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BATTELLE'S COLUMBUS LABORATORIES comprises the origi- 
nal research center of an international organization devoted to research 
and development. 

Battelle is frequently described as a "bridge" between science and 
industry - a role it has performed in more than 90 countries. It 
conducts research encompassing virtually all facets of science and its 
application. It also undertakes programs in fundamental research and 
education. 

Battelle-Columbus - with its staff of 2500 - tetVM in 
government through contract research. It pursues: 

• research  embracing  the  physical  and  life sciences, engi- 
neering, and selected social sciences 

• design and development of materials, products, pro, 
and systems 

• ntormation   analysis,   socioeconomic   and   technical   eco- 
nomic studies, and management planning research. 
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FOREWORD 

The research and analysis reflected in this report were performed 

by oattelle's Columbus Laboratories.  The project is supported by the 

Defense Advanced Research Projects Agency (ARPA) of the Department of 

Defense (DcD) and is monitored by the U. S. Army Missile Command, 

Redstone Arsenal, Alabama, under Contract No. DAAHO1-75-C-0338. 

Mr. Rudolph A. Black, Director, ARPA Technology Assessments Office, 

(until his departure in June 1975) and Dr. Stanley Ruby, ARPA Materials 

Science Office, were the Technical Monitors of this effort. 

DISCLAIMER 

The views and conclusions contained in this document are those 

of the authors and should not be interpreted as necessarily representing 

the official policies, either expressed or implied, of the Defense 

Advanced Research Projects Agency or the U. S. Government. 

' 

 : "~r- 



^      "i- ■ - ^   

wmm ■Wl-PW^ 

TABLE OF CONTENTS 

1 
I 
I 
D 
L 

n 

c 
0 

xage 

INTRODUCTION   , 

TECHNICAL OBJECTIVES   j 

TECHNICAL APPROACH   2 

OVERALL SUMMARY AND CONCLUSIOI i  3 

DETAILED PROGRAM RESULTS   4 

Initial Screening Study   4 

Electroslag Remelting   8 

Fiber-Reinforced Composites   28 

Superconductors for Power Applications  45 

High-Temperature Gas-Turbine Engines for Automotive 
Applications  60 

Fuel Cel13  76 

Lasers for Communications and Materials Processing  97 

REFERENCES  109 

APPENDIX A 

U.S. INDUSTRIES AND COGNIZANT BATTELLE SPECIALISTS   A-l 

APPENDIX B 

PERSONAL CONTACTS  B_i 

Li 

D 
fl 

D 
n 

APPENDIX C 

ADDITIONAL EMERGING TECHNOLOGIES IDENTIFIED IN FIFTEEN U.S. 
INDUSTRIES    C-l 

/ 

ii / 

,- ,J:^..;.^-.^^.^.»^L*^, 



'?-JI^»(i»»WW'il,l,«»l""«"»1|l|lW|l-IHl»iJ«p»flJl.|«BI«l»W^lWJ-ll"^,llll'l>ll   - - ' 1     IHJIIU  l       ■1Jlll 

LIST OF FIGURES 

! 

i 

D 
a 
D 
D 
D 
a 
L 

1 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

Figure 15. 

Figure 16. 

Figure 17. 

Page 

Bifilar ESR Crucible (Sectional View) 10 

Electrical Switching of ESR Furnaces    13 

Methods Used to Produce Various Shapes by ESR. ...  15 

Ingot Segregation  in  70-Ton  Ingots   ("After-Pouring" 
is  a  Japanese  Treatment of Conventionally Melted 
Steel   to Reduce Segregation) 16 

The  Variation of Elements During ESR of a 51-Inch 
(1300 MM)  Diameter  Ingot 17 

Effect  of Heating Temperature   in  the Heat-Affected 
Zone  of Weldments  on  Impact Strength 18 

The Effect of Melting Method on  the  Impact Strength 
of a Fine-Grained Structural  Steel   1-Inch  (25 MM) 
Thick 19 

The Influence of Electroslag Remelting on 
Properties 20 

Cost Comparison of 4.6-Ton Rotors Fabricated From 
Vacuum Degassed and ESR 3 Percent Nickel Steel ...  22 

SpeciTic Tensile Strength and Specific Tensile 
Modulus of Reinforcing Fibers 30 

Specific Air and Fuel Consumption Relationship 
for a Regenerative Gas-Turbine Engine 61 

Relative Raw Materials Cost 61 

Proposed Milestone Chart ERDA/AAPS Ceramic Mate- 
rials and Component Development Program 63 

Materials and Processes for Uncooled Ceramic Compo- 
nents for a Ceramic Engine at 2500 F TIT 64 

Gas Turbine Program Relative Emphasis Betwein 
Emissions and Fuel Economy 68 

Power Generation System Efficiency Comparison as a 
Function of Power Output    81 

Relative Part Load Efficiency Comparison as a Func- 
tion of Power Output 81 

iii I 
1 



'*--— 
^^PPiPMP T 

- 

I 
I 
I 
I 
I 
I 

D 
D 
0 
0 
D 
0 
0 

0 
0 
0 
0 
0 
fl 

n 

Figure 18. 

Figure 19. 

Table  1. 

Table 2. 

Table 3. 

Table 4. 

Table 5. 

Table 6. 

Table  7. 

Table 8. 

Table 9. 

Table 10. 

Table 11. 

LIST OF FIGURES 
(Continued) 

Pa,i>e 

Economic Progress   for Air-lTydrocarbon Fuel Cells 
Developed by United Technologies         86 

Projected Generation of Electricity as  a Function 
of Time 89 

LIST OF TABLES 

Page 

Summary-Six Selected U.S.   Emerging  Industrial 
Technologies  5 

Comparison of the ESR Process  Using Single Electrode 
and Bifilar Single  Phase A-C Systems 12 

Glass  Fiber Usage 29 

Fiber Properties  32 

Relative Properties  Compared   to B/Al 35 

Present and Potential Availability of Critical 
Metals   for High-Temperature  Turbine Alloys 62 

Candidate Rotor Materials         69 

Sources  of Supply  -  Silicon,   Silicon Nitride,   and 
Silicon Carbide     yj 

Typical  Fuel-Cell  Systems         77 

Measured Typical  Emissions From Modern Central 
Power Stations and Experimental  Fuel Cells 83 

Total  Platinum-Metal  Catalyst Requirements  as  a Func- 
tion of Utilization  and   Installed  Capacity 93 

IV 

^LL 



y  "Immi       imi i  "ii —ii  i,   ^L ._  
■■■■■••«»■■i 

CRITICAL MATERIALS  NEEDS 

By 

Curtis M. Jackson, James 0, Frankosky and 
/'    Joseph G, Dunleavy 
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During this century the rapid increase of technological advances 
and their incorporation into weapon systems and materiel have often 
created unforeseen demands for raw materials and consequent shortages and 
economic rivalries air.ong friendly as well as hostile nations. Such 
situations are often further aggravated and intensified by the onset of 
major military conflicts. The shortage of rubber and copper in World War 
II, the stockpiling of many metals during the Korean War, and the search 
for uraniim ore during the 1950's are well-known historical examples. 
Within ':he past few years the oil-producing countries have used embargo 
and price increase measures as a means of getting more funds from the 
developed nations of the world. This has encouraged other countries 
possessing vital raw materials to consider actions such as when Jamaica 
increased its export tax on bauxite 700 percent in 1974. (1)* 

In such circumstances, the United States has many times found 
it necessary to categorize certain raw materials as essential or critical. 
To ensure adequate supplies of critical materials the Department of Defense 
(DoD) has then taken action to initiate material conservation measures 
(including design changes), materials substitution programs, and/or raw 
materials stockpiling.  It would be most helpful to the DoD if it could 
better anticipate the need for such measures through prior assessment and 
analysis of technological trends which impact on the U.S. requirements 
for materials or associated manufacturing processes which could be classed 
as critical. This research project addressed those needs by making an 
assessment of emerging industrial technologies in the United States, with 
particular emphasis on six technologies which were selected for extensive 
analysis. 

TECHNICAL OBJECTIVES 

The objectives of this research effort were to: 

• Select, through preliminary analysis of fifteen major 
U.S. industries, a number of U.S. emerging technologies 
for detailed assessment. 

• Analyze the selected U.S. technologies for possible 
criticalities to the L.S. in material availabilities 
and production capacities by 1990. 

* For specific identification of information sources, refer to 

References on page 109. 
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Identify any potential procurement and development 
problem areas which could possibly evolve for the 
DoD in the light of the anticipated criticalities. 

TECHNICAL APPRCACH 

The initial phase of the research program was a screening study 
devoted to the identification of emerging technologies* in 15 U.S. indus- 
tries through interviews with Battelle specialists having knowledge and 
expertise in those industries.  Some 57 emerging technologies were identified 
as possible candidates for further study, A list of the 15 industries, the 
related industrial technologies, and the cognizant Battelle specialists 
is given in Appendix A. After further screening, six of the technologies 
were recommended to and approved by the Defense Advanced Research Projects 
Agency (ARPA) for continued research and in-depth analysis. 

The remaining research then focused on the six selected techno- 
logies. The technical description of each emerging technology and its 
requirements for critical materials and for major materials-production 
capacity were obtained from Battelle specialists and through personal 
contacts with appropriate industry and government personnel. The personal 
contacts are listed in Appendix B. The projections of supply/demand and 
ccsts of the materials were based on data from Battelle and industry 
sources, from selected government and industrial reports, and from oral 
presentations at the DoD Material Shortages Workshop (2) and the National 
Conference on Materials Availability/Utilization.(3)  General projections 
of the future availability of major capacity for the production of 
materials were also obtained from industry sources, to the extent that 
such information was readily available. 

The research concluded with the identification of procurement 
and development problem areas which may possibly evolve foi the DoD. 
These conclusions were based or analysis of the information received from 
the various in-house, industrial and government sources concerning each 
of the six technology areas. 

* For the purpose of this research, emerging technologies are defined 
as those which are expected to become increasingly accepted by 
industry in the next 15 years, to the extent that their market 
penetration is anticipated to be significant by the year 1990. 
However, ARPA requested that this research devote minimum attention 
to the Energy and Food and Agriculture industries inasmuch as they 
are being otherwise studied. 
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OVERALL SUMMARY AND CONCLUSIONS 

An overall summary of the results of the research is given in 
Table I, which outlines the principal factors and results associated with 
the six industrial technologies that were studied in depth. 

The conclusions that were reached in the conduct of this research 
are summarized as follows: 

Of the six technologies that were studied in depth, two 
face potential problems in having an adequate supply of 
raw materials available to support future production. 
These materials are platinum-group metals for fuel cells 
and helium, niobium, copper, nickel and chromium for 
superconductors.  However, in the latter technology, 
significant needs for the necessary raw materials should 
not obtain until the post-1990 time frame. 

In five of the technology areas, it appears to be 
possible for the anticipated domestic demand to exceed 
presently available estimates of future U.S. production 
capacities, and thereby adverse!/ impact on availability 
of associated maLeriais tailored to meet specific DoD 
needs. These include electroslag remelted (ESR) steels, 
graphite and boron fibers for fiber-reinforced 
composites, fiber optics for lasers used in communica- 
tions, silicon nitride for high-temperature gas turbine 
engines, and superconducting alloy (Nb3Sn, NbTi) wire. 
Again, for superconductors, significant demand would be 
subsequent to 1990. 

The anticipated DoD needs for materials or products 
which evolve from these six technologies are small in 
comparison with the total estimated demand.  The DoD 
may therefore experience difficulty in competing on the 
market for its procurements needs - unless private 
sector or government actions are able to motivate and 
cause greater production capacities than are currently 
evolving. 

DoD development problems, most of which are currently 
being addressed by the respective Service(s), are noted 
in: 

- Identifying viable alternatives, to the 
presrnt fuel processor for mobile fuel cell 
powjr units. 

 —- liiüiiiiMi 
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• Adapting design approach and developing 
economical fiber and composite fabrication 
methods for fiber-reinforced composites in 
weapons systems. 

■ Adapting and interfacing laser communica- 
tions utilizing fiber optics into weapons 
systems and command and control facilities. 
Fabricating fiber optic cable with requisite 
ruggedness, strength and other necessary 
characteristics. 

Adapting superconducting technology to naval 
ship propulsion, aircraft lightweight 
generators, and high-power ground weaponry, 
and 

Adapting design approach and economical 
ceramic fabrication methods to meet specific 
DoD material characteristics. 

DETAILED PROGRAM RESULTS 

Initial Screening Study 

■A    M«i /If1!!? ^ ?haSe of the research, 57 emerging technologies were 
identified in the 15 U.S. industries. Fifty-one of the 57 were determined 
not to meet the criteria for further study as fully as the six selected 
for in-depth study. The 51, as well as their individual criticality 
considerations and basis for non-selection for further study, are tabulated 
in Appendix C. The criteria and factors that were considered in making 
the value judgments to select the six technologies are listed on the first 
page of the same appendix.  It was recognized in the approach being 
employed, which was to do only a preliminary screening analysis of the 
57 being considered with few industrial contacts, that some of the emerging 
technologies not selected could possibly have been found qualified for 
subsequent analysis, if more extensive research had been undertaken in 
the initial phase. 

4        .t i u^ detalled results of the six technologies further studied are 
described below tc include the name(s) of the key Battelle researcher(s) 
involved in each technology. 

I 
I 
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: TABLE  1.     SIMMARY  - SIX SELECTED U.S.  EMEB 

D 
0 

Emerging U.S. 
Technology 

Description 
Criticality 

Basis 
Projected^3) 
Market 

^=^ 

Elc-ctroslag Melting of electrodes in Inadequate ESR ~200,000 tons (1975)(b) Cun 
Remelting (KSR) a high temperature slag production ca- Free World Plal 
(of steel) to produce a refined pacity in U.S. -1,500,000 tons (1990) - air 

metal rlloy of high pur- Free World ingj 
ity and uniformity, with ~70,000 tons (1975)-U.S. mi Si 

many other desirable ~ 700,000 tons (1990)- 
qualities. U.S. 

i 

Fiber-Reinforced Reinforcing fiber in a Possibly 1 ade- • Graphite fibers •  G 
Composites resin or metal matrix quate production ~140,000 lb used 

to achieve desirable capacity in U.S. (1974) - U.S. 
material properties such for graphite fi- - 10,000,000 lb 1 
as extremely high ten- bers and boron (1981) - U.S. J 
sile strength and mod- 
ulus» to-weight ratios. 

fibers. -100,000,000 lb 
(1990) - U.S. 

• Boron fibers 
~20,000 lb  (1975)-U.S. 
~200,000 lb  (1990)- 

• B 

U.S. 

• Aramid (Kevlar) fib-rs 
~5,000,000 lb(c) 

(1975) - U.S. pro- 
duction capacity 

-50,000,000 lb(c) 
(1980) - projected 

m   g 
U.S. production • M 

■ 

capacity 

To)    Figures"rounded.     See detailed  text  for more  precise  data. 
(b) ~1,000,000 tons (1975) - USSR. 
(c) Figures include all uses of Kevlar, not only composites. 
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i(a) 

(b) ^975) 

1(1990) 

l75)-l'. 
[1990)- 

S. 

led 

DCD Projected 
Needs 

Gun tubes,  armor plate,   ship 
plate , vehicle  structures, 
aircraft structures  and  land- 
ing gears,  helicopter rotors, 
missile casings • 

DOD Potential 
Problems 

>75)-U.S 
1990)- 

)   fibers 
I) 
L  pro- 

r) 
tjectcd 
Jon 

Possible  lack of U.S. 
production capacity  to 
insure U.S.  needs  are 
met.     Some military 
development program 
requirements  currently 
being delayed because of 
shortages  in ESR 
materials. 

Remarks 

Graphite/epoxy: B-l and 
other aircraft structures 
and surfaces, helicopter 
rotor blades, transmis- 
sion shafts. 
Boron/epoxy: F-14, F-15 
tail surfaces, C-5A lead- 
ing edge slot, F-4 rudder, 
CH-54B tail-cone. 
Boron/aluminum: Space Shut 
tie fuselage truss struc- 
ture; also being evalu- 
ated are various struc- 
tures such as B-l long- 
eron & rib, wing box for 
S-3A, A-7 landing gear 
struts. 

Aramid fiber composites: 
aircraft floor panels, 
fairings, control sur- 
faces, radomes, doors, 
panels, cargo liners, he- 
licopter parts; also be- 
ing considered for such as 
bullet-proof vests, hai- 
rnets, armored vehicles. 

Only one U. S. plant for 
plate-ingot production 
exists at present.  Heavy 
foreign initiative and 
competition in ESR field 
causes concern, particu- 
larly since with its 
present rate of growth 
U. S. capacity would not 
be able to meet the es- 
timated domestic demand. 

Development of economi- 
cal automated fabrica- 
tion methods to avoid 
hand operations 
Development of boron 
fibers with graphite 
fiber as a cubstratc. 
Development of innova- 
tive approaches et con- 
ceptual design phase 
of systems development, 
Accurate assessment of 
cost/performance trades 
In the increasingly se- 
vere "design-to-cost" 
environment . 

Biggest problems for DoD 
seem to center on adapt- 
ing design approaches and 
economical fiber and com- 
posite-manufacturing 
methods to embrace this 
new technology which shows 
great promise to meet ad- 
vanced weapon systems 

netds. 

TABLE 1 
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TABLE 1 (Continue« 
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Emerging U.S. 
Technology 

Fuel Cells 

Description 

Electrochemical device 
for converting hydro- 
gen or hydrogen com- 
pounds from chemical 
fuels directly into 
electrical energy (at 
higher efficiency than 
most other present 
energy conversion 
means). 

Criticality 
Basis 

Lasers for 
Communications 
and Materials 
Processing 

Electromagnetic radia- 
tion from an active 
(amplifying) medium 
in a resonant cavity. 
Distinctive by its 
coherence and small 
beam divergence, so as 
to permit propogation 
of laser energy in a 
high]y concentrated 
beam. Uses are many and 
varied, the one of 
interest herein being 
transmission through 
fiber-optic wave guides 
in communications. 

Reliance on avail- 
ability from for- 
eign sources of 
platinum group 
metals for use as 
catalyst materials 
in fuel cells. 

Projected ^ 
Market 

Possibly inade- 
quate fiber optic 
production capac- 
ity in U.S. 

Fuel cells (or water 
batteries) 
~ 20,000 MW installed 

(1990) - U.S. , 
requiring:      (b) 

~10,000,000 troy oz. 
of platinum group 
metals 

Fiber Optics 
~120 lb, (1000 miles) 

(1975) - U.S. pro- 
duction capacity 

~700,000 lb. 
(6,000,000 miles) 
(1990) - U.S. 

(a) Figures rounded.  See detailed text for more precise data. 
(b) Assumes technology has improved from current 20 g/kW to 13.5 g/kW 

of platinum required in fuel cells. 
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ter 

tailed 

■y oz. 
^roup 

Cb) 

DOD Projected 
Needs 

■illcs) 
I pro- 
bity 

kles) 
t. 

• 91,000 mobile power units 
for ground tactical use 
beginning in 1981. 
Platinum needs should not 
exceed 3% of U.S. produc- 
tion in any year. 

• Also, space and possible 
underwater applications. 

DOD Potential 
Problems 

Base and command post 
communications . 
Undersea surveillance 
systems and on-board 
ship communications. 
Aircraft avionics systems. 

• Possible difficulty in 
insuring availability 
of platinum group 
metals to DOD if com- 
petitive U.S. market 
needs for the mater- 
ials evolve, or if 
these materials from 
foreign sources be- 
come unavailable. 

• Possible R&D alterna- 
tives for a fuel 
processor. 

Remarks 

No problem in platinum 
availability at present, 
although platinum is 
currently critical (on 
the U.S. stockpiling list) 
Present Bureau of Mines 
forecasts indicate it is 
unlikely that domestic 
production will ever 
satisfy much of U.S. 
needs. 

• Possible- shortage of 
U.S. production capa- 
city of fiber optics 
to meet domestic U.S. 
needs and the conse- 
quent market competi- 
tion for the material. 

• Possible fiber optic 
systems development 
and interface problems 

• Development of fiber 
optic cables with the 
requisite ruggedness, 
strength and other 
characteristics. 

No criticality presently 
envisaged in laser mater- 
ials for materials pro- 
cessing technology. (After 
further analysis, 
neodymium - YAG availa- 
bility no longer envisaged 
to be the possible pro- 
blem identified in the 
interim technical report). 

TABLE 1 
(Continued) 
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TABLE 1 (Continued) 

Emerging U.S. 
Technology 

Superconduc tors 

for Power Ap- 
plications 

Description 

High-tempera- 
ture Gas- 
Turbine Engines 
for Automotive 
Applications. 

Criticality 
Basis 

True thermodyuamic 
state which is char- 
acterized by infinite 
electrical conductivity 
and perfect diamagne- 
tism. Technology is 
leading to applications 
such as electrical 
power generation and 
transmission, motors, 
energy storage, and 
plasma confinement in 
thermonuclear fusion 
and nagnetohydrody- 
namics. 

Projected ^ 
Market 

Possibly inadc 
quate availa- 
bility of 
helium, niobium 
and copper. 
Possibly inade- 
quate availa- 
bility of 
nickel and 
chromium for 
non-magnetic 
structural 

steels. 
Possibly inade 
quate produc- 
tion capacity 
for supercon- 
ducting alloy 
wire. 

Operating gas turbines 
at high temperature to 
gain higher combustion 
efficiencies and im- 
proved fuel economy. 
Of particular interest 
Is the utilization of 
ceramics to achieve 
the higher temperature 
capability. 

Possibly inade- 
quate production 
capacity of 
ceramic (silicon 
nitride and 
possibly, silicon 
carbide) gas 
turbine engine 
components. 

• Helium - cumulative 
demand (all uses)  (b) 
~2.5 Gcf (1970-1974)- 

U.S. 
-77 Gcf (1975-2000)- 

U.S. 
~470 Gcf (2000-2050)- 

U.S. 
• Niobium - (in super- 

conducting alloys) 
-35,000 lb (1974)- 

u.s.       (c) 
>300,000 lb (1990)- 

U.S. 
• Copper - (supercon- 

ductor use) 
~10,000,000  short  tons 

or more   (21st cen- 
tury)  - World 

• Superconducting alloy 
wire   or tape   (e.g. 
NbTi or Nb3Sn) 

~50,000 lb.   (1975)- 
U.S. 

>300,000 lb. 
U.S. 

(1990)- 
(C) 

• Silicon nitride com- 

ponents 
~Laboratory scale 

(1975) U.S. 
-15,000,000 lb. 

(1990) U.S. 

(a) Figures rounded. See detailed text for more precise data. 
(b) Gcf = 10 standard cubic feet. 
(c) Estimated cumulative demand through 1990: niobium in superconducting alloys 

5,000,000 lb; superconducting alloy wire and tape - more than 5,000,000 lb. 
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) DOD Projected 
Needs 

DOD Potential 
Problems Remarks 

,ative • Aircraft electric power • Possible shortage of • It appears now that the 

fes)  (b) generation. helium, niobium copper, greatest demand for 

U974)- • Naval ship propulsion. • Possible shortage of these materials will 

• High power land weaponry. nickel and chromium occur subsequent to 

iooo)- • Mobile, modular power used in non-magnetic 1990 when impact of 

generators. structural steels. superconductor tech- 

12050)- • Possible production 
lack in superconduc- 

nology would be felt. 

[super- ting alley wire or 

Joys) tape. 

IA)- • Development of super- 

[990)-(C) 
conducting motors/ 
generators for ship- 
board use, lightweight 

rcon- refrigerators for 
high-power weaponry 

brt tons and lightweight 
k.  cen- airborne generators. 
c 
g alloy » 
e.g. 

•75)- 
(c) 

^990)- 

L • 

ride com- • Drones, remotely piloted • Possible inadequacy • Biggest problems for 
vehicles, and missiles. of U.S. production DoD seem to center 

icale capacity for ceramic on adapting design 
• • Auxiliary power units components to meet approaches and de- 
lb. for aircraft. domestic U.S. needs velopment of econom- 
« and the consequent ical ceramic fabri- 

• Combat vehicles (t?nks. market competition cation methods to 
trucks). ior the material. meet specitic DoD 

• Development of design material character- 
criteria and econom- istics. 
ical fabrication 
methods for complex 
ceramic components 
of the requisite 
properties for DoD 
applications. 

• Solution for the 

metal/ceramic inter- 
i  face problem. 

A -^  

TABLE 1 
(Continued) 
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Introduction. Metals and alloys with high levels of quality 
and purity have become an intrinsic part of the development and production 
picture. The present state of knowledge and technology in this area was 
to a large part acquired in the process of satisfying the demands gener- 
ated by aerospace, nuclear, and military activities.  These requirements 
involved operation of metallic materials over wide ranges of temperature, 
under critical loading conditions (static, impact, and vibrational), 
through severe thermal cycling, and in environments which included 
radiation, chemically aggressive media, and vacuums.  These requirements 
necessitated not only the development of new alloys but also the achieve- 
ment of exceptionally high levels of quality to insure reliability and 
to extend service life.  Conventional melting methods even when upgraded 
failed, in many instances, to meet the standards required.  The electro- 
slag remelting process is one of the most promising methods available for 
the production of high-purity metals in tonnage quantities with the flex- 
ibility to produce product in various shapes. 

History. The electroslag remelting process (ESR), currently 
identified as a foreign process, is an example of "reverse technology 
transfer".  The process is a U.S. invention. R. S. Hopkins applied for 
patents on the process in 1935; these were granted in 1940.  During 
World War II ESR, then known as the "Kellogg Electric Ingot Process", 
was used to produce high-grade tool steels and welding rod for the 
welding of armor plate.(4)   In 1947, the first high-temperature alloy 
Timken 16-25-6 (Fe-16Cr-25Ni-6Mo) was successfully melted by ESR. This 
success was rapidly followed by the successful melting of a number of 
high-temperature alloys. Although the results achieved in the U.S. 
were excellent, the process was not really exploited.  In 1959, the 
Hopkins patents were sold by the Kellogg company to the English firm 
of Firth-Sterling for the production of tool steels. 

