 

Pressurized Bed Tests of In-Bed Boiler 

Tube Materials • • • 

Corrosion Studies of Boiler Tube Materials 

at Atmospheric Pressure and Low Fluidized 

Veloci ties . . . . .'. . . . . . . . . . 
Long-Term Corrosion Tests at Atmospheric 

Pressure to Assess the Effect of Limestone 

Additions on Corrosion of Boiler Tube 

Materials 

3.3 Material Considerations in Steam Boilers Utilizing 

Coal and Coal-Derived Fuels 

3.4 

3.5 

3.6 

3.3.1 

3.3.2 

3.3.3 

3.3.4 

Introduction 

Selection of Candidate Alloys 

Stress Rupture Performance 

Oxidation Performance 

3.3.5 Conclusions ••• 

Materials Considerations in Advanced Steam Systems 
3.4.1 Introduction . . . . 
3.4.2 Main Transfer Piping and Casing 
3.4.3 Turbine Rotors 

3.4.4 Blading 

3.4.5 Summary 

Material Considerations in Open-Cycle Gas Turbines/ 

Recuperated- or Combined-Cycle Systems 

3.5.1 Introduction 

3.5.2 Turbine Blade Material 

3.5.3 Turbine Vane Alloys 

3.5.4 Summary . . 
Material for Closed-Cycle Gas Turbine Systems 

3.6.1 Corrosion Behavior of High-Temperature Materials 

in Lnpure Helium . . . . . . . . . . . . . . 

iv 

3-45 

3-45 

3-49 

3-59 

3-59 

3-61 

3-63 

3-65 

3-69 

3-71 

3-71 

3-72 

3-75 

3-80 

3-80 

3-81 

3-81 

3,-81 

3-93 

3-95 

3-95 

3-95 

1 

i. 
'1 

1 
-~ 

c 1 

··1 



n l,_; 
I I 
1 ! 

i I 
II 
Ii 
i I 
, j 

!.' 
I 
I! 
I! , ' 

-I , 

1 , , . 
j' 

1 . , 

H 
" 

L 

Ii _~~_~ ... ....., 

3.7 

3.8 

, , ,J.,",'t<"'IA\'>,~\'A\l.,"'" "" J" 
L .. _ _ ==s: .. _ =~ 

EXPANDED TABLE OF CONTENTS (Continued) 

3.6.1.1 Introduction. • • . • • • • 

3.6.1.2 Thermodynamic Considerations 

3.6.1.3 Gas-Solid Reactions in Dragon Reactor 

Coolant . . . . . . . . . . . 
3.6.1.4 Mechanical Property Interaction 

3.6.1.5 Effect of Co .• centration of Impurities 

3.6.1.6 Gas Solid Reactions in \vater Vapor-

Helium Atmospheres • 

3.6.1.7 Summary of Corrosion Behavior in 

Impure Heli.lIll . . . . . . . . . . . 
3.6.2 Selection of Heat Transfer Materials for Closed-

Cycle Gas Turbine Systems • . . . • . . . . . . 
3.6.3 Material Selection for Closed-Cycle Helium Gas 

Turbines . . . . . . . . . 
Materlals for Potassium and Cesium Vapor Rankine Cycle 

ComponeLlts • • • • . . • • 

3.7.1 Liquid~Meta1 Boiler 

3.7.2 Metal Vapor Turbine 

3.7.3 Liquid~Meta1 Loop. 

3.7.4 Metal Vapor Condenser/Steam Generator 

3.7.5 Cover Gas System 

3.7.6 Shaft Seal and Bearings 

3.7.7 Instrument Subsystem 

3.7.8 Summary of Prime Materials Selected for Liquid

Metal Rankine Cycle Components 

Materials for Sodium Litium MHD System Components 

3.B.l Heat Source-Alkali Metal/Accelerating Gas Combustion 

3.8.2 

System Heat Exchanger • . 

3.8.1.1 Potential Problems Area 

MHO Generator Including Mixer, Duct and Nozzle. 

3.8.2.1 Structural Materials •••• 

v 

" 

Page 

3-95 

3-98 

3-103 

3-107 

3-109 

3-111 

3-113 

3-114 

3-117 

3-123 

3-125 

3-131 

3-137 

3-139 

3-140 

3-142 

3-145 

3-145 

3-146 

3-147 

3-148 

3-148 

3-148 

V 



, 

EXPANDED TABLE OF CONTENTS (Continued) 

3.8.2.2 

3.8.2.3 

MHO Duct Electrodes and Insulators 

Potential Problem Areas ". . . . . 
3.8.3 Liquid-Metal Loop Including the Separator and 

Diffuser . . . . . . . . . 
3.8.3.1 Potential Problem Areas 

3.8.4 Gas System Including the Steam Generator 

3.8.4.1 Potential Problem Areas . . . . 
3.8.5 Closed-Cycle Liquid-Metal MHO Meterials Selection 

SUIIIlIlary • • • • • • • 

3.8.6 Instrument Subsystem 

3.8.6.1 Cover Gas/Accelerating Gas Impurity 

Monitors .. 

3.8.6.2 Liquii.l-H~tal Impurity Monitors 

3.8.6.~ Alkali·-Metal Vapor Detectors. 

3.8.6.4 Steant Generator Leak Detection/Leak 

Location Devices . . 

3.8.6.5 Potential Problem Areas 

3.8.6.6 Instrument Subsystem Summary 

3.9 Meterials for Open-Cycle MHO Systems 

3.9.1 Background 

3.9.2 Combustor Materials 

3.9.3 ~enerator Materials 

3.9.3.1 Electrodes 

3.9.3.2 Insulators 

3.9.3.3 Coal-Fired ~lliD Generator Materials 

3.9.4 Air Preheater Meterials •••• 

3.9.4.1 High-Temperature Air Preheaters 

3-153 

3-154 

3-155 

3-157 

3-157 

3-159 

3-159 

3-161 

3-161 

3-162 

3-162 

3-162 

3-163 

3-165 

3-165 

3-165 

3-169 

3-171 

3-171 

3-178 

3-183 

3-192 

3-192 

3.9.4.2 Materials Requirements for MHD Air Preheater 3-195 

3.9.4.3 Mechanical Properties of Preheater Materials 3-197 

3.9.4.4 Corrosion Resistance of Preheater Materials 3-198 

vi 

. I: 

.1 

,,' 

\ 
f i ., 

J 
1 
1 
j 

I 
1 \'. ':i j ., 
:1 

j 
~ 



.. '; 
! 
I 

I , 

.f'~\.1 r! I , ' , 
; ., 

~+~-

<,,-

i."j ___ ~....,.~ 
.-~'"-' >-- '"'~''' 

j :L 

EXPANDED TABLE OF CONTENTS (Continued) 

3.9.5 Other High-Temperature Components 

3.9.5.1 Diffuser • • • • 

3.9.5.2 High-Temperature Ducting 

3.9.5.3 High-Temperature Valves 

3.9.6 Heat Recovery and Seed Recovery Materials 

3.9.6.1 Corrosion of Downstream Metalic Components 

3.9.7 Magnet Materials 

3.9.8 Summary • • . • • 

3.10 Material, for Closed-Cycle MHO Systems 

3.10.1 High-Temperature Heat Exchanger 

3.10.2 Closed Cycle Loop Materials 

Structural Metals 

Ceramics and Insulator Materials 

3.10.3 Selection of Closed-Cycle MHO Loop Materials 

Diffuser and Nozzle 

Heat Recovery Materials 

3.10.4 Summary 

3.11 Materials for Fuel Cells 

3.11.1 Background 

3.11.2 Performance and Material Requirements 

3.11. 3 High-Temperature Solid Electrolyte Fu',l Cell 

3.11.3.1 Materials Problems 

3.11.3.2 Development Needs. 

3.11.4 Molten Carbonate Fuel Cells 

3.11.4.1 Materials Problems 

3.11.4.2 Development Needs. 

3.11.5 Acid and Alkaline Fuel Cells 

3.12 Compilation of Composition and Mechanical Properties 

3.13 Comparison. of Materials Problem::. Associated \4ith Advanced 

Energy 'ilversion Systems . . . . . . . . 
3.l3.l Summary Materials Application Evaluation 

3.13.2 Comparison of Mater:~ls Ratings 

3.14 References • . , . 

vii 

" i, ' 
--,----;-"-;-:-----.. 

~ 
3-202 

3-202 

3-203 

3-203 

3-204 

3-205 

3-208 

3-209 

3-209 

3-211 

3-212 

3-214 

3-215 

3-217 

3-218 

3-219 

3-219 

3-219 

3-221 

3-224 

3-225 

3-236 

3-237 

3-237 

3-240 

3-241 

3-242 

- -255 

3-257 

3-257 

3-266 

3-277 

I 
l 
1 
! 

: 1: 
II 
11 ;, 

t 
. I: 
1 , 

"_ l ,-J 



I', 
Ii 
Ii 
Ii 

I 
I 
n 

I 
I 

t 

, 
'*, .... ~ 1 

[ 

">d!c.u."~"'\:A~\", ... " J' 
~b_~·.---.,.---.... ~~~=r="'!"""~"'''''~~''lI .... _~---~-rI''.-'''----''''--____ ,.. ________ u....l~,'.,. 

SUMMARY 

Extensive studies, reported here, were carried out on materials 

behavior of importance in advanced energy conversion systems using coal 

and coal-derived fuels. The areas of materials behavior receiving 

particular attention in this regard are: fireside corrosion and erosion 

in boiler and heat exchanger materials, ox~dation and hot corrosion of 

gas turbine materials, liquid metal corrosion and mass transport, high 

temperature steam corrosion, compatability of materials with coal slag 

and MHD seed, reaction of materials with impure helium, allowable stresses 

for boiler and heat exchanger materials, environmental effects on mechanical 

properties, and liquid metal purity control_and instrumentation. Such 

information was then utilized in recommending materials for use in the 

critical components of the powe;~ systems, and at the same time to identify 

materials problenl areas and to evaluate qualitatively the difficulty vf 

solving these problems. 

Specific materials recommendations for critical components of 

the advanced systems under study are contained in summary tables which 

also include estimates of the difficulty of solving the materials applica

tion problems posed. Using the materials application rating system 

described in the report, overall rating of the advanced systems from a 

materials point of view resulted in the following ranking in the order of 

increasing di.fficulty. 

tables.} 

(Page numbers indicate the location of summary 
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3. MATERIALS CONSIDERATIONS 

3,1 Introduction 

3.1.1 Purpose, Organizatio~ 8n~ Use 

This section includes a summary of the state-of-the-art of 

materials for the critical components of the advanced energy conversion 

systems under study, materials recommendations for the critical com

ponents, and an assessment of the difficulty of demonstrating that the 

recommended materials are in fact satisfactory for the application. 

This section is organized along the following lili~6. There is, 

first, Subsection 3.2 dealing with the corrosion-erosion behavior of 

material& in combustion gases of interest in the overall system study. 

Since a common denominator in this study is the use of coal and coal

derived fuels it was considered appropriate to treat corrosion-erosion 

behavior in one place. Thus, this subsection is supportive of the 

remaining subsections. Similarly, Subl:iection 3.3 is devoted to steam 

boiler materials that a~e pertinent to a number of the advanced cycle 

systems. This is followed by Subsection 3.4, dealing with open-cycle 

gas turbine materiala, and is applicable both to advanced open-cycle 

gas turbine systems and to other advanced systems having a gas turbine 

SUbsystem. There follow Subsections 3.6 to 3.11, dealing with materials 

for the critical components peculiar to specific advanced systems. Finally, 

Subsection 3.12 contains tabulated and graphical presentations of static 

and time-dependent mechanical property data for the materials discussed 

in the other subsections. 

For the reader who wishes to use this section for reference 

purposes while reading the system analysis sections, it is suggested that 

the summary tah h,\S in the pertinent subsection be consulted first for the 

materials recommended for each critical component. Further information 
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relating to the selection, including alternate materials, may then be 

located in the text of that subsection or in one of the supporting 

subsections (3.2, 3.3,and 3.12). 

3.1.2 Materials Application Ratiog System 

A system of qualitatively rating materials applic·ations has 

been adopted in this section. Four categories are used: 

(A) Established Materials Applications 

(B) Near Term Haterials Applications 

(C) Development Materials Applications 

(D) Speculative Haterials Applications 

While these category titles are almost self-explanatory, it is useful to 

refer to Table 3.1, which contains qualitative statements relating to the 

relative credibility of selected candidate materials, the sufficiency of 

the existing data base, how far the projected service conditions are 

from the existing data base, the amount and kind of additional materials 

work that is needed, the quality of the R&D rationale by which it is 

hoped to ,"chieve the desired result, and finally the probability of 

success. It is important to note that tht~ rating refers to a particular 

material in a particular application, and not to the material per se. 

Thus, a well-developed, commercially available material may receive a low 

rating by virtue of questions about its utility in a severe 'application. 

The materials-application ratings provide a qualitative 

measure of the difficulty of demonstra1:ing the utility of a material in 

a particular application. It will be one of the purposes during Tasks II 

and III of the study to expand upon the factors involved in the ratings so 

that quantitativ~ estimates of development times and costs can be 

provided. 
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Table 3.1 - !o1aterials Application Rating Criteria 

Selection Data Extrapolation Materials R&D Program Characteris~ics 
Status Base from Hark 

Data Base Reouired Rationale Success Probability 

Firro selections can Minimal~ Not Nor: 
be I'iJade. Haterials Sufficient None routine appli- applicable applici!bl,~ 
a~~ commercially cations 
available in form e.:lgineering 
required. 

A number of candidate Short extrapola- Confirmatory Straight- Vi rtually certain 
Imaterials are 

Incomple~e 
tions from exist- testing and forward identified. Candi- ing data base are minimal R&D 

dates are commercial involved 
or near commercial. 

A number of candidate Large extrapola- Considerable A credible 
jmaterials are Incomplete tions from R&D is rationale 
identified. existing data required exists. Good to excellent 

Candidates may be 
Important required Alternative 
g~ps exist developmental avenues are 

evident . 

Only a small number Highly specula- Extensive R&D Rationale is 
Sparse or of candidate Absent tive or not is reqcired not clear, or Fair to poor 

Faterials can be possible requires a 
suggested breakthrough 

or serendipit 
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3.2 Corrosion and Erosion of Materials in Combustion Gases 

3.2.1 Gas Turbine Ma~eria1s 

3.2.1.1 Contaminant Levels in Coal-Derived Fuels 

In order to evaluate materials for various energy conversion 

systems, one first has to consider the dature and concentr~tions of the 

contaminants in coal-derived fuels, 't>1hich can cause accelerated oxi

dation and corrosion of selected materials. In this study, the following 

coal-derived fuels are to be considered for the cycle analysis: 

• High-Btu gas 

• Medium'-Btu gas 

• Low-Btu gas 

• Distillate from coal-derived liquids. 

High-Bt" Gas -- Somers (Reference 3.1) has calculated the 

chemical composition of the high-Btu gas prodl.lced from coals. He states 

that the high-Btu gases ,produced from three coals, specified by NASA, will 

not appreciably differ in chemical composition. He gives the following 

composition for the high-Btu pipeline quality gas irrespective of the 

coal used: 

CO2 0.39% (by volume) 

CO 0.08% 

H'" 2 2.49% 

N2 2.81% 

S 0.00% 

CH4 94.23% 

Thus, the high-Btu coal gas will be free of any detrimental contaminants 

which could cause accelerated hot corrosion of materials, and hence the 

limiting factor in the use of materials will be only oxidation. In this 

respect, the combustion gases produced by burning high-Btu ga" will be 

similar to those produced by burning natural gas or clean diesel oils, 

such as ASTM GT-2. 
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Medium-Btu Gas -- The medium-Btu gas produced by commercial 

Koppers-Totzek gasifiers will have a composition(Reference 3.1): 

CO2 6.01% 

CO 55.90% 

H2 37.39% 

N2 0.70% 

The raw gas before desulfurization would contain about 10% water and 

0.3 to 0.4% hydrogen sulfide and carbonyl sulfide (COS). It is assumed, 

however, that this gas ,.ii11 be cleaned up to essentially zero sulfur before 

it is used in advanced energy conversion systems. Thus, the combustion 

gases produced by burning cleaned-up medium-Btu gas will be essentially 

free of alkali elements, sulfur-bearing species, and particulate matter. 

The limiting factor for materials, therefore, will again be oxidation only. 

Distillate from Coal-Derived Lj,quids -- According to Somers 

(Reference 3.1), the Illinois No.6 coal with 3.9% sulfur will give 

PAMCO (Pittsburgh and Midway Coal Co.) solids with ",1% sulfur. These 

solids can be liquefied for use as a liquid fuel. Similarly, liquids 

from the H-coal process will contain 0.2 to 0.4% sulfur. Distillate 

products from these liquid fuels with negligible traces of alkali elements 

and sulfur will be used to fire gas'turbines. The distillates, therefore, 

can be assumed similar to clean diesel oils (ASTM GT-2) in the sense that 

combustion gases produced from them should not cause any hot corrosion of 

selected gas turbine materials. 

Thus the maximum use temperature for various gas turbine 

materials utilizing high- or medium-Btu gases, or distillates from coal, 

will be limited by oxidation only, and no hot corrosion is expected in 

these sys terns. 

Low-Btu Gas -- The low-Btu gas from coals is not cleaned to 

the extent that the high- and medium-Btu gases are cleaned~ and therefore, 

the low-Btu gas will contain significant amounts of detrimental contami

nants, such as sodium, potassium, sulfur, chlorine, and particulate matter, 

*Pittsburgh and Midway Coal Co. solvent refined coal. 
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carried over from the coals. The Chemical nature and concentration of 

these contaminants will depend upon the initial contamin~nt levels in 

feedstocks (e.g., coal and dolomite), the particular coal-gasification 

process used, and the method and extent of gas cleanup employed. For 

example, the sulfur level in the low~·Btu gas will greatly depend upon the 

desulfurization process used. It is estimated (Reference 3.2) that low

Btu gas from Westinghouse fluidized bed gasification process will contain 

between 200 and 500 ppm hydrogen sulfide after high-temperature desulfuri

zation. rhe raw gas, however, before any desulfurization takes place 

may contain up to ten times as much hydrogen sulfide. 

Hamm (Reference 3.2) has calculated the basic chemical compo

sition of the low-Btu gases produced from three coals specified by 

NASA. However, the material behavior in combustion gases produced by 

burning these low-Btu gases depends not so much on the basic constituents 

(e.g., carbon monoxide, carbon dioxide, nitrogen, etc.), as on the 

detrimental contaminants levels, as long as the combustion gases are 

highly oxidizing. These detrimental contaminants, mainly sodium, 

potassium, chlorine, sulfur, and particulate matter, are carried over 

from coal and dolomite feedstocks into the gases. The following section, 

abstracted from the work of Jansson and Sverdrup (Reference 3.3), 

discusses the nature of these contaminants and the. r estimated concen

trations. 

Sodium and potassium exist as clay minerals in coal and 

dolomite, and as sodium and potassium chlorides (NaCl and KC1) in saline 

ground water filling pores or cracks in coal and rock beds. The high 

volatility of sodium chloride makes it likely that entrained saline "ater 

will release sodium (as gaseous chloride) to the coal gases. In addition, 

alkalis and chlorine will be released from alkali-containing clay minerals 

in coal and dolomite at gasification temperatures. The exact paths of 

alkali compound reactions in gasification systems will depend on pressure, 

telLlperatur~, time, chemical composition of clay. minerals, and the nature 

of the surr,'unding gas phase. At present, no reliable experimental data 

exist on the extent of alkalis and chlorine release from coal and dolomite, 
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and hence the nature of the alkali-containing species and their con
centrations in low-Btu gas cannot be calculated. However, it is well 
recognized now that sodium, sulfur, and chlorine in combustion gases in a 
gas turbine could cause deposition of liquid sodium sulfate (NaS04) and/or 
chloride salts on turbine components resulting in their accelerated 
corrosion. Jansson (Reference 3.3) has performed several mass balance 
and thermochemical calculations to estimate the minimum concentration of 
sodium in the fuel which would cause deposition of liquid sodium salts 
on turbine components at different sulfur and chlorine levels and cause 
hot corrosion of turbine materials. The results of these calculations 
are summarized below. 

Sodium sulfate deposit stability in a combustion gas environ
ment involves the five reaction processes: 

(3.5) 

For an oil-fired gas turbine where the primary sources of alkali contami
nants are sodium chloride (or sea salt) in the fuel and in the air, the 
first three reactions are of primary importance, i.e., straight volatilization 
of sodium sulfate, and the action of water vapor to form sodium hydroxide 
vapor. The gaseous sulfur oxides suppress the formation of sodium hydroxide 
vapors in accordance with reactions given by Equations 3.2 and 3.3. 
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Figure 3.1 (Reference 3.3) shows three curves which relate the 

conditions where sodium sulfate deposits will form for thre~ different 

levels of sodium contaminants (as sodium chloride) in gas turbine fuel oil. 

This oil, with an average composition CHI . 8S ' was taken to contain 1% sulfur, 

and conversion of sulfur dioxide to the equilibrium levels of sulfur trioxide 

was assumed to occur at all temperatures. Volatilization of the sodium 

sulfate and decompositi?n of this sulfate by either Equation 3.2 or 3.3 

determine the position of each of the three curves. 

The four rectangles in Figure 3.1 show the static pressure and 

temperature ranges for the first- and second-stage vanes and rotating blades 

in a large gas turbine operating at a gas inlet temperature of 1400 0 K (2060°F). 

Condensed sodium sulfate is stable for conditions to the right of the 

relevant concentration curves. The figure shows that at any component 

temperature, an increased pressure can lead to deposit formation (strictly 

an effect of increased partial ~ressure). Interpolation between the 

concentration curves (in a logarithmic fashion) shows that to avoid all 

formation of liquid sodium sulfate in any part of the first- and second-

stage turbine components, the sodium concentration in the fuel oil must 

be less than 0.26 ppm. This level varies with the sulfur and water vapor 

content of the fuel. Figure 3.2 summarizes the effects of variations 

in sulfur content and water vapor level in the combustion gases on the 

tolerance to sodium (sodium levels that avoid the formation of liquid 

sodium sulfate) on turbine components. It is clear from the curves in 

Figure 3.2 that increased sulfur in fuel reduces the sodium tolerance, 

while a relatively small increase in sodium tolerance can be achieved by 

an increase in water vapor level. 

When a low-Btu gas is burned, instead of fuel oil, with air and 

expanded in a large industrial gas turbine, the stability of a condensed 

sodium sulfate deposit on turbine components is largely determined by the 

gaseous hydrogen chloride concentration in the gas through reactions, 

Equations 3.4 and 3.5~ Here, hydrogen chloride gas helps to remove 

sulfate deposits. Figures 3.3 and 3.4 show the conditions for solid 

and liquid sodium sulfate stability on turbine components for the coal 
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Figure 3.1 - Conditions for sodiUlll sulfate deposit stability '(to the 
right of the different concentration curves) on the first 
and second stages-of a large industrial gas turbine burning 
gas turbine fuel oil contaminated with sodium chloride at 
the indicated sodium levels (1% sulfu'c in oil). 
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gas combustion products (effective composition assumed to be. 12.25% 

oxygen, 5.40% water, and 124 ppm sulfur dioxide + sulfur trioxide by 

volume), at chlorine contaminant levels of 4.2 ppm and 33.4 ppm, 

respectively, by volume. Increasing the chlorine contaminant level 

results in a shift of the different sodium tolerance levels towards 

higher temperatures, i.e., the allowable levels of sodium (so as not to 

cause formation of ·.liquid sodium sulfate) in the coal gas increase with 

increasing chlorine concentration. In this respect, higher chlorine 

concentrations in coal gas may be beneficial. For maximum sodium toler

ance, the calculations (Reference 3.3) suggest that the chlorine level 

should be maximized and sulfur level minimized as far as possible in the 

coal gas. Also, the hydrogen chloride vapor is much more effective than 

the water vapor in raising the sodium tolerance levels, but this has a 

negative effect as will be discussed on page 3-17. 

As mentioned earlier, the composition of low-Btu gas with 

respect to contaminant levels (mainly sodium, potassium, sulfur, and 

chlorine) remains essentially uncharacterized, and hence it is difficult 

to state with certainty whether the sodium, Bulfur, and hydrogen chloride 

vapor levels in low-Btu gases from the three coals specified by NASA will 

cause deposition of liquid sodium sulfate on turbine components. 

Jansson (Reference 3.3), however, has estimated the concentrations of 

various contaminant species, assuming that only 1% of the alkalis and 

100% of the Chlorine present in coal all dolomite feedstock are released 

into the low-Btu gas. Based on these assumptions, the contaminant levels 

in low-Btu gas produced by the Westinghouse fluidized bed coal gasifi

cation system and in the combustion gases in a gas turbine utilizing 

this coal gas are shown in Figure 3.5. The contaminant levels are 

calculated for a coal containing 3.59% sulfur, and 0.52% sodium oxide 

and 1.80% potassium oxide (both in the ash), and a dolomite containing 

0.070 and 0.217% sodium and potassium, respectively. In performing the 

above calculations, it was assumed that the combined chlorine content of 

coal and dolomite ranged between 100 and 800 ppm. These levels of 

contaminants represent Illinois No. 6 coal fairly well. As in Figures 

3.3 and 3.4, the calculated values of sodium compounds and sulfur dioxide 
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in the combustion gases will be sufficient to produce sodium sulfate 

solid and/or liquid deposits on all parts of the first-stage components 

for chlorine contaminant le\7els below 4.2 ppma A chlorine contaminant 

level of 33.4 ppm makes liquid sodium sulfate unstable over the highest 

temperature portions of the first- and second-stage vanes and the first

stage blades, but it does uot altogether eliminate the possibility of 

liquid sodium sulfate formation on these turbine components. 

EVen though, at present, there is no experimental verification 

or justification for the assumption used in calculating the contaminanL 

levels in low-Btu gas -- namely, teat only 1% of the alkalis and 100% of 

the chlorine present in coal and dolomite are released during gasification, 

it can be safely said that alkalis, chlorine, and sulfur species ,·Till 

definitely be present in low-Btu gas. In the absence of a knowledge of 

the actual con~aminant levels in low-Btu gas, it is considered safer in 

recommending gas turbine materials to assume that these levels will be 

significant enough to cause hot corrosion of turbine components. 

In addition to the deposition of liquid sodium sulfate as dis

cussed above, potassium sulfate (K2S0
4

) could also condense on turbine com

ponents at temperatures up to about 1228°K (l750°F), the exact temperature 

limit being determined by the chlorine and sulfur content of the 

gases (Reference 3.4). The potassium sulfate, however, will be solid at 

these temperatures [(melting point l342°K (1956°F)j, and if no inter

action is assumed between sodium and potassium compounds, then this 

solid potassium sulfate should be relatively innocuous to turbine 

materials. But, in reality, potassium and sodium compounds, predominantly 

sulfates and chlorides, could form very low melting eutectic compounds. 

Figure 3.6 shows the liquidus temperatures in the sodium-potassium

sulfur-oxygen-chlorine system, and indicates that liquid compounds are 

possible in this system at as low a temperature as 7890 0 K (960°F). These 

molten alkali compounds can attack the protective oxide scales on gas 

turbine materials, just as liquid sodium sulfate does, to cause their 

accelerated corrosion. At present, vapor pressure data over these 
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complex eutectic 

the formation of 

compounds are not available, but it seems certain th~~ 

these compounds will lower the alkali ,"uierance levels 

from those illustrated in Figures 3.3 ,and 3.4 for soditm only. The actual 

alkali tolerance level will again be influenced by sul',ur and chlorine 

concentrations in the low-Btu gas. 

As illustrated earlier, chlorine as hydrogen chloride vapor 

has a beneficial effect in 'increasing the tolerance level for alkalis. 

On the othe. hend, the presence of hydrogen chloride vapor in the combustion 

gases can result in the accelerated oxidation of gas turbine materials 

because of the volatilization of the protective oxide scales formed on 

superal10ys and silicon-based ceramics as gaseous chloride or oxychloride, 

by reactions of the following types: 

(3.6) 

NiO + z HCl(g) + NiClZ(g) + HZO(g) (3.7) 

(3.8) 

For example, for the combustion gases with composition shown in 

Figure 3.5, the partial pressure of chromium oxychloride vapor by 
-8 reaction, Equation 3.6, would be aoout 5.06 MPa (5 K 10 atm) at 100 

ppm hydrogen chloride vapor. The extent and severity of such attack 

under actual operating conditions will depend upon the hydrogen chloride 

vapor partial pressure in the combustion gases, the gas velocity, and 

on the relative rates of formation of the protective oxide and of the 

gaseous C'~lloride or oxychloride. Thus, chlorine in lo,,,-Btu coal gas 

plays both a beneficial and a detrimental role as far as materials 

performance is concerned, and the total effect can only be determined 

by experiments under coal-gas burning conditions. Until now, no such 

experiments have been reported in the literature. 

In addition to the detrimental effects of alkalis, chlorine, 

and sulfur on materials performance, the situation is further complicated 
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by the presence of particulate matter in the low-Btu gas. This particulate 

matter will consist mostly of coal ash and/or Borbent particles such as 

dolomite. These particulates could cause severe erosive damage of gas 

turbine vane and blade materials. The extent of such erosive damage 

will depend upon the particle size, shape, velocity, impingement angle, 

and concentration. For example, Table 3.2 shows the estimated erosion 

losses in each blade passage at a projected ash concentration of 
3 22.95 mg/m (0.01 gr/scfj'with the particle size distribution indicated 

therein (Reference 3.5), The catch efficiencies reported in Table 3.2 

are the estimated fractions of available gas-borne particles in the size 

range 1-to-IO ~m that strike the surface of a blade in the gas stream. 

The erosion losses shown are estimated for an ash with average density of 

2.5 g/cm3in coal gas combustion products flowing at 294.8 kg/s (650 1b/s) 

at 1144°K (1600°F) and 1.013 MBa (10 atm) pressure through a 60-b1ade first 

stage. For a 57.07% service factor, these volumetric erosion loss rates 

are equivalent to surface recession rates of about 96.6 pm/s (1.2 mils/yr) 

at 152.4 m/s (500 ft/S; and 8.05 pm/s (10 mils/yr) at 304.8 m/s (1000 ft/s). 

values that are representative of entrance and exit velocities in 

typical industrial gas turbine design. It appears from these projected 

erosion rates that the particulate loading and size of the coal gas 

must be reduced to levels even below those assumed above, or that exit 

velocities must be reduced by enlarging the turbine. Particularly, 

efforts should be made to clean uf'the low-Btu gas to reduce the con

centration of particulates of above 2 ~m size as much as possible, since 

larger particles even in smaller fractions can cause severe erosion. 

The overall material wastage, however, will necessarily depend 

on the synergistic effects of corrosion and erOSion, whereby the protective 

oxide scales on turbine hardware could conceivably be removed by the 

erosive effect of particulate matter. Establishing the interaction 

between hot_corrosion inducing contaminants and the erosive attack that 

can be expected is difficult in the absence of experimental data under 

coal-burning gas turbine conditions. Furthermore, if liquid alkali 

sulfate-chloride films form on turbine hardware, these films could 
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Table 3. 2- Particle Size Distribution of Ash and Estimated 
Erosi on Losses 

Vol. Ash Flow Blade Loss 
Size Fract. Rate Catch Efficienc~ (%) (10-9 cm3/s) 

~ (%) (mg/s) 500 ft/s 1000 ft/s 500 ft/s 1000 ft/s 
0-1 80 70 0 0.05 0 9.4 
1-2 12.5 11 0.1 0.3 0.6 8.7 
2-5 6.25 5.5 5.5 14 20 202 
5-10 1.25 1.1 33 55 23.1 156 
TOTAL 100 87.6 0.8 1.7 43.7 376.J 

accumulate large amounts of particulates forming thick deposits on the 
component surfaces. These deposits have the potential to impair seriously 
the aerodynamic performance of the turbine. 

In summary, using low-Btu gas to fire gas turbines could 
result in severe hot corrosion, chlorination, and erosion attack on 
turbine materials; and, therefore, the materials recommendations 
presented in the next section are those believed to offer the highest 
probability vf meeting the demanding requirements imposed by the low
Btu gas. It is also recommended, however, that efforts be made to clean 
the low-Btu gas with respect to detrimental contaminants, (e.g., sodium, 
potassium, chlorine, sulfur, and particulate matter). One approach to 
reducing these contaminant levels would be to adjust the various coal 
gasification parameters (e.g., temperature, pressure, and mass flow 
rates) in such a way as to reduce the release of these contaminants 
from coal and dolomite feedstock into the gas. 

In order to specify turbine materials for use with low-Btu 
gas, the vast literature on hot corrosion of superalloys and coatings 
has been reviewed. However, much of the data on conditions for hot 
corrosion attack in combustion gases seem contradictory. What helps 
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create this impression "RB that what appears to be one type of attack 

can originate in different ways (e.g., sulfidation/oxidation attack 

which is initiated by gaseous sulfidation and followed by oxidation 

could also he caused by temporary reduction of a sulfate phase when 

exposed to carbon or other reducing agents). Another such factor is 

that the nature of the total deposit system or of its interactions with 

oxide scale components is not always recognized. Of special importance 

probably is the fact that liquid alkali sulfate-chloride deposit on 

turbine components could cause mechanical failure of the protective 

scales as suggested by Hancock (Reference 3.6). Furthermore, the 

experimental data on the extent of hot corrosion attack of various 

materials differ from laboratory to laboratory, depending upon the 

particular rig and fuel used. The materials recommendations for use 

with lOW-Btu gas are, therefore, based on experience with heavy residual 

oils and operations in marine environments, where hot corrosion attack 

is usually observed. 

3.2.1.2 Recommended Materials for Gas Turbine Vanes and Blades 

It is clear from the discussion in Section 3.2.1.1 that oxidation 

will be the limiting factor for materials in gas turbines utilizing clean 

fuels, e.g., high- and mediuJ!'-Btu gases, and distillatt.. from coals, whereas 

hot corrosion and erosion would be the limiting factor for gas turbines 

burning low-Btu gas. Based on the literature data on the oxidation and 

hot corrosion of various materials and on Westinghouse experience with 

gas turbines over the last 75 years, the choice of materials for use in 

gas turbines at different temperatures is shown in Tables 3.3 and 3.4 for 

clean fuels and for low-Btu gas, respectively. The materials are ranked 

A, Bp C, or D, depending upon whether their use is established, near term, 

developmental, or speculative at different temperatures and in different 

fuels. The ranking system is explained in detail in Subsection 3.1. 

The experimental data on oxidation and hot corrosion of various 

gas turbine materials are vast, and no effort will be made to present a 
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Table 3.3 -- Gas Turbine Materials Suitable for Use with Clean Fuels, (e.g., High- and Medium-Btu Gas and Distillate from Coals 

Maximum 
Material 

Temperature 

ISOO°F 

1600°F 

1700°F 

ISOO°F 

19S0°F 

20S0°F 

2200°F 

2400°F 

2S00°F 

Material 

Uncoated superalloys, e.g., U-SOO, U-S20 
Uncoated superalloys, e.g., X-4S, U-700 
Uncoated superalloys, e.g., Mar-M-S09, IN-73S, 
IN-792, FSX-4IS 

(i) Dire~tionally solidifed alloys, e.g., 
Mar-M-421, coated with a diffusion aluminide 
coating. 

(ii) Superalloys, e.g., Mar-M-S09, IN-792 coated 
with NiCrAIY "verlay coating. 

(iii) Chromium-coated IN-73S or U-710 alloy. 
(i) NiCrAIY coated mechanically-alloyed 

(with Y203) IN-792 alloy. 
(ii) Rare-earth (Hf, Y, Ce)-modified nickel-base 

superalloys such as 8-1900, IN-IOO. 
(i) TO-NiCr coated with a NiCrAIY overlay coating. 

(ii) IVAZ-16 alloy coated wi th a NiCrAIY overlay 
coating. 

(iii) Directionally solidified eutectic alloy, e.g., 
Ni3AI-Ni3Cb, coated with a NiCrAIY overlay 
coating. 

(iv) Fiber (IV-Re-Hf-C, IV-Hf-C, or IV-3Th02)
reinforced Mar-M-200 composite coated with 
a NlCrAIY overlay coating. 

(v) Chromium-base alloys, e.g., Cr-7 Mo-I Cb-.l Y, 
coated with a nitridation-resistant coating 
such as Li-doped Cr-Cr203-Y203' 

(i) Commercial hot-pressed silicon nitride. 
(ii) Commercial hot-pressed silicon carbide. 
(i) Silicon nitride hot-pressed with Y203' 

(ii) Silicon carbide sintered with boron. 
(i) Advanced hot-pressed or sintered silicon nitride. 

Rating* 

A 

A 

A 

A 

A 

B 

8 

B 

A 

B 

8 

C 

C 

B 

8 

C 

C 

D 
(i.i) Advanced hot-pressed or sintered silicon carbide. D 

(iii) Advanced hot-pressed silicon nitride coated with D silicon carbide . 

• This is a partial rating based on corrosion/erosion behavior only at a particular temperature. For overall ratings and materials recommendations including working fluid compatibility, mechanical properties, etc., see the appropriate subsection of Section 3. 
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Table 3 •. 4 - Gas Turbine Matarials Suitable for Use with Low-Btu Gas 

Maximum 
Material 

Temperature Material 

lSOOoF Superalloys such as U-SOO, U-S20 coated with a 
chromium diffusion or CoCrAlY overlay coating. 

l6000F (il Superalloys such as X-4S or U-7l0, coated 
with a NiCoCrAlY overlay coating. 

(iil Supera1loy such as U-710 coated with a 
chromium diffusion coating. 

l8000p (il Superalloys such as Mar-M-S09, IN-792 or IN-739 

19S0 op 

20S0 op 

22000p 

24000p 

25000p 

coated wi th aPt-modified NiCoCrAl Y overlay 
coating .. 

(iil Superalloys such as IN-738 coated with a 
chromium coating. 

Pt-modified CoCrAlY overlay coating on 1VA2-l6 alloy. 

(il 1VA2-16 alloy coated with aPt-modified 
CoCrAIY overlay coating. 

(iil Directionally solidified eutectic alloy 
e.g., Ni3Al-Ni3Cb. coated with aPt-modified 
CoCrAlY overlay coating. 

(iii) Chrow.1um-base alloys. e.g., Cr-7 Mo-l Cb-.l Y, 
coated wi th Li-doped Cr-Cr203 Y203. 

(iv) Graded SiC or Zr02 coating on IVAZ-16 alloy. 

(i) Commercial hot-pressed silicon nitride. 

(ii) Commercial hot-pressed silicon carbide. 

(i) Silicon nitride hot-pressed with Y203. 

(ii) Silicon carbide sintered with boron. 

(i) Advanced hot-pressed or sintered silicon nitride. 

(ii) Advanced hot-pressed or sintered silicon carbide. 

(iii) Advanced hot-pressed silicon nitride coated with 
silicon carbide . 

Rating> 

A 

A 

A 

B 

B 

B 

C 

C 

C 

D 

B 

B 

C 

C 

D 

D 

D 

• This i, a partial rating based on corrosion/erosion behavior only at a particular 
temperature. Par overall ratings and material recommendations ,including working 
fluid compatibility, mechanical properties, etc., see the appropriate subsection 
of Section 3. 
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complete reviet<1 of these data. The gas turbine materials recommended 

':'h Tables 3.3 and 3.4, however, fall into four categories: ceramics, 

chromium alloys, coatings, and uncoated superal1oys~ A brief summary 

of ~elevant oxidation and hot corrosion data on these materials is 

presented in the following sections. 

Ceramic Materials 

The ceramic materials, mainly hot-pressed silicon nitride 

(Si
3
N

4
) and hot-pressed or sintered silicon carbide (SiC), are contemplated 

for use as gas turbine vane and blade materials at temperatures from 

1367 to 1644"K (2000 to 2500"F). At these temperatures, alkali sulfates 

are not stable and, hence, should not condense on these ceramic materials. 

Thus the use of ceramic materials at these high temperatures is limited 

by oxidation and erosion only in low-Btu gas, and no hot-corrosion 

attack is expected. 

The oxidation/erosion data for commercially available hot

pressed silicon nitride and silicon carbide are summarized in Figure 3.7, 

which shows the average surface recession in 0.9 Ms (250 hr) as a function 

of temperature in a gas turbine environment burning ASTM GT-2 diesel oil 

at 303.9 kPa (3 atm) pressure (References 3.7, 3.8). The data are 

presented on an Arrhenius-type plot, even though experimental data are 

available only at two temperatures. The data show that commercial hot

pressed silicon nitride and silicon carbide could experience rather large 

surface recessions above approximately 1478"K (2200"F). The projected 

recessions at l478"K (2200"F) for 36 Ms (10,000 hr) operation are 

approximately 0.355 to 0.584 mm (14 to 23 mils) for silicon nitride and 

silicon carbide, respectively. Thus, the USe of the commercially 

available silicon nitride and silicon carbide would probably be limited 

to about 1478"K (2200°F). 

Progress is being made, however, in improving coth silicon 

nitride and silicon carbide materials to increase their oxidation/ 

erosion resistance in addition to their mechanical properties. These 

ceramic materials are now being experimentally formed by using altcrnntivu 
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Figure 3.7 - Estimated surface rece~~ions for hot_pressed silicon 
nitride and silicon carbio'e in a gas turbine environment 
in 250 hr. 
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hot-pressing additives, and also by employing alternative powder 

consolidation techniques such as sintering. Preliminary results 

show that hot-pressing silicon nitride with yttrium oxide (Y
2
0

3
) 

instead of magnesium oxide (MgO) which is used in commercial silicon 

nitride, could improve its oxidation resistance and other properties 

to make it suitable for use at temperatures up to about 1589·K (2400 0 F). 

The use of ceramic materials above this temperature will require large 

improvements even in present experimental materials. One approach may 

be to use silicon carbide-coated silicon nitride, since silicon carbide 

exhibits much greater resistance to oxidation/corrosion in a gas turbine 

environment. 

Chromium-Based Alloys 

Chromium-based alloys, e.g., Cr-7 Mo-l Ch-a.l Y-O.l C, Cr-7 

Mo-l Ch-a.l Y-0.08 B, or Cr-l.8 la-O.l Y-0.06 C-0.05 B, can be used as gas 
turbine materials, provided they are protected against embrittlement due 

to nitridation, A lithium-doped Cr~Cr203-Y203 coating has shown great 

promise in preventing nitridation of chromium-based alloys (Refel:ence 3.9). 

This coating is produced by first codepositing chromium and lithium on the 

surface of the alloy by electrolysis in a fused salt bath, and then 

plasma-spraying a powdered mixture of chromium and yttrium oxide. 

The additions of lithium and yttrium oxide aid in the stabilization 

of the basically chromium oxide coating and also reduce its oxidation rate. 

In addition to protecting chromium-based alloys against embrittlement, 

this coating also affords excellent oxidation resistance at temperatures 

up to about 1422·K (2100°F). The oxidation behavior of this c0ating on 

a Cr-7 Mo-TaC alloy is summarized in Figure 3.8. The data, extrapolated 

to 36 Me (10,000 hr), predict a coating rece~sion of only 15.2 to 30.4 mm 

(0.6 to 1.2 mil) at 1422·K (2100 0 F). The data also reveal, however, that 

the oxidation rate increases with an increasing cooling rate, and, 

therefore, the resistance of the coating to thermal cycling will have to 

be improved. Thus, chrn~ium-based alloys might be considered for use as 

gas turbine materials with clean fuels, provided they are protected with 

a coating of the type Li-Cr-Cr203-Y203 with sufficient resistance to thermal 

cycling. 
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Figure 3.8 -- Oxidation behavior of chromided plus plasma-sprayed 
(90 Cr-IO Y203) coating and the substrate Cr-based 
alloy in air at 2100°F. 
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This coating has also shown excellent resistance to hot corrosion 

attack by liquid sulfates (Reference 3.l0)~ and, bence, coated cbromium

based alloys may also be used in gas turbines burning low-Btu gas. Con

siderable further work is required, hot.,ever, to substantiate the laboratory 

data by experiments in an actual gas turbine environment. 

Uncoated Nickel- and Cobalt-Based Superalloys 

As mentioned earlier, the experimental data on oxidation and hot 

corrosion behavior of nickel- and cohalt-based superal10ys are vast and 

often vary from laboratory to laboratory. The materials selected for use 

in oxidizing and hot-corrosive environments are those believed to offer the 

highest performance among a multitude of available alloys. The oxidation 

and hot corrosion data on these selected materials are summarized below. 

The relative rates of oxidation and hot corrosion of several 

cobalt-based alloys are shown in Figure 3.9 (Reference 3.11). The oxi

dation'data are for l366°K (2000°F) in a rig burning clean natural gas, 

while the hot corrosion data are for l144°K (1600°F) in a rig burning 

residual oil with 3% sulfur and 325 ppm sodium chloride. 

The corrosion and oxidation ra.te data for several of the 

selected alloys are shown in Figure 3.10, as a function of temperature 

(Reference 3.12). The amount of metal recession after 540 ks (150 hr) 

of exposure is plotted against surface temperature under conditions of 

normal oxidation and under hot corrosion conditions using ASTM GT-3 fuel 

with 5 ppm sodium and 2 ppm vanadium in the fuel. The curves show that 

alloys like U-500, IN-7l3, IN-738, and x-45 can be used in an oxidizing 

gas turbine environment at temperatures up to about l200 0 K (1700°F), but 

they will require protective coatings in a hot corrosion environment to 

prevent excessive metal recessions. 

In 1970, the National Materials Advisory Board sponsored a 

round-robin test of the hot corrosion behavior of several alloys at 

1088 to l255°K (1500 to l800°F) in a gas turbine combustion environment 

contaminated by sulfur and sea salt (Reference 3.13). Ranking of the 
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Figure 3.9 --Relative hot-corrosion and oxidation resistance of selected 
cobalt-based alloys in 600 hr. 
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Figure 3.10 -- Corrosion rate of several alloys when burning 3-GT fuel 
compared to normal oxidation in 150 hr. 
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Table 3.5 - Results of "Round Robin" Test Organized by National 
Haterials Advisory Board 

Ranking of Alloys by Participant 
Alloy A B c DEFGHI J K L M N 

U·600 

IN·73S 

MAR·M 421 

U·700 

Alloy 713 C 

IN·l00 

No, of alloys not ranked according 
to average 

Total no. of places removed 
from average 

2 

2 1 

3 3 

4 4 

6 6 

6 6 

3 

3 

2 2 3 

1 3 3 

3 4 4 

4 2 4 

6 6 6 5 

6 6 5 6 

1 4 5 3 

7 7 5 

3-30 

3 2 

2 4 

4 3 

.S 5 

6 6 

2 3 

3 3 

3 3 3 3 

2 2 2 3 

5 2 

4 4 4 4 

5 6 6 6 5 

6 4 6 6 6 

3 6 4 3 2 

5 11 5 5 3 
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alloys by 15 U.S. laboratories (including Westinghouse) is shown in 

Table 3.5. U-500 and IN-738 were ranked far superior to the others 

tested. Corrosion studies at Westinghouse (Reference 3.14) show that 

IN-738 is better than U-500, and as good as U-710 when subjected to a 

variety of contaminant-temperature conditions. The comparative hot 

corrosion rates of several alloys are shown in Figure 3.11 (Reference 3.15). 

Based on these data and their current usage in gas turbines, it 

Is believed that uncoated U-500 and U-520 can be used in clean fuels up to 

about 1089°K (1500 0 F), X.,45 and U-700 up to 1144°rc (1600°F), and Mar-M-509, 

IN-738, IN-792, and FSX-418 up to about 1200 0 K (1700°F). Above 1200 0 K 

(1700°F), protective coatings will be required. 

Reactive elements such as cerlum, lanthanum, or yttrium, or 

fine dispersions of reactive oxides, suc~ as thorium dioxide,Th02), 

yttrium oxide, cerium dioxide (CeOz)' and possibly even aluminum 

oxide (A120
3
), have been found to increase the oxidation resistance of both 

nickel- and cobalt-based alloys (which form either chromium oxide or alumi

num oxide scales) under cyclic conditions, apparently by improving the 
oxide adhesion and preventing spalling (Reference 3.16). Alloys modified 

with these rare earth elements (e.g., modified B-1900 and IN-IOO) could 

ther~fore be used up to about 1339°K (1950°F) in gas turbines with clean 

fuels, though their oxidation behavior in an actual gas turbine environ

ment at these high temperatures remains to be verified and the effect of 

such additions on mechanical properties measured. 

In hot-corrosive environments such as would be produced by 

burning low-Btu gas, however, it is considered safer to recommend using 

coatings on nickel- and cobalt-based superalloys for use even at as low 

a temperature as l08g0K (150QoF). These coatings are discussed below. 

Oxidation- and Hot-Corrosion Resistant Coat:f.ngs 

The recommended coatings for various superalloys, dispersion

hardened alloys, composites, and directionally solidified eutectics can 

b. classified into the following three categories: 
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Figure 3.11 -- Average relative hot-corrosion resistance of selected 
nickel-based superal1oys. 
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(1) Diffusion Chromium Coatings 

Cht'omium coatings have been used successfully for conferring 

oxidation and hot-corrosion resistance in industrial turbines (Ref

erence 3.17). These coatings are produced by a pack cementation process. 

The hot-corrosion resistance of chromium-coated X-45, IN-738X, U-500, 

and U-710, in combustion gases obtained by burning heavy residual oil 

(containing 35 ppm vanadium, 6-7 ppm sodium) with 500 ppm sodium chloride 

added to it, is illustrated in Figure 3.12 at temperatures of 10,1, 1173, 

and 1273°K (up to 1832°F) (Reference 3.18). From these data it is clear 

that the diffusi.on chromium coatings can be used both with clean fuels 

and with low-Btu gas up to about 1255°.1{ (1800°F). It has been found 

advantageous to cover these chromium coatings with a thin outer layer 

of iron or nickel, which appears to control the rate of outward diffusion 

of chromium to form a protective scale; the barrier metals are not them

selves oxidized (Reference 3.13). 

(2) Diffusion A1uminide Coatings 

Aluminide coatings, usually formed by a pack cementation process 

by diffusing aluminum into the surfaces of nickel- and cobalt-based alloys, 

improve their oxidation resistance. The subject of aluminide coatings for 

superalloys has been reviewed by Jackson and Hall (Reference 3; 19), the 

Materials Advisory Board Committee on coatings (Reference 3.20), Lindblad 

(Reference 3.21), and Goward (Reference 3.22). Since these coatings form 

a surface intermetallic near 50% aluminum, and since upon oxidation this 

intermetallic compound forms a surface layer of tenacious aluminum oxide, 

aluminide coatings are currently the most widely used protection sy~tem 

for superalloys. They offer adequate long-time protection in oxidizing 

atmospheres to a maximum temperature of approximately 1255°K (180QoF), 

depending upon the particular substrate alloy. The failure times of an 

aluminide coating on WI-52 alloy in burner-rig tests using clean fuel are 

shown in Figure 3.13 (Reference 3.23) as a function of temperature. The 

life of these aluminide coatings at higher temperatures is limited by oxide 

spalling in cyclic conditions, and also by the interdiffusion of aluminum 

into the 
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Figure 3.12 --Corrosion rates of Cr-coated X-45, U-500, In-738 
and U-710 in heavy residual oil with 500 ppm NaC1, 
for 100 hr. 
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Figure 3.13 __ Aluminide coating (on WI-52 alloy) life at various 
temperatures in burner-rig tests using different rigs 
and failure criteria (1 hr cycles followed by air
blast quench, a = visual failure; • = metallographic 
failure. (Reference 3.23) 
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Table 3.6 --Cyclic Oxidation Behavior of MCrAlY-Type Overlay 
Coatings (Reference 3.24) 

Coating Type 

2200 0 p 

NiCrAlYjPt 

NiCoCrAlY 

NiCrAlY 

2100 0 p 

NiCrAlYjPt 

NiCoCrAlY 

NiCrAlY 

20000 p 

NiCr[llYjPt 

NiCoCrAlY 

NiCrAlY 

Hours Tested 
(No. of Cycles) 

100 

20 

100 

40 

100 

100 

500 

500 

500 

Total Wt. Change 
(mgjcm2) 

0.56 

1.27 

- 4.5 

3.1 

3.5 

- 4.4 

0.58 

0.52 

1.24 

Composition and Thickness of Above Coatings 
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NiCrAlYjPt: Ni-18 Cr-12 AI-u.3 Y (5 mil)+ Pt 

(0.25 mil) 

• c 1 

NiCoCrAlY Co-33 Ni-IS Cr-15 Al-0.6 Y (5 mil) 

NiCrAlY Ni-18 Cr-12 Al-O.3 Y (5 mil) 
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stibstrate causing formation of undesirable solid solutions. Use of 

a substrate alloy such as yttrium oxide-containing IN-792 will increase 

the adherence of the a1uminide coating ~nd hence it is suggested that 

a1uminide coatings may be used up to about 1311°K (1900°F) on this alloy. 

Use'of barrier layers to prevent diffusion of aluminum into the substrate 

alloy is also extensively being studied (Reference 3.24). No barriers, 

however, have been successful in increasing the long-term temperature 

of a1uminide coatings beyond about 1311°K (1900°F). 

