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PREFACE

-

• 

The United States depends upon foreign sources for a number of

strategic commodities used in the production of defense systems. In—

terruption of these supplies could have serious repercussions for the

procurement of vital weapons. The degree of seriousness depends not

only on the probability of such interruptions but also on the extent

to which other materials and technologies can be substituted.

This report, prepared for the Defense Advanced Research Projects

Agency, examines a key defense system material requirement. A method
is developed and demonstrated for jointly calculating materials avail—

I ability and technological risks for alternative high temperature gas

turbine engine materials.

_ _ _ _ _  _ _ _  - —~~~~~~---~~~- --~~~~~~
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SUMMARY

Recent short—term commodity shortages and the potential for in—

• terruption of our supplies have resulted in an increasing concern that

future U.S. defense systems may become increasingly dependent upon

materials that are potentially in short supply. This study for the

Defense Advanced Research Projects Agency focuses on new technology

demands for these potentially critical materials. The problem is to

develop an understanding of the relative risks among available options,

so that decisions relating to technology and/or materials selection for

research and implementation can be made in a way that maximizes the

probability of achieving the desired future defense capability.

The objective of the study reported here was to select a signifi-

cant future material application problem and to demonstrate a quantita-

tive procedure that can be used to make material selection decisions

embodying the least risk. Two independent kinds of material risks are

involved and their cumulative effects must be calculated. One is the

risk of not reaching a mature state in regard to the technology of apply-

ing the material. The second is the risk of a short supply of the

material itself. These risks are independent and both contribute to

the uncertainty regarding a material’s future utility.

A review was performed on over 500 advanced defense systems as

delineated in the Advanced Technology Projections of the three services.

After a number of preliminary discussions and investigations into the

area of future propulsion systems, we settled on the specific question

of the future prospects for materials to be applied in the firat stage

turbine of man—rated military aircraft. The time horizon chosen was

1990.

It was necessary to define the set of candidate materisil technol—

ogies that are in prospect and to determine the cou~onent materials of

these technologies that are potentially future supply problems. A

L survey of engine developers and government research laboratories was

used to develop the future performance prospect8 for the candidate

material technologies. A survey of the literature was used to develop

pwong
Text Box
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the supply risks for the component materials of the candidate material
r

technologies.

Our study shows that chromium is the only material that poses a

significant availability risk to the implementation of high temperature

engines fo-c future defense systems. The technology for cooled super—

• alloys would appear to ensure their utility at 2500°F turbine inlet

temperature for man—rated military aircraft by 1990. The availability

risks of chromium could reduce their probable utility for planning

purposes, however, to as little as 10 percent. Metallurgical grade

chromite and/or chromium metal should continue to receive the highest

emphasis for U.S. stockpile inventory. Of less importance but still

deserving of stockpile considerations is cobalt. Although the tech—
• nology applications of columbium and tungsten are not analyzed here,

their availability curves suggest that such an analysis may be appro-

priate. High temperature ceramic technology has the best long—term

potential (lowest risk) of the technologies considered . A continuing

and increasing support of R&D in ceramic turbine technology should be

of high defense priority.

The methodology developed for this study allows a quantitative

display of the comparative risks that exist between alternative ma-

terial development strategies. This technique was found to be most

useful in providing a basis for choice among complex alternative tech—

nologies, in determining which components of the overall risk are the

dominant influences, and in determining the relative effects of alter—

native risk reducing measures. This methodology should be considered

for use in R&D planning that requires comparative evaluation of alter—

native future technologies with complex risk patterns.
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I. INTRODUCTIO N

STUDY CONTEXT

Recent short—term commodity shortages and the potential for inter—

ruption of supplies of materials originating outside the United States

have resulted in an increasing concern that future U.S.  defense systems

may be dependent upon materials of questionable availability. This

study for the Defense Advanced Research Projects Agency focuses on new

technology demands for these potentially unavailable materials. The

problem is to compare available alternatives so that decisions relating

to technology and/or materials selection for research and implementation

[ can be made with the least risk of not achieving the desired ultimate

defense capability. Our preliminary work for ARPA on this project es—

tablished that there are several materials that are potentially critical

in this context. It also became apparent, however, that a quantified

basis for compar ison was needed on which to base technology development

and application decisions .
The objective of the analysis presented in this repor t is the

selection of a significant future materials app lic ation problem and

the demonstration of a methodology for determining a preferred course

of action.

Our analysis is based on the premise that the selection of a ma—

terial for a particular future app lication embodies two kinds of “r isks ” :
(1) a risk that the technology of preparing and fabricating the material
in the application will not mature to a sufficient degree to insure

adequate performance and reliability, and (2) a risk that the material

will not be available in sufficient quantities (and at the expected

prices) to satisfy the needs of the intended application. These risks

are a measure of the potential uncertainty in assuring the usefulness

of the application at a future point in time. For this study we have
-

~ 
- 

• 
j established the convention that a numeraire of 1.0 defines the case for

certainty, i.e., there being 100 percent probability of achieving the

desired goal (a no risk situation). A numeraire of 0 describes the case

of maximum risk, i.e., zero probability of achieving the desired goal.
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It is a further premise that these two kinds of risks are s u f f i —
*ciently independent to be combined to derive an overall risk of

achievement. That is to say , a 0.8 probability of a mature technology

and a 0.8 probability of material availability will combine to a 0.64

probability of overall achievement (a 0.36 risk).

A basis for the selection of materials for a future application

can now be determined as follows:

1. Candidate optional approaches for the given application can

-
• be defined .

2. An overall risk numeraire for each option can be developed

using subjective estimates of material availability and tech-

nology maturity. (There can be only subjective estimates

where the future is concerned.)

3. Select the option with the least overall risk (i.e., maximum

probability of achieving the desired result).

FUTURE DEFENSE SYSTEMS

In order to establish a proper subject scope for the analysis re-

ported here, a review was performed of over 500 advanced defense systems

as delineated in the advanced technology projections of the three ser-

vices. These systems include a gambit of weapons and support systems

and advanced mission concepts. System attributes to be improved in

future implementations include cost, range, weight , precisLun , eff i—

ciency, and survivability. Our search criteria were (1) the use of

potentially critical materials, and (2) the involvement of significant

quantities of such materials in the system or systems. From this

review, several material application technologies were identified as

candidates for further analysis. These are described in the following

par agraphs.

Hi g h Temperatur e App lications . High temperature applications ,

particularly in propulsion systems , contain a number of potentially

critical materials and consume a significant quantity of these materials.

*When these risks are described as probabi l i ty—densi ty functions
thei r combinat ion is by iterative Monte Carlo convolut ion .
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In addition, the technology of high temperature materials application

is in a continuing state of flux with a number of alternative and sub-

stitution prospects at various stages of development. The question

regarding which technologies should be pursued , and at what relative

priority, hinge on a number of material development and availability

uncertainties.

New Structural Materials. The use of new structural materials for

moderate and ambient temperature- applications also presents some inter—

esting problems. The field of composite materials is a burgeoning area r
with great potential for improved strength—to—weight ratio in missile

and aircraft structural systems. Although there may be some concern

regarding the availability of titanium and niobium , many composite

options do not appear to have materials availability problems. The

nature of the problem is generally the engineering of specific applica—

tions that can be made cost competitive with more conventional alloy

structures.

Superconductivity . Superconductivity is also a technology of

interest and is in a developmental state of flux. It is of great in—

terest for applications involving efficient energy transfer and for

high—power—density marine propulsion systems. Material availability

problems are related primarily to niobium and could be significant

depending upon the rate cf introduction of superconducting systems.

Solid State. A host of solid state materials and component prob—

lens are manifest in future weapon systems. These are characteris—

tically technological research and development problems and do not

appear to require raw materials in sufficient quantities to be char—

acter~zed as potentially critical supply problems.

Selection of Study Topic. The scope of our study effort required

the selection of a specific problem area about which to develop and

demonstrate an analytical approach . Our choice was the area of high

temperature materials. Af ter  a number of pr eliminary d iscussions and

investigations into the area of fu tu re  propulsion systems we settled

on the speci f ic que stion of the f ut ure use of high temper at ur e mate r ials

in the f i r s t  stage turbine of man—rated mi l i ta ry  a i r c r a f t .  The time

horizon chosen was 1990 , and our study concerns the relative likelihood ,

LÀ - •~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~ • • • •.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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among the various material options that can be selected as of today ,

of encountering a viable situation for engine implementation in that

year.

STUDY APPROACH

The measure of the criticality of a material that is potentially

- - 
I in short supply depends upon ~~ether other materials or other technol—

ogles can be substituted in its various applications. For our example,

it was necessary to define the set of candidate material technologies

and to determine the component materials of these technologies that may
have potential future supply problems. As previously stated , two kinds

of risks are attendant to the choice of technologies to be pursued. One

concerns the potential time schedule for the maturing of the application

technology including manufacturing techniques, performance prospects,

and design concepts. The other concerns the availability risks asso-

ciated with the ingredient materials. Both of these risks must be in-

cluded in the comparisons and quantified and combined in ways so that

choices can be made.