The potential production o^ metals in tonnage amounts by the 
ESR process (U.S. Hopkins process) was completely submerged in the U.S. 
and Western Europe, by the vacuum arc remelting process and by the vacuum 
degassing of conventionally melted steel.  The revival of interest in 
the ESR process, primarily in Western Europe, occurred concurrently with 
the appearance of Soviet publications in the 1950's.(5)   The ESR process 
then spread from the USSR to Western Europe, the U.S., and Japan, com- 
pleting the transfer cycle.  In fact activity on ESR remained relatively 
low in the U.S. well into the late 1960,s.  For example, at the first 
International Symposium on Electroslag Remelting held at Pittsburgh, 
Pennsylvania, in 1967, the contribution of U.S. industry and the U.S. 
technical community was small. 

iMÜiKHiiM 
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The Soviet's entry into the ESR process was apparently a 
natural outgrowth of their interest and efforts in the electroslag 
welding field. By 1956 the Riton Institute in Kiev, USSR, had designed 
and built a commercial furnace for the production of 1/2-metric-ton 
ingots. W   This furnace was rapidly followed by improved versions so 
that by 1960 10-ton ingots were being produced on a commercial basis. 
Larger furnaces followed, with capacities for producing 40-ton ingots 
in 1968 and 60-ton ingots in 1970.  The estimated production of ESR 
ingots in the USSR for 1975 is 1,000,000 tons. (^ The largest ESR 
furnace now in operation is a 165-metric-ton unit at Rochling-Burbach 
Steel, West Germany.  This furnace was built by tne Leybold-Heraeus 
Company of Hanau, West Germany. (7) 

Although the Soviets made the major contribution to the ESR 
process, significant work on the metallurgical and engineering aspects 
were made in Austria, England, Germany, and the U.S.  The present 
concentrated research and development effort in Japan, however, may 
give the Japanese the technical lead in the Western world in the future. 

The Process. Melting in the FSR process is accomplished by 
the melting of an electrode or electrodes in a bath of molten slag (flux). 
The molten droplets collect in a pool below the slag layer, and are 
solidified into an ingot as the process progresses.  Solidification is 
accelerated by the use of water-cooled copper molds.  Figure 1 is a 
sectional view of the process in a Soviet bifilar system utilizing a 
stationary mold (bifilar refers to the method of electrical circuitry 
used and will be subsequently discussed). The heat required for melting 
is obtained from the heat generated by the passing of electrical current 
from the electrode(s) through the electrically conductive slag. The 
electrical resistance of the slag is a function of its chemical compo- 
sition. 

The formation of metal drops during the ESR process greatly 
increases the metal/slag interface area and allows a significant 
refining of the metal to be performed by the high-temperature slag. 
In addition, the high thermal gradients across the molten metal/solid 
metal interface yield very low levels of segregation in the ingot. The 
product is a high-purity metal with low levels of inclusions, segrega- 
tion, and porosity, and a high uniformity of mechanical properties in 
the length, width, and thickness dimensions. 

As is evident from the preceding discussion, ESR is a remelting 
process for the production of high-purity metals.  In the process, 
electrodes are first meltjd by some other method.  The electrodes in 
turn are remelted. At the present time ther? are three other remelting 
processes:  vacuum arc remelting (VAR), plasma arc remelting (PAR), and 
electron beam remelting (EBR).  The VAR process is well established in 
the U.S. and Western Europe.  IAR is still in the developmental stage. 
The use of EBR can only be justified in applications requiring very low 
levels of impurities.  In general EBR has fulfilled the role of melting 
the refractory metals sucn as tungsten and tantalum. 
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2 ELECTRODES 

WATER-COOLED 
CRUCIBLE   JACKET 

ESR 
CRUCIBLE 

MOLTEN   SLAG 
BATH 

SLAG REFINING OF 
MOLTEN   METAL 
DROP-BY-DROP 

MOLTEN   METAL 
POOL 

SOLIDIFIED 
ESR   INGOT 
OF HIGH   PURITY 
AND   QUALITY 

BOTTOM 
POURING 
DEVICE 

WATER-COOLED 
BASE   PLATE 

FIGURE  1.     BIFILAR ESR CRUCIBLE   (SECTIONAL VIEW)(6) 
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ESR and VAR are processes that have been in open competition 
over the past 10 years with ESR capacity increasing at a much higher rate 
than VAR. Up to the present there has been considerable controversy as 
to the merits of each process.  In general, however, the following points 
are universally accepted. 

ESR VAR 

(1) Higher levels of purity 

(2) Lower pov.'er consumption per 
ton melted 

(3) Ingot size limit of about 
50 tons 

(4) Not amenable to the production 
of slab or hollow ingots or 
shaped castings. 

(1) Greater process flexibility 
with respect to electrode 
and ingot geometry (slab 
ingots, hollow ingots, 
castings) 

(2) Increased ingot yield 

(3) Increased workabilit, 

(4) Higher power consumption 
per ton melted 

(5) No real limit on ingot size 

(6) Reduction of the sulfur con- 
tent 

(7) Stable operation on alternating 
current at industrial frequen- 
cies. 

There have been few direct comparisons of the two processes 
involving enough metal for a statistical judgement.  One of these, however, 
is the melting of the nickel-base alloys by the Cabot Corporation.  By 
1971 the Cabot Corporation had melted by ESR 41 million pounds of the 
Hastelloy X (Ni-Co-Cr-Mo-W-Fe) alloy. A statistical analysis of the 
processes showed microcleanliness to be better, microsegregation appeared 
to be less (although this is a subjective conclusion), and mechanical 
properties were more uniform for ESR melted material than for VAR.  In 
addition to these advantages, the inherent advantages of ESR--higher 
ingot yield and improved workability were also realized. 

Slags.  One of the important ingredients in thj ESR process 
is the slag; its chemical composition is critical.  Normally, the prin- 
cipal components are calcium fluoride, aluminum oxide, and calcium 
oxide.  However, various other compounds are occasionally used (i.e. 
magnesium oxide, barium oxide, titanium oxide, and boron oxide) depending 
upon the metals being melted. The slag composition selected is in all 
cases a compromise between factors such as the desired degree of sulfur 

M«»...^»^^:...,^ ui-.., ^...;... mtifufllltfiiiit-- - II , ■_ .,.      -■.ML-........ - 
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removal, process stability, ingot production rate, power consumption, 
ingot surface quality, and element loss. 

A considerable amount of effort has been spent studying the 
metal-slag reactions, and the effect of slag composition on operating 
parameters and quality of the product. Efforts in chis area are con- 
tinuing and the results obtained will further improve the ESR process 
and product. 

Electrical Power Modes.  The ESR process has an unusually high 
degree of flexibility relative to the type of electrical power mode used. 
The process can be successfully operated on d-c with negative or positive 
polarity and on a variety ol a-c combinations (single phase, bifilar, 
three phase, and four phase), Figure 2. At the present time essentially 
all furnaces are operated on a-c.(5.8.9.10) Frequencies are either in 
the range of 50-60 hertz or 2-10 hertz.  In all systems except the 
bifilar the current passes through the electrode, the molten metal bath, 
and the solidified ingot.  In the bifilar system, developed by the 
Soviets, current flows through one electrode and then through the slag 
to the second electrode--in essence a short-circuited connection through 
the slag layer. The bifilar system was developed to allow the ESR of large 
cross-section ingots and in particular square and slab ingots without an 
increase in transformer power. Two electrodes are connected in series 
in a single-phase a-c system which allows the use of shorter electrodes 
and leads with a resultant decrease in inductance losses.  Typical 
reductions are shown in Table 2. 

TABLE 2. COMPARISON OF THE ESR PROCESS USING SINGLE ELECTRODE 
AND BIFILAR SINGLE PHASE A-C SYSTEMS(8) 

Type of 
Circuit 

Trans former 
Production 
Rate, 
kg/hr 

Power 
Consumption, 

Melts Voltage Amperage kWh/ton 

1 
2 
3 
4 

Single 
Bifilar 
Single 
Bifilar 

48 
48 
52 
52 

1200 
1200 
1200 
1200 

22.8 
45.6 
42.6 
84.0 

2500 
1200 
1620 
860 

Another method of reducing inductive power loss is to operate 
at lower frequencies, e.g., 2-10 hertz.  This approach, however, requires 
a separate transformer for each electrode.  For example, in a 4-electrode 
system four transformers would be required.  In the bifilar system 4 
electrodes would require two transformers. Both systems are protected 
by patents and licenses are issued to firms utilizing them.  The bifilar 
system is patented by the Paton Institute, Kiev, USSR, and the use of 
low frequencies by the Bohler Brothers Company, Kapfenberg, Austria. 

.^..^....^..^^.^^^^. 
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FIGURE  2.     ELECTRICAL SWITCHING OF ESR  FURNACES^ 

iiWiiMlitiiriüiiiTi   ilili T-'   ■" -  ; 



mi im z """" MJW1WI.I "»JWffU*»» "' "»•—FfTwrvT* w u 

I 
! 

t 
I 

0 
0 
Q 

0 
Ü 

D 
D 
0 
D 
Ö 

0 
0 
0 
0 
D 
D 
0 
fl 

14 

Three-phase a-c systems are more efficient from the standpoint 
of balanced power supply lines (bus bar loading). However, three-phase 
a-c is not amenable to the production of square or slab ingots.  In 
addition, longer electrodes are usually required, which can introduce 
metallurgical problems in the production of the electrodes. 

Furnace Design.  There are six major designers of ESR furnaces 
at the present time.  Paton Institute (USSR), Bohler Brothers (Austria), 
Leybold-Heraeus (West Germany), Consarc (U.S.) Birlec Ltd. (England), 
and recently ULVAC (Japan).  Each firm has its own individual preferences. 
At the present time there are about 72 ESR furnaces in the Free World, 
either operating or under construction, that can produce ingots 16 inches 
(400 mm) or larger in diameter.  These furnaces are distributed among 
the major designers and manufacturers in approximately the following 
pattern:  Paton Institute - 6, Bohler - 1.9, Leybold-Heraeus - 8, 
Consarc - 15, Birlec - 12, and ULVAC 1 (a 40-ton slab furnace, under 
license from Paton Institute).  Some 9 furnaces were self made by the 
users, and 2 were made by ASEA (Sweden). 

Each company has its own specific design preferences. The 
high degree of flexibility of the ESR process allows various arrange- 
ments of electrodes, design of molds, and product shapes.  For instance, 
both the ingot and the mold may be stationary, or the ingot may be 
stationary and the mold movable, or the ingot may be movable while the 
mold is stationary.  (In the latter case, the ingot is withdrawn from 
the bottom of the mold.)  Product shapes include round, square, and 
slab ingots, hollow ingots and semifinished parts such as crankshafts, 
large valves, rolls, large rings, vessels, and various complex com- 
ponents such as shown in Figure 3. 

Quality of ESR Product. Metals produced by the ESR process 
exhibit high levels of purity, low levels of microsegregation, and 
uniformity of composition which yield high levels of toughness, improved 
workability, and weldability. The comparison of the hitjh-purity, 
essentially inclusion ^ree ESR metals with those conventionally melted 
is dramatic.  For exanple, as shown in Figure 4 the segregation of 
elements in large steel ingots is significantly lower than those pro- 
duced by conventional methods.  Uniformity of composition (a low degree 
of segregation) means uniformity of mechanical properties. Figure 5 
shows another example of the high level of compositional uniformity in 
a large ingot 51 inches (1300 mm) in diameter. 

The inherent toughness of weldments in as-cast ESR steel 
relative to that of weldments in rolled plate prepared from conventionally 
melted steel is shown in Figure 6.  In a similar vein is the comparison 
of impact toughness between conventionally melted and ESR structural 
steel shown in Figure 7. A general summation of the effects of ESR on 
the properties of steel is given in Figure 8. 

^pm*- 
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FIGURE 4.     INGOT SEGREGATION  IN  70-TON INGOTS   ("AFTER-POURING"  IS  A 
JAPANESE  TREATMENT OF CONVENTIONALLY MELTED  STEEL TO 
REDUCE  SEGREGATION)(11) 
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Economics.  The ESR process is a remelting process,which 
inherently implies higher costs.  In addition the ESR process is more 
energy intensive than is conventional melting, so the actual remelting 
costs are higher.  On the credit side of the ledger, not considering 
improved mechanical properties as a factor, higher ingot yields are 
achieved with ESR than with conventionally melted ingot.  In ingot 
weights up to about 100 tons the Increase in yield on forging-steel 
grades is about 15 percent.  (In other alloys such as nickel-base alloys 
the increase in ingot yield could be as high as 40 or 50 percent.) 
Rejected material is also appreciably less, often 50 percent less. 
Ingot surface is generally of high enough quality that the ingot can 
be worked (rolled, forged, etc.) without prior conditioning.  These 
factors decrease the negative effect of the remelting costs. 

An example of a 4.6-ton rotor for an electric power generator 
forged from a 3 percent nickel steel shows that an ESR rotor can be 
produced for the same cost as a rotor conventionally melted, as shown 
in Figure 9. 

Other advantages favoring ESR steel is its ease of working. 
For example, greater forging reductions can be made with a subsequent 
decrease in the number of heating cycles and forging time.  This savings 
in forging cost for large ingots can be as high as 45 percent. 

At the present time, however, ESR is primarily utilized and 
under consideration whero. the resultant improved properties justify the 
additional cost of remelting. As the design community becomes more 
aware of the potential savings that can be realized with ESR the pres- 
ently increasing demand will accelerate at an even faster rate. 

Industrial Applications for the Technology 

The present industrial uses of ESR metal cover a wide range 
of applications and the scope of these uses is constantly expanding. 
Industrial application of a process is closely related to economics. 
In short, the question is whether a product can be made with some 
specific process at a lower unit cost than when another process is 
used.  Unit cost in the last analysis includes all of the cost of 
production such as rejects, amount of materials consumed, labor, power, 
etc.  In the previous example of the unit cost for producing a 4.6-ton 
rotor these factors were presented.  This is the example of producing* 
better product with no increase in unit cost, and would be the preferred 
method of production.  ESR, of course, finds ready application where 
the unique combination of characteristics it produces is required and 
cannot be achieved using a cheaper, alternate method.  The present 
applications that fall into these categories are as follows: 
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Tap dt^jwing 

lODM/t 88 
■400DM/t 3,52 0 
0.8641 

8,4 t 

7,51 

4.61 

5,5% 

320 

21-061 MANUF/^CTURIMC   COST9 

10.530 
3,000 

13,530" 
6,400 

19,930 

1,096 

21,026 

•J Electro stetl. double dag "HlectTQ tteel, one tljq 

FIGURE 9.  COST COMPARISON OF 4.6-TON ROTORS FABRICAIED FROM 
VACUUM DEGASSED AND ESR 3 PERCENT NICKEL STEELW 

DM = Deutsche Mark. 
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• Produces a batter product with no significant 
^ncrease in cost 

Rolls for Cold Rolling.  The use of ESR 
produces rolls with a superior surface 
finish with a 50 percent decrease in 
grinding to finish the i-olls. 

Rotor£. Higher levels of toughness and 
low levels of microsegregation have raised 
significantly the safety factor over that 
achieved with conventionally melted steel. 
In time, this situation will lead to a 
reduction in weight in rotors by raising 
the strength level.  Several types of rotors 
are involved, e.g., generator rotors and 
gas-turbine-engine rotors. 

Turbine Discs.  The situation here is similar 
to that of rotors. 

Tool and Die Steels.  The tool and die steel 
field is being taken over rapidly by the ESR 
process. Better quality material is pro- 
duced compared to conventionally melted 
materials without a large increase in cost. 
Higher ingot yields and lower amounts of 
rejects are the primary positive factors 
dictating the change to ESR. 

Nickcl-Basfi Alloys. The ESR process is making 
rapid inroads in the production of nickel-base 
alloys that were previously almost exclusively 
melted by the vacuum-arc remelting process. 
The use of ESR at the present time has been 
primarily in the melting of nickel-base alloys 
with low amounts of easily oxidized elements. 
The high ingot yields, good ingot surface, and 
the ability to form ingot shapes such as 
squares or rectangular slabs are the prin- 
cipal attractions. 

Torsion Bars.  The large increases in endur- 
ance limit and the ability to utilize higher 
strength levels has caused ESR steel to 
essentially replace conventional steel. The 
cost of material is a relatively small part 
of the total cost. 



w. »IU*<*<"<    I k"»"; ■ '■*■ 

I 

^PBWPP l «IPIII «in .1  mmmmmmmm MR -"'-r 

24 

1. 

D 
! 

I. 
D 

li 
D 
0 
0 
D 
Q 

D 
0 
I 

ll 

• Applications where the use of ESR is required or 
improved properties are realized, generally at 
increased cost 

Very Large Rotors for Large Power Generators. 
At the present no other system is available 
for producing very large high-purity ingots, 
weighing 150 to 300 tons.  The Rochling- 
Burbach ESR furnace in West Germany is 
capable of producing 165-ton ingots.  Larger 
ingots will use soir.e variation of the ESR 
process, e.g., (1) casting large conventional 
ingots, pushing out the inferior center portion, 
and remelting the center with ESR,(2) pouring a 
conventional ingot and using ESR as a means of 
hot topping, i.e., filling the center of the 
ingot during solidification, (3) electroslag 
welding several ESR ingots into a large ingot, 

Collander Rolls.  The requirements for clean- 
liness and concentricity during operation of 
these heated rolls used for coating magnetic 
strip requires the use of high-purity steel. 
ESR rolls readily meet the requirements of 
maximum deviation in concentricity of 10 
microns, because of their chemical homogeneity 
and isotropy of properties. 

Ball Bearings.  Ball and roller bearings with 
superior performance characteristics are produced 
from ESR steel.  Critical bearings specify ESR. 

High-Temperature Austenitic Steels. Improved 
creep and rupture properties are obtained with 
ESR. The degree of penetration of the market 
will depend upon the relationship between increased 
cost and improved properties. 

Soft Magnets.  Higher uniformity of magnetic flux 
fields and induction values are obtained by ESR. 
The degree of market penetration will depend on 
the relationship between increased cost and 
improved properties. 

Texas Towers.  Structural applications of this 
type involving severe and complex loading will 
require the higher toughness characteristics 
available in steel made by ESR in the most 
critical components. 

■M^M "*■■' •■■'—- 
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Pressure  Vessels.     ESR steels  are now being 
incorporated  into  the design of nuclear 
pressure vessel  assemblies where high reli- 
ability and  integrity are  necessary. 

Ultrahieh-Strength Steels.     ESR steels are 
finding increasing use  in applications utilizing 
steels at high-strength  levels.     For example, 
the  landing gears  of  the Concorde  supersonic' 
transport are  fabricated   from ESR steel.     The 
inherent high  levels  of  toughness and  high 
uniformity of properties  in all directions 
(isotropy)    will  rapidly  increase  the number 
of applications  in this area and  the quantity 
of ESR steel used. 

The Production of  ESR Castings.     A number of 
ESR castings are  presently  being produced  in 
the USSR and   Japan.     These   include  large marine 
crankshafts,   large  valves,   tires  for  large 
cement kilns,  hollow ingots,   large connecting 
rods,  and complexly  shaped  pipe  and   tubing. 
The mechanical  properties  of as-cast ESR steel 
are equal or superior  to  those  of conventionally 
melted  rolled material. 

Based  on discussions with a  large  number  of people  involved 
in commercial  ESR melting  in the  U.S.,   Europe,  and   Japan,   it is 
anticipated  that all of the above applications will  significantly 
penetrate   the market by 1990.     Tool  and die  steels,   rotors,  rolls 
stainless  steels,  and  nickel-base  alloys  are  areas where  ESR presently 
has penetrated   the market and  its  share  of  the market will continue  to 
expand.     The  use  of ESR material  in highly,  complexly  loaded  structural 
members  such as  the critical portions  of  Texas  Towers,  pressure vessels 
and  pressure-vessel components  for nuclear power  stations,  and  castings' 
is not at present widespread.     Such uses  are expected   to expand  rapidlv 
in the  next  15 years. 

Projected Market Penetration by 1990 
and  Requirements  for Critical Materials 

Market Penetration.     The  projected market  penetration  through 1990 can 
be expressed   in  terms  of  ESR metal production.     In  1973,  about  100,000 
tons of ESR metal was melted  in the  Free World.     It  is estimated   that 
between  180,000 and  200,000 tons will  be melted   in  1975.     By 1980-1985 
it  is estimated   that Free World  production will  reach 500,000-700 000 
tons    and  by  1990 over  1.000,000 tons.(10,11,14-16)     These estima:eg  are 

based  upon  industrial  applications  for ESR metal.     Consideration of 
potential military usage  in applications  such as  gun  tubas,  armor,   and 
ship plate  could easily raise  the estimates  of production in  1990  to 
over  1,500,000  tons. 

... 
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Production figures in the USSR are not readily attainable. 
However, in 1973 the Soviets reported a production of about 500,000 
tons with 1,000,000 tons planned for 1975-1976,  On this basis Soviet 
production in 1990 could be conservatively estimated at well over 
2,0U0,000 tons. 

Critical Materials.  The ESR process does not utilize critical 
materials per se; it is a process for the conversion of metal to a 
higher quality product.  Consequently, it can be used to melt essent- 
ially all types of metals that possess varying degrees of criticality. 
At the present time, however, the availability of ESR capacity in the 
U.S. is a critical problem.  For example, the U.S. has only one ESR 
unit for the production of slab ingot; this is owned by the Lukens Steel 
Company.  This situation has already lead to shortages. For example, 
exploitation of DoD applications, such as armor, has been retarded 
significantly because of the shortage of ESR plate. We are presently 
dependent upon foreign sources of supply for ESR plate.  In this regard, 
the Japense and British are planning to at least partially fill the need 
for ESR slab ingot and plate.  Tonnage requirements for ESR metal in the 
U.S. by 1990 are estimated at 500,000-700,000 tons; this includes metal 
for both industrial and military applications.  At the present rate of 
growth U.S. capacity will not be able to satisfy this estimated require- 
ment. 

At the present time U.S. capacity for the production of ESR 
metal is in the order of 70,000 tons, and of this more than half of the 
capacity is for the production of tool and die steels.  To meet an 
estimated requirement of 500,000 to 700,000 tons of ESR metal by 1990, 
and increase in capacity of 7 to 10 fold would be required. 

In anticipation of this requirement, the Nippon Steel Company 
of Japan has in operation an ESE furnace producing 40-ton slab ingot 
with an eye to capturing part of the U.S. market.(17,18)  The British 
Steel Corporation, following the same path of action, is building a 50- 
ton ESR slab ingot unit which will be completed in January, 1976.(19) 
Even with the production from these two foreign facilities the U.S. 
would still need a 5 to 7 fold increase in capacity. 

Department of Defense Requirements 

The entry of ESR steel into the defense community has insti- 
gated research and development activities, and in some instance pro- 
duction of components, throughout the world.  It is reasonable to expect 
that within a short span of time, 5 years, most military gun tubes in 
the world likely will be fabricated from ESR steel.  The increase in 
fatigue life is of such magnitude In comparison with conventionally 

1 y 



I 
wmmm^^^^^'mmmmmKi^ 

27 

L 

0 
G 
0 
0 
0 
0 
0 

Tn L^-M K     ^ ESR Can be  sPeclfi^  on  the  basis  of  safety alone 
oronerM  r'-irT?''  ^  availability of steel with  these   improved 
KTSSüJ??1  a1

110^ desl8ners  to increase  gun pressures  and  increase 
the  strength  level  of gun tubes with a resultant  increase  in gun per- 

eTeTtha" ari'o^lh16 ^^  ^ tUbe Wei8ht'     At preSent " ^ **- ileved  that all  of  the major powers except  the  U.S.   are  producing  FSR 
gun tu es,  and   the  U.S.   has an active development program ^ progress 
Among  the  smaller countries  Italy.  Spain,   and   the  bnion  of South Africa 
have Purchased   ESR furnaces primarily for  the production  of gun tube 

lerilä^lZ^1^ USSR haS been Pr0ducinB ESR gun tubes'for  s^e 

Armor plate  is  another area where   the  use  of  ESR steel  shows 

w^^afl ^ e^deveTo  ^T^ ^  ^^  0f  t0U8hneSS  ^ »« ^ 
JliJ"!! Jr      ^I?1-*?*  0f ann0r Wlth  iinProved  resistance   to ballis- 
tic penetration.     Ship plate,   and  in particular  submarine  hulls    is an 
area „here  ESR steels will  significantly improve   the  product.     In 
addition  to  these  potential uses  for ESR steel,   there  are  a number of 
structural applications  in aircraft and vehicles where  the pr^ertie* 

Llr      ^   ^V*-1 Wil1  ^  reqUired-     plications  such'as^aL^g 
gears    structural  support  in wing and  fuselage assemblies,   torsion bars 
missile casings,   helicopter rotors-essentially all  high-   treng h h gh'; 
stressed  components are  strong candidates  for ESR metal 
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Potential Procurement and Development 
Problem Areas  for  the Department  of Defense 

nf „„ff,-   •Th! p0ter\tial Problen, area for DoD will be   in the availability 

outlinläiT^      ^ ^ the  U-S-   t0 fulfi11 POSSlble  requirements,  as 
arP  nn/ ^  ?revi°US  SeCti0n-     F0rei8n sources  of  Production capacity 
are not usually considered viable  for vital DoD requirements.     The 
seriousness  of  the  present  situation is emphasized  by  the  fact  that 
military research and development   (e.g.,  on armor place)  already has 
been curtailed  because  of a  lack of  ESR material.     The     ack of ESR can- 
ac  ty will  probably delay the   incorporation of  ESR Itee       nto ma or ^ 
military systems.     For  instance,  at present  there  is  only one  ESR 

canacitv 5 thi   U-S;/r  th!  Pr0ducti0n of  slab  ^ots;   the  production 
pr^ucts understood  to be  fully committed   to nonmilitary 
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Fiber-Reinforced Composites 

by 

Bryan R. Noton 

Technical Description of the Technology 

Composite materials are systems resulting from the assembly of 
two or more materials, i.e., a filler or reinforcing fiber in a resin 
metal, or ceramic matrix, in which the proportions and orientations of 
the reinforcing materials are tailored to provide desired properties and 
characteristics.  There are three general classifications of composites. 
The-e are fibrous, laminar, and partlculate composites. Fibrous compos- 
ites consist of fibers in a matrix; laminar composites consist of layers 
of composite, metallic, or other materials, and partlculate connoFites 
consist of flake or skeletal particles in a matrix. 