(3) MCrA1Y-Type Overlay Coatings 

The MCrA1Y coatings (M ~ nickel and/or cobalt) also rely on 

aluminum oxide or aluminum oxide-rich surface scales to provide protection 

against oxidizing and hot-corrosive environments. These coatings offer 

the best promise for providing superalloys, dispersion-strengt"len~d super

alloys, composites, and directionally solidified eutectics (~,g., Ni)Al -

Ni3Cb) with protection to several hundred degrees higher than that offer~d 

by a1uminide coatings. These coatings are usually applied as overlays 

by electron beam vapor deposition, though in some cases cladding may be 

USE:t.1~ 

The MCrA1Y type coatings are a family of. compositions within the 

system MCrAIY, w::t th c1.iffer~nt gas turbine manufacturers developing and 

testing different compositions. The MCrA1Y coatings are further modified 

with the inclusion of platinum for use at higher temperatures in hot

corrosive environments. A detailed evaluation of MCrA1Y and MCrA1Y/Pt 

coatings has recently been reported by Felten et a1. (Reference 3.24). 

In their study, coatings were applied on directionally solidified eutectics; 

the results they obtained, however, illustrate the great potential of these 

coatings on any substrate s~vstem, and also give an indication of the 

highest temperature at which tb':·i~" .::vst:ings can be used. 

Felten et al. evaluatec.. coatings under conditions of cyclic 

oxidation. The results on various coatings are summarized in Table 3. 6 . 

Based on their results, and on additional work done with similnx coatings 

at Westinghouse, it is felt that in clean fuels, NiCrA1Y coatin~, can be 

3-37 

/ j 
1 

1 
:1 
j 
l , 

.I 1 

i 
i 

j 

-, 
. ~ 



·..;.' 

used successfully to about 1394°K (20S0 0 F). In hot-corrosive environ

ments, however, such as would be expected in burning low-Btu gas, NiCoCrAlY 

type coatings should be used up to about 1144°K (16000 F). Above this 

temperature, Pt-modified CoCrAIY coating is recommended. These coatings are 

still under development, and their detailed evaluation in a hot-corrosive 

environment at temperatures up to 1394°K (20S0°F) is currently in progress 

at Westinghouse. Preliminary results with a CoCrAlY coating on cobalt

based alloys project a surface recession of about 2.82 pm in 36 Ms (4 mils 

in 10,000 hr) of operation with ASTM GT-2 fuel containing 10 ppm sodium 

and 0.5% sulfur. Detailed, long-term evaluation of these coatings in gas 

turbine environments is required before making firm recommendations. 

3.2.2 Heat Exchanger Materials 

The following types of boilers are being considered in the 

ECAS study: 

(i) Atmospheric fluidized bed boiler 

(11) Pressurized fluidized bed boiler 

(iii) Atmospheric conventional boiler 

(iv) Pressurized supercharged boiler 

(v) Pressurized fired heater. 

The fuels to be used for these boilers are either pulverized coals, or 

high- or low-Btu gases obtained from the three coals specified by NASA. 

EVen though the boiler tubes may contain steam, liquid metals, or inert 

gases, their fire-side corrosion behavior will be similar. The following 

discussion of fire~side corrOSion, therefore, applies to all heat transfer 

materials (e.g., in-bed boiler tubes, convection heater, superheaters, etc.) 

which will be used in conjunction with the above boilers. 

3.2.2.1 CorrOSion, Erosion, and Fouling of Heat Exchanger 
Materials 

The performance of fluidized bed combustion boilers with 

immersed heat transfer surfaces depends on the resistance to corrosion, 

3-38 

" 
, 

I f 
. , 

k 
i 

1 , 

1 
I 

" 11 

i 
I 

:~~ I 

..," i 
j 

1 

~ , 
);> 1 



'1 

' __ 1-) _______ ~ __ 

I 

I 
Ii 
'I i 
I: 
r 
I' 
i I, 
f 
I' 
! 

erosion, and fouling of the heat transfer surface in the fluidized bed 

or in the freeboard. Short-term exp,:rimental data (Reference 3.25) on 

tubes immersed in fluidized beds of limestone or dolomite and burning 

various coals show that conventional boiler tube materials mig~t be 

suitable for use in fluidized bed combustion boiler designs without 

encountering exceptional corrosion, erOSion, or fouling problems. 

Fire-side metal loss from heat transfer tubes may occur through 

abrasion, fouling, and corrosion. A great deal of information on fire-side 

corrosion is available from conventional boiler experience (Reference 3.26). 

Although metal erosion in a conventional coal-fired boiler is not as 

severe as that in the gas turbine, the ash-erosion problem does exist in 

the conventional boilers and must not be ignored even though the ash 

particles may be exceedingly fine. The hard nature of pulverized coal-

ash makes the particles particularly erosive. Where the ash particles 

accumulate, as at the turns fermed by baffles within boiler tanks, erosion 

is a potential problem. External erosion of the in-bed tubes in the 

fluidized bed may result from the vigorous particle motion which con

tinuously scours the surface of the tubes. Erosion, per se, is not 

considered important in the fluid bed application where the maximum gas 

velocity in the boilers is 4.573 mls (15 ft/s), and the particle velocity 

is considerably less than the gas velocity due to the high frequency of 

inelastic particle collisions in the bed. The vigorous particle motion 

may be beneficial in scrubbing off deposits formed on heat transfer 

surfaces. 

Corrosion will occur predominantly by chemical attack with 

different mechanisms such as surface oxidation, removal of the protective 

scale on metal surfaces through chemical reactions with corrodents, and 

direct chemical attack on metal surfaces. The alkali compounds, chlorine 

and sulfur present in coals, will again be the detrimental contaminants 

as discussed for the gas turbine materials. 

The concentrations of alkali metals appearing in the fluidized 

bed combustion gas will be limited by the feed rate of coal and dolomite 

to the fluidized bed system and the rate at which alkalis can be liberated 

from the stone and char particles during their stay in the bed. 
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Gas, i 141 psla 
16OO"F 

I, Us, 5021bs/hour 
138,318lbmoles/hour) 

02 9.59 mol,,, 

~ 76.21 

CO2 
8.57 

5.63 

Corrosive Contaminants 
(volume fractions) 

5°2, 503 185 ppm 

HCI 5.0-<10.0 ppm 

NaCI 189 ppb 

KCI 666 Ppb 

Trace NaOH and KOH 

Solids: 117.6Ibsihour 

11 05 gr/cu. fl.), containing 

Na &KatO.l-l6'JoLevei 

Sulfated Dolomfte 

I Ruldlzed Bed Boller ~ 

Coal 

..... 1670B82 

To Gas Turbine 

_-----1--
'I Ash, Oolomlte & Char 

t 

Sleam To Turbine 

IIIller 

Dolomfte 

Air 

Figure 3.14 --Summary of gas chemistry and corrosive contaminant levels 

in the combustion gas stream directed to the gas turbine. 
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A summary of gas chemistry and corrosive contaminant levels in 

the gases leaving a fluidized bed combus tor is sh"wn in Figure 3 .14. The 

contaminant levels are calculated for a coal containing 3.59% sulfur and 

0.52% sodium oxide and 1.80% potassium oxide (both in the ash). and a 

dolomite containing 0.070 and 0.217% sodium and potassium. respectively. 

The combined chlorine content of coal and dolomite is assumed to range 

between 100 and 800 ppm in the above calculations. These levels of 

contaminants represent Illinois No. 6 coal fairly well. This is a working 

estimate which assumes complete release of chlorine from coal and 

dolomite and a 1% release of sodium and potassium. The actual alkali 

release may be appreciably lower. resulting in correspondingly lower 

levels of volatile alkali compounds in the coal and combustion gases. 

Figure 3.14 shows that. at the probable chlorine levels for 

U.S. coals and with the assumption that all chlorine produces hydro

chloric acid vapors that can react with a~kali compounds, the pre

dominant volatil~ slkali species are the chlorides. Hydroxides .and 

metal vapors are calculated to exist only at trace levels (i.e., at two 

to three orders of magnitude lower concentration than the chlorides). 

The gaseous environment of a fluidized bed combustor system 

thus principally consists of oxygen, nitrogen t carbon dioxide, and water 

vapor, with minor concentrations of hydrogen chloride, sodium chloride, 

potassium chloride, sodium dioxide, and sulfur trioxide. The three 

principal classes of reactions that can occur in this gas phase are 

oxidation. sulfidation. and hydrogen chloride and alkali chloride effects. 

Another class of corrosion reaction that may be possible is hot corrosion, 

since alkali sulfate deposition could conceivably occur by reactions 

such as 

(3.9) 

and 

(3.10) 
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Figure 3.15 - Hinimum NaC1(g) and KC1(g) required to condense 
Na

2
S0

4 
or K

2
S0

4 
in a gas mixture containing 

10% O2, 5% H20, 200 ppm S02 and 50 ppm HC1. 
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Similar reactions can also be written for deposition of potassium 

sulfate. The minimum mole fractions of sodium chloride and potassium 

chloride vapor required for condensation of sodium su~fate or potassium 

sulfate are shown in Figure 3.15 as a function of temperature. The 

concentrations of oxygen and water vapor used in the calculation are 10 

and 5%, respectively, while those of sulfur dioxide and hydrogen chloride 

are 200 and 50 ppm, respectively. At the minimum projected levels of 

sodium chloride and potassium chloride in fluidized bed combustor gases, 

condensation 'tvill not occur at 1144°K (160QoF); at temperatures lower 

than lOSOoK (1431°F), however, condensation can occur. Although conden

sation is thermodynamically favored under these latter conditions, it 

may not necessarily occur, because of kinetic limitations. TIle hot 

corrosion ')f heat exchanger materials in a fluidized bed by liquid alkali 

sulfates i~, therefore, not likely to occur; but, the condensation of 

alkali chlorides on heat transfer surfaces in fluid bed combustors 

burning high-chlorine-content coals can lead to acr.elerated corrosion. 

Chlorine has been known to contrIbute significantly to the fouling and 

corrosion of tubing when present in the coal in concentrationo hi.gher 

than 0.3%. 

Dainton and Elliott (Reference 3.32) immersed a stainless Bteel 

probe in an atmospheric fluidized bed burning a coal of both high chlorine 

and sulfur content (Cl-0.86 wt %, S - 1.06 wt %) at a temperature of 978°K 

(1300°F) and found for metal surface temperatures above 866°K (llOO°F) 

there was no deposit or corrosion attac~( in 432 ks (120 hr). At lower 

temperatures sodium chloride deposited. 

v:i..'..ddon (Reference 3.29) in comparable experiment::; fOllnd that 

the deposition rate of sodiUIIl chloride was related to the chlorine 

content of the coal. He also found a maximum rate of deposition, for 

each particular coal, to be in the metal temperature range of 783 to 868°K 

(950 to 1100°F). He found no corrosion attack after 540 ks (150 hr) of 

testing in a low chlorine (6.3 wt%) coAl. 
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Comprehensive and systematic studies of corrosion attack and 

deposition on boiler tube materials by the National Coal Board in 

pressurized and atmospheric beds combusting coal with dolomite resulted 

in the conclusion that high-chlorine coals t \vhich allow deposition of 

sodium chloride,cause accelerated corrosion attack of the alloys, including 

the austenitic stainless steels. 

Conventional boiler tube materials can operate in the combustion 

atmos?her~ of a fluidieed bed boiler with acceptable levels of corrosion 

attack, unless there is deposition of alkali chlorides. The formation of 

alkali chloride as liquid or solid will result in accelerated corrosion 

attack of the heat transfer tube materials unless the surface temperatures 

are held to less than 8lloK (lOOO°F). 

The presence of chlorides in the combustion gases can nlso 

result in an accelerated oxidation because of the volatilization of the 

protet~t.ive oxide scales formed on various alloys as gaseous chloride or 

oxychloride, by reactions such as: 

2 Cr203 + 8 HC1(g) + 3 02 7 4 Cr02C12(g) + 4 H20(g) 

NiO + 2 HCl(g) 7 NiC12 (g) + H20(g). (3.11) 

The extent and severity of such attack under actual operating conditions 

will depend upon the hydrogen chloride partial pressure in the combustion 

gases, the gas velocity, and the relative rates of formation of the 

protective oxide and of the gaseous chloride or oxychloride. 

3.2.2.2 Experimental Studies of In-Bed Corrosion and Erosion 

The corrosion and deposit problems on heat transfer mater1.als 

in conv~ntional pulverized-coal-fired bojlers are well documented 

(References 3.26, 3.27) and the heat transfer materials for use up to 

metal temperatures of about 866°K (llOO°F) are readily available. 

Recently, ~~perimental studies (References 3.30, 3.31) were also 

conducted on the corrosion, erosion, and fouling of boiler tub, 

materials in fluidized bed combustors; the results are summarized below. 
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Pressurized ~~d Tests of In-Bed Boiler Tube Materials (Reference 3.30) 

In this study, the highest temperature of the fluidized bed "as 

1072°K (1470°F), and the highest pressure was 506.5 kPa (5 atm). The investi

gation was performed on a U.K. coal with a U.K. dolomite, and by combusting 

a U.S. coal with a U.S. dolomite in a 1.219 by 0.6096 m (48 by 24 in ) 

pressurized fluidized bed at 303.9 to 506.5 kPa (3 to 5 atm) pressure. 

The U.K. coal chosen was Welbeck coal, with 0.53 wt% chlorine and 1.25 wt% 

sulfur; the U.S. coal was HumphIi'~' No.7, with 0.08 wt% chlorine and 

2.75 wt% sulfur. Specimens of seven boiler tube materials, all steels, 

welded together into continuous tubes, were immersed in the bed and ajr

cooled to the temperature range 600 to lO72°K (6~O to 1470°F). The test 

specimens were descaled and weight losses examined after each run of 

roughly 360 ks (100 hr) duration at a fluidizing velocity of 0.6096 m/s 

(2 ft/s). 

The results are presented in Table 3.1. In all cases visual 

observation indicated that the color, adherence, and type of deposits 

depended on the material and temperature of the specimens. Metallographic 

examinations found no evidence of intergranular penetration in any of the 

tested specimens, and the higher weight losses of the low-alloy ferritic 

steel specimens were associated with a general surface roughening. The 

nonuniformity of the weight losses can, in some instance, be related to 

the position of the speci~ens relative to the coal-feeding nozzles. 

Corrosion Studies of Boiler Tube Materials at Atmospheric 
Pressure and Low Fluidizing Velocit;.es (Reference 3.30) 

U.S. Humphrey No.7 coal was combusted in a 0.3048 m (12 in 

rig at 0.9144 m/s (3 ft/s) fluidizing velocity with and without. lime

stone addition. Specimens of tube form and coupon were used in the bed 

and in the freeboard. The results from 1.8 Ms (500 hr) tests without 

limestone addition are summarized in Table 3.B. There was no marked 

difference between these results and those of similar tests under 

pressurized conditions reported above. The high-chromium alloys again 

appeared satisfactory, whila the medium-carbon and 2-1/4% Cr-l% Mo 

steels suffered intolerably high rates of metal loss. In all instances 

substantially less metal wastage was observed f0r the tubes and coupons 

located in the freeboard than for those in the bed. 
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Table 3.7 -- Average Tube Specimen Weig2t Loss under Pressurized 
Operation Condition, ~g/cm -h 

[ (d) 
(d) (d) (d) Esshete 1% Cr 

12% Cr RF 36 SF 316 PE 16 1250 1/2% Mo 

Series B(b) Series U(c) B U B t: B I l! B U B U B l! 

1350- 1470 - - 16 145 15 I 166 7 50 50 223 - -
1460 1450 63 80 37 207 

1320-
1

1280
-

5 18 8 48 8 I 54 5 36 28 210 - -
1380 1380 

I 1100-
i 

1040- 5 15 4 28 4 i 23 3 13 5 48 - -
1220 1180 

I 
III 730- 830- 6 ' 29 13 29 33 6 17 9 - 373 0'- I _J" 

920 I 1090 

4 I 660-

I 
620- 2 18 4 9 

Q90 920 

: 
(a) Temperature ranges are the temperature differences 

between the ends of the composite tubes. 

(b) Series B is the result obtained from combusting a 
U.K. coal and a U.K. dolomitp. 

(c) Series U is the result obtained from combusting a 
U.S. coal and a u.s. dolomite. 

22 3 8 5 15 24 99 

2 1/4% Cr 
1% Mo 

B 

-

-
-

445 

35 

Cd) Analysis of metal specimens: RF 36/18 Cr-12 Ni-1 Nb-69 Fe; SF 316/17 Cr-12 Ni-2.5 Mo- 2 Mn-66.5 Fe; 
PE 16/18 Cr-37 Ni-5 Mo-1.2 Ti-1.2 Al-37 Fe; Esshete 1250/15 Cr-10 Ni-1 Mo-6 Mn-1 Nb-67 Fe. 
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2 Table 3.8 -Summary of Rate of Metal Loss-~g/cm h 
Duration 500 h 

LOCATION NOMINAL Type 347 
RATE_J~Lw,,-,E'-"'I,,,G:::Il,,,'J'-,,L,,,O~S~S=c-: ~g/ cm2h 

Type 316 Esshetc 12% Cr 2-1/4% Cr Medium Nimonic 
PE 16 

BED 
Tubes 

Coupons 

FREEBOARD 
Tubes 

Coupons 

TEMPERATURE Austenitic 
OF SPECIMEN Steel 

of 

735 

930 

1095 

1290 

755 

:285 

4 
2 

3 
J 

1 
1 
2 

Austenitic 1250 Ferrltic Ferritic Co 

Steel Steel Steel Steel 

2 2 
<1 <1 

<1 

2 2 
1 2 

1 

4 5 
3 5 
J 3 

5 6 
4 9 
4 2 

<1 -I 
<1 <1 

<1 

1 2 
1 5 
2 6 

1 
2 

5 
8 

5 

2 
3 
5 

-I 
2 

1 
1 
3 

34 73 
29 35 
33 36 

81 65 
64 b7 
87 132 

459 
79J 
365 

29 36 
23 21 
23 18 

,------------ ---, ---- - ,,-, 
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Table 3.9"':' Observed Rate of Weight Losses on Specimens 
Duration - 500 h 

NOMINAL 
TEMPERATURE 

(OF) 

750 

930 

1110 

1290 

(a) 
Specimens 
the steam 

Type 347 
austenitic 

steel 

7 

4 

1 

8 

7 

3 

9 

6 

13 

3 

8 

4 

12 

15 

RATE OF WEIGHT LOSS (~g/cm2/h) 

Type 316 
austenitic 

steel 

2 

4 

4 

4 

6 

3 

3 

2 

4 

" 

6 

8 

8 

14 

13 

10 

Esshete 
1250 

2 

2 

1 

5 

4 

7 

6 

9 

7 

7 

11 

6 

7 

7 

9 

8 

11 

12 

12 

21 

22 

19 

12% 
Cr 

ferritic 

3 

4 

4 

4 

6' 

6 

9 

8 

2 

3 

2 

2 

5 

3 

4 

4 

4 

5 

6 

2-1/4% 
Cr 

ferritic 

)0 

53 

96 

III 

A 

Medium 
C 

steel 

41 

55 

614 

80 

301 

A 

A 

suffer internal attack on the steam side, possible by Cl- and 02 in 
supply, so data require additional correction. 
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Long-Term Corrosion Tests at Atmospheric Pressure to Assess 
the Effect of Limestone Addition on Corrosion of Boiler 
Tube Materials (Reference 3.30) 

Four series of tests with duration of operation up to "3.6 Ms 

(1000 hr) were run. At the same time, the particle size of limestone 

and the combustion conditions were changed to evaluate their respective 

effects on corrosion. The av.ailable data using U.S. Humphrey No. 7 coal 

without limestone addition at a fluidizing velocity of 2.4384 mls (8 ft/s) 

are presented in Table 3.9. Again, the data show that the austenitic 

steels perform satisfactorily; and of the chrome-ferritic steels, the 

12% chromium steel behaves the best. The low-chromium steels suffer much 

higher weight losses. The conclusions of this study can be summarized 

as follows: 

~ .. "", ... .;.~,jl_~ ____ ---

Ell The austeni~ic steels give very small ,.,eight loss 
[< 10 ~g/cm after 1.8 !Is (500 hr) operation] at all 
tested temperatures for lower-chlorine-content coals and 
at fluidizing velocities up to 2.4384 mls (8 ft/s). 
Increasing the fluidizing velocity increases the rate of 
weight 1055. 

o A high-chlorine 0:0a1 is unlikely to cause corrosion of an 
austenitic steel heat transfer surface inunersed in a 
fluidized bed if the metal temperaturE" is kept above the 
dew point temperature of sodium chloride in the gas. The 
sodium chloride dew point temperature i"s determined mainly 
by the chlorine content of the coal and the bed temperature 
which determines its vapor pressure. The dew point would 
rise as the bed temperature is increased, thus increasing 
the temperature range over which metal corrosion is likely. 

• The chrome-fe.:'ritic and medium-carbon steels are more 
susceptible to attack, as shown by their greater weight 
loss rates, although the rate tends to decrease wi th 
increasing operation time. 

• Metallographic examination revealed no ~ntergranular 
penetration or pitting under normal operating co~ditions. 

• Substantially less corrosion was found on the specimens 
situated in the freeboard than on those in the bed. 
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Table 3.10 - Summary of Weight Loss Measurements in 1000-Hour 
Pressurized Bed Tests (Reference 3.33) 

Temperature Weight Previous measurements 
Alloy of 10s2 in fluidized beds 

JIg/em h 

1% Chrome 390-700 100 No data 

21% Chrome (a) 700-1000 260 r80 230 2 
930°F ) to )lg/em h @ 

(b) 500-1250 400 570 2 UlOoF to 970 )lg/em h @ 

(a) 970-1220 160 2 0 

12% Chrome ~7 to 14 )lg/em h @ 1290 F I 
(b) 1240-1430 170 790 to 1000 )lg/em2h @ 1560

0 F 

(a) 1150-1380 70 flO - 20 
2 1290op\ For 18% Chrome )lg/em h @ 
2 15600Fl AISI 

(AISI 321) (b) 1430-1530 40 10.- 70 )lg/em h @ 316 

21% Chrome 1380-1520 45 No data 
(lneo1oy 800) 
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Pressurized Bed Tests at Higher Temperatures 

These tests by NCB (Reference 3.33) differed from the pressur

ized bed tests performed previously in that the maximum bed temperature 

was much higher [1228 vs 10nDK (1750 vs 1470 DF)] than previously. The bed 

pressure was 0.4826 ruPa (70 psig) and the fluidizing gas velocity was 

0.762 mls (2.5 ft/s). Four tests totalling 734.4 ks (204 hr) operation 

were performed. The maximum specimen temperature of l088°K (lSOO°F) in 

the. tests was actually not very different from that of the previous 

pressurized bed tests [l072 DK (1470 DF)] or that of previous atmospheric

pressure tests [l122DK (ls60°F)]. 

The main results of this study, which refer only to a test 

duration of about 3.60 Ms (1000 hr). are compared in ·Table 3.10. with those 

of work performed previously on the same materials. The report authors 

conclude that all the materials l-lould have acceptable long-tem corrosion 

performance at least up to the temperature levels at which they ,.,auld be 

used in conventional boiler practice. For operation at high metal 

temperatures [l088°K (ls00 DF)], Incoloy 800 appears to give acceptable 

corrosion performance, but AlSI 321 does not. Much longer-term testing, 

however, under precisely controlled conditions,would be needed to obtain 

definitive data on corrosion rates. 

3.2.2.3 Materials Recommendations for Various Heat Transfer 
Tubes 

Based on current materials usage in conventional pulverized-fuel

fired boilers, experimental studies in fluidized bed boilers described in 

a previous section, and literature oxidation/corros'ion data, the recommende ~ 

materials suitable for heat transfer tubes are shown in Table 3.11. The 

temperatures given are the metal temperatures rather than the gas or bed 

temperatures, which may be several hundred degrees higher than the metal 

temperatures, depending upon the location of the heat transfer tubes. 

Furthermore, the materials specified in Table 3.11 can be used with either 

gaseous fuels derived from coals or with pulverized coals specified by 

NASA, since the fire-side corrosion data presently available are not 
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Table 3.11 -- Materials Suitable for Use in Heat Transfer Equipment 
Using Coal Gas or Pulverized Coal 

Maximum 
Material 

Temperature 

7500 p 

1600 0 p 

18000 p 

Material 

(i) SA 213-T22 (2-1/4 Cr-l Mo Steel) 

(ii) SA 21O-Al (Carbon steel) 

(i) SA 213-T22 (2-1/4 Cr-l Mo Steel) 

Rating* 

A 

A 

B 

(ii) SA 213-T9 (9 Cr-l Mo steel) A 

(iii) SA 213-TP-304H (304 stainless steel) A 

(i) 304 or 316 austenitic stainless steel A 

(ii) Incoloy 800 (21% Cr) A 

(iii) 17-14 Cu Mo stainless steel B 
(i) Incoloy 800 B 

(ii) Inco clad 671 on Incoloy 800 A 
(iii) Haynes Alloy 188 B 

(iv) SO/50 Cr-Ni type alloys, IN-s89 and IN-657 B 
(i) Haynes Alloy 188 B 

(ii) Inco clad 671 on Incoloy 800 B 

(iii) SO/50 Cr-Ni type alloys, IN-589 and IN-657 B 

(i) Inco clad b71 on Haynes Alloy 188 C 

(ii) CoCrAlY clad - Haynes Alloy 188 C 

(iii) TD-NiCr, TD-NiCrAlY or TD-NiCrPe alloy C 

(iv) SO/50 Cr-Ni-type alloys, IN-589 and IN-6s7 C 

:'-'This is a partial rating based on fire-side corrosion considerations only. 
For overall ratings and materials recorrunendations, including working flu;1,d 
compatibility, mechanical properties, and so on, see the appropriate 
subsection of Section 3. . 
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detailed enough to allow specification of different materials for use 

with different coals. Hence, the materials recommended are those which 

are considered to offer the highest probability of providing long life 

under most demanding conditions. It must be emphasized that the information 

in Table 3.11 refers only to the fire-side compatibility of the materials 

listed. Other factors that must be taken into account, such as compati

bility with the working fluid, mechanical properties, and so on, are dealt 

with in the appropriate subsection dealing with specific systems and 

components, where materials selections are presented. 

At metal temperatures up to 672°K (750°F), carbon steel (e.g., 

SA 210-A1), or 2-1/4 Cr-1 Mo steel (SA 213-T22) is recommended, since 

their use as tubes in conventional boilers is fairly well established. 

These steels have dIsc shown adequate performance in short-term fluidized 

bed combustor tests, as discussed in Section 3.2.2.2. 

At temperatures higher than 672°K (750°F), higher chromium 

content is considered necessary in any boiler tube material to provide 

protection against oxidation, sulfidation,and any coal-ash corrosion. 

For this reason, the steels specified for use up to 8U·K (lOOO°F) 

contain 2-1/4, 9, or 18% chromium. The austenitic stainless steel 

(SA 213-TP-304 H) may be necessary at these temperatures to provide 

protection against high-sulfur coal such as Illinois No.6. 

For boiler tubes at temperatures up to 922QI{ (120QoP), stainless 

steels such as 304 or 316, and 17-14 Cu Mo, and an iron-based superalloy, 

Incoloy 800, are recommended. These materials ~now adequate resistance 

in short-term fluidized bed boiler tests described earlier, and these 

have also been used successfully in conventional coal-fired boilers. 

At temperatures higher than about 922°K (1200°F), the corrosion 

data on fluidized bed boilers showed that even austenitic staj,nless steels 

may not be able to provide long-term life. At these temperatures, there

fore, heat transfer tubes will have to be made of a high-temperature. 

supera11oy. Inco1oy 800 containing 21% chromium could be used up to 

about 1033.2°K (1400 0 F), but at still higher temperatures, even this may 
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Figure 3.16 --Comparison of cyclic and isothermal oxidation for 
100 hr in still air at 11SO·C. 
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have to be protected with a coating to provide adequate resistance 

against sulfidation and ash-corrosion. 

Recently, Barrett and Lowell (Reference 3.34) studied the iso

thermal and cyclic oxidation of 25 high-temperature nickel-, cobalt-, and 

iron-based sheet alloys for 360 ks (100 hr) in air at 1422°K (2l00°F). 

Even though we do not anticipate using the boiler tube materials at such 

hi~h temperatures, their data reveal the relative ranking of various 

sheet alloys with respect to oxidation. These data are summarized in 

Figure 3.16, which shows that TD-NiCrAlY, TD-NiCr, 'nd TD-NiCrFe offer 

the best protection against high-temperature oxidation. Decker and 

Richards (Reference 3.35), from their experiments in simulated coal-

and oil-fired conditions at 922°K (12QO°F), have also concluded that 

50-50 and 60-40 chromium-nickel alloys offer the best resistance against 

environmental attack. Their results are confirmed by the trials of 

12 different cast alloys in 75 superheater tube supports at Consolidated 

Edison Company of New York, ~hich used Bunker 'e' fuel oil with a 

vanadium content ranging from 100 to 400 ppm, sodium from 20 to 80 ppm, 

and sulfur from 1.5 to 4%~ Gas temperatures in the area of the bracelet 

supports were in the range 978 to l255°K (1300 to l800°F). The data 

summarized in Figure 3.17 show that only the 50-50 and 60-40 chromium

nickel alloys survived a service life of 43.2 Ms (12,000 hr), each with 

only negligible corrosion. S~veral similar service trials have been 

documented (Reference 3.36) which demonstrate the corrosion-resistance 

of 50-50 and 60-40 chromium-nickel alloys in oil-fired installations at 

metal temperatures above 922°K (120QoF). In coal-fired plants there is 

only limited experience with the use of 50-50 or 60-40 chromium-nickel 

alloys to resist coal-ash corrosion at higher metal temperatures, though 

there is evidence that alloys with high-chromium content are beneficial 

(Reference 3.37). Both 50-50 and 60-40 chromium-nickel alloys, however, 

have demonstrated adequate resistance to oil-ash attack at temperatures 

up to l172°K (1650°F) in oil refinery heaters and marine boilers 

(Reference 3.36). Two new improved alloys of 50-50 chromium·'nickel type, 

IN-589 and IN-657, have recently been developed by the International 
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Figure 3.17 --Fuel-oil ash corrosion of tube supports at Consolidated 
Edison Company of New York. 
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Nicltel Company, and these alloys are recommended for use up to about 

1255"K (1800"F). Long-term corrosion data on these alloys under coal

burning conditions are required to firm up the useful upper temperature 

limit. 

A 50-50 chromium-nickel-type Inconel alloy 671 cladding on 

Incoloy alloy 800 substrate (known as Inco Clad 671/800R) has also shown 

excellent resistance to oxidation, carburization, and coal-ash corrosion 

(Reference 3.38). The results of the cyclic oxidation tests performed at 

1255"K (1300"F) on Inco Clad 617/800R specimens coated with sodium sulfate, 

shown in Figure 3.18, indicqte that this material could be used as boiler 

tubes up to 1255"K (1800"F). The ~esistance of Inca Clad 671/800H to 

fuel-ash corrosion has been demonstrated by test installations in power

plant steam superheaters up to temperatures of 841"K (1055"F) (Refer-

ence 3~38), but their long-term corrosion ?ehaviol at higher temperatures 

still needs to be Rtudied. The cladding of Inconel 671 (basically 50-50 

nickel-chromium) should, however, provide adequate corrosion resistance 

up to 1255"K (1800"F), and from this viewpoint only the lnco Clad 671/ 

800R is recommended for boiler tubes for use up to 1255"K (1800"F). 

In addition to the nickel-chromium alloys discussed above, a 

cobalt-based alloy, Haynes 188, is also recommended for boiler tub~b 

which would carry liquid sodium or potassium. Haynes ISS is currently 

being considered for use as a combustor material for gas turbines and 

possesses excellent resistance against oxidation and sulfidation. TIle 

oxidation rate of this alloy is estimated at about 16.1 pm/s at 1366"K 

(20 mil/yr at 2000"F) from intermittent 360 ks (100 hr) tests in dry 

air (Reference 3.39). Recent work at Westinghouse has shown metal 

recession rates of 0.6 and 4 mil in 250 hr at 1172 and 1366"K 

(1650 and 2000"F), respectively, for Haynes Alloy 188 when exposed to 

combustion gases from turbine diesel oil at 303.9 kPa (3 atm) pressure. 

Thus, even though long-term data are still lacking under coal-burning 

conditions, it is considered that Haynes Alloy 188 could be used for 

boiler tubes up to about 1144"K (1600"F). At still higher temperatures, 

it will have to be protected with a high-chromium cladding such as 
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Figure 3.18 - Cyclic oxidation-resistance at 1800°F of specimens 
coated with .odium sulfate. 
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Inco Clad 671 or CoCrAlY. In summary, the materials recommendations 

for boiler tub~s for use at high temperatures are based on their 

potential per£ormapce under co a] -burning condi tions, though actual 

corrosion data under these conditions slill need to be obtained. 

3.3 Material Considerations in Steam Boilers Utilizing Coal and Coal
Derived Fuels 

3.3.1 Introduction 

The operating life of materials at elevated temperatures is 

limited by corrosion/oxidation, by creep (beyond some allowable ll.mit), 

or by rupture. The selection of materials for piping and tubing in a 

high-temperature steam envirornnent must possess the following character

istics of steam-side behavior (Reference 3.40). 

• Excellent creep and stress rupture properties 

• Resistance to oxidation (steam-side corrosion) 

• Good thermal stability (i.e., limited microstructural change 
with time at temperature) 

o Strength at elevated temperature 

• Good weldability and freedom from brittle fracture in the 
weld area 

• Material must be avai1able in pipe and tube form. 

The need for excellent creep and stress rupture properties and 

for thermal stability is of the utmost importance. The material must 

exhibit sufficient long-term, high-temperature strength to a110T07 the use 

of reasonable wall thicknesses and freedom from embrittlement due to 

microstructural changes. Careful attention must be paid to the accelerated 

downward slope of the stress rupture curves as the temperature increases. 

Heavy-walled pipes enhance stiffness and tridimensional stress and increase 

the possibility of developing severe thermal stress across the wall with 

rapid temperature changes. For tubing the wall thickness is directly 

related to the heat transfer rates attainable. Greater wall thicltt1esses 

increase the thermal 8 tresses and increase the tendency for crack~ 11g and 

catastrophic failures. 
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The use of higher alloyed material presents potential difficulties 

in fabrication in the processing of both ':he pipes and the tubes, and, 

perhaps more important, in joining (welding) during installation. Higher 

alloy materials tend to develop crack-sensitive regions during welding, 

which may lead to premature failure. Careful attention must be paid to 

the suggested welding parameters, preheat, postheat, electrode composition, 

heat input, joint design, and so on. 

Materials for high-temperature steam usage must also be character

ized by resistance to oxidation at operating temperatures. The use of 

ferritic alloys is limited to about BlloK (lOOO°F) operating temperature 

because of excessive oxidation, poor stress rupture properties, and the 

instability of the carbide phase at temperatures above Bll'K (lOOO'F). 

Even though the ferritic steels are less expensive, easier to 

fabricate, and possess good reliability, the use of austenitic steels 

and/or nickel- and cobalt-based superal10ys are required for higher 

temperature and pressure. 

The importance of close control of the water/steam chemistry 

in a steam power generation system cannot be overemphasized. Potentially 

delet~rious species, such as caustics and chlorides, along with hydrogen 

and oxygen, can be found in various concentrations in "high purity" steam. 

The exact behavior of candidate alloys with respect to these species 

cannot be completely addressed at this time. 

In general, the candidate alloys possess good oxidation resist

ance at the selected temperature. Specific data based on the performance 

of candi~ate alloys in high-temperature steam are not available. The 

corrosion and stress-corrosion cracking resistance of the alloys under 

evaluation appears to be good. The combination of nickel and chromium 

in the alloy generally confers resistance to an oxidizing solution. 

Resistance to reducing solutions is supplied by the nickel and molybdenum 

content. As was the case with oxidation resistance data, specific 

corrosion and stress corrosion data are not available. The effect of 

hydrogen diffusion on the ductility of ferritic steels is known. The 
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embrittling phenomenon is referred ~o as "methanation. II No problem 

occurs when the hydrogen diffuses fteely through the metal. Severe 

embrittlement develops when the hydrogen reacts with carbon in the 

metal to form internal pockets of methane. The internal pressure 

increases until a void is formed; subsequently a brittle rupture occurs. 

Once again, specific data are not available on the effect of hydrogen 

on the reduction in percent elongation for the candidate alloys. In 

general, all iron-, nickel-, and cobalt-based alloys exhibit some degree 

of ductility loss because of hydrogen pickup, but no drastic reduction in 

elongation is anticipated for any of the recommended alloys. 

3.3.2 Selection of Candidate Alloys 

i 

The development and subsequent utilization of alioys for steam 

applications usually center around oxidation and corrosion resistance, 

while creep and rupture performance is treated solely as a design problem. 

Unfortunately, as operating temperature and stress levels increase, the 

creep and stress rupture properties become the limiting factor for many 

materials. Available data on stress rupture behavior of many materials 

at high temperature for extended times are limited. The utilization of 

elevated temperature tensile data provides only limited information since 

these tests show only the effect of temperature on a short-time basis. 

Stress rupture tests measured the effect of long-term load-bearing 

characteristics of m ........ terial. 

The evaluation of candidate materials for high-temperat.ure 

steam usage is based on stress rupture performance and oxidation resistance. 

Only alloys currently available in tubular form and exhibiting good 

we1dabi1ity were considered as candidate alloys. The candidate materials 

(Table 3.12) are composed of austenitic stainless steels and nickel- and 

cobalt-based alloys. Available high-temperature data on the majority of 

these materials are limited. The information that is available is based 

on laboratory tests, and the results must be treated as such. This type 

of data is useful as a preliminary screening method, but the final selection 

should be after performance data from actual service (pilot-scale facility) 

have been obtained. 
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Table 3.12 - Alloys Evaluated 

Iron - Chromium - Nickel Alloys 

304 (18Cr/8Ni) 

310 (25Cr/20Ni) 

316 (16Cr/13Ni/3Mo) 

18 CrIll Ni 

20 Cr/25 Ni 

20 Cr /25 Ni/Nb 

Inconel 600 

Inconel 601 

Inconel 604 

Inconel 617 

Incone1 625 

Inconel 671 

Incone1 722 

Incone1 X-750 

Inco Clad 671/800 

pyromet 625 

pyromet 680 

Hastelloy X 

321 (18Cr/10Ni/Ti) 

347 (18Cr/10Ni/Cb) 

15 Cr/lSNi 

20 Cr/35-Ni 

Hastelloy C-4 

Hastelloy C-276 

Hastelloy G 

Nimonic 80 

Nimonic 80A 

Nimonic 90 

RA-600 

Unitemp Waspa110y 

Armco 20-45-5 

17-14 CuMo 

Croloy l5-15N 

IN-102 

18-18-3-1 

Inco1oy 807 

Incoloy 800 

Cobalt Based Alloy 

Haynes 188 

Haynes 25 

Crucible WF 11 

._; ,- '-".-:"-

3-62 

Jesop Saville G-32 

Allegheny 5816 

'i-" ,'..; .. 7 -

, 

I 

. \ r 

~--



, 
F 'I 
" I 
" I! 

I: 
!j 
L 
I' 
Ii 
F , 
~ 

" 
" ! 
I 

-to 
V , 
1 

. ! , 
I 
[ 

I 
I 

I 

~ 
~,j 

'1 
.,~ 

1 
I 
j 

r ,,' 
I-____ ..,.....--.....---------..-.-"""----------J-, ..... 

--------~-. {. 

3.3.3 Stress Rupture Performance 

Long-term stress ruptu~e data are extremely important when one 

judges the potential performance of candidate alloys for high-temperature 

applications. Mat~rials considered for piping and tubing applications 

must support high internal pressures at high temperatures. Their design 

strength is usually determined by either the stress rupture or creep 

strength. Oxidation losses affect the net metal wall thickness, which 

at the end of the design life should be sufficient to support the 

applied stresses. As the environmental temperature to which a material 

is exposed increases, the time required for it to rupture at a given 

stress level decreases. Materials employed at elevated temperature, 

therefore, must possess higher stress rupture properties,or design 

compromises must be made to lower the operating stress level. 

The maximum allowable working stress for code-approved material 

can be found in the ASME Boiler and Pressure Vessel Code, Section 1, 

which covers carbon, low-alloy (chromium-molybdenum) and high-alloy 

steels (18 Ni-10 Cr). At operating conditions of 922, 978, 1033, 

and 1089·K (1200, 1300, 1400, and l500·F) and 24.1325 to 34.79 kPa 

(3500 to 5000 psi), none of the materials currently code approved appear 

usable. None of the higher alloyed austenitic stainless steels or super

alloys (nickel- or cobalt-based) are covered by the ASME Boiler and 

Pressure Vessel Code. To determine the maximum allowable working 

stress for candidate materials not covered by. the ASME Code, a value 

equal to 67% of the rupture stress at 360 Ms (100,000 hr) at the specified 

temperature was employed (Reference 3.41). A revie>1 of publiShed data 

indicated the lack of long-term ~60 Ms (100,000 hr)j stress rupture data. 

Graphical extrapolation of short-term~.6 to 36 Ms (1000 to 

10,000 hr)jstress rupture data, along 'With the development of Larson

Miller plots, was employed to obtain 360 Ms (100,000 h,) stress rupture 

values. 

Reliable extrapolation of short-term stn.'.ss rupture data can 

only be performed when it is certain that no microstructural change 

3-63 

/ 

" 

, 
, 

0' 

" 1 
"" i',l 

' . '-
, " 

, 'j , '1 



., 

. J 

I 

L 
-\.' ........•....... '~'-,..:' -, > 

.. 

-------'~--__________ ......J~.-

-"-~-. I .. 

.i 
- i 

28 Cur~e 680122-6 

• Curves based on a 
26 maximum allowable 

working stress equal 
24 Hastelloy' to 67% of its rup-

X ture stress at 

"'g 22 100,000 hrs. 

x Incone'O" 
~ 

20 
617 

~ 

1:: Allay S8W v; 
= 18 c 
:;;; 316 ~ 

~ 16 
~ 304 :c 
~ 

~ 14 
:;: 347 
E 

" 12 
E 
'x Inca Clad ~ 

:E !O 671/800H 

8 

6 

,·:i ; , 
o 600 700 800 90r, 1000 lloo 1200 1300 1400 1500 1600 1700 1800 

Metal Temperature, OF 

Fig. 3. 19-rAaximum allowable stress for candidate tube materials 
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occurs in the region of the extrapolation. Microstructural changes, 

such as precipitation of an embrittling phase, could cause a drastic 

reduction in the stress rupture properties. The tendency for structural 

change increases with time and temperature. Insufficient data are 

currently available to determine what high-temperature alloys, if any, 

undergo microstructural change at high temperatures for extended 

exposures. Within ths context of this evaluation, therefore, no 

microstructural change is assumed in the region of extrapolation. 

Larson-Miller plots were developed for the potentially 

applicable tubing alloys, using ava!lable data (References 3.42 to 3.45) 

(Refer to Section 3.12). These plots were employed to develop a working 

curve illustrating maximum allowable working stress as a function of 

metal temperature (Figure 3.19). 

3.3.4 Oxidation Performance 

The alloys considered for service in high-temperature steam 

are iron-Chromium-nickel alloys and cobalt-based superalloys. The most 

extensive research into the performance of austenitic materials in 

high-temperature steam was conducted by the ASME Research Committee on' 

High-Temperature Steam Generation. The final findings of this work are 

collected into one volume (Reference 3.47) which lists the reference of 

all previous publications of this committee. The work was conducted 

at temperatures up to l089°K (l500°F). 

Evaluation of the scale deposit after exposure indicates a 

duplex structure with an inner and an Quter layer. The inner layer 

should be considered for corrosion rate comparisons as this is the 

depth of penetration in from the original tube surface. The authors 

point out that it was impossible to evaluate the scaling behavior in a 

sensible manner due to small scale thicknesses. They also report 

exfoliation of the outer scale and irregular intrusions of the inner 

layer. Table 3.13 summarizes the results of this investigation. The 

values appear to be average scale thicknesses and do not take into 
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Table 3.13 Oxidation Layer Thic.hness 

Thickness 
Steam Exposure Inner Outer Total Ratio 

Tellperature Tirrr Scale Layer Scale Layer Scale Layer Inner/Total 
!>!aterial _F __ "hnths "fils Mi Is !-Ii Is Scale I.ayer 

9Cr-lf.b llOO 

1200 

Type 304 1200 

1350 

1500 

Type 321 1200 

c ::. , 

w , 
'" '" 

Type 321 

( Type 347 

-, . '"c.: c" r. 

~~ 
t;)c" 
t.xJ';3 
'00 ><"yp, 31. 

8~ 
~p: 

r-

1350 

1500 

1200 

1350 

1200 

1350 

1500 

• 12 
12 
18 
24 

• 12 
12 
18 
24 

12 
18 

36 
12 
18 

3. 
11 

• 11 
18 

3. 

• 11 
18 

3. 
11 
Ie 

• 11 
18 

3. 

• 11 
18 

3. 

11 
18 

• 11 
18 
12 
18 

1.4 
3.1 
3 •• 
3.8 
5.0 
4.8 
•• 0 
5 •• 
•. 5 
7.2 

4 •• 
I.4 
5.0 
5.5 
1.8 
I .• 
3.8 
2.0 
1.8 

3 •• 
1.9 

(1.9 
(1.6 
(3.3 
2.1 

3.0 
1.1 
5.0 
3.5 
5.8 
5.0 
3.1 

0.1 
0.4 
0.3 
3.0 
1.7 
1.3 
1.8 
5 • .3 , .. 
'.7 

4.1 
3 •• 
1.7 
3.1 
3.5 
3.0 
1.9 

':k / 
6t~ . 

1.1 
3.7 
3.7 
, .0 
5. , 
5.7 
7.0 
5.7 
8.0 
7.1 

1.0 
1.1 
I.. 
I.4 
I.. 
1.9 
1.5 
1.8 
I.. 

1.7 
0.7 

{l.B 
{O.6 
(1.0 
1.0 

0.7 
0.8 
0.5 
1.0 
1.1 
1.1 
0.8 

0.7 
0 •• 
0.' 
1.0 
0.5 
0 •• 
0.' 
1.5 
1.8 
1.3 

1.8 
1.5 
1.0 
I.4 
1.8 
1.2 
1.0 

4.5 
•• 9 
7.5 
7.8 

10.4 
10.5 
13.0 
11.3 
14.7 
14.4 

5.' 
1.8 

• •• ••• 3.4 
4.5 
5.3 
4.8 
U 

5.3 
I .• 

(3.7 
(2.2 
(4.3 
3.2 

3.7 
1.9 
5.5 
4.5 
'.9 
•. 1 
3 .• 

0.8 
I.' 
0.7 
4.0 
3.2 
1.9 
1.1 
7.8 
'.4 
•• 0 

5.9 
5.1 
1.7 
4.5 
5.3 
4.2 
3 .• 

0.53 
0.4M 
0.48 
0.487 
0.48 
0.457 
0.46 
0.495 
0.44 
0.50 

0.82 
0.50 
0.75 
n.80 
0.53 
0.58 
0.71 
0.42 
0.64 

0.68 
0.73 

(0.51 
(0.73 
(0.77 
0.69 

0.81 
0.58 
0.91 
0.78 
0.84 
0_ 82 
0.79 

0.13 
0.40 
0.43 
0.75 
0.84 
0.68 
0.82 
O_M 
0.72 
0.78 

0.70 
0.71 
0.63 
0.69 
0.66 
0.71 
0.49 

Thickness 
Steam Exposure Inner D..iter Total Ratio 

Tcnperature Titre Scale Layer Scale Layer Scale Layer Inner/Total 
Haterial _F ___ M::Inths Mils ~tils Mils Scale Layer 

Type 310 1200 

1350 

16-25-6 1200 

1350 

1500 

17-14 OM> 1200 

1350 

1500 

15-15N 1200 

Inc:onel 

Incoloy 

1350 

1500 

1200 

1350 

1200 

1350 

12 
18 
12 
18 

• 12 
18 • 12 
18 • 12 

{, 

12 
18 • 11 
18 

• 
12 
18 

11 
18 

12 
18 

12 
1a 
11 
18 

12 
18 
12 
18 

I .• 
0.2 
0.4 
3.1 

0.2 
1.5 
1.4 
0.2 
1.1 
1.3 
0.3 
I.. 

0.2 
5.5 
1.1 
OJ 
5.0 
4.4 
0.3 

3 •• 
:.t.l 

4.' 
7,0 

7.8 
5.' 
1.1 
3.0 
1.. 
2.1 

1.3 
4.0 
1.0 
3.0 

0.3 
0.1 
0.2 
0.' 
1.3 
1.1 
1.8 
0.8 
1.0 
1.3 
1.3 
1.1 

1.8 
0 •• 
1.9 
1.7 
1.0 
3.1 
1.7 

2.7 
1.5 

1.0 
1.0 

1.0 
1.4 

0.3 
1.0 
0.4 
0.3 

0.8 
0.8 
0.7 
0.5 

1.2 
0.3 
0.' 
3.8 

1-5 
2.6 
4.1 
1.0 
1.1 
2.6 
I.. 
2.7 

2.0 
6.4 
4.0 
2.0 
6 •• 
7.5 
2.0 

6.3 
4.8 

5.0 
a.o 
8.8 
7.0 

1.4 
4.0 
2·0 
2.4 

3.1 
4.8 
1.7 
3.5 

0.86 
0.67 
0.67 
0.84 

O.ll 
0.58 
0.57 
0.25 
0.52 
0.50 
0.20 
0.59 

0.10 
O.~ 
0.53 
0.15 
0.83 
0.59 
0.15 

0.57 
0.69 

0.80 
O.~ 

O.M 
0.80 

0.78 
O.~ 
0.80 
0.88 

0.74 
0.83 
0.74 
0.86 
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account the irregular oxide spikes which occur in the molybdenurn

containing steels as well as in the other alloys. The highly alloyed 

Type 310, Inco10y 800, aod Incone1 600 exhibited the slowest scaling 

rate at the lower temperatures tested, 922 to 1005°K (1200 and 1350°F), 

but again there were deeper oxide spikes in these materials. 

The steam pressure in these tests was 13.789 MPa (2000 psi) but 

tests at lower pressures did not affect the observed scaling rates. 

The scale on the austenitic alloys was found to increase heat transfer 

(Reference 3.47},presumab1y because of the irregular surfaces produced. 

In addition to the alloys listed in Table 3.13, chromium

molybdenum ferritic steels were evaluated. Results at temperatures up 

to 922°K (1200°F) indicated large total s"a1e buildups [0.504 to 0.762 mm 

(20 to 30 mil)]. Two other alloys, IN-102 and 18-18-3W-1Nb, were 

included in the study of mechanical properties (Reference 3.47). All 

but the last two failed by creep or rupture at 1089°K (1500°F) and 

13.789 MPa (2000 psi) stress. For these materials this is a high 

operating stress and temperature, especially when considered along 

with the nitrogen pickup and sigma embrittlement which occurs at this 

temperature and in nitrogen-hearing environments. For this type of 

servic~ these materials are considered risky. There probably will be 

som~ nitrogen present in the steam for use in this plant as it is not 

intentionally removed as is oxygen. 

Work in Sweden (Reference 3.48) at temperatures up to l079°K 

(l4~2°F) showed essentially the same results as those found in the 

ASME testing, in that the ~dgher alloyed materials performed better. 

They ranked their alloys, after testing for time to 18 Ms (5000 

the order: 16-75 (lnoone1 600), 20-25 niobium, 20-35 (Inco10y 

hr), in 

800}, 

20-25, 18-11, 15-15 (these are nominal chromium-nickel values). The 

Jne important feature is that the niobium stabilized 20-25 material 

appears to be better than the unstabilized 20-35 material. In this work, 

which used weight gain as a measure of oxidation, there were penetrations 

of the corrosion product into the metal below the average depth of 

attack. 
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Incoloy 800 is the material that is presently used for gas-
cooled reactor steam generator and superheater applications (Reference 3.49). 
However, the temperatures here are of the order of 978°K (1300°F) or less, 
and at l07SoK (1475°F) some acceleration in corrosion occurs. Both 
Incoloy aoo and Inconel 600 have been shown to have good corrosion 
properties in steam at higher temperatures, as mentioned previously. 
If air corrosion data are used to give an idea of steam corrosion, then 
Incoloy 801 and 802 may also be considered to be good. These two alloys 
are higher titanium (801) and higher carbon (802) modifications of Incoloy 
800 and have hot air corrosion properties approaching those of Inconel 600, 
while having the slightlY superior creep strength of Incoloy 800. The 
creep strengths are low on all of these alloys, the stress to produce 
rupture in 360 Ms (100,000 hr) being of the order of 15.16 MPa (2200 psi). 
This would require very low differential pressures across the tube wall 
or very thick-walled tubes. Inconel 601 has a creep strength similar to 
that of Inconel 600 and offers better oxidation resistance (Reference 3.50). 
Inconel X-750 (Reference 3.51) offers the same oxidation properties as 
Inconel 600,with high strength up to 978°K (1300°F), but this would 
probably drop at 1033°K (1400°F) to give very little improvement over 
Inconel 600. lnconel 625 (Reference 3.52) offers better oxidation 
resistance and higher creep strength than does Inconel 600. The stress 
to produce rupture at 360 Ms (100,000 hr) is 20.685 MPa (3000 psi), double 
that of Inconel 600. 

The use of air oxidation data to predict steam data is not 
entirely satisfactory, as the attack can be greater in steam environ
ments (Reference 3.53). 