In this study, we estimated future material availabilities and

technology achievements as probability density functions. Combinations

(convolution) of these functions were made using a Monte Carlo computer

model.

Section II of this report describes the approach we used to obtain

quantified risk data for the key technologies involved. In order to

accomplish this task, we interrogated the Industrial expertise at gas

turbine engine manufacturers and the research expertise resident in
*several governmen t labora tor ies with a qu estionnai re that was designed

to yield quantifiable estimates.

Section III of this repo r t cover s the p rocess that we used to esti—

mate material availability. Since there was already a host of materials

ava ilability data (see the references in Appendix D), we chose to draw

upon these dat a and interpret them with our own project team.

r ____________________

*The questionnaire , a l isting of responden ts , and the responses

I IiI PT1XI1
B
~ 

and C, respectively.
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Section IV synthesizes the risks for each option in order to make

relative comparisons among the alternatives from which to draw

conclusions .
Section V lists the conclusions that may be reached from this

study.
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II. MATERIALS TECHNOLOGY

The requirements of future weapons systems for new materials was

reviewed with various service organizations and material laboratories.

In this review, we concentrated on new material requirements to avoid

- 

- 

duplication of the Stanford Research Institute study of current aggre—
-
‘ 1 gate DoD material requirements. For the Air Force, this review included

ramjets , rocke t engines , str —~tegic and tactical missiles , gas turbine
engines , space propulsion , and a i rcraf t  structures. For the Army , the

• review included gas turbine engines , gea r boxes , t ransmissions , rotor
blades , armor , and st ructural materials. For the Navy , we concentrated

only on the components of nonnuclear marine propulsion systems and ,
especially , on the naval gas turbine program. In addition to these
programs, we also examined the ceramic gas turbine and the segmented

magnet homopolar generator/motor research programs being supported by

ARPA.

Although we found that a number of new materials are expected to

be required by the services as a result of the application of advanced

propulsion systems to weapon systems, we found that: (1) for the most

part , the DoD demand for materials having a supply risk would be very

small in comparison with the overall U.S. demand ; (2) the trend is

toward the use of composite materials having very little supply risk;
A and (3) the material requirements of new weapon systems were largely

those of past systems. An exception to the above was the gas turbine

engine for man—rated systems. Not only does this program involve fairly

large quantities of materials, but the direction is toward the use of

more exotic technology in the high temperature turbine section in order

to allow operation with higher turbine inlet temperatures. While all

of these technologies do not involve critical supply risks, they do

involve (to a varying degree) technology risks associated with the

achievement to a specified turbine Inlet temperature within a given

time frame .

At this point , we decided to narrow the study effort to the ma—

terials being developed for the first stage turbine nozzle diaphragm

~k.

- — —-— - — - • • •
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and rotating wheel in advanced man—rated military a i rcraf t , circa 1990
implementation. This focus reduced the data collection task while
embodying the salient technologies to be analyzed . The materia] tech-

nologies that were distilled from our earlier discussions incluie the
following: superalloys , superalloys with cooling and coating techniques,
coated refractories, oxide dispersions , di rectionally solidified super—
alloys , di rectionally solidified eutectics , ceramic composites , and
ceramics . The distinctions between these categories of materials is

somewhat arbitrary , but fairly well understood among those in the

industry. Superalloys are currently employed in all working gas tur—

bine engines , usual ly in conjunction with turbine cooling. The balance

of the mater ials noted are all in active developmen t but at varying

states o f maturity .

We then f ormulated an approach to deriving a relative r isk among

the use of these technologies for the 1990 time frame. Although con-

siderable reference material is available from which to draw these

conc lusions (see Ref s. 1—3) , it was decided to augment these data with

a current survey of engine developers and government research labo-

ratories. The problem was to formulate a questionnaire that could be

used to assess th is exper tise , thus providing a quantified response ,

but with the option to qualif y the estimated numbers . A questionnaire

was developed and tested within The Ran d Corporation s taf f  and is in—

cluded here as Appendix A. It asked for a quantif y ing estimate (for

each o f the material technologies listed a most pessimistic , an expected ,

and most optimistic estimation) of the turbine inlet temperature limit

at which these technologies could be employed in the year 1990. Esti—
mates were requested for the first stage nozzle diaphragm as well as

1 ~ the f irst  stage turbine blades of a military man—rated engine . Qualify—

ing coimnents were elicited relating to (a) specific material property

limits iinbedded in their estimates , (b) the role of fabricat ing tech—

• niques important to their estimates , (c) special design concepts that

are necessary to their estimates, and (d) the extent to which a reallo—

cation of R&D funding might sh i f t  the estimation pattern they present.

These questionnaires were submitted to the industrial concerns and the - 
- --

government laboratories with varying degrees of preliminary conversations
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and explanations. The organizations and persons who responded are

listed in Appendix B and their responses are presented in Appendix C

as received, but without attribution. The reasons for this is that

roughly half of the respondents preferred to remain anonymous with

regard to their specific commentary .

Figure 1 describes the distribution of responses to the question-

naire for three material technology categories . The distributions

shown were developed from averages of the expected , pessimistic , and

optmistic estimates for these categories. The narrowest distribution

is fo r superalloys . Adding cooling and coating techniques broadened

the distribution because of the increasing uncertainties in perfor—

mance potential and because of the variation in the extent of cool—

ing that is deemed useful f rom a cycle efficiency poin t of view.

The ceramics dist r ibution is the broadest of all, since greater

uncertainty exists as to its performance capability. There was also

concern expressed in two of the responses that the minimum reliability

- - Superalloys Su pe ro iloys
cooled/coated

>.

‘I- i  -o

E
I
C

I /
/

H
1500 2000 2500 3000

Pou,ble turbine inlet temperature , °F 
- -

Fig. 1 — Mot.r ol technology pro~.ctions circa 1990

- -  - - -~~~~~~~~~ --— — — 
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required for man—rated aircraft use would not be achieved with ceramics.

In one case , no possibility of such use was projected and in another ,
this outcome was proj ected only in the pessimistic case.

Conce rn was a lso expressed about the continued application o f

superalloys in gas environments that exceed their melting temperature

by relying on complicated cooling techniques . It was noted that the

confidence in such mechan ically cooled systems represen ts a barr ier
that any new material must overcome before it can substantially replace

superalloys in these high temperature applications .

I

ii:. I
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III. MATERIAL AVAILABILITY

The price coupling of supply and demand assures that in the market-

place an equality will exist. This equality will be maintained over

time ; as demand grows , the supp ly will grow , bot h being affected by the

availabili ty  of resources , profi t  potential , etc . Technology coimnit—
- 

- 
ments to specific mater ials fo r weapon systems are made based on assumed

p rospects for a smooth and gradual change in availability of materials

and of the prices of materials. These commitments include product de—

signs and manufacturing tooling implementations . Characteristically ,

the l i fe  cycle of a DoD weapon system is measured in te rms of yea rs

during which time replacement parts are continually needed to maintain

fo rce effectiveness.
Our concern here is for the transient problems resulting from short—

term per tu rbations in mater ial supp ly or demand . The range of concern

is for perturbations having t ime constants of up to , say , f ive years,

which can cause difficulties in the continuum of product production

- 

I 
rates. The risk of such per tu rbations fo rms the basis for the analytical

met r ics emp loyed here .

The mater ial technologies associated with the alternative means of
• achieving hi gher turbine inlet temperatures, described in Sec. II , were

examined for basic mineral components for which supply concerns in the

1990 time frame may exist. Ten materials were isolated for fur ther
- 

- st udy as shown in Table 1. The most recent data available are compiled

on separate data sheets for each of these metals (see Appendix D for

supply/demand data sheets and sources). The metal—data sheets are

Table 1

POTENTIALLY CRITICAL MATER IALS

- -

Chromium , Cr Tungsten, W
Cobalt , Co Hafnium , Hf
Nickel , Ni Tantuluin , Ta

• Columbium (Niobium) , Cb Thorium , Th
- - Titanium , Ti Zirconium , Zr
‘.4
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organized to provide data associated with three risk categories: The

first risk category accounts for the supply as it may be affected by
N

the world production capacity and international distribution patterns .

It includes data on reserves, mine and refinery production, consumption ,

technological advances, capital investment problems, and environmental

constraints. The second category accounts for the supply as it may be

influenced by an interruption of U.S. access to the world production .

This category describes sources of U.S. imports that can be interpreted

in terms of prospects for cartels and embargoes. The third category

is concerned with future U.S. demand and incorporates information on

new uses, functional and material substitutions, end uses, recycling ,

the average annual growth in U.S. primary mineral demand , and DoD

I5 consumption.

ESTIMATION OF SUPPLY AND DEMAND RISKS

Scale for Numerical Estimates

Risk values have been generated by the project team in joint de-
liberation based on the chance of a deviation above or below the matched

supply demand proj ection curves , at the projected time period , for each

of the three risk categories. These results are presented in Table 2.