The development of engineered composite materials began in 1938 
when Owens-Corning Fiberglas Corporation was formed to manufacture fiber- 
glass. On March 24, 1944, the Vulcee BT-15 airplane, with a fuselage fab- 
ricated of composite materials, was first flown at Wright-Patterson Air 
Force Base, Dayton, Ohio.  This fuselage was considered to be the first 
successful major structural component of an airplane using glass-reinforced 
plastics to be developed and flown.  The wings for the North American AT-6 
in this same periM provide a further example of a successful R&D program 
m applying glass-reinforced plastics to aircraft.  In 1946, glass-rein- 
forced plastics began penetrating several ncnmilltarv markets which include 
boats, automobiles, trucks, construction, appliances, containers, elec- 
trical materials, furniture, plumbing, pipes, and tanks. The General 
Motors Corvette entered production in 1953.  In 1976 about 650 million 
pounds of glass-reinforced plastics are expected to be employed in the 
various sectors of land transportation.  Further Information on the mar- 
kets for glass-reinforced plastics is provided in Table 3 . 

The designer frequently classifies composite materials into two 
groups related to the performance. There are conventional composites, 
such as glass-fiber reinforced plastics, and also advanced composites. 
i.e., those with extremely high tensile strength and modulus-to-weight 
ratios, such as carbon-fiber reinforcer'. epoxy and boron-fiber reinforced 
aluminum. However, in several important markets for composites, such ^s 
automobiles and aircraft, it lo more appropriate to refer to low-cost 
and high-cost composites.  This approach to referring to composites is 
preferable because cost has replaced performance and schedule in the de- 
sign and development of nwny civilian and DoD systems.  Low-cost composite 
materials refers to those piiced significantly less than $5'lb, and high- 
cost composites are those that cost well in excess of $5/lb.  If an ex- 
pensive composite material is to be specified for a certain application. 
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TABLE    3.        GUSS  FIBER USAGE 

Markets 
(Volume in millions of pounds') 

1970     1971       1976 

Aircraft and space 

Appliances and equipment 

Construction 

Consumer goods 

Corrosion-resistant products 

Electrical rods, tubes, parts 

Marine and marine accessories 

Land transportation 

Other 

Total 

28 

31 

117 

69 

78 

59 

181 

167 

67 

797 

25 

43 

134 

80 

8'» 

56 

260 

219 

72 

978 

40 

123 

317 

122 

241 

102 

433 

648 

149 

2175 

Data supplied by Reinforced Plastics/Composite NPWS 
Digest, Morrison-Gottlieb. Inc., New York (1973). 

it will be necessary to justify its use either on the basis of cost-com- 
petitiveness or cost-effectiveness.  Cost-competitiveness refers to the 
cost of the assembled and installed hardware, and cost-effectiveness is 
based on life-cycle costs, i.e., procurement, operation, maintenance, and 
scrap value. 

An important design trend for both civilian and DoD systems to 
conserve materials and to reduce cost is to utilize hybridized composite 
systems, e.g., combinations of glass-, carbon-, and aramid-fiber rein- 
forced plastics. The specific tensile properties (i.e., the tensile 
properties divided by the density) of these fibers are compared in Fig- 
ure 0 with those of conventional metals.  The cost-conscious procurement 
rgencles can bo expected to emphasize design-to-cost to an increasing 
extent.  This goal will require innovative approaches when employing high- 
cost composites instead of the substitution of advanced composites for 
conventional materials in existing designs or at the detail design phase 
in the development of a system. 

The use of both low-cost and high-cost compocites will require 
realistic assessment of the total cost of fabricating hardware.  The cost 

n 
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"KEVLAR" ^9 

• 
HT GRAPHITE 

BORON 

HM GRAPHITE 

•  ALUMINUM 
J I I J. I 
1 2 3 4 5 6 

SPECIFIC TENSILE   MODULUS  (I08in.) 

FIGURE 10.    SPECIFIC TENSILE  STRENGTH AND SPECIFIC 
TENSILE MODULUS  OF  REINFORCING FIBERS 
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must include hand-layup operations, quality control, and quality assur- 
ance.  Successful and increased application of high-cost composites to 
DoD systems will be determined by the development of, firstly design 
concepts which lend themselves to ease of fabrication and quality con- 
trol, and secondly, automated fabrication processes to decrease fabri- 
cation cost.  The market penetrations discussed later hinge on these 
developments. 

,.  ,. .  T]?e ability of the designer to tailor composite systems, within 
the ixmxtatxons of fabrication cost, to respond to systems Ld component 
desxgn goals, is the unique characteristic of composites.  Combinations 
of various fibers are sometimes employed within a single composite ele- 
ment m order to reduce cost and/or optimize structural properties. Such 
systems of fibers are referred to as hybridized laminates or hybridized 
composites  By selecting fiber orientations for the lamina, combinations 
of strength and stiffness for various loading conditions can be achieved. 
Furthermore, composite materials can be applied to selectively and effi- 
ciently reinforce conventional materials, such as aluminum and wood, to 
not only conserve conventional materials, but also provide additional 
characteristics, such as fracture tolerance, to the structure 

are listed 
Examples of some of the alternate fibers within this technolopv 
m Table 4. •' 

.Industrial Applications for the Technoloe;Y 

The advanced composite materials with the most promising poten- 

eooL Inrr"0/3! a^licatioriB  are graphite (pitch-based)/epoxy, aramid/ 
epoxy, and boron/aluminum.  Combinations of these fibers frequently pro- 
vide opportunities to optimize designs.  However, the use of high-modulus, 

wifh ow"o r f^"8 TV8 8raphite Can' in SOme Cases' when coined  ' with low-cost fibers, be justified on the basis of a reduced fabrication 

tZUZ  the P™1^' A thinner glass-fiber reinforced laminate can some- 
HTL/ T ? selectively reinforced by a grid of graphite fibers and 

fiber      n ^      COStS Can corapensate foT  the cost of the graphite 

Significant opportunities exist to selectively reinforce conven- 
tional materials with advanced composites to conserve materials while main- 
taining low manufacturing cost and providing fracture tolerance.  Selective 

^r^Cemer/ePrf entSl.the ii£^ Phase in ^Piy^g advanced composites in 
several markets and can be achieved with a minimum expenditure for research 
Examples of this design approach are researcn. 

• Unidirectional graphite/epoxy reinforced beams 

• Unidirectional boron/epoxy reinforced aluminum 
shapes 

J 
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• Graphite-fiber grid in glass-reinforced plastic 
laminates 

• Aluminum and titanium castings and forgings re- 
inforced with various advanced composites. 

Industrial Applications of Graohite/Epoxv.  The primary reasons 
for employing graphite fibers are their high-modulus, high-strength, low- 
density, and low-cost potential.  The secondary advantages are low thermal 
expansion, design flexibility, vibration damping, corrosion resistance, and 
wear resistance. Graphite fibers are used as continuous, chopped, and 
sized fibers, as ribbon and cloth, and in various forms which include pre- 
preg tape, preplied sheets, pultrusions, and molding compounds. 

Graphite/epoxy composites are being extensively employed for com- 
mercial products. However, due to a potential for lower cost fabrication, 
graphite/thermoplastics can be expected to make inroads into the markets.' 
Advantages arising from such applications are not only that the increased 
volume of material required will reduce cost, but that mass-produced pro- 
ducts will lead to the development of rapid fabrication methods which will 
benefit DoD system development and production. 

Typical of the commercial products currently in production in 
the United States are 

Golf shafts 

Tennis rackets 

Fishing rods 

Fishing reels 

Javelins 

Skis 

Archery bows 

Hockey sticks. 

Other potential commercial applications of graphite/epoxy com- 
posites are as follows (in most cases experimental products have been 
evaluated) ; 

e 

Bicycles 

Boat hull and mast reinforcement 

Car panel reinforcement 

Push rods and rocker arms 

Prosthetic device.3 (arms and legs) 
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Kayaks 

Gear wheels and bearings 

Transmission shafts 

Springs 

Flywheels 

Calipers 

Heddle frames of textile machines, 
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Industrial Applications for Aramid/Epoxv.  E. I. du Pont de 
Nemours & Co., Inc., has developed and is marketing a series of aramid 
organic fibers trademarked as "Kevlar".  Three types of this fiber are 
available; the one that is intended primarily for the reinforcement of 
plastics is known as "Kevlar" 49.(21)Applications of this fiber for this 
application are due primarily to the following properties: 

• High specific strengths and stiffnesses 

• Impact strength 

• Durability 

• Vibration damping. 

Typical  industrial applications,   in combination with other reinforcements, 
are 

• Canoes and kayaks 

• Archery bows 

• Arrows 

• Hockey sticks 

• Sailboat hulls. 

Industrial Applications for Boron/Aluminum and Boron/Epoxv.  The 
applications of boron fibers in an aluminum matrix mentioned in this sec- 
tion are due to the properties in Table 5 and the advantages listed below 
from Reference 22. 

The advantages of boron/aluminum are of particular interest to 
the designer and are as follows: 

• Extremely high compressive strength (>600 ksi) 

• Bearing strength of aluminum matrix suggests 
simpler joints than for plastic matrices 

- - - 
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• Fatigue life extansions (3-10 times that of con- 
ventional structures) 

• Thermal conductivity of matrix 

• Improved elevated-temperature properties 

Proven joining methods applicable. 

TABLE 5.  RELATIVE PROPERTIES COMPARED TO B/Al 

Titanium Aluminum 
Stainless 

Steel 

Modulus/Density 

Strength/Density 

B/Al 

0.326 

0.417 

0.340 

0.218 

0.385 

0.402 

1.0 

1.0 

The AVCO Systems Division, Lowell, Massachusetts, is pioneering 
applications of boron/aluminum in commercial markets.  Examples of these 
products and manufacturers identified by AVCO are 

0 

O 

Tennis racket stiffeners (Manufacturer; 
Ski and Sportswear, Inc.) 

Ski poles  (Manufacturer: AVCO) 

Skis (Manufacturer: AVCO) 

Fishing rods (Manufacturer: AVCO) 

Bicycle frames (Manufacturer: AVCO). 

Head 

Potential important applications for boron/aluminum are for 
various components in transportation systems.  Examples of these compo- 
nents in which the reduction of weight and inertia and the increasing 
acceleration of the component lead to further improvements throughout 
the vehicle are as follows: 

• Connecting rods 

• Valve stems 

• Push rods 

• Transmission shafts. 

'irUI imtpiiM s ̂  l^^r        -. 
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t«. K«,  / ? ^  SaVlnf 1S n0t the 0nly advantage, however, of employ- 
ing boron/aluiranum.  The Lockheed S3A aircraft wing box listed later was 

fnnn uln    8Ue and the fati8ue life wa8 5 tiinGS the design life of 
6 000 hours  Furthermore, because metal-matrix composites are more com- 
patible with metalworking techniques and accepted joining methods, this 
compresses the transfer process for the boron/aluminum technology. 

AVCO is also actively pursuing commercial applications of boron/ 
epoxy materials.  Examples of such applications are 

Golf club shafts 

Sailboat masts 

Bicycle frames 

Ski poles 

Skis 

Fishing rods. 
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Projected Market Penetration by 1990 
and Requirements for Critical Materials 

Graphite Fibers., Graphite fibers can be produced with a wide 
range of strengths and moduli of elasticity, as desired.  Boron fibers 

Iraohite8 fT ll^' JUrthermore' bor°" "bers are less drapable than 
graphite, i.e., less able to conform to a small-radius curve without 

ttT,K*°l  eXCeSsive Stress-  " aPPea" likely that graphite filaments 
will capture an increasingly large share of the total market for high- 

llllTiT™* fllamefS; Since Production is now only a fraction of rfted 
capacity, increased production should lower costs of graphite filaments 
and increase the number of end uses in which they will be'come competitive. 

arP nroH ^l^ll "^f *" available ^ the form of yam and two and 
are produced by the carbonization of various precursors:  rayon, poly- 

inn  "'rK16 ^l'   PitCh (0r li8nite)-  The St^ngth and stiffness is 
^n^>   I      u  heat-treatn>ent temperature ranging from 2500-5000 F. 
Strength peaks when graphitization takes place around 2550-2900 f while 

Increased        PS inCreasin8 as the graphitization temperature is 

ren.Hr.H f^16 PTem±Wl Z™6*  S^phite fibers are today assumed to be 
required for aerospace products, it is possible that the increasingly 

wlth'the r8n't0"C0St r"0^ My reSUlt in loWer cost clrboi f bers 
with the lower strengths and moduli being acceptable for, in particular 
secondary structures which are significant cost drivers.  Considerable 
interest is being focused on the development of fibers produced from 
pitch precursors.  The low-cost potential of pitch fibers make them 

i 
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attractive for many of the commercial applications listed earlier. The 
goal of the Union Carbide Corporation, developing pitch-based carbon 
fibers in the United States, is to reach an annual production level of 
8 to 10 million pounds by 1981 with a product mix of low-cost materials, 
i.e., from short fibers costine $2 per pound, to woven fabrics costing 
$10 per pound in 1975 dollars. (23) Union Carbide Corporation is install- 
ing a pitch-precursor plant to respond to the production requirements 
to 1981 after which the plant will be expanded.(23)At present. Union Car- 
bide markets graphite fibers produced by Toray Industries, inc., of Japan. 

In 1990, Union Carbide considers that a potentially realizable 
goal is 100 million pounds per year.(23,24)  Thig projection is said to de- 
pend largely on the ability of new technology (e.g., pitch-precursor 
fibers) to decrease the cost of graphite fibers. (24)in 1974^ it is esti- 

mated that 140,000 pounds of high-performance graphite fibers were sold 
in the United States.(24) 

It is not expected that the carbon-fiber market will grow as 
that of glass fibers; the latter fibers cost approximately $0.50 per pound 
and in 1971 reached a volume of approximately 1 billion pounds in the 
United States and 2 billion pounds in the Free World.  However, an impor- 
tant factor that will accelerate the growth of the graphite-fiber market 
is that many of the fabrication processes developed for glass-fiber re- 
inforced plastics are directly applicable to the fabrication of hardware 
from graphite-fiber reinforced plastics. 

Union Carbide Corporation has indicated that no significant 
problems exist regarding critical materials that will hinder the pro- 
duction of 100 million pounds of graphite fibers in 1990. (23) Neverthe_ 
less, polyacrylonitrile (PAN) and pitch are both petroleum derived and 
2 pounds of PAN are required to manufacture 1 poand of carbon fibers. 
Graphite fibers could be produced from coal tar pitch. Union Carbide 
is very knowledgeable of pitch and its potential; pitch is used in 
several processes today. 

The important point is that graphite fibe. is an engineering 
material today that has been accepted in several DoD and commercial sec- 
tors. However, in order to meet projected 1990 demands without relying 
excessivly on foreign sources, significant additional U. S. manufactur- 
ing capacity may have to be installed. 

Boron Fibers.  The projected annual production of and demand 
for boron fibers in 1990 is approximately 200,000 pounds. (25)However, 
this forecast depends on many factors, i.e., applications, economic 
environment, etc.  Boron fibers are available in diameters of 2, 4, 5.6, 
and 8 mils. Borsic*, a boron fiber with a silicc- carbide coating' is 

*Registered trademark of E. I. du Pont de Nemours Co., Inc. 
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available in diameters of 4.2 and 5.7 mils.  While research is under way 
to produce boron fibers on a graphite-fiber substrate, boron fibers are 
currently produced using a tungsten wire as a substrate. 

This projected 1990 production is ten times the 1975 production, 
which is expected to be about 20,000 pounds. (26) The 1975 production capacity 
is believed to be about 25,000 pounds. 

In the production of boron fibers at an annual rate of 200,000 
pounds, two potential problems exist. (25) These are firstly, the capacity 
of industry to produce the small-diameter tungsten wire and, secondly, 
the available capital for construction and installation of the production 
facilities for depositing boron on the tungsten-wire substrate.  For the 
production level cited, the capital cost of these facilities is expected 
to be $50 per pound of annual production capacity. (2^) Thus, it is possible 
that production capacity will be inadequate to meet demand in 1990. 

D 
D 
B 
i 

i 
i Aramid Fibers. A further fiber which is being accepted on an 
■ increasing scale as an engineering material is the aramid organic fiber 
I known as Kevlar-49***, which is manufactured by E. I. du Pont de Nemours 

Co., Inc.(27) Du Pont is installing a commercial plant in Richmond, 

^Assuming an annual production of 100,000 pounds/year. 
^-'Assuming an annual production of 1 million pounds/year. 
***Registered trademark of E. I. du Pont de Nemours Co., Inc. 

Although the price of boron fibers is expected to decrease in 
the future, it will be necessary to carefully select potential applica- 
tions in which, firstly, the material is cost-effective based on life- 
cycle costs, secondly, where the benefits of specifying boron/aluminum 
for the component cascades throughout the design, and thirdly, the material 
is introduced innovatively at the conceptual design phase of the system 
development and not later at the detail design phase, where form, fit, and 
function requirements must be satisfied.  The current and projected prices 
of boron fibers are as follows, in 1975 dollars. (25) 

 Year  
Fiber Diameter       1975     1980-'-      2000^'<' 

Urge (8 mils)      $150/lb  $ 75/lb      $A0/lb 

Small (4 mils)      $250/lb  $125/lb      $60/lb 

Boron fiber is an accepted engineering material and is in pro- 
duction for tubular members for the NASA Space-Shuttle fuselage competing 
with riveted aluminum. 
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Virginia, that may, within 2 years, have an annual capacity of 50 million 
pounds of Kevlar" fibers.  Present production capacity of the plant is 4 
to 5 million pounds. While the process is more complex than for polyester 
or nylon fibers, the plant is flexible and can produce the three types of 
Kevlar fibers. The equipment required for each type is essentially the 

same and no problems are foreseen.  This is important because it enables 
Du Pont to rapidly respond to DoD and industrial requirements.  Due to un- 

^n310/0011011110 conditions. it is not possible for Du Pont to forecast the 
1990 volume requirements, but in 1980 the goal is to produce 30 to 50 million 
pounds of Kevlar" fibers per year.  However, a large percentage of this 
volume is expected to be the type of "Kevlar" fiber that is used in the man- 
ufacture of tires, rather than "Kevlar"-49 for the reinforcement of plas- 
tics.\*'J 

The approximate selling prices of "KevJ.r"-49 fibers in 1975 and 
1980 are $8/lb and $4/lb, respectively. 

materia 
"Kevlar" products are based on petroleum.  The weight of raw 

1 per pound of "Kevlar" was not released by Du Pont 

Other Composites. A number of fibrous composites are presently 
in the experimental phase of development and cannot be realistically dis- 
cussed with regard to projected tonnages in 1990 or critical material 
problems.  Examples of such emerging materials are graphite/aluminum 
boron/titanium, and beryllium/titanium.  It will be necessary to develop 
firstly, design configurations which lend themselves to ease of fabrica- 
tion and, secondly, lower cost fabrication processes. As these materials 
are expensive the applications are limited, and high-cost fabrication pro- 
cesses further hinder the rapid development of these and similar materials. 

For example, considerable interest is being focused on the emerg- 
ing graphite/aluminum composite materials.  The total electrical power re- 
quired from the fabrication of graphite fibers to the assembly and instal- 
lation of the composite component or structure is approximately one-half 
that needed when aluminum alone is used.  Provided that research programs 
adequately address the problem areas listed later, graphite/aluminum com- 
posites have the potential to drastically reduce, in the 1990's,   the con- 
sumption of aluminum while providing other advantages.  The following are 
published propertiesUö) 0f this composite in wire form 

Density--0.084 to 0.086 lb/in.3 

Graphite fiber content—30 to 37.5 volume percent 

Tensile strength—90 to 110,000 psi 

Tensile modulus—20 to 25 x 106 psi. 

The improvement in the tensile strength and modulus of aluminum are signfi- 
cant, e.g., the modulus of aUminum alloys is approximately 10 x 106 psi. 

mmmmmmmimtwiMmm^WifM'H*!***"»* 
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The problem areas requiring research before this material will be con- 
sidered seriously by engineering designers for industrial and DoD 
applications are 

Fiber/matrix interactions 

Corrosive behavior in aggressive environments 

Improvement of transverse strength and re- 
duction of scatter 

Optimization of graphite fiber and aluminum 
alloy combinations 

Correlation of hot-pressing parameters, i.e., 
time, temperature, and pressure, with mechan- 
ical properties 

Determination of impact properties, debris 
resistance, etc. 

Thermoelastic behavior, including residual 
stresses, of various combinations of fibers 
and alloys 

Thermal-eyeling effects 

Laminate developments with aluminum and ti- 
tanium interleaves 

Large-scale manufacture to reduce processing 
costs. 

Engineering designers are expressing interest in the potential 
of graphite/aluminum because of the several important characteristics 
which justify research on the previously mentioned topics.  These charac- 
teristics are summarized as follows: 

Low-cost potential of constituent materials 

Specific tensile strength and modulus are 
improved over those of conventional aluminum 
alloys 

The bearing strengths of the aluminum matrix 
suggests simpler joints than when using plas- 
tic matrices 

Fatigue properties offer improvements in pro- 
duct lifetimes, safety, and maintenance costs 

Graphite fibers improve the elevated-tempera- 
ture capability of aluminum alloys 

The thermal conductivity of the metal matrix 
is important tor some potential applications 
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Easily sawn, machined, and drilled using con- 
ventional equipment 

Proven joining methods are applicable, i.e., 
mechanical fastening, adhesive-bonding, and' 
rivet bonding. 

Department of npfense Requirements 

Boron fiber reinforced epoxy composites have attained produc- 
tion status for major components of both the Grumman F-14 and the McDonnell 
Aircraft Company F-15 aircraft.  On the F-14, the horizontal stabilizer 
employs boron/epoxy skins, titanium splice plates, steel pivot, and an 
aluminum honeycomb core.  The weight saving is 19 percent, i e  182 lb 
per aircraft and this represents the first application of boron/epoxy. 
In a full-scale test, the fatigue life exceeded 2-1/2 times the require- 
ment and failure was only detected in the steel pivot. The pioduction 
versions of the vertical and horizontal stabilizers of the F-15 employ 
boron/epoxy skins on an aluminum honeycomb core. While no engineering 
data are available, the estimated weight savings is 22 percent. 

On the new General Dynamics lightweight fighter, the YF-16 
graphite/epoxy is used for the skins of the stabilizer. 

It is important to note that boron/epoxy and graphite/epoxv 
structures, such as stabilizers, can frequently be produced at equiva- 
lent or lower cost than can titanium structures.  This is because the 
principal of fabricating composite structures is to build up to shape 
whereas with high-performance metallic structures utilizing forgings ' 
the structure is machined down to shape. With composites, scrap material 
seldom exceeds 10-15 percent.  In the case of titanium structures, scrap 
can exceed 70 percent and the cost of machining and the associated power- 
requirements are exc-.ssive.  Due to material wastage, the total cost of 
the titanium material used can exceed that of an advanced composite at 
today s prices. 

following 
Further applications of boron/epoxy in aerospace include t 

• Lockheed C5A leading edge slat providing a 
weight savings of 21 percent; evaluated in 
service 

he 

hcDonnell F-4 rudder providing a weight sav- 
ings of 36 percent; evaluated in service 
(51,000 hours) 

Sikorsky CH-54B helicopter tail-cone provid- 
ing a weight savings of 70 percent; evaluated 
in service. 
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nn.^o  ^1**1  ^T7 structural applications of graphite/epoxy com- 
posites  the Rockwell International B-l offers an excellent example of 
applications to secondary structure; these are reviewed in Reference 29 
The applications include fuselage access doors, pivot fairings, wing-tip 
panels, spoiler panels, rudder, trailing edge, leading edge slats, weapon 
bay doors, wing gloves, and landing gear doors.  The graphite/epoxy wing 
fairing provides an example of the savings versus aluminum, which are 

Weight savings, 26 percent 

Saving in initial cost, 31 percent. 

All-flying (movable) horizontal stabilizers on various mUitarv 
aircraft are examples of highly loaded primary structures using plastic 
matrices  Landing gear tubular members and outer wings have potential in 
the near future.  Three major problems with advanced structures are 
firstly, the frequent dependence on hand-layup methods, secondly t^e 
cost of quality control and quality assurance, and thirdly, the stretched- 
out production schedules and limited buys. ^reccnea 

Helicopter rotor blades, transmission shafts, and landing-gear 
members are important opportunities for graphite/epoxies and hvbridized 
composites. 

Boron/aluminum is a promising engineering material and has been 
commi tod to production on the NASA Space Shuttle for a truss structure 
in the fuselage. Tubes produced by hot isostatic pressing and with 0° 
fiber orientation replace the conventional concept of riveted extrusion 
stiffened aluminum sheets.  The compressive strength of boron/aluminum 
can exceed 600 ksi.  Compressive strength is an important property for 
many aerospace applications such as wing upper surface panels and spar 
Caps • 

are 
Other applications for boron/aluminum currently under evaluation 

Longeron for the Rockwell International B-l 

Plato for the vertical fin of the McDonnell- 
Douglas DC-10 (to rapidly achieve flight ex- 
perience for DoD applications) 

Guided air vehicle drag fins 

Rib for the Rockwell International B-l 

Panels for the Lockheed YF-12 

Electronic shelves for the NASA Space Shuttle 

Wing box for the Lockheed S3A aircraft 

-'««•MMMnwMM 
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• Tubular landing-gear struts  for the Vought A-7 

• Canard lifting surface for a supersonic air- 
craft. 

as  follows^lT8  ^ aramid   (Kevlar)/ePoxy composites  in aircraft are 

Interiors 

Floor panels 

• Cargo liners 

• Fairings 

• Control  surfaces 

• Turbine-blade  containment 

• Doors and access  panels 

• Radomes 

• Drone  components 

• Tooling  for graphite parts 

• Spacecraft  antennas 

• C4 motor cases. 

Stated DoD uses  for aramid   (Kevlar)-graphite hybridized composites are as 
follows:(21) 

• Helicopter  fuselages 

• Helicopter  rotor blades 

• Helicopter drive shafts 

• Jet engine  fan blades. 

Moreover,  aramid   (Kevlar)  fibers are being considered  for ballistic 

and other protective apparel due   -    the following characteristics: 

• Puncture and  cut res.    ince 

• Flame and  heat  resistance 

• Light weight. 