Incoloy 807 has been recommended as the steam generator 
material for high-temperature gas-cooled reactor (HTGR) steam generation 
(Reference 3.54). The operating conditions of this reactor were 1223 to 
1037°K (1741 to l407°F) at 6.078 MPa (60 atm) pressure. TOere is no 
readily available information on this alloy which is a British (Wiggin) 
alloy containing: 40% nickel, 8% cobalt, 5% tungsten, 20.5% chromium, 
1% manganese, 1% niobium, 0.75% silicon, 0.55% titanium, 0.50% aluminum, 
0.1% carbon, and the balance iron. 
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3.3.5 Conclusions 

Based on the ASME Boiler Code for ferrous tubing up to and 

including 0.127 m (5 in) od, the following formula can be used to 

determine the diameter-to-thickness ratio for each candidate alloy 

based on its maximum allowable working stress. 

where 

PD 
t = 2S + P 

t the minimum required wall thickness, in 

P the maximum allowable working pressure, psi 

D = outside diameter of the tube, in 

S = the maximum allowable stress value at the operating 
temperature of the metal, psi. 

As discussed previously, the maximum allowable working 

stress will be equal to 67% of the rupture stress at 360 Ms (100,000 hr). 

Using the curves shown in Figure 3.19 and the above equation, the Dlt 

ratio for candidate alloys was calculated. The nIt ratio provided a 

number by which alloy recommendations at specified temperatures could 

be made. 

Table 3.14 summarized the recommendations for tubing material 

based on allowable working atress. The fire-side and steam-side cor

rosion behavior (Tables 3.11 and 3.13, respectively) was also factored 

into the final selection. 

At temperatures of 8lloK (lOOO°F) and operating pressures 

of 16.546, 24.132, 31.026, and 34.473 MPa (2400, 3500, 4500, and 

5000 psi) the austenitic stainless steel (5A2l3-TP-304H) is required 

to meet the strength requirement. Fire-side and water-side performance 

should present no problem. 

With operating at lower ?ressures [2.413, 4.137, 4.329, and 

7.584 MPa at 811 oK (350, 600, 625, and 1100 pBi at lOOO°F)] the low

alloy 2-1/4 Cr-l Mo steel (SA2l3-T22) is recommended. The operating 

performance of this material is well established with conventional 

boilers. 
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Table 3.14 - Boiler Tubing Alloy Recommendations (Based on 
Stress anu Fireside/Steam Side Corrosion) 

Pressure Temperatures 
(psi) 1000°F 1200°F 14000F 

350 2-1/4 er-1 Mo (A) 347 55 
Inco Clad 671/800H 
Inco1o.y 802 

450 As above 

600 2-1/4 er-1 Mo (A) 304 SS (A) As a.cove 
Inco1oy 800H (A) 
Inco1oy 802 (A) 

625 As above (A) 

1100 As above (A) 304 SS (A) Inco clad 671/800H 
Inco1oy 800H (B) Inco1oy 802 
Inco1oy 802 (B) Incone1 617 

1300 As above 

1800 As above 

2000 316 88 (A) 
347 88 (A) 

Inco1oy 802 (B) 

2200 As above Inco1oy 802 (e) 
lnconel 617 (e) 

2400 304 88 (A) 304 88 (A) Inca loy 802 (C) 

Incoloy' 800H (A) Inco1oy 800H (B) Inconel 617 (e) 
Inco1oy 802 (B) HA 188 (e) 

3500 304 88 (A) 304 S8 (B) Inconel 617 (C) 

Inco1oy 800H (A) Incoloy 800H (B) HA 188 (e) 
Incoloy 802 (B) 8 816 (D) 

4500 As above (B) Inco1oy 802 (e) As above (D) 
Inconel 617 (e) 

5000 As above (B) As above (e) As above (D) 
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At temperatures of 922°K (1200°F) and operating pressures of 

31.026 and 311.474 MFa (4500 and 5000 psi) high strength materials such 

as Incoloy 802 are required. As the operating pressure drops at 922°K 

(1200·F), the conventional austenitic stainless steels (5A213-TP-304H) 

will do the job. 

Operation at 1033·K (1400·F) and moderate pressures [2.413, 

3.103, 4.137, 7.584, 15.168, and 16.547 MPa (350, 450, 600, 1100, 2200, 

and 2400 psi)]indicates the need for higher alloyed iron-nickel, cobalt, 

and nickel-based materials. Materials such as Incoloy BOOH, Incoloy 802, 

Inco Clad-671/800H, and Haynes 188 can be employed. For higher 

pressures at l033·K (1400·F) the need for ultrahigh-strength materials 

exist. Alloys such as Allegheny 5816, Inconel 617, Haynes 188, 

IN589 , and IN657 are needed. 

Available oxidation data for the higher nickel-content alloys, 

along with the cobalt base, is limited, although many of thesp. alloys 

were originally developed for utilization as high-temperature oxidation 

resistance materials. 

This brief review suggests that the concept of advanced stearn 

systems is feasible from an existing materials standpoint, but additional 

data must be generated for the potentially usable alloys before a firm 

conclusion can be reached. These data must be generated early in the 

life of the project to enable long-term exposure data to be accumulated. 

3~4 Materials Considerations in Advanced Steam Systems 

3.4.1 Introduction 

In the previous two sections, the materials problems assoc~ated 

with steam boilers have been considered. Materials for boiler tubes are 

recommended, taking into account fire-side corrosion, steam corrosion, 

and creep strength. Since these recommendations cover all of the 

numerous types of boilers being utilized in the advanced steam concept, 
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the boiler materials recommendations 'wil1 not be repeated in this 

section. Instead, this section will discuss the material problems 

associated with the transfer piping that transports the steam from 

the boile~s to the steam turbine, the casing or pressure vessel 

in \vhich the steam turbine is housed, and the steam turbinp itself. 

3.4.2 Main Transfer Piping and Casing 

The lliajor material consideration in main tran~fer piping and 

casing materials are similar to those previuusly considered for boiler 

tubes. The design of these components is dictated by the design allow

ables on stress set by the ASME pressure vessel codes. At the tempera

tures and pressures usually encountered in steam turbines J these design 

allotvables are determined by the stress rupture strength of the material. 

Hhile rt:.ptur:~ strength is a necessary consideration for main pIping, 

the ,arge size of this component [(typically 254 mm (10 in) id with 

a 101.6 mm (4 in) wall thickness] introduc<'s additional requirements 

on the material selection. Because of the heavy wall thicknesses 

required, particularly for the advanced steam conditions contemplated 

in the present study, heavy section weldability and thermal fatigue 

resistance are of primary concern. 

For present day steam plants operating at either 24.1325 MPa/ 

811°K/811oK (3500 psi/1000°F/1000°F) or 1616.65 MPa/811°K/811°K (2400 

psi/1000°F/1000°F) extruded and fabricated 2-1/4 Cr-1 Mo (SA-213-T22) 

is the standard piping and high-temperature casing material. The 

material has been successfully used for many years and has an excellent 

service record. 

For advanced steam conditions containing st~arn temperatures 

higher than 839°K (1050°F). 2-1/4 Cr-1 Mo will not have sufficient 

strength, and higher strength austenitic materials will be required. 

The only austenitic material having an adequate data base for 

strength, metallurgical stability, heavy section welding. and some 

experience in this application is Type 316 stainless steel. This 
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material was used successfully in the Eddystone Plant for both main 

transfer piping and inner ~ylinder on the superpressure element designed 

to operate in 922°K/34.475 MPa (1200°F/5000 psi) steam (References 3.55 

and 3.56). As can be seen from Table 3.15, assuming an area represented 

by a 254 mm (10 in) id pipe is required from flow considerations, at 

92",oK/34.475 MPa (1200°F/5000 psi) steam conditions, a 109.2 nun 

(4.3 in) wall thickness would be required with Type 316 stainless steel. 

In view of the stiffness and fabrication difficulties of this heavy 

section piping, some design options can be '~xercised to reduce the 

wall thickness. By using multiple transfp~ pipes to obtain the same 

total area :101.6 to 127 mm to (4 to 5 in) id pipesl, the required wall 

~hicknes6 can be reduced by a factor of two. This is the design option 

used in the construction of t.he Eddystone Plant (References 3.55 and 3.56). 

For higher temperature steam conditions, [1033·K (1400·F)l, 

Type 316 stainless steel with a design allowable stress of 17.23 MPa 

(2.5 ksi) clearly does not have sufficient strength, and without some 

form of cooling, alternative materials must be considered. 

As with the boiler tube application, ASME boi.ler code cases 

have not 'b -!en presented for a majority of materials that can be used 

above 922·K (1200·F). For the purpose of this study, the design 

allowable stresses have been calculated for these materials by taking 

67% of the. average 360 Ma (100,000 hr) rupture strength. When it became 

necessary to extrapolatf:: data to obtain the 360 Ms (100,000 hr) rupture 

strength, the Larson-Miller parameter technique was used. 

By substituting Kromarc 58 stainless steel with a higher 

design allowable stress over Type 316, a somewhat < duced section siz~ 

results at 922"K/34.475 MPa (1200·F/5000 psi), however, and even with 

the use of multiple piping at l033·K (1400°F) a large wall thickness 

is required (Reference 3.58). 

Also, while Some experience has been obtained on Kromarc 58 

as a wrought pipe in steam turbines, very little experience exists using 

the alloy as a casting required for inner casings and nozzle blocks. 
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Table 3.15 -- Pipe Wall Thicknesses as a Func tion of 
Material and Steam Conditions 

i 
Pressure/Temp. 10 in. id 

psi of Wall Thickness Material Rating '_:,i 

2400/1000 1.8 2-1/4Cr-l Mo A 

3500/1000 1.0 2-1/4 Cr-l Mo A 

5000/.1000 4.3 2-1/4 Cr-1 Mo A 

5000/1000 2.0 316 A 
r' ~-"" 

2400/1200 1.8 316 A 

I 3500/1200 
, 

3.0 316 A , 

5000/1200 4.3 316 A ;1 
~.~. -

3500/1400 >i 39.0 316 

5000/1200 
-" " 3.2 KROMA1,C 58 B ~i ;i 

3500/1400 18.3 KROMARC 58 
~i 

:;. ~ .. ~ 
3500/1400 3.5 IN617 B 

;i 
" ,I 

HA18S B 
;, ii 
-~' i t:0 1! 

5000/1400 5.8 HA188 C 
,,7'_ } 

-\,- : 

5000/1400 3.3 S816 C -~ 1', 

.At- ; 

3-74 

!!i- ..... 



1 
i 

I , ,L._ 

r' 

' f 

" '""""" """ ,,\f'I"}<\ \. ",' 

'" t j 

To further reduce wall thickness, higher strength material 

will be required. A summary of the availabl~ materials has already been 

discussed in the section on boiler tube material. 

Both HA188 and IN617 have adequate strength for the 1033°K/ 

24.2 MPa (1400°F/3500 psi) case. The wall thickness at 1033°K/34.475 MPa 

(1400°F /5000 psi), however, becomes excessive, and the higher strength 

5816 appears a more reasonable alloy. At the present time, almost no 

heavy section welding and fabrication experience exists for any Qf these 

alloys. Obviously, much development work will be required before they 

are used for this appli {'ation. 

3.4.3 Turbine Rotors 

The high-temperature turbine rotor represents probably the 

most critical material problem encountered in designing a turbine to 

operate at the high temperature5 and pressures being considered in this 

program. The present high-temperature rotor steel (chromium-molybdenum

vanadium) used for conventional 81IoK/24.2 MPa (1000°F/3500 psi) 

turbines is limited to temperatures below 866°K (1IOO°F). Above this 

temperature, the alloy loses most of its strength because of the 

dissolution and coarsening of the carbide phases. At higher temperature, 

y' (Ni
3
Al types), iron- or ni~kel~based superalloys, strengthened with 

a more stable precipitate, will be required. The major problems in the 

use of nickel-based superalloy is in the high cost and the limited size 

forging commercially available. 

In order to reduce the amount and size of the superalloy 

required in the turbine, a design philosophy of isolating the high tem

peratures in separate eiements has been adopted. This same design 

philosophy was used in the construction of the Eddystone turbine 

(Reference 3.56). The Eddystone turbine, which was designed for an 

initial steam pressure of 34.475 MFa and 922°K (5000 psig and 1200°F), 

utilized a small superpressure element which reduced the steam conditions to 

811 oK/17.24 MFa (1000°F/2500 psi) which then could exhaust to a plant 

made up of standard ferritic steel components. 
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Several superpressure rotors were manufactured for the Eddy

stone turbine, utilizing a number of different materials. The rotor 

which eventually was placed into service was made out of DlSCALLOY, an 

iron based super alloy which had been developed at Westinghouse for gas 

turbine applications. An alloy of similar composition, A286, has continued 

to be a major material for discs in the aerospace industry. The 

DISCALLOY rotor was forged from a 7030 kg (15,500 lb) electric arc 

melted ingot and had a final machined weight of l58B kg (3500 lb). The 

rotor was essentially a 3.658 m (12 ft) long shaft having .a main body 

0.5588 m (22 in) diamp.ter by 0.6096 m (24 in ) long into which blades 

were fastened. As a backup to this forging, rotors were also rr ... ,de from 

the ferritic materials chromium-molybdenum-vanadium and AlSI 422. TIle 

design life of these rotors was calculated to be rather limited, however, 

and periodic replacements would have been necessary if these materials 

had been used. 

Since the time of construction of the Eddystone Plant in mid-

1950, gas turbines have continued to be the prime users of large forgings 

of superalloys. In order to improve the quality of the product, the air

melting practice used on the Eddystone turbine has been replaced by 

vacuum-induction melting (VIM) an electrode which is subsequently vacuum-· 

arc remelted (VAR) (Reference 3.59). More recently, the use of electro

slag remelting (ESR) has been applied to the manufacture of large ingots 

for disk forgings. The state of technology in gas turbines has evolved 

using these processing techniques so that ingots of roughly 11,340 kg 

(~25,000 lb) have been produced from alloys such as Incoloy 901, 

lnconel 718, and Inconel 706. The major problems presented by processing 

these large ingots are the segregation of alloying elements that occurs 

during solidification, carbide freckling, and ingot cracking produced by 

the high thermal stresses resulting from differential cooling. In order 

to control both ESR and VIM-VAR processing problems, ingot diameters are 

limited to about 0.762 m (~30 in) diameter with the near-term production 

capability to increase this to 1.016 m (40 in)' if some way t~ control 

segregation is discovered. While there has been some work done on 
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understanding freckling, the problem has not been sufficiently researched 

so that alloy development free of ingot freckles is possible. Until this 

has been done, ingots will he limited to.nearly present-day sizes. 

Using either VIM-VAR or ESR technology, it is possible today 

to manufacture high-quality rotors of A2a6 for use as superpressure 

rotors [operating at 922°K (1200°F)1 of somewhat larger size than the Eddy

stone turbine. For higher temperature service [l033°K (1400°F) 1 ,however, 

this alloy does not have sufficient strength. Unfortunately, the only 

alloys with which large ingots and forgings have been produced to date, 

Incoloy 901, Inconel 718, and Inconel 706, do not have the required 

strength to operate at 1033'K (1400'F) (Figure 3.20). For 1033°K (1400'F) 

service an alloy of the strength level of Waspal10y will have to be used. 

Although there is very little experience to date on large ingots of 

WASPALLOY, its relatively dilute alloy content is such that no serious 

problems are anticipated with freckling. Assuming no major technological 

problems are encountered, Waspalloy ~otors of around 9072 kg (~20,OOO lb), 

should be feasible. 

Another technique that could possibly be used if larger forgings 

of A286 or Waspalloy are needed would be to return to the air melted ingot 

technology used at Eddystone. This process will allow production of 

ingots weighing up to 45.36 Mg (50 tons), but ingot segregatipn and hot 

cracking during cooling would need to be taken into account to determine 

properties. 

Another design that can be used to reduce required rotor forging 

size is to make a built-up rotor using disk-type construction. A rotor of 

such design was actually designed and constructed as a backup for the 

Eddystone turbine (Reference 3.56). A DISCALLOY shaft was made onto which 

DISCALLOY disks were shrunk. This design significantly reduces the size of 

a single forging required and would allow significantlY larger elements 

than can be manufactured using an integral forging. Disks as l&rge as 

2.08 m (82 in) in diameter and above 0.35 m (~12 in) thick have been 

manufactured from alloys such as Incoloy 901. TIle disk-type construction 
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would also permit a design that would limit the superalloys to only 

those sections of l'oter which require them. This design would be of 

particular advantage in the higher temperature reheat turbines such as 

1033°K (l400°F) where one could envision several disks of \,aSl'alloy, 

followed by several of A286, and the remainder of the rotor of ferritic 

steel. 

Through the use of separate high-temperature elements, the 

turbine configuration of th~ remainder of the turbine would be typical 

of a 24.2 MPa, 81loK (3500 psig/1000°F) plant in service today. Where 

a reheat temperature of 922°K (120QoF) or greater is used, however, 

additional intermediate pressure elements are required in order to 

prevent steam temperatures higher than 661 0 K (730°F) from entering the 

low-pressure element. This temperature limitation on low-pressure inlet 

steam results from the embrittlement of the nickel-chromium-molybdenum

vanadium steE'.l which occurs with long-time exposure to higher tempera

tures (Reference 3.60). The cause of this embrittlement, referred to 

as temper embrittlement ~ has been shown to result from the diffusion of 

tramp elements such as phosphorus, tin, antimony, and sulfur to the 

prior Austenite grain boundaries (Reference 3.60). These elements lower 

the fracture strength of these grain boundaries and result in an upward 

shif~ in the ductile-brittle transition temperature to near the tempera

ture range encountered in service. The fracture toughness is decreased 

substantially as a result of temper embrittlement, and the c1'itical flaw 

size required for brittle fracture is also reduced below the lilnit of 

detection. These materials should not be used under such conditions. 

Sincp- temper embrittlement restricts low-pressure end steam temperatures 

to below 66loK (730°F), which necessitates the addition of an intermediate 

pressure element, alloy development to eliminate the problem is clearly 

required. The obvioufi solution would be to eliminate the occurrence of 

the Lramp elements responsible; with current steelmaking practices, 

however, this is nut an economical solutiol:. Research aimed at under

standing the reasons for impurity segregation and developing alloys to 

prevent it would have a large economic impact on high-temperature steam 

turbines. 
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3.4.4 Blading 

Steam turbine Jlading materials &re selected to ensure a 

combination of high-temperature creep strength together with high 

fatigue strength under a mean stress loading. Although blading is 

designed so as not to undergo resonant vibrations, often during load 

transients, such as start-up, reI.: .'Dance conditions are realized. ll'o 

prevent load buildup under these conditions, mid-span dampers or root 

sliding is usually designed into the blade. 

Several years ago it was realized chat, in addition to mech

anical-type damping, the standard material used in nearly all turbines 

for blading -- 12% chromium steel -- possessed a high level of internal 

damping arising from magnetomechanical eff~cts (Reference 3.61). In 

order to replace the ferritic steel, then, additional consideration has 

to be given to the influence this damping has on the resonant blade 

response. 

The present 12% chromium steels are limited t~ temperatures 

below 839°K (1050°F) because of metallurgical instabilil ies and rapid 

fall-off in strength. For the 922°K (1200°F) service, K42B was 

successfully used in the Eddystone turbine. This alloy is no longer 

available,and eith~r A286 or the stronger Refractaloy 26 could be used. 

For 1033°K (1400°F) service, the creep strength of an alloy such as 

Udimet 500 would be required. This alloy has many y~ars of successful 

operation both in aviation and industrial gas turbines operating at 

comparable temperatures. 

3.4.5 Summary 

Although not commercially available today in the sizes and 

configurations required, mat'erials do exIst that allow the construction 

of the steam turbines covered in this study. In most cases the materials 

sel~cted have not been optimized for high-temperature steam conditions 

nor does there exist much relevant data on their beh~vior in this environ

ment. In addition, there has l!een little experience on fabricating and 
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welding the heavy sections required in many of these applications. 

Taking these reservations into account, materials are recommended for 

the parametric points being studied, as shown in Table 3.16. 

3.5 Material Considerations in Open-Cycle Gas Turbines/Recuperated 
or Combined-Cycle Systems 

3.5.1 Introduction 

The efficiency of open-cycle gas turbines depends, to a large 

extent, on the temperature of the hot gas entering the turbines. The 

turbine must then be designed to maximize the turbine inlet temperature. 

The major material restraints in the desigl:' of a turbine are often the 

first-row guide vanes and rotating blades, since these componentn are 

subjected to the highest temperature gas and thus are limited by a 

combination of creep rupture and corrosion considerations. Since the 

limitations placed on materials by creep and corrosion are exponential 

function~ of temperature, 01merous techniques have been used to reduce 

the average metal temperature while increasing the gas tu:;-bine inlet 

temperature. Among these techniques, convection coolir.g, transpirat.ion 

cooling, impingement cooling, and film cooling are m'Jst frequently 

employed to cool blades and vanes. 

As a result of these considerations, desi~ning turbines to 

operate at a specific turbine inlet temperature req;,dres the complicated 

interaction of cooling technology and materials sellction. Since exten

sive cooling impairs efficiency, there has been contL,uing interest in 

developing better high-temperature materials. This sec~ion will consider 

the application of these developments as current and futu7e materials in 

the critical components in large industrial gas turbines. 

3.5.2 Turbine Blade Materials 

Due to their excellent combination of high-temperature strength 

and corrosion resistance, nickel-based superalloys have been widely used 

as turbine blading in industrial gas turbines. One of the major problems 
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Table 3.16 - Haterial for Advanced St , Turbines 

Inlet Steam Inlet Piping 
Conditions and Inner High -Tempera ture H: Temperature 

Pressure(psi)/Temp.('F) Cylinder Rotor TurLine Blade 

19' 
J i.1 (t,;-

2400/1000 2-1/4 Cr-l Mo (A) Cr-Ho-V (A) 403/422 (A) 

3500/1000 2-1/4 Cr-l Mo (A) Cr-Mo-V (A) 403/422 (A) 

5000/1000 2-1/4 Cr-l Mo (A) Cr-Mo-V (A) 403/422 (A) 

2400/1200 316 (A) A286 (A) Refractaloy 26 (B) 
A286 (B) 

3500/1200 316 (A) A286 (A) Refractaloy 26 (B) 
A286 (B) 

5000/1200 316 (A) A286 (A) Refractaloy 26 (B) 
Kromarc 58 (B) A286 (B) 

3500/1400 IN617 (B) WASPALLOY (C) Udimet 500 (A) 
HAl88 (B) WASPALLOY (A) 

5000/1400 5816 (C) WASPALLOY (C) Udimet 500 (A) 
HAl88 (C) 1YASPALLOY (A) 
IN617 (C) 

Note: Refer to Table 3.14 for boiler materials and materials applicatio" 
ratings for the above systems. 
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encountered in designing against creep in these alloys is their phase 

instability in the temperature range of interest. At temperature3 

above 1033°K (1400°F), the precipitation hardening phase, y', is 

continually grJwing and carbide phases are decomposing and reprecipitating. 

These phase Changes make extrapolation of stress rupture properties to 

the long life anticipated in industrial gas turbines difficult. Although 

there has been extensive work on extrapolation procedures, none has been 

found to be universally adequate. For the purpose of this review, the 

Larson-Miller approach has been adopted to extrapolate the data on 

materials where only limited data are available. To arrive at a design 

allowable stress or temperature, the temperature corresponding to 

360 Ms (100,000 hr) rupture life obtained from the data in Section 3.12, 

has been reduced by 27. 8°K (SO°F), ,..;hieh represents approximately a 

75% reduction in strength. 

In order to determine the relationship between these material 

design stress/temperature allowables and inlet gas temperature, once a 

metal temperature profile has been determined from cooling considerations, 

it is necessary also to con::;ider the stress distribution in the 

turbine blade. The centrift:,gal stress is greater at the base of th~ 

airfoil and typically decrea~es on going to the blade tip, as shown in 

Figure 3.21. A typical temperature distribution profile along the blade 

has been superimposed on the stress distribution and included in this 

figure. The maximum temperature is seen at approximately the mid-

section of the airfoil. The design life can be calculated by taking the 

temperature and stress corresponding to a given locatio~ on the blade. 

The life-limiting area of the blade corresponds to the mid-blade height 

area and not to the location of either the highest temperature or the 

highest stress. 

At stresses typical of this design-limited location of the 

blades, superalloys typical of current production (U7l0) are limited to 

metal temperatures of 1061 to 1116°K (1450 to 1550°F), Table 3.17. 

Based on current development under way on alloys such as IN 792, it is 

anticipated that in the next several years a 42 to 55°K (75 to 100°F) 
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Figure 3.21 - Allowable metal temperatures for various 
locations on airfoil of a blade based on 
indicated temperature and stress profiles. 
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Table 3.17: - Design Allowable Temperatures for 
Current and Future Turbine Blade 
Materials 

Temperature (OF) allowable for 
indicated stress (ksi) Ref. 

Status Material 20 15 10 

Udimet 710 1450 1525 1575 3.62 

IN792 1525 1600 1675 3.63 

TRW-NASA VIA 1575 1650 1725 3.65 

AVCO Lycoming 
Development Alloy 1525 1650 1900 3.67 
E2 

Ni~Al-Ni3Cb 1680 1730 1800. 3.68 
(y -6) 

IV-Re-Hf-C 2150 2150 2150 3.72 
Composite 

Cr-7Mo-1Cb-0.1Y- 1790 1850 1950 3.73 
.08B 

improvement in temperature capability will be realized without signifi

cantly sacrificing hot corrosion resistance, Table 3.17. Although 

IN792 is beginning to be applied in aerospace turbines, a several-year 

delay before its application in industrial gas turbines is anticipate~ 

because of ~he production difficulties usually encountered in intro

ducing a new alloy. These difficulties in the past hcwe usually been 

associated with obtaining a casting with the required low level of 

microporosity. The significant difference in the size of the casting 

for aerospac~ and industrial use is another area of concern. The 

introduction of hot isostatic preSSing (HIP) as a production procedure 

to reduce casting microporosity may reduce the time lag for this 

source in the future; the results to date are very encouraging 

(Reference 3.64). 
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Another 28 to 4ZoK (50 to 75°F) improvement in temperature 

capability is obtained by introducing an alloy such as TRW-NASA VIA, 

Table 3.17 (Reference 3.64) and ~elaxing the requirement for base

metal corrosion resistance, relying instead on a coeting for protection. 

This alloy probably represents the highest temperature capability it is 

possible to obtain by conventional investment-casting of nickel-based 

superalloys. Recognizing this, the industry has all but ceased 

development of next-generation nickel-based superalloys. It is clear 

that further increases in the temperature capability will re~uire 

the application of a new alloy system and/or processing. 

A new technique which promises to extend the temperature 

range of "nearll conventional superalloys is mechanical alloying. Early 

attempts to utilize the process involved base alloys with limited 

intermediate temperature strength and produced a110)5 of insufficient 

strength f(r blade application (Reference 3.66). Using mechanical 

alloying to produce a yttri·a dispersion-hardened alloy wi th a base 

composition derived from IN792, d much stronger and corrosion-resistant 

material resulted (Reference 3.67). TIlis technique is juSt beginning 

to be fully exploited, and in the next five years a temperature capa

bility of 1366°K (ZOOO°F) should be developed. As a powder process, 

mechanical alloying has the major drawback of requiring some secondary 

working after sintering. This makes Lhe application of cooling tech

nology difficult except for simple schemes involving electrochemical 

machining (EeH) holes. One possible technique to introduce more 

advanced cooling would be to extrude a hollow airfoil shape whic\l coul d 

then be joined to a solid blade root by diffusion bonding. 

Eutectic superalloys have met with ('onsiderable interest in 

. 
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the aerospace ir~ustry. By eutectic growth an in-situ composite is 

produced, consisting of a superalloy-type matrix reinforced by a high

temperature intermetallic such as Ni3Nb or TaC. Currently, the strongest 

material of this class is the y'··o (Ni
3
Al-Ni

3
Nb) composite which provides 

strength in the 1189 to 1255°K (1680 to l800°F) temperature range 1 

Table 3.17. While the y'-6 system has relatively poor corrosion 
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resistance and t<1111 need to be coated, other eutectic superal10ys such 

as (Co-Cr)Cr7C3 and (Co,Cr)TaC have been developed with better corrosion 

resistance than conventional superalloys such as IN738 (References 3.69 

and 3.70). The development of corrosion resistant alloys does demon

strate that although the development of eutectic alloys is restricted 

by phase diagrams, they can be developed to produce the desired com

promise in strength and corrosion resistance. 

Perhaps an even greater degree of control on properties can 

be obtained with artificially fiber-reinforced superalloys. In these 

systems a composite is made out of a wire processed to the desired 

strength and then placed in a matrix that can be optimized for corrosion 

resistance. This flexibility allows one to select tne optimum combi

nation of properties,and since the composite is man made, the distribution 

of the fibers can be selected to have maximum reinforcement where 

required, such as at mid-blade height. The short time rupture creep 

behavior of both eutectic and composite materials has been demonstrated 

to obey the rules of mixtures, so that strengths can be conveniently 

calculated from fiber and matrix properties for any volume fraction 

reinforcement. 

The long-time rupture properties of man-made fiber-reinforced 

composites are influenced by the chemical reaction between the matrix 

(typically superalloy) and reinforcing material (Reference 3.71). This 

diffusion-controlled interaction results in a s~rious loss of properties, 

causing either intermetallic precipitation or, in the superal1oy

tungsten wire case, recrystallization of the cold work-strengthened 

tungsten. Since the reason for the loss in strength is well understood, 

work on diffusion barriers has proceeded and it is anticipated that 

rule-of-mixture properties will result at least to around 1422 to 1478'K 

(~2100 to 2200'F) temperature range (Reference 3.72). 

Based on rule of mixture properties the W-Re Hf-C composite 

can be seen to have the highest strength and temperature capability of 

any metal system, Figure 3.22. These materials, along with the eutectic 
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Fig. 3. 22 -larson Miller parameter plot of stress rupture strength of various 
gas turbine blading materials 
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composites, raise some new design problems, not normally encountered 

with conventional superal10y technology, which will have to be seriously 

addressed. The mismatch of the thermal. expansion coefficients between 

the fiber and the matrix makes thermal fatigue properties an area of 

major concern. Off axis, anisotropic properties, shear strength, 8J:..d 

fatigue would also have to be investigated in more detail to gener'ate 

better design data than are presently available. 

Since the end of World War II, a considerable research and 

development effort on chromium alloys for aircraft gas turbine service 

has been sponsored by go~.,(ernments of several Free World nations, notably 

Australia, the United Kingdom, and the United States. The sustained 

interest in chromium as a base for high-temperature structural com

ponents is founded on a number of factors. Chromium has a melting 

point advantage of 533 to 644°K (500 to 700°F) over such more commonly 

used metals as iron, cobalt, and nickel, and its density is significantly 

lower than that of the latter two. The oxidation resistance of 

chromium is vastly superior to that of the heavier, more refractory 

metals such as niobium, tantalum, molybdenUhl, and tungsten. Hot corrosion 

by environments which contain sulfur or alkali salts is greatly retarded 

in superalloys with only moderate additions of chromium, and chromium

based alloys have shown attractive behavior in limited hot corrosion 

testing. The elastic modulus of chromium is higher by about 30% than, 

that of most superalloys, 'the coefficient of thermal expansion is con

siderably lower, and the thermal conductivity is higher by factors of 

two to five. These properties combine .. to offer much greater resistance 

to thermal shock or thermal fatigue than that exhibited by supera110ys, 

The identified world resources of chromium are estimated at about 

9 
907,2 Mg (10 tons). Thus, chromium is more abundant than nickel, for 

example, by an order of magnitude. 

Unfortunately, the use of chromium alloys as structural com

ponents in such applications as advanced air-breathing turbine systems 

hp.d been deterred by the lack of ductility at low temperatures, except 

in the purest fonms of the unalloyed metal in the optimum microstructural 
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condition, and by the further embrittlement due priuarily to reaction 

with nitrogen during extended exposure to air at elevated temperatures. 

There were also some early indications that the potential strength 

advantage over superalloys, suggested by the increased melting point, 

could not be realized by conventional alloying approaches. 

Several studies of chromium alloys over the past decade have 

identified alloy systems which not only have, in fact, achieved signifi

cant strength increases over the best currently available superalloys 

at temperatures above 1255°K (1800°F), but which also have given indi

cations that the severity of the ductility and nitrogen-embrittlement 

problems could be greatly reduced. The alloying approach that has shown 

the most promise to date is based on dispersion of carbides or borides 

formed by the reactive metals of Groups IV-A and V-A in Cr-Mo or Cr-W 

matrices. On the basis of creep rupture characteristics, some alloys 

of the latter type offer a temperature capability of l339 Q K (1950 Q F) 

(References 3.73 a;'d 3.74). Other carbide-strengthened alloys (which 

contain no major substitutional solutes for solution strengthening) 

have shown considerable tensile ductility at subzero temperatures in 

both the wrought and recrystallized conditions, even when produced from 

chromium grades of only moderate purity. In all chromium alloys 

toughness at operating temperatures above their ductile-brittle transition 

(DBTT) is superior to that of any current superalloys. 

Successful application of chromium alloys in structural 

components must (1) await the development of surface coatings for protec

tion against nitridation (a field in which promising progress was made in 

1969-1971 with monovalent solute additions) and (2) the emergence of an 

application in which design concessions can be made to the lack of tough

ness at temperatures below several hundred degrees, through expedients 

such as prewarming. A high-temperature utility turbine ie one such 

application that justifies consideration of chromium. Since properties 

of chromium alloys at intermediate and elevated temperatures are rather 

attractive, it is possible that prewarmed designs could evolve. Since 

allowable metal temperatures are 394 Q K (250°F) higher than the limit 
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for superal1oys, significant increases in the the~al efficiency of 

combined-cycle power generation could be attained. 

Because of tGeir high-temperature strength above l366°K (2000°F), 

gOud corrosion resistance, and good thermal shocit resistance, silicon car

bide, and silicon nitride ceramics are being seriously considered as 

advanced turbine materials that can be used uncooled. Due to several 

stresses imposed in turbine design, it is thought that only fully dense 

forms of silicon nitride and silicon carbide are going to find application. 

Presently the application of ceramics for industrial turbine vane appli

cation is being explored by Westingh0use under ARPA sponsorship_ The 

tensile properties and stress rupture strength are plotted in Figure 3.23. 

Currently the commercially available silicon nitride appears to be creep 

limited when uncooled to service temperature in the range of l478°K 

(2200°F) (Reference 3.75). It is clear, however, that these properties 

do not represent the ultimate strength obtainable with these materials. 

Silicon nitride and to a lesser extent silicon carbide are currently 

creep controlled by the impurities present in the raw materials 

(Reference 3.76). Since relatively pure silicon carbide powder is already 

used in the manufacture of hot-pressed silicon carbide, it is not likely 

that its already very high creep strength will be significantly improved. 

In the case of silicon nitride, however, it is anticipated that sub

stantial improvements in creep strength can result from slightly 

improved processing procedures (i.e., elimination of the glass phase 

at grain boundaries). Good progress is being made in this area. 

Introduction of ceramics, chromium alloys, and to a lesser 

extent eutectic alloys will require a significant change in the design 

philosophy of blade and vane materials. The high "notch sensitivityll 

of most of these materials requires that critical stresses in elements 

of the component be analyzed exactly and material testing be conducted 

from a statistical probability of failure criterion. A three-dimensional 

finite element routine is required to analyze such components as 

interface contact stresses and rotor blade stresses. These tools are 

available. 
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In addition to the first-row blade material problem, the last

row turbine blade also represents a material-limited application. The 

thin cross-sectional area, combined with the twist and the long length, 

results in much higher stresses than those present in khe first-row 

blade. Typical mid-height stresses of 344.7 MFa (~50 ksi) operating at 

922 to 1033°K (1200 to l400°F) requires at least the strength of .an 

alloy such as Udimet 710. The high strength of this alloy, together 

with the size of the blade [29.48 kg (65 lb)] 1"esents difficulties in 

obt,dning a precision-forged part with the required dimensions. Instead, 

a rather costly process of, open-die forging followed by machining would 

be required. One material development which has the potential to meet 

this need is a superalloy-refractory metal composite described 

'previously. At the. lower temperature of this application, the inter

face reaction and the deterioration or wire properti~~ are no longer 

problemS. The low temperature also allows substitution of less dense 

molybdenum alloys for the tungsten alloys required in the first-row 

blade, Another technique which might also be evaluated is powder 

metallurgy. By using a hot isostatically pressed preform of a high

strength alloy such as IN792, the final hot-die forging pressure could 

be substantially reduced because of the superplastic behavior of the 

preform at high temperatures. At the same time, a fine-grained product 

having superior high-cycle fatigue strength would result. Since this 

application is at relatively low temperatures [922 to 1033°K (1200 to 

l400°F)] grain growth treatments which have plagued powder metallurgical 

developments for high-temperature strength do not arise. 

3.5.3 Turbine Vane Alloys 

Cobalt-based superalloys have been the standard turbine guide 

vane alloy systems since the early development of gas turbines for many 

reasons. Although they are relatively weak at moderate temperature 

because of rel.,ively coarse carbide precipitation and solid solution 

hardening, they have superior microstructural stability and retain 

their strength at much higher temperatures than y' strengthened 
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nickel-based superalloys. In the relatively low stress [34.47 MPa 

(~5 ksi)Jstatic vane application they possess a higher temperature 

capability. The cobalt-based alloys also are inl:~rently more castable 

than are nickel-based superalloys;and this feature, together with their 

superior weldability, allows complex-cored, mUltiple-vane segments to 

be produced economically. In addition, cobalt-based alloys have 

demonstrated advantages in hot corrosion resistance. They possess 

higher thermal conductivity and slightly lower thermal expansion 

properties and thus should have better the~mal fatigue resistance than 

Ni-base superalloys. 

The standard alloys in current production for vanes are 

X-45 and Mar M-509. (See Section 3.12 for typi.cal strength.) These 

alloys allow vane metal temperatures in the range of l200 0 K (1700 F) 

to be reached. Higher temperature capDbllity in the cobalt-based alloy 

system can be obtained by use iJf in-si.tu eutectic composite alloys 

such as (Co,Cr)-(Cr,Co)7C3 containtng a carbide phase reinforcement 

(References 3.77 and 3.78). These alloys represent a 56 to llloK 

(100 to. 200°F) temperature advantage over conventional alloys and, in 

addition, possess some degree of hot corrosion resistance. The process

ing of such materials to large complex-cored mutlivane segments would 

appear to require an extensive development effort. In addition, poor 

weldability of such materials could be anticipated. 

More likely candidates for high-temperature vane applications 

appear to be the ceramic materials silicon nitride and silicon carbide 

discussed in the blade section. Their lower stresses in vane application, 

their excellent hot corrosion reSistance, and their good thermal shock 

properties give them a considerable advantage in this application and the 

only direct approach to uncooled components. The relatively large space 

prOVided for the first stator vane in industrial gas turbines and the 

lack of concern for system weight makes the ceramic vane design required 

to redu!~e tensile stresses feasible. Rig testing of a silicon nitride 

vane design has proved very successful, and work on it will be continued 

(Referenc:e 3.79). 
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3.5.4 Summary 

Based on the above discussion of high-temperature strength and 

the corrosion considerations given in Section 3.2, material selections 

were made for the recuperated open-cyc1~ and combined-cycle gas turbines 

and are presented in Tables 3.18 and 3.19. It is assumed in this study 

that cooling will be used to limit blade and vane temperatures to within 

the limits specified by Table 3.17 for the alloys chosen. Basically. 

the metallic alloy selections represent the current materials being used 

for industrial gas turbines. For the hot corrosion environment produced 

by the low-Btu gas. MCrAlY overlay coatings are specified. Also included 

in this table is a listing of the developmental materials which, while not 

presently available for th~s application, appear to represent the best 

candidates for future developme:.t work to reduce the cooling required. 

3.6 Materials for Closed-Cycle Gas Turbine System 

3'.6.1 Corrosion Behavior of High-Temperature Materials in Impure 
Helium 

3.6.1.1 Introduction 

There has been much research (References 3.80 to 3.94) over 

the'past two decades on the corrosion behavior of materials in impure 

helium environments as part of the development of gas-cooled nuclear 

reactors. The materials that have been evaluated in~lude low-alloy 

steels, ferritic and austenitic stainless steels, medium strength cobalt

and nickel-based alloys, superalloys, and refractory metals. The impuri

ties in the helium atmospheres have included all the common carbon-, 

oxygen-, and hydrogen-bearing gases, such as carbon monoxide, carbon 

dioxide, water vapor, methane, and nitrogen. 

The more recent and extensive materials investigations that 

have been carried out as part of the Dragon PrQiect (References 3.93 and 

3.94) have shown that therp is a direct relationship between the concen

tration of impurities and Lhe magnitude of corrosion.* Unfortunately, 

*There is some disagreement on this effect, as discussed in Sect:on 3.6.1.5. 
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Table 3.18 - Haterial Selection for Recuperated Open-Cycle 'furhinea 

Parametric 
Points 

1-5, 15-18, 
34-38 

W 
I 

'" '" 

19-23 
39-43 

24-28 

44-48 

49-53 

54-58 

59-63 

Turbine Inlet 
Temp., of 

2200 

2500 

1800 

2200 

2200 

2500 

2500 

Cooling 

Air-cooled 
blade and vane 

Air-cooled 
blade and vane 

Fuel 

Dist. from 
coal 

Diat. from 
coal 

First-Row 
Vane 

Mar H-509 (A) 
X-45 (A) 

Mar ~!-509 (A) 
X-45 (A) 

Air-cooled Dist. from Mar H-SOS (A) 
blade and vane coal X-45 (A) 

Air-cooled 
blade 

None 

Air-cooled 
blade 

None 

Dist. from 
coal 

Si3N4 (B) 
SiC (8) 

Dist. from Si3N4 (B) 
c:oal SiC (B) 

Dist. from 
coal 

Diet. from 
coal 

Si3N4 (n) 
SiC (B) 

Si3114 (~) 
SiC (e) 

-'.-,,0"
l'€:\ 

.- /. 

First-Row 
Blade 

U500 cast (A) 
IN738 cast CB) 
W -reinforced 
superalloy composite ee) 
Cr alloys ee) 

U500 cast (A) 
IN738 cast (B) 
Ttl -reinforced 
super alloy composite (C) 
Cr alloys (C) 

U500 cast (A) 
IN738 cast (n) 
t-l-reinforced 
super alloy composite ee) 
Cr alloys (C) 

U500 cast (A) 
IN738 cast (B) 
l-1-reinforced 
superalloy composite ee) 
Cr alloys ee) 

Si3N4 (C) 
SiC (C) 

USDa cast (A) 
IN738 cast (B) 
t-I-composite (C) 
Cr alloys (C) 

Si3i.~4 (i::) 
SiC (C) 

Last-Row 
Blade 

U7l0 forged (A) 
IN792 powder CB) 
~to-reinforced 
superalloy composite ee) 

U7l0 forged (A) 
IN792 powder CB) 
Ho-reinforced 
superalloy composite (C) 

U7l0 forged (A) 
IN792 powder (B) 
Ho-reinforced 
superalloy c~mposite ee) 

U710 forged (A) 
IN792 powder eB) 
Ho-reinforced 
superalloy composite ee) 

U710 forged (Al 
IN792 powder (B) 
Ho-reinforced 
superalloy composite ee) 

U710 forged (Al 
IN792 powder (B) 
lola-reinforced 
superalloy composite (C) 

li710 forged (A) 
IN792 powder (n) 
!:o-reinforced 
Buperalloy composite (C) 
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Table 3.19 - Haterial Selection for Combined-Cycle Gas Turbines 

Parametric Turbine Inlet 
Points Temp., OF Cooling Fuel 

1, 87, 88 2200 Air-cooled Low- Btu Gas 
blade and vane 

2-71 1800 - Air-cooled Dist. from 
2600 blade and vane coal 

72-75 2200 Air-cooled Dist. from 
blades coal 

w 
I 
~ 
~ 

7&-79 2200 None Dist. from 
coal 

80-83 2200 Blade water Dist. from 
Cooled coal 

84 2200 Air-cooled High-BlLu 
b lade and vane gas 

, 
-~ r / 

'. 
,,0., 

Aol. \ 
I:r:!.' 

::ll~':~JS?' ~ ____ ~.~ ... ~. 
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;! 
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First-Row. First-Row 
Blade Vane 

CoCrAlY CoCrAlY 
Coated: Coated: 
U500 cast (A) !far H-509 (A) 
IN738 cast (B) 
W-reinforced 
superal10y 
composite (e) 
Cr alloys (e) 

U500 cast (A) Har 11-509 (A) 
IN738 cast (B) X-45 (A) 
W-composite (e) 
Cr alloys (C) 

U500 cast (A) Sil4 (B) 
IN738 cast (B) Si (B) 
W-composi.te (e) 
er alloys (e) 

Si3N4 (C) Si3N4 (B) 
SiC (C) SiC (B) 

U500 cast (A) Si3N4 (B) 
SiC (B) 

U 500 cas t (A) Uar U-509 (A) 
IN738 cast (B) X-45 (A) 
lol-composite (e) 
er alloys (e) 

t_ ....... ---......'"'" ......... ~ _.~L_.,. 

Last-:,"!ow 
Blade 

U710 forged (A) 
IN792 powder (D) 
Mo-reinforced (C) 
super alloy composite 

uno forged (A) 
IN792 powder (B) 
Ho-reinforced (e) 
super alloy composite 

uno forged (A) 
IN792 powder (B) 
Mo-reinforced (e) 
superalloy composi.te 

uno forged (A) 
IN792 powder (B) 
~m-reinforced (e) 
superalloy composite 

uno forged (A) 
IN792 powder (B) 
Mo-reinforced (e) 
6uperalloy composite 

uno forged (A) 
IN792 powder (B) 
Ho-reinforced (e) 
6uperalloy composite 
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the gas composition in many of the previous investigations may not be 

relevant to real systems, and the results are of doubtful value. In 

addition, several of the previous studies were carried out under conditions 

permitting the composition of the gas to change in an undefined manner 

either during the course of the experiments or as a function of 

position in the furnace. Th~ results of such ex?eriments are of very 

little use in attempting to determine the effBct of the environments on 

materials behavior. 

The other significant factor to emerge from the Dragon studies 

(References 3.93 aud 3.94), as well as from other recent investigations 

(References 3.91 and 3.92), is a deleterious creep stress corrosion effect 

in nickel-based alloys and austenitic stainless steels in impure helium 

environments. These various ;,nvestigations have demonstrated that the 

environmental-mechanical property interaction involves intergranular 

oxidation of the minor, stable, alloying element (such as aluminum and 

titanium) resulting in both an increase in creep rate and a decrease in 

rupture strength and life. 

In light of the previous discussion, the present review will 

be concerned with those investig~tions carried out in well-characterized 

gas phases. A general list of the studies that have been reported in 

the literature is given in Table 3.20, including the type and level of 

impurities, the temperature range, and the alloys investigated. 

3.6.1.2 Thermodynamic Considerations 

The metal oxide equilibrium for the elements commonly used in 

high-temperature alloys in form of a log PH o/Pu
2

) versus temperature 

plot is shown in Figure 3.24. The implicat~on of these data is that the 

oxidation reactions occurring will be selective and will involve the 

major alloying elements chromium, manganese, silicon, titanium, and 

aluminum. Since scales containing mainly chromium oxide tend to be brittle, 

nonprotective oxide scales are a distinct possibility. 
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Table 3.20 -- Summary of Studies in Impure Helium Environments 

Reference Alloys 

3.80 Nb; Nb • 1, 5% Zr; 
Nb + 5, 8, 10% Ti; 

3.80 

3.81 

3.82 

3.83 

3.84 

3.85 

430 55; 316 55, Inconel 
600, lnconel X 750 

Nb-l Zl'; Nb-20 Ti; 
316 55, 430 55, C-l/2 Mo 
5t; 1-1/4 Cr-l/2 Mo 5t; 
lnconel 702; lnconel 
X 750; Molybdenum 

Rene 41, 430 55, 304 55 
Hastel10y X, lnco1oy 800 
lnconel X750 

321H 55, 347 55, 304 55, 
430 55, lnconel 600 

lnconel 600, 625, 702, 
718; Incoloy 800; 
Hastel10y C, N, R-235 
X-280, Haynes 25 

Hastelloy X-280 
flaynes 25 

406 55; 304 55; 316 55; 
Hastel1ay X-280; R-235, 
N; 1nconel 600; 
Fe-3~ C~-lY; PDRL-I02 

Temperature Range 
of Atmosphere 

1500-1700 He with 200 & 10,000 ppm 
CO + 2 C02 (exact values 
unspecified) at 1 atm 

100 -1700 

1650-1800 

1200-1400 

1500-1900 

2150-2200 

1940 

3-99 

" .. -.-

He with 5000 ppm H2 + 
5000 ppm CO at 1 atm 

He with 3000 ppm H2 + 

3000 ppm CO at 1 atm 
(H20 and C02 unspecified; 
levels changed with time) 

He with 200-300 ppm H2 and 
CO or ?000-3000 ppm H2 + 
CO at 2 atm (H20 and C02 
content unspecified) 

He with 1.97% H20 at 1 atm 

Pure H20 at ~ .033 atm 
Pure CU2 at ~ .11 atm 
Pure CO at ~ .033 atm 
(impurities cone. changed 
with time in SOme 
experiments) 

He passed through graphite 
at 840-940'F (impurity 
levels unspecified) 
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Table 3.20 - Summary of Studies in Impure Helium Enviromnents (Cont'd) - 2 

Reference Alloys 

3.86 Incoloy 800, 901; LCN 
155; HK 40, Supertherrn; 
Inconel 600, 750 X, 
Haste110y X, Nimonic aOA, 
90, IOU, 115, Udimet 700, 
Rene 41, 62, TA28 
Astro1oy 

3.87 

3.87 

3.88 

3.89 

3.90 

3.91 

Nimonic 75 

Nimonic 75, C-MnSt, 
2-1/4 Cr-l MoSt; 9 Cr-l Mo 
St; 12 Cr-l Mo-V St; 
304 SS, 321 SS, 347 SS, 
~16 SS, 316L SS 

304 SS 

Esshete 1250; 316 SS; 
310 SS; Incoloy 800; 
Incone1 600; Haste110y X, C 

Nimonic 75, P.E. 16; 
Incoloy 800, Corronel 
230, M313 

316 ~S, Incoloy BOO 

Temperature Range 
of Atmospheres 

1832 99.99% pure He with 
unspecified Impurity 
levels 

1382-1832 

932-1650 

750-1832 

1290 

1382-1922 

1200-1470 

3-100 

Pure C02, CO, 1i20, CH4, 
H2, N2 at 1.3 x 10-5 to 
1.3 x 10-2 atm 

A gas mixture of N2 + CO + 
C02 + H20 + CH4 (1:3:3:0,5: 
0.5) at 1.3 X 10-4 to 
1.3 x 10-2 atm 

He containing CO 2 or 
C02 + CO (impurity levels 
well defined) at 0.13 atm 
total pressure 

12.5 ppm CO, 12.5 ppm H2, 
2.5 ppm in He at 40 atm 
total pressure 

Dragon Reactor: PN2 = 
3 x 10-6 atm; PH2 = 
16 x 10-6 ; PCO = 10 x 10-6; 
PH20 = 1.6 x 10-6; PCH4 = 
2 x 10-6; PC02 < 0.4 x 10-6 

1000 ppm H2' 1000 ppm CO, 
100 ppm H20 in lie at I atm 
pressure; "pure" lie with 
measured impurity levels 
(Environmental Creep 
Studies) 
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Table 3,20. - Summary of Studies in Impure Helium Environments (Cont'd) - 3 

Tempersture Range 
Reference Alloys 

3.92 Mild St., 1% Cr-.5% Mo 
St: 2-1/4 Cr-1% Mo St, 
316 SS: 20 Cr-35 Ni SS: 
15 Cr-15 Ni 5S 

3.93, 

3.94 

Nimonic 75, BOA, lOS: 
Incone1 625: Inco1oy 
800: IN-102: 321 SS: 
347 SS: HDA 22,30 and 
45; Nimocast 713 LC and 
PD 16: Mo: TZM: TZC; 
Nb Alloys 

1 atm = 1.013 x 10+5 Pa 

(OF) = loB x eC) + 32 

of Atmospheres 

750-1382 500 ppm H2: 500 ppm CO, 
50 ppm H20, 50 ppm CH4 in 
He at 1 atm pressure 
(Environmental Creep 
Studies) 

1382-1562 

3-101 

250 ppm H2: 250 ppm CO: 
50 ppm H20 in He at 
1.8 atm total pressure; 
30 ppm H2: 20 ppm CO: 
5 ppm H20 in He at 1.B atm 
total pressure (Environmental 
Creep Studies) 
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Fig. 3. 24-Equilibrium PH O/PH ratios for metal-
2 2 

oxide systems 
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Volat:llization of metals and oxides is another important class 

of reactions that might occur. Thermochemical calculations show that 

the partial pressures of species such as molybdenum, chromium, and 

tungsten oxide vapors, and so forth [Mo03(g), Cr03(g) , WO~(g)l, are 

low in the temperature and oxygen potential ranges being considered 

in this study. 