A value less than 1.00 indicates the extent of the poesible undersupply

(or reduced demand), e.g. , a 0.75 supply numeric implies a 25 percent

smaller supply than anticipated . A value greater than 1.00 represents

the possible oversuppl y (or increased demand), e.g., a 1.05 nume r ic

imp lies a 5 percent oversupply .
The expected risk refers to the most probable condition , that is,

the ext en t to which the supply or demand situation is likely to deviate

from a matched suppl y/demand proj ection. The maxim um and minimum risks

represent the “worst case” condit ions , tha t  is , the lowest and the

highest possible deviation from the matched supply/demand projection

curve .

-
~~ Typical Factors Incorporated in Estimates

United States and fr iendly reserves of chromium are negligible ,

domestic mine production has ceased , and domestic refining capacity is

-- -- --- ~~~~~~~~~~~~~~~~~~~~~~~ - - --- -~~~--- -_- —~~~~~~~~--
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Table 2

MATERIALS SUPPLY AN]) DEMAND RISK ANALYSIS

Metal
(Risk Category) Minimum Expected Maximum

• Cr
j a .75 .95 1.05

.65 .80 1.00
3C .80 1.00 1.25

Co
1 .75 .95 1.05
2 .75 .85 1.00
3 .85 1.00 1.15

Ni
1 .95 .99 1.10
2 .95 1.00 1.00
3 .85 1.00 1.10

Cb
1 .85 .98 1.05
2 .80 .90 1.00
3 .85 1.00 1.30

Ti

~1~ .95 .99 1.10
2 .95 1.00 1.00
3 .85 1.00 1.10

w
1 .75 .95 1.05
2 .85 .95 1.00
3 .90 1.00 1.10

Hf
1 .95 .99 1.10
2 .95 1.00 1.00
3 .65 1.00 1.10

- 4

1 .85 .98 1.05
4 2 .90 .95 1.00

3 .85 1.00 1.10
4 ,4

- 
1 .98 1.00 1.10
2 .98 1.00 -1.00
3 .85 1.00 1.10

Zr
i .95 .99 1.10
2 .95 1.00 1.00
3 .90 1.00 1.15

NOTE: The val ue 1.00 represents a match
of supp ly and demand .

aW or id  produc tion capacity and interna—
tional distribution pattern.

b t, .s. ma ter ial supp ly access as it may
be influenced by economic or political In—

:

~ 

terrupt ions .

demand .

-5 -5-  —---~~~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~--~~~~~~~~~~ ---~~~
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declining. Imports are primarily from the USSR, South Africa , and

Rhodesia. In the third world countries there is a high probability

of internal strife, which could reduce production. Soviet reserves

are being reduced rapidly, which could cause a reduced supply by 1990;

U.S. political relations with the USSR and Rhodesia are such that an

interr uption of the supply from these sources is possible. The demand

projection for chromium is likely to be relatively stable. Stainless

steels and superalloys require chromium. New uses might be expected

to offset most other areas where other materials can be substituted for

chromium.

Cobalt and tungsten also have high supply risks. We are almost

completely dependent upon imports of cobalt because of negligible do-

mestic reserves and no mine production. Although we presently produce

about half of our tungsten consumption, the projected U.S. production/

demand ratio for tungsten also approaches zero and “friendly” reserves

are low. The case for cobalt parallels that for chromium, Zaire having

a high potential for internal political conflict with an attendant

prospect for reduced production. Increasing capital investment costs

could also adversely affect cobalt production.

In the case of columbium and tantalum, we lack domestic reserves

and mine production. Economic deposits of tantalum are relatively

scarce throughout the world. Columbium imports arrive almost exclusively

from Brazil, which has two—thirds of the world reserves and produces

more than half the world ’s supply. However, the supply risk is smaller
for columbium and tantalum than for chromium and cobalt. In the case

for columbium, this is accounted for by the relatively high (9 percent

per year) world production growth rate, the large reserve capacity , and

the apparent decrease in U.S. consumption as compared to world produc-

tion. In the case for tantalum, the risk is reduced , because of the

relative internal stability of the two major importers, Australia and

Canada.

Nickel and titanium have been assigned relatively small supply

4. risks. We have ample friendly reserves and an availability of domestic

mine production and refining industry . Our nickel refinery capacity is

expanding. New mining techniques, the exploitation of lateritic ores,
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the expansion of International Nickel Company in friendly countries ,

and the certain ability to decrease U.S. import dependence if nickel

prices rise significantly imply a low supply risk as does the fact

that Canada is likely to remain the major supplier. Some supply risk

might be incurred by constraints related to open p it laterite mining.

In the case of titanium , the world , including the United States, has

excess refinery capacity. Technological advances , e.g., synthetic

rutile production , would make available large ilimenite reserves for

titanium production . The already large reserve—to—production ratio

and the internal stability of our major suppliers , Japan and Australia ,

also reduce the supply risk. Here, again, environmental constraints

could impose some supply risk.

Hafnium has a potential for low demand because of the lack of com-

mercial uses and the existence of alternative materials for its main

application in nuclear reactors. However, if the demand for reactor—

grade hafnium continues and there is no economic and/or technical provo-

cation to utilize substitutions , then the demand would be expected to

follow the anticipated curve.

On the other hand , the demand for zirconium and tungsten should

hold up. Substitutions can be utilized in specialty steel and in wear-

resistant applications , which pertain to the major end uses of tungsten

and in foundries, refractories, ceramics and alloys for zirconium.

However, additional nuclear reactor and carbide usage for tungsten and

additional nuclear power, construction , superconductivity, and fuel cell

applications for zirconium are projected . The negative effect upon

demand anticipated from substitutions is reduced by the positive effect

upon demand by the high prospect of these additional uses.

Colunibium , being a necessary ingredient in most superconductors

without substitution possibilities, has the highest prospect for in-

creased demand , primarily because of the very large prospects of growth

in demand for superconductors , plus other important applications . The

case for columb ium demand contrasts with the cases for tantalum and

titanium. If tantalum prices are substantially increased , demand will

decrease owing to the numerous substitution possibilities . Many sub—

stitution possibilities exist for titanium in its main applications .
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Furthermore, the likelihood of a maximum demand for the two metals

would tend to be reduced by good recycling possibilities . Technological

improvement in tantalum scrap recovery could result in an increasingly

important supply source, thereby reducing our demand from foreign

sources. Secondary source recovery from titanium already provides a

relatively large percentage of U.S. demand.

CALCULATION OF AVAILABILITY RISKS

A combined metric for describing the integrated risk of availability
- I 

is defined as the ratio of the supply and demand risks. Thus, the avail—
*ability risks for a given material are given by a convolu tion of the

distributions listed in Table 2.

R = 
[Basic World S u p ply/ P r o d u ct i o n ] [ Int e r r u pt i o n  of U . S .  Access to World Supplies ]

A [U . S .  Demand i

where RA is the availability risk of a given material , considering all

of the supply and demand risks involved .

The results of these convolutions are shown in Figs . 2 , 3, and 4.
Figu re 2 shows the principal alloying components of unique importance

to superalloys. Figure 3 shows three materials of moderate significance

in superalloys, in lightweight alloys, and in superconductors . Figure 4

shows four metals of noncritical significance in high temperature alloys.

The interpretation of these curves is discussed by reference to Fig. 2.

In the case of nickel, the curve shows that the expected availability

of this commodity across the various applications in the U.S. economy

is unity. That is, the growth of supply and demand is expected to be

k -

, 
well matched and in the year 1990 an over or under supply is not expected .

The nickel curve also suggests that of the many possible perturbations

in either supply or demand the combined effects could be no more signif-~
icant than to cause a 12 percent shortfall or a 23 percent oversupply .

In the case of cobalt, however, it is expected that supply and/or demand

*The multiplication/division of distributed variables using an
iterative Monte Carlo model. In this case, the minimum, expected , and
marimwn values for each variable are interpreted as the parameters of
a beta distribution .

- I

-

~

---

~ 

- _ _
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perturbations circa 1990 will result in a 20 percent shortfall. The

reader is reminded that these metrics derive from the subjective esti-

mates of the project team.

It should be remembered that interpretation of these curves may

be more pertinent in the relative sense rather than in absolute terms.

The estimation of subjective probabilities regarding future events may

be assumed to be consistent among a number of alternatives even though

all estimates may be biased on an absolute scale.

The implications of these r isks are discussed in Sec. V.

4

Chromium

4.-o

Cobalt Nickel

I I I I

0.5 0.6 0.7 0 .8 0.9 1.0 1 . 1 1 .2
Supp l y /demand

Fig. 2—Material availability risks in 1990:
chromium, cobalt , and nickel

-
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Suppl y/demand

Fig. 3 —Material availability risks in 1990:
colombium, tungsten, and titanium
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IV. COMBINED RISKS

In order to compare the risks of each of the material technology

al terna t ives , it is necessary to include both the component materials

availability risks and the technology development risks. An algor ithm

must be chosen with which to combine the two distributed risks param—

i~ 1 
eters developed for each technology case. The material technology risks

are straightforward distributed parameters . The material availability

risks , on thu other hand , have been defined on an economy—wide basis.