Such applications are as  follows: 

• Bullet-proof vest 
0     Flak vests 

• Helmets 

'^^^ujti^^ma ■-•'--■■- ^. --j-^'-""' —J:- 
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• Bomb disposal blankets 

• Armored vehicles 

• Hinting coats. 

Potential Procurement and Development 
Problem Areas for the Department of Defensp 

.• i ^ In °rder for composite materials to achieve many of the poten- 
tial DoD applications mentioned earlier, considerable attention must be 
given to the following areas: 

* Development of economical automated fabrication 
methods for composite structures, to avoid hand 
operations.  High fabrication cost is probably 
the major impediment to the large-scale use of 
composite materials.  The automation of layup 
operations should greatly improve the economic 
situation.  However, at present the production 
volume of machines that automatically lay tapes 
to form composite bodies and to selectively re- 
inforce structures is quite limited. f29) To date, 
expensive sophisticated machines have been de- 
veloped for each particular application. The 
tendency from now on will be to develop less ex- 
pensive, simpler machines that can form specific 
geometrical shapes that have many applications. (29) 

* Development of more economical boron fibers in 
which the substrate is a graphite fiber rather 
than a tungsten wire.  The use of graphite fi- 
bers is expected to have two cost advantages. 
First, graphite fibers will be less expensive 
than tungsten wire.  Second, the reactor (where 
the boron coating is applied to the substrate 
by chemical vapor deposition) can be run faster 
when graphite fibers are used than when tungsten 
Wire Hti?**** W±th  n0 increase in labor require- 
ment. (--^  Because of these cost advantages, it is 
projected that the use of graphite fiber as the 
substrate would decrease the cost of boron/epoxy 
prepreg tape from the current price of about 
$160/lb to about $65-$70/lb. (30) 

# Development of innovative approaches at the con- 
ceptual-design phase of systems development (the 
brief "window of opportunity") 

* Accurate assessment of cost/performance trades 
in the increasingly severe "design-to-cost" en- 
vironment. 

l'-tt"^-^—- -* 
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Superconductors  for  Power Applications 

by 

Frank J.  Jelinek 

Technical Description of the  Technology 

i<     fu^rconductivity had  its  start  in  1911  through  the work of 
Kammerlxngh  Onnes at  Leiden.     In an effort  to obtain  Wtemperature 
resistivity data  on pure mercury,  he observed that  the resistance 

LTl     ITl^ll t0 Zer0'  rather ^^tly at a  temperature of approx- 
imately 4.2 K.    The  temperature at which the resistance drons  is  called 
the  transition temperature,  labeled Tc;   the material is  considered  to 
be  in  the  superconducting  state  below Tc and in the normal  state above 
lV*t  SuPe"onducflvlty ^n be  classified as a  true  thermodynamic 
state which  is  characterized by infinite electrical conductivity and 
perfect  diamagnetism. ' 

Since that  time many materials have  been discovered which 

^fn^Tii0^"08 ^sition.     Several compounds,  designated 
A  15  mtermetallic compounds,  exhibit  the highest known transition 
temperatures   (e.g.,   «,3811,  Tc  = 18.7 K;   M^Ge,  Tc   = >22K). 

Some superconductors are able to carry large currents in hiBh 
magnetic fields. This, of course, leads directly to'the po'ibi itj of 
superconducting solenoids and any other applications  that  depend on high 

condfcr- ?S'  TV'  transformers and high-torque motors'    Super- 
conducting solenoids have been considered almost since the discovery of 
superconductivity. However, no solenoids capable of producing mlgStic 
fields greater than a  few hundred  gauss were made  until  I960 when Autler 

field of a  S0^"0^ rUnd a  SOlen0id  fr0m ni0bium Wire and  P-duced a 
in  19M     t      ,   thousand gauss.    At  the New York  Physical Society Meeting 
^ »61,  Kunzler of Bell Telephone Laboratories,  reported  that an inter? 
metallic  compound of niobium and  tin,  NbaSn, has a  critical  field at  OK 
Ho,   that may oe as high as  several hundred  thousand  gauss.     Subsequentlv' 

g'usra'nd'H0"1^ ^T ^ ^ ^ 0n the 0rder 0f 500'000  ^ 800 000 gauss,  and H0  for Nb-25 percent  Zr being  somewhat  over  100,000 gauss. 

HPIH.  of SOlenAndnnnf Blobl«-«f ««i« »Hoyi have been made  to  produce 
of n 7n0nnn       '000 8aU£S'  and  the  ^Sn solenoids  to produce   fields 
sL  of lh' 

8rSS:.  ThiS  iS qUite  remarkable  in that  the  physical 
little  in  th6  S:len°ldS  is  0n  the order of a  few pounds and  they require 
little  in the way of power.     For  the  same magnetic  field strength    con- 

menti0n.  /f16"0^3  ^ COPPer ^ Very  lar8e  V™c* and cooling require- 
ments,  and  for ordinary  iron-core magnets,  in addition to the  power and 
cooling requirements,   the weight may be  on the order of SO  tons.     This 
latter development,   that  is  superconducting solenoids  or materials 

üMffMUtlM aMtofcjatfatMftfeu-tftfMit - mmmfimmmmmm 
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capable of carrying  large currents  in high magnetic  fields,  has   led to 
most  of the recent activity  in the   field of superconductivity.    At 
present  there is a  large materials  effort  to  find other systems with 
high  current-high  field characteristics.    There  is also a  large  effort 
under way to understand why these materials  can support high magnetic 
fields and currents,  and how they  can be practically utilized in various 
energy schemes. 
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Industrial Applications  for  the Technology 

Several energy generation,  and transmission,  and  storage 
systems have been devised to  take advantage of the  unique  properties 
and operating behavior of superconducting materials.     These   systems 
primarily include  the  following: 

• Superconducting power  generation  (a-c  electrical 
power generators and a-c and d-c motors) 

Superconducting power  transmission  (ac and dc) 

Controlled thermonuclear fusion and magneto- 
hydrodynamics, using superconducting magnets 
for plasma  confinement. 

• Inductive  energy  storage  using superconducting 
coils. 

All of these  systems are  in various  stages of development.     Superconducting 
power generation and  transmission are the  farthest advanced and are expected 
to impact  the commercial market  before  1990.     Significant  progress  is 
expected in the areas  of energy  storage and controlled  thermonuclear 
fusion;  however, with the exception of small  (100 MW)   energy  storage 
units,  no industrial  or  commercial use  is expected prior  to  1990. 

The following paragraphs  describe briefly each of the  four 
major applications areas. 

Superconducting  Power Generation.    Because  of the  ever  existing 
problem of weight and  size  considerations,  superconducting rotating 
electrical machines were  first  conceived and introduced for various 
military applications.     On-board,  in-flight  power  generators are  of 
significant  interest   tu the Air Force, while  the U.S.   Navy is  concen- 
trating on superconducting motors  for ship propulsion.    Both of these 
specific applications of superconductor technology should be available 
in  the next  10 years. 

These military applications have been incentives  to  commercial 
development  of power  generators.     MIT has developed a  2 to 3 MVA  super- 
conducting generator.     Tne  superconducting field coils are  rotated  in 
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liquid helium inside the armature which has normal windings.    Westinghouse 
has  since  developed a 5 MVA machine  for  the Air Force which is now under 
test. 

Currently under way are plans to build a  100 MVA  superconducting 
generator.(31)    This machine will have  commercial value as a  synchronous 
condenser to provide variable capacitive and inductive reactance, which 
provides  phase regulation  for  long distance a-c transmission.     The next 
level,  expected prior to  1990,  is  the development of 500-600 MVA  super- 
conducting generators which are  expected to provide  serious  competition 
from a  cost and operating standpoint,   fo* conventional methods  currently 
employed.     The  primary advantages  of using superconducting  coils  in power 
generation is  the ability to  carry very  large  current  densities with no 
I^R dissipation. 

AC synchronous machines are  expected  to impact  the market by 
1990,   principally  for  large  central-station generators.(32)     A  2000 MVA 
machine has been designed.     The  superconducting field winding is  carried 
10 the rotor and is  surrounded by at   least two shielding cylinders, 
first  the  damper shield,  which  interrupts AC  fields,   serves as a dlmper 
and absorbs  forces due to  terminal short  circuits,  and  second,   the  cryo- 
genic  shield which serves as another magnetic  shield and as a  thermal 
shield.     In this design,   the damper requires  thick,   strong  support  to 
withstand  the  large  crushing  loads encountered during a  terminal  fault. 
Projections  for this design range  up to  10,000 MVA. 

Other examples  of probable applications  for  superconducting 
power generation are as  follows:(33) 

• DC motors and generators  for  civil marine 
propulsion 

• High-toi-que motors  for steel mill drives and 
other drive mechanismö 

• Ground vehicle  propulsion and guidance 

• DC generators   for aluminum smelting 

• Auxiliary drives in power stations 

Light weight airborne power source 

Rapid regulation of output  fluctuations  in 
power  systems. 

All of the above applications and many more  not  cited are 
expected to be  commercially available  by  1990.     There are many unique 
advantages  to be gained  in the  use  of ac and dc superconducting gener- 
ators and motors.    These  systems have a  substnatially increased power 
density,   large  flux generating ability,  higher  terminal voltages,  and 
improved  system stability and efficiency.     In addition,   the  economic 
terminal voltage will rise by a  considerable  factor. 
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of  . Superconducting  Power Tr^n^-i cc.-^      The initial application 
nf ^^rco"duct/ng  Power  transmission is  expected to be  the  transmssion 
of bulk power  from an outlying generator  station or overhead  line   loop 
to a major  urban or  suburban substation serving a  large  urban area 

t~!o "IS ^ LTe^'  T^^ 0f 20 -ü- -sUrsugg:^d at eicner  ZJU or 345 kV and  cable  fault  ratings of 15,000 to 50.000 MVA   (34) 

^ars8^;-0^^'1;8 Cable  T^ "  Planned  for '™Pletionint™ 
des      Z nLd  f  ^ü!"  ^  ^  indicates no major unsolved obsta- 
tape    whJch  is  th.     CO;ductor.devel°^nt has been met with an NbaSn 

The dielectric and  thermal insulator  for  the  cable  nrobahlv 
looms as  the  largest  problem to successful  superconJu ting  LbL devel- 
inent.     The insulation must  possess a  number of characteristics    hn^ .V 

goal   for the  cable  under design  is an operating stress of  10 MV/m    -« 
impulse breakdown above 80 MV/m  (i.e.,   for a  69-kV prototyJO^nd'a 

^unT  in^Sct^the^r  11 ^     ^^ ^ ^^TZlll ha^been rounc,   m  fact,   the  development  of materials  for  the  cable has  rearh^ 

det^eTf th.        e arer a Cletalled "" aMl>'s" l' needed    a- 
determine if the increased capacity offsets the cost of conversion to u 

£"0 iI.n.!Ptl"1,tiC SnalySiS-   thC b"ak— "s""« is con^Tred to' 

The  following are  specific examples  of how superconductinP 
power  transmission is expected to be applied by the yeaTmS 

2000-5000 MVA  supply  to congested areas 

High-power density,   low-loss  transmission 
over  long distances 

Short-distance  dc  interties. 

1 
I 

''J''''^""^.!!.'"!'.'  ..^^. 
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A superconducting cable with its associated cryogenic envelope 
and refrigeration systen, will have to be economically competitive with" 
SF6, evaporative cooling, and oil force-cooled cables. 

wt. i v At  ratin8s above 3000 MVA, the superconductive cable will 
likely be superior, both from a cost and performan- viewpoint. A 
one-half mile cable is being constructed at Brookhaven National 

^Tsho^'h ^Z* Cable Wil1 be tied in ^ listing overhead lines 
and should be fully operative within 2 years. This significant 
achievement should spur the advance of commercial utilization well 
betöre 1990. 

MI wi J^. ^^  0f suPerconducting transmission prior to 1990 
will likely fall in the ac mode, with reductions in the cost of 
conversion from dc to ac possibly changing this situation. 

„ ,  ^  Controlled Thermonuclear Fusion and Magnetohydrndyn^-,-.c  The 
controlled thermonuclear research (CTR) program of the U.S. Energy 
Research and Development Administration is developing superconductors 
and superconducting r.y-tems needed to confine fusion plasmas.  Three 
magnetic confinement systems are being studied, the tokomak. the 
magnetic mirror, and the theta-pinch.'35) 

In a magnetic confinement system, an ionized gas or plasma 
consisting of deuterium and tritium must be heated to a high temperature 
and maintain sufficient density to produce an abundance of fusion reactions 
The reaction power must be well in excess of the power required to heat 
the plasma to have a practical steady-state system. 

T^ .   ^  !;0k?I?ak System  is a torroidal-shaped series of magnet coils 
The torroidal field as well as an applied poloidal and vertical magnetic 

mil . ^u ? ^ aWay fr0m the vacuum vessel walls and, if this 
condition can be maintained for a sufficiently long time, the energy 
output will exceed the energy input. A superconducting magnet is needed 
here to minimize power losses. 

In the other two systems, the magnetic mirror and the theta- 
pinch, the geometry of the magnet system is different; however, the goal 
is the same-to produce more output power than required input power in ' 
a sustained steady-stat. reaction.  In all cases, large superconducting 
magnets are envisioned. The development work in this country is pro- 
ceedmg ata rapidly accelerating pace. However, an impact on critical 
materials is not expected until about the year 2025. 

^ the  thermonuclear fusion reactor several key materials will 
be required m large quantities.  These are stainless steels to confine 
the tremendous fur.es exerted by the confinement magnet, the super-con 

r vn ^"r^ t0 Wlnd ma8netS that are many meters in diamete^, and 
the liquid helium required to maintain the superconducting state.  These 
materials will be discussed in a later section of this report. 

jy 
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A competing technology for superconducting magnetic plasma 
confinement is laser fusion.  The development of laser fusion is pro- 
ceeding; however, most authorities believe magnetic confinement will 
be superior. 

Much like the fission reactors currently employed, the fusion 
reactor will be utilized as a central station power source. As mentioned 
earlier, the commercial utilization of fusion power is not likely prior 
to 2025; however, several large devices are to be constructed by 1990 
for demonstration and feasibility experiments.(36)Currently, the thrust 
of this fusion research is centered in two national laboratories (Law- 
rence Livermore Laboratory, Livermore, California, and Oak Ridge 
National Laboratory, Oak Ridge, Tennessee), and at Princeton University. 
The larger devices, utilizing magnets with bore diameters of up to 15 
meters (49 feet), will impact the superconductor materials market to 
some extent. 

Similar materials considerations and superconducting coil 
geometries will be involved in magnetohydrodynamics (MHD). Again, the 
superconducting magnet serves to confine a plasma.  It is estimated that 
MHD will not have a significant impact on critical materials until after 
the year 2000. 

Superconducting Magnetic-Energy Storage.  In a Superconducting 
Magnetic-Energy Storage (SMES) System, large amounts of electrical energy 
would be stored in the magnetic field of a large superconductive inductor. 
Superconducting magnetic-energy storage is an alternative to other energy- 
storage technologies. The capital cost is likely to be greater than for 
competing technologies; however, the very high efficiencies (95 percent 
expected) could make the method very competitive, especially with diminish- 
ing supplies and increased cost of fossil fuels. 

There are three fundamental applications for superconducting 
energy storage. These applications are defined as follows: (37) 

System Stability.  Typically 10 -105 MJ storage 
capacity, 10 to 600 s discharge time. Although 
this is not usually thought of as being in the 
realm of energy storage, it is in fact a form of 
short-term energy storage in the same sense as, 
for example, the kinetic energy stored in rotat- 
ing machines or the thermal energy stored in steam 
is utilized to control frequency and to meet short- 
term variations. 

Peak Shaving.  Typically 10 -10 MJ storage capac- 
ity, with 1 to 12 h discharge time.  In recent 
years gas turbines which have high operating costs 
and low capital costs have been used to provide power 
during the relatively short periods of peak demand. 
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These units have been effective because they are 
easy to control, may be turned on and off with- 
out severe thermal cycle problems, are economical 
(having capital costs of $10p-135/kw), and have 
short lead times for purchasing. Unfortunately, 
their efficiency is poor and they require high- 
quality, expensive distillate fuels. 

Load Leveline;.  107-lO8 MJ storage capacity, 5 
to 10 h discharge time.  For this power system 
requirement the energy is stored in a device dur- 
ing the hours of light load, usually at night, 
and is returned to the system during the daytime 
hours of heavy load.  Such operation allows the 
base load generating units to be run at a rela- 
tively constant level, leading to increased plant 
efficiency. This type of operating is particu- 
larly important for nuclear generation. Typically, 
pumped hydro has been used for this purpose al- 
though older fossil-fired plants and gas turbines 
also have seen some service in this area. 

The first application of this technology is expected to be small 
units on utility systems for the purposes of peak shaving and system stab- 
ilization.  For these uses, units of 100 MW capacity will be required.  It 
is anticipated that these units will be operational in the 1980's. Because 
of the relatively small size of these units, no critical materials situa- 

in0Lnh0Uld ariSe* *******  units have been designed with a capacity of 
«A £2 US' WhiCh rePresents an entirely different situation.  An envisioned 
iu,uuü MW unit would have a diameter of about 60 to 150 meters (155 to 490 
feet).  In this situation, the structural members, the conductor, and the 
liquid helium could cause serious material shortages should systems of this 
size actually be constructed. Even the most optimistic viewer does not see 
this happening prior to the year 2050, however. 

There are several competing technologies that severely challenge 
the implemention of superconducting magnetic energy storage; however, the 
solution of several key problems could change this situation. The compet- 
ing technologies include 

• Pumped-hydro storage 

• Thermochemical storage 

• Compressed-air storage 

• Flywheel energy storage. 

 - - ---■■ t^ata^iftH «_ 
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Projected Market Penetration to the Ypar 
1990 and Reouirements for Critical Mafprial« 

The market penetration of all of the areas of superconducting 

ASTllTf  rf1 he l^J^^17 SlOW  '^ the "^ 0f thiS ^cade andCtL8 
tlrst half of the 1980 s; however, in the years 1985-1990, a significant 
market impact is expected, especially in the areas of superconduc x^g 
power generation and superconducting power transmission. This market 
penetration xs expected in both military and industrial centers  There 
are some basic technology and interaction problems which must b^ over- 
come.  However, technological problems seem to be rapidly falling bv the 
wayside and if one looks at the progress between 1960 and 1970 one can 

fon^i an^xPonei1tial 8r°"th rate in this decade and the years wWch 
ItLr; ^V1*"^10" P^lem centers chiefly around the pubUc util- 
ities and major industrial manufacturers willingly cooperating with var- 
ious government agencies in implementing advanced energy scSmes  The 

STolwLSr^Institute (EPRI) ismakin8ÄÄ»ss. 
1990; 

appropriat 
would acce] 

Realistically, the following market penetration is expected by 

• Delivery of several superconducting power gene- 
rators for airborne use 

• Successful demonstration at key sites of 600 
MVA or greater superconducting machines 

• Utilization of dc superconducting motors on 
certain types of marine craft 

• Several demonstrations of superconducting motor 
propulsion for ground vehicles (i.e., magnetic 
levitation of trains) 

• Several miles of superconducting ac and/or dc 
transmission cable for urban power from remote 
site 

• Incorporation into many utility companies of 
superconducting energy storage devices for 
rapid response system stabilization. 

tLs^for^! ^ ^H  ,lmPaCt reasonably conservative. Increased 
tions for development work over the currently budgeted amounts 
elerate the market impact. B    amounts 

■ -"■ ■■■"-»■■ *-•' ■ 
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The critical materials of primary concern in all of the areas 
of superconducting technology are helium, pure elemental niobium, super- 
conducting alloys, special nonmagnetic structural steels, and copper. It 
is very clear that if production and extractive metallurgy procedures re- 
main unchanged, the most critical shortages will occur after the year 
2025.  However, prior to 1990 some effects of the increased demand will 
be noticeable and, with that reminder, the next 15 years can be well used 
to prepare for the decades to follow. 

In the following paragraphs each material is addressed with res- 
pect to current usage, expected usage between now and 1990 and in the fol- 
lowing years, and availability. 

Helium'  In all superamducting devices the temperature of the 
device must be maintained between 1.8 and 16-18 K. To accomplish this 
liquid helium in large quantities is needed.  There is considerable con- 
cern as to whether or not helium will be available in sufficient quantity. 
There is reason to believe that adequate helium will be available until 
1990. Beyond that, the cumulative helium demand through the year 2050 has 
been estimated at as high as 470 Gcf(a) whereas helium reserves from 
natural gas beyond the period 1990-2000 are estimated as low as 100 Gcf 
This latter figure depends on how the federal helium management program 
is implemented.  Generally, people involved in superconducting technology 
program are in favor of a strict helium conservation policy. 

The U.S. Bureau of Mines, the Stanford Research Institute, and 
the Ford Foundation have n^de helium demand and availability estimates 
using several criteria .(38)  Their results are broadly summarized as follows 

Year 

1975-2000 
2000-2050 

Estimated Demand 

34 77 Gcf 
180 - 470 Gcf (b) 

Estimated Availability 

132 Gcf 
-  (c) 

For comparison, the U. S. consumption for 1970 through 1974 totalled about 
l.D  Gcf . vJ^; 

In each of the superconducting technologies discussed in this 
report  some estimate can reasonably be made for projected helium usage. 
It should be emphasized that helium supply/demand between now and the 
year 1990 appears to be adequate, but this fact cannot lead us to pro- 
ject an attitude of complacency. 

(a) 

(b) 
(c) 

Gas technology terminology is Mcf = 103 standard cubic feet 
MMcf - 10b standard cubic feet, and Gcf = 10^ standard cubic 
feet. 

Note: Assuming 3.5 percent annual energy growth rate. 
No reliable estimate available.  Depends on conservation 
program, natural gas supply, and alternate recovery methods. 

■  
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In the area of superconducting power generation, a reasonable 
estimate for total helium inventory prior to 1990 is 1-2 Gcf. After 
1990, this should increase substantially.  Generally, these machines 
are operated with closed-cycle refrigerators where the helium loss rate 
should not exceed 10 percent/yr.  However, the actual loss rates are 
running closer to 100 ?ercent/yr at the present time.  This is expected 
to be improved upon. 

For superconducting power transmission, the technology will 
be economically attractive with cables rated above 2000 MVA.  It has 
been estimated that 10,000 equivalent circuit miles of 2000 MVA cable 
will be installed by the year 2010. This would represent a helium in- 
ventory of 12.5 Gcf with an estimated 1 percent growth rate per year. 
The 1990 helium inventory will be proportionately less. 

In ehe area of controlled thermonuclear fusion, estimates range 
from 850 to 8500 GW(e) (10y watts) of installed capacity in the year 2025. 
If the superconducting magnfcic confinement method is utilized, and it 
appears very likely, it hai  been estimated that up to 100 Gcf (or 5-7 
times that) of helium inventory will be required. Again, if the losses 
are 10 percent/yr, this means that 5-10 Gcf make-up will be required per 
year. This would appear to be out of the question considering projected 
helium availability. 

Superconductive energy storage is not expected to impact the 
helium market prior to the years 2030 to 2050. A liberal estimate of 
cumulative helium usage prior to that time is 1 Gcf. 

The DoD benefits in mny ways from helium availability. For 
example, in 1970 the U.S. consurued helium in the following way.-., all of 
which directly relate to DoD activity:^) 

Use Quantity. MMcf 

Pressurizing and purging 237 

Controlled atmospheres 68 

Research 65 

Welding 63 

Lifting gas 45 

Leak detection 42 

Cryogenics 33 

Chromatography 14 

Heat transfer 9 

Synthetic breathing mixtures 4 

Other uses 7. 

MMMOTMH^MMMM 
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In view of these wide and varied uses of heli'un and the anticipated in- 
crease .n demand for superconducting devices, as discussed earlier, it 
is recommended that the DoD consider a position of strong support for the 
Federal Helium Conservation Program and also consider potential ways of 
recovering helium from sources other than natural gas. 
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Niobium (Columbium).  Niobium exi'Jts in the earth's crust in 
the amount of 24 ppm; and the ore reserve in the world is estimated at 
17 x 109 lbs. ^39) The U. S. is the main consumer of niobium, but has in- 
sufficient niobium resources and must import entire needs.  In IQT'i 
these imports, which are in the forms of concentrates and tin slags, came 
from Brazil (91 percent). Malaysia (2 percent), Zaive (2 percent), and 
elsewhere (5 percent). (3^) Although world ore reserve; are predominantly 
in underdeveloped nations, the refineries are in the U. S., Europe and 

Japan.(40) 

The largest use of niobium is as an additive to steel to im- 
prove its properties. To date, the niobium used for superconducting 
materials (tft^Sn and NbTi) is small compared to the overall use. As- 
suming that '^hese materials continue to be the favored superconductors, 
niobium demand will significantly increase when superconductors are more 
fully developed and utilized.  The demand estimate for niobium for super- 
conductors alone ranges as high as 2 to 5 million pounds, total, between 
between 1975 and 1990.  In 1990 alone, the demand might reach 300,000 
pounds or more. The 300,000-pound figure corresponds to 15 percent of 
the estimated total U. S. consumption of niobium in 1974. (3") Thus, this 
amount is not insignificant. 

The price of niobium is currently low, because of the large 
demand by the electronics industry for tantalum.  Niobium is a by-product 
of tantalum production. (^»^2) The ores that are processed for tantalum 
also contain niobium; thus, most of the processing cost required to ob- 
tain niobium is borne by 'he tantalum as it is recovered.  If the demand 
projections of the electronics Industry for tantalum^) are solidified 
into actuil consumptions, there should be no problem in connection with 
the av.iilability of columbium at reasonable price — at least into the 
1980's. ^) However, ii the projected demand for tantalum doesn't materi- 
alize, in order to obtain additional niobium it might be necessary to pro- 
cess an ore* specifically for its niobium value.  In this case, the pro- 
cessing costs would be borne by the niobium and the necessary selling price 
could be very significantly higher than the present price for niobium.^) 

*This would be a different ore than is presently processed for 
tantalum.  Roughly, the relative Cb205 and Ta205 contents of 
the ores would be reversed. 
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Accordingly, two possible problems can be identified in con- 
nection with the futvle supply of niobium. First, reliance on foreign 
sources of supply fo.' the concentrate or slag.  Second, even if the 
niobium is available, its price may be very much greater than at pres- 
ent, if the demand for tantalum doesn't follow current projections. 