3.6.1.3 Gas-Solid Reactions in Dragon Reactor Coolant 

The nature of the interaction between impure helium and a 

number of nickel-based anoys has been extensively studied as part of 

the Dragon Project. Recently, Pearce and Sparry (Reference 3.90) have 

reported the results of an electron probe microanalytical examination 

on specimens exposed in the Dragon reactor at temperatures above l023°K 

(1382°F) for periods of either 22.11 or 42.6 Ms (256 or 493 days). The 

materials investigated include Nimonic 75, Nimonic P.E. 16, Incoloy 800, 

Corrone1 230, M3l3. The composition of these alloys is listed in 

Table 3.21, and the results are summarized in Table 3.22. The signifi

cant conclusions of this study were that: (1) oxidation of all alloys 

tested resulted in a surface oxide scale consisting in every instance 

of a chromium-rich layer with some enrichment of titanium and manganese;* 

(2) internal oxidation occurred in all alloys w:'.th the formation of 

aluminum oxide concentrated at the grain boundaries 'even with aluminum 

contents as low as ~0.1 wt%); (3) there was a tendency to form an 

apparently continuous surface layer of aluminum oxide underneath the 

main oxide layer in M313 and Nimonic P.E. 16. It follows from these 

results that the oxide film formed on these representative nickel-

based alloys is not protective, resulting in internal oxidation. This 

type of environmental interaction is the precursor to a potentially 

serious stress-creep corrosion effect. 

*Enrichment of nickel or iron in the oxide layer was not observed 
except in the case of Corrone1 230 where a nickel-rich oxide Bcale 
loJao observed. 

3-103 

f·" , . \ . . . 

r 

i 

I < 

I , 

, , 
L. \ 

"'.' 

' .. ,-

'-

• , 

I 
:I 

:1 
.-' 

! 

~ .. " 
~' 

1 , 
I 
1 
j , 

.J,r 

,,;, 

-,;>1' 

1 . 

,D~~!;-
, 

~ :1 
. ) 



} 

\, 
·'1 

I 
I 
I 

, I 

~ , - -~--

r -~-." 

, . " 

! 
.r 

'I 
! 
1 

1 
Table 3.21 -- Composition of Alloys Evaluated in the Pearce and Sparry (Reference 3.90) Study 

Weight % 

Alloy Cr Ni Fe Ti Al Mo Mn Co Si o Zr 

Nimonic 75 19.45 Ba1 3.61 0.43 0.22 < 0.2 0.4 0.18 0.2 0.025 

Nimonic PE16 16.15 43.3 Ba1 1.1 1.21 3.3 0.06 < 0.2 0.17 0.035 

Inco1oy 80(, 20.4 31.7 Ba1 0.4 0.32 < 0.2 0.68 0.08 0.43 

Corrone1 230 34.65 Ba1 2.2 0.2 0.2 0.32 0.3 

..., M313 30.8 Ba1 1.55 0.92 I 0.15 0.04 < 0.05 
I-' 
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Cu C 

0.11 0.11 

0.03 0.08 

0.05 0.04 

0.015 

0.04 

Others 

Mg 0.03 
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Table 3.22 -- Results of ElectTon-Prcbe Examination of 
Alloys Exposed in the Dragon Reactor* 

Alloy 
Temperature Range 

of 
Time 

(hours) Results 

Nimonic 75 1S82-1526 

Nimonic P.E. 16 lS82-1526 

Ineoloy 800 1742-1922 

Corronel 2S0 1742-1922 

M313 174Z-1922 

* Coolant Composition: PN2 = 3 x 
10 x 10- 6 

PcoZ < .4 

1 atm = 1.01S x 10+5 Pa 

COF) = 1.8 x COC) + SZ 

1 hr = 3600 s 

11,800 

6,150 

11,800 

6,150 

6,150 

10 pm surface scale composed 
of CrzOs with Ti and Mn 
enrichment; SO-40 ~ 
granular penetration (A1203) 

8 ~m su rface scale - CrZ03 
with Ti; 35 ~m intergranular 
penetration (A120S); thin, 
nearly continuous AIZOS 
layer beneath Crz03;Possible 
Cr carbide formation at 75 ~ 

5 ~m surface scale - Cr 0 with 
Ti, 5i and Mn; 20 ~m inte~
granular penetration (A1203) 

2 ~m inner surface scale -
Cr20S with Ti; 8 ~m outer 
porous surface scale with thin 
layer of NiO, Cr and Fe enrich
ment, Ni inclusions; 4S ~m 
intergranular penetration 
(AI Z0 3) 

2 ~m surface scale - Cr203; 
20 ~m intergranular penetration 
(AIZOS) 

-6 -6 10 atm; PHz = 16 x 10 atm; PCO = 
-6 

atm; PH20 = 1.6 x 10 atm; 
-6 x 10 atm 
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Table 3.23- Chemical Compositions of Alloys in the Environmental 
Creep Study by Woods et a1. (Reference 3.92) 

wt % 

Material C Mn 5i 5 P Ni Cr 

t-1ild Steel 0.24 0.75 0.18 0.022 0.026 0.09 0.07 

1 Cr-Ho 0.09 0.50 0.25 0.031 0.024 0.93 

2-1/4 Cr-Ho 0.08 0.41 0.29 0.019 0.024 2.10 

Type 316 SS 
0.04 1. 70 0.34 0.012 0.018 12.1 17.1 

20 Cr-35 Ni SS 
0.05 0.72 0.57 0.003 31.0 20.1 

15 Cr-15 Ni SS 0.10 1.80 0.51 0.012 0.006 14.8 14.9 

Table 3.24 -- Gas Analysis Results of the Environmental Creep 
Studies by Woods et a1. (Reference 3.91) 

Nominally Eure He Nominall~ imEure He-

Mo 

0.03 

0.47 

0.91 

2.81 

1.28 

Range Average Average Average Average 
(all (all (long-term Range (all (long-term 
tests) tests) tests) (all tests) tests) tests) 

Gas EEm EEm EEID EEm ~:2m EEIn 

Hydrogen 5-680 336 26 1000-1600 1220 1200 

Carbon 
10-100 70 5 10-1100 815 960 Monoxide < 

!Vater 4-160 105 27 200-700 475 147 

Methane 5-20 10 < 5 5-20 9 < 5 

Oxygen 1-20 8 10 10-50 21 20 

Nitrogen 40-200 132 29 70-200 132 88 

'Nominal composition: 1000 ppm H2, 1000 ppm CO, 100 ppm H20 
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3.6.1.4 Mechanical Property Interaction 

Environmental creep and stress. rupture studies have been 

carried out by Wood et a1. (References 3.91 and 3,92), and by Huddle 

(References 3.93 and 3.94). In one of the former st"diea (Reference 3.92), 

long-term tests [up to 36 Ms (1000 hr) 1 were carried out on three 

ferritic and three austenitic steels (see Table 3.23) in air and helium 

containing nominally 500 ppm hydrogen, 500 ppm carbon monoxide, 50 ppm 

water vapor, and 50 ppm metha~e in the temperature range from 672 to 

1024°K (750 to 1383°F). Preliminary tests (Reference 3.91) were also 

carried out On 316 55 at 1073°K (1472"F) and Inc~loy 800 at 923°K 

(1202°F) for 1.8 Ms (500 hr) in two impure helium en~ironments (see 

Table 3.24). Unfortunately, there is conside:table variation in these 

gas mixtures, with significant oxygen contaminacion. Some of their 

results are shown in Figure 3.25. The helium environment reduces the 

creep and rupture strengths of 316 SS by 5 to 10% and creep life by 40 

to 50% relative to air in the temperature range of from 923 to 1023°K 

(1202 to 1382°F). Similar results were found for the 15 Cr-15 Ni alloy 

and the 20 Cr-35 Ni alloy with the latter steel showing a 60 to 70r. 

reduction in creep life. No effect was found in the mild steel at 

672°K (750°F). The tests on the 1% chromium stuel at 773°K (932°F) 

and on the 2-1/4 Cr-l Mo steel at 823°K (1022°F) were still in progress, 

but limited results suggest that these steels are adversely effected 

by the helium environment. 

Supplemental metallographic examinations on the austenitic 

steels showed that specimens tested in helium contained considerably 

deeper surface cracks than those tested in air. In addition, a non

continuous oxide scale was formed on those specimens tested in helium, 

with chromium depletion below the surface and considerable grain 

boundary oxidation. The inter granular cracking was associated with 

the grain boundary oxidation. The authors concluded that grain boundary 

weakeni:1g associated with the intergranuler oxidation results in an 

increase in the creep rate and that this process with or without super

position of surface cracking causes a reduction in rupture strength. 
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Huddle (References 3.93 and 3.94) has reported results of 

environmental creep studies carried out in impure helium in the tempera

ture range of between 1023 and 1123°K (1382 and1562°F). Two levels of 

impurities have been used in the helium: (1) 250 p.Jm hydr<lgen; 250 

ppm carbon monoxide; 50 ppm water vapor at 182 Pa (1.82 atm) total 

pressure, and (2) 30 ppm hydrogen, 20 ppm carbon monoxide and 5 ppm 

water vapor at 182 kPa (1.82 atm) total pressure. The materials that 

have been investigated include 307 and 347 S8, the Nimonic alloys 75 

and 80A, INI02, Inconel 625, HDA22, 30 and 45, Nimocast 713LC, and PD16, 

unalloyed molybdenum, ~he molybdenum alloys TZC and TZM, and the niobium 

alloy SU16. The results of these studies, which have only been reported 

in a qualitative manner, show that the alloys containing aluminum and 

titanium such as 321 S5, Nimonic 75, Incoloy 800, and the y'-strenthened 

superalloys, suffer significant surface deterioration (i.e., inter

granular oxidation leading to surface cracking), particularly in highly 

contaminated gases, whereas those containing niobium and tungsten, such 

as 347 S8, lncoloy 807, Inconel 625 IN102, are virtually unattacked. All 

the wrought superalloys tested were attacked whereas certain cast 

materials containing tungsten (713LC and PDl6) were completely resistant. 

Molybdenum and its alloys exhibited excellent corrosion resistance, with 

no weight loss and no effect on the high-temperature mechanical properties. 

On the other hand, the niobium alloys embrittled to the paint of 

diSintegration. 

3.6.1.5 Effect of Concentration of Impurities 

Huddle (Reference 3.94) concluded that "by far the most 

significant factor to emerge from the (Dragon) Project's work is the 

relationship between the concentration of the impurities and the 

magnitude of the corrosion. tI) Photomicrocraphs of Nimonic 75 exposed 

in the unstressed condition for 10.8 Ms (3000 hr) in a test Joop contain

ing 250 ppm hydrogen" 250 ppm carbon monoxide, and 50 ppm wat.er vapor, a 

water vapor-hydrog~n ratio of 0:1 show considerably more internal attack 

than do those of specimens exposed in the Dragan Reactor for 75.6 Ms 

(21,000 hr) which also have a water vapor-to-hydrogen ratio of ~O:l 

but considerably lower impurity levels (see Table 3.22). On the 
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other hand, Woods et a1. (Reference 3.91), reported that there is no 

apparent difference in creep behavior or metallographic observations of 

specimens tested in nominally pure helium and impure helium (see Table 

3.24). Since the oxygen potential of these two environments as deter

mined by the water vapor-to-hydrogen ratio was similar for both 

environments (i.e., ~1:3) and the abso1ute,leve1 of impurities were 

vastly different, these authors suggest that only the oxygen potential, 

not the level of impurities, is important. 

These two results apparently disagree. Since the gas com

positions in the studies by Woods et al., (see Table 3.24) showed 

considerable variation in impurity level and significant oxygen 

contamination, the conclusions of this study must be· considered invalid. 

Thus, the impurity concentration dependency must be accepted as a real 

effect at the present time, and many of the previous studies on corrosion 

in impure helium ~ust be considered to be of doubtful value. 

3.6.1.6 Gas Solid Reactions in Water Vapor-Helium Atmospheres 

An investigation of the corrosion behavior of several high

temperature alloys in water vapor-helium atmospheres containing ~2% 

water vapor have been carried out by Claudson and Westerman (Reference 

3.83). The alloys that were investigated are shown in Table 3.25, and 

the results are summarized in Table 3.26. The major conclusions of 

this study were that: (1) Hastelloy N, Hastelloy X-280, Incone1 600, 

Incone! 625, and Haynes 25 have a corrosion resistance superior to that 

of Hastel10y R-235, the least corrosion resistant of all alloys tested; 

(2) at 1200 0 K (1700°F) c;,· S"'!Ie relative grouping was found as in the 

1089°K (1500°F) tests, with more definitive evidence of intergranu1ar 

attack in Haynes 25, Incone1 718, and Incone1 600 at 1203°K (1706°F) 

than at 1088°K (1499°F); (3) Hastelloy X-280, Haste110y C, and Hastelloy 

N exhibited good oxidation resistance at 1311°K (1900°F), apparently 

forming a tight, adherent oxide film with little or no grain boundary 

or internal penetration; all other alloys show significant amounts 

of internal attack except Haynes 25, in which relatively minor internal 
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Table 3.26 - Corrosion Behavior of Several High-Tempera
ture Alloys in Helium with 1.97% H20 for 
300 Hours 

Temperature Weight Change Intergranu1ar 
(Op) (mg/cm2) Attack Alloy 

Hastelloy C 1500 +0.138 None 
1700 +0.459 None 
1900 +0.701 Little or none 

Hastelloy N 1500 +0.109 None 
1700 +0.316 None 
1900 +0.765 Little or none 

Hastelloy X-2S0 1500 +0.09~ None 
1700 +0.43:, None 
1900 +0.908 Little or none 

Haynes 25 1500 +0.246 None 
1700 +0.750 Slight 
1900 +1.047 Slight 

Incone1 625 1500 >0.226 None 
1700 +1.1 None 
1900 +4.2 Significant 

Incone1 600 1500 +0.178 None 
1700 +0.555 Slight 
1900 +1.46 Significant 

Incone1 702 1500 +0.490 Slight 
1700 +1.82 Slight 
1900 +1. 79 Significant 

Incone1 718 1500 +0.40 Slight 
1700 +1.62 Slight 
1900 -13.8 Significant 

Inco1oy SOO 1500 +0.53 Slight 
1700 +1.46 Slight 
1900 +2.37 Signifi cant 

Hastelloy R-235 1500 +0.964 Significant 
1700 +3.56 Significant 
1900 +6.92 Gross 

1 atmosphere total pressure; OF = 1.8 x (oC) + 32; 1 hr = 3600 Sec 
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oxidation occurred. There is a more or less direct correlation betwer'l 

intergranular attack and the aluminum and titanium content with 

Hastelloy R-235 showing the worst attack and having the highest alunlinum 

and titanium content. These results are in qualitative agreement with 

the Dragon Reactor studies. 

3.6.1. 7 SunIlDsry of Corrosion Behavior l,n Impure Helium 

A great deal of information on the behavior of material in 

impure helium environments has been generated in support of the closed

cycle gas turbine for gas-cooled reactors. This work has demonstrated 

that due to the very low oxidizing potential of this environment, 

selective internal oxidation of aluminum and titanium can occur in nickel-

and cobalt-based alloys and in austenitic stainless steels. This inter

granular attack) decreasing the important strengthening benefits of 

these elements, produces a stress-creep corrosion effect resulting in 

an incredse in the creep rate (relative to air) and a decrease in the 

rupture life. The addition of niobium and tungsten to these alloys, 

however, has been found to decrease the extent of the attack. 

Molybdenum .and its alloys TZM and TZC have been shown to 

exhibit excellent corrosion behavior, while niot.!.,J'" alloys such a~ 

SU16 are embrittled to the pOint of disintegration. 

The translation of these results to the coal-fired furnace 

systems of the present study is hindered by the fact that the degree 

of deterioration in impure helium environments appears to be dependent 

on the concentration of impurities. At present, there are insufficient 

data to determine what the specific levels of impurities will be in the 

coal-fired furnace system under consideration and what c.'ffect the 

expected higher oxidizing potential of these systems will hC!ve on the 

extent of impurity-corrosion pr9ble~s. 

If, however, the oxidizing potential is sufficient to form a 

protective scale typical of that formed in air, then the severity of 

the problem will be reduced. One technique to ensure freedom from 
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selective internal oxidation would be intentionally to dope the helium 

with sufficient oxygen. W)li1e this technique can be used fe_ cll" 

922 and 1089°K (1200 and 1500°F) helium turbine inlet tempeoture cases, 

it cannot be employed at 1255°K (1800°F) because at 1255°K (180QoF) 

the supera110ys do not have sufficient strength (see Section 3.6.2),and 

molybdenum alloys will be required for gas turbine blading. The very 

low OKidation resistance of molybdenum will make doping ineffective in 

preventing internal oxidation of the superalloys. 

In the follc~ing sections, materials have been selected on the 

assumption that selective oxidation of aluminum, titanium, B.nd silicon 

will occur and that alloys free of these elements should be preferrede 

3.6.2 Selection of Heat Transfer Materials for Closed-Cycle 
Gas Turbine Systems 

In all of the closed-cycle gas turbine systems being considered 

in the present study, the helium is heated in either a pressurized or 

atmospheric fluidized bed furnace. The selection of heat transfer 

materials for this application must consider not only the effects of 

impure helium corrosion, as outlined in the previous paragraphs, but 

also the fire-side corrosion problem discussed in Section 3.2. In 

addition, since the furnace tube cont.~ns pressurized helium from the 

exhaust of the gas turbine compressor, its material selection and 

design must take into account the creep strength required to prevent 

mechanical failure. 

As 'olas discussed in Section 3.2, the fire-side corrosion data 

presently avai ~,dble are not detailed e~10ugh to allow specific selection 

of materials to be made based on the different types of coals being 

used.. It has been iissumed, therefore, that the environments present 

will be severe enough to result in coal-ash corrosion problems, and 

the materials have been selected to resist this attack. 

In order to prevent mechanical failure of the pressurized 

furnace tube the design stress allowables have been obtained from the 
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ASHE Boiler and Pressure Vessel Code (Reference 3.95) and the tube wall 

thickness required derived from equations similar to those discussed 

in Section 3.3.5. 

Although the heli t.ml furnace tube operates at a much lower 

pressure[6.S95 HPa (1000 psi)]than the steam boiler tubes considered 

in Section 3.3, the very high metal temperature[>1255'K (>lSOO'F)] 

encountered requires high-temperature materials not presently containe 

in the ASHE Code. 

To determine the maximum allowable working stress for candidate 

materials not contained in the ASME code, a value equal to 67% of the 

rupture stress at 360 Ms (100,000 hr) at the specified temperature was 

used. Where long-time creep rupture data were not available, the 

Larson-Miller parametric extrapolation procedure was used to obtain 

360 Ms (100,000 hr) data. 

Design :stress allowable curves versus temperature for candidate 

furnace tubing '""ere previously generated and pre'sented in Section 3.3, 

Figure 3.19. Based on these curves the tube wall thickness required 

~o contain 6.S95 HPa at 1089°K (1000 psi at 1500°F) has been calculated 

and is presented in Table 3.27. 

Table 3.27 -- Tube Wall Thickness Required for a 3 in 
id Tube at lSOO°F Metal Temperature 

Material 

SS16 

BA1SS} 
L605 

IN6l7 

Hastelloy-X 

17-14 CuHO} 
lncoloy S02 

316) 
347 

3-115 
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Wall Thickness, 

0.21 

0.36 

0.43 

0.43 
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This table serves to illustrate that although the helium pressure is 

relatively low, advanced material with higher temperature strength than 

the austenitic stainless steels are required. 

In order to reduce the potential for internal oxidation and 

environment stress interactions consid~ration was given to decreasing 

the titanium and/or aluminum content of the alloys selected as well as 

increasing the refractory elements tungsten, tantalum, and niobium. 

In Table 3.2 B the amount of these elements in candidate materials are 

indicated. 

Table 3.28 -- Partial Chemistry of Candidate Heat 
Transfer Material~ 

Composition, % 

Material Cr W Ta + Nb Ti AI 

S816 20 4 4 

HAl88 22 14 

L605/HS25 20 15 

IN617 22 u.35 1.0 

Haste110y 22 0.6 

17-14 CuMo 16 0.55 0.26 

Incoloy 802 21 0.75 0.58 

In addition to having the highest temperature capability of the tubing 

alloys, S8l6 is f~ee of titanium or aluminum and contains high levels 

of t~e refractory elements, making it an attractive candidate for the 

highest temperature service. On this same bases, IN6l7 and IN802 

containing modest amounts of titanium and aluminum and no refractory 

elements, and although having creep strength similar to that of L605, HAl88, 

and 17-14 Mo, respectively, do not appear to be as well suited for 

impure helium service. 
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Based on these considerations together with the fire-side 

corrosion recommendations presented in Section 3.2, the materials 

recommended for heat' transfer applications in impure helium ar~ given 

in Table 3.29. 

Table 3.29,: -- Recommendations for Heat Transfer Materials 
to Operate in Impure Helium 

Clos e d-Cy c1e Closed 
Recup:drated Combined Cycle Helium Recommended 
Parametric Parametric Turbine Inlet Materials for Highest 

Points Points Temperature T~perature Tube 

304 (A) 
1-4 1-3 1200 316 (A) 

17-14 CuMo (B) 

5-8 4-6 HAl88 (B) 

13-48 10-48 1500 L605 (3) 
Inco Clad 671 on HAl811 

9-12 7-9 1800 Inco Clad 671 on HAl88 
Inca Clad 671 on 8816 

3.6.3 Material Selection for Closed-Cycle Helium Gas Turbines 

(B) 
(C) 
(e) 

As discussed in Section ~.5, the major problem to ~e considered 

in selecting materials for gas turbine applications is adequate creep 

strength and compatibility with the environment. In open-cycle gas 

turbine nickel-based super alloys have been developed by 

utilizing the unique, high-temperature strength of the intermeta11ic 

precipitation hardening phase y" (nickel aluminide, titanium) to obtain 

creep resistance, and a combination of chromium, aluminum, and other 

elements to form protective oxides scales. In helium closed-cycle 

turbines, although high-temperature creep resistance is still required, 

the low oxidizing potential is such that protective scales may not 

form on nickeL-based alloys, and they may suffer a deterioration in 

strength because of selective internal oxida'tion of the strengthening 

elements, aluminum and titanium. Another problem encountered in 

3-117 

I 
r 
l-, 

/" 

, . 

~i , 

, i , 
. -...i 

1 , 

, , 

t 
1 
I 

" 



r'" 
! 
r 

selection of superalloys for the present study is their rather limited 

temperature capability. In Table 3.17 the most advanced conventional 

superalloy (NASA-TRW VIA) is seen to be limited to temperatures of 

approximately 1172°K (1650°F) for 360 Ms (100,000 hr) service. The 

application of the cooling technology to limit the blade metal tempera

ture to several hundred degrees below the turbine inlet gas temperature 

as practiced in open-cycl~ gas turbines presents additional problems 

in helium turbines. The high thermal conductivity of helium results 

in very steep temperature gradients through the blade, which in turn 

generates high thermal stresses. While limited application of compressor 

bleed-off type cooling is possible in a closed-cycle system, the 

potential for large-scale cooling to drastically reduce metal tempera

tures is not available. 

In order to design helium turbines to operate with a 125S oK 

(180QoF) inlet temperature,consideratlon must be given to alloy systems, 

other than nickel-based superalloys. The high inlet temperature 

problem is further complicated by the higher speeds desired in the 

compressor drive section of the split-shaft turbine. Since the 

centrifugal stresses increase with the square of the rotationaL speed, 

stresses significantly higher than conventional turbines result. For 

the base case parametric Poi.nt 5 , a speed of 106.5 rps (6388 rpm) is 

used, which increases the stress by a factor of 3.14 compared to a 

conventional 60 rps (3600 rpm) turbine operation. 

The options considered previously for open-cycle systems are 

potential candidates also for higher .temperature alloy systems. 

Tungsten reinforced supera1loy composites, eutectics, oxide dispersion 

strengthening alloys, and so on all may be developed for this appli

cation. The freedom from oxidation concerns, however, allows con

sideration of the much higher strength refractory metal alloys 

previously discounted for lack of protective scales. As discussed in 

Section 3.6.2; the niobiw.l alloys, while having the required creep 

strength, suffer internal ·oxidation and deteriorate in impure helium 

environments. 
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The refractory system that shows the greatest potential for 

blading and vane application is that using molybdenum. The only 

molybdenum alloy which is commercially available and for which there 

is long-time creep data in a helium e~vironment is Mo-TZM (References 

3.96 and 3.97). The alloy Mo-TZM also has demonstrated the excellent 

fargeability required to produce the air-foil shapes desired (Reference 

3.98). The forging can be carried out in air after the blank has 

been heated in conventional furnaces having a neutral or slightly 

reducing atmosphere. 

Based on the long-time creep properties of Jackobeit (References 

3.96 and 3.97), a design allowable curve for Mo-TZM has been constructed 

as a function of temperature (Figure 3.26). Again, as in previous cases, 

the design allowable stress has been assumed to be 67% of the stress 

to cause rupture in 360 Ms (100,000 hr). A Larson-Miller parametric 

extrapolation wus used to obtain values at temperatures and times 

where data did not exist. Also included in Figure 3.26 are the con

ventional nickel- and cobalt-based superalloys. The higher density 

of Mo-TZM results in proportionately higher centrifugal stresses, so the 

stress allowable for Mo~-TZM has been reduced to allow direct comparison 

of the alloys high-temperature strength. 

With a 12SSoK (1800°F) turbine temperature, only Mo-TZM has 

the required stress allowable for first-row blading. The reduced 

stress on the vane, however, permits an advanced superalloy, su~h as 

TRW-NASA VIA with marginal cooling, to be considered, or uncooled 

Mo-TZM. On passi~g through the compressor drive turbine, the helium 

cools, reaching a temperature of I066°K (1460°F) at the transition from 

the compressor drive to the power turbine. At this temperature the 

Mo-TZM no longer has a significant strength advantage over superalloys, 

so near-conventional materials can be used in the last stage of the 

power turbine. In the power turbine, the stresses are reduced by a 

factor of 3 because slower rational speed obviates the need for Mo-TZM, 

and lower strength Buperalloys can be used. 
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Fig. 3.26 -Design allowable stress for closed-cycle helium gas turbine materials 
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For the turbine inlet temperatures of 1089 and 922°K (1500 and 

l200°F) nickel- and cobalt-based superalloys have sufficient strength 

to design the entire turbine from these materials. It has been 

assumed (in the absence of sufficient data) that the temperature will 

be sufficiently low that the kinetics of the internal oxidation will be 

slow,enough to present no problem. Since these systems are free of 

Ho-TZM, it will be possible, in addition, partially to control the 

internal oxidation by doping with oxygen raising the oxidizing 

potential. 

Table 3.30 contains a summary of the material recommendations 

for the helium closed-cycle gas turbine. 
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Table 3. 30 - Haterials Selection for Closed-Cycle 
Helium Gas Turbine 

First-Row Last-Row First-Row 
Blade Blade Blade 

Compressor Compressor Power 
Turbine Turbine Turbine 

Inconel X-750 Incooel X-750 Inconel X-750 
(A) (A) (A) 

Har }1200 (B) Incooe! X-7S0 Inconel X-750 
TR1,-NASA VIA Udimet 520 (A) 

(B) (A) 

!far 11200 (B) 
Ho-TZH (B) TR1,-NASA VIA Udimet 520 (A) 

(B) 

" 
'" 

;,.,. 

",,",~..A.....-.' "..!..-~~-'~.-.~.~.\.-
.,.",.-

" 

Last-Row First-Row 
Blade Vane 
Power Compressor 

Turbine Turbine 

Incone1 X-750 X-45 (A) 
(A) 

Im~onel X-750 !far M509 (A) 
(A) X-45 (A) 

'lo-TZH (B) 
Ioconel X-750 TRW-NASA VIA (B) 

(A) 
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3.7 Materials for Potassium and Cesium Vapor Rankine Cycle Components 

The metal vapor Rankine topping cycle system, described in 

Section 8, proposes to employ potassium or cesiun:. as the working fluid. 

These alkali liquid metals possess compatibility and chemistry problems 

totally unlike those experienced with steam systems and, thus, require 

special consideration with respect to subsystem materials selections and 

l.nteractions. In rev5.ew, the proposed system will include a coal gas 

fired boiler (either a pressurized, fluidized bed, or a pressurized 

furnace) to create potassium or cesium vapor; a metal vapor turbine; 

a liquid metal loop to pump condensate back to the ~oiler; a metal 

vapor condenser-steam generator; an inert cover gas system to prevent 

alkali-metal reactions with air or moisture and to protect possible 

refractory metal turbine components; special shaft seal and bearing 

systems that operate in alkali-metal or dry inert gas environments, 

at low or elevated temperatures; and a special instrument system with 

monitoring devices pertinent to alkali-metal and inert cover gas 

operations. 

Base ~ reference materials must be compatible with the 

following temperatures and pressures: 

(Aj Potassium boiler 1033°K (1400°F), potassium side 1.38 to 2.07 MPa 

(200 to 300 psi), fire-side pressure 103.4 kPa (15 psia). 

(B) Potassium turbine 1033°K (1400°F), inlet 866°K (llOO°F), outlet 

20.68 kPa (3 psia). 

(c) Potassium loop 866°K (llOOOF) (condenser to 1033°K (1400°F) 

(boiler), small pressure head, flowrate within Liquid Metal 

Fast Breeder Reactor technology limits. 

(D) Condenser-Steam Generator 866°K (llOO°F), 20.68 kPa (3 psia), 

8ll o K (lOOO°F) steam 24.13 mPa (3500 psia) steam. 

Variations from these base case conditions are described in Section 8, 

and will also be treated in this "~ction. 
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The materials required to fabricate the subsystems described 

must be selected with respect to temperature of operation, stress, 

pressures, material compatibility (alkali metal, oxygen, moisture, 

nitrogen, etc.) fabricability, joining, material strength (particularly 

creep strength), and potential system operating practices. Materials 

selections for the subsystem components were evaluated on the basis that 

the materials in relation to the specific application were established, 

near tetrn, developmental, or speculative, in accordance with the rating 

criteria described in Subsection 3.1, and materials described here are 

followed by the appropriate rating letter in parentheses. 

Alkali-metal practice, material compatibility, and operational 

experience have been established;and several considerations are worth 

noting prior to analyzing subsystems. Potassium and cesium are 

reactive with air or moisture,and sealed hermetic systems, with dry, 

inert cover gas environments are necessary to the maintenance of clean 

liquid metal systems. Oxygen in the high ppm range is detrimental to 

alkali liquid metal loop operation in that the oxygen enhances corrosion 

and mass transport. Such loops will generally employ cold traps 

(precipitation process) or hot traps (reactive gettering) to control 

oxygen levels to acceptable levels (1 to 2 ppm). Also, bimetallic loop 

systems incur corrosion effects due to dissimilar metal coupling. Two 

problems unusual to historical practice in forced loop systems result 

because the proposed potassium (cesium) loop will operate with two phases. 

First, the pure distillate which condenses in the turbine and condenser

steam generator will have a high solubility for containment materials, 

and will subject these areas to a high corrosion potential. Oppositely, 

the saturated fluid (i.e., having a sOlubility level of dissolved 

solutes) evaporating in the boiler will leave a residue of nonvaporized 

solute materials. Both of these problems may be alleviated by by

passing some saturated boiler fluids to the conrlenseT. 

Alkali liquid metals are now handled in large quantities, at 

elevated temperatures, in a routine fashion with proper control, 

monitoring, and safety equipment. 
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3.7.1 Liquid-Metal Boiler 

The potassium (cesium) boiler design is described in Section 8. 

Two heat sources are described: (1) A pressurized, fluidized bed using 

Illinois NO. 6 bituminous, Montana subbituminous, and North Dakota 

lignite fuels; (2) a pressurized furnace using clean gas. Potassium 

exit temperatures from the boiler will be 1033°K (base case) 1089, and 

ll44°K (1400, 1500, and 1600°];'). Fire-side pressures will be '1. 37 to 

·2.09 MPa (200 to 300 psi), while potassium pressures will be 0.lD3 to 

0.344 (15 to 50 pSia'). For the base case conditions, most of the 

potassium system may be subatmospheric in pressure. The pressurized. 

fluidized bed (PFB) will present ser~ous fire-side corrosion problems 

due to the presence of coal impurities such as vanadium. chlorine. 

fluoride, sodium, and potassium salts, and so on, which lead to 

rapid corrosion and oxide scaling. The pressurized furnace (PF) will 

operate with a clean gas as fuel and is not expected to present a 

serious fire-side problem to materials selection and corrosion. 

The potassium PFB boiler can present serious problems. The 

most corrosion resistant materials for the fire-side of the boiler 

tubes will be high nickel-chromium content alloys (see Subsec.tion 

3.2). These materials, however, are not compatible with potassium. 

Solutions to this problem of dual-side incompatibility may require 

resolution through: 

(1) A duplex tube: A gas/fire resistant alloy fabri

cated over a potassium-compatible alloy 

(2) One-alloy tube: A single-metal tube whose alloy 

may be compatible both with coal gas fuels and 

potassium (possibly HA-1BB(C) or Inco1oy 800 (C). 

(3) Coatings: A high nickel-chromium alloy or MCrA1Y 

coating may be deposited on the outside of a 

potassium-compatible substrate tube, or a potassium

compatible material such as molybdenum may be 

deposited on the inner diameter of fire-side com

patible materials. 
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Resolutions (1) and (3) may require complex fabrication and joining 

schemes. They may also result in the formation of brittle inter

metallics (interdiffusion) and/or coating spallation. The primary 

cause of failure of previous clean gas-fired potassium boilers has 

been thermal fatigue (References 3.99 and 3.100). 

Excellent potassium corrosion resistance has been reported 

for a ~ gas-fired 316 58 boiler with a fire-side temperature of 

1155°K (lb20°F) after 43.2 Ms (12,000 hr) of operation (Reference 3.99). 

Studies of boiling potassium contained in nickel, iron, and cobalt 

alloy vessels have been made at liquid-vapor temperatures ranging up 

to 1144°K (1600°F) (Reference 3.101). Tests for 5.4 to 10.8 Ms 

(1500 to 3000 hr) in boiling potassium show that type 316 SS and Haynes 

25 (L-605) are equally resistant to attack. In contrast to all-liquid 

potassium tests (single phase), corroded areas in boiling loops are 

less likely to be preferentially leached of any metallic constituent 

(Reference 3.101. These and similar results in other studies (Reference 

3.102) indicate that single~phase loop data cannot be extrapolated to 

boiling and condensing loop situations. 

Indications are that 316 SS and ~aynes 25 (L-605) will be 

compatible with clean, boiling, and conc:ensing potassium to 1144DK 

(1600°F) (Reference 3.102). Similar tests with Inconel (78Ni-15Cr-7Fe) 

and Haste110y X(45Ni-24Fe-22Cr-9Mo) showed intergranular cracking[O.51 

rom (0.02 in)] deep and decarburization and grain growth in the first 

case, and severe mass transfer problems in the second case. Thus, 

nickel-based alloys should be avoided in these systems. The average 

measured corrosion rates of 316 S8 and Haynes 25 were <80 pmfs (,1 mill 

yea~) in the condenser zones, and wall surface roughening (i.e., 

deposits) in the boiler zones (Reference 3.102). Cracks appearing in 

both systems were attributed to thermal fatigue due to unstable 

boiling. I t has been reported that loops without boiling ins tabili ties, 

and with Nb-l Zr or zirconium chip getter inserts, did not develop 

fatigue cracks (Reference 3.102). 
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Niobium and tantalum alloys are considerably more resistant 
than conventional alloys to attack by potassium above l172°K (1650°F). 
The corrosion resistance of Nb-l Zr has been evaluated in refluxing 
capsules containing potassium at 1172 to l477°K (1650 to 2200°,F) for 
periods up to lB M. (5000 hr) (References 3.101 and 3.102). Capsules 
and tab inserts have generally been negligibly corroded. Niobium and 
its alloys are getters which tend to combine with both nitrogen and 
carhon from austenitic stainless steels or cobalt-based alloys, lowering 
their ductility, whereas TZM tabs in Haynes 25 loops remove only 
carbon in the presence of zirconium tabs (Reference 3.101). 

For potassium-side compatibility of the PF boiler (i.e., clean 
gas fuel), the material selectic.ns giVE'Cl in Table 3 .. 31 are recommended 
{with the order of preference noted}. 

Table 3.31 -- Materials Recommended for Pressurized 
Potassium Boilers 

Temperature Material 

to l4000 F 1. 316 ss (A) 

2. Incolny BOO (C) 
to l500°F 1. 316 5S (A) 

2. Incoloy BOO (C) 
to 1600 0 F 1. Incoloy BOO (e) 

2. Haynes 25 (B) 
3. HA-IBB (C) 

Fire-side material protection would not be conside:·:-l;:.(~ nf'?cessary as 
estimated by previous experience with clean-fired pota,,'ium boiler 
materials such as 316 55 (R~ference 3.99). Secondary selections 
(Incoloy BOO, HA-IBB) were made on the basis of supplying some fire
side protection. 
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For potassium compatibility of the PFB boiler (i.e., coal 

gas with vanadium, sulfur, sodium, chlorine, etc.), the material 

candidates shown in Table 3.32 are recommended (with the order of 

prefere~ce noted). 

Table 3.32 -- Candidate Materials for PFB Potassium Boilers 

Temperature 

to l400°F 

to lSOOoF 

to 1600"F 

Material 

1. Incoloy 800 (C) 

2. Inco Clad 671 od on Incoloy 800 
id (C) 

1. Incoloy 800 (C) 

2. Ineo Clad od on Incoloy 800 
id (C) 

3. HA-188 (C) 

1. HA-188 (C) 

2. Inco Clad 671 od on Incoloy 800 

id (C) 

3. lnco Clad 671 od on HA-188 id 
(D) 

4. Nb-IZr potassium side with 
fire-side cladding (D) 

Fire-side material selections will dictate the dual-side approaches 

discussed earlier. Although Haynes 25 may be subject to thermal 

embrittlement, HA-188 bas supposedly eliminated this problem. The 

Nb-lZr ~ require an extra cladding on the fire side and is a 

speculative consideration. Newer materials such as HA-188, which must 

still be evaluated with potassium, may playa more prominent role, 

depending on their fire-side corrosion resistance and as yet unconfirmed 

compatibility with potassium. Finally, FeCrAIY and CoCrAIY-type coatings 

may be employed (C ,D; for iron- :: -, -l cobalt-based alloys which have 

compatibility problems on the fire side, but would orly provide short

term protection. 
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Although coatings for fire-side protection are mentioned here, 

a detailed analysis of their application and requirements is presented 

in Subsection 3.2. It should be noted that 316 SS and Haynes 25 have 

been shown to possess excellent potassium-side compatibility. Although 

HA-188 has not been tested for potassium compatibility (the alloy is 

similar to Haynes 25 but has increased nickel and lanthanum additions), 

it is reasonable to expect the lanchanum to act as a getter (i.e., as 

zLrccmium to Nb-1Zr; as hafnium to T-lll) and thus to improve the 

compatibility (corrosion resistance) with potassium over that of 

Haynes 25. 

Compatibility work for cesium has not been as extensive as 

that for potassium. Indications are that 304 55 and 316 5S would be 

relatively immune to cesium attack up to 1144°K (1600°F), although a 

slight reduction in strength and small amounts of carbon transfer 

would occur (Reference 3.102). Generally, cesium will be more 

compatible with structural materials than potaesium or sodium. Some 

'.lickel alloys may also be more acceptable in a cesium environment than 

in a potassium environment (i.e., Rene' 41, Inconel X) (Reference 3.102). 

Refractory metals show excellent compatibility with cesium 

liquid and vapor (when the oxygen content is low), particularly gettered 

alloys such as Nb-l Zr, D-43, B-66, Mo, TZM, Mo-50 Re, T-Hl, etc. 

·Compatibilities are excellent to 1644°K (2500'F) and above (Reference 

3.102). Thus, more material freedom would exist in selecting com

ponents for a cesium vapor Rankine topping cycle than in those for 

potassium. Table 3.33 lists possible materials selections for a 
pressurized furnace (PF) cesium boiler system (cesium-side materials) 

(selection preference noted). Table 3.34 lists materials candidates 

for pressurized fluidized bed (PFB) cesium boiler systems. The 

cesium-side compatible materials could require a gas fire-side com

patibility coating. 

3-129 

',,:,, ,',-.', "'" ,",' , '0';, 

,. .. 
1 

1 
~! 

.• ~ 

j 

J 
. ! 

' . :.(.' .... ' 1'. : ':: ... :', 
. c'_" 

.I ,l 
1 

.',1 1 

1 
I 
~ 
i 
J 



.. 

~ 

l 
i 

Table 3.33 -- Candidate Materials for PF Cesium Boilers 

Temperature Material 

to l400°F 1. 316 55 (A) 

2. Incone1 (C) 

to l500°F 1. 316 55 (A) 

2. Incoloy 800 (C) 

to l600°F 1. Incoloy 800 (C) 

2. Haynes 25 (C) 

3. HA-188 (C) 

Table 3.34 - Ca"didate Materials for PFB cesium 
Boilers 

Temperature 

to l400°F 

to l500°F 

to l600°F 

Material 

1. Inconel (C) 

2. Incoloy 800 (C) 

3. Inco Clad 671 od on Incoloy 
800 id (C) 

1. Incoloy 800 (C) 

2. Inco Clad 671 od on Incoloy 
800 id (0) 

3. HA-188 (C) 

1. HA-188 (C) 

2 • Inco Clad 671 od On 
Incoloy 800 id (C) 

3. Inco Clad 671 od on HA-188 
id (C) 

The increased compatibility of cesium with high nickel-content alloys 

could pennit more flexibility in handling fire-side problems. For 

instance, Incoloy 800 is also recommended as a fire-side material for 

the alkali-metal boiler. Cesium, with its higher mass and resulting 

smaller turbine requirements, and probably better (than potassium) 
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material compatibility with structural components, is an attractive 

working fluid. 

For both potassium and cesium 5~stems with the prime selection 

alkali-metal side materials described, general corrosion rates of (1 

to 2 mils/year) can be expected if oxygen levals are kept below 1 to 

2 ppm. The.se are typical corrosion rates for these conditions and 

can be projected as wastage factors when long life strength and 

integrity are forecast. 

3.7.2 Metal Vapor Turbine 

The potassium metal vapor turbine, for the base case condition, 

will operate with an inlet temperature of l033°K (140QoF) and pressure 

of 103.4 kPa (~l5 psi) abs. Condensate remova~ may be provided. 

Turbine condensate exit temperature will be 866°K (1100°F). Potassium 

inlet ducts will be about 1.22 m (48 in) in diameter (4 ducts), and 

exit duct work will be larger. Tip diameters could extend to 4.57 m 

(15 ft) in the last stage if a low velocity of about (900 rpm) is 

selected to minimize stress and creep requirements. For material 

fabrication constraints (discussed later in this section), a turbine 

disk of 1.83 (6 ft) diameter was selected as a maximum permissible 

dimension for this study. Inlet stages will operate at 1033°K (1400°F) 

(base case) while exit (last) stages should operate at about 866°K 

(llOO°F). Thus, materials selections may vary from stage to stage as 

a function of temperature and stress. 

The potassium boiling and condenSing tests discussed in the 

previous section demonstrate that for 922 to 1144°K (1200 to 1600°F) 

temperatures with high purity potaSSium, cobalt- and iron-based 

alloys are more compatible than are nickel-based alloys. Typical low

pressure turbine materials such as Astroloy, A-286, U-700, and so on, 

have not been extensively tested in potassium. Consideration of alloy 

compOSition, however, and comparative performance or similar alloys 

indicates that the materials listed in Table 3.35 may be acceptable 
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turbine components for low-pressure turbine application (uncooled 

blades). Selections were made with the assumption that the shaft, 

disk, and blades would not be cooled. 

Table 3.35 -- Low-Pressure Turbine Components 

Component Use to 1400°F Inlet T 

Inlet Casing 304 SS (B) 

Disk (uncooled) Incoloy 901 (C), Refractaloy 26 (D) 

Blades U1700 (C) 

Turbine Casing 304 SS (B) 

Shaft Incoloy 901 (C), Incoloy 717 (D) 
Waspalloy 

Tie Bolts U-700 (C) 

Exhaust Scroll 304 SS (B) 

(Potassium system at 1 to 2 ppm oxygen contamination level) 

Materials selections for rotating components were based primarily on 

360 Ms (100,000 hr) rupture life strength from Larsen-Miller plots. 

For instance, A286, a typical shaft material, has a 360 Ms (100,000 hr) 

rupture life stress of less than 68.95 MPa (10 ksi) at :033°K (1400°F), 

whereas the equivalent conditions for Incoloy 901, Refractaloy 26, and 

Waspalloy a",68.95, 103.42, and 137.90 MPa (10, 15, and 20 ksi) 

respectively. These properties are presented in Subsection 3.12. 

High-temperature, high-strength turbine materials have been 

extensively tested in boiling and refluxing potassium. These are 

primarily refractory metal alloys. Capsule tests investigating the 

compatibility of turbine materials with potassium have been performed. 

Hoffman (Reference 3.103) reports the testing of TZM inserts in two 

Nb-l Zr refluxing capsules in potassium at 866°K (llOO°F) for 9 and 

18 Ms (2500 and 5000 hr). Although the TZM was slightly decarburized, 

there was no evidence of corrosion or activity gradient mass transfer 

between the Nb-l Zr and the TZM. Simons and Lagedrost (Reference 3.104) 

refluxed boiling potassium in TZM capsules from 708 to 955°K 
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(1499 to 2300DF) for 18 Ms (5000 hr). The oxygen content of the 

potassium varied from 20 to 500 ppm. There was no attack of the 

TZM with low-oxygen potassium. Mass transfer of molybdenum and 

titanium occurred at the liquid-vapor interface as the oxygen content 

of the potassium was increased. 

Scheuerman and Barrett (Reference 3.105) investigated the com

patibility of Nb-1 Zr, T-111, and T-222 capsules from 1173 to 1573 DK 

(1652 to 2312DF) for 14.4 to 36 Ma (4000 to 10,000 hr) with ref1uxing 

potassium. No corrosive attack was noted in any of the refractory 

alloys investigated. Ta~lOW capsules tested from 1253 to 1473DK (1796 

to 2192DF) (with the same 20 ppm or less oxygen liquid potassium) 

showed intergranu1ar attack to 0.406 mm (16 mils). Alloys with oxygen 

getters (titanium, zirconium, hafnium) were concluded to be more 

resistant to attack by potassium because of their ability to tie up 

the oxygen and prevent it from entering the corrosion reactions. 

Cuncurrence with these observations has also been expressed by other 

investigators (References 3.106 to 3.108). 

Chandler (Reference 3.109) has shown pure niobium to be extremely 

compatible with boiling potassium to 1589 DK (2400DF). Pure tantalum, 

however, was found to lose weight in liquid potassium in direct 

proportion to the amount of oxygen present in the potassium (56 to 

3000 ppm) (Reference 3.110). At temperatures above 873DK (1112DF) and 

with oxygen levels gre&ter than 20 ppm, tantalum was found to suffer 

intergranular attack. 

In general, capsule tests shoy that TZM, Nb-I Zr, and T-III are 

acceptably compatible with refluxing and boiling potassium for the 

temperature conditions that will be present in the turbine. Again, 

this is with the reservation that the oxygen contamination of the 

potassium be confined to amounts of 1 to 2 ppm. Ungettered refractory 

metals and alloys (such as pure tantalum, or Ta-lOW) should be 

avoided. 
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Natural convection and pumped two-phase loops simulate actual 

applications for refractory metal-alkali liquid metal systems to a greater 

extent than do capsule tests. Materials that exhibit good liquid-metal 

compatibility in the capsule tests are used for loop studie£. 

A Nb-l Zr loop with Nb-l Zr simulated turbine blades was 

operated at ORNL (Reference 3.111) for 10.8 Ms (3000 hr). The potassium 

vapor varied from 83 to 96% quality and flowed at 4.16 gls (33 Ib/hr), 

producirg a velocity of 944 to 396 mls (3100 to 1300 ft/s) in the loop. The 

liquid temperature varied from 1348 to 628°K (1966 to 671°F) at:d vapor 

temperature from 1373 to 963°K (2012 to 1274°F). No corrosion or 

erosion was detected in the system,except for a 25.4 pm (1 mil) deep 

roughening found in a second-stage blade specimen. This erosion was 

believed to be the result of low-quality potassium vapor impinging on 

the blade leading edge. 

A Nb-l Zr two-phase forced circulation loop with TZM si",ulated 

turbine blades was operated for 18 Ms (5000 hr) at a flow rate of 2.52 to 

5.04 gls (20 to 40 Ib/hr),producing local velocities of 253 to 411 mls (830 to 

1350 ft/s). This 1373°K (2012°F) potassium flow through a TZM nozzle 

and Dl.de,'; had a quality of 88%. 

The effect of high-velocity flow rates on TZM simulated turbine 

blades was studied in potassium vapor at 1025°K (l385°F) at 163 mls 

035 ft/s) in a 10.8 Ms (3000 hr) test (Reference 3.112). The maximum 

i,.'1)r:rosion/erosion found was less than 25.4 llm (1 mil). It is assumed 

that corrosion by potassium vapor would be negligible in such systems 

if the vapor quality could be kept higher than 90%. This finding, together 

..... ith Jansen and DeVan's (Reference 3.111) observations for low-quality 

potassium vapor in the Nb-1 Zr turbine simulator, recommends interspool 

moistcre removal and/or an interspool reheating to prevent turbine blade 

erosion due to low-quality vapor. 

These studies plus others (RefereL1ce 3.1D) i'1dicate that TZM, 

Nb-l Zr, and T-lll (Reference 3.114) will exhibit no serious incompati

bility with potassium liquid or vapor under the operating conditions 
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proposed for the potassium turbine. Serious dissolution corrosion or 

dissimilar metal coupling should not be expected if oxygen levels in the 

system are kept low (less than 1 to 2 ppm) in the potassium. 'rhe only 

notable metal removal found in potassium vapor turbine simulation 

studies has been when low-quality vapor was used. Although TZM-316 SS 

systems have exhibited mass transport of zirconium, nitrogen, oxygen, 

and carbon (Reference 3.110) above 1478°K (2200°F), no such effects 

have been noted for TZM in an all refractory metal system. 

Extensive mechanical property analyses of stainless steels in 

liquid sodium have been performed (Reference 3.115). Unfortunately, 

little information is available on the mechanical properties of 

refractory metal alloys in liquid potassium. The yield strengths of 

TZM test pieces after 10.8 Ms (3000 hr) exposure in 1003 to 1343°K 

(1346 to 1957°F) boiling potassium were not much different from those 

of TZM pieces exyosed to the same temperature in argon (Reference 3.116). 

Creep rupture tests of TZM in saturated potassium vapor for periods to 

5.54 Ms (1539 hr) at 1373°K (2012°F) reveal no significant effects by 

the potassium vapor over nonpotassium conditions (Reference 3.117). 

Other investigators report the same findings (Reference 3.119). The 

fatigue properties of TZM have also been reported as being unaffected 

by potassium (Reference 3.119). 

As a result of these findings, the material TZM is a prime 

selection for the high-pressure turbine disk, blades, disk tie bolts, 

center torque tube, and so forth. These and other materials are 

indicated ia Table 3.36. 

Since several refractory metals were specified for high

pressure (temperature) turbine application, further comment is required. 

TZM is an ideal material for the high-temperature rotating components of 

the turbine and has been employed in similar structures in aerospace 

programs. These turbines, however, were of smaller diameter. considerably 
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Table 3.36 - High-Pressure Turbine Componet)ts 

Component 

Inlet Casing 

Disk* 

Blades 

Turbine Casing 

Shaft 

Exhaust Scroll 

Use to l500 0 F Inlet T 

Incoloy 801 (C) 

TZM (B). Wsspalloy (D) 

Refractaloy 26 (D) 

TZM (B) 

HA-188 (C) 

Waspalloy (C) 

HA-188 (e) 

(Potassium system at 1-2 ppm oxygen levels.) 

* Cooling required for superalloy selections. 

Use to 1600°F Inlet T 

HA-188 (C) 

TZM (B). Waspalloy (D). 

Refractaloy 26 (D) 

TZM (B) 

HA-188 (C) 

Waspalloy (C) 

HA-la8 (C) 

easing fabrication problems. Large components of the dimensions 

required here present particular difficulty. The largest TZM ingots 

available today are 0.381 to 0.457 (15 to 18 in) in diameter and 1.524 

to 1.829 m (5 to 6 ft) long. For instance. to prepare a TZM stub shaft 

or disk, the following might be necessary: 

• Extrude ingot at 1505°K (2250 0 F) 
• Recrystallize at l8llo K (2800°F) 

• Forge at 2144°K (3400°F). finish at 181loK (2800°F) 

• Recrystallize at 1894°K (2950°F) 
• Forge at 18110 K (2800°F); stress relieve at 1533°K (2300°F) 

All operations must be performed with a protective cover. Considerable 

energy is required to forge TZM at these temperatures, even with small 

billets. A review of TZM suppliers and fabricators around the country 

has shown that: (1) Ingots of 0.61 m (2 ft) diameter by 1.524 to 

1.829 m (5 to 6 ft) long would be very difficult to form; (2) forgings 

of cast TZM to disks 0.914 to 1.219 m (3 to 4 ft) in diameter and 0.152 

to 0.305 m (1/2 to 1 ft) thick are not considered possible; (3) cast TZM 

disks would not have the strength; (4) powder metallurgical TZM would not 

have the strength, even if presses of sufficient size could be found to 

form them. The consensus appears to be that forged TZM components over 

0.61 to 0.914 m (2 to 3 ft) in diameter would 
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exceed the present manufacturing capability in this country. The invest

ment of considerable time a~J money might rasult in greater capability. 