There are certain conceptual problems related to interpreting these

availability risks as they relate to advanced DoD systems production .

It is apparent that DoD will have some mechanisms for preferen tial

access to available supplies depending upon the circumstances of the

situation . It is also apparent that the DoD will have stockpiles of

most critical materials. One extreme position would be to assume that

due to these factors the DoD does not have material risks provided they

have planned the mechanisms and the stockpile sizes properly . The other

ex treme is to assume that the DoD production processes have approxi-

mately the same risks as are imbedded in the general economy ’s access

to critical materials. Conceptually,  it is difficult to define a DoD

risk between these two extremes and to define a convolution algori thm

for this interim risk. We have thus chosen to make computations at the

extremes and consider these to be bounding risk conditions for the tech—

nology involved. At the one extreme , then , the risk of the technology

is simply the technology risk alone ; at the other estreme , the risk

simply is a combination of the availability and the technology risks.

We have chosen to synthesize a comparison between superalloys and

ceramics as a demonstration of the risk combination technique at the two

ends of the material technology spectrum under consideration here . The
- 

:~ 
balance of the technology options can be considered as variations between

these extremes. Superalloys have constituents that represent a bona

tide availability risk whereas ceramics do not . All risk associated

w i t h  c e r a m i c s  is assumed to be embodied in the expressed technical risks

— as der ived f r om our source data. A review of the components of the

family of superalloys suggests the following:

- - ~~~~~~~~~~~~-5 -—  S.- - - -.
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1. Chromium is a necessity to all members of the family because

of its high temperature corrosion characteristics.

2. Either nickel or cobalt is required to compound superalloys.

3. The remaining alloying constituents are numerous and highly

substitutable and do not contribute significantly to avail—

• ability risk.

We have, therefore, defined an availability algorithm to be used

in computing the availability of superalloys as follows:

Avail = Avail X Joint AvailSa Cr Ni Co

= AvailC (1 — Joint RiskNiIC )

= AvailC (1 — Rt,~i 
Rc
)

= AvailC 
[1 — (1 — A.Ni

) (l  — A
C0

)]

= Avail
~ 

(A~~ + A
C0 

— 

~~i
ACo)

The availability distributions of the constituents of superalloys are

shown in Fig. 2 of the previous section. The results of this convolu—

tion are shown in Fig. 5. It can be observed that the result is very

similar to the curve for chromium, since the joint risk for cobalt and

nickel contributes little increased risk of compounding superalloys

because of the high availability of nickel.

The combined risk of three basic material technologies is examined

for their relative potential utility as a function of desired turbine

inlet temperature . They are superalloys , supe ralloys with cooling

and/or coating, and ceramics. Curves 2 , 4, and 5 of Fig. 6 show the

probability of material utility (1—Combined Risks) as a function of

$ desired turbine inlet temperature at the extreme assumption that avail—

ability of constituents does not contribute additional risk. If we add

the risk of material availability the superalloy curves 2 and 4 move to

positions 1 and 3, respectively . The differences between curves 1 and

2 and between 3 and 4 represent the extreme positions depending upon
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Superalloy constituents

R = R c p [R N
. R Q~~R N R coJ 

I
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I I I I I

0.5 0.6 0.7 0.8 0.9 1 .0 1. 1

Supp l y/ demand

Fig. 5—Material availability risks in 1990

one ’s assumption of the Impact of material availability risk to super—

alloys. As previously noted, no availability risks are pertinent to

the ceramic curve.

The application of the data presented in Fig. 6 might be visual—

- I ized in the context of the choices presented to an advanced engine

program planner in 1976 , whose engine is to be used in a new applica—
- ¶ tion in 1990. Let us assume that system and engine cycle design re—

suits suggest the desirability of an average turbine inlet gas tempera—

ture of 2500°F. It is apparent that superalloys without cooling will
4 not be adequate, so let us further assume that cycle performance and

reliability criteria would tolerate the use of cooling and coating to

allow the employment of superalloys at the desired temperature. It

would be apparent then from the position of curves 4 and 5 that , tech—

nically , either superalloys with cooling or ceramics show a high proba— : -

bility of being employable at 2500°F turbine inlet temperature .
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Curve no. 1 2 3 4_ j 5
Su p er a ll oys I * - * * - *
Ceramics - - 

*
With availabi l i ty risks * *

-
• Wit h cooling and - 

* *Or cootings 
____________________________

Ce 

: :

0•6 -

0

>5

2 0 . 4 -
2 2.a-

0.2 - 1.

None 0L
1500 2000 2 500 3000

Desi red turbine inlet temp eroture , 
0F

Fig. 6—Estimated relative utility of alternative
mat.rlal technologies c irca 1990

However, if the strategic availability of materials is to be con—
sidered in the system program planning, it is apparent from the position

of curve 3 that this criterion can reduce the probable utility of cooled

superalloys by a significant factor. In fact , if the availability risk

to the general economy is assumed, the probable utility is reduced to

only 10 percent . The actual numerics here should be interpreted in

terms of the order of magnitude of the leverage that availability can

exert. Other subjective factors will be involved in choosing, for a

given application, the extent to which availability risks approach those

implied by the position of curve 3. However , it is apparent that thought—
• 

- f ul program plans should be based , to the extent possible, on a quanti—

fled display of the inherent risks.

;•-
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V. CONCLUSIONS

THE IMPLICATIONS OF CHROMIUM SUPPLY RISK

In our case stud y of hi gh temperature gas turbine engines cir ca

1990 , we have veri i ied that chromium has a bona fide availability risk
and can therefore be classified as a critical material.  The employ—

-~ I ment of chromium in future  defense system research and development pro-

grams and in the production programs can result in the interruption
(pe rhaps an extended interruption) of these programs should a supply

disruption occur . The basis for the interruption might very well be

politically and emotionally inspired but the e f fec t s  will be nonethe-
less real. It will be d i f f i’ ult  to insure continuing monetary and

political suppo r t fo r development programs in which an embargoed ma-

terial, for example, plays a key role. Also a number of disruptions

to production programs will result if it is necessary to mobilize

substitute sources for materials, because of the changes to material

processing and quality control procedures that would be necessary.

And , finally, the increase in prices resulting from the scarcities can

have a significant effect on budget allocations for defense systems.

In the case of the chromium supply problem, it is suggested that:

. A continuing review of chromium stockpile objectives be con—

ducted to insure an adequate supply for at least a year’s

defense production needs.

. Materials R&D emphasize the development of substitute for

~ 
j chromium uses wherever possible.

SUBSTI TUTE HIGH TEMPERATURE TECHNOLOGY

High t emperature ceramic technology has the best long—term po—

tential (lowest r isk) of the candidate technologies considered as

alternatives to chromium based superalloys . A continuing and increas—

ing support of R&D in ceramic turbine technology should be of high

defense pr ior i ty . As one researcher put it——time is needed to both

develop and demonstrate the material utility and to build confidence

_  _ _ _ _ _ _
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in the use of brittle materials in this hazardous environment.  A con-

census of the high temperature materials research and developmen t com-

munity (see Appendix C) suggests that funding of ceramics research

should be increased over the aggregate of current  levels by $141 m illion

to $60 million over the next 15 years. To the extent that ARPA ’s

ceramic research program in the automotive turbine f i e l d  reaches i ts

objectives and is dimin ished in scope or terminated , oth er DoD agencies

should be encouraged to increase their participation proportionally.

The R&D program should include work on a range of problems relating

to ceramic material properties (fracture toughness, impact resistance),

fabrication techniques (net shape production techniques), and design

concepts (ceramic/metal attachments).

OThER POTENTIALLY CRITICAL MATER IALS
Over and above the demonstrated criticality of chromium , th ree

other materials appear to have at least a potential status as critical

materials. These are cobalt, columbium, and tungsten. They are not

critical in high temperature engine applications but actually may be

critical because of limited substitutability in other applications such

as superconducting systems and lightweight structures . It is recom-

mended that ARPA support an analysis to determine the degree of material

and/or technological substitutability for these materials across the

range of possible future uses. Even though one ingredient of the

criticality is established in our study , an actual critical status
cannot be determined without this broader applications analysis.

FURTHER APPLICATION OF THE METHODOLOGY

a The techniques used in this study allow a quantitative comparison

of the risks that exist between alternative material development strat—

egies. The example that was chosen pertained to the gas turbine, but

the technique can, and perhaps should , be used in other areas where

technological and availability risks coexist. One of the findings of

this study was that most advanced technologies involve the use of tin—

co~~on materials, and this will probably become more pronounced in the

~iiI 
Choices betwe~~ t:chnobogl:s IT Incorp000T ~ II _ _ _ _ _
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assessment of the materials involved , and the resulting combined risks.