Superconducting Alloys.  The estimated production of super- 
conducting alloys in 1975 is roughly 50,000 pounds.  Demand is expected 
to increase significantly with time, reaching over 300,000 pounds in 1990. 
The cumulative demand for superconducting alloys between 1975 and 1990 
may exceed 3 million pounds, and perhaps exceed even 5 million pounds. 

As the demand for superconducting systems increases, the ques- 
tion arises as to whether or not sufficient manufacturing capacity will 
be available to produce tho required amounts of NbßSn and NbTi ir the 
form of wire and tape. 

No capacity problem is anticipated in the early stages of the 
manufacture of the superconducting materials NbßSn and NbTi.(^l) That is, 
the major producer indicates that significant excess capacity is said to 
be available for NbTi or niobium* ingot production and initial fabrication 
operations.^^Significant excess capacity is said by the two major pro- 
ducers of superconductor wire to be available for the consolidation, draw- 
ing, and annealing operations required to reduce the material to its final 
size, and for final heat treatment.^^»^-^ Moreover, these companies indicated 
that additional equipment can be installed to meet future demand. (^>^5) 
The problem at present appears to be lack of major demand, and a prepon- 
derence of small orders. 

Nevertheless, it is reasoned that a shortage of production capac- 
ity for the manufacture of superconductor wire (or tape) may still occur 
in the future.  The financial ability and willingness of companies to in- 
vest in new equipment is governed by a number of factors, which are subject 
to change with time. One of these factors is the availability of capital 
which, especially for small companies, can be a problem. 

Special Nonmagnetic Structural Steels. Very high forces are gen- 
erated during the operation of superconducting magnets. Very large magnet 
supports are required in order to resist these forces and enable the magnet 
to continue operating. 

*Nb3Sn is not fabricated.  Rather, niobium (e.g., wire) is 
fabricated into a final form while encased in a matrix, after 
which tin is diffused into the niobium and forms NbßSn in 
situ.  Several processes have been demonstrated. 
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It appears that these supports will be constructed of special 
high-strength readily fabricable nonmagnetic steels. These steels will 
probably contain nickel and chromium, the former being largely imported 
and the latter being 100 percent imported and currently being stockpiled 
by the United States. 

Quantitative demand projections for these steels in this appli- 
cation are not available. 

Copper.  Copper as a cladding for superconducting w<re and 
tape may be a very serious problem in the years ahead. With costs high 
and reserves diminishing, the transition to aluminum as a cladding 
material may be desirable even though there are certain technological 
problems associated with that transition.  For example, the copper 
requirement for a "world" fusion power system (106 MW(e)) is estimated at 
about 3.6 x 10b tons  The other combined superconducting technologies 
can reasonably be expected to double or triple that quantity.  Since U S 
reserves are estimated at 90 x 106 short tons,(39)  the pOSSible effect 
of the demand of superconductor technology for copper should be examined 
seriously.  Foreign reserves add considerably to the supply situation, 
but reliance on foreign sources is not always acceptable. 

Department of Defense Requirements 

The principal military use for superconducting technology is 
in superconducting motors for large ships. (46)  T^se are the main propul- 
sion drive motors, which drive high-torque propellers. Torque level, 
not horsepower rating, is the factor on which the choice between super- 
conductive motors and other types of motors is based.  Superconducting 
motors are said to be superior to competitive motors at torque levels 
of roughly 1 million Ib-ft and above.(46) 

Among the major benefits to be derived from the utilization of 
superconducting motors on board ship are excellent maneuverability, in- 
cluding the ability to reverse rapidly, and variable speed reduction 
without the use of gear boxes. 

Current research effort by the Naval Ship Research and 
Development Center at Annapolis, Maryland, and its subcontractors* 
has as its objective the demonstration of the technical and economic 
feasibility of a 40,000 hp, 1 million Ib-ft torque superconducting 
motor for U.S. Navy use.(46)  xhe probability of attainment of this 
goal is said to be 90 percent. (46) 

General Electric Company, Schenectady, New York, and Garrett Corporation's 
AiRescarch Manufacturing Company of California, Torrence, California. 
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Fleet operation of these motors some of which could be as large 
as 75,000 hp, is not expected before 1985. Use will be limited to new 
ships; retrofitting of existing ships is not feasible. Each ship is ex- 
pected to utilize between several hundred pounds and about 1000 pounds of 
superconducting materials. Assuming an average of 600 pounds per ship, 
15 new ships per year, and initial usage in 1986, this application will 
require about 45,000 pounds of superconducting materials by 1990. 

A possible U. N. Navy application for superconductor technology 
is in homopolar superconducting dc generators for use with high-speed gas- 
turbine engines.^6) These generators are used to drive the ship's motors; 
their competition is improved,nonsuperconducting rectified alternators. 
The U. S. Naval R&D Center at Annapolis, Maryland, is supporting research 
on the two alternative types of machines at Garrett Corporation's AiResearch 
Manufacturing Company of California in Torrance, California.(46)Which mach- 
ine will prove best for this application is not known at present. 

The superconducting material that is being used for both the 
motors and the generators is NbTi alloy wire.(46)The Navy is assessing 
the use of NbßSn wire, the potential benefits being the ability to work 
at higher magnetic fields and higher current densities, and the smaller 
amount of wire required when Nb3Sn is used instead of NbTi.^6^ 

The U. S. Army is considering the use of superconducting gener- 
ators in support of future high-power weaponry.(47)The advantages of a 
superconducting machine for this application are greater mobility and 
higher efficiency than competing generator systems with the same output. 
However, inherent in the use of superconducting generators is the neces- 
sity of transporting a refrigeration unit with the generator, and the 
requirement for a liquid helium supply in the field. 

Probably the smallest superconducting generator that would be 
feasible for Army use would have an output of several megawatts.  How- 
ever, even if these outputs are required by the weapons system, if the 
duty cycle consists of short "on" times and relatively long "off" times, 
standard nonsuperconducting generators may still be the best choice. That 
is, standard generators of lower output might be able to be operated at 
above capacity for the short "on" times, and allowed to cool durine the 
"off" period.(^7) 

If superconducting units are used in this application, develop- 
ment would probably be during the 1980,s.(47)No projection can be made 
regarding the number of units that might be used or the requirements for 
critical materials. 

Another possible Army use for superconducting technology is in 
mobile, modular power-generation capacity, which can be deployed rapidly 
by air or perhaps even by truck.(47)Such equipment might be used both in 
combat and in civilian emergencies. 
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Power requirements for barrier lines might also be supplied by 
superconducting generators. (*7) 

The USAF has an ongoing program that represents a step toward 
the goal of developing a new class of high-power, light-weight genera- 
tors for airborne applications. A 5 MVA power generator is now under 
test. This machine has an output voltage of 5000 V and a rotational 
speed of 12,000 rpm.  The total machine weight is less than 1000 lbs. 

Progress has been excellent.  However, areas like improved con- 
ductor design and fabrication reliability, improved rotating seal perform- 
ance, and the need for advanced structural materials to prolong useful life, 
require significant additional R&D attention. 

Potential Procurement and Developm3nt 
Problem Areas for the Department of Defense 
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The procurement situation for the Department of Defense with 
respect to superconducting materials is generally similar to that of in- 
dustry, since similar properties are required in each case. Thus, the 
possible procurement problem areas relate to the availability of helium 
and niobium, production capacity for superconducting alloy wire or tape, 
the supply of nickel and chromium for use in special nonmagnetic struc- 
tural steels, and the availability of copper. However, the quantities of 
these materials required for DoD applications are expected to be much 
smaller than those projected for industrial applications. 

DoD development problem areas that need to be addressed are 
already being attacked on U. S. Navy, Army, and Air Force programs.  The 
major areas are as follows: 

• The need to develop superconducting motors and 
generators for shipboard use.  Research in pro- 
gress at the U. S. Naval R&D Center at Annapolis, 
Maryland, and by its contractors is attacking this 
problem area 

• The need to develop improved lightweight, readily 
transportable refrigerators for use with super- 
conducting generators that support high-power 
weaponry. v+T) The U. S. Army Mobile Equipment 
Research and Development Center is already de- 
veloping improved refrigeration units for this 
possible application 

• The need to develop high-power lightweight generators 
for airborne applications. Such research is now be- 
ing carried out by the U. S. Air Force. 
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High-Temperature  Gas-Turbine  Engines 
for Automotive Applications 

by 

Thomas R. Wright 

Technical Description of Technology 

+ ■** 
The utilization of a gas-turbine engine for automotive appli- 

cations is not a new concept.  It has been successfully employed in 
powering industrial and heavy vehicular equipment.  These "state-of-the- 
art" turbine engines use a conventional combustion system and nickel- 
chromium-base superalloys lor the high-temperature components. According 
to McLean, (^8)  three major problems need to be solved before gas-turbine 
engines can compete in the high-volume automotive market. These are 

(1) High emission of N0X 
(2) Poor fuel economy in city driving 
(3) Excessive engine manufacturing costs. 

Current conventional gas-turbine engines can meet emission 
regulations with regard to carbon monoxide and hydrocarbons. However, 
because the turbine operates at a higher temperature than do conventional 
piston-type engines, NQ^ levels in the exhaust are Increased.  In order 
to meet the requirements for NOJJ emission, new combustion systems are being 
developed.  Because the turbine engine relies on continuous combustion, 
and continuous combustion systems offer potential for low emissions, this 
problem does not raise a serious barrier to the development of vehicular 
turbines. 

The solution to the two remaining problems Involves materials. 
Consider fuel economy. As shown in Figure 11(^9)  increasing the turbine 
inlet temperature (TIT) of a gas-turbine engine results in significant 
decreases in specific fuel consumption (which Increases engine efficiency) 
and specific air consumption (which enables a reduction in size) of an 
engine. At present, uncooled nicke1-chromlum-base superalloys are limited 
to a maximum TIT of ~ 1900 F; blade cooling is not practical for small 
turbine engines. Because of the temperature limitations of superalloys, 
ceramics offer the only presently identified alternative for achieving 
these required elevated temperatures. 

Excessive engine manufacturing costs present perhaps the biggest 
obstacle in applying the gas turbine to high-volume production vehicles. 
To be cost competitive, turbine components must be made from inexpensive 
raw materials by an inexpensive fabrication process.  The potential for 
cost reduction in the raw materials using ceramics is shown in Figure 12.(50) 
Total superalloy raw mateiials cost is estimated to be up to $6.00/lb. 
The estimated raw materials cost for silicon nitride (silicon and nitrogen) 
is $0.71/lb.(51) Additional effort is required to develop Inexpensive 
fabrication processes for ceramic engine components, however. 

-=~- — : -_ 
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FIGURE 12,  RELATIVE RAW MATERIALS COST 

Along with raw materials cost, raw materials availability is 
considered to be an important advantage of a ceramic turbine. Table 6(52) 
illustrates the present and potential availability of the critical 
alloying elements in the superalloys used in gas-turbine engines.  It 
will be noted that imports supplied practically all of the 1970 U.S. 
domestic demand. A similar situation existed in 1974, although the 
percentage figures were somewhat different. (") The locations of most of the 
current foreign sources are not favorable.  The raw materials for the appro- 

priate ceramics, on the other hand, are available in readily abundant 
sources in the U.S. 

■r-r-- 
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TABLE 6.        HIESENT AND   POTENTIAL AVAILABILITY OF  CRITICAL 
METALS  FOR HIGH-TEMPERATURE  TURBINE ALLOYS 

CURRENT SUPPLY 
(U.S.  IMPORTS 
AS A PERCENT OF ULTIMATE SUPPLY 
DOMESTIC USE (U.S. RESERVES 

METAL 1970) AND RESOURCES) CURRENT SOURCES 

CHROMIUM 100 INSIGNIFICANT USSR, 
SOUTH AFRICA, 
TURKEY 

COLUMBIUM 100 DATA UNAVAILABLE BRAZIL, NIGERIA, 
MALAGASY 

NICKEL 91 LARGE. ASSUMING 
SIGNIFICANTLY 
INCREASED WORLD 

CANADA, NORWAY 

PRICE OR NEW 
EXTRACTION 
TECHNOLOGY 

COBALT 91 DATA UNAVAILABLE ZAIRE, BENELUX 
COUNTRIES 

Source of Data:   Final Report of the National Commission on Materials Policy, 
June 1973, U.S. Government Printing Office 

The basic parts of an automotive gas-turbine engine are the 
compressor, the regenerators, the combustion chamber, and the turbine. 
In the current automotive turbine design, air, induced through a radial 
compressor, is compressed and ducted through one side of each of two 
regenerators. The hot compressed air is supplied to the combustion 
chamber where fuel is added and combustion occurs.  The hot gas from 
the combustion chamber is directed into turbine stages by a nose cone. 

The turbine stages comprise two turbine stators, each having 
stationary airfoil blades to direct the gas onto each corresponding turbine 
rotor.  In passing through the turbine, the gas expands and generates energy 
to both drive the compressor and to supply useful output power. The expanded 
turbine exhaust gas is directed through the hot side of each of the two 
regenerators which, to conserve fuel consumption, transfer much of the 
exhaust heat back into the compressed air. 

At the present time, ceramic materials are being considered as 
hot-flow path components for the above engine operation. The components 
include 

First-stage turbine stator 
First-stage turbine rotor 
Second-stage turbine stator 
Second-stage turbine rotor 
Turbine inlet nose cone 
Combustion chamber 
Regenerators. 

I   iMMMl 



vmm»M.. 

II.I »wtmfmiHmmmr***^^^*mmimmrmmmmmmmmil9ß9l'* m~~~ wm~m 

\ 

I 
I 

D 

D 
0 

D 
i: 
i: 
D 

D 
D 
I 
I 
1 

M 

Currently, with the exception of the regenerators, ceramics 
based on silicon, nitrogen, and carbon are being considered for use as 
these components in the vehicular gas turbine. The major development 
effort in the U.S. in this area is the ARPA/Ford study which has the aim 
of the demonstration of ceramic hot-flow path components operating un- 
cooled for 200 hours of typical duty-cycle operation at 2500 F Til/51) 
This program is now approximately at the midpoint. 

In order to provide a plan for the orderly transition from 
the ARPA/Ford 200-hour technology demonstration to a complete prototype 
engine demonstration, the ERDA Advanced Automotive Power System Division 
has initiated a follow-on program with an eventual goal of a 100-125 hp 
engine to operate at 2300-2500 F (TIT) for 3000-4000 hours. A milestone 
chart of the ARRV/Ford and ERDA/AAPS total program is shown in Figure 13.(54) 
Later information indicates that the specific aim of ERDA/AAPS is to 
demonstrate the engine for automotive use by 1984.(55)  p^g required 
research includes component development and the building of about 12 
engines. (55) It  is  possible  that a  pilot  plant  for  the  production of 
automotive  gas-turbine engines  using ceramic hot-path  parts will be 
built by  1984. (55) 

FY7B 
1   4   I  12 

FY78 
1   4 8  i: 

FY77 
14   8  1? 

fY7e 
14   8  1} 

fY7B 
1   4   8   t2 

fY80 
1    4   8  12 

FY81 
1   4   B   12 

FY82 
1   4  8  12 

1  TERMINATION Of "NEW 
MATERIALS DEVELOPMENT 
IN ARPA PROGRAM 

I   1 > 1   1    1    M 1    I   I   1 

1 TERMINATION OF 
FABRICATION TECHNIQUE 
DEVELOPMENT IN ARPA 
PROGRAM 

k 
i^m 

3 ARPAPROGRAM 
DEMONSTRATION Of 
300 MR LIFE AT JKWF 
TIT 

4  AMMHC PROGRAM  TO 
CARRY OUT EROA'AAPS 
CERAMIC DEVELOPMENT 

^^^^ , | > 
^^^ 

5  ERDA/AAPS CtbAMlCfNOINf 
PROGRAM    TO Ct DEVELOPED 
WHEN APPROPR'ATE BY AAPS 

■    '   ■    . 1    1    1    1 1     1    1   1 1111 1   1   1    1 

FIGURE 13.    PROPOSED MILESTONE   CHART ERDA/AAPS  CERAMIC MATERIALS 
AND  COMPONENT DEVELOPMENT   PROGRAM   (54) 

Silicon nitride   ^13^)  and  silicon carbide   (SiC)  are  receiving 
prime  consideration as materials  for  the  ceramic  turbine  components.     Other 
materials which  show  promiFi,  and which may receive  increased consideration 
in the  future,  are aluminum nitride   (AlN)  and SiAlON  (Si3N4-Al203  solid 
solution).     Figure 14(54) SU[Iimarizes  ^^ individual  component  status  on 
the basis of materials and  their  possible   fabrication technique.     In this 
figure M-A-S and L-A-S  refer  to magnesium aluminum silicate and  lithium 
aluminum silicate,  respectively. 
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FIGURE 14,  MATERIALS AND PROCESSES FOR UNCOOLED CERAMIC COMPONENTS FOR A CERAMIC 
ENGINE AT 2500 F TIT^M 

According to a recent assessment by the U.S. Army Materials and 
Mechanics Research Center (AMMPC) in Watertown, Massachusetts ,(54) there 
is greater than 50 percent possibility that the ARPA/Ford program goals 
will be achieved.  It is virtually certain that the stationary components 
(cones, shrouds, combustor, and inlet nose cone) will have demonstrated 
200 hours of duty cycle at 2000 F or greater. Already the nose cone, 
shroud, and regenerators have exceeded 200 hours at 1930 F while the 
stators have been operated for 50-100 hours at the same temperature. 

At the present time, the major difficulties or shortcomings 
to the program appear to lie in the rotor component.  The current approach 
followed by Ford is the duo-density rotor consisting of a slip-cast or 
injection-molded reaction sintered silicon nitride (RSSN) blade ring 
(for high creep resistance) bonded to a hot-pressed silicon nitride 
(HPSN) hub (for high strength). 

Reaction sintering takes advantage of conventional powder metal 
forming techniques such as slip casting or injection molding to prepare 
a silicon powder preform.  The preform can be converted to the nitride 
by sintering it at an elevated temperature in a nitrogen-containing 
gaseous atmosphere. Reaction sintered structures are naturally creep 
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resistant due to the absence of a grain boundary phase; however, because 
RSSN is less than theoretically dense, the strength is low. The process 
has the advantage of preparing complex shapes to nearly exact dimensions. 
Hot pressing involves the densification under pressure of silicon nitride 
powder containing a specific amount of a densification aid. Magnesium 
oxide is the most commonly used additive. 

Ford has cold spin tested duo-density rotors to 55,700 rpm. 
Only a profiled rotor hub has attained a characteristic speed of 115,000 
rpm.  It is unknown whether or not there has been a successful demonstra- 
tion of a hot-spin test on complete rotor components. 

The major problems experienced with the rotors developed on the 
ARPA/Ford study are a lack of realistic strength in the RSSN blade ring 
and the HPSN hub. There are several potential approaches to solving 
these problems; however, from a practical point of view, the two most 
promising appear to be 

(1) Development of a strong, easily fabricated, 
blade ring for the duo-density approach 

(2) Development of a single piece, monolithic, 
rotor assembly. 

The first approach, duo-density, requires an improved high- 
strength rotor blade ring that exhibits strengths comparable to that of 
HPSN yet retains the creep resistance of RSSN.  Because of the complexity 
of shape, it would be ideal if such structures could be fabricated by an 
approach such as cold forming and sintering. 

While this is not possible currently with pure silicon nitride, 
such an approach may indeed be feasible with the SiAlONs.  It has been 
reported that such materials can be sintered to high density; however, 
considerable development is neeaed to bring the material to the cuvrent 
status of S^N^. 

It is believed that properly prepared SiAlONs can have improved 
properties over current silicon nitride materials.  Using high-purity 
processing, Battelle-Columbus investigatorsw") developed a grain-boundary- 
engineered SiAlON by hot pressing, which exhibited a creep resistance two 
orders of magnitude greater than that of currently commercially available 
grades of HPSN at 2550 F under a stress of 10,000 psi.(57)  These investi- 
gators have also recently prepared comparable density structures by a 
modified sintering approach. 

The second approach, the development of a single-piece, monolithic 
rotor assembly, could be employed to circumvent the bond failure of the duo- 
density rotor approach.  Two concepts might be uuilized to prepare a one- 
piece complete rotor.  One involves the use of SiAlON materials, optimally 
developed.  The other concept involves the use of high-strength, high- 
density, reaction-sintered silicon nitride, which also requires develop- 
ment effort. 

I 
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hi *h  «^  .1 "IT* obtaining high density, and subsequently 
high strength, in RSSN is to slip cast the material to a high green 
density engineered to yield a high (> 95 percent) density u^on con- 
version to the nitride.  This is not possible by l-atm nitridat on but 

nl r ' Pe
t
rf0™ed  «ldJ' hiSh P^ssures to insure an adequate supply of 

nitrogen to the interior of the part. 

nf ^ a9  
Currently. material can be prepared that exhibits densities 

str7n^Per    0f thTetiCal 0r conversion to the nitride.  Cursory 
50 nnn TcffiS*!.  ^^ indicated strengths of approximately    y 50 000 psi (58)  Wlth structure refinements t0 eliminate stren^h. 

nsi h^Td r "^KI11
' ^ .the materia1' flex^ strengths of 60-70.000 

psi sh.uld be possible at this density level. Additional refinements in 
particle size, particle size distribution, nitriding schedule, and other 

loo OOO^s-  Tftl1.e-POtent:ial ^ inc-asinB the strength levels  to 
100 000 p.1.  If this type of strength level can be achieved, the pro- 
duction of a one-piece RSSN rotor will be a reality. 

It is believed that these types of rotor improvements are 

the^lQSrPRnA/AA^116 trhn0l0Sy -eds of the 1990 tj fraL or elen 
the 1981 ERDA/AAPS goals.  It is believed that, with a reasonable 
research effort  the high-density, high-strength RSSN material could 
be developed by 1977.  The sintered SiAlQN's would require a 5-year 
period to reach the current engineering status of HPSN. 

.4.«.  A  o0^  coinP£tin8 technologies include the development of a 
s ntered SiC rotor which could mesh nicely into the current design! 
Silicon nitride has several advantages over the carbide; however! if 
the nitride cannot be proven as a rotor material on the current ARPA/ 

or'he^cfrMd deSi8n COnditi0nS "^ be reduced or ^laxed to allow use 

Industrial Applications for the Technology 

en^np -f JhK ^^ industrial ^plication for the small gas turbine 
engine will be in ehe automobile field. Deployment of the "urbine in 
passenger vehicales may well provide a large market by 1990.  Other 
related areas may be in the area of mass transit.  The small turbine 

urban'arLs    ^^ ^ ^  " Shu"le-b- transportation within 

tPrh     1   ltuiS bflierd  that by 1990' technological advances in turbine 
technology brought about by the effort on the automotive turbine, co^d 
also provide vast increased utilization in the area of heavy vehi les 
i.e  trucks and buses. Also, the turbine may find utilization as a 

tra^^o^ftiL!^ " ^ ^ ^ UtiliZed ^ ^— *****  « — 
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Technological developments that increase the efficiency of 
gas turbine engines for the above applications will also provide guid- 
ance and direction for other important applications such as stationary 
power turbines.  This concept is currently under development by 
Westinghouse Electric Corporation as a subcontract on the ARPA/Ford 
study. The aircraft industry would also benefit from the technology 
being developed.  Low-cost, high-performance ceramic turbines will 
find application in remotely piloted vehicles, drones, and missiles. 
In order to he fully utilized in these applications, the materials 
will require eventual upgrading to withstand TIT's of 3000 F, consid- 
erably above the current state of the art. This is not impossible, 
but will require continual material development and upgrading to meet 
the higher design requirements. Again Si3N4- and SiC-base ceramics will 
probably be utilized but not without a considerable material development 
effort. 

Because of the obvious advantages of the gas-turbine engine 
over current piston engine vehicles (multifuel capability, efficiency 
potential, lower emissions, etc), it is particularly important from the 
viewpoints of economics and fuel economy that the concept be developed 
and into production by 1990.  In theory, turbines can run on alcohol, 
which can be made from garbage. 

It is important to note, however, that there are technologies 
that compete with the gas-turbine engine.  For example, considerable 
effort is being expended toward development of the Stirling engine. 
This engine offers many of the same potential advantages as the turbine. 
For instance, the Stirling can also operate at a high efficiency and also 
has multifuel capabilicy. Exhause emissions are low. Moreover, test 
results to date indicate that current engine designs can meet the 1988 
California Vehicle Code with regard to noise.  ERDA/AAPS has also recently 
initiated an automotive Stirling engine program, which is intended to have 
production models available by the :nid-1980,s. 

In addition to the U.S. efforts in turbine engines, various 
foreign efforts are under way in the U.K., Japan, and Germany. Amorg 
the overseas companies involved are British Leyland, Daimler-Benz, 
Volkswagon, MTU, Toyota, Honda, and Nisson Motors. 

It has been reported that Toyota has successfully cold-spun 
rotors to 77,000 rpm.(59)  This is nearly a 40 percent improvement over 

the best U.S. cold-spin tests to date.  Toyota uses a rotor comprised 
of hot-pressed blades moun?-d with an unknown padding material to an 
alloy hub. 

If U.S. technology cannot solve the current problems before the 
1990 timeframe, and if the foreign producers market a ceramic turbine 
vehicle first, there could be severe economic repercussions.  Fully, one 
in six people in the U.S. is engaged in activities associated with the 
automotive field.  Further inroads by the foreign imports would be dis- 
astrous for this large segment of industry. 

I 
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Projccted Market Penetration by 1990 and 
Requirements for Critical Materials 

Market Penetration. Market penetration by 1990 is quite diffi- 
cult to forecast.  Engine development will follow materials development 
and therefore progress accordingly.  In addition, emphasis on development 
in the next 15 years will also be governed by the emphasis of the nation. 
Af an example, Figure 15(6^'illustrates the cyclic trends during the past 
4-year period with regard to emphasis, the "raood-ot-the-people", and the 
world economic picture. Mark3t penetration wil# also depend on the 
extent to which Stirling engines capture a share of the market. 