Since TZM cannot be welded, a piece-assembled disk cannot be considered. 

An interlocked TZM mosaic structure would be possible, but not desirable. 

The forging of TZM turbine blades was not viewed as a problem. 

Alternatively, high-strength, gettered niobium- or tantalum

based alloys such as D-43, FS-85, or T-lll could be considered for this 

application. Even with this substitution, a considerable developmental 

effort would still be required to arrive at a solution for fabricating 

large components. 

One alternative would be to cool the disk and shaft. Then 

superalloys such as Incoloy 901 or Refractaloy 26 could be employed for 

the di~k. The largest disk made for gas turbine application is a 

2.08 m (82 in) diameter lncoloy 901 unit. Cooling such a unit would 

permit the employment of superal10ys and would also reduce their 

(potential) compatibility problem (nickel-based) with potassium. 

3.7.3 Liquid-Metal Loop 

A pumped potassium loop will be required in the base case, to 

transport potassium condensate from the condenser/steam generator to the 

boiler. The pumpi~g head will be 1034 kPa (15 psi) abs (boiler) minus 

6.9 to 13.8 kPa (1 to 2 psi) abs (condenser) plus gravity and fluid-flow 

losses. A zirconium chip hot trap shmuld be provided for oxygen main

tenance, and the necessary instrumentation to monitor loop conditions 

should t~ present (see Section 3.7.7). The loop should be of all welded 

construction, with properly isolated valve stems, and so on. The 

electromagnetic (EM) pump would be desirable to avoid mater~al (cavitation) 

and seal (leakage) problems. 

Considerable loop experience with sodium exists; and instru

mentation, control, nabrication, and operational devices have been 

developed and improved. Most of the components and concepts can be 

extrapolated to potassium application. For these temperature ranges and 
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pressures the loop portion of the potassium cycle should not present 

problems in materials selection or performance. Again, nickel alloys 

should be avoided. A 316 and 304 SS loop structure shou-ld be more than 

adequate in performance and capability_ Note that since the condensate 

entering the loop will be a pure distillate, a means of reducing 

dissolutive corrosion by introducing some saturated (solute) potassium 

from the boiler region into the condenser should be provided. A small 

amount of solute-saturated potassium, experiencing a logarithmic drop 

in solute solubility with temperature reduction, should supply adequate 

solute to saturate the condensate. For instance, at a temperature of 

1033°K (1400°F) some of the potassium flow leaves as 

some leaves to be recycled to the condenser (FRC). 

The amount that is recycled must be saturated, with 

vapor (FV) and 

The net flow is FN. 

its solubility limit 

of solutes at 1033°K (1400°F) (51400) such that upon entering the con

denser, the solute carry-over will saturate the condensate from the 

turbine at 866°K (nOO°F) (5noo)' The relatioa to be satisfied is. 

(51400) FRC = (Sl)OO)FN (3.11) 

where 

FN = FRC + FV 

Using Equation 3.4 

(3.12) 

(3.13) 

and Equation 3.13 projects the amount of boiler fluid that must be 

recirculated to saturate the turbine condensate to minimize condenser 

and loop corrosion. Solubilities of some materials in potassium have 

been developed (Reference 3.102). 

Material TemEerature 

~Fe 1400°F 

nOO"F 

Ni 1400 0 F 

1l00oF 

Solubilit~ in Potassium 
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Equation 3.13 projects that 8 to 20% of the boiler fluid should be 
recycled to the condenser to minimize dissolutive corrosion in the 
condenser and surface build-up in the potassium boiler. The recycle 
flowrate and the projected loop flowrates are low enough that hign
velocity corrosion correlations can be ignored. The solute recirculation 
system will also provide a by-pass for the turbine. Thus, if a turbine 
is lost or down, the by-pass could be employed to provide heat energy 
for the steam generator, permitting the plant to continue operating at a 
reduced power level. 

Selected materials for the potassium condenser to boiler loop 
base case 866°K (llOQoF) and alternative cases are given below: 

Loop Temperature 

to 1l00oF 

l200°F 

1300 0 F 

Material Selected 

2 1/4 Cr-l Mo (B) 3166 SS (A) 
316 SS (A) 

316 SS (A) 

Materials for cesium fluid in the loop shoulrl be much the same. 

3.7.4 Metal Vapor Condenser/Steam Generator 

Potassium condensate will enter the condenser/steam generator 
at 866°K and 6.89 to 13.80 kPa (llOO°F and 1 to 2 psi) abs in the base 
case. Steam will leave the unit at 8lloK and 24.13 MFa (lOOO°F and 
3500 psia). Low-tp~peratu~e potassium-compatible materials such as 
2-1/4 Cr-l Mo (Croloy) and 316 SS would be prime candidates for this 
system. For a condenser/steam generator tube size of 25.4 mm (1 in) od 
(with steam on the id), the minimum wall thickness as derived from 
material strength and boiler tube specifications is given in Table 3.37. 
Thus, at 866°K (llOOOF), 2-1/2 Cr-l Mo could be employed in the steam 
generator. At 922 to 978°K (1200 and l300°F), 316 SS would be the 
selection. 
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Table 3.37 - Minimum Wall Thickness of Boiler Tube 

Material 

2 1/4 er-l Mo 

Temperature 
(OF) 

1100 

1200 

1300 

304/316 SS 1100 

1200 

1300 

(Data from Subsection 3 .12) 

Maximum Allowable 
Tube Stress (psi) 

4000 

2000 

8000 

6000 

4000 

Minimum Wall 
Thickness (in)_ 

"'0.35 

"'0.5 

'" .16 

'" .20 

'" .35 

If higher strength materials are required, Haynes 25 or HA-lSS 

could be employed. The selection of Incoloy 800 however, should remain 

as the prime altern,<ive to 316 SS. Incoloy 800 does not appear sus

ceptible to chloride stress corrosion cracking and for this reason, as 

well as for its higher strength, could be selected over 316 SS for the 

condenser/steam generator. Table 3.38 summarizes the material selected 

for the condenser/steam generator. 

Table 3.38 - S\.lIIIlIlary of Materials Selected for the 
Condenser/Steam Generator 

Temperature 

to 1l00°F 

to 1200°F 

to 1300°F 

3.7.5 Cover Gas System 

Material 

21/4 er-l Mo (B), (2) 316 ss (B) 

316 ss (B), Incoloy 800 (C) 

316 ss (B), Incoloy 800 (e) 

Alkali liqUid metals such as potassium and cesium are very 

reactive with oxygen and moisture. Oxides and hydrogen are evolved, and 

both can be detrimental to syst-em performance. Since the al~a.li metals 

will also continually clean protective oxides, and so on, from the system 

and turbine material surfaces, these surfaces also will be su:'jected to 

potential oxidation and dissolution problems. Refractory metals ~~~ 
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alloys, of course, should not be exposed at elevated temperatures to 

oxygen or to moist atmospheres. Note also that for the base case 

[lOO3'K (1400°F)], the entire Rankine system may be at subatmospheric 

conditions, ideal for in-l~akage of contaminants. For these reasons 

an inert, ary, prctective cover gas is required for system protection. 

Since high-temperature nitriding could occur with a nitrogen 

cover gas system, argon or heli~e is recommended. Argon is the first 

choice since it is heavier than air and will stay in pits or sunken 

closures which may be assembled around the system. Leakage of argon 

or helium into the turbine through shaft seals and cracks may dictate 

the choice Of helium (less mass and, therefore, 1e68 interference with 

turbine efficiency, performance, etc.). The cover gas should be 

recycled for purity maintenance (i.e., NaK bubbler, hot copper chips, 

molecular sieve, hot getters such as zirconium, titanium, etc.) to remove 

oxygen, wr.ter vapor, and nitl:ogen. Vapor traps should be provided at 

obvious gas interfaces with the potassium system to prevent potassium 

transfer into the gas purification system. 

The basic cover gas purification train and coulponents will 

operate at ambient temperatures and can be constructed of mild steel or 

316 S8 if necessary. A gas recirculation and purification system is 

better than stagnant pressure maintenance since system outgassing and 

contaminant in-leakage can be more readily handled. 

Additional gas system components will be necessary. Main sub

system additions will be separate gas pumps and controls for gas buffer 

shaft seals and provision to remove lubricants, and so forth from out

board bearings of the gas system (which is recirculated), Seal gss which 

enters the turbine will be pumped to the condenser/steam generator and 

must be removed from this chamber before building up a back pressure to 

counteract turbine performance. The solubility of helium or argon in 

alkali metals is not greater than a few ppm, and the influence of these 

dissolved cover gases on the boiler operation will be negligible. Some 

small solubility may be beneficial in the prevention of boiling instability 

and concurrent system shocks. 
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Rer . ."IlIIlended practice before starting operation of the system 

is a vacuum bake-out of all internal surfaces for the removal of adsorbed 

gases and moisture. Strip l,eaters should be provided for this purpose, 

as well 3S for temperature maintenance to liquify potassium at start-up. 

One or two hot dumps (to the sump tank) of the liquid potassium parts 

of the system will also aid in removing adsorbed contaminents, and so 

cn and transferring them to the sump (dump) tank. 

Since some of the potassium lead-l.n ducts, exit ducts, and so 

forth are large, material streng-th requirements may make a vacuum degas 

cycle unacceptable. A second option for system cleanup would require 

a purge of high-purity helium or argon through the heated system until 

the purge gas exit purity indicates a cleanup of all internal surfaces. 

Subsequent operation and hot dumps with potassium should clean the system. 

3.7.6 Shaft Seal and Bearings 

Several options exist with respect to shaft s.a1s and bearings. 

High-temperature potassium lubricated bearings may be employed inside 

the turbine working area, with outboard potassium and gas seals. The 

gas seal would be employed to prevent contaminants fram leaking into 

the potassi~-bearing and turbine-working area. A second option would 

place the gas seal inboard; then an oil seal; then an organic-lubricated 

bearing outboard Of the sYbtem where temperatures would be lower. The 

second arrangement would permit mechanical or maintenance activity on 

the bearing without complete machine strip-down and decontamination. 

Several programs have investigated the effects of alkali liquid 

metal environments on bearings and seals (References 3 .. 99, 3.120-

3.122). The most exhaustive is one (References 3.99 ana 3.124) in which 

the compatibility of several bearing materials with pot,lssium is con

side~ed. The materials were (1) nonrefractory metals and alloys; 

(2) refractory metals and alloys; (3) iron-nicke1-cobalt bonded carbides; 

(4) carbides; (5) oxides; (6) borides; and (7) refractory metal bonded 

carbides. Bearing materials may be expected to operate at temperatures 

up to Bll·K (lOOO·F). In the work reportee potassium compatibility test 
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temperatures to l144°K (160QoF) ,,,,ere evaluated in order to further 

state-of-the-art experience. 

f 

Nb-l Zr capsule potassium compatibility tests at 1144°K (1600°F) 

showed that the oxides (LucaIox, Zircoa 1027), the nonrefractory metals 

and alloys (Star J), and the iron-nickej-cobalt bonded carbides all 

incurred serious weight and dimensional ~hanges. Oxygen in the potassium 

varied from 11 to 32 ppm; TiC (niobium binder) appeared to possess 

stability in liquid potassium to 1144°K C.600°F); WC (Grade 7178) was 

suspected to corrode in potassium at 922°K (1200°F) [but did not corrode 

at 8llo K (lOOO°F) or less]; and a weight lvss through carbon migration 

was noted. 

Liquid potassium friction and wear tests were conducted 

(Reference 3.99) between the most promising high-temperature bearing 

material combinations at 478 and 700 0 K (400 and 800°F). The combinations 

were TZM-7l78, 7178-7178, and TiC (10% Nb)-TiC(lO% Nb). Results indicated 

that the TiC(lO% Nb)-TiC(lO% Nb) test incurred. the lowest weight loss 

and wear rate and displayed the lowest friction of the three combinations. 

Results indicated that the materials of the three tests mentioned 

above would serve well at a design-rated temperature of 81loK (lOOODF). 

Mechanical compression tests conducted in this program j,ndicated that 

the 7178 grade has a ductility advantage over the TiC (10% Nb) which 

is of considerable importance in designing the turbine bearings. 

Inboard, potassium-lubricated bearings would be difficult to 

monitor, maintain, and repair. Outboard, organic-lubricated bearings 

would require inboard seals. Tandem gas circumferential seals have been 

evaluated for performance in alkali liquid-metal environments and have 

been successful in maintaining machine internals at more than 1 ppm oxygen, 

moisture contamination, in other words, minimal backstreaming (Reference 

3.124). The seal materials were also required to operate in dry, inert 

atmospheres with minimal wear rates and net these requirements. In this 

situation, the gas seal would prevent contaminant (gaseous, organic) 1n

leakage,aa well as prevent potassium vapor out-leakage. The gas would 
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Table 3.39 - Summa-ry of Materials Selection for; Liquid-Hetnl Rankine System Cocponeots. 

Condition (1) 
Colun:n (1) (2) (3) (4) 

PFB PF PFB PPB 

Y.-Turb inlet T (DF) 1400 1400 1500 1500 
K-Condcnsate T eF) 1100 1100 UOO 1200 
Steam Turbine inlet T (OF) 1000 1000 1000 1100 

Base Case 

Cocpnnents 

Dol1er Ineoley 800 ee) 316 SS CA) 10coloy 800 (e) Incoloy 800 (el 

Turbine 
Inlet casing 304 S~ (D) 304 S5 CB) 10eoloy 801 (Cj Intoloy 601 (8 
Disk 1nco10y 901 (e) 10co10y 901 ee) waapalloy (D) ( ) Waspalloy (D) ) 
Blades (2) 

Stage 1 U-700 (e) U-700 eel TZH (8) TZH (B) 
w Stage 2 ij-700 (e) U-700 (e) TZM (8) TZM (8) , 
~ Stage 3 U-700 (e) U-700 (e) TZM (D) TZM (n) 
~ Stage 4 U-700 (e) U-700 (e) TZM (D) TZM (D) 

Turbine case 304 55 (n) 304 55 en) IIA-IBB ee) ItA-lBS (e) 
Shaft lncoloy 901 (e) lilcoloy 901 ee) Waapaloy (c) Waspaloy (Cl 
Tic bolts U-700 (e) U-7UO ee) 
Exhaust scroll 304 55 (B) 304 SS (!i) ilA-lBS (e) IlA-ISB ee) 

Loop 2-1/4 er-1 Mo (n) 2-1/4 er-l Ho (D) 316 SS (A) 316 55 (A) 

Condenser/Steam Generator 2-1/4 Cr-1 Mo (B) 2-1/4 Cr-I Ho (8) 316 55 (B) 316 55 CD) 

Cuae (4) 

FOb1aaium 1,2,3,7,8,11,13.15 , 4,5,6,9,10,12,14,16, 23 25,28.31,34 
17,19,20,21,22 18,43,44.45.46,47.4S 

Cesium 40,41,42 

(1) PF" Pressurized furnace, CLEAN gas fired. 
I'FB .. Pressurized fluidized bcd, boiler in coal fuel. 

(2) Variation of blade material vitb turbine stage to be evuluated in Phase 2 of this study. 
(3) Selection of Waspnlloy is for 6 foot diameter disks. For 2-3 feet in diameter or leaa, TZM CD) .... ould be selected. 
(4) Case nutthers frot! cycle lUtalysis, aee Section 8. 

(5; 
PFB 

1600 
1300 
1000 

IlA-1SS (e) 

ItA-ISS (e) (3) 
Wnapalloy (D) 

TZM (D) 
TZM (8) 
'I'ZH (D) 
TZH (B) 
!lA-ISS (e) 
Waspaloy (c) 

ilA-ISS (e) 

316 S5 (A) 

316 55 (n) 

24 

(0) 
PFB 

1600 
1300 
1200 

1tA-l8S (e) 

ItA-ISS (e) (3) 
Waapalloy (D) 

TZH (B) 
TZH CD) 
TZH (n) 
TZH CD} 
IlA-ISB ee) 
Waepaloy ee) 

ltA-lBS ee) 

316 55 (Al 

316 55 (a) 

26,27.29,30;32. 
33,35,36,37,38.39 

.-:r ... -.,~; .. ... ". ~ 
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have to be purified and organic contaminants (from adjacent outboard 

bearings) removed prior to its reinsertion into t:he seal. 

3.7.7 Instrument Subsystems 

Instrument subsystems necessary to guarantee material integrity 

and freedom from corrosion, strength loss, and so forth would include the 

following: (1) instruments for the alkali-metal loop I (2) instruments 

for the cover gas system; (3) instruments for the various interface 

situations. 

Oxygen, moisture, carbon, and hydrogen meters are commercially 

available and can be employed to monitor liquid-metal loop conditions. 

A rise in loop oxygen would indicate a seal 10s8, the onset of advanced 

corrosion processes, and possible emergency conditions leading to 

system shutdown. Detection of moisture in the potassium system (water 

vapor or hydrogen) would indicate a leak (rupture) onset condition in the 

condenser/steam generator. 

Cover gas impurities can be detected with a gas chromatograph 

(nitrogen, hydrogen, carbon monoxide, carbon dioxide, etc.), a solid 

electrolyte (oxygen), moisture monitors (water vapor), and so on, all 

with on-line read-out and alarm capability. 

Alkali-metal leaks (potassium) may be detected with new 

instruments such as the sodium ionization detector (SID) currently being 

developed by Westinghouse, which would require modification for potassium 

or cesium application. 

All these instruments are described in greater detail in Sub

section 3.8. Their employment in an alkali liquid-metal vapor Rankine 

topping cycle system would be considered essential to system operation 

and maintenance. 

3.7.8 Summary of Prime Materials Selected for LiquidCMeta1 
Rankine Cycle Components 

Table 3.39 represents the prime materials selection for the 

liquid metal vapor Rankine topping cycle system components, base case, 
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and parameter variation cases. Case description (reference) numbers 

relate to the case analyses and description in Section 8. The materials 

recommended are rated according to Subsection 3.1. 

3.8 Materials for Sodium and Lithium MHO System Components 

The evolution of laboratory size liquid.-metal MHD generators 

to those of utility plant scale will require the" optimum selection of 

construction materials and the utilization of advanced liquid-metal 

technology. At the present time a number of laboratories throughout 

the United States and Europe ha,"e intensive development programs 

designed to investigate the commercial feasibility of liquid-metal MHO 

generators (Reference 3.125). 

The proper selection of liquid-metal MHO plant construction 

materials will play an important role in the overall plant feasibility 

and efficiency. For this particular program and from liquid-metal 

considerations, three basic MHD plant configurations are being considered: 

(1) the base case binary plant operating at a power level of 1000 MWe 

employing liquid-metal MHO topping with sodium/argon at 922°K (1200°F) as 

the two-phase working fluid, (2) a plant similar to the base case with the 

temperature of the sodium/argon two-phase fluid at l089°K (1500°F), and 

(3) a plant, operating at a power level of 1000 MWe employing lithium/ 

helium, at a temperature of l089°K (lSOO°F), as the two-phase working 

fluid (Reference 3.126). For each of the cases identified, the materials 

study was carried out for all MHD plant components which may, of necessity, 

or potentially, through vapor transport contact the liquid/vapor alkali 

metal. These components, which comprise the total liquid-metal section 

of the MHD plant,may be briefly described as: (1) the heat source, 

(2) the MHD generator including mixer, duct, and nozzle, (3) the liqui~

metal loop including separator and diffuser or pumps,and (4) the cover 

and/or accelerating gas system which also includes the regenerator and 

heat rejection system. A section detailing the required instrument sub

systems necessary for liquid-metal leak detection, liquid-metal purity 
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monitoring and cover, and/or accelerating gas purity monitoring is 

presented. Finally, potential problem areas are discussed briefly. 

3.8.1 Heat Source - Alkali Metal/Accelerating Gas Combustion 
System Heat Exchanger 

The detailed design of the alkali-metal and accelerating gas 

heat exchanger is presented in Section IIi the combustion-side material 

requirements are discussed in Subsection 3.2. As detailed in the 

following discussion, the selection of materials for the sodium/argon 

base case 922'K (1200'F) may be based on current liquid-metal technology. 

Thus, austenitic stainless steels such as 304 and/or 316 may be 

employed. At higher sodium/argon temperatures 1089'K (1500'F) Haynes 

Alloy 188 or Haynes Alloy 25 may be a more suitable material, while the 

system employing lithium/helium as the two-phase working fluid may 

require refractory metal alloys. Such materials as B-88 (~28W-2Hf-

0.07C) or Nb-lZr should be given prime consideration. These refractory 

metal alloys must be protected from oxidizing atmospheres. The 

recommended construction materials for the alkali-metal side of the 

heat source are tabulated in Table 3.40. 

Table 3.40 --- Heat Source Alkali-Metal Side Materials 
Selection 

l200'F 
(base case) 

1500'F 

Sodium/Argon 

316 SS (A)* 
304 SS 

Haynes Alloy 188 (C)* 
Haynes Alloy 25 (B)* 

Lithium/Helium 

B-88 Nb-28W-2Hf-0.07C(C)* 
Nb-lZr (C) 

*Materials application rating per Subsection 3.1. 

If, because of final design considerations, a structural 

material must be selected which is primarily compatible with combustion 

products (high-nickel elloys), then two options may be considered: 

(1) employ a combustion-side compatible material and coat (internally) 

the alkali-metal side with a protective layer such as molybdenum,or 

(2) consider a duplex tube configuration whereby the sodium or lithium 

side employs alkali-metal compatible materials, and the combustion gas 

side employs combustion-product compatible materials. 
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3.8.1.1 Potential Problem Area 

From a design point of view, the use of single-wall heat 
exchanger tubes is preferred, and therefore structural materials must 
be compatible with both alkali metals and combustion gas products. For 
the base case design and for the case employing sodir.m/argon at l089°K 
(lSOQoP) , the selected sodium-side compatible materials may be employed. 
On the other hand, a refractory metal (molybdenum) coating may be 
necessa if combustion-product compatible materials are required. 
Problems associated with large-scale deposition techniques, such as 
chemical vapor depOSition (CVD), must be investigated and long-term 
integrity of the coating must be evaluatede Alternatively, large 
thermal losses may limit the use of a concentric duplex-tube configuration. 

3.8.2 MHD Generator Including Mixer, Duct, and Nozzle 

A description of the liquid-metal MHD generator is presented 
in Section 11. Basically, the MHD generator consists of: (1) a mixer 
designed to mix the accelerating gas with the alkali metal to form a 
two-phase system with a high void fraction, (2) the MHD generator duct 
consisting of the electrodes and insulators which are required to be 
compatible with the liqUid alkali-metal/accelerating gas two-phase 
system at an operating temperature between 922 and 1089°K (1200 and ISOQQF), 
and (3) the nozzle designed to feed the two-phase mixture into the 
liquid-metal/accelerating gas separator. 

3.8.2.1 Structural Materials 

As previously described, the base case MHD generator is 
designed to operate with a sodium/argon two-phase mixture at 927°K and 
8.27 MFa (1200"F and 1200 psia). For the base case design. based on 
current state-of-the-art LMFBR liquid-metal technology, the reference 
structural material would be 316 SS (Reference 3.127). 

Alkali-metal compatibility studies and experience gained from 
both laboratory-scale experiments and plant-size liquid-metal loops have 
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shown that common austenitic steels such as 304 and 316 can be utilized 
up to 81loK (IOOO°F) in flowing sodium systems with virtually unlimited 
life, provided the oxygen and carburizing potential of the fluid are 
maintained at low ppm levels (Reference 3.127). Specifically for type 
316 SS, a 108.6 Ms (30,000 hr) sodium exposure study at 866 and 922°K 
(1100 and l200°F) has shown that the material weight loss may be 
expressed by Equation 3.14. 

100R = VO.8840l.l56 exp (12.845 - 23,827: 0.00676 ~ + ~) 3.14 
T + 460 Di t + 1 

where R removal of hot-zone metal, mg/em 2 month = 

V = velocity, ftls 
0 = oxygen le,,·el, ppm 
T temperature, "F 

L Di = distance ratio downstream from hot leg 

t = exposure time, months. 

In addition, Type 316 58 was approximately neutral to carbon transfer 
in a monometallic system. It carburized to several mils, however, when 
combined with 2-1/4 Cr-l Mo or 5 Cr-l/2 Mo-l-l/2 Ti steels (Reference 
3.l2B). In general, for the 300 series stainless steel~, if the purity 
of the sodium is controlled to very high levels (1 to 2 ppm) and the 
system temperature remains below 97SoK (1300°F), the corrosion rates 
are less than O.B pm/s (1 mil/year) (References 3.129 and 3.130). 

For this specific application, heavy wall stainless steel will 
be required because of the high [B.27 MPa (1200 psia)] ambient pressures 
involved. Thus, the small material losses as a result of liquid-metal 
corrosion are not limiting. On the other hand, the sodium 
corrosion process for stainless steel is somewhat selective for specific 
alloying elements (nickel and chromium), and if the compositional 
gradients are sufficiently large, phase changes can occur at the con
tainment wall/sodium interface, thus chang'ing the physical properties and 
the mechanical strength. If system design requirements are established 

3-149 

. ~'-.-

t 
\ ". '~ 

.', 

t " ' 

" ."; 

~ t !'_'-

. I 

-~ ,: j 

~~,.j 



, 

(if' ' VI 
1 a. 
l 0 

0 
.,~- 0 

-VI 
VI 
(1) 
..... -(/) 

18 

16 

14 

12 

10 

8 

6 

4 

2 

o 

f'-~ ~1962 ASME Boiler and Pressure- I--

Vessel Code-Section VIII Stresses I--

~ , 
I\. 
I\) 

Y Developed deslon stresses 
'~ t- for a sodium environment --

I~ and a 30- year life 

~ \ ~ -

" ~\ , I 

I--- I --r , \ ~ 
\.\\. 

/, "~I~ 
// ~l'.. 

__ .-f-- /' ' I :. 
/'" I I "'I., '-I-- 70 "10 of 1962 ASME '~ 

~ ~ 1-_ Boiler and Pressure Vessel _ ~ 
~ Ia.... r" 

I- Code-Section VIII Stresses 

I I I I I I I I I 

800 900 1000 1100 1200 1300 1400 1500 

Temperature. F 

Figure 3.27 -- Developed design stresses for Type 316 SS in a 

sodium environment and a 3D-year life (Reference 3.127). 
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according to the developed design stresses for 316 SS as detailed in 

Figure 3.27, then 946 Ms (30 yr) plant lifetimes are fundamentally 

feasible, although other limiting parameters such as alkali-metal purity, 

the influence and interaction with other metallic and/or ceramic 

materials, and overall plant operation must be considered (Reference 3.127). 

At temperatures above 922·K (1200·F), nickel- and cobalt-

based alloys may be considered as structural materials for the sodium 

argon MHD generator because of their good high-temperature strength. 

It is in this temperature region, however, that the corrosion rate of 

nickel-based alloys accelerates as compared with that of stainless steel. 

For example, the corrosion rate for Incoloy 800, an iron-based super

alloy with high nickel levels, in low oxygen «10 ppm) sodium is approxi

mately 0.12 pm/s at 922·K (0.15 mil/yr at 1200·F) and with a sodium 

velocity of 2.1 m/s (6.S9 ft/s), and is O.SO profs at 97SoK (1 mil/yr at 

l300·F) at 5.2 m/s (17.06 ft/s). The latter rate is about two to three 

times that of stainless steel under the same conditions. Although oxygen 

in sodium, however, in the range of 0 to 500 ppm, has little effect on 

the corrosion of high-nickel alloys, it is more sensitive to the flowing 

velocity of the sodium, thus suggesting that the controlling step in 

the corrosion reaction is diffusion across a boundary layer at the metal 

surface. 

At higher temperatures 1033·K (1400·F), cobalt-based alloys are 

more resistant to sodium corrosion than are nickel-based alloys and may 

be superior to stainless steel. For example, a cobalt alloy containing 

20 Cr-10 Ni-6.S Mo is reported to corrode at about half tbe rate of 

Type 316 55 after IS Ms (5000 hr) exposure to hot trapped sodium at 

1033·K (1400·F) (-0.3 mg/cm2 compared with -0.6 mg/cm2) (Reference 

3.13S) • 

In general, molybdenum and TZM appear to be relatively resistant 

tc sodium corrosion at temperatures to 12s5 Q K (180Q Q F), but present-day, 

large-scale plant fabrication techniques have not been sufficiently 

developed to make their use economically and practically feasible. 
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Additionally, the refractory metals and alloys appear to be the most. 

suitable structural materials for the lithium/helium closed-cycle MHD 

system which should be capable of operating at temperatures up to lOB9°K 

(150QoF). For example, niobium, tantalum, and molybdenum show rela

tively good resistance to lithium at l272'K (1830'F), whereas zirconium 

and titanium appear only fair (Reference 3.131). In addition, the 

gettered refractory metal alloys such as B-88 or Nb-l Zr, exhibit good 

resistance to attack by high-purity lithium at temperatures up to l478'K 

(220Qop). The corrosion resistance of the niobium-based alloys to 

lithium is reduced by the addition of oxygen to the lithium, the niobium 

itself, or the atmosphere (in this case, the helium accelerating gas). 

Alloying the niobium with a small amount of an oxygen getter such as 

zirconium decreases the sensitivity to oxygen contamination. 

Only limited studies have been carried out on the corrosion 

behavior of tantalum and tantalum-based alloys. Since tantalum behaves 

in a manner similar to niobium, a stable oxide former such as hafnium 

is necessary to produce corrosion resistance. The corrosion resistance 

of molybdenum and molybdenum-based alloys such as TZM (Mo-0.5 Ti-0.08 Zr) 

and Mo-50 Re have been studied, and neither alloy showed evidence of 

attack in the temperature range of 1644 to 1922'K (2500 to 3000'F) for 

sodium exposures up to 3.6 Ms (1000 hr) (Reference 3.125). 

In summary, the preferred structural material for the MHD 

generator (mixer, duct, and nozzle) appears to be the 300 series stain

less steels (Type 316), provided that the purity of the sodium is 

controlled to a high degree and the material temperature remains below 

978'K (1300'F). For higher temperature operation [978 to 1089'K (1300 to 

l500'F)jthe iron-based superalloy Incoloy 800 and cobalt-based alloys 

such as Co-20 Cr-lO Ni-6.5 Mo or Haynes Alloy 25 appear to be more 

suitable from a material strength point of view. The corrosion of the 

Incoloy 800 and the nickel-based alloys is more dependent on the velocity 

of the flowing liquid metal; only limited, short-term compatibility 

studies have been carried out on cobalt~based alloys. The refractory 

metals and alloys such as niobium, molybdenum, B-88 (Nb-28W-2Hf-0.07C), 
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Nb~l Zr,and TZM would be required structural materials for lithium 

MHO generators operating at temperatures up to l089°K (15000 F). A 

listing of recommended materials is given in Table 3.41. 

Table 3.41 -- MHO Generator (Mixer, Duct, and Nozzle) 
Materials Selection 

1200 0 F 
(base case) 

Sodium/Argon 

316 SS (A)* 
Haynes Alloy 25 (B)* 

Lithium/Helium 

B-88 or Nb-1Zr (C)* 

*Materials application rating per Subsection 3.1. 

3.8.2.2 MHO Duct Electrodes and Insulators 

As indicated previously, 316 series stainless steel may be 

utilized as an electrode material within the MHO duct employing the 

sodium/argon two-phase mixture. Since the electrodes will not have to 

be load-bearing members of the ~fiU) generator (support will be provided 

by the external shell of the generator as described in Section 11), 

Type 316 S5 may ~e utilized to temperatures up to 978°K (1300°F). For 

much higher temperatures up to l089°K (lSOO°F), Haynes Alloy 25 may be 

considered. For use in the lithium/helium two-phase mixture, the 

refractory metals and alloys may be considered. 

A more seriouS problem is the selection of the proper and 

suitable insulator materials. Only a limited amou~t of short-term 

[0.36 to 3.6 Ms (100 to 1000 hr)j test data are currently available 

indicating that ceramics (insulators) exposed to sodium resist attack 

according to their stability, as predicted from thermodynamic data, 

their purity, and density (porosity) (References 3.127 and 3.132). 

While present-day information is very limited as to the cQmpatibility 

of ceramic materials with"-5odium at the required MHD operational 

parameters, high density (99 + % theoretical), high-purity 99.9%), 

~.luminum oxide and magnesium oxide appear to be the best candidate 

/ materials, while high-density, high-purity magnesium oxide and beryllium 

oxide may be considered for the lithium/helium environment. High-density 

(97.8 to 99 + % theoretical) insulator materials are generally 
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commercially available in brick form 88.9 by 63.5 by 228 mm (3-1/2 by 

2-1/2 by 9 in) or may be applied as a continuous sheet by flame

spraying techniques. A thickness of 0.12 to 0.25 mm (5 to 10 mils) is 

readily achieved by flame-sy-aying techniques, although low theoretical 

densities (80%) are usually obtained. Because of the toxicity associ

ated with beryllium compounds, the flame-spraying of beryllium oxide 

will not be considered. 

In conclusion, present-day information indicates that both 

material purity (grain boundary impurities) and porosity play an 

important role in the corrosion resistance of ceramics with alkali 

metals. Since the effects of a dynamic alkali-metal environment have 

not been fully investigated for insulator materials for MHO generators, 

long-term dynamic sodium compatibility studies must be carried Qut 

before a final materials selection is made. Table 3.42 pummarizes 

potential candidate electrode and insulator materials for the three MHD 

cases. 

Table 3.42 --MHO Generator Electrode and Potential 
Insulator Materials Selection 

TemEerature Sodium/Argon Lithium/Helium 

l200°F Electrodes - 316 55 (A) 
(base case) Insulators - Al203 or MgO (c)* 

1500°F Electrodes Haynes Alloy 25 (B)* Electrodes - B-88 
Nb-lZr (B)* 

Insulators A12
03 or MgO (c)* Insulators - MgO, 

*Materials application rating per Subsection 3.1. 

3.8.2.3 Potential Problem Areas 

or 

BeO (c)* 

Although the selection of structural matl..'rials for the closed

cycle liquid-metal MHD generatQr is based on current state-of-the-art 

liquid-metal technology, no information is available about effects of 

high-pressure ~.27 MPa (1200 ~si) abs] on the corrosion rate of the 

recommended metals and alloys. If the liquid-metal MHO generator is to 

be operated at temperatures and environments at which the use of 
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refractory metals and alloys will become necessary, then present-day 

fabrication techniques must be scaled up to handle large-size plant 

components. Finally, experimental s~udies will be necessary in order 

to select methods of application and alkali-metal compatible ceramic 

materials for use as insulators in the MHO duct • 

3.8.3 Li9uid~etal Loop Including the Separator and Diffu5~r 

A large liquid-metal loop, as described in Section 11, will 

be required to supply high-purity alkali metal to the MHO generator. 

This section addresses the problems associated with the main~enance of 

high-purity liquid metal in order that the corrosion rate of the 

recommended structural materials will be minimized. 'As indicated in 

Subsection 3.8.2, the recommended loop construction materials will 

consist primarEy of 316 SS [sodium/argon at 922°K (1200°F)]; but 

depending upon the selected operating temperature and alkali metal 

(sodium or lithium), the recommended alternative materials may b; 

utilized. The same materials employed for the construction of th~ 

liquid-metal loop mat also be employed for the separator and diiiu(il.~ • 

components of the MHO generator loop. Table 3.43 lists candidate 

materials for each MHD plant configuration. 

Table 3.43 - Ltquid-Metal Loop and Associated Components 
Materials Selection 

Temperature 

1200°F 
(base case) 

1500°F 

Sodium/Argon 

316 ss (A)* 

Haynes Alloy 25 (B)* 

*Materials application rating per Subsection 

Lithium/Helium 

B-88 

3.1. 

or Nb-1Zr (C) 

In general, large liquid-metal loops employ either mechanical 

or electromagnetic pumps as a means of establishing a dynamic flow of 

liquid metal. Because of the high pressure of operation[e.27 MPa 

(1200 psi)l a number of pumps may be required to be series/parallel 

connected in order that the required operational pressures may be 

maintained; this aspect is discussed in detail in Section 11. As noted, 
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appropriate liquid-metal charge and dump tanks are also an integral part 

of the liquid-metal loop and are usually situated at the lowest portion of 

the system to permit gravity drainage. 

From a materials corrosion point of view, the most crucial 

aspect of a liquid-metal loop system is the impurity trapping mechanism 

which is ~tilized to maintain the clkali metal at a high degree of 

purity, usually on the order of 1 to 5 ppm. A circulating cold trap is 

generally employed for large liquid-metal systems, whereby temperature

dependent impurities are precipitated from the alkali metal. Cold traps 

reduce the temperature of sodium as it circulates through a wire mesh 

packed tank where dissolved impurfties precipitate and/or crystallize on 

thp. packing. Traps of the types described are able to reduce oxygen 

impurity levels in sodium to 0.5 to 1.5 ppm (References 3.133 and 3.134). 

The solubility of oxygen in sodium may be described by Equation 3.15. 

log S = 6.239 _ 2i47 
3.15 

whe.re S is the ppm 02 by weight and T is the fluid temperature in OK. 

Thus, in order to maintain the oxygen level in a large sodium loop at 

the 2 ppm level, a cold-trap temperature of 4l3°K (284°F) must be main

tained (Reference 3.135). 

A liquid-metal cold trap should be designed in such a manner 

as to provide a volume which will retain the liquid metal for at least 

300 s (5 min). Basically, the time required for alkali-metal purification 

by this technique will depend upon (1) the nature of the impurities, 

(2) the alkali-metal temperature-dependent solubility, (3) the starting 

and ending concentration level, (4) the comparative sizes of the system 

and trap, and (5) the cold-trap circulation rate. If one assumes that 

there are no additional cold traps in a given liquid-metal system, then 

the performance of a circulating cold trap may be described by Equation 

3.16. 

x - x 
c 

x - x o c 
e 
-(w/W)0 3.16 
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where x = original oxygen content 
0 

x = saturation oxygen content at cold-trap temperature c 
x oxygen content of system at any time 

0 = elapsed time 

w = cold-trap flow rate, lb/hr 

W total alkali metal charge, lb 

The flexibility attainable by this technique permits the control of many 

alkali-metal impurities at defir.ed concentrations. The primary require

ment for the effective use of cold traps is the knowledge of the 

solubility of the impurities anticipated in the alkali metal (Reference 

3.133). 

3.B.3.1 Potential Problem Areas 

Since the useful life time of an alkali-metal cold trap will 

be directly related to the total influx of impurities into the alkali 

metal as a function of time and to the nature of the contaminants, the 

potential sources of impurities within the MHD plant must be established. 

In the design, construction, and eventual operation of a plant-size liquid

metal MHD generator the following aspects must, therefore, be considered: 

(1) the impurity level in the loop cover gas and MHD generator accelerating 

gas; (2) the influx of impurities as a result of air leakage through 

seals and gaskets throughout the entire MHD plant; (3) plant start-up 

requirements - a bake and gas purge cycle is considered essential; and 

(4) plant shutdown, alkali-metal decontamination, and cleanup require

ments. 

3.8.4 Gas System Including the Steam Generator 

The closed-cycle liquid-metal MHD generator will require a gas 

system to supply both cover gas for the alkali-metal loops and also serve 

as the supply for the accelerating gas for the MHD generator. A detailed 

discussion of the gas supply system, including the compressor require

ments, is presented in Section 11. 
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The total amount of normal impurities generally encountered 

in as received high-purity gases such as argon is less than 50 ppm (v)*. 

Specifically, 8 to 10 ppm (v) oxygen, 1 to 2 ppm (v) carbon dioxide, 

8 ppm (v) water, and 20 ppm (v) nitrogen. Purification of the as received 

gas will serve to protect the alkali metal and containment materials from 

contamination. For most alkali-metal applications, the cover gas should 

contain less than 5 ppm (v) oxygen and less than 5 ppm (v) water vapor. 

Because refractory metals are susceptible to oxldation and nitriding, oxygen 

and nitrogen must be removed from systems utilizing these metals and alloys. 

A number of purification techniques exist for removing con

taminants from inert gases (Reference 3.136). These include (1) NaK 

bubblers; (2) hot copper chips to remove oxygen, hydrocarbons,and carbon 

monoxide; (3) activated alumina and molecular sieve to remove w~ter vapor, 

and (4) hot gettering materials such as Zirconium, titanium, and uranium 

to r.emove oxygen, water, and nitrogen. 

Since the potential exists for alkali-metal vapor carry-over 

into the steam generator and regenerator-economizer portion of the MHD 

loop, some consideration must be given to the compatibility of the 

structural materials with alkali-metal vapor and condensates. In addition, 

since the steam generator will be interfaced with a standard steam 

bottoming plant, the selected structural materials must be compatible 

both with the alkali-metal accelerating gas on one side of the steam 

generator tube bundle and with the water (steam) on the other. For the 

base case sodium/argon MHD system the steam generator construction material 

may be Croloy (2-1/4 Cr-l Mo), which has previously been demonstrated to 

be compatible with both the steam side and sodium side of LMFBR plants 

if the T of the heat exchanger tube is less than 839°K (lOSO°F) mean 
(Reference 3.137). If the T is greater than 839°K (10s0°F), then mean 
304 5S will be reqUired. Haynes 188 is recommended for the sodium/argon 

system at l089°K (1S00°F). A much more complex situation becomes 

apparent when the potential of lithium vapor transport into the steam 

gt.:merator is considered. Th~ solubility of refractory metals ilnd ulloys 

in lithium is ruther low t that o( iron and chromium is intermediate, und 

'l'(v) = volume basis 
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that of nickel is high. In general, the base-metal alloys do not 

exhibit promising corrosion resistance, and most attention has been 

directed toward the refractory metals. For this particular steam 

generator application a duplex tube configuration may be necessar:t in 

which the helium/lithium side of the generator will be a refractory 

metal alloy such as B-88 or Nb-1 Zc. 

3.8.4.1 Potential Problem Areas 

The possibility of alkali-metal vapor transport into the steam 

generator and regenerator economizer of the liquid-metal MHD system exists, 

although the actual fate of the alkali metal remains questionable. One 

potential problem exists with the steam generator, since there is a 

temperature difference between the inlet and outlet sides of the unit. 

This may cause the liquid-metal vapor to plate out on the steam generator 

tubing bundles. Also, because of this condensation problem, impurities 

present within the liquid metal may also be removed. Thus, the steam 

generator may actually serve as an alkali-metal vapor trap; if the vapors 

are saturated with impurities they may also be removed at the steam 

generator site. 

The steam generator construction material for the base case 

sodium/argon MHD system may be Cro1oy (2-1/4 Cr-1 Mo) or 304 55, but 

because of the corrosion problems that exist with the lithium/Clelium 

system a more complex mater~als problem is encountered. The refractory 

metal alloys, such a~ B-88 or Nb-l Zr, are compatible with lithium at 

steam generator inlet temperatures of 894°K (llSO°F), but the problems 

associated with utilizing these alloys (such as fabrication, OXidation, 

nit riding·, etc.), must be carefully considered and solved. 

3.8.5 Closed-Cycle Liquid-Metal MHO Materials Selection Summary 

A summary of the materials selection for the closed-cycle 

liquid-metal MHD system is presented in Table 3.44. The materials 

rating criteria, as discussed in Section 3.1, have been used to categorize 

the selected materials in terms of the additional research effort 
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Table 3.44 -- Materials for Sodium and Lithium MHO System Components 

System Component 

Heat Source 

MHD Generator - mixer, 
duct, nozzle 

MHD Generator electrodes 

MHD Generator insulators 

Liquid-Metal Loop including 
separator and diffuser 

Cover Gas/Accelerating 
Gas System 

Steam Generator 

Sodium/Argon 
l200°F (base case) 

316 SS (A) * 

316 ss (A)* 

316 SS (A)* 

A120
3 

or MgO (C)* 

316 SS (A)* 

316 ss (A)* 

2-1/4 Cr-l Mo «1050°F) 
(A)* 

304 S5 (> lOSO°F) (A) * 

*Materials application rating per Subsection 3.1. 

,~, 

#.D· 
'!,J, I 

/ 

Sodium/Argon 
1500°F 

Haynes Alloy 188 (C)* 
Haynes Alloy 25 (B)* 

Haynes Alloy 25 (B)* 

Haynes Alloy 25 (B)* 

A120
3 

or MgO (C)* 

Haynes Alloy 25 (B)* 

316 SS (A)* 

Haynes Alloy 188 (C)* 

Lithium/Helium 
l500°F 

B-88 or Nb-l Zr (C)* 

B-88 or Nb-l Zr. (C) * 

B-88 or Nb-l Zr (C)* 

MgO or BeO (C)* 

B-88 or Nb-l Zr (C)* 

316 ss (A)* 

B-88 or Nb-l Zr . 
(duplex tube con
figuration - Li 
side) (C)* 
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required. Note that structural and electrode materials required for the 

base case liquid-metal MHD system, utilizing sodium/argon as the two-phase 

fluid mixture, may be specified from present-day state-of-the-art liquid

metal technology, On the other hand, the selection of insulator 

materials requires considerable developmental effort. Similarly, the 

selection of all materials for the lithium/helium parametric case 

remains somewhat speculative at this time. 

3.8.6 Ins·trwnent Subsystems 

The closed-cycle liquid-metal MHD generator "tvil1 require 

specific on-line instrumentation to monitor potential fault conditions 

in four separate areas (1) cover gas/accelerating gas impurity monitors, 

(2) liquid-metal impurity monitors, (3) alkali-metal vapor detectors for 

liquid-metal leaks, and (4) leak detection/leak location devices 

specifically for steam generator applications. 

3.8.6.1 Cover Gas/Accelerating Gas Impurity Monitors 

Commercial instrumentation is currently available to monitor 

all the specific impurities in inert gas systems such as argon and 

helium. For example, oxygen may be continuously monitored with solirl

state electrolyte devices whidl are capable of detecting levels below 

0.5 ppm (v). Standard gas chl'omatographic techniques may be employed 

to measure such impurities as nitrogen, hydrogen, oxides of carbon 

(carbon monoxide, carbon dioxida4 and hydrocarbons; detection sensi

tivities in the range of 0.5 tn 1 ppm (v) are considered standard. 

Water vapor to 1 ppm (v) may be measured by a number of moisture 

monitors currently being employl~d in large industry (Reference 3.133). 

Thus, the currently available commercial inert gas impurity monitors 

are capable of measuring the important impurities in the gaseous environ

ments for this application. 
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3.8.6.2 Liquid-Metal Impurity Monitors 

Two of the most important impurities which must be continuously 

monitored in liquid sodium systems are oxygen and hydrogen. For the 

liquid sodium system, commercial on-line instrumentation is presently 

available; oxygen may be monitored in liquid metals at the low ppm level 

with solid electrolyte oxygen meters, and hydrogen may be monitored 

to fractional ppm levels with diffusion-type hydrogen meters (References 

3.138, 3.139, and 3.140). In addition to oxygen, nitrogen and carbon 

impurity levels must be monitored in liquid lithium systems. 

3.8.6.3 Alkali-Metal Vapor Detectors 

Leak detection devices are es~ential throughout a plant utilizing 

liquid alkali metals to monitor the onset of leaking alkali metal into the 

surrounding plant environment. Although many devices have been constructed 

and tested, one of the most promising to date is the Sodium [oniz<lt ion 

Detector mentioned in Section 3.7.7. This device has the cilpahi 11 ty of 

detecting sodium vapor in the parts-per-billion range in both im~rl utmm;

pheres and those containing 1 to 2% oxygen and water vapor. At the prt's('IIi... 

time the selectivity of the detector for sodium, its speed of response, <lilt! 

potential low cost make it a prime candidate for sodium vapor detectors 

which must be located in critical areas throughout an MHD plant (Refer

ence 3.141), 

3.8.6.4 Steam Generator Leak Detection/Leak Location Devices 

Since a standard steam bottoming plant will be an integral 

part of the liquid-metal MHD cycle, steam generators will be interfaced 

with the argon exiting from the MHD generator [894'K (1150'F) for the 

base caseJand steam turbine loops [811'K (lOOO'F) steam at 24.13 MPa 

(3500 psi) abs for the base case1 Because of the pressure differential 

across the steam generator tube bundles, 2.07 to 2.76 MPa (300 to 400 

psi) abs argon versus 24.13 MPa (3500 psi) abs steam, the onset of a 

leak will be immediately indicated by an increase in water vapor level 

in the argon at the downstream side of the steam generator. Thus, 
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standard moisture monitors, as described in Section 3.8.6.1 may be 

employed as leak detection devices. 

Alternatively, if alkali metal (sodium or lithium). is also 

vapor transported into the steam generator, then during a leak situation 

the potential exists for the reaction of alkali metal with steam, with 

the subsequent evaluation of hydrogen gas. A hydrogen detector, there

fore, may also be required for the leak detection system employed in 

the steam bottoming plant of liquid-metal MHO generators. 

It is also possible, but less likely, that argon gas may enter 

the high-pressure stearn loop during the onset of a leak within a stearn 

generator through crack diffusion processes. In this case, leaks may 

be monitored by noting the increase of argon in the steam loop by 

standard mass spectrometric techniques (Re~erence 3.142). This method 

is not an on-line, continuous technique, dnd therefore real time 

monitoring is not feasible. This method should thus be considered only 

as a redundant or alternative leak detection technique. 

Once a leaking tube bundle within a steam generator has been 

detected, it must be decided whether or not the plant must be shut down 

for repairs. Since the rupture of a heat exchanger tube within the 

steam generator of the liquid-metal MHO plant could lead to alkali metal

water (steam) reactions, a more crucial situation exists in this plant 

than in standard, present-day power generation facilities. If plant 

shutdown is required, then currently available leak location methods 

such as eddy current testing and/or helium-mass spectrometric techniques 

may be employed to locate the suspect tube(s). 

3.8.6.5 Potential Problem Areas 

At the present time, commercial on-line liquid-metal impurity 

monitors for oxygen and hydrogen in sodium are available. Although 

theoretically feasible, these devices have n0t been tested in lithium 

systems. Also, the need for an on-line alkali-metal nitrogen and carbon 

meter will be necessary for the lithium MHD system, but these devices are 
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Table 3.~5 - Closed-Cycle Liquid-Metal MHD Instrument Subsystem Requirements 

Subsystem 

Cover Gas/Accelerating 
Gas Loop - impurity 
monitoring 

Liquid Metal Loop - impurity 
monitoring 

Ambient Environment - a1ka1i
metal vapor detection 

Steam Generator - leak 
detection 

Steam Generator - leak 
location 

Sodium/Argon System 

0z - solid state electrGJyte 
NZ' HZ, CO, COZ, CxHx+Z - gas 
chromatography 
HZO - capacitance type 
moisture monitor 

0z - solid electrolyte oxygen 
meter 
HZ - diffusion-type hydrogen 
meter 
NZ - not currently commer
cially available 

Na - sodium ionization detec
tor (SID), technically proved, 
not commercially available 

HZO in argon - capacitance 
type moisture monitor 
Argon in HZO (steam) - mass 
spectrometric technique 

Eddy current :esting and/or 
helium - mass spectrometric 
techniques 

Lithium/Helium System 

0z - solid state-electrolyte 
NZ, HZ, CO, COZ, CxHx+2 - gas 
chromatography 
H20 - capacitance type 
moisture monitor 

0z, H2 , NZ' C - technologically 
fessiole but not currently 
available commercially 

Li - lithium ionization de
tector, technically feasible 
not commercially available 

H20 in helium - capacitance 
type moisture monitor 
Helium in H20 (steaQ) - mass 
spectrometric technique 

Eddy current testing and/or 
helium - mass spectrometric 
techniques 
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not currently available (Reference 3.143). Alkali-metal vapor detectors 

of the ionization type have not been tis ted in lithium systems; 

theoretically, these detectors should be applicable, but experimental 

verification is necessary. 

3.8.6.6 Instrument Subsystem Summary 

A summary of the instrumentation subsystem requirements for 

monitoring impurities within the components of the liquid-metal MHD two

phase fluid is presented in Table 3.45. As noted, for the base case 

configuration utilizing sodium/argon as the two-phase fluid mixture, the 

required instrumentation i~ either currently commerciallY available or 

in the latter stages of development. The alkali-metal instrumentation 

requirements for the lithium/helium system are technologically feasible, 

but a strong developmental effort is required. 

3.9 Materials foz.: Open-Cycle MHD Systems 

3.9.1 Background 

Open-cycle MHD power generation is a hiC;h··temperature process 

that has the theoretical potential to convert fossil fuels directly into 

electrical energy at high efficiencies. It is also the only adVanCl!d 

energy conversion technique that could directly use coal as a fuel. The 

combination of high temperatures, however, and the large quantities of 

coal a~h constituents presentE> serious naterials problens throughout the 

entire system. Some of these problems may be avoided, or their magni

tude may be diminished (by use of separately fired air preheaters, cold 

generator walls, gasified or liquified coal as a fuel, etc.). In doing 

so, however, serious penalties are paid in reduced system efficiencies 

and/or in additional capital/operating costs. These material problems 

primarily questions on long-term materials durability -- are m~~~r 

obstacles to the commercial realization of coal-fired, open-cycle HHD 

powF.r generation. 
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Not only are thle,se material problems serious -- they are also 

poorly defined~ mainly because the charged emphasis on the use of coal 

as a fuel is so recent. As a result, there are few facilities that 

either burn coal or simulate its burning. The tests conducted in 

these facilities are of short duration and are limited in scope. 