The method used in this study can contribute substantially to an under-

standing of these risks.

t r

~ 1- 4
-4
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Appendix A

MATERIAL TECHNOLOGY QUESTIONNAIRE

1.1
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H’ 
_ _ _ _ _ _ _ _
INTRODUCTION

The Rand Corporation is conducting an assessment for the Defense
Advanced Research Projects Agency (ARPA) of the future performance
prospects of alternative high temperature material technologies as
applied to gas turbine engines used in manned mil itary aircraft.

For purposes of thi s assessment, we have chosen to focus on the
first stage of the turbine as the component which largely determines
the maximum cycle temperature capabilit y of the engine . We are attempt-
ing to determine a means of estimating the probability of reaching im-
proved temperature capabilities in gas turbines at a specified future

*time . Each alternative must be comparable in terms of operational con-
siderations such as maintenance and reliability .

This questi onnaire is in three parts . In Part 1 , we as k for your
estimates of Turbine Inlet Gas Temperature for several material tech-
nologies . In Part 2, we ask for background information underlying the
estimates given in Part 1. Part 3 consists of several administrative
questions .

*We recognize that actual application considerations may dictate the
use of a turbine inlet temperature below the maximum capability provided
by materials technology .
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PART 1

OVERALL ESTIMATE S

In Tables 1 and 2 we would like you to fill in your best estima tes
of the Turbine Inlet Gas Temperature limits appropriate to each material
technology. We are asking for your most pessimistic estimate , your most
optimistic estimate and your nominal expectation assumi ng in this latter
case a most likely level of R&D funding support. It is to be assumed
that the appl i cation of the material is for the fi rst stage turbine
blades and for the nozzle diaphragm ; we would like your estimates for
both components.

Your temperature estimate should assume in each case that the partic-
ular material technology and design technique for a component are the
only limitation on the engine average turbine inlet gas temperature . For
example , an “expected ” estima te of 3000°F for a ceramic nozzle diaphragm
might be made even though you feel that no material will achieve that level
of performance in the rotating stage.

Although our intent is to focus on those material technologies listed
in Tables 1 and 2 as the primary candidates for increasing the turbine
inlet gas temperature of gas turbine engines , we recognize that this list
is not necessarily all-inclusive and that other classes of materials are
candidates; please add those materials that you consider should be included .

_
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Estimator ’ s Name ___________

Orga n izat ion_~~~~___________ 
- -

Table 1
FIFTEEN YEAR ( 1 990)

TURBINE INLET TEMPERATURE PROSPECT S
(MAN-RATED MILITAR Y AIRCRAFT)

APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capabi lity
- 

Turbine Inlet Gas Temperature , °F

Material Technologies Pessimistic Expected Optimist ic

1. Superalloys I

2. Superalloys wi th Cooling -

3. Coated Refractories

4. Oxide Dispersions 
I

5. Directthnally Solidified Superalloy s -

6. Direct ionally Solidified Eutectics

7. Ceramic Composites -

8. Ceramics 
-

(Other)
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Estimator ’s Name - --

Organization _________________________

Table 2
FIFTEEN YEAR ( 1 990)

TURBINE INLET TEMPERATU R E PROSPECT S
(MAN-RATED MILITARY AIRCRAFT)

APPLICATION: FIRST STAGE TURBINE BLADES

Estimated Capability
Turbine Inlet Gas Temperature, °F 

—

Material Techno logies Pess i m i st i c Expected Optimistic

1. Superalloys -

2. Superalloys with Cooling - 
-

3. Coated Refractories

4. Oxide Dispersions

5. Directionally Solidified Superalloys -

6. Directionally Solidified Eutectics
I -5-———--7. Ceramic Composites 
-

8. Ceramics - -

(Other) -

~

F ’
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PART 2

Making the estimates for Part 1 required implicit assumptions
regarding the progress of a number of infl uencing factors in the material
application technology . The purpose of this part of the questionnaire
is to provi de you an opportunity to make explicit some of these assumptions.
Where appropriate , please provide any qualifying statements that would
clari fy the basis for your answer.

QUESTION A
Oftentimes a specific material property limits its application , and

if this particular property can be improved through research , the material
can then be used i n more advanced applica tions . In your es timate of
turbine inlet temperatures for the various classes of materials, you assumed
advances in certain physical , structural , chemical , or thermal properties.
Please u s c  the more important developments that are required for each
material technology and indicate whether these efforts are supported by
R&D funding at a sufficient level to bring yur estimates to fruition .
If not, what additional support is required?

QUESTION B
In some cases current fabricating techniques may be inadequate or

Inappropriate for new material technologies . In your opinion , wou ld
fabrication developments be required to support your material capability
estimates given in Part 1? Important fabrication technologies might
include hot die forging, diffusion bonding, solidification techniques ,
powdered metallurgy , etc.

QUESTION C
Descr ibe any spec ial des ign concepts wh ich you have assumed in your

• temperature estimates in Part 1. Would these concepts require a develop-
ment effort not currently contemplated and/or funded?

- - -- -5 - -  -5--- -5-—-- — - -5 - . -  -~~~~~~~~~~~~~~~~~~~ _ _ _



QUESTION 0
Your estimates in Part 1 were based , among other things , on the

availability of likely R&D fur ’ing . Here we would like to obtain your
opinion of the sensitivity of those estimates to a shift in research
priori ties. Can you identi fy any specifi c changes or additions to R&D

I 

fund allocations which would significantly change your estimates given
- 

I 

in Part 1 , for example , convert your “optimistic ” estimate to an
“expected” result.

I

_ _  - - — —----. - .-- --
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PART 3

ADMINISTRATION QUESTIONS

1. Do you consider yoursel f an expert in gas turbine engines :

I:’ Yes No

a. Design 
_____ _____

b. Materials 
_____ _____

c. Development 
_____ _____

d. Overall 
_____ _____

2. is your expert ise limi ted to one particular ma terial technology or
engine component:

No 
_____

Yes 
_____

If yes , which one 
___________________

3. Would you like to obtain feedback from this questionnaire?

No

I - Yes 
_____

4. May we attribute these estimates to you?

No 
____

Yes 
_____

Signature
_____________________________
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Appendix B

RESPOND ENT S TO QUESTIONNAIRE

1. The General Electric Company, Aircraft Engine Group, Cincinnati,

Ohio , Dr. Shirley Wakefield (a joint response) .

2. National Aeronautics and Space Administration , Lewis Research

~ I Center , Cleveland , Ohio , James R . Johnson and R. L. Ashbrook.

3. Pratt and Whitney Aircraf t , Flor ida Research and Development

Center, West Palm Beach, Florida, G. F. Calvert (a joint response).

4. Rolls—Royce (1971) Ltd. , Derby Engine Division , Derby ,  Eng land ,
L. G. Dawson (a joint response).

5. U.S. Air Force Advanced Propulsion Laboratory, Wright—Patterson

Air Force Base, Ohio, E. C. Simpson.

6. U.S. Army Aviation Materials Research and Development Laboratory,
• Ft. Eustis, Virginia, Graydon A. Elliott.

7. U.S. Army Materials and Mechanics Research Center , Watertown , Mass.

k A. R . D . French
B. R. N. Kat z.

r
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Appendix C

QUESTIONNAIRE RESPONSES

This appendix reproduces the substantive parts of the responses

to the High Temperature Materials Technology Questionnaire . (Because

a number of respondents indicated that they did not want their esti—

mates attributed to them , it was necessary to sanitize the responses

so that the source could not be determined.) Ei gh t responses were
re ceived and are presen ted he re in an order de te rmined by the estimate
of expected superalloy turbine inlet temperature.

The responses are presented here exac tl y as received——except for

letterhead iden tif ications , but including handwr itten Insertions and
marginal comments——to preserve important qualifying remarks.

RESPONSE PAGES
A 35—41
B 42—46
C 47—51
D 52—58
E 59—62
F 63—68
G 69—73
H 74—79
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Table 1
FIFTEEN YEAR ( 1990)

TURBINE INLET TEMPERATURE PROSPECTS
(MAN-RATED MILITARY AIRCRAFT)

APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capability
Turbine Inlet Gas Temperature, °F

Material Technologies Pessimistic Expected Optimistic

1. Superalloy s 
~

--i
~~,

-
~

-
~ 

i~~~~~~~~~~~~ c~~~
’

2. Superalloy s wi th Cooling 
~~~~~~~~ 

• -z ccD ” 23’~~~
3. Coated Refractories I 

— 

~~ ~~~~~ ~~~~~

4. Oxid e Dispersions 1 2Sc 0’1 -a sod’

5. Directionally Solidified Superalloy s -L

6. Directi onally Solidified Eutectics 2 ~~~~~~~~~~~~~~ 
~~~ ~~~

7. Ceramic Composites z ~~~~~~~~~ 2 <
~Oo~ 3Oc~Q~

• 8. CeramIcs 2 ~~~~~~
(Other)

~• ~I*
4 _______________________________________________________________________ ____________________________________________________ ____________________________