Crnlttlont «« gi,», Fual economy 

— 197«» 

1973 

_I972 

_I97» 

_t970 

FIGURE 15. GAS TURBINE PROGRAM RELATIVE EMPHASIS BETWEEN 
EMISSIONS AND FUEL ECONOMY 

It is believed that future trends will probably be dictated 
or influenced by fuel economy/supply.  This being the case, and if the 
ERDA/AAPS program is successful in developing a production demonstration 
engine, automotive manufactures should be in a position to begin marketing 
turbine-powered vehicles before 1990. 

At this stage of development, projections of market penetration 
are particularly risky. However, it is roughly estimated that the auto- 
motive market penetration may reach 10 percent by 1990.  Penetration 
should grow raprdly with increasing public acceptance. 
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y^M pi MpfPrials  and AreAR  of Application.     Silicon nitride 
and silicon carbide are  the  two critical materials  of  concern in automo- 
tive  gas-turbine  engines.     They are the most promising materials  for the 
const  action of the hottest  parts of high-turbine-inlet  temperature gas 

turbines  for this application.     It  is expected ^^•* -^-^ 
modifications  thereof,  will remain the prime  candidates   for  use  in 1990. 
Other materials which may begin to find utilization are A1N and the 
SiAlONs.    Material  candidates  for  the rotor assembiy over  the next 5 
year period   (through  1980)   are  shown in Table 7.^ 

TABLE 7. CANDIDATE ROTOR MATERIALS^2) 

Component 

Present 
Materials 

Blades RSSN, 
Sin:ered  SiC, 
HPSN 

Disks  (hub)  HPSN 

Monolithic    Duo-Density 
Rotor Si3N4 

Additional 
Materials 

2 Years From Now 

A1N 

Sintered Si3N4, 
Sintered SiC 

HPSN, 
Sintered SißN^ 
Sintered SiC 

Additional Materials 
3 to 5 Years From Now 

SiAlON,  chemically vapor 

deposited SiC 

SiAlON 

SiAlON,   SiC,  or Si3N4 

It  is believed  that,  in addition to the ..aterials  listed,  SiAlONs 

could be  utilized as  turbine  disks within 1  to  2 J-" .^«^P!*"^ 
Also    it  is  strongly believed  that a  one-piece r  tor of high-density RSSN 
cJuld be  ^roducedVithin a  2-year period.     Of course,   this  can occur only 
with the  continued disposition of development  funds. 

fcojactid  QnanMi-y Requirements.     The  current  design of the 
automobile  gai-turbine  engine  £ the AHPA/Ford fro,ram requires approx- 

™ 4 preset design) . The ERDA/A»PS eeglne .111 be at a Um» horee- 
Tow« ,nd ""I probably be -.11« la size. This may »ell require less 
material  than the  present  Ford design. 

■"—■-■—■""—■-'-:" 
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It  is  important  to note  that  ceramics,  especially Si3N4 and 
SiC,  are  candidates  for  use  in advanced diesel  engines and  in Stirling 
engines.  v55,oZJ     Thus,  the market  for these materials  in automotive 
applications  is not dependent  entirely on gas-turbine  engines. 

Materials  Production Capacity.     This area may be  discussed 
with regard  to  industrial  capability  in two major areas: 

• Production of Materials 

• Production of Components. 

Materials  Production.    According to the AMMRC assessment/5^) 
at  present  the supply of ceramic materials  is  insufficient.     Specif- 
ically,    AMMRC  found  that at  present  there  is  insufficient materials 
production and/or  fabrication  capacity in the area of turbine 
ceramics  to support a major  engine demonstration program.     Nevertheless 
several potential  future quantity  suppliers of materials are active  in 
the   field and  in  some  cases  have assumed a  pseudo-leadership  role.     The 
fact  that  these manufacturers have established  this relationship and are 
operating  limited  production  facilities  should  facilitate   scale-up to 
full  production requirements   in the  future.     However,  even  these  companies 
find  it very difficult  to  justify investing in a  product  that has only a 
small,  uncertain market at  present and an indefinite market within the 
next  few years.  \"i   Moreover,   technological  changes and advances occur- 
ring so rapidly  that many industrial  suppliers are  reluctant  to make a 
capital investment,  or are  unable  to  produce a  firm product   line,  until 
the market and  technology  stabilizes. 

Product  standardization,  quality uniformity ,  and  property 
improvement  remain as  problems. 

A  listing of suppliers  of silicon metal,   silicon nitride,  and 
silicon carbide   (both power and  consolidated billets)   is  given  in Table S^5^) 
as  per the AMMRC assessment.     Because  they are not  considered engineering 
materials at  present,  SiAlONs were  not  included. 

Component   Production.    With regard  to component   supply,  the 
current  commercial  production  capability is  not  sufficient   for a  large- 
jcale demonstration program. (54)    Xn addition to the market  being demand 
sensitive,  the components  to be  produced are  fabrication-process  sensitive 
Again,  advances  in  fabrication  technology are  proceeding at  such a rate 
fcm a  laboratory scale)   that  current  producers  of components  are  probably 
reluctant  to invest  capital  in what  soon might become an outmoded pro- 
cedure or process.     Despite  these  laboratory advances,   significant 
research is  required  to develop production-scale manufacturing tech- 
nology to enable  the  fabrication of complex  narts with  the desired 
properties throughout  their  cross  sections. (62) 

  ....  - 
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TABLE 8. SOURCES OF SUPPLY - SILICON, SILICON NITRIDE, AND SILICON CARBIDE (54) 

SI Reaction   Hot- Hot- 
Powder si A SIC Bonded  Pressed Pressed 

SupplUr a  b Powder Powder 51A      S13Ni. SIC       Remarks 

Aptctit Chemicals Inc.. P.O. Box 17 . High s 
Rockford, 11 61105 

Atonwrglc Chemicals Co.. (Dlv. of X   X High B 
Gallird-Schlesslnger Chemical 
Corp.), 564 Mlneola Avc. 
Carle Place. L.I., NY 

Carborundum Co. ■ . Also supplies dense SIC 
Niagara Falls, NY 14302 
Cerac Inc., Box 597 X  X High 6 ' -      X 
Butler, His. 53007 

Ceradyne Inc., 8948 fulbrlqht Ave. - - 
Chatsworth, CA 91311 
DAR-LAC-OID Chemical Corp. X . 
Elizabeth, NJ 

E.I. duPont deNemours 4 Co. - High a. Powder process under 
Pigments Dept., Experimental amorphous development not 
Station. Wilmington. DE 19898 available conmrclally 

Electronic Space Products X   X - 
Los Angeles, CA 
Fiber Materials Inc.. Blddeford . High. X   Powder process under 
Industrial Park, Blddeford. ME development 

GTE Sylvanla, Towanda, PA ■ High«, 
amorphous 

Kaweckl Berylco Industries Corp. . . 
220 East 42nd St.. New York. NY 

Materials Research Corp. - High 1 
Orangeburg, NY 10962 
Norton Co., One New Bond St. - Make for X    Also supplies dense SIC 
Worcester, MA 01606 own use (non-hot pressed) 
Plessy/Frenchtown, Eight A - High purity . • 
Harrisons Sts., Frenchtown, NJ high a 
PPG Industries. Pittsburgh, PA - - Experimental material 
Research Organic/Inorganic X  X X 
Chemical Corp., 11686 Sheldon St. 
Sun Valley, CA 91352 

Union Carbide Corp.. Ferro Alloys X - 
Dlv., Mining A Metals Dlv. 
P.O. Box 72. Marietta. OH 45750 
Ventron Corp., Alfa Products X   X X 
Hulco. Salt Lake City, UT • •> 

oxynltrlde 
Powder made from 
rice hulls 

Advanced Materials Ltd. • High ■ 
Gateshead. Co. Durham. NE 11 
OUF, England 
Ounstan A Wragg. Ltd.. England X * g 

Koch-Light Laboratories. Ltd. X . 
Colnbrock. Bucks.. England 
Joseph Lucas Group Research Centre . Make for 
Sollhull, Warwickshire. England own use 

Murex Ltd., England x . 
Pechlney, 23 Rue Balzoe . • 
Paris 83, France 

Upsll Ltd, England X • 
Rosenthal/AME Selb. W. Germany . . 
Annawerk. Rodental, W. Germany . . 
U.K. AEA, Springfield, England - • Refel SIC 

)! 

a • 991 pure 
b • 99.991 pure 

 ,m «■■■    ■■! —- -rnrr-- :-  _____   __ 
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The component supply situation is summarized below. ^^ 

Components 

Rotors 
Stators 
Combustors 
Nose Cones, Shrouds, etc 

Supply 

Unavailable 
Marginally available 
Available on order 
Not a major problem 

I: 
D 
D 

0 

I 
0 
0 
D 
L 

0 
I 
1 

From this tabulation, it may be reasoned that availability (supply) 
increases as the component design becomes fixed and as the state-of- 
the-art material properties begin to meet component requirements. 

Basis for Criticalxtv Judgment.  Certainly there is no intrin- 
sic scarcity of silicon, nitrogen, or carbon--the basic components of 
silicon nitride and silicon carbide. However, at present there is very 
little commercial manufacturing capability for the economical production 
of these materials with the proper characteristics for this application. 
Accordingly, the basis for the criticality judgment in regard to silicon 
nitride and silicon carbide for automotive applications is the possible 
lack of component manufacturing capacity in 1990 to meet^a possibly 
projected 15 million pound demand for automobiles alone. 

No exact figure is available for the present SißN^ and SiC 
component-manufacturing capacity in the U.S. Nevertheless, it is very 
small, as attested to by the conclusions of AMMRC on the present com- 
ponent supply situation, shown in the tabulation in the preceding secion. 
The company that is probably the major manufacturer of these components 
has indicated that i! is in a position to expand its manufacturing 
capacity for these components as it sees the market volume increase and 
can demonstrate profitability for the product line.(62)  Also, it is 
possible that automobile manufacturers would be interested in establish- 

ing manufacturing capacity. 

Nevertheless, a very large increase in production volume would 
be required in order to satisfy a possible market demand of 15 million 
pounds of these components in 1990. Moreover, significant improvements 
in manufacturing technology will be required in order to decrease manu- 
facturing cost and increase properties, before the new production capacity 
can be installed. Because of the large amount of capital required both 
for the development efforts and the new production capacity, it is 
reasoned that a lack of availability of production capacity may make 
ceramic materials in the form of gas-turbine-engine components critica1. 

materials by the year 1990. 

'."his statement relates primarily to silicon nitride, which is currently 
the prirre candidate for these applications, although silicon carbide is 

being investigated as an alternate material. 

.vin^.L 
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Department  of Defense Requirements 

The U.S. Army, Air Force,  and Navy visualize automotive appli- 
cations  for high-temperature gas-turbine engines  using ceramics and are 
carrying out  research  to pursue  these  interests.    A  summary of the antici- 
pated benefits  for  these  types  of engines over  current engines  is as 
follows: (62) 

Lower  specific  fuel  consumption 

Higher  power density  (per unit weight and per unit 
volume) 

• Greater range and/or  payload 

• Increased reliability and decreased maintenance 
(because  of enhanced over-temperature  capability 
and,   in some  cases,  because of enhanced resistance 
to erosion-corrosion) 

• Multifuel  capability, which has a  logistic benefit 
and also the strategic benefit of reduced dependence 
on foreign  fuels 

• Can be designed to offer high acceleration,  i.e., 
agility 

• Reduction in requirements  for strategic materials 
(nickel,   chromiun,   cobalt,  and columbium) 

A triservice use    for gas-turbine engines  utilizing ceramics 
is  limited-life  engines  for drone aircraft,  remotely piloted vehicles 
(RIVs),  and air-breathing missiles.     The advantages  forseen with respect 
to competitive engines  in this application arev55,63) 

• Smaller  size, because  of increased thrust  per 
pound of air flow 

• Potential  for  lower  cost 

• Increased range and/or  payload 

• Lower radar  cross  section. 

To date,  ceramic stationary hot-path  components have  been demonstrated 
with 50-hour  life.     Inasmuch as  the  entire  service   life  in some appli- 
cations may be  less  than  1 hour,  it  appears  that  current  ceramic-engine- 
part  technology may be essentially  sufficient  for  these applications.(55,63) 
However,  it  is understood  that  the  eventual goal  is a TIT of 3000 F  in 
certain of these applications. 

Tne U.S. Army Mobile Equipment Research and Development Center 
at Fort Belvoir, Virginia, is developing a 10-kw gas-turbine-driven gen- 
erator  set which utilizes a ceramic  first-stage nozzle guide vane.(55,63) 

f mi'ralirtii ii 
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The advantage of ceramics in this application is increased erosion 
resistance.  Erosion resistance is important when this set is used 
as an auxiliary power unit on a helicopter, under combat conditions. 
The erosion resistance of the ceramic vane has been shown to exceed 
that of the standard vanes made of the N-155 alloy.(55) 

The U.S. Army is also investigating gas-turbine engines that 
utilize ceramics, for the propulsion of combat vehicles such as tanks 
and trucks. (6^) Research by the U.S. Amy Tank Automotive Command in 
Warren, Michigan, is directed towards an engine with a TIT of 2500 F 
in the 1980 to 1985 time frame.  The potential advantages in such 
applications would be agility (i.e., rapid acceleration) ätid potentially 
a higher power density (phrased in hp/unit weight or hp/unit volume). 
The disadvantages of a gas-turbine engine here would be a high-polar 
inertia (which could by keeping a high idle speed in the gasifier), 
high fuel consumption at low load and at idle, and high production cost. 
The primary competition in this application is the diesel engine, 
rearch on which is also being funded by the same organization.^)  If 
tanks powered by gas-turbine engines containing ceramic parts go into 
production in the late 1980's and after, the requirement for ceramics 
might be roughly 5,000 to 20,000 pounds per year. This is based on a 
"few hundred" tanks per year and somewhere between 10 and 100 pounds 
of ceramic per tank.v6^) 

The U.S. Army Air Mobility Research and Development Laboratory 
at Fort Eustis, Virginia, is planning to propose a feasibility study of 
the use of gas-turbine engines containing ceramics as the primary power 
unit in helicopters.(63)  However, much improvement of ceramics would 
be required before they would be used in such a manned application. 
Among the areas in which improvements may be required are ballistic 
impact, short-time strength, creep strength, resistance to thermal shock, 
and reproducibilit/.(63) 

The U.S. Naval Air Propulsion Test Center in Trenton, New 
Jersey, is investigating ceramic roller bearings for engine use. 
Increased contact-fatigue life and the ability to withstand higher 
rotational speeds without damage from centrifugal ball loads, against 
steel, are anticipated.(55) 

Research sponsored by the U.S. Air Force Aero-Propulsion 
Laboratory at Wright-Patterson Air Force Base, Ohio,* is centered 
around the use of Si3N4 for turbine vane endwalls (platforms),(65)  The 
replacement of cooled superalloys by ceramics in this application is 
expected to reduce the total turbine cooling airflow requirement by 
1.3 to 1.5 percent, leading to an increase of about 0.4 to 0.5 percent 

Contractor:  Pratt and Whitney Aircraft Division, United Technologies 
Corporation, East Hartford, Connecticut. 

—  -  —. ..- ^^ 
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in turbine efficiency and 0.5 to 1.0 percent in thrust specific fuel 
consumption. (65) An increase of 1.3 to 1.5 percent in thrust-to-weight 
ratio is anticipated.(65)  However, leakage through the clearances 
(between the endwalls and the supports) that are required in order to 
ensure that binding does not occur may at least partially offset these 
anticipated benefits.(^5) 

Potential Procurement and Development 
Problem Areas for the Department of Defense 

The primary procurement problem area that might arise for the 
Department of Defense in regard to this technology is a possible inability 
to obtain complex ceramic gas-turbine-engine components in the desired 
configuration, with the required properties, and at what is deemed to 
be reasonable cost. As noted in a previous section, economical production- 
scale manufacturing processes for component shapes need to be developed 
before these parts will be available. Moreover, if ceramics are used 
in a high-volume application such as automobiles, the quantity require- 
ments of the Department of Defense will be only a small fraction of the 
industrial market.  In addition, only a few companies may be technically 
qualified to make the components.  These situations might, in themselves, 
lead to procurement problems for the Department of Defense. 

A number of potential development problem areas for the Department 
of Defense are envisioned. Some of these are common to both military and 

industrial users, as follows: 

• The development of economical production-scale 
manufacturing procedures to enable the fabri- 
cation of complex ceramic components with the 
desired properties throughout their cross section 

• The development of ceramics that possess the 
improved properties required in both rotating 
and nonrotating parts of gas-turbine engines 

• The development of design criteria and procedures 
for utilizing ceramics in the specific applications 

visualized 

• The development of approaches to solving the 
metal/ceramic interface problem. 

Development problems relating to the specific Department of 
Defense applications that are envisioned at present are already being 
addressed by the U.S. Army, Navy, and Air Force, as indicated in the 

preceding section. 
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Fuel  Cells 

by 

John E. Clifford and Eric W. Brooman 

Technical Description of the Technology 

Fuel-cell systems have been in existence for many years; the 
peak in research and development efforts probably occurred about a 
decade ago.  Since that time, because of the de-emphasizing of the space 
programs, and also some disenchantment with fuel cells because they ap- 
peared not to be living up to the promise of being an inexpensive method 
of electricity generation, interest waned. Now, with the uncertainty of 
fossil fuel availability, the increase in price of fossil-fuel feedstocks 
for bulk electricity production, and the increasing costs of electrical 
power transmission and distribution, interest in developing fuel cells 
for industrial, commercial, and residential applications has been re- 
newed.  In this sense the development of fuel cells is an emerging tech- 
nology.  If the problems identified earlier of high capital cost and short 
life can be resolved, then considerable market penetration could result 
in the United States within die 1990 time frame, as discussed in a subse- 
quent section. There are favorable trends in reducing cost and extending 
service life of fuel cells, and in the utilization of alternate fuels, 
primarily hydrogen from various feedstocks. With the inherent flexibil- 
ity and high efficiency of fuel-cell systems, it is felt that there is a 
basis for some optimism concerning the future commercialization of fuel- 
cell technology. 

Typical fuel-cell systems*, embracing various combinations of 
the possible design variables, are listed chronologically in Table 9, 
and reflect the aforementioned cyclic interest that fuel cells have ex- 
perienced.  For the most part, the systems listed were prototype hardware 
demonstrations of the existing technology, designed to meet specific re- 
quirements in transportation, space, residential, and military applica- 
tions.  The current trend appears to be a focusing upon the commercial, 
residential,and military applications.  The one major exception to this 
trend is the joint Exxon-Alsthom multimillion-dollar program initiated 
in 1920 and directed toward vehicular applications. 

A fuel-cell system consists of three subsystems: (1) the fuel- 
processing subsystem, (2) the fuel-cell assembly itself, wherein electric 
power is generated, and (3) the power-conditioning subsystem. The latter 
is necessary to convert the relatively low-voltage dc power generated into 

*Based upc i data in most part taken from Reference 66. 
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a form suitable for the consumer, e.g., high-voltage ac power for elec- 
tric utility companies. For the fuel-cell system to be cost effective, 
all three subsystems must have desirable cost efficiency and life char- 
acteristics. The present discussion will be limited to the fuel-cell 
system.  Reference 67 discusses in detail the fuel-processing subsystem, 
and how this affects fuel-cell design and performance.  It is recognized 
that a clean, hydrogen-rich fuel will be used in the fuel cells being de- 
veloped, and that either air or oxygen will be used as the oxidant.  If 
either hydrogen, or a hydrogen-rich gas, were used as a utility fuel then 
this could be directly fed to the fuel cell thus eliminating the fuel pro- 
cessor.  However, impurities in this feedstock would need to be removed. 
For example, as little as 1 ppm of sulfur can detrimentally affect fuel- 
cell performance by poisoning the electrode catalysts. 

A fuel cell is an electrochemical device for converting chem- 
ical energy to electrical energy. As a continuous energy-conversion de- 
vice, it is similar to combustion systems (e.g., gas turbine/generator) 
in that electricity is produced as long as fuel and oxidant are supplied. 
As an electrochemical system it is similar to batteries. With a limited 
supply of fuel and oxidant it is like a primary battery; if the oxidant 
and/or fuel can be regenerated electrochemically, it is like a secondary 
or rechargeable battery (e.g., a regenerative fuel cell). The basic ele- 
ments of any fuel cell are two electrodes and an electrolyte.  The reac- 
tions in acid electrolyte (e.g., phosphoric acid solution) using oxygen 
and hydrogen (fuel) are 

H_ -* 2tf" + 2e' (negative electrode) 

1/2 O2 + ZH*" + 2e" - H2O (positive electrode). 

In alkaline electrolyte (e.g., potassium hydroxide solution) the reactions 
are 

H + 20H~ - + H-O + 2e" (negative electrode) 

1/2 O2 + H20 + 2e" - 20H" (positive electrode). 

Fuel cells are designed to maintain a stable interface between the react- 
ing gases and the electrolyte in the electrodes.  In order to obtain the 
high-power densities (high reaction rate for fuel and oxidizer) required 
for practical fuel cells, catalysts (finely divided metal) are used in the 
electrodes.  Some of the best catalysts are Group VIII metals such as 
platinum. 
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There are many possible combinations of fuel-cell design and 
and fiuls, and the electrode catalyst requirements vary with the type of 
fuel cell and application. Fuel cells differ in the electrolyte used:-- 

Alkaline (KOH) 

Acid   (H3P04 or H2SO4) 

Ion-exchange membrane (IEM) 

Solid electrolyte l_(Zr02)o.85 (Ca0)0.15J 

Fused salt (Mg?^) 

in the temperature of operation:-- 

Ambient temperature (20 c to 80 C) 

Intermediate temperature (100 C to 250 C) 

High temperature (300 C to 1000 C) 

in the oxidant used:-- 

Oxygen (pure O2) 

Air (oxygen in air) 

Hydrogen peroxide (^0^) 

and in the liquid or gaseous fuel used:-- 

Hydrogen  mre H2, e.g., from water electrolysis) 

Hydrazine (N2H4) 

Methylalcohol (MeOH) 

Carbon monoxide-hydrogen (CO-H2) 

Hydrocarbon (after steam reforming, partial oxidation, 
or thermal cracking) 

Natural gas (after steam reforming). 

In defining critical materials (primarily electrode catalysts), 
it is necessary to specify the application, type of fuel cell, and fuels 
with the realization that with evolving technology, substitutes for plat- 
inum group metal catalysts may be developed for economic reasons before 
the fuel cell reaches large-scale industrial use. As Later explained, 
experiments to attain such an objective are currently under way; however, 
the work to date has not yet uncovered viable alternatives to the noble 
metal catalysts. 

The fuel cell has several advantages over other energy conver- 
sion devices that will favor its use when the problems of present high 
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capital cost and limited life are resolved by current R&D.  Some of these 
advantages are discussed below in relation to current trends in energy, 

environment, and economics. 

In a fuel cell the electrochemical conversion of chemical to 
electrical energy occurs isothermally, unlike the heat engine, which 
operates between two different temperature levels. There is a limit 
to the efficiency of such engines as calculated from the Carnot cycle. 
Since the fuel cell has no such limitation it can, at least in theory, 
be a far more efficient device. A very high thermal efficiency*, up to 
80 percent, can be achieved at low electrode current density (0.1 to 10 
amp/ft2) with a loss in efficiency as current density is increased due 
to voltage losses involved in the electrode reactions, and changes in 
resistivity of the electrolyte. Practical efficiencies based on the 
lower heating value of hydrogen as fuel are presently below 50 percent, 
as Figure 16 shows, which is taken from data supplied by Pratt & Whitney, 
Aircraft Division of United Aircraft Corporation. Acid fuel cells with 
air as the oxidant should be capable of attaining an efficiency of 55 
percent in the near future, or 60 percent if oxygen is used as the oxi- 
dant. By 1990 a thermal efficiency of about 65 percent should be 

achieved. 

Figure 16 shows that fuel cells are more efficient than alter- 
native conventional systems for producing electrical power over a wide 
range of power outputs. Also, Figure 17 shows that fuel cells are more 
efficient than conventional electrical power producers when operated at 
part load (lower than nominal design power rating). An improvement in 
efficiency of even 10 percent over heat engines is important because of 
the increasing cost and limited supplies of fossil fuels. Thus, resur- 
gence of interest in fuel cells in the 1970^ is  related to the energy 
crisis. 

As shown in Figure 16, fuel cells do not have to be large to 
be efficient.  The principle of modular construction enables large units 
to be constructed from the same basic components as smaller ones. This 
will lead to lower capital cost when large-scale production is under- 
taken. Also, many applications for stationary power require a gradual 
growth in power-output capability to meet future demand.  Modular con- 
struction of fuel cells allows gradual additions to capacity in accord- 
ance with demand.  Construction lead times are shorter for modular fuel 
cells and less capital is tied up during construction and in oversized 
units to meet future demand.  The limited availability of capital and 
high interest rates will favor the modular fuel-cell approach over some 
of the conventional alternatives. 

*Efficiency ■ Heating value of electricity produced/ 
heating value of fuel feedstock. 
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FUCL CELL SYSTEMS 

STCAM 
4 CAS TURBINC 

SYSTEMS 

■  ■ ■■in" i  i i mm—i i miui 
y0 100 1,000 10,000    100,000 

POWER OUTPUT -  KILOWATTS 

FIGURE  16.   POWER GENERATION SYSTEM EFFICIENCY COM- 
PARISON AS A FUNCTION OF  POWER OUTPUT 
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FIGURE   17.   RELATIVE   PART LOAD EFFICIENCY COMPAR- 
ISON AS A FUNCTION OF  POWER OUTPUT 
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Because both large and small fuel-cell systems can be con- 
structed from standardized modules without greatly affecting perform- 
ance, there results a flexibility which enables fuel-cell systems to 
be used effectively at any point in a total electric utility system. 
Installation could.be made at any point from the central generating 
plant down to the individual consumer in his home, and the opportunity 
for transmission credits can arise which influences system economics. 

The fuel cell has several environmental advantages.  It has 
no moving parts; this leads to noiseless and reliable operation. The 
comparative simplicity of the electrochemical reactions make it likely 
that complete combustion can be achieved and nonoffensive exhaust pro- 
ducts produced.  Table lOindicates the reduced air pollution possible 
with fuel cells. The increased capital cost for pollution-control 
equipment associated with heat-engine energy-conversion devices is 
narrowing the capital cost differential between these and fuel cells. 
Thus, fuel cells in the future will be more competitive in terms of 
capital cost. Fuel-cell systems will share these same advantages if 
the fuel-processing subsystem is a "close,•cycle" device and does not 
itself emit any pollutants.  Some waste heat may be generated by the 
fuel-cell system. Depending upon the size of the system, this low-grade 
heat may or' may not find application in such schemes such as district 

heating or integrated energy systems. 