Finally, materials evaluation under these coal-fired MHD 

conditions is virtually nonexistent. Many programs are planned 

or have been initiated to provide the information and understanding 

necessary to select and apply materials to various components of the 

coal-fired MHD system. At this time, however, evaluation of the 

nature and magnitude of the materials problems in the coal-fired 

system is difficult and subject to speculation. 

this system need to be qualitatively described. 

The conditions in 

The combustion of coal will introduce significant quanti'. les 

of inorganic ash (up to 20% by weight of the coal) into the open-cycle 

MHD system. The composition and quantity of this ash will vary from 

coal to coal (as can be seen in the three coals considered in this study). 

During combustion, the inorganic ash constituents and the sulfur in the 

coal react with the alkali seed to produce a very complex and corrosive 

environment. While the gaseous seed products are allowed to pass 

downstrea~ ,the ash constituents can either be directed toward the 

cooler walls of the combustor where condensation occurs as a molten 

slag or be directed downstream (100% ash carry-over). In the former 

case, 80 to 95% of the ash products are removed from the system in the 

combustor, with the more volatile constituents being carried downstream. 

This variation in combustion conditions creates a difference in the 

quantity, by a factor of 5 to 20, and in the composition of the ash 

downstream. These two conditions, in turn, will effect the nature and 

magnitude of slag-seed corrosion throughout the system. 

As the hot combustion gases pass from the combustor toward 

downstream components, their temperature begins to fall. As tile gas 

temperature falls, and as these combustion products move into cooler 
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downstream components, various slag constituents begin to condense and 

deposit. This process occurs first on the walls of the generator itself. 

It continues downstream so that the chemistry of the slag layer varies 

in the axial direction of the system. At some point the seed also begins 

to condense. Upstream from this point, the slag will essentially be 

free of seed; downstre~, as the temperature progressively decreases, 

the liquid and solid slag will contain increasing amounts of seed. 

In the cooler parts of the MHD system, such as the heat recup

erator and steam generator components, the deposits will contain liquid 

seed compounds, particularly potassium sulfate, which are corrosive to 

both metals and ceramics. In order that seed recovery be economical the 

condensation of ash and seed constituents must also occur in such a 

manner that very little seed «5%) is trapped in the slag condensates. 

While the corrosive problems associated with the presence of 

large quantities of ash have been regarded as very deleterious to 10ng

term component life, the presence of a slag layer that lines the \o1a1ls of 

components such as the combustor and generator may provide some bene

ficial effects. For example, there is generator experience (Referenc'es 

3.144 and 3.145), tlleoretical modeling studies of generator performance 

(Reference 3.146), and materials considerations (References 3.147 and 

3.148) that indicate that generator durability and performance is 

improved by the formation of a continuous slag layer on the generator 

walls. While this is based only on short ter1Jl tests (tens of hours), 

many MHD systems deSigners and materials specialists feel that full-scale, 

long-term operation of MHD generators must be approached on the basis of 

the presence of a protective slag layer on generator walls: and that con

siderable attention must be placed on the understanding of this J.ilYl'r'H 

properties, its interaction with wall materials, its effect on generator 

performance, and so on. This concept will be discussed in more detail in 

the section on generator materials. 

Therefore, the primary consideration for materials throughout 

the coal-fired open-cycle MHD system is their resistance to the corrosion 

a.1d erosion by the ash- and seec!M containing MHD environment. Although 

3-167 

• ~ ... > 

" o,!;!. 

1 , 

j 
1 

1 
1 
I . , 

. \ 

~I 

J 
/~ 

' .. i 

< 
J 

J 

, 
j~'t .". J 
. ~{i 1 

-':"'"'1 
·Of ,"j 

I 



, 

r' 

.. . --' 
~, -,,~~ 

_________ -1- .... 

there are other serious requirements such as electrical properties, 
thermal stress damage resistance, thermal fatigue, and so on, they must 
be regarded as secondary at this point. 

Experiments are needed to demonstrate the durability of 
materials in various subsystems, and information is needed on the 
conditions found in the MHD environment, the nature of slag and seed 
condensates at various locations in the system, the properties of these 
deposits, and their interaction with various component materials. Little 
is known about many factors; programs are under way, however, at the 
National Bureau of Standards (Reference 3.149) and at Battelle's Pacific 
Northwest Laboratories (Reference 3.150) to characterize MHD slags 
and to measure their properties. Properties of interest are slag vis
cosity, surface tension, wettability, electrical conductivity, vaporization, 
and thermal conductivity. Knowledge about the corrosion resistance 
of various high-temperature materials to these slag/seed mixtures is also 
needed. There are virtually no such data available to make engineering 
estimates of lifetimes or maximum use temperatures of materials. Studies 
of this type are not.; under way at the University of Utah (Reference 3.151), 
Westinghouse (Reference 3.152), and the University of Tennessee Space 
Institute (Reference 3.153). 

With this overview of the state-of-understanding of materials 
problems in coal-fired, open-cycle HHD systems, the following sections 
will discuss the state-of-the-art and the selection of materials t or till' 
major subsystems. The discussion in each section \"ill first consider 
the selection of materials where a relatively clean (ash-free) fuel is 
used and, second, discuss the selection of materials in a sys tern where 
large quantities of ash are present (Le. , where coal is burned). 
Selection of materials under clean conditions will center on considerations 
other than corrosion or erosion resistance, and selection under ash
containing conditions will focus on corrosion-erosion problems. 
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3.9.2 Combustor Materials 

MHD combustors are judged primarily on the basis of the con-

ductivity of the 

be tween 5 and 10 

plasma that they generate. A value of conductivity 
-1 mho m is generally considered to be required for 

efficient MHD power generation. The conducti~ity is dependent upon plasma 

temperature; the minimum acceptable outlet temperature for an open 

cycle !illD combustor is 2600 0 K (4220°F) (Reference 3.154). A second 

requirement is one of high thermal efficiency or high fuel efficiency. 

A very large portion of the heat input in the fuel mUbt appear as heat 

in the MHD plasma in order to benefit from high conversion efficiencies 

in the MHD pm'er plant. 

The rL'le of refractory ceramic combustor linings is to aid in 

the achievement of the necessary ~lasma temperatures by reducing the heat 

losses through the combustor walls. In clean fuel systems several 

materials have been used with varying degrees of ~uccess -- for example, 

zirconia stablized with magnesia, calcia or yttria, alumina, and magnesia. 

These materials have been used in various forms -- as concretes, castables, 

and as bricks. They should be fabricated to resist erosion and corrosion 

by the alkali-se~ded gas stream and to resist thermal stress damage during 

operation. The selection of compositions is dependent on combustor design 

and operation. Stabilized zirconia is the most refractory, least volatile 

composition, but it suffers from poor thermal shock resistance and high 

cost, particularly if it is stabilized with yttria. Under clean fuel 

conditions, therefore, either established (A) or near-term (B) materials 

will be adequate for combustor linings. 

While the combustors used in burning clean fuels are usually 

single-stage units, the combustors for burning coal or other ash-containing 

fuels can be more complex, containing t\-10 or three stages for complete 

combustion. This increased complexity is aimed at the removal of most 

(> 80%) of the ash in the combustor in order to reduce the corrosion 

problems in downstream components. The ash is removed by introducing a 

swirling action in the combuetortwhich causes the ash constituents in 

the gas stream to impinge on the cooler walls of the combustor. These 
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constituents condense as a moltan slag which is drained from the combustor. 

If the combustor walls are water cooled, a slag layer several millimeters 

in thickness will build up_ This slag layer can act as a refractory liner 

which both protects the outer metal wall and reduces heat losses 

(References 3.155 to 3.157). Tager and his co-workers (Reference 3.158) 

at the KrzizaHovski Power Institute in Moscow have even intentionally 

added oxides such as caleia to produce a more viscous and thicker slag 

layer in order to further red\.!:;:~e heat losses. 

The results of test.s on a number of coal-burning combustors 

indicate that the combination of high temperature aur: the large quantities 

of molten slag presenL.S serious corrosion (and erosion) problems to the 

use of any refractory ceramic liner. For example, Dicks (Reference 3.159) 

reported the severe degradation of zirconia brick after only 3.6 ks (1 hr) 

of oFeration in his axial plug flow cylindrical coal combustor. Both 

the British (Reference 3.155) and the Russians (Reference 3.157) indicate 

their feelings that the successful use of such linings is unlikely. Use 

of a low thermal conductivity refractory liner between the metal outer 

wall and the slag layer would be beneficial in terms of redu(',ing thermal 

losses. The r~fractory-slag interface, however, must be maintain3d below 

the freezing point of the slag at all times, and the slag layer must 

adhere to the refracto~y. A possible approach in this direction that 

has not been tried would be to p1asma- or flame-spray a dense slag coating 

on this liner before start-up. 

Although designers have t:)Und i..:1e use of refractory liners to be 

beneficial in reducing thermal losses and in achieving desired plasma tem

peratures in systems burning clean fuels, their experience t iate on coal

burning combustors, where these materials are used in the sam~ manner, 

has r<asulte,l in severe corrosion by the coal slag. ~he incentive to pur

sue new materials, novel operating procedures, modified designs, and so on, 

to circumvent these problems is diluted by the fact that the slag layer 

itself can Drovide some of the desired benefits offered by refractory 

liners. The exception to this trend is the three-stage coal combustor 

designed by and under construction at the U.S. Bureau of Mines (Refer~nce 
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3.156). This facility is specifically designed to use state-of-the-art 

materials (A, B, possibly C) while possessing high thermal efficiency and 

very high (>95%) slag rejection. 

3.9.3 Genarator Materials 

3.9.3.1 Electrodes 

The development of suitable electrode and insulator materials 

has presented the greatest challenge to the materials technologist in the 

development of eleen, fuel-fired, open-cycle MHD. These materials must 

possess certain electrical properties in addition to resistance to the 

severe environment. Specifically, the electrode materials in the MHD 

gel;t:!:rator should meet the following r.equirements: 

-1 -1-1 1) Adequate electrical conductivity (>10 ohm cm ) at 
2 current densities of more than 1 A/cm. This conduction should be 

primarily by electrons. 

2) Good thermionic (electron) emission. Since electrons are 

being exchanged from the loni/,ed gas, the anode and cathode s~ould be 

good electron acceptors and emitters. 

3) Corrosion resistance (to potassium seed). 

4) Erosion resistance (to the high-velocity gases, to liquid 

droplets, and to particulates in the gas stream). 

5) Good thermal conductivity (to provide for an adequate heat 

flux from the hot plasma to sufficiently cool the hot face of the electrode 

and to reduce thermal gradients and thermal stresses). 

6) Oxidation (or reduction) resistance (stability in the MHD 

at oxygen partial pressures of 10.1 .to 1013 Pa (10-4 to 10-2 atm). 

7) Thermal stress damage resistance (resistance to crack and 

propagation in start-up and cool-down and at temperatures \<1ith high heat 

fluxes and temperature gradients. 

8) Compatibility [to insulators, metal or ceramic current 

leads lwith passage of dc current), cements, etc.]. 

9) Mechanical stability (creep resistance, thermal fatigue 

resistance). 
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10) Ease and cost of fabrication (must be realistic in face 

of the need to construct a full-scale MHD plant). 

The development and evaluation of electrodes has involved three 

classes of materials: metals, oxide ceramics, and nonoxide ceramics. 

This work is reviewed in some de.tail in the literature (References 3.154 

and 3.159 to 3.162) Gnd will only be summarized in this discussion. 

Water-cooled metal electrodes are attractive on the basIs of 

ease of fabrication, electrical properties, mechanical propf!rties, thermal 

conductivity, and so on; the cold surfaces, however, promote high thermal 

and electrical losses and permi t sc<!'~l ,·~:mdensat.Lon ,which is believed to 

cause erratic and degenerative electrical pt.:cformance. The most 

deleterious effects, however~ arise from nonuniform current transfer 

(arcing) from the plasma across the cool boundary layer to the cold 

electrode surface. This arcing is localized and produces enhanced 

erosion because of the extreme localized heating. The combination of 

arcing and seed condensation leads to electrochemical erosion of the 

material and subsequent power losses. Seed condensation can be avoided 

by use of wall teffi"eratures in excess of l473°K (2l92°F) (Reference 3.164). 

At these temperatures, however, most metals encounter severe oxidation. 

The only metallic compositions that have demonstrated promise at 

temperatures above l273°K (1832°F) are cobalt-based superalloys tested 

by Bone (Reference 3.165) in the VEGAS generator, the unspecified oxidaLioD 

resistant tungsten alloys used by the Soviets (Reference 3.166) in their 

U-2S generator, and a chromium-based cermet developed by Reynolds Aluminum 

(Reference 3.167). Bone estimates the maximum use temperature of the 

cobalt alloys as 1493°K (2227°K), and the Soviets indicate that the 

tungsten-chromium alloys have been used in the 1273 to l773°K (1831 to 

2731°F) temperature regime. The chromium electrode patented by Reynolds 

Aluminum has additions of thorl.um dioxide dispersed through it to enhanc:c 

thermionic emission. It is claimed to have good slag resistan('e, and tlte 

volatility of chromium offers no difficulties 1.f it Ls covered wI Lll :~];lg. 

A number of nonoxide ceramics have been developed and 

evaluated as electrodes in clean fuel-fired systemsa These materials 
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are attractive in that they possess excellent electrical and thermal 

properties; they are limited, however, by their poor oxidation resist

ance above l273°K (183l 0 F). The most promising compositions of this 

class (SiC, M02Si, ZrB2-SiC) rely on the formation of a silica or a 

silicate protection layer for oxidation resistance. The reaction of 

this silica-based layer with potassium forms a fluid potassium oxide

silicon dioxide glass which limits the use of these materials to 

temperatures less than l673°K (255l 0 F) (Reference 3.l62j. The therm

ionic emission of silicon carbide is also inadequate, and additions of 

such materials as molybdenum, titanium, and chromium have been used to 

improve this property (Reference 3.168). 

Therefore, while metals are the most promising electrode 

materials in cold [<1273°K (183l 0 F)j wall channels, and oxidation resist

ant refractory alloys and nonnxide ceramics show promise in moderately 

hot[1273 to l773°K (1831 to 2-3l0 F)jchannels, the only class of materials 

that show any "romise in ho~ [>1773°K (2731 0 F)jchannels are the refractory 

oxides. At these high temperatures both the problems of destructive 

arc erosion and seed condensation are avoided. Generator thermal and 

electrical losses are also reduced by operating the walls at these teill

peratures. Much effort has been directed toward developing refractory 

oxides with electronic conduction. The refractory oxides typically have 

very large band gaps, resulting in high resistivities. Two compositions 

h_ve been identified that have both high-temperature stability and adequate 

electrical conductivities to serve as hot MHD electrodes. These com

positions are based either on zirconium oxide or on the rare earth 

perovskite-structured chromites. The development and properties of each 

are reviewed in detail elsewhere (References 3.159, 3.161, and 3.169 to 

3.171). This discussion will briefly summarize the experience with these 

OXides, including that of the Soviets with both materials. 

Compositions based on zirconia received early attention as 

potential MHP electrode materials. Additions of calcium oxide or yttrium 

oxide were found not only to stabilize zirconium oxide but also to provide 

for conductivities that are adequate to meet electrode requir,!ments 
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above 1373°K (2011 OF). Because this conduction is almost entirely ionic 

there is degradation of these compositions with time by electrolysis at 

even moderate (~1 A/cm2) current densities (References 3.159, 3.172, and 

3.173). This deficiency can be avt?ided, in part, by the use of electrode 

designs incorporating metallic fibers, pins, Dr screens which will 

reduce the local zirconium oxide current density with the metal carrying 

the major portion of the current (References 3.174 and 3.175). Although 

calcia- or yttria-stabilized zirconia electrodes can function satis

factorily for tens or even hundreds of hours, they are not the solution 

for hot electrodes for long-duration MHD plants. The conduction of these 

materials must be predominantly electronic in nature to prevent electrolysis 

and electrode degradation. 

Additions of rare earth oxides such as cerium oxide, pra~eody

mium oxide, neodymium oxide, and lanthanum oxide produce varying iJegrel's 

of electronic conductivity in zirconia compositions. The Soviets haVl~ 

spent considerable effort in developing an electronically conduct: Ing zir

conia, based on ternary compositions of zirconia and rare I.'arth oxidl.'s. 

Alt hough they have revealed no information as to the composition of Lllesl.' 

electrodes, it has been claimed that they have operated successfully for 

hundreds of hours at temperatures close to 2273°K (363l0F) at current den

sities of more than 2 A/cm
2 

{Reference 3.l76}. It appears that the major 

obstacle to the full development of zirconia-based compositions as suitabl.e 

electrode materials is the identification of a suitable current lead mate

rial. Since the conductivity of these rare earth zirconias is Vl.'ry tempera

ture dependent, they become resistive and subject to large voll<.l),"~l' drops and 

joule heating at temperatures below 1273°K (l831°F). Proper selection or 

sui.table materials to carry the current ultimately to copper wire becomes 

important. Selection of these materials must be made on the bns i:-; or nllll

patibil ity with the passing of direct current at moderately high l'lIrrClI( 

densities. One possible solution (Reference 3.177) j s a composi Ll' e ll.,{'"t rou{' 

('onsistin)!; of an electron~cally conducti.ng zirconia b()l1iJt~U Lo a l't'ram!t' 

(Nb
2

0
S 

doped Ce0
2

) current lead material that has high conuucLivity ~It 
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llloderate 1!!73 to l472°K (1114 to 2l9l 0 F)] temperatures. The ceramic 

current lead material is, in turn, bonded to an oxidation resistant 

alloy (similar to the Inconel series). 

The rare earth chromites when doped with alkoline earth oxides 

are unique as oxides in that they possess both hIgh electronic conduction, 

even to room temperature (see Figure 3.28), and very high melting points. 
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Figure 3.28 --- Resistivity of electrode materials 
(Reference 3.147). 
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While these materials possess other very desirable features, such as a 
small resistivity variation with temperature and the possibility of making 
the current lead contact at low temperatures, they are limited in maxi
mum use temperature by the preferential volatilization of chromium 
(Reference 3.1l8). The extrapolation of vaporization data for La.SSr.2-
er0

3 to higher temperatures predicts that vaporization losses would 
limit this material's use to approximately 2023°K (3181 0 p) (where 
recession rate 317 pm/s (1 cm/yr). 

Mearlowcraft and Wimmer (Reference 3.179)a160 reported data 
on a few other compositions that suggested that either substitution of 
magnesium or calcium for the strontium and of aluminum for part of the 
chromium would furtber reduce vaporization rates. In fact, one compo
sition (La.Zca.8cr.7,Al.ZS03) had a vaporization rate seven times lower 
than La.

SSr.
2Cr03 at 1S73°K (2911 0 F) under the same conditions. These 

results would suggest a possible increase in use temperat~re of ZOOoK 
(360°f'). It should be noted that these compositions were not measured 
for electrical reSistivity and that some caution must also be applied in 
the extrapolation of these daca. 

Recent work (Reference 3.180) by the Indian Atomic Energy 
Commission on LaCr0

3 
demonstrated an increase of approximately 200 0 K 

(360°F) in maximum operating temperature by substitution for strontium 
by other (unidentified) dopants. Electrodes of these compositions were 
operated in an ohygen-gas flame for tens of hours at 2273°K (363l 0 F) 
without significant loss of material. The high melting point, plus 
reasonable vaporization rates at very high temperatures, puts LaCr0

3 
anu 

possibly other rare earth chromites in the unique position of having a 
very low resistivity at room temperature coupled with high-temperature 
use capabilities. This is shown graphically in "Figure 3.2~ which 
depict.s the useful temperature ,.-ange of several possible electrode 
materials. Th ~ maximum use temperature is defined by the melting point 
or temperature where vaporizeition losses become apprl.:. lable; the minimum 
use temperature is defined by the temperature at which the resistivity 
is p.qual to 50 ohm-em. The ideal electrode material would be one that 
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is stable at very high temperatures and yet has adequate low-temperature 

conductivity for coupling to metal current leads at temperatures approach

ing room temperature. LaCr03-based compositions are unique as oxides 

in meeting both of these requirements. Therefore, although both zirconia 

and rare earth chromite compositions show promise as electrodes, both 

require further development for long duration 36 Ms (~lO,OOO hr) use at 

temperatures approaching "273°K (36310 F). 

'Tmax - Maximum hut lace temperature OJased on melting point, vaporlzatlonl 
'T min - Minimum cold fate te "",rature OJased on resistivltyl 
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FIg. 3. 29-Useful temperature range of several possible electrode materials 
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In ~ummary, in the past fifteen years much experience has been 

accumulated with the use of electrodes whose surface temperatures vary 

from a few hundred to 2273°K (363l 0 F). Although substantial progress 

has been made, a workable electrode for long-duration use in clean fuel

fired generators does not exist today. Some of the most serious problems 

are located not at the hot surface but rather at the cold surface of 

the electrode. Serious attention must be given to the current lead 

problem. When the 36 Ms (10,000 hr) electrode is developed, it will be 

the result of a coupling between materials development and electrode 

design. 

3.9.3.2 Insulators 

High-temperature electrical insulation materials, either the 

insulating sidewalls Dr the interelectrode insulators, must meet require

ments 3 through 10 outlined for electrodes in the previous discussion 

(Section 3.9.2). :nsulators must provide the necessary electrical insu

lation by having resistivities greater than 100 ohm-em and dielectric 

breakdowns greater than 4 kV/m (1.22 kV/ft) at temperature. Insulation 

materials have not been the subject at studies as extensive as those of 

electrode materials. Reviews of the literature (References 3.154, 3.159, 

3.16l,and 3.162) also indicate that insulator development bas been 

limited to the following oxides! alumina, magnesia, and the zirconates 

of calcium and strontium. Beryllium oxide has been used in at least 

one study (Reference 3.181), but it generally has been discounted due to 

its toxicity. Aluminum oxide has excellent high-temperature insulation 

properties but reacts with potassium at temperatures above 1573°K 

237l0 F) to form K20'11A1
2
0

3 
(potaselum ~-A1203) (References 3.182 and 

3.183). Strontium and calcium ~irconates are very refractory [melting 

points >':~73°K (417l 0 F)], po .. sess good seed resistance, but Buffer from 

poor thermal shock resista1 ce due to a very low thermal conductivity. 

Magnesia has, thus, been generally used as the insulating material in 

hot- or moderately hot-wall channels, and alumina has been used in cold

wall channels. 
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A major problem encountered with insulation materials is the 

penetration of seed compounds into the pore structure of insulator 

ceramics. Seed penetration produces tl"iO deleteriou~ effects: the 

degradation of insulator resistance at temperature (Reference 3.184), 

as shown in Figure 3.30, and the catastrophic failure of the insulator 

due to the reaction of these compounds, primarily potassium carbonate, 

with water lor in the atmosphere after cool-down (Reference 3.185). 

These reactions result in a 40 to 60% volume increase and the generation 

of large stresses which lead to disintegration of material. The 

criticAl temperature range occurs where potassium carbonate is a liquid, 

in other words, 1073 to 1473'K (1472 to 2192'F). The Soviets (F~ference 
3.186) have given serious attention to this problem in terms of develop

ing ~rostructures that minimize this penetration yet are thermal-shock 

resistant by using special insulator designs and by controlling start

up and shutdown procedures to minimize seed penetration. 

10' , 

" 

L .. __ 
...... _-----.!. -----. 

----_ .. --._--

-----------.... ...... ~- , 
St.'tlinlf "erlrd --

------- e".rae Grnll' Tyl'C 
o Eltetro.ru~c:d Type 

_.---- Temperature 

• , , 
Time (hr) 

., 

If.rJO 

Figure 3.30 - Time dependence of resistivity of MgO 
refractories under a MHD condition 
{Reference 3.184}. 

Attempts to reduce or eliminate the condensation and penetration 

of seed compounds into the generator walls by blowing gas into the generator 
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through cracks or through porous ceramic bodies have been reported by 

several investigators (References 3.184, 3.187, and 3.188). While 

success has been claimed both in reducing material recession rates (by 

two orders of magnitude with ZrB2) (Reference 3.187) and in reducing 

thermal stresses (Reference 3.181), this technique has not been demon

strated on a large scale over long time periods. Two problem areas are 

apparent with this technique: fine control is required in the gas blow

ing process, and the boundary layer can become resistive with the injection 

of cool, pota6sium-defic~ent gases. The Soviets are currently applying 

tPis technique to their magnesium oxide insulating walls. A porous 

(18 to 24%) magnesia with pore size of 30 to 50 ~m has been developed 

that satisfactorily allows for the injection of a gas in laboratory 

test rigs (Reference 3.172). 

A second technique that has been used to maintain generator> 

walls is the so-called replenishment technique (Reference 3.189). Re

plenishment of the generator walls is made either intermittently or 

continuously by injecting mixtures of various oxides into the gas stream 

in '::he combustor. These oxides then condense out on the generator walls, 

replacing material that has been removed by erOSion, corrosion, and so on. 

Again, this technique has not been proved for long-duration tests. 

The use of ceramics as electrodes or insulators in the generator 

duct also poses serious problems with respect to the thermal stress 

damage of these materials. Studies on a number of materials indicate 

that, given the range of thermal conductivities of most oxide ce~amics) 

the thickness of electrodes and the insulators would be relatively small, 

ranging from a few to 25 mm ~.04 to 1 in) in thickness. The temperature 

gradient imposed on these thin sections is severe, of the order of lOOoK/ 

rom (4572°F/in) or more. These gradients will impose high thermal stresses 

on these materials which can lead to failure in use at temperature. In 

addition, there is a danger of failure due to thermal shock during start

up and shutdown. 
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Thermal stress damage resistance can be built into a given 

ceramic composition by development of suitable microstructures. These 

microstructures are based on criteria developed for crack propagation 

(Reference 3.190). Materials with 10>7 strength combined with high values 

of elastic modulus and high ratios of the energy to propagate a crack to 

the energy required to initiate a crack (Reference 3.191) are resistant to 

thermal stress damage. Microstructural features that are desired include 

15 to 25% porosity, a wide variation in grain sizes (Reference 3.192), 

and the presence of second phases and miCrOC"CBCks (Reference 3.193). 

These microstructures are in conflict with those requirea for both 

corrosion and erosion rr1istance, where high density, in particular, is 

required; whjl~ recognizing these trade-offs, optimum microstructures 

must he developed. 

Some of the thermal stress requirements can also be reduced by 

good design. For example, the ~oviets have found that the sizes of 

various ceramics must be kept to below certain critical dimensions. For 

magnesium OXide, this is approximately 38.1 mm (1.5 in). 

The requirements of minimum seed penetration, thermal stress 

damage resistance, and erosion resistance require significant efforts 

in ceramic proce~sing. The S0,dets are devoting much effort on ceramic 

processing to produce the ceramics needed fer their U-02 and U-2S test 

facilities. Not only have mot.olithic bricks been developed, but also 

high-temperature cements, concretes, and coatings. The need for ceramics 

whose properties are tailored for various MHD applications has not been 

fully appreciated in this country,and the failure of materials in many 

cases can be laid to the use of off-the-shelf materi·~ls. 

In summary, while the materials problems in the clean fuel-

fired MHO generator are far from the solutions required for a base-Ioao 

plant, there have been significant advances in the past decade, particularly 

due to the large materials effort at the High-Temperature Institute in 

Moscow. There exists a wide selection of materials for use ovel' a range 

of generator wall temperatures. These electrode and ins~lator materials 

are shown in Table 3.46, with maximum use temperatures, their limitations, 

and their material application ranking (see Section 3.1). 
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Table 3.46 - Recommended Generator Materials for Use 
with Clean Fuels 

Maximum Use 
Temperature "C 

500 

700 

900 

1200 

l200(?) 

<1500 

1350 

1350 

1350 

1600 

1800 

1900+ 

1700 

1950 

2000 

ELECTRODES 

Material 

Copper 

Stainless steel 

Inconel 

Co-based alloys 

W-Cr alloys 

Cr -Th02 alloys 

Mo2Si 

SiC 

ZrB2-20 w/o SiC 

Ce02-Z w/o Ta205 
Zr02-1S m/o Ce02 
zrC'2-RE203 

La. Ssr. 2crO) 

La.SCa.Zcr.75Al.2503 
Zr02-10 m/o Y203 

INSULATORS 

Limitations 

!!,t 0 

~tO 

~,O 

0 

0 

v 

o plus k 

o plus k, 

o plus k 

v 

i, v 

v 

v 

v 

1, ts 

+ 

Maximum Use Material Limitatione 

1300 

1300 

1700 

1700 

1800 

Si3N04 
AI

2
0

3 
SrZr0

3 
CaZro

3 
MgO 

o plus k 

k 

p. ts 

p,~ 

v,p 

Material 
Application 

Rating 

C 

C 

C 

D 

D 

D 

D 

C 

C 

D 

D 

C 

C 

D 

C 

Material 
Application 

Rating 

C 

B 

C 

C 

R-C 

Legend: i ionic conduction 
o - oxidation 

e - electrochemieal reactions 
t - thermion:l.c emission 

v - vaporization 
k - seed reactions 

designates a l;mitation 
at all temperatures 

.-----~~-.,-.-.-.' . -. . - . - , 

a - arc erosion 
p - resistivity 
ts - poor thermal shock resistance 
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3.9.}.3 Coal-Fired MHD Generator Materials 

The direct use of coal as the fuel in the MHD system requi!"es 

a reevalu:3.tion of materials for the generator channel. The ash constituents 

introduced into the system by the combustion of coal will condense in 

various parts of the system as a corrosive liquid slag. The corrosion 

of refractor) duct materials is shown schematically in Figure 3.31 where 

the recession 'tate of a given material is plotted against temperatu'.e. 

WhE'.n only the alkali seed is present, there is loss of material in the 

temperature range where the seed is present as a liquid. The Soviet WiD 

specialists term this the forbidden region,or a temperature regime to be 

avoided during operation, not only because of corrosion but also because 

of the interelectrode sho~ting caused by the conductive potassium 

compounds. 

When both seed and slag are present, the temperature region for 

liquid formation and vigorous corrosion extends several hundred degrees 

higher t due to the lower volatility of slag components. The composi tion 

of this liquid slag also varies with temperature. Below 1.673"K (2551"F). 

it will contain large amounts of putassium sulfate which will act as the 

primary corrosion agent; while at higher temperatures potassium sulfate 

will vaporize into the gas stream, and corrosion will be due to the 

alumino-silicate slag. This situation is complicated by thermal gradients 

across the slag layer, by variations in slag chemistry and temperature in 

the axial direction of the dUct, by chemical segregation due to electric 

current, and so on. 

A slag layer that coats the generator walls will affect both 

material (generator) durability and generator performance. Since both 

of these factors are rr~quirements o~ base-l.oad, olH.'.n-cycle plants, 

several questions trust be addressed. Can botb requir·,'~.':mts be met? What 

are the trade-offs? What is tbe optimum wall temperature? What effect 

will operating conditions such as gas velocity, gas temperature, combustor 

slagging conditions, and 80 forth, have on generator durability and per

fOH:ance? Curreutly both MHD generator· and materials specialists are 
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putting considerable effort into experimental and theoretical studies 

to answer these questions, which are crucial to the success of coal

fired MHD potver generation. 

+ 
~ 
c ... 
c 
o 
'iii 
If) 

fl 
Q) 

a:: 

Temperature .. 

Figure 3.31 --- Schematic recession rates as a function 
of temperature (Reference 3.147). 

Presently, there are two general approaches taken in dealing 

with coal-fired generator problems: the protective slag layer approach 

and the high slag rejection-hot wall approach. The former approach is 

advocated by a majority of both MHD generator and materials specialists. 

In part this is because this approach may be viewed as an extension of 

the electrode replenishment scheme developed several yeal's ago (Feference 

3.189}. This concept allows for the formation of a continuous slag 

layer which coats the generator walls. To be successful this layer must 

be controlled by the use of suitable modifiers. Extensive information en 

slag cheMistry, slag properties, and slag reactions with other materials 

will be required. Properties such as electrical and thermal conductivity, 

viscosity, surface tension, wettability, vaporization, phase equilibrium, 

and so on, are particularly important in determining the effect that a 

slag layer will have on generator performance. 
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A schematic diagram of a slag-coated generator wall is shown 

in Figure 3.32. Also included are representations of the variation in 

temperature, electrical conductivity, composition, potassium concentration, 

viscosity, and the activity of oxygen and sulfur from the base electrode to 

the plasma. 

The thickness of this slag +ayer has been both calculated 

(Reference 3.146) and measured (References 3.144 and 3.145) to be of the 

order of 1 mm. The temperature at the slag-plasma interface is primarily 

dependent upon slag viscosity and channel aerodynamic conditions and is 

somewhere near 2000 DK (3140°F) (Reference 3.199). The temperature 

at the electrode-slag interface is controlled by the thermal flux through 

the electrode wall. Channels w~~h significant amounts of water cooling, 

such as at U.T.S.I. (Reference 3.144), operate where this temperature is 

only a few hundred degrees centigrade. In this case, the slag at the 

electrode surface is frozen, and corrosion would be expected to be 

minimal. At these temperatures, however, a penalty is paid in terms of 

voltage drops through the resistive slag layer. 

Rosa (Reference 3.194) has calculated acceptable values of 

resistivity for channel coatings {approximately 1 mm (40 mils) thick) 

as a function of temperature (see Figure 3.33). The upper limits are 

based upon voltage considerations, and the lower limits are based on 

interelectrode current leakage considerations. Electrical reSistivity 

data reported by the National Bureau of Standards (Reference 3.148) 

indicate that MHD slags fall into the allowable regions. Maxwell (Ref

erence 3.146) has also considoered the effect of resistive coatings on 

generator performance on both a theoretical and experimental basis. This 

work indicates that resistive layers even out the current concentrations 

on electrode surfaces that lead to destructive arcing. Maxwell's calcu

lations also indicate that the joule heating of resistive layers will 

become significant if resistivities become too high. This analysiS 

appears to explain the performance of co1d-~\I'all (Reference 3.144) and 

moderately hot-wall (Reference 3.170) generators with resistive wall 

coatings. 
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Figure 3.32 - Schematic of property profiles 
(Reference 3.147). 
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TEMPERATU RE 

3000 
I 
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Figure 3.33 --Enveloge of allowed values of resistivity 

vs temperature (Reference 3.194). 

Generator experience with slag-coated walls is very limited at 

present; clearly, more infor.mation of a longer term nature is needed to 

demonstrate the effect of the slag layer on generator performance and 

durability. The question of the optimum electrode surface temperature 

appears to be crucial. If adequate generator performance over a long 

duration can be demonstrated at temperatures below 1273°K (18310 F), 

metal electrodes may be used satisfactorily. ~f temperatures above 

1273 to 1473°K (1831 to 21910 F) are required, towever, ceramic 

electrodes will be preferred, and the problem of corrosion by seed and 

slag compositions must be seriously addressed. 

3-187 

r' 
~" , 

. ~ , 
~-
I· 

i 
" • " I 

I 
I 
I 

I 
I 
\ 

I 

! 
! 

1 

! 

k d 

! 

. -, 

I ; 

1 

I .. 

11 

11 I 
II 
11 

-- ~i I. 
Jl 

I 1,1 , 
i; 

J .. ', . 'j 

I 

:. : J , :,,:- ..., 
;~ ... . 

.. ,; " ...... , 
. "'-t..: __ '-'lj":"" -



i 
J 
l' 

II 
,I 

,1 

Corrosion of refractory oxides by alumino-silicate slags is a 

serious problem. For example, if a simple two component AI
2

03-Si0
2 

slag 

is considered, liquid formation du~ to the reaction of the oxide insulators 

in Table 3.46 wi) 1 occur at 1703 to 1873°K (2605 to 2911°F) (Reference 

3.l95). Presence of other oxide components in the slag would further 

lower these temperatures. Corrosion studies at the University of Utah 

(Reference 3.171) have shown an exponential increase in corrosion rates 

with temperature. Alumina, the most corrosion resistant material tested, 

loses 1 mm (0.040 in) of material at 1723°K (2941°F) and 400 mm (15.75 in) 

at 1823°K (2821°F) in a 3.6 Ms (1000 hr) test. 

The corrosion rate is governed by several factors: slag com

position, equilibrium solubility of the refractory in the slag, tempera

ture gradient, grain size, porosity, grain boundary phases, and so forth. 

Although corrosion can be controlled by either the interface reaction 

or by diffusion through the slag layer, in the case of corrosion of 

refractories by slags, the latter is the rate-controlling step. The 

dissolution is governed by the flux of material, J, according to Fick's 

Law 

J = -~ fiX 

where D is the diffusivity of the slowest species through the effect~ve 

boundary layer thickness lIX. 

is the difference between the 

The concentration gradient, fiC = C - C 
e s' 

equilibrium saturation concentration (Ialec-

trode components in the slag), C , and the steady-state composition of that 
e 

component in the slag beyond the boundary layer, Cs • Since diffusivity and 

Viscosity (or fluidity) are intimately related in slags, corrosion rates 

are usually found to be particularly sensitive to slag fluidity (or 

viscosity (Reference 3.196), as shown in Figure 3.34. 

In order to achieve long-term generator operation under slagging 

wall conditions, the following measures have been proposed (References 

3.147 and 3.l48) to reduce the corrosion rates of generator materials: 

1) control of gas-phase and slag-seed layer compositions and 2) con'tral 

of electrode composition, surface temperature, and microstructure. The 
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Figure 3.34 -- Relation between slag attack 
and fluidity (Reference 3.196). 

effect of these factors has been reviewed by Bowen (References 3.147 

and 3.197). In effect, these measures all reduce J, the flux of material 

being transported by either increasing bX or decreasing D and bC. The 

most significant changes in the corrosion rate can be obtained by 

reducing bC to zero. This is accomplished by adding additives such as 

zirconium oxide to the slag or gas phase when zirconia electrodes are 

used or chromium oxide when chromite electrodes are used. It also 

suggested that compatible insulator materials such as zirconate insulators 

with zirccnium oxide electrodes and silicon nitride or Sia10n insulators 

with silicon carbide electrodes (Reference 3.197) be used. 

This line of reasoning leads to the concept of electrode (and 

insulator) compositions in equilibrium with the slag. Bowen and his co

workers (Reference 3.197) have identified hercynite (FeA120
4

) as such a 

compound. Hercynite appears to have adequate hip,h-temperature electronic 

conductivity and has been identified in one partially crystallized MHD 

slag (Reference 3.198) where eastern coal has been burned. To provide for 

good, low-temperature conductivity it is proposed that hercynite be graded 

with hematite (Fe
3
0

4
) which has a resistivity of 10-2 ohm-em at room tem

perature. Hematite, in turn, is in equilibrium with iron at room tempera

ture. This electrode, therefore, would consist of several compositional 

gradations: FeO
x

-A1
2

0
3
-Si02 slag to FeA1

2
0

4 
to Fe

3
04 to Fe metal. Th~ 
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slag layer can be looked at as part of the electrode structure. Materials 

compatibility has been considered from the slag layer to metal current lead, 

in this example. 

The second approach to coa1-fired-generator operation is to 

reject mos\", (>90%) of the slag in the combustor and to run the generator 

walls very hot[>1973DK (3092 DF]to minimize condensation of slag. The 

injection of gases through the generator wall to further aid in the 

prevention of slag condensation has also been suggested (Reference 3.199). 

The choice of materials that may be used under these conditions is limited 

to the refractory oxides, and possibly to the carbides and borides, by the 

injection of a neutral boundary layer gas. The presence of a continuous 

slag layer at this temperature is expected to result in excessive amounts of 

corrosion. Recent tests at Westinghouse (Reference 3.152). however, as shown 

in Figure 3.35, indicate that recession rates 

conditions of reduced (10%) ash carry-over as 

are dramatically reduced under 

cO!c"pared to 100% al3h carry-over. 

Analysis of these test samples indicates that at these ash carry-over 

levels and wall temperatures a continuous slag layer does not build up, 

but rather the slag-seed condensates are in the form of isolated droplets 

which cover the wall surface. These results are preliminary in nature, 

and further testing is required to demonstrate the effect of the amount 

of ash carry-over, wall temperature, and the like, before any definite 

conclusions are drawn. 

In summary, the corrosive conditions in the coa1-fiTed MHO 

duct are very severe; the identification oj operation conditions, 

protection techniques, and materials to allow for long duration 

operation is a challenge to both materials and MHD specialists. 

generator 

From a 

materials viewpoint, 

clean fuel-fired MHO 

coal-fired MHD generators are at the same point a5 

generators were in the early sixties: a few novel 

materials have been proposed, and programs to evaluate materials under 

real or simulated conditions have begun. When promising materials are 

identified they will require optimization with respect to their resistance 

to corrosion, erollion, and thermal stress damage (Reference 3.200). 

Although the .election of materials is speCUlative at this time, a list 

of possible electrode and insulator materials for the coal-fired generator 
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Table 3.47 - Possible Electrode and Insulator Materials for Use in 
Fired MHD Generators 

With Slag: Layer 
(T < ISO.QDC) 

Copper 

Inconel 

Fe2Al204 

SiC 

ZrB2'SiC 

Slag-Coated Mo or W 

Graphite 

With Slag Layer 

Si3N4 or Sialon 

3Al
2
0

3
02Si02 

2MgOoSi0
2 

" .. '_.' r::,-..,-..,....."...".,.,...,.,-. -. -','i-- ., 

ELECTRODES 

INSULATORS 
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Hi.gh Slag Rejection
Hot Walls (T > ISOO·C) 

CeO
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La oSSr o2cr03 

MgCr 204 

with neutral 
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High Slag Rejection 
Hot Wall 

MgO 
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is' shown in Table 3.47. With respect to several-thousand-hour lifetimes, 

they must be ranked, at this time, as 'D'. 

3.9.4 Air Preheater Materials 

3.9.4.1 High-Temperature Air Preheaters 

The air preheater is an essential auxiliary component to any 

MHD energy conversion system. These air preheaters provide hot air to 

the combustor so that high combustion temperatures can be achieved. The 

performance of the entire MHD cycle is dependent upon the temperature of 

the preheated ai.r; in other words, a 5 to 6% increase in plant efficiency 

can be realized by raising the air temperature from 1273 to l773°K (1831 

to 2732°F). There are various types and designs of air preheaters. 

For example, the air can be heated directly by the combustion gases 

from the MHD channel or indirectly using a separately fired system. 

These two preheater types can be of two basic designs: the recuperative 

or the regenerative (intermittent). The recuperative heater requires 

an exchange of heat betWeen two adjacent flow channels (i.e., for the 

exhaust gases and air). A pressure differential of 405.2 to 911.7 kPa 

(4 to 9 atm) exists between the two channels; this differential necessi

tates the use of low-permeability materials and pressure seals. Current 

state-of-the-art recuperators use metals and are limited to temperatures 

of approximately ll73°K (l652°F) because of creep, thermal fatigue, and 

so on. Although ceramic recuperators have been seriously considered, 

none has yet been built and operated. The major difficulties in using 

ceramics are their brittle nature, poor thermal conductivity, sealing 

joints, and the like. The thermal conductivity and thermal shock resist

ance of oxides is poor,so consideration of ceramic recuperator materials 

would be limited to nonoxides such as silicon carbide. A recuperator 

using silicon carbide could be used to temperatures approaching l773°K 

(2732°F) in an atmosphere containing only combustion gases, and to 

temperatures less than l573°K (2372°F) where seed or slag are present. 
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The regenerative air preheater has received the most attention 

for preheating air in MHD systems. The regenerative air preheater 

experiences cyclic conditions with rapid changes in flow rates, pressures, 

and tem?~ratures. Switchover valves are required which also will be sub

jected to rapid temperature changes and large pressure changes and have 

moving parts. The heat at·orage materials in the regenerative air heater 

consist either of checker brick or ceramic pebbl~s. Multiple regenerator 

units are re.'uired, and the total volume of refractories is large. Life

time and cost is, therefore, very impor.tant. 

Regenerative air preheater technology is built upon the 

experience gained in the operation of stoves for steel plant furnaces and 

of ceramic stored-energy heaters for supersonic aircraft simulation 

facilities. Steel plant stoves operate currently at 1773°K (2732°F) for 

thousands of hours, and stored-energy heaters have been used as high as 

2453°K (3956°F) with no major difficulties (~eference 3.201). 

Several regenerative air preheaters have been built for MHO 

systems; the most noteworthy are those providing 1473°K (2192°F) oxy~en 

enriched air for the U-25 facility (Reference 3.202), the pebble bed air 

preheater for tn.e U-02 facility, which has operated succesfully for over 

25.2 Ms (7000 hr) at 1973°K (3092°F) and ·for shorter durations at 2273°K 

(3632°F) (Reference 3.185), and the moving bed preheater at SWierk, 

Poland (Reference 3.203). These are all separately fired preheaters 

which are subjected to exposure only by combustion gases (no alkali seed). 

While both cored brick and pebble bed preheaters have been operated over 

a wide range of temperatures, the latter have been found to be less satis

factory because of pressure drop, dusting, lumping of the bed, bed com

paction, and low performance (Reference 3.204). These problems would be 

further aggravated by the presence of seed and slag. 

Checker or cored brick preheaters would be constructed of more 

than one material in order to match the properties of certain refractorIes ~ 

with the requirements in specific temperature ranges in the air preheater. 

Table 3.48 demonstrates the trade-offs encountered.· in the choicE', of these 

materials. The maximum use temperature is generally determined by high-
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temperature mechanical strength or creep. Table 3.48 shows that 

combinations of different materials must be used to minimize the cost 

of materials. 

Table 3.48 --Air Preheater Materials 

Maximum Use 
Material Temperature (Oe) 

High A1203 (70-90%) Firebrick 1400 

MgO (98%) 1700 

A120 3 (99%) 1700 

CaD or MgO stabilized Zr02 1900 

2100 

Approximate Cost Per 
Standard gil Brick 

$ 0.50 

1.60 

4.20 

44.00 

150.00 

In addition to the heat storage materials, the walls for the 

air preheater will pose some serious design and material problems. The 

walls will be constructed of more than one material to resist corrosion, 

to reduce heat losses, and to contain ~igh-pressure gases. The tempera

ture gradient in the radial direction will be large, introducing large 

thermal stresses. Seed and slag penetration through cracks and joints 

will also be a problem (Reference 3.205). 

3.9.4.2 ~ria1 Requirements for MHO Air Preheater 

There are a number of properties that are critical to the 

economical, long-term operation of MHD air preheaters, Specifically 

they are: 

1) Corrosion and erosion resistance to combustion gases, 

seed, and slag at high temperatures 

2) The~a1 stress damage resistance during start-up, cycling, 

and shutdown 

!:" .. 

3) 

4) 
Kesistance to creep at high temperatures 

High compres"!_,,e strength at high temper,~ture 
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5) Resistance to air pressure differentials and to cyclic 

changes in oxygen partial pressures 

6) Low cost due to the large quantities of refractories required. 

These requirements must be maintained with respect to the demands 

of other requirements (e.g., compressive strength must be maintained at 

high temperatures after thermal cycling, after being subjected to slag 

and seed, to changes in oxygen partial pr~ssure, etc.). Several of these 

property requirements place conf] ieting demands on compositions .:-.nd 

microstructures. For example, thermal shock resistance is achieved in 

ceramic bodies by incorporation of 15 to 25% porosity and by a wide 

variation in grain size. On the other hand, a fine-grained, dense body 

is required for maximum compressive strength. In fact, strength is 

related to both grain size and porosity in an exponential fashion, as 

given by Equation 3.17. 

S = s e-aPe-aX 
o 

3.17 

~-!here S , a,and ~ are constants;; p is the pore fraction;; and X is the o 
average grain size. A typical refractory oxide will losf.' 50% of its 

strength by an increase of 10% in porosity (see Figure 3.36). 

1.0 

:r 0.8 .... 
e! 
Z 
W 
II: 0.6 S = So 0-0.'3 P .... 
1/1 
W 
;'> 

5 0.4 
w 
II: 

0.2 

% VOLUME PORES 

Figure 3.36 -- Relative strengths of ret'ractory oxides 
versus porosity (Reference 3.205). 
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P-..J.so, creep resis.tance is lowered by increased levels of porosity. It 

appears that tailored microBtructures may be required for air preheater 

materials that repre8en~ a t~ade-off between various requirements 

(Reference 3.204). 

3.9.4.3 Mechanical Properties of Preheater Materials 

In the preheater one is concerned with effects related to 

material mechanical properties t of both short- and long-term nature. 

Short-term effects are related primarily to thermal stresses on 

heat-up and during thermal cycling. The long-term effects are related 

to creep, crack growth, and corrosion-related phenomena. Thermal stress 

damage resistance has been discussed' in a previous section (3.9.3.2). 

Compressive strength is related to grain size .and porosity. Creep rates 

must be kept below 2.8 x 10-8%/s (1 x 10-4%/hr) for a 36 Me (lO,OOO hr) 

preheater life (Reference 3.206). The compressive creep ratio will limit 

the maximum use temperature and permissible heights of most 

refractories, as shown in Figure 3.37, for aluminum oxide and magnesium 

oxide. Creep in refractories is related to strength, grain size, grain 

boundary compositions, phase equilibria, and refractoriness of phases 

present. A recent review of this subject is given by Trostel (Reference 

3.207). 
1000 

""" . \ 
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1500 1700 1 2100 
Top coul'!e temperature, ~ 

Fig'Jre 3.37 - Calculated permissible matrix height-
top course temperature for alumina and 
magnesite refractories (Reference 3.206). 
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3.9.4.4 Corrosion Resistance of Preheater Materials 

The corrosion resistance of materials to the gases, seed, and 

slags is a crucial requirement for high-temperature air preheaters. 

Various air preheaters may be exposed to three sets of conditions: 

1) combustion gases (c1ean-f·,el fired, separately fired preheaters), 

2) combustion gases plus alkali seed (clean-fuel fired, direct-fired 

preheaters), and 3) combustion gases plus alkali seed and slag (coal

fired, direct-fired preheaters). The corrosion will vary considerably 

among these three cases. Separately fired air preheaters burning clean 

fuels have been demonstrated to operate successfully at temperatures in 

excess of 2273°K (3632°F) for several hundred hours in the U-02 

installation (Reference 3.186) and the Arnold Engineering Test Facilities 

(Reference 3.201). It would be premature to extrapolate this experience 

to the required 36 Ms (10,000 hr) J.ifetimes at these temperatures. 

Cal cia preferentially evaporates out of caleia-stabilized zirccnia above 

2l44°K (3400°F) destabilizing this material (Reference 3.186). There is 

little vaporization 

these temperatures. 

information on yttria-stabilized zirconia in air at 
-3 2 Vaporization rates of 3 to 6 x 10 g/m /5 [2 to 

4 em (0.787 to 1.57 in) recession i~ 36 Ms (10,000 hr)] have been 

reported for a 10 wt% Y203-Zr02 at 23000 K (3680°F) (Reference J.162). 

Erosion tests in a combustion gas environment at a gas 

500 m/s (1640 ft/s) produced a weight loss rate of 2 x 

velocity of 
-2 2 

10 g/m /5 

[14 em (5.51 in)recession in 36 Ms (10,000 hr)] at the same temperature. 

The increased rate of material loss in a fast moving gas stream was 

attributed partly to the erosion of entire grains from the material 

(Reference 3.162). These data would place 80me caution on the extrapo

lation of present preheater experience to long-term performance. Creep 

data on yttria-stabilized zirconia are also lacking at these temperatures. 

Finally, the high cost of yttria ~66.l4/kg (~$30/lb)]places a large 

economic penalty on the use of Y203-Zr02 matrix materials. 

While no direct-fired, high-temperature air preheaters have 

been built for MHD systems using clean fuels, there have been several 

studies of corrosion by seed compounds. Alumint.ttn oxide has been shown 
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to react with potassium forming potassium a-AlZ03 (KZO.llAlZ03) (Reference 

3.182) at temperatures AR low as 1573°K (2372°F). Formation of thi. 

compound takes place both when the potassium is in the liquid and in the 

gaseous state. Formation of a-A1203 is noted by a weight gain, followed 

in time by a surface layer shelling off due to a build-up of boundary 

stresses (Reference 3.182). Both stabilized zirconia and magnesia are 

resistant to seed attack (Reference 3.182), although some dissolution 

of magnesium oxide by molten potassium sulfate was noted by Gannon 

(Reference 3.208) at l473°K (2084°F). This dissolution is anticipated 

frau: the potassium sulfate-magnesium oxide phase diagram {Reference 

3.164; which shows a single eutectic at l340 0 K (1952°F). Mayauskas 

(Reference 3.209) also reported that a 1% potassium addition to the gas 

stre~n in erosion testing of calcium oxide-stabilized zirconium oxide 

increased the erosion rate by only 15% at 2273°K (3632°F). Fukui 

(Reference 3.181) observed potassium carbonate to be more corrosive 

than potassium sulfate to all ceramics. 

Porosity has a profound effect on the corrosion rate. The 

exponential relationship between corrosion rates and porosity for 

magnesia as shown in Figure 3.38. Fi.gure 3.38 illustrates that the 

effects of porosity overshadow those of impurities. It also indi

cates that the corrosion rate is increased by an order of magnitude 

by increasing the porosity level from 0 to 20%, as one would do to 

promote thermal shock resistance. The effect of porosity is related to 

the increased availability of surface area for reaction or dissolution 

by the molten potassium sulfate. 