4 ~~
~~~~ ~~~~ .4~ IL-I
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Tabl e 2
FIFTEEN YEAR ( 1990)

TURBINE INLET TEMPERATURE PROSPECTS
(MAN-RATED MILITAR Y AIRCRAFT)

— APPLICATION : FIRST STAGE TURBINE BLADES

Estimated Capab ility
Tu rb ine Inlet  Gas Temperatu re, ‘F

Material Technologies Pessimistic I Expected Optimistic

1. Superalloys I ( -i 
~~~~~ 

- 
~ ~ 

( -

2. Superalloys with Cooling 
I 

-~ ~ I 1 
~

3. Coated Refractori es J C~(
; 

2 -
~~~~ ( -

i.
4. Oxide Dispersions I 

2 -
~~~ ~

5. Directionally Solidified Superalloys 
~~ 

I 
~~ 

-
• 

7
6. Directionally Solidi fied Eutect ics  

~~ I L  ( -  ) 2 ~~~~‘

• 7. Ceramic Composites 
~ ~~~~~~~~~~ 

~~~~~~~

-( 8. Ceramics 
~~~~~~~~::-~~~~~ 

- - 

~~~~~~~~~~~~~~~ 
3

(Other)

~~~~~~‘~~~~~~~S ~~~~~~~~~~~~~~~~~~~~ ~~- L- ~~~~~~~~~
kL ~~~~~~~~~~~~~~~ ~~~ 5- k tL I~~~~) ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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Answer to Question A:

Superalloys:

a. Cobalt—base superalloys do not have the strength of the nickel—
base superalloys and are therefore not in contention for use in rotating
parts at peak temperatures . Work has been underway for many years to
develop a strengthening precipitate analogous to N 13X. This work is not

-5 1 
strongly f i nanced since other approaches seem to o f fe r  earlier rewards.

b. The uppe r limit on the use of nickel—base superalloys is limited
only by a willingness to operate with a gas temperature equal to or
greater than , the incipient melting point of the metal. All of the super—
alloys are eutectics with an incipient melting point below 2575°F.
Further return from R&D is doubtful .

c. D~spersion st rengthened superalloys do not have the potential
of directionally solidified entectics. Return from further R&D not
expected to be significant for strength improvements but will help
corrosion resistance.

Refractory Alloys:

Columbium alloys offer the only reasonable opportunity in this cate-
gory. Principal shortcoming is embrittlement due to oxidation in the
service temperature range. For small engines the best approach to
manufacturing refractory metal nozzles and blades is casting . Most
available columbium alloys were desi gned for use in a wrought form .
For nozzle applications , some of the available alloys have adequate
properties in the as—cast condition . Rotating components , however,
require the development of a higher strength casting alloy having at
least 5% ductility (tensile elongation).

Additional Note on Metals:

There are two additional problems to be faced with metals. First ,
and most important, better coatings, coating application , coating strip—
ping, and coating inspection techniques are needed . None of the metals
noted above will survive for any reasonable length of time in their
working environment today without a coating. This is where the R&D
dollars would be most beneficial .

The second problem has become critical for directionally solidified
superalloys but is a point for consideration with the others; this is

• the repair problem . Whether by alloy or component design, the end
products have become so sophisticated that normal repair procedures
do no apply. Yet the price per blade is so high that the question of
acquisition and life cycle affordability is paramount . Therefore, this
is the second area where R&D dollars should be applied .

_ _  _ _ _ _ _ _  _ _



- 

-38- ~~~

—5-

~~~~~~~~~~~~~~~~~~~~~

-

-

• 
(A)

All other areas mentioned have sufficient R&D funds now being applied
to bring forth something useful and probably significant within the next
five years. Coatings and component repair do not . It is Impossible to
answer the question of how much more is needed since this depends entirely
on a critical assessment of the problem and the method for controlling (or
not controlling) dispersion of funds. Considering the two problem areas
mentioned , the rate at which they have developed , and their magnitude , it
seems necessary to support all levels from basic research through engi—
neering development, including manufacturing technology .

Ceramics:

The application of ceramics to turbine nozzles and blades in man—
- - 

- rated engines is too far downstream to recognize a likely time period .
• - In general there are three links in the chain of events that must be

completed before we can reasonably expect this application : a) further
work is needed on designing and testing hardware to b) build the conf I—
dence engine manufacturers need to change materials and c) to demonstrate
the cost effectiveness of the finished product (acquisition and life cycle
costs).

It is true that fu- cher research is needed on multiphase systems to
understand the.m and that manufacturing procedures need further development
to assure a uniform , reliable product.  The return from increased R&D
spending in these areas over the next ten years will be significant.
Likely targets for the application of ceramics will not be man—rated
engines but turbines for vehicles, stationary power generators, and
missiles if the cost is low .

Cer amics , however , are also developing oxidation problems and this is
the controlling factor with regard to the upper useful temperature limit
of the material . Gas temperature limit is controlled by designers.

The proper amount of R&D funds to be spent in overcoming these def I—
ciencies again depends on control of dispersion .

Answer to Question B:

Fabricating techniques are available to produce something useful from
each of the material categories listed . Therefore, fabrication is not a
pacing technology from the point of view of seeing these materials enter
service. On the other hand , from the point of view of affordability ,
there are significant problems which need to be worked out .

Fabrication costs are high; supported in some cases by high reject
rates. Repair of damaged components, mentioned earlier , should also be
included in the fabrication category and some of these techniques have
yet to be determined . It is important to note that as long as a customer
exists who is willing to pay the price , the high cost of fabrication is
not a problem. But this is a state which is not likely to continue now

5- - - - - - ---—
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(A)

that the sources of these costs are being identified . It is to be
expected, therefore, that funding to support technological advances in
fabrication will increase.

Answer to Question C:

• - As noted , design establishes the turbine inlet temperature for metal
parts by providing cooling for components in the gas stream and allowing
the gas temperature to rise above the material temperature . Therefore,
the turbine inlet temperatures I have listed are controlled by design.
have been conservative in writing down probable upper temperature limits
because of my concern for the loss of cooling .

Turbine inlet temperatures (T . I .T .)  are average values . Local t emper—
atures may vary widely around the nozzle ring so the gas temperatu re may
be further above the material than the reported T.I.T. would indicate.
This , coupled with the possibility of a local loss of cooling, forms the
basis of my conservatism for metals.

Ceramics are assumed to be limited primarily by a material problem ,
oxidation. Since there exists no clear way out of this problem, my esti—
mates for ceramics are conservative also.

Since I am concerned about the material temperature/ T .I .T.  spread
today , I would not encourage further developments in this area now. It
seems more impor tan t t o ask fo r improvemen ts in t he combustor pattern
factor and for developments which will assure that catastrophic failure
will not occur on loss of cooling.

Answer to Question D:

Since there can be no assurance of R&D success, the answer to this
question has to be “No”. But if we accept that the probability of success
increases with funding,  then coating research should close the gap between
“optimistic” and “expected” for all materials. 1 have expressed my
concern over the continued use of superalloys in environments where the
average gas temperature exceeds the incipient melting point of the alloy.
Therefore , while coating research would be helpful here , it does nothing
to relieve the problem of sudden loss of strength with incipient melting.
For columbium alloys and ceramics, however , coating developments would
be most helpful.

Further Discussion:

It is often stated that the particular section of the engine you have
chosen is paced by material developements . In looking at further Improve-
ments in engine performance we then assume that any increase in the average
turbine inlet temperature can be accommoda ted by the rest of the engine.
This, in fact, is why the gas temperature today can be well above the
maximum temperature that materials in the gas stream can endure.

_  - - -5 -- - - - - -5- - -- --
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This cannot go on indefinitely ,  of course , since cooling air for
nozzles and first stage rotor blades must be taken from the high pressure
end of the compressor; and we are therefore throwing away “work” . But
we have already progressed to a poin t where a disruption in cooling can
be rather quickly fatal to the engine. In spite of this we are con tinuing
a technology push with the same type of materials and more comp lex cool ing
schemes.

Why is this so? I think the answer is confidence . Materials for gas
turbine engines are not selected by material developers , and their selec-
tion is not approved even by a designer , bu t by a project manager . This
person ’s confidence in the materials approved is based largely on his
earlier engineering experience. Thus, materials he is familiar with, or
their derivatives , tend to remain in service. The other side of the
argument is that it is easier for engineers to be confident of engineering
design than material design.

This “confidence barrier”, then , is what new classes of materials must
overcome in order to enter service. If this is to occur by a technology
push , new materials need a large and visible data base. Using superalloys
as an example , we might expect to spend as1 much as $15 ,000 ,000 for the
creation, acceptance, and bill—of—materials listing of each new alloy
(metal or ceramic) for man—rated gas turbine engines after general conf I—
dence is established . Perhaps 15—20% of this will be spent on research
and the rest on engineering and manufacturing developments. Considering
the present state of the economy, I am not sure that a compelling incen-
tive for spending this level of money on new materials exists.

I I

--- 5---- - - - - - -5-- -- _ _  _ _
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PART 3

ADMINISTRATION QUESTIONS

1. Do you consider yourself an expert in gas turbine engines :

- 

I Yes No

a. Design 
_____ i’

b. - Materials _____ _____

c. Development 
_____ _____

d. Overall 
_____ _____

2. Is your expertise limi ted to one parti cular material technology or
engine component:

• No s.-

Yes 
______

If yes, which one 
___________________

3. Would you like to obtain feedback from this questionnaire?

No 
______

Yes ~

U

V

5 -~~~~~—— -5 -5- - - 5--- ” _ _
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FIFTEEN YEAR (1990)

U1) TURBINE INLET TEMPERATURE PRO SPECTS
(MAN-RATED MILITAR Y AIRCRAFT)

APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capability
Turbine Inlet Gas Temperature, °F

Material Technologies Pessimistic Expected Optimistic

1. ~~~~~~~~~~~~~~~~~~~~

2. Superalloy s with (Coolir~g,) / 6  ~O /~ OO / 9~~ O

3 Coat Refractorles
a,,~J .... j~~~ o o 34~D~ 

I

5. • Directionally Solidified Super 11 ys

6. Directiona
e~~~,~~

l d i f i e d  E~~~ 1~~~~ 
- ~~~ 2.- ô ~ 