Industrial Applications for the Technology 

Nonstationarv Applications. There are many potential appli- 
cations for fuel cells. Some are indicated in Table 9. The principal 
question is which application is expected to have a significant impact 
in terms of power-generating capacity and thus significant materials 
usage by 1990. Several of the applications (auxiliary power, portable 
power, and propulsion) can be discounted for the reasons given below to 

focus on the major potential market. 

Auxiliary power is typified by space applications where the 
fuel cell is competitive in weight and size with batteries. For example, 
hydrogen/oxygen fuel cells have been used on Gemini, Apollo, the orbital 
laboratory, and will be used on the space shuttle. While sales to NASA 
represent, a sizeable dollar market, the relatively small total amount of 
fuel-cell power needed is not likely to significantly affect the total 
amount of materials used even though up to 20 times as much platinum- 
group metal catalysts are used in the electrodes as would be economical 
for industrial applications. Fuel cells also have applications for un- 
manned satellite power supplies, but again the total capacity would be 

small. 

Portable power supplies are used primarily in military rather 
than industrial application,?. These needs are discussed in a subsequent 
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MEASURED TYPICAL EMISSIONS  FROM MODERN CENTRAL 
PCWER  STATIONS AND  EXPERIMENTAL FUEL CELLS(73) 

Pollutant 

Gas-Fired 
Utility 
Central 
Station 

Typical Emission Level,   lb/1000 kWhr 

SO2 1 

NO, 4 

Hydrocarbons 3 

Particulates <1 

Oil-Fired 
Utility 
Central 
Station 

21 

5 

8 

1 

Coal-Fired 
Utility 
Central 
Station 

Experimental 
Fuel Cells 

28 

6 

20 

1-2 

0-0.0003 

0.139-0.236 

0.225-0.031 

0.00003-0 

section.     In  the  industrial  sector,  Engelhard  Industries manufactures 
small H2-O2  fuel  cells  incorporating platinum-group metals, while 
Exxon-Alsthom market  a  small  ^^-02  fuel  cell  for  portable electric 
welding equipment. 

Vehicular  propulsion applications are  typified by electric ve- 
hicles  for which  prototypes have been developed  (e.g.,  tractors,  golf 
carts,  and minibuses).    An eletric van and an electric  car,  both  powered 
by a hydrogen-oxygen  fuel  cell, have been demonstrated(68).     In these ap- 
plications  the  fuel  cell competes with the  gasoline  engine and with  stor- 
age batteries.     This  could be a  sizeable application if economical  fuel 
cells are developed  for electric vehicles.     However,  it  is  expected  that 
battery-powered electric vehicles will be  first  commercialized  in the 
period  from  1975  to  1990.     Hydrogen-fueled  internal-combustion engines 
will  probably be developed also in the period  1975  to  1990.     The  princi- 
pal problem is  finding a method  for  on-board  storage  of hydrogen.     Hydro- 
gen-air  fuel  cells  could  follow.     However,  economic  fuel  cells  for elec- 
tric vehicles are  not  expected to be developed  sufficiently prior  to  1990 
if they  use  expensive  platinum-group catalysts.     Earlier development  of 
fuel  cells  for  electric vehicles would be dependent  on development of 
non-noble  catalysts  that arc   less expensive and  in  less  critical supply 
for the  large  transportation market.     Thus,   it  does  not appear  that 
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significant amounts  of  platinum-group metals will be used in  fuel cells 
for vehicular propulsion by  1990. 

L Stationary Applications.  The remaining application of fuel 
cells is for stationary power generation which can be considered in four 
categories 
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• Central  station power generation 

• Dispersed utilization for peaking 
and load  leveling 

• Residential  power supplies 

• Remote  siting. 

These categories are discussed in the following sections. 

The power utilities' interest in fuel cells was originally 
broad (base load, standby generation ["soinning reserve"], or backup 
power).  However, the rising costs of fossil fuels needed for a "re- 
former-type" fuel cell do not favor fuel cells for future base load use 
in comparison to nuclear base load, even with a transmission credit for 
fuel cells of 60 percent of the projected capital investment.  On the 
other hand, rising fossil fuel costs will favor the fuel cell over gas 
turbines for peaking energy because of the higher efficiency of the fuel 
cell over the gas turbine. 

Central station power generation with coal or coal-derived fuel 
has been a major long-term objective of fuel-cell technology.  The econom- 
ics of competing with other major energy-conversion systems make this a 
long-range prospect beyond 1990.  The high-temperature, solid electrolyte 
(ceramic) fuel cell and molten carbonate cell have been investigated with 
little success to date(69).It is not likely that an economic fuel cell for 
central station power generation would utilize expensive platinum-group 
metals. 

Fuel cells have application for remote siting (rural areas) 
primarily where the high efficiency in small sizes (1 MW or less) could 
offer economic advantages over other methods of generating electricity. 
However, it is not expected that rural siting would amount to 10 percent 
(in terms of installed power) of the potential application for fuel cells 
in industrialized areas.  The recent trends in fuel-cell development have 
been directed to residential and dispersed utility system siting, with 
the latter representing the largest potential near-term use. An histor- 
ical review of fuel-cell development supports this conclusion if one 
assumes that the most important potential application at the time re- 
ceives the greatest proportion of R&D funding. 
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The $50 million TARGET* program of P&WA and the gas utility 
industry was begun in 1966 and has proceeded through the second phase 
of field testso  The program, directed toward residential power («12-kW 
size), is based on using steam-reformed natural gas to provide hydrogen 
for a hydro0en/air fuel cell with phosphoric acid electrolyte (in con- 
trast to alkaline KOH electrolyte fuel cells for the space program where 
relatively pure hydrogen and oxygen are used). A principal limitation 
to commercialization was the capital cost which has decreased from more 
than $1500/kW in 1968 to about $450/kW in 1974 as Figure 18 shows. Fore- 
casts are that costs will be $200 to $250/kW for commercial production(67^ 
However, because of shortage of natural gas it is doubtful that resi- 
dential fuel cells will be commercialized until synthetic natural gas 
or hydrogen pipeline supplies are developed. Thus, significant markets 
for residential fuel cells are not expected before 1990. 

The TARGET program provided a technology base for achieving 
the most likely commercialization of fuel cells for electric utility use 
which is the generation of peaking power at dispersed sites (substations). 
The siting for this application is intermediate in distance between the 
siting for central station power generation (>300 MW) and that for resi- 
dential generation (12 kW), and the nominal power rating is intermediate, 
typically 26 MW. The current program of P&WA and nine utilities for dis- 
persed power generation is termed FCG-1.  The FCG-1 development, directed 
toward 26-MW fuel cells for dispersed siting on the electric utility sys- 
tem, is primarily based on the use of reformed liquid hydrocarbon fuels 
[e.g., No. 6 oil. No. 2 oil, and jet-grade kerosene (JR-5)J to provide 
the hydrogen for I^/air fuel cells with phosphoric acid electrolyte. 

Several types of equipment, all competitors to fuel cells, can 
be used by electric utilities to provide peak demand energy requirements 
above that supplied from the most economic base-load equipment. Gas tur- 
bines used for peaking (about 1000 hours/year) have relatively low first 
cost but high fuel costs and maintenance.  Combined-cycle gas turbine 
systems which utilize the waste heat from the turbine in a steam cycle 
are more efficient but slightly higher in first cost.  Because of their 
efficiency they are used more hours per day.  Older steam-fired systems 
which are less efficient than newer base-load equipment are used for peak 
demands more hours per year (>3000 hours). Because of higher first cost 
but lower fuel cost and maintenance cost, fuel cells may be competitive 
for intermediate duty (1000 to 3000 hours/year). Also, because of their 
nearly constant efficiency under part load, fuel-cell systems could supply 
highly efficient spinning reserve capability(70), 

In the intermediate duty range, a promising future alternative 
to "reformer-type" fuel cells is off-peak energy storage in batteries, A 

-«•TARGET stand for Team to Advance Research 
for Gas Energy Trans forma ; ion, Inc. 
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FIGURE  18.     ECONOMIC  PROGRESS  FOR AIR-HYDROCARBON FUEL 
CELLS  DEVELOPED BY UNITED  TECHNOLOGIES (67') 

Notes: 

Capital cost is for complete powerplant 
(fuel to ac power). 

Time scale is for engineering subsystems. 
System hardware would require an addi- 
tional 4-5 years. 
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significant R&D effort is under way to develop the large battery instal- 
lation needed for this application (e.g., advanced lead-acid batteries, 
or new batteries such as lithium-iron sulfide.  In the latter category 
batteries for off-peak energy storage is the Battelle-proposed "water 
battery", which combines a hydrogen/oxygen fuel cell mode of operation 
and a water electrolysis mode of operation in a single unit.  Lower cost, 
off-peak energy available at night and on the weekends will be used to 
regenerate hydrogen and oxygen which are stored for use during the peak 
power demand periods during the day to effect load leveling or peak show- 
ing. 

The electric utility industry and the federal government are 
very interested in energy-storage technology. An assessment program is 
currently under way under the joint sponsorship of the Energy Research 
and Development Agency (ERDA) and the Electric Power Research Institute 
(EPRI) to evaluate possible energy-storage methods and indicate the di- 
rections for future R&D support.  Concepts being considered include fly- 
wheels, superconducting magnets, compressed air, pumped water, storage 
batteries,and chemical systems based on hydrogen (e.g., water electrolysis/ 
fuel-cell systems).  Batteries and chemical systems are primary contenders 
at the present time.  Batteries (e.g., lead-acid and lithium-iron sulfide) 
will not utilize platinum-group metals. As for chemical storage systems, 
platinum-group metals would be used in the "water battery".  In the H2/ 
air fuel ceil with the fuel reformer replaced by a conventional water 
electrolysis unit, platinum-group metals might not be used.  (However, 
advanced, high-efficiency water electrolysis cells and acid fuel cells 
would use platinum-group metals„) Thus, batteries and chemical energy 
storage systems are in competition with tach other and with "reformer- 
type" fuel cells for the application at dispersed sites (e.g., substations) 
on an electric utility system. Also, dispersed siting of power is in 
competition with existing central station peaking devices (gas turbines) 
and pumped-water storage. 

Both batteries for energy storage and "reformer-type" fuel cells 
are being developed and it is difficult to predict which will capture the 
greater market, by 1990.  Energy-storage systems are favored by the in- 
crease in fossil fuel costs and the long-term trend toward lower-off- 
peak power costs.  The cost of off-peak power is dependent on the mix of 
generating facilities.  Today, off-peak power costs are high since base- 
load equipment is primarily coal or oil-fired steam generators.  Nuclear- 
fueled generators have lower fuel costs, which leads to low off-peak power 
cost. As more nuclear capacity is installed and makes up a greater per- 
centage of the base-load capacity, fuel cost and off-peak power costs will 
decrease.  Thus, a principal determinant in cost is the rate of addition 
of nuclear capacity between now and 1990.  Rising fossil fuel costs and 
the desire for energy independence favor nuclear power.  If, as projected, 
off-peak power costs become lower beginning in the 1980-1985 period, 
energy storage will be favored using either batteries (no platinum metals). 
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H2/air fuel cells, or the water battery. When low-cost off-peak power 
becomes available, the fossil-fuel processing subsystem can be replaced 
by a water electrolysis module to pnduce hydrogen for a hydrogen-oxygen 
fuel cell. An alternative to a separate water electrolysis module and 
separate fuel-cell module is the combined function unit (e.g., water 
battery) which could reduce significantly the amount of electrode cata- 
lysts required. 

If nuclear capacity is not added as fast as projected, off- 
peak power costs will remain high which favors "reformer-type" fuel 
cells using oil in the near-term and coal-derived synthetic fuels in 
the future. 

Proiected Market Penetration by 1990 
and Requirements for Critical Materials 

Market Penetration. Annual additions of pumped-water storage 
capacity to meet generating requirements are projected to be about 1500 
MW in 1980, increasing to 4000 MW by 1990^71) Similarly, it is projected 
that the annual addition of gas-turbine generating capacity for these 
applications will increase from 1000 MW (1980) to 5000 MW (1990) (71).With 
additions to the total peaking capacity each year increasing from 2500 
MW (1980) to 9000 MW (1990), it appears reasonable to assume that an 
average of 2000 MW per year of these additions could be "reformer-type" 
fuel cells, batteries, or water batteries depending on which proves to be 
the most economical.  Thus, a total of 20,000 MW of fuel-cell or water- 
battery capacity installed by 1990 seems a likely estimate (see Figure 19) 
taken from Reference 72. In comparison. United Technologies estimates (73) 
that in the near-term about 15 percent of the U. S. annual new capacity 
can be supplied by fuel cells broken down as follows:  (1)  10 percent 
of new apartment and commercial buildings, (2) 10 percent of obsolete 
urban stations, (3) municipal requirements below 40 MW, and (4) 10 per- 
cent of private utility new-capacity additions. 

The current FCG-1 Phase I program is funded at $42 million 
(23 million from 9 utilities and $14 million from United Technologies). 
An additional $7 million will be used to develop a demonstration unit 
(«1 MW) by about 1977.  If the specified performance is achieved, United 
Technologies has "provisional initial orders" for 56 units of 26 MW each 
(total ä$250 million) with deliveries orginally scheduled for 1978 to 
1980(74).lf successful, the initial orders («1500 MW total) could grow 
to 20,000 MW total installed capacity by 1990. 

A principal problem would be the demand for platinum for other 
new uses.  For example, the use of platinum-group metals in catalytic 
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FIGURE 19.  PROJECTED GENERATION OF ELECTRICITY AS A FUNCTION OF TIME 

(Curves represent additions to base-load fossil-fuel gen- 
eration.  The curves for total, nuclear, pumped storage, 
and gas turbine engine generation were prepared from data 
in Reference 75. The curve for water batteries or fuel 
cells is from Reference 72.) 
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exhaust mufflers for automobiles has created a surge in demand.* This 

has been met by supply.  However, if other demands cause shortage of 
available platinum metals and cause increases in price, the amount used 
as catalysts in fuel cells will have to be decreased in order to remain 
competitive with other energy-conversion devices.  If the amount of 
platinum-group catalyst used cannot be reduced, the market for fuel 
cells will be smaller. 

Critical Materials.  The materials in critical supply involved 
in this technology will be platinum-group metals (platinum, palladium, 
iridium, and rhodium) used as electrode catalysts.  The other platinum- 

group metals (ruthenium and osmium) are not often mentioned.  Gold and 
silver are also used as catalysts but the supply problem is less critical. 

The quantity of critical materials that will be needed for fuel 
cells depends on (1) the application potential in terms of installed 
power capacity (kw), and (2) the cost of the specific material ($/tr oz) 
which determines the amount that can be economically used in fuel-cell 
electrodes considering the amount of the fuel cell capital cost that can 
be devoted to electrode catalysts. For example, assume that there will 
be 20,000 MW of installed fuel-cell capacity for peak-power generation 
at electric utilities by 1990. Assume that platinum costs $5/gram 
($155/tr oz) and that $75/kw (dc output) of the capital investment in 
fuel cells can be allotted to platinum catalysts.  The amount of plati- 
num in use for this application by 1990 could be : 

I: 

i 
0 
0 
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D 
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20,000 MW 
1000 kw 
MW 

fiZ5 N (  i 
\ kw J   V$5/g = 3 x 108 grams (9.6 x 106 tr oz), 

The technical feasibility of fuel cells is well established 
and the principal impediment to large-scale commercial use is the cap- 
ital investment for users. The fuel cell is in competition with con- 
ventional established methods of converting hydrocarbons to electricity. 
Thus, the capital investment (first cost) for fuel cells must be com- 
petitive with alternatives (e.g., gas turbine) using similar fuels.in 
order for fuel cells to penetrate the market significantly. A higher 
capital investment for a fuel cell can be allowed when a sufficiently 
higher efficienty of fuel conversion can be demonstrated, which would 
lower operating costs, and where there are other advantages that can 

*The price of palladium skyrocketed from $40/tr oz in mid 
1972 to over $150/tr oz in mid 1974, while platinum prices 
increased "only" 50 percent from $100 to $150/tr oz.  The 
reason has not been confirmed. 
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be assigned a monetary value (e.g., dispersed siting, low environmental 
pollution, low noise level, modular construction in smaller sizes). For 
example, current capital cost estimates of future (1980) fuel-cell sys- 
tems for peaking power based on large sizes (26 MW) are 

Fuel cell 

Reformer 

dc/ac converter 

Total system 

$85 - $150/kw 

$25 - $45/kw 

$60 - $105/kw 

$170 - $300/kw. 

Of the fuel-cell subsystem cost, an appreciable portion is for the elec- 
trodes.  If the allowable cost for electrode catalysts is assumed to be 
in the range of $25 to $100/kw, a limitation is placed on the amount of 
catalyst used because of the cost of precious-metal catalysts, apart from 
considerations of future availability.  A numerical example will illus- 
trate this fuel-cell engineering-design approach. A2ain, assume that 
$75/kw of dc output can be spent on catalysts for the fuel-cell electrode. 
The catalyst utilization and electrode cost depend on the power density 
attainable at rated power output.  Assume a power density of 250 watts/ft2 

can be achieved (e.g., 333 amp/ft2 at 0.75 volt).  The specific cost for 
electrode catalysts is 

specific cost = ($75/kw) kw 
VlOOO watts (250 watts/ft2) = $18.75/ft2. 

Assume that the catalyst is platinum at $5/gram ($155/tr oz), 
of catalyst that can be used is 

The weight 

$18.75 

ft2 ($57i^) =3-75 8/ft2 (W/cm2). 

For the assumptions given above, an allowance of $75/kw is equivalent to 
a catalyst loading of 15 g/kw, which is the loading projected by United 
Technologies for the first generation FCG-1 fuel cells delivered (Fig- 
ure 18).  Figure 18 indicates that United Technologies' catalyst loading 
in 1974 was about equivalent to 20 g/kw, indicating that approximately 
a 25 percent improvement in performance is required for the assumed cap- 
ital cost of the fuel cell. 

Conceptual design and economic studies at Battelle^72^ allowed 
for the use of platinum ?nd palladium in the electrodes to achieve the 
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combination of long life (5 to 20 year-goal) and high efficiency (50 to 
75 percent goal). This study provided some estimates of platinum-group 
metal use. 

Assuming no new demands that would affect supply and prices, 
it was estimated that if beginning in the year 1980, the annual world' 
production rate of platinum-group metals (predominantly platinum and 
palladium) were increased by 1 percent each year, the added production 
would be sufficient for 20,000 MW of installed water-battery capacity 
by the year 2000 based on the use of 385 tr oz of platinum and 52 tr oz 

of palladium per MW of electric power output (about 13.5 g/kw). The 
total amount of platinum-group metals in 20,000 MW at 437 tr oz/MW is 
«10 x 10° tr oz.  If the 20,000-MW capacity is achieved by 1990 rather 
than by 2000, an increase in the annual world platinum-metals production 
of 2 percent per year rather than 1 percent per year would be required. 
Because of the flexibility of the world platinum industry, such increases 
in production capacity do not appear to be unreasonable. 

These figures relating U. S. needs to an increase in world out- 
put of platinum-group metals suggest that the U. S. demand would not have 
a serious effect on the supply situation for these metals on a worldwide 
basis. However, it is important to note that the 10 x 106 tr-oz requirement 
for 20,000 MW of installed capacity is equal to five times the 1974 U. S. 
consumption for platinum-group metals(39*. Assuming that this demand'is'dis- 
tributed evenly over a 10- or 20-year period (1980 to 1990 or 1980 to 2000), 
this demand would represent an additional yearly requirement equal to 25 
or 50 percent of the 1974 U. S. consumption. 

This large potential demand, particularly in view of the depen- 
dency of the U. S. on imports from sensitive countries for 86 percent of 
its platinum-metal supply (1974)^"^ are the basis for the criticality 
judgment.  In regard to the latter point, it should be noted that there 
is no identified potential at the present time for domestic production. 
The major sources of platinum are the U.S.S.R, South Africa, and the 
United Kingdom.  The world supply of palladium is virtually monopolized 
by the U.S.S.R.  One comment about availal ility may be interjected at 
this time, however, and that is because the platinum metals are corrosion 
resistant there are negligible materials losses. Fuel cells, therefore, 
will have considerable salvage values associated with these catalyst 
materials. Fuel-cell installations may therefore be viewed as decen- 
tralized "stockpiles" of platinum metals. 

Figure 18 shows that the utilization of precious-metal cata- 
lysts per kW of capacity (hence, fuel cell cost if the catalyst price 
remains constant) is projected to decrease with calendar time, as antici- 
pated developments are achieved. Figure 19 shows that the projected 
installed capacity increases with time, which has a counter balancing 
effect with regard to total catalyst requirements. Table 11, compiled 
from these data, indicates that over the time period of interest the 
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TOTAL PLATINUM-METAL CATALYST REQUIREMENTS AS A 
FUNCTION OF UTILIZATION AND  INSTALLED CAPACITY 

Utilization(a),   Installed Capacity(b),   Materials Requirement, 
Year       g/MW MW g 

1980 

1985 

2 x 10" 

0.2 x 10" 

1990    0.02 x 10" 

3.0 x 10- 

30 x 10- 

100 x 10- 

6 x 10' 

6 x 10 

2 x 10 

(a) Extrapolated from Figure 18, assuming future 
technical advances are achieved. 

(b) From Figure 19, 1000 hour-per-year operation 
assumed. 

weight of catalyst materials required will remain constant or decrease. 
The impact on world reserves may be lessened if these projections are 
found to be correct.  However, it should be emphasized that the projected 
decreases in catalyst usage per kw of output are predicated on technical 
advances that have not yet been achieved. 

Other factors may also serve to limit the amount of platinum 
metals required. For example, not all fuel-cell concepts require precious- 
metal catalysts.  The P&WA RP114 program is investigating molten carbonate 
fuel cells, among other concepts.  Molten carbonate cells use nickel as 
the catalyst material^' '.At  the high temperatures of operation, the re- 
action rates are sufficiently fast that expensive catalysts are not re- 
quired.  The Universal Oil Products Company, under contract to the U. S. 
Army Mobility Equipment Research and DevelopmentCenter, is investigating 
the use of proprietary nonmetallic materials incorporating pyrolized hydro- 
carbons. Although not active as fuel-cell electrodes themselves, when used 
in conjunction with noble metal catalysts appreciable reactivity is ob- 
served"7). There is the possibility that by using these materials, cata- 
lyst loadings may be reduced by more than an order of magnitude over the 
current state of the art for low-tomporature fuel cells. 

Department of Defense Requirements 

As is known, fuel cells were used successfully in the Gemini 
and Apollo space programs. The basic technology involved in the latter 
programs is being further developed for consideration in meeting special 
military applications in space, on land, and underwater. The potential 
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quantitative needs for materials, critical or otherwise, to meet such 
requirements are very small in relation to the possible total needs for 
materials if fuel cells were to be incorporated in the electrical power 
industry. Furthermore, the technology would be tailored quite differ- 
ently to meet these special applications since the space and military 
syptems characteristics, and the economics involved, differ consider- 
ably from those of potential commercial systems. 

One specific military need which relates more directly to the 
potential commercial systems, particularly residential fuel cells, is 
the Department of the Army requirement for a 

Silent Lightweight Electric Energy Plant (Short title: 
(SLEEP - ROC*).  It calls for general-purpose, mobile 
power units to be used in ground tactial situations (78). 
The specific desired characteristics and planning goals 
are: 

• 91,000 units, 

• Initial operating capability date is 
1981, but to be fully distributed to 
the tactical organizations by 1990, 

• One-half to 10 kilowatt output per unit 
(for a total of 300 megawatts in procure- 
ment ), 

Have low thermal and infrared signatures, 

Be reliable and cost effective. 

Total life of 10,000 operating hours with 

a mean time between overhaul of 3000 hours. 

The fuel cell is considered by the Army to be a most promising 
candidate to meet the requirement. They feel it has a poten- 
tial for performing better than standard field motor generator 
sets in meeting the specifications and in life-cycle costs, be- 
cause of greater reliability, longer total life, and lesser 
maintenance(78>.  They are working directly on reducing costs 
through considerable reduction in platinum loadings in fuel- 
cell electrodes (perhaps an order or magnitude below current 
state-of-the-art electrodes which are understood to require 
about 20 grams of platinum per kw of output) (77), 

As for needs for platinum to meet the total 300 megawatt 
requirement, the Army performed a study several years 
ago.  It indicated the peak demand for production of 

*R0C - Required Operational Capability. 

^  
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the 91,000 units over a 10 year span would not exceed 
3 percent of the annual U.S. consumption of platinum 
in the early 1970's. (78) 

The Army has identified a particular problem which 
they are addressing in the development program for the 
SLEEP system. This concerns the fuel processor.  The 
Army envisages that clean fuels such as natural gas and 
light naptha will not be available to tactical units. 
The military will likely rely on fuels available through 
logistic channels, such as gasoline, diesel fuel, and 
jet fuel. The carbon, sulfur, and lead in these fuels 
react corrosively with the ;ombustors in the fuel 
processor at the high temperatures involved (1500 to 
2000F). As a consequence, the life of the combustors 
is less than desired.  The Army is looking into a 
number of research and development approaches which 
should solve the problem in time for the projected 
production. Another possible solution might be in 
methanol, a clean fuel, becoming available as  a logistic 
fuel(78). 