Figure 3.38 also shows the effect of other combustion products 

present in the potassium sulfate in the corrosion rate. This mixture 

called 'equilibrium seed' for an oil fuel contains 86 wt% potassium sulfate, 

S wt% potassium vanadate (KV03), 4 wt% sodium sulfate, and 1 wt% each of 

potassium silicate, magnesium sulfate, ferrous sulfate, and nickel sulfate. 

These rates fbllow the-same trend as for potassium sulfate but are almost 

an order of magnitude higher. It is apparent that such products of 

combustion will enhance the corrosion by liquid seed. In particular, 

vanadium is believed to contribute to increased corrosion of oxides. 
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Figure 3.38 - The relationship between corrosion rate and 
porosity for magnesia materials. -0- Test B, 
5 hours at 17000 K in K2S04• -fi- Test C, 
5 hours at 170QoK in equilibrium seed. 
(Reference 3.206). 

While studies of potassium compatibility have concentrated on 

aluminum oxide, magnesium oxide, and stabilized zirconium oxide, more 

limited studies have shown that MgO·A1203 , spinel, thoria, and beryllia 

have good resistance to seed; while silica, mul1it~ and titania are 

severely attacked at 1673 to 1773°K (2552 to 2732°F)in a few hou'o 

(Reference 3.208). While magnesium oxide and stabilized zirconi~ 

oxide show promise, there have not been extensive tests of these 

materials under realistic conditions for long durations. The work by 

Fukui comes closest to this goal. In summary, magnesia appears to be 

most promising as a preheater material under seed only conditi,c!11s. It 

is favored over stabilized zirconia on the basis of cost and thermal 

shock resistance. It has not been demonstrated that large volumes of 

this material can be used with both adequate thermal shock and corrosion 

resistance at all locations of the preheater. 

There are virtually no data on the corrosion of preheater 

materials by slag-seed mill.tures. McCa'~lister (Reference 3.151) reported 

early results of such studi~s being conducted at the University of Utah. 
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These results, which are shown in Figure 3.39, indicate that al,~inum 

oxide has much better corrosion resistance to these mixtures than 

magnesia. As the most corrosion resistant material reported, aluminum 

oxide would lose 8 to 300 mm (0.315 to 11.81 in) of material in 31.536 Ms 

(1 yr) at 1723 and l823°K (1450 and l550 0 F), respectively. These rates 

are not encouraging when one thinks of the economics and long life 

required for a direct-fired air preheater. The slag-seed mixture~ how

ever, consisted of only one slag-seed composition, and the test does 

not truly duplicate preheater conditions. A wider range 0.£ slag and 

refractory compositions, as well as a more realistic type of testing, 

is required before a definite assessment can be made of these corrosion 

problems. Other candidate materials that may possess good corrosion 

resistance include chromium oxide, various chromites, mullite 

(3Al203'2Si0
2
), spinel, and others. Again, the rejection of a large 

fraction (>90%) of ash in the combustor may dramatically reduce the 

corrosion rates in the preheater, as shown in Figure 3.39. 
1550"C I 450"C 1350"C 

I I 
SAMPLE

1 

0 M-I 

0 M-2 

-

~ \ \ 
GJ,cr2

_ \ \ \ \ -: 

~ \\ \ \ -

\ l \ \ 

\.'\ ,'\,. 
10" !:-,-...L--::,,= I...L--::~ .....:..--:~-/._.l!.~d . .,......J 

0.54 0.56 0.58 0.60 0.62 
103/T ,0K-I 

Figure 3.39 - The dependence of corrosion rate upon temperature 
for magnesite and alumina refractories at a constant 
slag shear rate of 47 in/min. (Reference 3.151.) 
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3.9.5 Other High-Temperature Components 

While components such as the generator, air preheaters, and 

combustor connn~nd much of the attention in developing MHD mat.erials, 

there are other components also that must meet similar requirements. 

These components include the diffuser, high-temperature ducting, and 

high-temperature valves. 

3.9.5.1 Diffuser 

Although the temperatures and the gas velocities may be lower, 

and magnetic and electric fields are not present, the diffuser experiences 

many of the same conditions as are found in the generator. The dif

ferences greatly expand the list of possible high_temperature materials 

to be used in the diffuser. These materials need not meet the electrical 

requirements of either electrodes or insulators. Many materials with 

intermediate electrical properties can be considered for the diffuser. 

The lower flow velocities reduce the amount of erosion in the diffuser. 

Concretes with marginal erosion resistance can also be used. The dif

fuser will have a surface area more than an order of magnitude larger 

than the generator. More emphasis must be placed on the use of inexpen

sive materials. 

For systems burning ash-free fue1s,materials based on refractory 

oxides such as magnesia, zirconia,or alumina would be preferred. These 

could be in the form of brick, concrete,or castables. Less expensive, 

less refractory materials could be used if temperatures are low enough. 

Composite walls of dense brick backed up by a concrete could also be used. 

There is considerable flexibility here, the major goal would be to use a 

material or materials that are durable at the least cost. 

In a coal-fired system some slag resistant compositions based on 

the MgO.Cr 203 , Al 20
3
'Si02, A1 20 3 'Cr203,and MgO'A1 20 3,cr 20

3 
systems could 

be considered,along with other common oxides such as magnesia and alumina. 

These could be used in the fo~ of brick (fused or fired), conc~etes)and 

castahles. Experience gathered in coping with iron oxide-rich silicate 

slags in the steel-making industry could be applied here. 
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3.9.5.2 High-Temperature Ducting 

High-temperature ducting is required to move gases from one 

p~rt of the MHD system to another -- in particular, from the air preheater 

to the combustor. A base-loaded MHD plant could incorporate several 

hundred meters of high-temperature ducting which is from 1 to 9 m (3.28 

to 29.52 ft) in diameter (Reference 3.208). These ducts are designed 

to minimize both heat and friction losses. The duct construction should 

be simple, convenient, and inexpensive. In practice, these ducts consist 

of a composite of materials utilizing a refractory, corrosion resistant 

inner liner, low thermal conductivity insulation (porous refractories 

and/or fibrous insulation), and a metal pressure shell that mayor may 

not be air or water cooled. The choice of the refract'ory, corrosion 

resistant liner is dependent upon gas temperatures and the corrosiveness 

of the environment. Gas tamperatures could exceed 2273°K (3632°F),and 

the environment could vary from clean air to coal combustion products 

containing seed and slag. Although the materials requirements for ducts 

are less demanding than those for their respective preheaters and thus 

do not represent an obstacle in the development and use of these pre

heaters, the ducting is massive and subject to relatively harsh conditions. 

The construction of such ducting using inexpensive materials is a major 

concern. 

3.9.5.3 High-Temperature Valves 

In both directly and separately fired air preheaters a number 

of valves are required to control the flow of air and combustion gases. 

The conditions to which these valves would be subjected would vary with 

the specific air preheater but would include rapidly changing pressures 

of 101.3 to 1013 kPa (1 to 10 atm) , corrosion and erosion by slag and seed, 

high flow rates, temperatures to 2473°K (3992°F), and sudden changes in 

temperature. Some of these valves would be a few meters in diameter and 

would weigh several tons. The materials required must possess good 

thermal shock resistance, low creep rates, good thermal conductivity, 

high temperatures, mechanical strength, and good corrosion resistance. 
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The current state-of-the-art for high-temperature valves is 

represented by those used with regenerative air preheaters in the 

metallurgical and glass industries. Water-cooled valves up to 1.8 m 

(5.91 ft) in diamecer are manufactured to operate at up to 1673°[( (2552°F) 

at pressure differentials of 202.6 to 303.9 kPa (2 to 3 etm). The 

valves required for several of the possible ~ffiD air preheaters are well 

beyond the state-of-the~art. In particular, the switchover valves for 

a coal-fired, direct-fired regenerative air preheater where corrosion by 

slag md seed in the combustion gases is encountered,and the valves for 

the high-temperature heat exchanger for the inE:rc gas closed-cycle MHD 

system where temperatures over 2373°K (3812°F) are encountered,are 

particularly demanding on materials. 

Water-cooled metal valves eliminate many of the high-temperature 

materials problems at the expense of large heat losses. Heat losses are 

minimized by use of ceramic valve~ but the combination of requirements 

pose severe difficulties with these materials. Ceramic-coated water

cooled metallic valves may represent a compromise. This is clearly an 

area that would require much attention by both designers and materials 

specialists. 

3.9.6 Heat Recovery and Seed Recovery Materials 

As the temperatures in the MHO system drop below 1500 0 K (2240°F), 

substantial amounts of potassium compounds 'tvill condense as liquids and 

solids. This condensation will occur in the downstream portions of the 

system (e. g. , the low-t'emperature heat exchanger, boiler, superheater, 

etc.). These components would be constructed of various metallic alloys. 

The chemistry in this part of the system is both complex and undefined. 

The potassium will condense out as a mixture of potassium carbonate, 

potassium sulfate, and potassium sulfide. The prevalence of these 

compounds will depend on the fuel-to-air ratio (Reference 3.210). 

Mixtures of these "'hree compounds will give freezing point::; from ]'143 

down to 873°K (1957 down to 1112°F). Substantial quantities of slag fly 

ash will be entrained in these deposits. These condensates will pose 
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problems of corrosion, fouling, and deposit build-up. Some of these 

problems are similar to those found in the boiler industry, but others 

are unique. Fouling of tubes, blockage of equipment passages, destruction 

of metal heat transfer surfaces, and so forth, can have sevp.re operational 

and economic consequences. 

3.9.6.1 Corrosion of Downstream Metallic Components 

The corrosion of metallic boiler and su.perheater tubes by 

complex alkali sulfates was recognized several years ago (Reference 3.211); 

consequently, measures were taken to avoid the problem. Metals in the 

MHD environment, however, will encounter very high concentrations of 

both alkalis and sulfur. While both alkali and sulfur are regarded as 

precursors to such corrosion problems, there is very limited research 

under MHD conditions. There have been, however, three studies conducted 

under conditions close to those anticipated in an MHO system. 

The British (Reference 3.212) studied the corrosion of 

several superheater metals under oil-fired MHD conditions. Vanadium 

and sodium were added to the fuel oil, and sulfur dioxide was added to 

give 2,000 ppm sulfur dioxide in the flue gas. The tests were for 

periods of 0.25, 0.9, and 3.6 Ms (70, 250, and 1000 hr) at a seeding 

level of 0.01% potassium. Preliminary work indicated that the deposit 

composition and corrosion rate were independent of seeding level. A 

comparison of results under these MHD conditions, and using residual oil 

flue gas, is shown in Figure 3.40. 

Figure 3.40 -Comparison of average rates of metal 10SB in 250 
hour tests in MHD and residual oil flue gas 
(Reference 3.212). 
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An acceptable loss rate for 3.5 Ms (10+ yr) service would be ~13.89 pm/s 

(17.2 mills/yr). These results indicate that most austenitic and ferritic 

otainless steels, with the exception of those with high chromium con

centrations, suffer from very high corrosion rates. Only one alloy, 

60 Cr-40 Ni, was found suitable for temperatures up to 870 0 K (1107°F). 

Because of the cost and low creep strength of this alloy, it was concluded 

that it could be used as a coating or shielding material. 

In a second study, Hals et al.(Reference 3.213) studied the 

corrosion of various steels and high-temperature alloys used in boiler 

tubes and conventional heat exchangers. In this case the MHD environment 

was simulated by the injection of coal ash, sulfur, and potassium into 

the combustion products of natural gas combustion. The potassium seed 

level was 0.2 wt%. Metal temperatures varied from 450 to l233°K (350 to 

l760°F). Above ll16°K (1549°F) severe corrosion occurred after 0.36 Ms 

(100 hr) and tubes failed after 0.72 Ms (200 hr). This was attributed 

to the formation of liquid mixtures of sodium sulfate and potassium 

sulfate, a system having a eutectic at 1095°K (15ll0 F). The molten 

sulfates attacked the iron and nickel in the tubes, forming sulfides, 

releasing alkali oxides into the gas phase to again form alkali sulfate~ 

by reaction with sulfur dioxide and oxygen. 

No corrosion was observed below l095°K (lSllOF), and no 

corrosion was experienced by formation of complex sulfates or pyro

sulfates, which have been reported to cause severe corrosion of super

heater and reheater tubes at metal temperatures of 823 to 977°K (1022 to 

l299°F), and of furnace wall tubes at 584 to 644°K (592 to 700°F) in 

coal-fired boilers. That no such corrosion occurred was attributed to 

the unique operating conditions of an MHD system; in other words, near 

stoichiometric combustion, high combustion temperatures, rapid cooling, 

and un~form gases tend to suppress sulfur trioxide formation, which is 

a factor in formation of the pyrosulfates and complex alkali sulfates. 

Finally, the corroo'iion behavior of general 'boiler tube metals 

'''as studied in a coal-fired combustion system at the Bureau of HineR 

(Reference 3.214). Ten different metals and alloys were subjected to 
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coal combustion with and without potassium seed. These tests were of 

0.36 Ms (100 hr) duration, and in one set of experiments 4.4% potassium 

carbonate was added to the coal. The addition of seed increased the 

corrosion of these materials, as reported in Table 3.49. 

Table 3.49 - Metal Loss of Corrosion Specimens in Combustion 
Gas with Unseeded Coal and in Combustion Gas 
with Coal Seeded with FJtassium Carbonate 

Metal Loss 
Metal Flue Gas While Burning 
Temp. , Temp. , Unseeded Coal, 

Material .-:L OF in 

Carbon steel (A 106) 800 1800 (1) 
Croloy 2-1/4 800 1800 0.0000 
Croloy 5 800 1800 0.0025 

446 SS 1100 2100 0.0000 
406 SS 1100 2100 0.0055 
316 SS 1100 2100 0.0000 
310 SS 1100 2100 0.0000 

310 SS 1500 2500 0.0015 
Nickel 1500 2500 0.0035 
Inconel 1500 2500 0.0000 
Haynes 25 1500 2500 (1) 

(1) 
(2) 

Coolin6 air failure caused loss of specimen. 
Completely oxidized after 50 hours. 

Metal Loss 
While Burning 

Seeded Coal, 
in 

0.0075 
0.0015 
0.0075 

0.0000 
0.0035 
0.0000 
0.0000 

(2) 
(2) 
(2) 

0.0005 

At metal temperatures of 1089°K (1500°F) onl j the Haynes 25 

alloy survived the test. At metal tere~eratures of 866°K (llOOOF) no 

corrosion was found with 310, 316, and 446 SS. However, 406 SS was 

severely attacked in both seed and unseeded flue gas. At 700
0
K (800°F) 

metal temperatures, it was concluded that Croloy 2-1/4 might fulfill 

short-term use, but both carbon steel and Croloy 5 were attacked. 

These studies, while providing some insights into potential 

problems with metallic components under these conditions, are fragmentary. 

The first two studies are not truly representative of coal-fired MHD 

conditions, and the Bureau of Mines work was limited in scope and of 

short duration. Clearly, more extensive corrosion studies under simu

lated MHD conditions are needed. A number of questions need to be 
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answered, such as: the effect of reduced air operation on corrosion, 

the enhanced destructive effects of ari alkali surface containIng flue 

gas, the role of sulfur tri,?xide, alkali trisulfates, and molten sulfates 

in metal wastage reactions, and the development of corrosion control 

methods (Reference 3.210). 

The study of metal corrosion must be coupled with an awareness 

of other critical requirements for boiler and recuperator tubing, such as 

creep rupture, thermal fatigue, and so on. These considerations are 

discussed in detail in Section 3.2. 

The selection of potential metals and alloys for heat transfer 

tubing in components such as a recuperative air preheater or steam gen

erator can be based on experience in other coal-fired systems. 'fhiB 

experience is summarized in S~ction 3.2. With the excE::.!ltion of the high 

concentration of potassium found in tRe MHD systems, the conditions in 

many of these tests are similar. In particular, Table 3.10 should be 

referred to for selection of heat transfer materials. 

3.9.7 Magnet Materials 

Channel magnetic fields of 6 T were assumed for both open-

and closed-cycle MHO systems. Calculations were based upon the use of 

a ductile intermetallic, niobium-titanium, as the 6uperconducting 

material. This material is limited to peak winding fields of about 

8.5 T at reasonable currents. The designs in this study indicate this 

is possible. Higher allowable peak fields can b€ achieved by use of 

another intermetallic material, Nb
3
Sn, wh~ch has been use~ to generate 

fields well above 10 T. It is a brittle material. however. and programs 

have only been initiated.recent1y to codraw this material with copper 

to make large conductors. Much effort will be directed toward the 

development of superconducting 

be applicable to MHO magnets. 

magnets for fusion devices that will also 
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3.9.8 SUIDlJlary 

The materials problems in the coal-fired, open-cycle MHD 

systP.~ can be sUIDlJlarized very briefly as follows. The major materials 

problem is the durability of materials in contact with slag and seed at 

elevated temperatures. This problem, while undefined, appears to be 

severe, and a ~~eakthrough in terms of d~on8trating that materials can 

survive this environment for thousands of hours ~s needed for successful 

commercial realization of open-cycle MHD. The development of an electrode 

which can function for thousands of hours is also critical to the 

successful development of open-cycle MHD. Development of such an 

electrode should also be regarded as a breakthrough. These materials 

problems and the selection of materials for coal·· (ired open-cycle ~rnD 

are sUIDlJlarized in Table 3.50. 

3.10 Materials for Closed-Cycle MHD Systems 

The current status of closed-cycle MHD may be described as 

experimental. Closed-cycle test facilities typically consist of small 

laboratory-scale generators in which short-duration experiments are 

conducted. At this stage studies on materials are nonexistent. The 

consideration of potential materials problems and materials selection 

both require large extrapolations from the present state-of-the-art of 

this enErgy conversion process. . 

Many of the primary closed-cycle components (i.e., generator, 

magnet, air prcheater, etc.) are similar in function to those found in 

open-cycle MHD. Discussion of materials selection for each component, 

therefore, will be made in terms of compatibiLity with the closed-cycle 

environment and in satisfying requirements for each component, as dis

cussed in Section 3.9. On this basis materials for closed-cycle MHD can 

be divided in three groups: 1) high-temperature ceramics for the high

temperature heat exchanger, 2) hibh-temperature I >1273°K (1832°F)] metals 

and ceramics for the high-temperature portion (generator, nozzle, 

diffuser) of the closed-cycle, and 3) low-temperature I<1273°K (1832° F)] 
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Table 3.50 -- Summary of ~~terials Selection for Open-Cycle MED Components 

Base Case 
Number '" 

Fuel 

Air Preheater Type 

Combustor 

Generator 
Electrodes 

Insulators 

Diffuser 

Finish Superheater 
(llOO"F) 

Relteater (llOQoP) 

Evaporator (950°F) 

Hagnet (6T) 

• 

1 

Coal 

Separately fired 
(2326-3519° F) ** 
<2400°F, high AI Z0

3 
firebrick(A) 

2400 to 
3100°F A1203 

> 310QoF, CaD stabilized Zr0
2 

CD) 

CaO stabilized 
Zr0

2 
(C) 

SiC+ (D) 

+ Si3N4 (D) 

Chromite bonded 
A1 Z0

3 
(C) 

304 55 (D) 

2-1/4 Cr-l ~Io steel CD) 

2-1/4 Cr-l Me steel (D) 

Nb Ti (A) 

Includes variations on base casf'. 

•• 

~ 

Coal 

Directly fired 
(2367"F) 

<180QOF,RA-333(D) 
<2367°F, SiC (D) 

CaO stabilized 
Z,02 (C) 

SiC + (D) 

+ 
Si3N4 

Chromite 
A1

Z
0

3 

304 55 

(D) 

bonded 
(C) 

(D) 

2-1/4 Cr-l Mo steel (D) 

2-1/4 Cr-l Mo steel (D) 

~'b Ti (A) 

3 

Low- Btu Coal Gas 

Directly fired 
(2556=3l59°F)*** 

<lHOO"F, RA-333 (D) 
<240DoF, SiC (D) 

CaD stabilized 
Zr0

2 
(8) 

LasSr2Cr03 or 

stabilized Zr0
2 

(D) 

NgD ee) 
HgO (8) 

304 55 (D) 

2-1/4 Cr-l No steel (C 

2-1/4 Cr-l No steel (C) 

Nb Ti (A) 

Point 14 exceeded 310QoF, Points 7 and 8 were less than 240QoF, all others fell bettJeen 2400 and 31DD0}>" 

*** ~ ° ° Points 1-3 255f.'F, Point 4, 3148 F and Point 5 3159 F 
+ 

Several other equally prc'- ising electrode and insulator materials exist (See Table 3.47). 
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metals for the low-temperature portion of the closed-cycle loop. The 

major material problems are first, those associated with the high tempera

tures ("'2273 DK (3632 D F)] required of the high-telTperature heat exchanger, 

and, second, cesium corrosion in th~ closed loop (generator, noezle, 

diffuser, low-temperature heat exchanger). 

3.10.'1 High-Temperature Heat Exchanger 

To efficiently use coal-derived fuels using the closed-cycle 

MIlD process v<;ry high tempetdt, res ["'2273D K (3632D F)j are required in the 

high-temperature heat exchanger. As was discussed in Section 3.9.4, 

sllccesf;£ul short-term tests have been conducted both in the Soviet Union 

(Refe:ence 3.186) and in this country (Reference 3.201) on air preheaters 

at these temperatures. These air heaters are constructed using several 

different matrix or pebble materials at temperatures ,.;rhere their 

~roperties would meet the requirements for preheater materials. Although 

inexpensive materials could be used at low temperatures, selection of 

materials above 1973D K (3092 D F) "ould be restricted to a stabilized form 

of zirconia and above 2l73 DK (3452 DF) to yttria-stabilized zirconia. 

Several questions arise in regard to long-term 36 Ms (10,000 hr) operation 

of a 2273 DK (3632 DF) heat exchanger. First, there are limited data 

~Reference 3.162) to indicate that loss of 2 to 14 cm (0.787 to 5.51 in) 

of yttria-stabilized zirconia could be expected over a 36 Ms (10,000 hr) 

time period due to vaporization and erosion. Also, there is some question 

as to thermal shock resiste.nce, crack growth, and creep resistance of 

these materials over a long time period. Loss of material by thermal 

shock failure also could contribute to a dusting problem in the loop. 

Finally, there are a number of problems associated with the 

ductwork and valving required for this heat exchanger. The high-tempera

ture 'lalves and ducts required are far beyond the current state-of-the

art (see Section 3.9.5). In particular, high-temperature valves a few 

meters in diameter operating at 2273°K (3632°F) p05e a serious problem 

to both 'designer and materials specialist. Also, the heat exchanger 

must be tied into the metallic loop at some point [ at 2273 D K (3632 D F)j. 
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This poses a serious problem in terms of chemical and mechanical com

patibility. 

The high-temperature heat exchanger also must be designed under 

the constraint of minimizing the carry-over of gaseous impurities into the 

cesium loop. The use of ceramic refractories with appreciable porosity 

for thermal stress damage resistance is no small problem in terms of gas 

absorption and retention. The development of a heat exchanger that can 

overcome both the materials and impurity carry-over problems is crucial 

to the success'of this conversion process. 

3.10.2 Closed-Cycle Loop Materials 

3.10.2.1 Cesium Compatibility of C1osed-Cyle Materia~~ 

Attack of materials used in the closed-cycle loop by high.tem

perature cesium liquid and vapor can have at least two detrimental effects. 

The first is, of course, that the material under attack may in some manner 

fail; for example, a leak might develop in a severely corroded metal wall. 

Generally speaking, most structural materials are sufficiently resistant 

to cesium that such catastrophic symptoms of attack seldom occur. 

The second and more subtle manifestation of cesium attack 

involves material transport of the attacked material via the cesium to 

other surfaces. This transport phenomenon is caused by the tempera

ture dependence of material solubility. In this respect the oxygen 

level in the closed-cycle loop will be critical to the successful use 

of many materials. 

The compatibility of cesium liquid and vapor with both metals 

and ceramics has been a subject of study, primarily in association with 

the development of high-temperature thermionic converters. 

Cesium compatibility studies prior to 1967 have been critically 

reviewed by K1ueh and Jansen (Reference 3.215). They emphaSized the 

importance of test conditions in such exposure tests, especially the 

effects of impurities present in the metals and the cesium liquid. 
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Dissimilarity between test capsule and specimen materials and/or tempera

ture gradients present during tests, coupled with significant (e.g., 

>100 ppm) impurity levels can promote mass transfer phenomena which con

fuse the issue of cesium corrQsion per se. They concluded that earlier 

tests on cesium compatibility show inordinately high corrosion rates, 

both for conventional and for refractory metal systems, because of a 

strong influence of impurities in the cesium, principally oxygen. More 

recent and csrefully conducted studies indicate that the solubilities of 

refractory metals in cesium are of the same low or':t!r as found in sodium 

and potassium. The corrosivity of cesium is intimately related to its 

oxygen content; primary corrosion effects are often associated with 

oxygen exchange-type transport reactions between zones of unlike tem

perature. 

Structural Metals. The literature information (References 

3.21S to 3.229) currently available on cesium corrosion illustrates that 

the majority of experimental studies have been carried out with refractory 

metals. As a rule, very pure refractory metals (tungsten, molybdenum, 

niobium, tantalum), and their alloys are not affected by exposure to 

pure cesium at temperatures up to at least l773°K (2732°F). 

DeMastry and Griesenauer (Reference 3.218), in a study of 

materials for use as thermionic converter emitters, e~osed several 

refractory metal alloys to superheated[from 1273°K (1832°F)lcesium 

vapor at 1643°K (2498°F) and above for 3.6 Ms (1000 hr). Tungsten 

was not attacked at 1973°K (3092°F) but showed surface dissolution and 

grain boundary attack at 2143°K (3398°F). Such was also the case with 

W-1SMo, and W-2SRe alloy was moderately attacked at 2l43°K (3398°F). 

TZM alloy (Mo-0.STi-0.08Zr) was not attacked up to 2143°K (3398°F) but 

suffered from substantial grain growth at this temperature. Ta-12W 

showed severe surface dissolution at 1643°K (2498°F). It was suggested 

that carbon from the TZM containment capsule played a role in the attack. 

Nb-SMo-SV-1Zr was somewhat attacked at 1643°K (2498°F). 

Hargraves et al. (Reference 3.221) exposed the more cesium

resistant materials, identified by Smith et al. (Reference 3.220) in 
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earlier work, to long-term [36 Ms (10,000 hr~ tests at 723 and 823DK (842 

and 1022 DF). Tantalum and molybdenum were not attacked in these tests, 

although some surface scaling was observed with niobium. 

Slivka (Reference 3.222) exposed various ceramics, metals, and 

ceramic-to-metal seals to cesium vapor at a pressure of a few mm lig and 

at temperatures up to 1173DK (1652DF). Molybdenum was one of two metals 

that was not attacked. FS-85 niobium alloy showed a mild indication of 

surface reaction. Tantalum was moderately attacked, and was observed to 

have a matte surface, internal voids, and precipitates after exposure. 

Keddy (Reference 3.216) performed rather extensive cesium 

exposure tests on a variety of materials. Exposures of 0.36 Ms (100 hr) 

to liquid cesium at 773°K (932°F) caused surface darkening on niobium, 

titanium, zirconium, and zircaloy; molybdenum, Nb-O.5Ti, tantalum, 

tungsten, and vanadium were unattacked. 

Very careful work has been conducted to measure the solubility 

of refractory metals in alkali-metal liquids (References 3.227 to 3.229). 

The results showed that under very pure conditions the equilibrium 

solubility levels of refractory metals in potassium and lithium at high 

temperatures l273°K (l832°P) are less than a few ppm by weight, but that 

the presence of oxygen, either in the soLTent or solute, can increase 

measured solubilities by a factor of 10 or even 100. It was suggested 

that two oxygen-induced dissolution mechanisms occur. The refractory 

metal may dissolve into the liquid alkali metal as a simple oxide or 

may form complex refractory metal-alkali metal-oxygen compounds Which, 

presumably, also dissolve. The dominating mechanism depends to a large 

extent upon the relative thermodynamic stabilities 'of the various possible 

oxide compounds. It was found that the presence of an oxygen gettering 

constituent (zirconium, titanium, and hafnium) in the refractory metal 

sUl>stantially reduced measured solubility of the parent metal in the 

a11<:.ali metal, evidently by tying up oxygen so as to remove it from the 

above-mentioned processes. The same general considerations are applicable 

to ceSium-refractory metal combinations. 
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In summary, the refractory metals and their alloys show good 

corrosion resistance to cesium vapor above 1273°K (1832°F). The presence 

of oxygen impurities above the few ppm range, however, will lead to 

aggravated corros~on. The presence of oxygen gettering constituents 

(zirconium, titanium,. and hafnium) in these metals greatly improves 

resistance tD cesium attack by removing the oxygen from possible exchange 

reactions. The carry-over of othe y impurity gases,stlch as carbon 

monoxide, carbon dioxide, and nitrogen, and hydrocarbons from the high

temperature heat exchanger, will further complicate the corrosive effects 

on these materials. Formation of both carDid~ and nitride phases is 

possible, which would lead to dramatic changes in mechanical properties. 

Studies on more conventional metals, such as nickel, iron, 

Kovar, and related alloys,show that these materials are ordi~arily 

resistant to cesium attack to above l273°K (1832°P). Iron and iron-based 

alloys such as 316 SS are moderately resistant to attack by cesium at 

temperatures below l255°K (lBOQoF) and, in general, cesium-exposed 

materials exhibit a weight gain rather than a weight loss. Oxygen 

impurities present in the cesium are believed to be responsible for the 

weight gains; apparently, the cesium oxide is reduced by the stainless 

steel to form either chromium oxide or a complex oxide of stainless steel. 

In addition, experimental evidenc~ has indicated that decarburization of 

stainless steels can occur at temperatures below 1255°K (1800°F). Nickel

and cobalt-based alloys behave in a similar manner (Reference 3.216). 

Certain steels can be attacked by cesium by processes which dissolve and 

transport alloying ingredients such as sulfur, selenium, and carbon 

(Reference 3.219). 

Ceramics and Insulator Materials. Ouly a limited amount of 

experimental evidence is available concerning the compatibility of ceramic 

materi~ls with cesium. All of the experimental data generated to date 

are the result of static cesium exposure studies; no experiments employ

ing dynamic flowing cesium have been carried out. High-purity aluminum 

oxide and certain commercial grades of aluminum oxide are resistant to 

corrosion by static cesium to temperatures up to l255°K (lBDQOt) for 
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Figure 3.41 - Effect of silica content of alumina and bery1lia on their 
compatibility with potassium at 1600oF. Determined by' ratio 

.. ;" .. " 

of room temperature flexural strength of modulus-of-rtlplttrt· U10 tO 
bars expospd to potassium vapor and to vacuum, respectively, 
at the exposure test temperature for 500 hours. (Reference 3.232). 
K = potassium test environment 1600D F 
VAC = Vacuum test environmen~ l600°F 
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36 Ms (1000 hr) exposures. No attack was noted for hafnia and magnesia

stabilized zircQaia for 14.4 ks (4 hr) (Reference 3.224) exposures to 

static cesium at 1922°K (300Qop). Alternatively, large material losses 

were noted for silicon carbide and boron nitride exposed to static cesium 

under similar conditions (Reference 3.226). Recently closed-cycle MHO 

experimental studies have shown that high-density aluminum oxide may be 

employed as duct insulator materials; temperatures on the order of 1100 

to 2000 0 K (2600 to 3140°F) were maintained (References 3.230 and 3.231). 

Commercial bodies which contain less stable impurity constituents 

such as silicon oxide will demonstrate localized attack where these im

purities are present (Reference 3.216). The effect of such impurities 

was demonstrated in p'9tassium compatibility studies on several commercial 

aluminum oxide and beryllium oxide bodies by Kueser et a1. (Reference 

3.232). As shown in Figure 3.41, silicon oxide contents above a few 

hundred ppm are sufficient to reduce alkali-metal compatibility (as 

evidenced by a loss in strength). 

3.10.3 Selection of Closed-Cycle MHD Loop Materials 

Generator. Closed-cycle MHD electrodes must meet the require

ments outlined in Section 3.9.3.l~ith the exception that corrosion 

reSistance must be maintained with cesium vapor. As the refractory 

metals and their alloys appear to have good corrosion resistance to 

cesium at temperatures in excess of 1773 DK (2732 D F), they appear to be 

the most promising electrode materials. In fact, closed-cycle tests 

conducted to date use these materials. They have attractive electrical, 

thermal, and mechanical properties. Thorium oxide may be added to 

increase the thermionic emission of metals such as tungsten. A major 

uncertainty in using these materials centers on the amount and composition 

of impurity gas species such as carbon monoxide, carbon diOXide, nitrogen, 

and hydrocarbons that may be carried over in the high-temperature heat 

exchanger. These gases will react with these metals farming carbides or 

nitrides, th~s embrittling the metals (Reference 3.234). Borosovand 

co-workers (Reference 3.235) studied the behavior of niobium, molybdenum, 
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tungsten, tantalum, and their alloys in an argon plasma at 2073 to 2273°K 

(3272 to 3632"F). The changes they noted were associated either with 

mechanical erosion of the surface by the gas flow or with chemical 

action by impurities in the argon in particular, oxygen. This study 

demonstrated that oxygen impurities can significantly affect the durability 

of these allays during operation. 

The only nonoxides considered as closed-cycle MHD electrodes 

to date have been zirconium and niobium carbides (Reference 3.168). 

Attractive properties were reported, including excellent resistance to 

thermal shock, resistance to reactions with potassium, and low vaporization 
-6 2 rates (6 x 10 g/cm s at 2973"K (4892"F) for niobium carbide. 

Insulator material requirements, with the exception of those 

for corrosion resistance, are the same as those outlined for open-cycle 

insulation in Section 3.9.3.2. As mentioned in previous discussion, high

density alumina has been used satisfactorily as an insulator at temperatures 

of 1700 to 2000"K (2600 to 3140"F) (References 3.230 and 3.231). No 

difficulties ar~ anticipated with use of this material in high-purity 

form in cesium-seeded inert gases. The presence of significant amounts 

of oxygen in the plasma, however, could lead to formation of CSZOOAlZo3 

compounds. Other high-purity oxides such as magnesium oxide, SrZr03, 

and CaZr0
3 

should also prove satisfactory. 

Diffuser and Nozzle. The diffuser and nozzle represent structural 

components in the loop that will see both high temperatures and cesium vapor. 

Since corrosion problems with respect to cesium and gaseous impurities are 

likely to be less severe with oxide ceramics than with refractory metals, 

these components will be at least lined with the former. The nozzle, which 

operates at much higher temperatures, may require very refractory oxides 

such as stabilized zirconia. On the other hand, the diffuser can use 

alumina which is commercially available in a wide range of forms. Impurity 

and porosity levels of these materials must be minimized, at leaHt at the 

hot surfaces, to reduce corrosive attack by cesium and to increase erosion 

resistance. Brick and dense plasma-sprayed coatings are possible forntH 

tha t may be used. 
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Heat Recovery Materials. Metal tubing used in the low-tempera

ture heat exchange subsystem must be constructed of metals that have both 

the necessary mechanical properties and the resistance to cesium attack at 

temperature. The effect of gaseous impurities in the argon on cesium 

compatibility is of concern with these materials. Experimental studies 

in flowing systems are needed to show the effect of oxygen and other 

impurities on corrosion of candidate metal alloys. 

3.10.4 Summary 

The materials problems in closed-cycle, inert gas MHD can be 

summarized very briefly as follow's. The operation of the high-temperature 

air heater appears to be critical in two respects to the materials 

problems in this system. First, can such a heater operate at such high 

temperatures (>2273'K (3632'F) for long duratior,s? This question is not 

only asked about the heater but about the associated valves and ductwork. 

The use of valves at these temperatures, in particular, appears to be a 

difficult problem. Thes6 items also appear to be very costly. 

Secondly, the carry-over of gaseous impurities into the closed 

loop is a major question. If significant amounts of impurities, such as 

oxygen are present, cesium attack will be accelerated on metCl,l components. 

Other impurities such as carbon monoxide, carbon dioxide, and nitrogen 

will react with many metals. These problems and the selection of 

materials for the closed-cycle MHD are summarized in Table 3.51. 

3.11 Materials for Fuel. Cells 

Fuel cells are inherently capable of converting chemical energy 

directly into electrical energy at high efficiencies. Many fuel cell 

systems have been investigated in the past to realize this potential on 

a commercial scale. Invariably, all have failed to meet the three 

minimum requisites for a conunercial system: high level of performance, 

long life, and low cost. This is due, in large part, to inadequate 

materials or materials-related limitations. In this study the materials 
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Table 3.51 _- Summary of Materials Selection for Closed-Cycle }ijJD Components 

Component Parametric Points 1 to 5, 7 

Tempe.:.-ature of 

Heat. 
Exchanger 

3BOO+ 

High-Temperature 
Valves 3800 

Nozzle 3374 

Electrodes 3374 (Entrance) 

Insulators 

Diffusers 

Reheater 

Full-Flow 
Evaporator 

Part-Flow 
Evaporator 

1674 to 
2397 

1674 to 
Z397 

lZ50 

1150 

700 

Magnet 5 or 6 T 

;."" 
~;J 

., ,1\1,"''' 

(Exit) 

Recommended }~terial(s) 

< 2400°F,hlgh A1z03 firebrick(A) 

2400 to 
31000F Al203 (A) 

3100 to 
34000F Cao stablized 

ZrO 
3400°F. Y

Z
03 stabilized ZrOz (e) 

ZrO
z
!metal (D) 

YZ0
3 

stabilized Zr02 (C) 

TZH (e) or II (e) 

AI
Z
0

3 
(B) 

AlZ0
3 

(B) 

HA-IBB or H8-25 (el 

304 88 (B) 

Croloy 2-1/4 Cr-l Ho (B) 

NbTi (A) 

-,~ ):-< \ 

Parametric Point 6 

Temperature OF 

3100+ 

3100 

2744 

2744 (Entrance) 

150Z (Exit) 

1502 

1Z50 

1150 

700 

; : 

Recomml'ndcd l-!aterial (s) 

< 2400°F,high alumina firebrick (A) 

2400 to 
31000F A1 Z03(A) 

Alumina/metal (D) 

Alumina (e) 

TZH ( e) or W (e) 

A1Z03 (D) 

Al203 
(B) 

HA-188 or H8-25 (e) 

304 88 (B) 

Croloy 2_1/4 Cr-l Mo (B) 

NbTi (A) 
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effort on fuel cells has been dire~~ed towards assessing the present 

state-of-the-art in fuel cell materials, in identifying critical or major 

materials problems, and in ascertaining the development needs for the 

four fuel cell systems under study: 

• High-temperature solid electrolyte fuel cells 

• Molten carbonate fuel cells 

• Acid electrolyte fuel cells 

• Alkaline electrolyte fuel cells. 

In reporting the findings the first section discusses fuel cells in 

general, the second relates materials to performance, the next three 

sections discuss the four systems in particular j and the last section 

summarizes the results of the study. 

3.11.1 Background 

Fuel cells (References 3.236 to 3.242) consist of electrolyte, 

electrodes, and electrocatalysts, if needed. Interconnections are used 

to series-connect individual cells into batteries, and containment vessels 

are used to contain the batteries or fuel cell stacks. The electrolyte 

may be liquid or solid, but all other components are solid. The basic 

components of fuel cells are shown in Figure 3.42. The electrocatalysts 

are applied to the internal surfaces of the porous electrodes. At the 

electrode/electrolyte interfaces the chemical reactions of interest 

occur. Low rea~tion kinetics lead to activation polarization losses, 

while slow mass transport of reactants and products to and from the inter

faces leads to concentration polarization. In addition to these losses, 

ohmic losses occur through the cell as current is drawn. As shown in 

Figure 3.43, activatj.on polarization (overpotential) losses predominate 

at low currents, concentration polarization (overpotentia1) losses at high 

currents, and ohmic losses at all levels of current. With increasing 

temp~ature, the activation polarization losses decrease because of a 

lowering of the activation barriers and, hence, so does the need for 

electrocatalysts. 
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Porous Hydrogen 
EI ectrode (a node) 

Dwg. 6352A 13 

Regions of 
I---I--=~ Polarization 

Porous Oxygen 
Electrode (cathode) 

Oxidant 
(0,,) 

L. 

Losses 

• Activation 
• Concentration 

Usable Voltage = Open Circu it Voltage - Polarization Losses - Ohmic Losses 
Power = Usable Voltage x Current 

Fig. 3. 42- Basic featu res of a hydrogen-oxygen fuel cell (Reference 3. 238) 
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Figure 3.43 

1,5r------------______ ~ 0 
I, 

T~modynomlc 
'evef5lbb cell 
C)otenfiol (EO, Th. ideal coll.potentiol- current relation 
-----------~------------Call-potemial IOlsels due to 

activation overpolential 
lIack 0' electrocalolysls) 

Intrinllc 
mCJlumum 
effiCiency 

1.0 

05 

Linear drop in cell 
potential due to ohmic 
losses in solution bel ween 

electrodes 

Mass transport 
Iolses. Couse of 
dacreose of Cflil 
potential to zero 

0.5 

OL-------______ ~~------------~~o 0,5 1.0 

1.0 

Cell current,amperes 

Maximum ponr 

c.. 

Po..,. IoIMI Increased 
In ,hi, oraD du. to ohmic 
10,," in SOIulbn !a1wllln 
e!fCtrodtl 

Cln curr.nt.amp,'" 

PcM.r IhUlCiown 
dUll to mow 
'"m.port 
dlfflcultla 

LO 

-Electrical performance of a typical fuel cell as a 
function of cell current: (a) cell potenti~l nnd (b) power (Reference 3.241). 
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The usable cell voltage is the difference between the open-cir

cuit voltage and these losses. The open-cell voltage is the thermodynamic 

reversible cell potential. 

The polarization and ohmic losses are dependent on the materials 

used, the properties of the electrode/electrolyte interface, the electrode 

structure, cell design, and operating temperature. 

3.11.2 Performance and Materials Requirements 

In t~~e ope-rtli..icn of the fuel cells under consi.Jerat ion? llfiin!'. 

porous gas electrodes,the major 106s mechanisms are: 

• Polarization losses at anode and cathode 

- Activation polarization 

Concentration polarization 

• Ohmic losses in electrolyte, electrodes, and interconnection 

- Ionic in the electrolyte. 

- Electronic in the electrodes and interconnection. 

ThE choice of electrode matetials, catalyst if needed, and the structure 

of the electrode are tmportant materials and materials fabrication problems 

which can have a significant effect on the polarization losses of the 

fuel cell system. Ideally, highly active'electrodes with many small and 

well-distributed pores are desirable to minimize polarization losses. 

The electrode structure, however, should not be too porous, as the electrode 

integrity may be destroyed and/or the electronic resistance may be too 

high. High resistance leads to high ohmic losses. To avoid high ohmic 

losses while minimizing polarization losses thin electrodes with fine pores 

having large internal surface areas may be used with current t:,).l Lectors. 

Double porosity electrodes may also be used. Double. porosity ,.< c:·'.-rodes 

contain fine pores with large internal surface areas in contact wi th 

the electrolyte and large pores on the gas or air side to permit adequate 

mass transfer to and from the electrode/electrolyte interfaces. Double 

porosity electrodes with slight gas overpressures can contain liquid 

electrolytes within the fine pore structure without complete flooding of 

the electrodes. 
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The major requirements for the electrolyte, electrodes, elec

trocatalysts, and interconnections, and the rationale behind these re

quirements and the probable solutions to problems posed by the require

ments, are summa~ized in Tables 3.52 through 3.55. 

3.11.3 High-Temperature Solid Electrolyte Fuel Cell 

The high-temperature solid electrolyte (References 3.243 to 

3.250) fuel cells are based on the oxygen ion conductivity of stabilized 

zirconium oxide. Most solid electrolyte fuel cells operate at temperatures 

be~,ween 1023 and 1373°K (1382 and 20l2°F). Expensive catalysts used in 

low·-temperature fuel cells are not necessary because of the high t<}'orking 

temperatures. Problems with creep and electrolyte vaporization losses of 

the molten carbonate systems are nonexistent with the solid electrolyte 

cells. The interconnection requirements, however, are more demanding 

than in low- or medium-temperature fuel cells, and the higher operating 

temper~cure places a greater demand on chemical and phys~cal stability 

and inertness. In addition, thermal expansion ma:..:ching between the 

physically joined components of the high-temperature fuel cell is very 

important (except for some relaxation of this requirement in the case of 

ductile metals). 

The substitution of selected divalent or trivalent cations for 

the zirconium ion in monoclinic zirconium oxide stabilizes the zirconium 

oxide into a cubic structure with oxygen vacancies created to maintain 

electrical ~harge neutrality. The conductivity of oxygen ions through 

these vacancies is dependent on the type and amount of dopant and 

temperature, as shown iu Figures 3.44 and 3.45. For a solid electrolyte 

zirconium oxide ,stabilized with yttrium, ytterbium, or calcium, is pre

ferred because of the high-temperature stability of the stabilized 

structure and the high conductivity. In fuel cell systems the electro

lyte resistance predominates J..or electro!):- thicknesses greater than 

1 mm (25 mil). In order to realize high useful power outputs, the 

electrolyte thickness must be reduced as in the Westinghouse thin-film 

design (Reference 3.248) ,or the temperature raised as in other ci_~signs. 
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Table 3.52 - Generalized Electrolyte Requirements for all Fuel Cells 
Rationale behind the Requirements and the Probable Solutions 

Requirement 

High Ionic Conductance 

High C.oncentration of 
Diffusing Ions 

GCi:tainment of L.iquid 
Electrolyte 

Stability 

Rationale 

Minimize ohmic losb~s 

Minimize concentration 
polarization losses 

Necessary for operation 
and prevention of 
electrode flooding 

Maintain performance 
and life 

Solution 

High alkaline 0" acid concentration 
Optimum carbonate mixture 
Optimum defect structure in Zr02 solid electrolyte 
Thin electrolyte 

Concentrated acid or alkaline 
electrolyte 

Provide CO2 makeup in carbonate cells 

Free electrolyte between rigid 
electrodes 

Fixed electrolyte in matrix 

Select compatible electrodes and 
catalysts 

Clean up gaBeR. e.g., CO and CO2 for KOH svscems 
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Table 3.53 - Generalized Electrolyte Requirements for all Fuel Cells 
Rationale behind the Requirements and the Probable Solutions 

Requirement 

High Electronic Conductance 

Catalytic to Electrochemical 
Reactions 

High Internal Catalytic Area 

Porous Structure for Gas 
P.assage 

Stable Pore structure 

Inert to gases and 
electrolyte 

Mechanical strength 

Containment of liquid 
electrolyte 

, / 
.
;1,.' ~" 

H.ationale 

Minimize ohmic losses 

Mlnimize activation 
polarization losses 

Minimize activation 
polarization losses 

Maintain mass transfer, 
minimize concentration 
polarization losses 

Maintain high performance, 
long life 

Maintain performance and 
life 

Unit integrity 

Prevent electrode flooding 

, 

Solution 

Thick electrodes (not desired) 
Thin electrodes with current collectors 
Minimum porosity 

Catalyst coating 
Increase operating temperature 

Fine pore structure at electrolyte
electrode interface 

Thin electrodes with current collectors 
Double porosity electrodes 

Stabilize material by preconditioning 
Fix material by second phase 

Materials selection 

Thick electrodes (not desired) 
Thin electrodes with mechanical supports 

Double porosity electrodes with 
overpressure 

Use hydrophobic electrodes or coatings 
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Table 3.54 - Generalized Catalyst Requirements, Rationale behind 
the Requirements and the rrobable Solutions 

Requirement 

Catalytic activity 

Inert to gases and fuel 
cell components 

High catalytic area 

'Stable structure 

Hydrogen catalysts 

Oxident catalysts 

Rationale 

Reduce activation 
polarization losses 

Maintain performance, 
life 

Minimize activation 
polarization losses 

Maintain performance, 
life 

Solution 

Use appropriate metal or semiconductor 

Materials selection 

Finely dispersed powders 
Thin plating on electrodes 

Choice of material 
Stabilize material by preconditioning 
Fix material by second phase 

Pt, Pd, Pt-Pd, Ni, FeNiCu, 
Rh, W0

3
, Mo0

3 

Pt (acid electrolyte) 
Pt, Ag (alkaline electrolyte) 
Ni, Li-NiO (molten carbonate) 
(Ni, Ag, and NiO stable in 
alkaline but not in acid cell) 
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Requirement 

Table 3.55 - Generalized Interconnection Requirements, Rationale 
behind the Requirements and the Probable Solutions 

Rationale Solution 

Low electronic resistance Minimize ohmic losses Acid and alkaline systems and molten 
carbonate By8~ems use~metal wires, 
screens, or plates 

Stability 

/' 

Maintain performance, 
life 

High-temperature solid electrolyte 
system uses conductive oxides 

Choice of material. Most critical 
to high-temperature solid electrolyte 
systems and molten carbonate systems 
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Figure 3.44 - Conductivity isotherms alia activation energies 
for the system Y203-Zr02 (Reference 3.251). 
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I,Reference 3.251). 
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The electrodes and interconnections must have adequate con

ductivity and also meet certain minimum chemical and physical requirements 

including: 

Chemical stability 

Physical stability 

Low vapor pressure 

Chemical compatibility with other components 

Mechanical strength 

Minimum thermal expansion mismatch. 

Other requirements include: stable structure for the electrode and a 

high electronic conductivity for the interconnections under oxygen 

partial pressure ranging from oxidizing (air) to reducing (fuel). 

The selected baseline case for the high-temperature solid 

electrolyte fuel is; 

Fuel Cell Thin-film solid electIolyte on 
porous support tube 

Electrolyte Y-stabilized Zr0
2 

Electrolyte Thickness 40 ~m 

Anode 

Cathode 

Interconnection 

Ni-Zr02 cermet 

In
2
0

3
-Prcoo

3
_

x 
Cr

2
03 

The components (Reference 3.249) of a thin-film solid electro-

lyte fuel cell battery are shown in Figure 3.46. It consists of five 

components. 

1) Porous support tube - a tube functioning as the mechanical 

support for the battery - porous enough to allow countercurrent diffusion 

of the fuel gases and their reaction products. 

2) Fuel electrodes - porous films of electronically conductive 

material, providing a large three-phase contact area between fuel gas, 

electrolyte, and electronic conductor. 

3) Electrolyte - gas-tight films of stabilized zirconia 

having high ionic but negligible electronic conductivity. 
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Table 3.56 -- Materials Investigated for the Cathodes 
of Solid Electrolyte Fuel Cells 
(Reference.d 3.244 and 3.246 to 3,248 

Material Remarks 

Pt, Pd, Ag 

!loped ZnD 

ZnD 

Sn-doped In2D 3 
l<ith prCoD 3 -x 

Sb-doped SnD2 

Pt and Pd - too expensive 
Pd and Ag - excessive volatilization 

Li vaporatization leading to loss of 
conductivity 

Satisfactory at temperatures < BOQDe; 
marginal conductivity 

Reacted with electrolyte 

Satisfactory; requires very thin films 

Improved performance 

Satisfactory performance; capable of long
term stable performance; thermal expansion 
mismatch 

Reacts with electrolyte; thermal expansion 
mismatch 

Reacts with electrolyte; thermal expansion 
mismatch 

Satisfactory if applied in thin coatings; 
thermal expansion mismatch 
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4) Air electrodes - highly permeable, electronically con

ductive layers, stable in air at 1273°K (1832°F), and~providing a large 

contact area between oxygen from the air stream, electrons, and the 

zirconia electrolyte. 

S) Cell interconnections - thin gas-tight films of an elec

tronic conductor which serves to connect adjacent cells ir. series by con

necting the fuel electrode of one cell to the air electrode of the 

adj cining cell. 

Insulation between adjacent cell units of the battery is 

provided by the gaps in the fuel and air electrodes, and by the rela

tively long paths through the thin electrolyte film. This is evident 

if the scale of the design is considered -- the film thicknesses lie in 

the range of 20 to 80 ~m (39.3 and 78.7 mil ). while the gap lengths 

are between 0.1 and 0.2 cm (0.039 to 0.078 in). 

Both Co-Zr0
2 

and Ni-Zr0
2 

(Reference 3.248) cermet electrodes 

have been successfully used for th~ anode in this type of fuel cell. 

The Ni-ZrOZ e
lectrode is preferred because of its ability to function 

in a fuel gas with slightly higher oxygen partial pressures. 

The major materials investigated as cathodes for solid electro

lyte fuel cells are shown in Table 3.56. The noble metals, platinum, 

palladium, and silver can be used, but prohi.bitive cost (platinum and 

palladium) or excessive vaporization (palladium and silver) vrecludes 

their use in practical systems designed for long-term operation. 

Lithiated nickel undergoes excessive vaporization of the lithium ion; 

zinc oxide reacts with the electrolyte as does SrO.lLaO.gCo03. Antimony

doped tin oxide is limited to thin layers and has a large thermal 

expansion mismatch with the electrolyte. Most promising electrodes 

include tin-doped indium oxide, PrCa03 , or a composite structure of 

PrCo03_x and tin-doped indium oxide. 

The interconnection materials investigated have included a 

large number of oxides and cermets. Many of the materials investigated 

meet most of the requirements for interconnections, but only a few meet 

all of the requirements. The most promising interconnections include 
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nickel-doped chromium oxide, manganese-doped HiCr204 and LUO.8SrO.2Gr03" 

The first two have been investigated (Reference 3.248) and have shown 

satisfactory short-term performance in thin-film solid electrolyte 

cells. The third appears to be an acceptable alternative. 