0
7. CeramI c Composites

vi - ~~

8. Ceramics 
-~~

. 3.D-O
(Other) -

- 5 -  — _ _ _ _  _ _ _ _ _ _ _ _ _
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FIFTEEN YEAR (1990 )
TURBINE IN LET TEMPER ATURE PROSPECTS

(MAN-RATED MILITARY AIRCRAFT)
APPLICATION: FIRST STAGE TURBINE BLADES

Estimated Capability
Turbine Inlet Gas Temperature, ‘F

Material Technologies Pessimistic Expected Optimistic
1. Superalloys
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  ‘Iii’ _ _ _ _ _ _ _ _

2. Supera lloys with Cooling ‘I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

,65~ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _

3. Coated Refractories 4 
_ _ _ _ _ _ _ _ _  

a-o ji~( a 0
4. OxIde DisPers1ons

&,.,.tJ~~~~~tj
5. DirectIonally 501 j d Su~~~~~o s  ~, ‘I

6. DirectIonally So1ld~~~~)utec~~~~~/ 3 ~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~

7. Ceramic Composites -

8. Ceramics

(Other) I
-I.

-
-
~ 

-
~~

j r i
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Making the estimates for Part 1 requIred implicit assumptions
-
• regarding the progress of a number of Influencing factors in the material

application technology . The purpose of this part of the questionnaire
is to provide you an opportunity to make explicit some of these assumptions .
Where appropriate , please provide any qualifying statements that would
clari fy the basis for your answer. ~~~~~~ 

IVI

QUESTION A
Oftentimes a specific material property limits its application , and

If this par t i cu la r property can be improved through research, the material
can then be used in  more advanced applications . In your estimate of
turbine Inlet temperatures for the various classes of materials , you assumed
advances in certain physical , structural , chemical , or thermal properties.
Please list the more important developments that are required for each
material technology and indicate whether these efforts are supported by
R&D funding at a sufficient level to bring your estimates to fruition .

r~~A_ -

If not, what addit ional  support is required ? ~~‘
, 

1 ‘~ ‘t ~
’

_ _

In some cas6~ current fabricating techniques may be inadequate or
inappropriate for new material technologies . In your opinion , would

fabrication developments be required to support your material capability
estimates given in Part 1? Important fabrication technologies might

include hot die forging, diffusion bonding, solidifi cation techniques ,

powdered metal 1 urp. etc . ~~~~~ ~~~~~~~~~~~ 
~~‘~‘ 1

-
~7~ 

7~~ 1-~1 ~~~~~~~~~~~~~ ~~~~

QUESTION C
Describe any special design concepts which you have assumed in your

temperature estimates In Part 1. Would these concepts require a develop-
ment effort not currently contemplated and/or funded?

-- 5- - 5- - —



—- -5 - -.-- -w -- -- -5• -5-5 - - _ _ _

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~
__ _ _ _

~~7--_~~~~~~~~~~~
_

— ~— —-~~~~ - - —
r —

—45— 
~~~~~~~~~~~~~~~ 

- - -

(B) 4 4,1 j  
~
( (~1
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Q~EST 1ON 0
You r estima’~s i n Pa rt 1 were based , among other th ings , on the

ava ilability of likely R&D funding. Here we would like to obtain your

opinion of the sensitivity of those estimates to a shift in research

priorities . Can you identify any specifi c changes or additions to R&D

• fund allocat ions which would significantly change your estimates given

i n Pa rt 1 , for exam p le , convert your ‘optimistic ” estimate to an
I ‘ex pected ” resul t .  • 

~
, 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~
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PART 3

ADMINISTRATION QUESTIONS

1. Do you consider yo ursel f an expe rt in gas turbine engines :

Yes No

a. Design K _____

b. Materia ls _____ _____

c. Development

d. Overal l _____ _____

2. Is your expertise limited to one particular material technology or
engi ne component :

N o j ( 
-

Yes 
_____

If yes , which one ___________________

3. Would you like to obtain feedback from this questionnaire?

No 
______

Eli

Yes ?“

_  __  J
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Table 1

FIFTEEN YEAR ( 1 990)
TURD1I~E U~LET T •~PE~L~TL~E P~OS ’E - . T~(MAN-R ATED MILITARY AIRCRAFT)

APPLICATION: FIRST STA G E !~OZZ LE DIAPHRAGM

Estimated Capab ility
_ Turbine lnlet Gas Tcr iperature ,~~F 

—

__ __J4~terj al_ Techr lo looi es Pess i mist ic  
- 

Expect

1. Supe ra l l o ys 
~~ ~ 

j 
~2. Supera lloys with Coolin G

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  

OIt N.o~~~~1~~ I C..

3. Coated Refra ctories I
-t 

_ _ _ _ _  _ _ _ _ _ _  
_~~oi AV ILASf.f 1W TiMe 

_ _ _-

4. Oxide Dispersions 
~ 

q ’p.i •

5. Directionally Sofldif ied S~~er afloys~ i 1i34- a. 1S
6. Directionally Sol’difie i Eutectic s

_ _ _ _  ___  ___  
N~T AVA U.AtLE 1W TiME __

7. Cer-,jnk -~~1~~sit -

_ _ _ _ _ _  ~~~~~ ‘W~
~ 1 8. Ceramics

_ _ _ _ _ _  ___  

ND7 AYAsa.4g~( sw ~~~~~ --

(Other)
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Table 2
FIFTEEN YEAR ( 1990)

TU R B~N~ INLET TEMPEP.~TURE PROSPECTS(MAN-RATED MILITARY AIRCRAFT )
APPLICATION: FIRST STAGE TURBINE BLADES

Estimated Cap ability
Turbine Inlet Gas_Temper~ture ,~~F

Mate ri al Tec hnoi og Pessimist ic Ex pecte d~~~~~~~~ is ic

1. Superalloys 
~~~~~~ _ _ _ _

2. Superalloys with Cooling i _______

3. Coated Refractori es 
—- 

H~~ $
4. Oxide Dispersions

5. Directi on3lly Solidified Superalloys 
~~~~~~~~~~ 

-— 
____________ --

6. Directionall y Solidified Eutectics

• 7. Ceramic Composites 1___~~ vAI~ A~~~t
8. Ceramics 

~~~~ _~_._ !~!~~lL4u ?IME

(Other ) j 
____ 

-
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Thank you for your letter of the 27th January 1976 and
the enclosed questionnaire on the subject of possible
future turbine inlet gas temperatures. You will find
attached the questionnaire forms completed. This was
done by a group of three appropriate specialists here .

In comp leting the questionnaire , we assumed that the
turbine inlet gas temperature imp lied the average gas
temperature at outlet from the combustion chamber. We
also assumed that this temperature referred to the most
damaging condition occurring in the flight plan. We
took it that the date (1990) referred to an ‘in-service ’

-5 date and that therefore the design would have to be
committed several years in advance of this date. -