Potential Procurement and Development Problem 
Area.? for the Department of Defense 

Availability of Platinum.  In relation to total U.S. demand, it 
would appear that DoD requirements for platinum for fuel cells are not 
large.  On the one hand, it could therefore be rationalized that, in this 
instance, the Do!) needs for platinum will be met within the U.S. action 
to seek a solution to the situation represented by the present Bureau of 
Mines forecasts. These forecasts indicate that it is unlikely that 
domestic production will ever satisfy RUiih of the domestic demand^"). In 
1974, 86 percent of the U.S. demand for platinum-group metals was im- 
ported (53), coming primarily from the U.S.S.R., South Africa, and the United 
Kingdom.  On the other hand, it could be argued that DoD should not be 
complacent about materials availability since platinum-g^oup metals are 
already on the critical materials list and being stockpiled. At the 
present, no other fuel cell catalysts besides platinum have been identified 
as viable substitutes. DoD should therefore consider: 

Supporting/identifying U.S. policies which will insure 
the availability of platinum-group metals to U.S. 
industry. 
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Establishing procurement incentives which will insure 
availability of platinum to meet DoD needs if the 
competitive needs for the material increase - as the 
market picture clarifies for commercialization of fuel 
cells and for other uses such as catalysts in automo- 
tive emission control systems. 

Research to reduce the catalyst loading in present fuel 
cell electrodes from about 20 g/kw to 1 or 2 g/kW, or less. 

Continuing the search for alternative catalyst materials 
which are not on the critical materials list. 

Improving manufacturing methods to reduce fabrication, 
hence overall costs. Automatic procedures have advant- 
ages in economy over hand-operated and batch operations. 

Engineering the systems such that the catalyst materials 
can be readily salvaged and used in the next generation 
of fuel cell systems (the "stockpiling" effect). 

Development of Fuel Processor to Meet SLEEP Requirement. The 
DoD should determine whether or not any additional research and develop- 
ment avenues should be pursued to provide an adequate fuel processor for 
the conditioning of logistic fuels for fuel cell system operation in the 
field. 
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Technical Description of the Technology 

The word "laser" is an acronym for light amplification by 
stimulated emission of radiation.  The emitted radiation is electro- 
magnetic in nature and is generated by placing an active (amplifying) 
medium in a resonant cavity. The active material can be energized-- 
"pumped"--in various ways, including electrical discharge of electrodes, 
initiation of chemical reactions, and discharge of flash tubes.  Lasers 
are normally classified by the type of active medium used in the resonant 
cavity and cover a spectrum of materials from gases to solids. Among those 
employing gas as the active medium are carbon dioxide, argon, and nitrogen 
gas lasers, while three typical solid-state lasers are ruby, yttrium- 
aluminum-garnet (YAG) doped with neodymium, and glass doped with neodymium. 
The wavelength band of these systems ranges from the far infrared to the 
ultraviolet. 

A distinctive property of laser radiation that separates it 
from conventional sources of electromagnetic radiation is its coherence. 
Because of this property, the laser is a highly monochromatic, directed 
source of radiation which exnibits very small beam divergence with 
distance. These properties allow the laser radiation to be collected by 
a simple lens system and focused down to a very small spot size.  The 
laser power densities generated in the focal region far exceed those that 
can be generated by any conventional source of radiation and are only 
rivaled by electron-beam devices.  However, unlike electron beams, laser 
energy can be propagated over rather large distances in air or other 
gases with little attenuation, thus permitting the laser beam to be 
sent to remote work areas, receiver units, targets, etc. 

To gain an appreciation for the tremendous power densities 
that can be achieved with a focused laser system, assume an energy output 
of 10 joules in a single laser pulse of 1-millisecond (10"3sec) duration 
(a level readily achievable in many commercial systems).  The peak power 
during this pulse is 

watts = joules/second; 
10 

0.001 
= 10,000 watts. 

If the focused spot diameter is 50 micrometers, the power density is 
over 5 x 10° watts per square centimeter. This level of power density 
can vaporize any known material. With the continuing development of 
lasers of ever increasing energy capability, it is possible to achieve 
these high-power densities with larger focused spot diameters and even 
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with defocused beams. This can have important implications in broaden- 
ing the applicability of lasers particularly in material processing 
applications. 

The coherence and monochromaticity of laser energy provide 
additional benefits that are difficult or impossible to obtain in other 
radiation sources. For example, holographic images are based on the 
coherence property of the laser.  In the optical spectrum, the laser is 
the only source of radiation with sufficient intensity to ptuvide high- 
quality holographic images.  The highly monochromatic nature of the 
laser make it an ideal tool for spectroscopic analysis and selective 
initiation of chemical reactions. 

The ease of controlling the laser beam and directing it to a 
precise location at the exact time of interest have justified its use 
in applications such as retina attachment, alighnment, surveying, and 
precision machining of miniature semiconductor parts. 

With the development of rugged, high-power (multikilowatt) laser 
systems, lasers are no longer limited to high-technology applications, but 
are beginning no  compete with other sources of energy strictly on the 
basis of their thermal energy capacbility.  Such lasers are now being put 
to use in the heavy construction and automotive industry to surface heat 
treat large parts and for deep-penetration welding and cutting of large 
sheets of thick metal plate. 

Because of its suitability for use in a relatively large number 
of applications, along with its low cost and simplicity in design, the 
helium-neon laser has become the most widely used laser system today. 
This trend is expected to continue at least for the next few years.  The 
helium-neon laser is closely followed in use by various types of carbon 
dioxide lasers, both pulsed and continuous wave (CW).,  Carbon dioxide 
systems operate at rather high efficiencies, e.g., 15-20 percent, which 
make them particularly attractive in today's energy-conscious society. 
Added to this is a simple and rugged design with the present cipability 
of delivering tens of kilowatts of optical power. 

The neodymium-doped yttrium-aluminum-garnet (neodymium-YAG) 
laser is the most efficient solid state laser although its efficiency is 
presently limited to about one-tenth that of the carbon dioxide systems. 
However, the neodymium-YAG laser is, in general, a more compact system 
and its low efficiency compared to the carbon dioxide laser is partly 
compensated for by a wavelength one-tenth that of carbon dioxide. 
Because of its shorter wavelength, the neodymium-YAG laser can be focused 
down to smaller spot sizes than can carbon dioxide lasers and also inter- 
acts more efficiently with metals and certain nonmetals.  Hence, it is 
often favored in materials processing applications  CW neodymium-YAG 
systems presently are operated up to about 1 kilovatt power.  Pulsed 
neodymiun YAG systems have peak powers of up to at least 400 kilowatts, 
and average powers of a few hundred watts. 
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Ruby, the original laser developed by Maiman in 1960, and 
neodymiurn-glass offer high energies per pulse but suffer from a low 
duty cycle and a low efficiency of electrical-to-optical energy con- 
version.  Both lasers will continue to be used during the future years, 
but their use, except in high-technology applications, is expected to 
decrease with time. 

Gallium arsenide is the principal semiconductor laser used 
today.  It represents a compact and efficient device. By varying the 
diode composition it is possible to tune these devices, although the 
tuning range is narrow. Tuning has obvious implications in some appli- 
cations.  Other tunable lasers mainly consist of organic dyes. 

A class of laser systems is presently under development which, 
by 1990, could possibly supplant some of the laser systems already dis- 
cussed.  These systems are commonly referred to as chemical lasers. The 
radiation emitted by chemical lasers is released during a chcinical re 
action that takes place at an elevated temperature, within the laser. 
Within the military establishment, presently there is ?:.  effort under- 
way to develop systems of this type.  Five to ten years ago similar 
circumstances surrounded the development of high-power carbon dioxide 
lasers.  Thus, if history repeats itself as is often the case, then in 
5-10 years high-power chemical lasers will be available for nonmilitary 
uses if they are found to be applicable. 

A positive factor in favor of the use of chemical lasers is 
the high efficiencies that, in theory, can be attained from such systems. 
Efficiencies greater than 50 percent and, in some instances, approaching 
100 percent appear possible. However, chemical lasers possess drawbacks 
that may limit their usefulness for nonmilitary applications.  First, 
the chemical reactions that have been found to possess lasing capability 
typically are corrosive and often times toxic.  Second, the experimentally 
observed efficiencies are much smaller than the predicted values because 
of parasitic oscillations or other competing reactions.  Finally, the 
lasers are not closed-cycle systems, e.g., they are flow systems that 
require replenishment of the lasing material as it is consumed by the 
chemical reactions. Thus, it appears that chemical lasers, as they are 
presently known, will find limited industrial application by 1990. 

Industrial Applications for the Technology 

The various present and potencial (by 1990) industrial appli- 
cations for lasers can be divided into seven different areas. They 
include 
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Information handling 
Materials processing 
Communications 
Medical applications 
Holography 
Measurement techniques and alignment 
Chemical applications. 

Information Handling. The use of the laser in the area of 
information handling undoubtedly will have the most effect on the society 
of 1990.  Information handling covers the point-of-sale scanner area, 
video disc players, computer printout systems, and facsimile transmitters 
and copiers.  It is easy to envision supermarkets, department stores, and 
other retail sales organizations using point-of-sale decoding devices. 
Hundreds of thousands of lasers would be required to meet this need. 
Imagine that by 1990, video disc players may find the same market as 
today's color television setsl Because of its low cost, stability, and 
compactness, the helium-neon laser probably will be used in the majority 
of these systems.  In some of the other applications where higher powers 
are required, the argon laser may be more suitable. 

Materials Processing. The area of materials processing includes 
operations such as cutting, drilling,welding, scribing, and heat treating 
of materials either to alter their r.hape or to change their properties. 
Because of its high efficiency and capability of high-power output, the 
carbon dioxide laser has become the most widely used laser system in 
this application area. This trend la expected to continue for the next 

10 to 15 years. 

The other laser system that has found rather extensive rse is 
neodymium-YAG.  Noodymium-YAG lasers probably will capture even a greater 
percentage of the materials processing application area during the coming 
years. Ruby and neodymium glass are also used to process materials; 
however, their use is expected to fractionally decrease betwen now and 

1990. 

Communications. The use of lasers in the communications area 
is beginning to take hold. By 1990, short-range optical data links using 
fiber optics are expected to be a relatively common means of communication, 
particularly in areas of high population density.  In particular, the 
telephone industry is very much interested in and is planning for the 
use. of fiber optics in interoffice trunk lines, where they would substi- 
tute for the standard copper wire paired cable. (79,80,81)  The light 
source could be either a laser [perhaps the gallium arsenide semiconductor 
laser because of its ability to be modulated directly, compactness, very 
small emitting area, efficiency, and ability to achieve (by a slight change 
in chemical composition) a wavelength that matches an attenuation minimum 
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of the fiber], or a light-emitting diode (LED).  Research to develop 
light sources with increased lifetime and output is being carried out 
by RCA Corporation and by Texas Instruments, Inc.(82) 

The projected economic advantage of fiber optics in this 
application was presented in detail on May 15, 1975, by representatives 
of General Telephone and Electronics Corporation (GTE). (80.83)xhe 
advantages are based on the first cost (installed cost)  of the cable, 
repeaters, and other equipment.  In addition, GTE expects increased 
reliability; decreased maintenance requirements; decreased susceptibility 
to water damage, lightning, crosstalk, and electromagnetic interference; 
with respect to metallic twisted pair cable.  Field evaluation of an 
optical fibei line is to be carried out by GTE in 1976, in the region of 
a participating GTE telephone company. (W) By the year 1980, GTE expects 
the use of glass-fiber cable to be economically competitive with twisted- 
pair copper cable "as a means for providing many new circuits in the 
telephone company trunk plant." Data transmission will be the primary need. 

Bell Telephone Laboratories is understood to agree with the 
projections of GTE. (81) The interest of Bell Telephone Laboratories 
in fiber-optic communications is shown further by the large amount of 
research that they have carried out in this area.  Bell Laboratories 
points out that another advantage of fiber-optic cables is that, 
because such cables are much smaller in diameter than metallic wire paired 
cables for the same capacity, they can be installed between existing wire 
cables in telephone conduits where there is no space for additional wire 
cables. (81) Thus, the use of fiber optic cables can often eliminate the 
cost of excavating streets in order to place new conduit when additional 
lines are required. Such costs, especially in large cities, can involve 
many millions of dollars even when relatively short distances are involved. 

Additional advantages of fiber-optic communications cable are 
given in the section on Department of Defense requirements. 

Medical Applications.  In the medical area, most people are 
familiar with the use of the laser for attaching detached retinas. 
Several hundred argon lasers presently are being used to perform this 
operation.  By 1990, a few thousand lasers probably will suffice to 
meet the needs of this application.  The laser also is beginning to be 
put to use in the medical world in a different application which should 
see substantial growth by 1990.  Because the laser beam can be focused 
down to a small spot size and accurately directed to the area of interest, 
it represents a precision surgical tool.  "Bloodless surgery", where the 
intense heat generated in the focus of the laser cauterizes the incision, 
is presently being used in simple operations such as removing tonsils, 
and is expected to find much more extensive use over the next 15 years. 
The carbon dioxide laser probably will be selected in most instances to 
perform this type of surgery. 
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Holography.  In the early 1960's,  when the laser was first 
used to produce three-dimensional images, many thought a major new 
application area would quickly develop. Most of these applications 
did not materialize over the ensuing years. However, commercial holo- 
graphy is now maturing and we can expect to see it put to use in sig- 
nificant ways over the next 15 years.  Perhaps the most promising 
application of holography is in the area of nondestructive evaluation, 
referred to as holometry. This includes, for example, aerodynamic 
testing, defect analysis, and quality control of manufactured products. 
Of these, the last application will require the largest number of laser 
systems. Another use for holography that is receiving considerable 
attention is detection and characterization of particles. Such studies 
are primarily concerned with laboratory testing, and, therefore, are 
not expected to entail the need for a large number of laser systems. 
Holographic tjchniques also are being studied for use in optical data 
processing and in information storage and retrieval. Therefore some 
overlap exists between this area and the information handling area. 

The helium-neon ana argon lasers appear to be the best choices 
for continuous wave holographic techniques. Ruby is presently the best 
selection in those cases where time resolved holography is required but 
it probably will be largely replaced in the future with frequency doubled 
neodymium-YAG which emits in the green portion of the optical spectrum. 

Measurement Techniques and Alignment.  Laser metrological 
techniques are beginning to gain acceptance in the machine tool area. 
They provide a noncontact, highly reliable means of gauging and inspec- 
ting piece parts. Wherever speed or accuracy is desired, a laser 
measurement scheme is likely to be applicable.  The construction 
industry has been, and is expected to continue to be, a large customer 
of lasers for alignment, squaring, and leveling applications. Another 
measurement area where lasers are rapidly replacing conventional methods 
is in mapping and surveying applications. Speed and accuracy are again 
the major advantage of the laser over standard practices. 

The stability, low cost, and reliability of the helium-neon 
laser make it the most used system in the area of measurement techniques 
and alignment.  Over long distances where more power is required, the 
argon laser may be more suitable. 

Chemical Applicatio-is.  Chemical applications encompass such 
things as isotope separation, laser-induced photochemistry, and absorption 
spectroscopy. There presently is a strong interest in all of these areas 
and this interest is expected to continue well into the future. Much of 
this work will bo conducted in the laboratory and, therefore, will not 
necessitate construction of a large number of laser systems by 1990. 
Tunable dye lasers and semiconductor lasers are expected to find the 
widest use in this area. 
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Laser fusion, another type of chemical application, also is 
not expected to require large quantities of laser materials by 1990. 

Projected Market Penetration by 1990 and 
Requirements for Critical Materials 

All of the above application areas will undergo substantial 
growth over the next 15 years.  The area of information handling probably 
will undergo the greatest growth and make a substantial penetration into 
its respective market area. This probably will be followed by the 
communications field. 

At first glance, it may appear that some of the laser materials 
could be labeled as critical materials by 1990. However, under closer 
scrutiny, none of the lasers that are expected to form the bulk of those 
used by 1990 will pose a problem insofar as acquisition of the raw mater- 
ials needed in their manufacture. Although millions of lasers could be 
used in the information handling area, supplies of helium, neon, and argon 
gas needed in their construction will far exceed the demand.  Gallium 
arsenide may be required for hundreds of thousands of lasers in the 
communications field; however, the demand for gallium arsenide in this 
application appears to represent only a relatively small fraction of that 
required in the manufacture of light-emitting diodes for electronic 
devices. 

Materials Processing.  Tn the mid-term report on this program, 
which represented the results of the screening phase of this study, 
neodymium-YAG was presented as being a potentially critical material. 
Since this is a very-high-purity low-imperfection single-crystal material, 
the 1974 production of which was estimated to be about 30 pounds or less, 
the possibility of production capacity for neodymium-YAG not being avail- 
able to meet increasing demands in the materials processing area was 
identified.  The materials processing area presently uses no more than 
several hundred YAG lasers.  Over the next 15 years, the use of lasers 
in this area will continue to grow and may represent several thousand 
systems by 1990. 

Upon closer examination, no evidence was found to indicate 
that there will be a lack of production capacity for neodymium-YAG by 
1990.  Specifically, personal contacts with two of the three major 
manufacturers of neodymium-YAG laser crystals uncovered no indications 
of a possible shortage of production capacity for this material. (°4,85) 
The equipment that is used to make other laser crystals such as ruby and 

An industry source later confirmed this estimate. 
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sapphire can be used to make neodymium-YAG if the market demand increases. 
Moreover, at present there are between 20 and 40 machines ("grow stations") 
idle, that could be used immediately to manufacture relatively large 
amounts of neodymium-YAG.  This equipment was previously used to make 
synthetic gcut:, the market for which lasted only about 2 or 3 years.(^»^5) 

The single reservation to the conclusion that probably there 
will be no lack of production capacity neodymium-YAG by 1990 pertains to 
the extent to which the neodymium-YAG laser will be used in the communi- 
cations field. At the present time, it appears that semiconductor lasers 
and gas lasers will be the major laser systems used in this area. 

Whereas lasing materials per se may not pose a problem by 
1990, some of the interfacing optics used in the laser systems may 
become critical materials either through lack of supply as a result of 
dependence on foreign sources or a lag in the development of the neces- 
sary technology to produce large amounts of the material.  Included in 
this list are certain crystals and special optical glasses.  Calcite 
is a highly birefringent natural crystal that is used for modulators, 
polarizers, and isolators. Another crystal, rutile, possesses a high 
index of refraction which makes it suitable for use in the communica- 
tions field to modulate signals onto the laser carriers. Brazil is a 
large supplier of natural crystals to the United States. The extent 
of the potential problem with natural crystals is difficult to evaluate 
since substitute materials in the form of synthetic crystals may circum- 
vent the problem before 1990.  Special optical glasses, as wave guide 
materials for the communications area, are covered in the following section. 

Communications.  The major laser application area that may 
experience a critical materials problem by 1990 is communications. 
Accordingly, the subsequent discussion will focus on this area in order 
to assess its impact on critical materials by ehe year 1990. 

The principal critical material ir laser communications is 
the very-high-purity silica glass fiber that is used in fiber optic 
linkups in order to avoid excessive attenuation of the signal. The 
longer the distance over which the signal must be carried, the greater 
the importance of low attenuation in the fibers. For telephone use, it 
appears that fibers in the attenuations of 5 dB/km ± 2 dB/km will be 
required (86) in order to minimize the number of repeaters needed in the 
line and achieve the desired system economics. The requirements for the 
fiber material, and the possible materials crlticality problem, will be 
similar regardless of whether the light source is a laser or an LED. 

GTE expects that, by 1978 or 1979, a standard cable practice 
for interoffice trunk lines will have been developed. C'») Their pro- 
jection is that such cable will be introduced starting in 1980, with a 
build-up during the 1980's so that (by the year 1990) 20 percent of 
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interoffice  telephone  company  trunking in the United States will involve 
fiber optic  cable.  (79)   Based  on this projection,  approximately 6 million 
miles of low-loss   fiber will be  required by  1990.  (79)   Assuming that  the 
currently  popular Ü.ö05-inch-diameter  fiber  is used,  this   length of fiber 
will weigh about  700,000  pounds. 

At  present,  only one  U.S.   company  (Corning Glass Works) markets 
such  fiber.     It  is acknowledged  that  Corning is  the world  leader in this 
area.  (87)   They are  presently  in the pilot-plant  stage  of  production, 
with an annual  production capacity of "thousands  of kilometers", (86) 
e.g.,  perhaps  1000 miles  or more.     (One-thousand miles  of 0.005-inch- 
diameter silica  fiber weighs about  120  pounds.)     ITT Electro-Optical 
Products Division also has  developed  low-loss   fibers  for  this application 
and is  preparing to market   them.  (88)   Bell Telephone  Laboratories has also 
developed a  low-loss  fiber,   but   information on the exact   status  of their 
work is  not available.     Moreover,  at  least  two copper  cable  companies 
are  seriously  studying the  possibiliCy of drawing glass   fibers  from the 
billet and/or making cable   from glass  fibers. 

Corning Glass Works  has  indicated that  there would be no problem 
in meeting the  production needs  of the telephone companies.^)     Inasmuch 
as  telephone  companies work on  long  lead  times.  Corning visualizes  that 
they would have  time  to increase  their manufacturing  capacity to meet 
the demand.     This would  involve developing improved, more  economical 
manufacturing procedures. 

The  current  selling price of low-loss  optical   fibers  in lengths 
of  100 km is  $1.50 per meter.  (86)   Corning has  indicated  that, when the 
salej volume reaches     100 million dollars,   the  price will have decreased 
to about  $0.05 ± 0.02  per meter.  (36)   Inherent  in this  extreme  cost 
reduction is  the development  of improved,  economical manufacturing 
procedures for large-volume production. 

The bases  for  the  judgment of possible  crlticality of  low-loss 
fiber optic materials are  that 

• It will be necessary for  fiber  production 
capacity  to  increase by perhaps   1000-fold 
by  1990 in order  for  the  projected needs  of 
telephone  companies  to be met. 

• Improved  fiber-manufacturing procedures will 
have  to be developed  in order  to achieve a 
selling price   that may be acceptable  to telephone 
companies. 

Nevertheless,   it  should be  emphasized that a  shortage  of production 
capacity is by no means  certain.     Corning Glass Works,  and  probably 
others, are very much  interested  in this market and  indicate  that 
they are  prepared to develop  improved manufacturing procedures and 
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increase  production capacity.     But  it  is understood  that  this  is  medi- 
cated  on an initial sales volume  of $100 million dollars.^) ^ 

Department  of Defense  Requirement« 

Fiber-optic  communication has a number  of advantages  that are 
of much  xnterest  to the military.    Among these are the  foUoving:^"!. 79.88) 

(1) Resistant  to radiofrequency interference. 
Ihus,   they n.uy be  used  in environments  that 
are  electronically  "noisy". 

(2) No tendency  to radiate radiofrequency signals. 

(3) Signal not  disturbed by electromagnetic  pulses 
or other effects  from nuclear explosions   (nuclear 
hardenability). 

Very  large band width. 

Less attenuation  than with metallic paired cable 
so repeaters  can be  spaced  further apart. 

Security  (privacy)  of communication. 
Low crosstalk. 

(4) 

(5) 

(6) 

(7) 

(8) Much  smaller  size  than metallic  paired cable 
Accordingly,   fiber optic cable  is  easier  to 
deploy.    Also,  either more bits  can be  carried 
in cable of a  given diameter,  or a  smaller 
diameter  cable  can be  used for the  same bit 
rate. 

(9) Lack of necessity  for a ground return,  thereby 
avoiding possible  ground  loop problems. 

(10)    Weight  savings,   e.g.,  a  20:1 savings  in weight 
compared  to  26-pair   local distribution cable. 

stnd^H  i   ^l1^ apPL
lica,:ions  of  fiber-optic  communications are  being 

studied  in the Army,   the Navy,  and  the Air Force.(89,90,79.86)       T^ 
U.S. Army s  interests are  in  three  categories,  as  follows:   (89) 

Information transfer  systems on Army bases 

Distribution systems  on command posts  in the 
field 

Interconnecting  systems between command  posts. 
Lengths  of up to 8  km are required,  without  the 
need  for a  repeater. 

„IUU Ut-BL. 
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In the latter two applications, which are tactical, the cables must be 
portable, rugged, and strong. Field deployment in the early 1980's  is 
projected, W; Presumably, nontactical use on Army bases would precede 
this. r 

1   ,S4   7^  I'fi NaVCS iiHS"  in fiber 0Ptic communications may be classitied as follows: 90,79,89) ' 

• Undersea cable for ocean surveillance. An 
extremely low-loss fiber (e.g., 2 dB/km or 
less) is preferred for this application. 
This is the largest U.S. military application 
for fiber optics. 

• Internal in-ormation transfer on ships. 
Service evaluations are being carried out 
aboard the aircraft carrier, Kitty Hawk, 
(Closed-circuit television) and the cruiser. 
Little Rock, (six telephones). 

• Information transfer on airplanes and heli- 
copters. A service evaluation of fiber optic 
navigation and delivery systems is being 
carried out on the A7D attack aircraft. 

The U.S. Air Force is also studying the use of fiber optic 
information transfer systems on aircraft.(89)  They are examining the 
use of such systems not only on new aircraft but also as retrofits on 
existing aircraft. 

Possible Procurement and Development Problem 
Areas for the Department of Defense 

•■■1 u   .]t.iS  ant:iciPated that by the year 1990, laser cenmunications 
will be widely used by the DoD for various military applications and thus 
will compete directly with the civilian market for the same materials 
and subsystems.  This may  create a procurement problem for DoD, if 
sufficient production capacity is not available to satisfy both the 
military and the industrial markets.  However, the needs of both the 
military and the industrial sectors for material with the same properties 
has ehe potential advantage of resulting in a lower price for the material 
In order to establish the market demand that is needed to stimulate devel- 
opment by industry of economical mass-production manufacturing procedures 
it is recommended that consideration be given to coordinating the quanti-' 
tative needs of the three services for the material.  (It is understood 
that a triservice canmittee on fiber optics presently exists, but for 
the purpose of standardizing connector design and other systems features ) 

I 
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Since the properties required in the fibers are essentially 
the same in military and industrial applications, and industry has shown 
the ability to produce such material, no fiber development problems are 
envisioned for DoD.  Nevertheless, a number of other development problem 
areas may exist, as follows: 

(1) Systems engineering problems associated with the 
use of fiber optic communications in remote areas 
where the same lines are used for both power 
supply and communication.(89) 

(2) Interface problems at the locations where fiber 
optic lines are connected to metallic wire cable 
lines. (89) 

(3) The strength, crush resistance, and other prop- 
erites required in undersea cable for ocean 
surveillance represents a problem area. However, 
the U.S. N^v^ currently is developing a cable with 
the requisite properties. (90) 

(4) The development of fiber optic cables that are 
portable, rugged, and strong for Army field use, 
could also present a problem to the DoD. 

^. *»« 
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APPENDIX  B 
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