The porous support tube of the thin-film design may bl! made 

",ith calcium-stabilized zirconium oxide (partially stabilized) or with 

yttrium-stabilized zirconium oxide (fully stabilized). The partially

stabilized calcium-zirconium oxide tubes offer better thermal shock 

resistance and the yttrium-zirconium oxide tubes better thermal l!xpan

sian match with the yttrium-zirconium oxide thin-film ele.ctrolytv .. 

The electrodes, electrolyte, and interconnections have been 

made by several techniques (References 3.247 to 3.249): chemical vapor 

deposition, sputtering, or slurry sintering: the fuel electrodcH by co

sintering of mixed zirconium oxide and nickel oxide followed by reducing 

in hydrogen to form the porous nickel-zirconium oxide cermet; the air 

electrode by chemical vapor deposition or slurry sintering; the electro

lyte by sputtering, chemical vapor deposition, or in the case of thin

film calcium-stabilized zirconium oxide, by reactive sinteri.i.lg using 

CaZr0
3 

and zirconium oxide powders; and the interconnection by chl!mical 

vapor deposition (chromium oxide) or slurry sintering (NiCr204). 

3.11.3,1 Materials Problems 

The cathode and interconnection represent the major prohlemH 

in the high-temperature solid electrolyte fuel cells. The choice of 

materials is greatly limited by the requirements which must be met. The 

fabrication of these materials in the thin-film design restricts 

them even further. The materials and structure are the primary limiting 

factors with the cathode. Polarization losses in the high-temperature 

fuel cell are almost completely associated with the cathode. The 

structure and the poor oxygen transport in many of the cathode oxide 

materials account for failure of the cathode. The incorporation of a 

pet"ovskite (Preo0
3 

) with a higher oxygen ion conductivity than tin-
"x 
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doped indium oxide can improve 

that of tin-doped indium oxide, 

the 

but 

performance of the cathode over 

additional improvements are needed, 

The interconnection represents the most severe materials 

problem because 6f its requirement for chemical, physical, and electrical 

stability while exposed to the fuel gas on one side and air on the other 

side, The long-term performance of chromium oxide (Cr203) and NiCr
2
0

4 
interconnections has not been determined under these conditions. The 

fabrication of the thin-film interconnections and electrolyte and dense 

films correctly positioned on the fuel cell battery is critical to 

prevent direct gas diffusion between the air and fuel streams. 

The long-term stability of the dissimilar components in intimate 

contact at high temperatures represents a potentially severe problem. 

Changes in the interface between these materials through reactions and 

interdiffusion can change tl'.~~ electrical characteristics of the interfaces 

and, in turn, the performance. 

3,11.3.2 Development Needs 

Improved cathodes and interconnections are critical to the 

successful development of commercidl thin-film solid electrolyte cells. 

The techniques for fabricating these components in the battery also pose 

a critical problem for investigation. The development of improved 

structures in the cathode should be pursued. The improvements in cathode 

performance by incorporation of PrCoC3 into the tin-doped indium oxide 

cathode demonstrates one way in which cell performance may be i~proved. 

The interconnection material should be fully determined in the air and fuel 

gas environment to define its performance and from this to design improved 

interconnections. 

3.11.4 Molten Carbonate Fuel Cells 

Molten carbonate fuel cells (References 3.237 and 3,252 to 

3,257) are based on molten electrolytes from the Li2C03-Na2C03-K2Co3 

ternary system. Both binary and ternary mixtures have been used as 

electrolytes. The various fuel cells investigated in the past may be 
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Figure 3.47 - Specific resistance (conductivity) of liquid, paste, 

and sintered matrix elec.trolytes. (Reference 3.255.) 
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classified according to the electrolyte: 

• Free eiectrolyte cells 

• Trapped electrolyte cells 

Porous refractory diaphragms (e.g., magnesium oxide) 

- Paste (or slurry) electrolyte diaphragms 

!Joneutectic type 

Eutectic type. 

In practical cells double-porosity sintcrec.l electrodes have 

been used with the free electrolyte, and powder electrodes and single

poro:-ity sintered electrodes have been used with the trapped electrolyte. 

The free electrolyte cell, however, is of little interest because of 

difficulties in manufacturing the double-porosity electr~des and because 

of unsatisfactory electrolyte containment. As an alternative the 

electrolyte may be trapped by impregnating it into the pore structure 

of a porous refractory magnesium oxide or by mixing it with magnesium 

oxide or alkali-aluminate powders to form a cohesive paste wh·m the 

carbonate is molten. Entrapment in the porous refractory is l'nsatis

factory because of electrolyte creep out of the pore $tructure but 

entrapment in the paste electrolyte works well. As a result, tnc 

paste electrolytes are considered to be best for molten carbonate fuel 

cells. The paste electrolytes consist of a mixture of inert solid mag

nesium oxide or alkali-aluminat~ filler and a noneutectic or eutectic 

carbonate phase. The use of magnesium oxide has been discontinued in the 

most recent cells because alkali aluminates perform better. The non

eutectics are characterized by a narrow working-temperature range and 

poorly defined solid/liquid interfaces which are dependent on temperature. 

The eutectics have a broader temperature range above the eutectic tempera

ture and better defined solid/liquid interfaces. The specifi~ resista~ces 

of a free eutectic, of eutectic impregnated in a magnesium oxide fram~t and 

of SO/50 magnesium oxide/binary paste electrolyte are shown in Figure 3.47. 

The superiority of the paste electrolyte compared with impregnated mag

nesium oxide is obvious. The paste electrolyte offers further advantages 

in fabricability, as the paste can be molded into any shape.usin~ cold 

pres~ing and sintering, hot pressing, or flame spraying. 
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Materials which have been used as anodes include nickel, iron, 

iron + nickel + copper, silverized zinc oxide, palladium foil, silver-palladiulil 

foil,and stainless steel; while l~thiated nickel oxide (Li-NiO), silverized 

zinc oxide, gold, copper oxide, and stainless steel have been used as 

cathodes. Nickel anodes and lithiated nickel oxidl! cathodes offer mini-

mum corrosion and metal ion migration between the electrodes, coupled with 

good catalytic activity and moderate costs. Silver cathodes have been 

extensively investigated, but difficulties with silvl\r migration and 

dendritic growth through the electrolyte have been ob;erved frequently. 

Although t:he use of paste electrolytes has reduced the dendritic growth 

problem,the preferred anode is still nickel (based on other considerations). 

The other anodes and cathode materials investigated are not considered 

comparable overall with nickel or lithiated nickel oxide. 

The interconnections between the single molten carbonate cell~ 

have not received the attention warranted by their importance in milking 

p raetical cells work. Lit tIe reference to interconnection matl!r i all-i is 

made in the literature. It is believed that interconnections betw<.!l.!ll 

cells may be in the form of sheets, wires, screens, or other forms, with 

nickel appearing to be a good candidate because of its stability in the 

fuel gas and because of the compatibility of the oxide found on nickel 

in air with the lithiated nickel oxide cathodes. The use of leads 

incompatible with either electrode can result in corrosion and/or high 

contact resistance. 

3.11.4.1 Materials Problems 

Changes in the chemistry and physical properties of the clectrodc 

and electrolyte, corrosion, and electrolyte creep are the mnj or materia l:i 

prrJblems with molten carbonate fuel cells.. Chemistry changes, !-jUl'll Cl:; the 

oxidation of metal electrodes and interconnections, reduction in oxidcti, 

and corrosion of the various components by the molten electrolyte or by 

reaction between components, can be serious. The surface layers of 

nickel electrodes may undergo oxidation and reduction under varying 

anodic polarization; nonnoble metallic interconnections will undergo 
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on the oxidant side; dissolution of atomic hydrogen into metal 

lattice constants; and heterogeneous potential distributions 

local bulk oxidation of the nickel anodes. At the high 

temperatures[>773°K {932°F)]used with molten carbonate cells, materials 

undergo recrystallization or sintering. As a result, the initial 

structure of the electrodes, pore size and distribution ,and internal 

surface area may change. The small pores will grow into large pores, 

and the internal surface area will decrease. Cell performance, thus, 

will degrade rather rapidly at first, then slower, during the life of 

the cellse 

The recrystallization phenomenon is more pronounced on the 

anode side because of the higher sinterlng rate of the fine metal 

particles or grains as compared with that of the oxide cathodes. In a 

long-term test (Reference 3.253) with silver screen cathodes, 

commercial nickel anodes, and paste electrolyte, excessive sintering 

of the nickel screen and some vaporization of the carbonate was 

observed after 16.56 Ms (4600 hr) at 973°K (1292"F). The surface area 

of the nickel screen was reduced by 30% and its thickness by 40% after 

2.25 Ms (625 hr) of operation. The electrolyte lost 50 mole % of the 

carbonate content during the test. The cell initially showed an increase 

in polarization due to sintering effects of the porous nickel anodes 

and a gradual decrease in terminal voltage over the test period as 

vaporization of the electrolyte occurred, thus demonstrating the need to 

precondition the electrodes and to minimi~e vaporization of the electro

lyte. 

3.11.4.2 !Ievelopment Needs 

New and more stable electrodes and electrolytes need to be 

developed or present ones improved. Stable electrode structures not 

prone to changes due to recrystallization or other phenomena at the 

operating temperatures and environment are needed. The use of very high 

pretreatment temperatures or the inclusion of inert and stable phases in 

the electrode to deter grain growth should be explored and techniques 
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developed to do this. Suitable interconnections compatible with the 
electrodes and meeting all the requirements for good electrical contact 
to the electrodes, low resistance, long life, and low cost are needed. 
Not much work has been done with interconnections. Corrosion of the 
electrodes, and possibly the interconne~tions by the electrolyte, should 
be determined; and materials substitution, design, 0: operating changes 
to obviate this problem should be identified and evaluated. 

3.11.5 Acid and Alkaline Fuel Cells 

The acid and alkaline fuel cells (References 3.236 to 3.239 
and 3.258)have used a variety of porous carbon, porous metal, and porous 
plastic-bonded electrodes. For free electrolyte cells thick, ri~id 
electrodes with double porosity structures have been used; for imnlobilized 
electrolyte cells flexible and thin electrodes have been u:;ed. The 
electrode structure may consist of random, graded, or double. poroHitict:>. 
Self-supporting porous carpon electrodes are made by machining purous 
carbon stock or by powder-sintering techniques. The latter is preferred 
for producing double-porosity electrodes. 

One method (Union Carbide) of preparing free-standing porous 
carbon electrodes for fuel cell~ is to mix filler (petroleum coke flour) 
with binder (coal-tar pitch), bake to carbonize the pitch, and fire at 
1173°K (1652°F) or above. The pore structure is controlled by the filler 
size and amount and by the holes produced by gas escape during carbon
ization. The electrodes. are activatet.! by burnout in air, steam, ur 
carbon dioxide to increase the internal surIace area. Other variationH 
of this procedure include the use of petroleum pitches and resins as 
binders instead of the coal-tar pitch. Electrodes may be formed by 
molding or extrusion. The electrodes are catalyzed by plating or by 
impregnation lV'ith metal or metal-oxide catalysts. The electrodes are 
wet proofed by coatings of waxes, silicones, or other agents. Major 
disadvantages of porous carbon electrodes used with free electrolyte 
cells are their brittle nature (requiring thick electrodes) and their 
tendency to flooding, with the flooding rate increasing with current 
densities. 
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With fixed electrolyte cells,where the electrolyte is immobilized 

in a porous inert matrix flexible porous carbon or other electrode~ may 

be used. In this type of cell the electrolyte retention in the matrix 

reduces the tendency for electrode flooding, permits the use of flexible 

electrodes such as porous carbon cloth, and reduces the cell size. The 

Pratt and Whitney acid fuel cell now undergoing field testing uses immo

bilized hot phosphoric acid electrolyte with carbon cloth electrodes 

catalyzed with a mixture of platinum-rhodium, molybdenum and tungsten 

oxides, and tungsten carbides. 

Sintered metal electrodes (References 3.237 and 3.258 to 3.260) 

have been made by sintering metal powders onto compatible metal screens 

or by sintering or hot pressing metal powders to form self-supporting 

structures. The catalyst (platinum, palladium, nickel, silver, or semi

conducting oxides) may be mixed and sintered with the metal powders. 

Raney-type met,ll powders (e. g., nickel-aluminum, silver-aluminum, 

platinum-aluminum) may also be included with these metal powders or 

used alone to form a highly porous structure. The Raney metals are 

sintered on screens or as free-standing shapes, then chemically or 

e]ectrochemically etched in caustic to remove the aluminum phase of the 

metal. 

Plastic-bonded electrodes (References 3.237 and 3.238) con-· 

sisting of carbon, metal powders, and/or catalyst powders bonded to wire 

screen with Teflon or polyethylene particles have been used. The hydro

phobic nature of the plastic bond prevents electrode flooding and 

eliminates the necessity for double-porosity electrodes or for hydro

phobic coatings which have been used for carbon or metal electrodes. A 

novel air electrode for use with free or fixed acid or alkaline electro

lyte is described by Landi et al. (Reference 3.261). The electrode 

was fabricated with conventional plastics-processing equipment using a 

thermoplastic molding compound, a polytetrafluoroethylene (PTFE) latex, 

and a graphitic carbon or metallized graphitic carbon filler. The 

electrode was made by coating long fibers of the PTFE,then moLding to 

form a cohesive sheet of graphitic carbon catalyst bonded by the PTFE 
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fibers. No sintering was required. The electrodes were used as is or 

bonded to metal screens under moderate heat and pressure. Plastic-bonded 

electrodes may also be made by other similar techniques, including 
• 

sintering or pressing mixtures of Teflon or other plastic, platinum~black 

catalysts, and metal and metal oxide powders under moderate temperatures 

and pressures. 

The selected base line cases for the acid and alkaline fuel 

cells are given in Table 3.57. 

Table 3.57 - Materials - Base Line Cases 

Fuel Cell 

Electrolyte 

Anode 

Anode Catalyst 

Cathode 

Cathode Catalyst 

Operating Temperature 

Acid 

85 wt% Hl04 
Porous carbon 

Pt (1 mg/ crl) 

Porous carbon 
·2 Pt (1 mg/cm ) 

190D C 

Alkaline 

30 wt% KOH 

Porous carbon 
2 Pt (1 mg/cm ) 

Porous carbon 

Ag (5 mg/cm2
) 

70DC 

The interconnections used in either cell may be metal wire, screen, or 

plates which are compatible in the acid or alkaline environment. The 

alkaline (References 3.238 and 3.262) fuel cells are technologically the 

most developed fuel cell type because of their early selection for space 

and military applications. The advantages of the alkaline system include: 

• High power output at ambient temperatures and low pressures 

~ Use Jf conventional materials (carbon, nickel, silver, plastics) 

• Available ,:a.t.::.lysts (noble metals, Raney alloys) 

• Use of easily oxidizable fuels such as hydrogen and hydrazine 

• Possible air operat ion with no precious metal catalyst. 

The alkaline cells also possess the following disadvantages: 

• Hydrocarbons cannot be used directly in fuels 

• Air operation requires a CO2-scrubbing system. 

3-244 ' 

,!., 

I 

.; 

,I 

!I 
~ 
11 
\1 
ji 

i 
:.<.j 

j , 
! 
I 

, , "I 

j 

1 

.... 



The acid fuel cell also has many of the same advantages but 

is tolerant of carbon dioxide in the fuel gas,which the alkaline fuel 

cell is not. The acid fuel cell. however, cannot use silver catalysts 

on the air side because of their solubility in the acid; the platinum 

catalyst used on the fuel side may need to be more heavily loaded to 

compensate for the slow c.atalytic activity with carbon monoxide gases, 

or other catalysts more active to carbon monoxide may be added. The 

higher platinufu loading is also required by the loss of active platinum 

surface area due to recrystallization at the higher[463°K (374°F)] 

operating temperature. 

For the alkaline system (Reference 3.237 and 3.239) high-area 

nickel, Raney nickel, and nickel boride have been successfully substi

tuted for the platinum catalyst on the anode. But the cells with nickel 

and nickel boride had to be run at lower current densities to prevent 

electrochemical oxidation of nickel and nickel boride due to polarization. 

Nickel is more sensitive to oxidation than the boride. This sensitivity 

to oxidation places a further requirement to maintain a uniform electrode 

structure throughout the electrode,as localized high current densities 

can lead to oxidation of the electrode with subsequent degradation in 

performance. As an alternative to the silver cathode catalyst of the 

alkaline cell,a CoAl204 spinel catalyst has been successfully used, but, 

again, at a slight penalty in performance. At the lower current 

densities typically used in this type of cell the polarization was higher 

than platin~ or silver-catalyzed carbon electrodes, but at very high 

current densities the spinel catalysts perfbrmed better, as shown in 

Figure 3.48. The effect of electrode thickness on cell performance can 

also be seen in comparing the thick and thin platin~catalyzed air 

electrodes using air as the oxidant. 

In the acid cells the thin-screen electrodes developed by 

American Cyanamid (References 3.237 and 3.260) have been used in cells 

with phosphoric acid immobilized in a glass-fiber matrix. These 

electrodes are reported (Reference 3.260) to be long-lived in a low

current cell operating at 363°K (194°F) using reformed natural gas over 
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Figure 3.48 --Electrode polarization curves employing 
different catalysts (linear diagram). 
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a two-year period. The glass-fiber matrix however was slowly attacked 

by phosphoric acid,changing to a gel and losing its wet strength over 

the test period. Periodic replacement of the matrix was required. 

Stable electrodes (Reference 3.237) for use with acid cells based on 

Teflon bonding have been successfully used with platinum black on a 

tantalum substrate. 

3.11. 6 Summary 

The materials selected for the electrodes, electrocatalysts, 

electrolyte, and interconnections for the base line cases of the four 

fuel cell systems are summarized in Table 3.58. The high-temperature 

solid electrolyte cell uses a Ni-Zr02 cermet as the anode, mixed oxides 

(ln20 3 and PrCo03_x) as the cathode, chromium oxide as the interconnection, 

and yttriumrstabilized zirconium oxide as the electrolyte -- all as thin 

films positioned on a porous,partially stabilized,calcia~zirconia tube. 

The molten carbonate cell uses nickel anodes, lithiated nickel oxide, 

nickel interconnections, and a paste electrolyte consisting of molten 

carbonates in an inert alkali-aluminate powder. No electrocatalysts 

are required for either type of cell. The acid electrolyte cell uses 

carbon anodes and cathodes, platinum anode and cathode catalysts, and 

85 wt% phosphoric acid immobilized in a glass fiber or other matrix. 

The alkaline electrolyte cell uses carbon anodes and cathodes, platinum 

anode aatalyst, silver cathode catalyst, and 30 wt% potassium hydroxide 

electrolyte. Bipolar designs may be used with the acid and alkaline 

cells and, thus, obviate the need for interconnections. 

The materials and fabrication requirements for the four fuel 

cell systems were considered for the parametric points selected for each 

system. The materials and fabrication were given an A, B, C, or D 

rating depending on their status as: A - established materials, 

B - near -term materials, C - developmental materials, and D - speculative 

materials. In these ratings qualitative estimates on tbe materials-related 

performance and lifetimes of the cell components were made. These ratings 

are reported in Tables 3.59 through 3.62 for the parametric points 
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Table 3.58 - Summary of "the Base-line Cases for the 
Four Fuel Cell Systems 

~igh-Temperature 
Molten Carbonate Acid Clectrolyte 

Solid Electrolyte 
Fuel Cell Fuel Cell 

Fuel Cell 

1000°C 650°C 190°C 

400 mA/cm2 200 mA/cm2 200 mA/cm2 

0.66 V 0.80 V 0.70 V 

(Y20,)x (Zr02)\-X Paste: L1, Na, K carbonates, 85 wt% H,PO, 
and alkali aluminates 

Solid ~tolten Immobilized Liquid 

4 x 10-3 em 0.10 em 0.05 em 

Ni-Zr02 Ni Carbon 

None None Platinum 1 mg/cm2 

1n203 - PrCo03_x Li-NiO Carbon 

None None Platinum 1 mg/cmZ 

CrZ03 Ni Specified Bipolar 

/ 

.... . !.!'" [' .~_ .• C"-~, .. ~_,_._ . t, I 

Alkaline Electrolyte 
Fuel Cell 

70 0 e 

100 mA/cm2 

0.80 V 

30 wt% KOH 

Liquid 

0.05 em 

Carbon 

Platinum 1 mg/om2 

Carbon 

Silver 5 mg/cmZ 

Bipolar 
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Table 3.59 --Summary of Materials Selection and Ratings for High-Temperature 
Solid Electrolyte Fuel Cells 

w 

Case No: 

Condition: 

Fuel Type: Low -Btu 
Hed. -Btu 
High -Btu 

Fuel Cell Life: 10,000 hr 
30,000 hr 
50,000 hr 

100,000 hr 

~ Temperature: ... 90QOC 
1000"C 
llOaoe '" 

Components: 

Electrolyte: 

Anode: 
Catalyst: 

Cathode: 
Catalyst: 

(Y 203).(Zr02)1_. 

Ni-Zr0
2 

None 

In
2
0

3
-PrCo0

3
_

x None 

Interconnection: Cr 20
3 

;!'¢' 
~~C,\ ' 

/ 

1,2,3 
4,5,10, 6 7 8,9 
11.12 

x 

x 

X 

A 

A 

B 

C 

x X 

X 
x 

X X 

B 

B 

B 

b 

B 

C 

D D 

X 

X 

x 

C 

C 

c 

D 

13 

X 

x 

x 

A 

A 

B 

C(3) 

14 

X 

x 

X 

B(l) 

A 

B 

C 

15 

x 

x 

X 

A 

A 

B(2) 

C 

16 17 18,20 19 

x 

X 

x 

A 

A 

B 

c 

x 

x 

X 

A 

B 

B 

D 

x 

x 

x 

A 

A 

B 

C 

x 

x 

x 

A 

A 

B 

C 

, 

Remarks 

(1) (CaO)x(Zr02)1_x 

(2) Sn0
2

(Sb doped) 

(3) cocr
2

0
4 

(Hn doped) 
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Table 3.60 - Sumn.ary of Haterials Selection and Ratings for Holten 
Carbonate Electrolyte ruel Cells 

----------------------------------------

'I 
~.i 
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w 
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'" V> 
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Case Xo: 

Condition: 

Fuel Type: Hed.-Btu 
High-Btu 
Hethanol 

Fuel Cell Life: 10,000 hr 
30,000 hr 
50,000 hr 

100,000 hr 

Temperature: 650°C 

Components: 

Electrolyte: 

Anode: 
Catalyst: 

Cathode: 
Catalyst: 

Interconnection: 

700·C 
750·C 

Paste(l) 

Ni 
None 

Lithiated NiO 
None 

Ni 

1,2 4 
3,5 

10,11 
16 

x 
X 

X X 

X X 

A A 

A A 

B B 

C C 

6 7 8,9 12 13 

X X X X X 

X X 

X 
X 

X 

X X X 
X 

X 

B B C B B 

A B C B B 

C C C C C 

C C C C C 

(lY"Paste electrolyte of Li, Na, K carbonates and alkali aluminates. 
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Table 3.61 -- Summary of Materials Selection and Ratings for Acid 
Electrolyte Fuel Cells 

----------------------------------------

Case No: 

Condition: 

Fuel Type: Med ;-Btu 
High_Btu 
Methanol 

Fuel Cell L1£ e: 10,000 hr 
30,000 hr 
50,000 hr 

100,000 hr 

Components: 

Electrolyte: 85 wt% H3P04 
Anode: Carbon 

Catalyst: Pt 1 mg/cm2 

Cathode: Carbon 
CatCllyst: Pt 1 mg/cm2 

Int~rconnection: Bipolar 

7" ~~. 
tfht\ ' 
(~f,~ . (,~.,. t, •.•.• i'!r.:-_ - •..• -~ 

1,2 
3,5 4 

10,11 
15 

X 
X 

X X 

A A 

A A 
A A 

A A 
A A 

A A 

~ __ o:r;-"> ~7 
.. ,_"-_~~ 1._ 

6 7 8,9 12 13 14 Remarks 

(1) Pt 0.3 mg/cm2 

(2) Pt 0.1 mg/cm2 

X X X X X 
X 

X X X 
X 

X 
X 

B C C A A A 

A B C A A A 
B C C B(l) C(2) A 

B B C A A A 
B C C B(l) C(2) A 

A A A A A A 
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Table 3.62 - Summary of Haterials Selections and Ratings for Alkaline 
Electrolyte Fuel Cells 

. i 

------_ .. _----.-

'<i -------------------------------------

.;': 

! 

i 

: I 
(; 

Case !-Jo: 

Condi~ion: 

Fuel Type: Hed .-Btu 
High-Btu 

Fuel Cell Life(hr): 10,000 hr 
30,000 hr 
50,000 hr 

'i' 100,000 hr 
N 

'" N 

Components: 

Electrolyte: 30 wt% KOIl 

Anode: Carbon 
Catalyst: Pt 1 mg/cm2 

Cathode: 
Catalyst: 

Carbon 2 
Pt 1 mg/em 

Interconnection: Bipolar 

/ ~, 
~. l . 
t I.'fl 
f-' r\tr.: 
~.-~.~~.,( A • -:~" ~~~ ,-:-~ 

1 t 2,3 
5,10 4 6 
11,16 

X 
X X 

X X 
X 

B B B 

A A A 
A A A 

A A B 
A A A 

A A A 

;-''&:'-: .1~,' :.).~" 
_'-- ...... k __ . 

7 
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X 

C 

B 
A 

C 
B 

A 

J.: 

8,9 12 13 14 15 Remarks: 

(1 ) Raney Ni 

(2) Pt 0.1 mg/cm2 

(3) Pt 0.01 mg/cm2 

X X X X X 
(4) Ag 1 mg/cm2 

X X X X 

X 

C B B B B 

C A A A(l) A 
B B(2) C(3) None A 

D A A A(l) A 
C A A A(4) A(4) 

A A A A A 
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of the four fuel cell systems. These ratings are of a preliminary nature 

and will be refined and possibly modified under Tasks II and III of the 

program. On the hasis of these preliminary ratings some conclusions may 

be drawn for each of the fuel cell systems: 

For the high-temperature solid electrolyte cells the nickel-· 

zirconium oxide anode, 36 Me (10,000 hr) life may be easily achieved, 

while 360 Ms (100,000 hr) life would require development. The yttrium

stabilized zirconium oxide electrolyte may undergo some changes in 

structure and resistance over the longer time periods or higher current 

densi.ties. Replacement of the yttrium-stabilized zirconium oxide electro

lyte with calcium-stabilized zirconium oxide could be developed with a 

moderate level of effort. The cathode material and structure could be 
2 developed to handle current densities up to 800 rnA/cm with moderate 

polarization losses and lifetimes up to 360 Ms (100,000 hr). Extensive 

development would be required, however. The interconnection represents 

the most significant problem with the solid electrolyte cell. The inter

connection needs extensive development to function properly in the thin

film cells. Lifetimes up to 36 Ms (10,000 hr) may be achieved, but 

longer lifetimes or operation at 1373°K (2012°F~ are highly speculative 

at this time. 

For the molten carbonate cells the lifetime of the electrolyte 

is considered within the state-of-the-art up to 36 Ms (10,000 hr) and 

questionable above 36 Ms (10;,000 hr). Lifetimes up to 180 .Ms' (90,000 hr) 

may be achieved with some development, while lifetimes up to 360 115 

(100,000 hr) represent a serious problem. Similar estimates apply for 

the anodes and cathodes. Interconnections made of nickel or other 

material need extensive development and evaluation. 

For the acid cells t:le lifetime of the electrolyte (and its 

matrix) is in excess of 108 Ms (30,000 hr). Development of improved 

matrix materials is expected to extend the probable lifetime to as high 

as 180 to 360 Ms (50,000 to 100,000 hr). The carbon anodes and cathodes 

may exhibit satisfactory lifetimes up to 108 Ms (30,000 hr) but require 

development to extend the 1ifetir:.e to in excess of 180 Ms (50,000 hr). 
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Table 3.63 - COillpositlon of Alloys Included in Study II 

1i 
COBALT aASED C Mo Si C, Hi C. II<> • Cb F. Tl ,.1 B Z, Ta Other 

',.~! 
Har U509 0.60 24.0 10.0 .. , 7.0 0.2 0.5 0.50 1 X-40 0.50 1.0 0.5 25.5 lu.5 Ba1 7.S 2.0 0.01 
X-45 0.25 1.0 25.5 10.5 Bal 7.5 2.0 0.01 "" j ~! 

HAlSS 0.10 0.75 0.40 22.0 22.0 Bo1 14.0 1.5 0.08Lo. ; L605/llA25 0.10 1.50 0.50 2D.O 10.0 Ba1 15.0 
S816 0.38 1.20 0.40 2e,.0 20.0 sal 4.0 4.0 4.0 4.0 I (Co ,Cr)- (Co ,Cr) jC3 2.4 41.,0 Bo1 
Co-TaC 0.85 1!>.0 Sal 12.2 I 
IRON BASED 1 
2-1/4 Cr-l Ho 0.1 0.40 0.3 2.3 1.0 Bal 1 Cr-Mo-V 0.3 0.92 0.34 1.16 1.22 Bo1 0.23V 
AISI 304 0.7 1.70 0.57 IB.6 10.5 0.12 O.lS sal ...J 
AISI 316 0.5 1. 53 0.32 16.9 10.4 2.13 B.1 1 A1SI 347 Cl.05 18.0 11.0 0.2 sal 0 .• ., 
INCOLOY SOl 0.1 IIU1X 1.5 lIII1X 1.0 mn.x 20.0 32.0 Bn! 1.0 

, 1 
INCOLOY 802 0.2-0.5 1.5 max .75 mII.X 20.0 32.0 Ba1 I 

I INCOLOY 800H .06-.10 20.0 32.0 Ba1 0.38 0.38 '~ 
r" I ~OMARC 58 0.04 10.0 0.25 16.0 20.0 2.25 Sal 0.01 0.01 O.2V, "I 0.17N 

17-14 Cu-~[o 0.1 0.9 16.0 14.0 2.3 0.55 Ba1 0.26 

I A286 0.05 1.4 0.40 15.0 26.0 1.25 "" 2.15 0.2 0.003 0.3V 
DISCALOY 0.04 0.5 0.40 13.5 25.0 3.0 anI 1. 75 , , 

,.~ ... ..J NICKEL BASED 

y'-6 Sal 23.0 4.4 
TRW-NASA ~IA 0.13 6.1 Bal 7.5 2.0 5.5 0.5 1.0 5.4 0.02 0.13 9.0 
IN792 0.21 12.7 B.1 9.0 Z.O 3.9 4.2 3.2 
UOIHET 710 0.07 lS.0 B.1 15.0 3.0 1.5 5.0 2.5 O. , 
UOIMEr 520 0.05 19.0 sal 12.0 6.0 1.0 3.0 2.0 0.005 
UOIHET SOD O.OS 19.0 B.1 18.0 4.' 4.0 2.9 2.9 0.005 
TO-Ni Sal 2 !h02 
AVCo-LY E2 0.11 14.S3 .. , 3.85 0.31 2.66 2.67 3.181.17 Y20:-
IN617 0.07 22.0 anI 12.5 9.0 1.0 
HASTELLOY-K 0.10 0.5 0.5 22.0 Ba1 1.5 9.0 0.6 18.5 

REFRACTORY BASED . ~~f. 

Cb-l Zr 0.005 801 1.0 
"6 0.006 5.0 Ba1 1.0 5V '!":-

BBB 0.067 28.0 B.1 'HE * Ho-TZH 0.03 801 0.5 0.1 
T-l11 B.O B.1 2.E 
Chromium alloy Ba1 7.0 1.0 0.08 O.lY 

\' 
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Similar estimates are applicable to the catalysts except that the life

times of the catalysts are considered to be shorter and, thus, represent 

a more serious obstacle to long-term life. Redt-, I.ng the catalyst loading 
2 to 0.1 mg/cm (compared to 0.3 - 1.0 mg/cm for the present state-of-the-

art) is considered possible but t·lOuld require uevelopment. 

For the alkaline cells the electrolyte lifetime represents a 

problem, especially for long-time operation. The anode catalysts should 

be capable of 180 Ms (50,000 hr) operation with present materials and 

technology, but some development would be required to extend the life

time or to reduce the catalyst loading. The carbon anode lifetime should 

be similar to that of the anode catalyst except that the achievement of 

the longer lifetime is expected to be more difficult. The life of the 

carbon cathodes is expected to be less than that of the carbon anodes, 

and lifetimes on the order of 360 Ms (100,000 hr) must be considered 

speculative. The substitution of Raney nickel for the carbon anodes and 

cathodes can be made with little difficulty, as the technology is within 

the state-of-the-art. 

These ratings are of a qualitative nature and are presented 

here to identify the most serious materials problems for the four sy~tems 

and to show trends on expected lifetimes under various conditions. 

Further ~efinements are needed to establish the development necessary to 

achieve the three requisites for a commercial system: high level of 

performance, long life, and low costs. 

3.12 Compilation of Cbmpbsition and Mechanical Properties 

In this section the nominal chemical composition and mechanical 

properties of the materials discussed in Section 3 of this report are 

compiled (Table 3.63). Most of the designs being considered in this study 

are limited by the high-temperature strength of the materials. Design 

stress allowables for these applications ar~ usually derived from specified 
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Fig. l. 49 -Ultimate strength - temperature plot for selected nickel 
base alloys 
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fractions of the yield strength and 360 Ms (100,000 hr) stress rupture 

strength, in addition to other concerns, such as low-cycle fatigue and 

plastic strains below 1%. 

Since most of the conceptual type designs in Task I were 

derived from yield and rupture strength considerations, only these 

properties are included in this section. The yield strength has been 

plotted (Figures 3.49 to 3.52) as a function of temperature for all alloy 

systems except the nickel-based alloys, where only a complete collection 

of ultimate tensile strengths could be located. The stress rupture 

strengths have been presented in the form of Larson-Miller parameter 

plots (Figures 3.53 to 3.56). This format was used since very little 

long-time stress rupture data are available for the material being con

Sidered, and this parameter was used to extrapolate existing data to 

360 Ms (100,000 hr) strength. A parameter of 20 was used for all systems 

except the refractory metals, where a factor of 15 is generally found 

to better represent the data. In the case of silicon nitride, where 

insufficient data exist to establish a correct parameter t a value of 

20 was used. 

3.13 Comparison of Materials Problems Associated with the Advanced 
Energy Conversion Systems 

In the foregoing subsections the materials problems associated 

with each of the advanced energy conversion systems have been discussed, 

and in each case a summary chart has been included which identifies 

the ma~erials selections, the system parametric points to which they 

apply. and materials application ratings. It is the purpose of thi s 

subsection to further analyze these ratings and to compare the materials 

aspect5 of the advanced energy conversion systems. 

3.13.1 Summary Materials Application Evaluations 

The basis for the materials application ratings was set fo~th 

in Subsection 3.1. The rating system is seen primarily as a qualitative 

measure of the difficulty of demonstrating the utility of a particular 
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material in a particular application. Increasingly difficult materials 

problems imply that the program time and the cost to solve the problem 

also increase and that the probability of program success decreases. 

Summary materials application evaluations are presented for 

the various c\dvanced systems in Tables 3.64 to 3.72, inclusive, which 

represent, in part, condensations of the data given in the summary tables 

in the subsections dealing with materials for the corresponding advanced 

system. In each table the contents are arranged according to the 

principal system parameters which are most important from the point of 

view of materials--for example, turbine inlet temperature. A compilation 

of the number of items (materials applications) having a given rating, 

A, B, C, or D, is entered into each table. In compiling this information 

an attempt was made to avoid counting the same problem twice. Thus, 

for example, in the subsection on fuel cells there are separate ratings 

for anode material and anode catalyst for the low-temperature fuel cp.lls. 

Since the catalyst is actually incorporated into the anode material, 

however, they represent one problem and have been treated as such in 

Table 3.7~. Similarly, the turbine disk and shaft in the case of the 

liquid-metal vapor cycle are interpreted as one problem. 

In addition, a composite rating is included which is intended to 

represent the overall difficulty of the materials application problems 

involved in a particular sy~tem. The composite rating is computed from 

Equation 3.18. 

Composite Rating = NB + 5 NC + 10 ND (3.18) 

whele NB is the number of B-rated items, NC is the number. of C-rated 

items, and Nl). is the number of D-rated items. The weighting factors 

are based on the opinion that the total effort or cost to solve B-rated, 

C-rated, and D-rated materials application problems is in the ratio 

1:5:10, respectively. The weighting factor for A-rated materials 

applications is taken as zero, reflecting the fact that only minimal 

routine materials applications engineering would be involved, which 

in the present context does not constitute a materials problems 

relevant to a particular type of system. 
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Table 3.64 --Materials for Advanced Steam Cycle Components ',-i 

TurLinc Inl~l Condo 

:!'.! 

, 

'~' i 
, , 

I 
, ' 

, 

i 
; I 
" I 

: ! 
i 

(/ 

w 
J 

'" '" '" 

of >-"'psl) 

1200/2400 

1200/3500 

1200/5000 

1400/3500 

1400/5000 

~. 

t:;' it!! 
"""'" " ,,1)" • ~:_:,.-'I\ .~. ,~" ;...,,-:\.\~~' "-!~. ,,- __ .. _. :_.:;_-,'f:~ . ,"':;- «l ':.-,-. ,-

'/, 

,:,~, 

Number of Items Most Critic,!l Nateria1s Application 
Having a Given Rating Lm·Test Composite Critical Items 

A B C D Rating Rating (e & D) 

3 1 B 1 

2 2 B 2 

2 1 1 C 6 Incone1 802 or 617 
Boiler Tubes (C) 

1 1 2 e 11 Waspal10y Rotor (e) 
.'lncone1 617 or HA188 

Boiler ~ubes (C) 

1 2 1 D 20 Waspa110y Rotor (e) 
S816 Inlet Piping & 

Inner Cylinder (C) 
8816 Boiler Tubes (D) 
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3.13.2 Comparison of Materials Ratings 

Using the information compiled in Tables 3.64 through 3.72, 

composite materials application ratings for all of the advanced systems 

are displayed together in Table 3.73. The principal sy~tem parameters 

shown are easily relatable to most system parametric cases. An exception 

exists in the entries for gas turbines in that the amount of blade or 

vane cooling is not treated parametrically in the system study, while 

in the materials analysis it was recognized that increased temperature 

capability of blade or vane materials represents a performance improvement 

resulting from a reduced cooling requirement for a given tur~ine inlet 

teUl1'erature. The entries in the table labeled Itmax . cooling" or 

"no cooling" corres1?ond to the system study assumptions. 

The systems are listed in Table 3.72 in the order of increasing 

severity of materials problems, considering each type of system as a 

single enti+-.y. The materials problems associated with the gas turbine 

syste~s using blade and/or vane cooling are considered to be less than 

with any of the other systems. The closed-cycle gas turbine and liquid 

sodiumrargon metal MHD materials problems are slightly more severe than 

those of the gas turbine systems. (The lithium-helium liquid-metal MHD 

system is markedly more difficult from a materials point of view than 

the sodium-argon liquidRometal MHD system. and perhaps should be ranked 

separately.) The ranking order continues with advanced steam systems, 

liquid-metal vapor rankine, fuel cells, closed-cycle MHD, and open-

cycle MHD systems. 

It is inappropriate to speculate further upon the materials 

application ratings and the ranking of systems materials development 

requirements. In Tasks II and III detailed development program 

descriptions, costs, and schedules will be worked out for the systems 

which are to be continued. 

3-267 

,; 

~'~" , .... ~ 
" , " "'_' J' 

'" "'. 
'" 

, i 

- . ~ 

~ 
,~ .~ 
" 4~ 

"-. ' _. 5v..iol 



\\ 

w 
I 

~ 
'" 

/' - -, , 

Table 3.65 -- Materials for Recuperated Open-Cycle Turbine Cycle Components 

(Fuel: Coal Distillate) 

Turbine Conditions 
(T,I.:. - 'F) 
(Cooling) 

1800-2500 
Max. Blade & Vane 
Cooling 

Int. Blade & Vane 
Cooling 

Min. Blade & Vane 
Cooling 

2200-2500 

Max. Blade Cooling 

Int. Blade Cooling 

Number of Items 
~aving a Given Rating 
!; ~ .f D 

3 

1 < 

1 2 

2 

Most Critical Materials 
Lowest 
Rating 

A 

B 

C 

vomposite 
Rating 

0 

2 

10 

Applications 
Critical Items 

(C's & D's) 

W-reinforced superalloy or 
Cr-alloy first-row blades eC) 
Mo-reinforced superslloy las~ 
row blades (e) 

Min. Blade Cooling 

1 

3 

1 2 

B 

B 

e 

1 

3 

11 W-reinforced super alloy or Cr-alloy 

(: 

'- , 
',,1 t~ tJ: .. "J,--' 

Co:> i'::l 
t'!~ 
!ilK! 

8~ 
::ora 

i:'j 

2200-2500 

No Cooling 

; : .. ,. r ,'~, 
"i ·,t~'· / 
L,< ,. ____ ,_ • tt -. .; , ~ .) 

~''"'' :::; --h,-,,'. . , tv'-ii>lLdi._~-__ " -'Y ->,-.{~ " k 
- ---'------'"~~";~~, ' . - '...,' 

. -'-"~"'--" ~-~ . 

1 1 1 C 6 

·'~~~2~~_-. (~,~o ___ ,~~~~~=-~~_~.~~:~ ~~~_~ ~ -"-"'"f 

first-row blades eC) 
Mo-reinforced superslloy last
blades (e) 

Si3N 4 or SiC first -row blades eC) 

, --.~ 
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Table 3.66 -- Materials for Combined Cycle Gas Turbine Components 

i 
',i ~.: 
:i 
, I 

I 
II 
I 
I 
I 
I 
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'I 
I 
I 
I 
I 

I 
I 

i 
I 
i 
i , i , 
i 

, I 

I 
1 

<1 ii' 

w 
I 

'" '" "" 

Turbine Conditions 
(T.I.T. OF) 
(Cooling) 

1800-2500 

2200 
Max. Blade & Vane 
Cooling 

Int. Blade & Vane 
Cooling 

Min. Blade & Vane 
Cooling 

2200 

H2O-cooled Blades 
Max. Cooling 

Int. Cooling 

Min. Cooling 

:' ,~., i ~~~, 
~:!:~ 't :f:.. \;." 

Fuel 

Coal 
Distillate 

High- or 
Low-Btu 

Gas 

" 

" 

Coal 
Distillate 

/ 

Number of Items 
Having a Given Rating 
ABC 0 - -

Mest Critical Materials 
Lowest Composite 
Rating Rating 

Applications 
Critical Items 

(C's & D's) 

Same as Recuperated Open Cycle Gas Turbine ---

3 A o 

I 2 B 2 

1 2 C 10 

2 I B 1 

I 2 B 2 

I 1 1 C 6 

"1§;' :1:' ,~, ,~~ ',,-~. . -,'-

.,,_ .... -"""-.\., .• _~n, .. _ /"'~'<--. " __ ,, .. ~~ 
"<;" . eli, 

'. 

W-reinforced superalloy 
or Cr alloy first-row 
blades (C) 
Me-reinforced superalloy 
last-row blades (C) 

Mo-reinforced last-row 
Hades (C) 
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Table 3.67 - Naterials for Closed-Cycle Gas Turbine Components 

Turbine Inlet Temp. , 
of 

(' , 

w , 
N 

" o 

, l~' t l(\l 

1200 

1500 

1800 

'<.c.. '. ,(I . ! L' . -t)" 
'~' _ -64 ' .. ,:':i' ", ~~ , -"."." .. ;" '~-'_"'" '",,',-. ,,'"' ,f, ...... _ . _.--' ~L . ,_ 

/. 

.,'- ,-,-/ 

Number of Items 
Having a Given Rating 
ABC D - - -
6 

4 2 

2 3 1 

.. 

Most Critical Matl'Eia1s Applications 
Lowest Composite Critical Items 
Rating Rating (C & D) 

A 

B 

c 

",'" 

o 

2 

8 Inco Clad 671 on HA-188 
or Inco Clad on S816 
Heat Exchanger (e) 

~;~.': ~ ,J~ ~ 
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Turbine Inlet 
Temperature! of 

1400 

1500 

1600 

,i, 
f" t,l 
'1\'" (\v' 

'~ .. ' ., .'~:'" '. ..... ,~-. 
~" Jf.. 

. -

.~,-. -, , 

Table 3.68 -- Materials for Potassium and Cesium Vapor Rankine 
Cycle Components 

Number of Items 
Receiving a Given Reting 
ABC D - -

3 3 

1 2 2 1 

1 2 2 1 

/' 

--~-.' ~ !~<",\ ,,,,~ 

.,-;"..-~ .. - .. 

Most Critical Materials 
Lowest Composite 
Rating Rating 

C 18 

D 22 

D 22 

'A' f 
, Jo' 

~'-.-",,~-. 

-> i..,.· .. O~': ""'-,,~," '-,','~-_-_:_')-r-~'::'::-""-O'",-

Applications 
Critical Items 

(C & D) 

Incoloy 800 boiler (C) 
Incolo7 turbine shaft & o!.sk (C) 
U700 turbine blades and 
tie bolts (C) 

Incoloy 800 boiler (e) 
Wasp alloy disk and shaft (D) 
Inlet casing (Incoloy 801) 

esse and scroll (RA 188) (e) 

RA-188 boiler (e) 
WaspaEoy disk & shaft (D) 
HA-188 inlet casing, case, 

and scroll (e) 
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Table 3.69 --- Materials for Sodium and Lithium MHO System Components 

I 
I 

~- : 

, 
, ' 

~ 
;.: 

" 

W 
I 

N ..... 
N 

Duct Inlet 
Temperature of 

1200 (Na-Ar) 

1500 (Na-Ar) 

1500 (Li-He) 

o~ 

i~ g 
~g 

~, ~ : 
'n 
,J ~ 

~ 
:=:I 

l"," (~If 
';':" .• _"" . . _ ~A 
.", <, .' 'l!~' ': I, p. ',1 '. 

o '"~...J;..,_ ....... '!j _ • j~_-' .... 

Number of Items 
Receiving a Given Rating 
ABC 0 - - - -
7 1 

1 4 2 

1 6 

Most Critical Materials Applications , ____________________ _ 
Lowest Composite Critical Items 
Rating Rating (C's & D's) 

C 5 

C 14 

c 30 

Al
2

0
3 

or MgO Insulators (C) 

Al203 
HA-188 

or MgO Insulators (e) 

Steam Generator (C) 

Cb Alloy Heat Sour~e (C) 
Cb Alloy Generator (C) 
MgO or BeD Insulators (C) 
Cb Alloy Electrodes (C) 
Cb Alloy Loop (C) 
Cb Alloy Duplex Tubes (C) 

for Steam Generator 

f " li; 
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w 
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N ..... 
w 

Duct Temperature 
Fuel Firing 

2380 - 3700'F 
Coal 
Separately Fired 

Preheat. 

2400'F 
Coal 
Direct Firing 

2590 - 3190 
Low BTU Gas 
Direct Firing 
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Table 3.70 --Materials for Open-Cycle MHD Components 

Number of Items 
llav~ng a Given Rating 

A B C D 

3 1 2 4 

1 2 6 

1 2 2 4 

Most Critical Materiels Application 
Lowest Composite Critical Items 
Rating Rating (C & D) 

D 51 

D 70 

D 52 

• SiC Combustor (C) 
."SiC" Electrodes (D) 

• "Si3N 4 Insulators (D) 

.Chromite Bonded A1
2

03 Diffuser 
.304 SS Superheater (D) 
.2-1/4Cr - 1 Mo Reheater & 

Evaporator (D) 

SiC Preheater Tubes (D) 
RA333 Preheater Tubes (D) 
SiC Combustor (C) 
"SiC" Electrodes (D) 
"Si3N4" Insulators (D) 
Chromite Bonded A1203 Diffuser 
304 SS Superheater (D) 
2-l/4Cr - 1 Mo Reheater & (D) Evaporator 

SiC Preheater Tubes (D) 
RA 333 Preheater Tubes (D) 
La-Sr Cr03 Electrodes (D) 
MgO Insulators (C) 
304 SS Superheater (D) 
2-1/4 Cr- lMo Reheater (C) 

(C) 

(C) 

" ., 
" , , 
i 
~, ~ 

I ,'" 
J 

i 
I 

.; 
fu 
j;' 

~ 
~ 
~ y 
'1' 

* • 

f 

..... 
/ "_c~, ,c. __ , 

~ 

. , 

it
',. Isy' 
"". -; '\~, --"~' ',,~ .. ; . -,~h'iJ __ 

'~'''''''- -.-'-----'~- " .J.':-,_...>......- __ ."""'-~. _""'._ ......... "=_ .• ~ .-"-.::....~~'~ --;,.--" ____ .... l __ o,lI ___ "_,~ __ ~~,-~~_"_:........._"._l~ ;:" -'f. .4 



}: 

\. 
\,. 

" 

h? 

-;; .. 

'1' 

i 
I 

(' "" , 
:.:~ 

~. 

k""» ' L~ 

.' ---" .. - --. , 

Table 3.71 -- Materials for Closed-Cycle MIW Components 

Most Critical Mater~a1s AEE1ications 

w 
r 

N 

" ... 

Duct Temperature 
of 

3100 

3800 

,- ........ ' 

?~" 
"ell 1'1' ,:' 

Number of Items Lowest Composite 
Having a Given Rating Ra,tlng Rating 

A B C D 

3 4 3 1 D 29 

4 4 3 I D 29 

7 
. , 

(~~.~' J , " .. 

.. -;' '_1'~~:-'''; .~ . :,;e. -' '-'~ .~~" .. _,L'-i~,:.~,. __ ~~,·~~~·~-=.:,~J 

Critical Items 
(C's & D's) 

Y203 Stab. Zr02 Valves (D) 
A120

3 
Nozzle (C) 

TZM Electrodes (C) 
HA-188 Reheater Tubes(C) 

Y203 Stab. Zr02 Valves (D) 
Y203 Stab. Zr02 or TZM Nozzle 
TZM E: 'ctrodes (C) 
HA-'-188 Reheater (C) 
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Cell Type 

Alke1ine 
Electrolyte 

Acid 
Electrolyte 

Molten 
Carbonate 
Electrolyte 

Solid 
Electrolyte 
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Table 3.i~ -- Materials for Fuel Cells (100,000 hr ife) 

Number of Items 
Haying a Given Hating 
A B C D 

1 2 1 

1 3 

4 

3 1 

/ 
... -~,. 

Most Critical Haterials AEElications 
Lowest Composite Critical Items 
Hating Hating (C & D ) 

D 20 "Carbon" anode (C) 
"Carbon" cathode (D) 
Electrolyte (C) 

C 15 "Carbon" anode (C) 
"Carbon" cathode (D) 
Electrolyte (C) 

C 20 Aluminates in electrolyte paste 
"Ni" anode (e) 
Lithiated NiD cathode (e) 
Interconnections (e) 

D 25 nCr 203 II interconnection (D) 

Ni-Zr02 anode (e) 
In20

3 
- PrCo0

3
_x 

cathode (C) 

(Y203) (Zr02) Electrolyte 
x l-x 

, """"--"-

(C) 

(C) 

'.... """'1;. -

~" 

(;. 
sf' 
j; 
Po 
~ .,,; 
~ 
~' 
'f 
~, 
~ 

I 

, ~, ,}I ' 
,~(., 

. ~ l " . c' ·"'~.~,L,.c. ~_,_,~~:)"-""--,,,,,,_,~ __ ,,",," ,_'~>'-~ .;,-'.' 

.. ~ . 
' . 

~Ci., ,'t <) ,.ff!! 



'I 

, 

r' 

~, 

f 

"""",~",1(. ~NA1i<\"', "" 

Table 3.73 -- Summary of Materials Application Ratings 

C i oIDPosite Mater als 1 App. ication Rating 
SYSTEM 0 10 20 30 40 50 60 70 

Open-Cyc1e G. T. 1800-2500"F,Max B/V 
I 

Cooling 
and Combined .. .. Min .. .. ---, 
G.T. Cycle 2200-2500"F,Max Cooling B 
Fuel Distillate .. .. Min • .. .. 

~ " .. 
~o Cooling 

Comb.G. T. Cycles 2200"F :-lax Cooling B/V 
Hi&Lo Btu Gas .. Min Cooling B/V -
Comb. G. T. Cycles 2200"F Max H20 B Coo ling ..., 
Fuel: Distillate " Min H20 B Cooling r 
Closed-Cycle G.T. 1200"F 

1500"F ..., 
1 ROO"F -

Liquid-Heta1 MIlD 1400"F Na-Ar ---; 

1500"F Na-Ar ~ 

1500'F Li-He 

Advanced Steam 1200'F/2400 psi 
~ 1200/3500 

1200/5000 ---i 

1400/3500 
1400/5000 

Liquid -Metal 1400'F '< or Cs Vapor Rankine 1500"F .. 
1600'F .. 

Fuel Cells Acid 
Alkaline 
Molten Carbonate 
Solid Electrolyte 

Closed-Cycle MHD 3100'F 
3800"F 

Open-Cycle MHD 2380-3700°F Coa1,Sep.Firing 
2400"F Con1,Direct Firing 
2590-3190"F Low Btu Gas 

Direct 
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