Even after making these assumptions , we found that there
was a large amount of scope for the imagination in comp leting
the questionnaire . This can be best seen with respect to
answer No. 2 on table 1, where limitation due to the inlet
guide vane is quoted as being ‘beyond stoichiometric ’.
This is largely due to your statement that only the

-

~~~ 
limitations due to the component itself should be considered
and not other limitations in the cycle. We in fact

,%
‘ssumed that there would be no limitation to the employment
‘~f cooling air desp ite the detrimental effects of large
quantities of cooling air on both the therma l efficiency
of the cycle and on the aerodynamic efficiency of the
turbine . On the other hand , we did not emp loy unreasonable
blade dimensions simply in order to ease the cooling
problems. We also had to make some assumptions about the

- -  -- - ---5—
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type of engine, and in fact, we assumed a reasonably high
compression ratio (for a Military engine) and that the
worst conditions would occur at a Mach number of about 2.

Even then we had to make some assumptions about the nature
of the traverse out of the combustion chamber both from
the point of view of local hot spots approaching the nozzle
guide vanes and the radial traverse approaching the rotor
blades. We think our assumptions are reasonable but
quite small changes to these numbers can make a substantia l
difference to the numerical values of the replies.

I should perhaps also comment on the fact that we have
given our answers to four significant figures. This does
not imply that our ‘prophesies ’ are of this order of
accuracy, but simp ly that these were the numerical values
arising from our calculations and it seemed wiser not to
round them off, in case we wish to refer back to the
original calculations at some later date.

Although the questionnaire was completed by three of our
specialists , it should not be taken as giving a considered
view of the Company , nor , for that matter , my own views.

With regard to part 2, we wish to make the following comments:

QUESTION A
The non-metallic materials are limited by lack of ductility .
The particular individuals , who completed the questionnaire ,
considered that the design difficulties brought about by
this lack of ductility could not be solved reliably within
the timescale stated.

QUESTION B

There are no fabrication techniques involved in the
answers to Part 1, which it would be suitable to describe
in this questionnaire .

QUESTION C

Al though some advances in design concep t are assumed in the
answers to Part 1, no detailed work has been done to define

- - 
these within the scope of the present exercise.

IT QUESTION D
- fl- We do not feel able to comment on this point.

- - - - - -5- -5
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PART 3 - - - 
‘._. 

~
— - 

~-‘
ADMINISTRATION QUESTIONS

1. Do you consider yourse l f  an expert in gas turbine engines :

Yes No

a. Design .4/ 
_____

b. Materials 1/ 
_____

C’. Development 1 
_____

d. Ove rall .4/’ 
_____

2. Is your expertise limited to one particular material technology or
engi ne component:

N o V
Yes 

______

If yes , which one 
____________________

3. Wou ld you like to ob t a i n  feedback from th is q uest ion n a i r e ?

No

Yes i/’

-4

.1~ ~
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Table 1

FIFTEEN YEAR (1990)
TURB INE INLET TEMPE RATU1~~ PROSPECTS

(MAN-RATED MU.ITARY AIRCRAFT )

APPLICATION: FIRST STA(~ NOZZLE DIAPHRAGM

Estimated Capabi l ity
Turbine Inlet Gas Temperature °F

Material Technologies Pessimistic Expected Optimistic

1. Superalloys 1850 1900 2000

2. Superalloys with cooling 2600 2800 3600

3. Coated Refractories 1600 2400 2800

4. Oxide Dispersions 1850 2000 2050

5. Directionally Solidified Superalloys 1800 1850 1950

6. Directionally Solidified Eutectics 1750 2000 2100

7. Ceramic Composites 1700 2400 2800

8. Ceramics 1700 2400 2800

(Other)



(D)

Table 2

FIFTEEN YEAR (1990)
TURBINE INLET TEMPERATURE PROSPECTS

(MAN -RATED MILITARY AIRC RAFT)

APPL ICATION: FIRST STAGE TURED1E ~~ADES

Est imated Capabilit y
Turbine Inlet Gas Temperature~~ °F

Material Technologies Pessimistic Expected Optimistic

1. Superalloys 1850 1900 2000

2 . Supe rall oys wi th Cooling 2600 2800 3600

3. Coated Refractories 1600 2400 2800

4. Oxide Dispersions 1850 2000 2050

5. Directionally Solidified Superalloys 1800 1850 1950

6. Directionally Solidified Eutectics 1750 2000 2100

7. Ceramic Composites 1700 2400 2800

8. Ceramics 1700 2400 2800

(Other)

‘4-
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Part 2 of your questionnaire a sked for discussion of the under-
lying assumptions upon which the Table 1 and 2 estimates were
based . As you will note, we have indicated the same values of
turbine inlet temperature (equivalent to combustor exit tempera-
ture in PWA terminology) for nozzles and blades even though the
relative gas temperature is lower for the blades because of a
lower relative stagnation pressure. However, the blades , being
a rotating component , usually experience a much higher stress
condition than the nozzles, and this tend s to offset the lower
relative temperature of the blades for normal design lifetimes.
A detailed study might reveal somewhat different values for the
blades , but for a fifteen year forecast the present estimates

-5 
are considered adequate.

Our answers to Questions A and B of part 2 are presented in tabular
form , attached. It should be noted that our response has been

- 

- 
framed in the context of man-rated aircraft propulsion engines.
In answer to Question C , ther- ’ are no special design concept s asso-
ciated with the turbine inlet temperature s given in Part 1. How-

~J Y ever , in the respon -~.- to Question A we have shown that “new design ”
concepts wi l l  probabl y be required to bring certain materials into
use in aircra ft engines.
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In answering Question D, we feel that the primary effect of a shift
in research priorities (hence funding levels) would be to sho rten or
lengthen the development time rather than increase or decrease the
temperature limits.

-5 ~~~~~~— - -5 — -
~~~~~~~~~~ -5- --a-- — - 5 -— - -
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~~~SPON~~~~ TO QUE STION A. PART 2

Materials  Technology Developme nt Require d Present R&D Support R&D Needed

1 & 2. Superalloys A. Alloy Development Adequate --
B. Process Development

- 3. Coated Refractories A. Better Understanding
of Alloy Reactions

B. Better Coatings Inadequate )$5M
C. Better Designs

4. Oxide Dispersions Better Processing Inadequate >$2M

= 5. D/S Supe ralloys Process Control Adequate --
6. D/S Eutectic A. Process Control

B. Alloy Development Adequate - -

C. Coating Development
D . Better Designs

7 & 8. Ceramics A . Better Material  Under-
standing

B. Bet te r  Material  Inadequate )$1OM
C. Bet ter  Processing
D. New Designs

.4

p.

I
-5 - i -
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RESPONSE TO QUESTION B. PART 2

-5

- 
Material Technolog y Fab rication Support Required

- 
- 1 & 2. Superalloys A. Powde r 1~~ta l lurgy

B. Diffusion Bonding

‘ 4
C. ECM/EDM

D. Mathods for Coating

- E. Hot Die Forging

3. Coated Refract~ries Mathods for Coating

4. Oxide Dispersions Powder ?~ tallurgy

5. D/S Superalloys Sulfidation Control

6. D/S Eutectics A . Solidification Control

B. Mathods for Coating

7 & 8. Ceramics Powder Processing

_ _ _ _ _  
_ _  -5- - -5- -- - - -- - 5— - --- -- 5-— --
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PART 3

ADMINISTRATION QUESTIONS

1. Do you consider yourself an expert in gas turbine engines :

Yes No

a. Design x 
_____

b. Materia ls X 
_____

c. Development x 
_____

d. Overall x _____

2. Is your expertise limited to one particular material technology or
engine component:

No x

Yes 
-

If yes , which one ____________________

3. Would you like to obtain feedback from this questionnaire?

No 
_____

-5 Yes x
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Table 1
FIFTEEN YEAR ( 1 990)

TURBINE INLET TEMPERATURE PROSPECTS
(MAN-RATED MILITARY AIRCRAFT)

APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capabil ity
- - Turbine Inlet Gas Temperature , °F

Material Technolog ies Pessimistic Expected Optimistic

1 . Superalloy s 850 1 900 1950

2. Superalloys wi th Cooling 2600 
• 

3500 4000

3. ‘toated Refractories

4. Oxide Dispersions 900 950 2000

5. Directional ly Solidified Superalloy s 1 900 2000 2100 

—

6. Directionally Solidified Eutectics j 2050 2 5 0  2250

7. Ceramic Composites 
900 2000 2200

8. Ceramics 2500 ~ - 2600 3000

(Other) - 
-

-

k
I. I tems 4—8 assumed uncooled vane .
2. DS superalloys w i l l  probably not be needed as a vane material.
3. I tems 4-7 dependent on coating techno l ogy. 

_
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Table 2

FIFTEEN YEAR (1990)
TURBINE INLET TEMPERATURE PROSPECTS

(MAN-RATED MILITARY AIRCRAFT)
APPLICATION: FiRST STAGE TURBINE B LA D ES

Est i rrated Ca~ a b f l i t y
Turbine Inlet Gas ~~~perature , °F

Material Techno’ogies ~~~ Pess im isti c E~~ec~~d -

1 . Superal loys 185 - 1 ~53

2. Superalloys with Cooling 
~OO 3500

H——
3. Coated Refractories

4. Oxide Dispersions ~ n-~

5. Directionally Solidified Superalloys 
9 5 9  ~~~~~~~ .~i00

6. Directionally Solidified Eutectics 
950 2 0 0

7. Ceramic Composites 
2200 2400 .~6-1~

8. Ceramics • 2400 2500 2900 
-

(Other) -

I . Items 4—8 assumed uncooled blade.
2. I tems 4—7 dependent on coatinq techno l ogy.
3. I tem 3 depends upon the coat ing technoloqy and may va ry  from 9000F to 3000°F. 

- - 4
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~A RT

Hr -~~~~~- 4—7 , t ~ j  j  um. d t~ i i ~ - c i t i n g s  or corrosion resistance -oul d be
e - I - : ~~-~1 ~or +r~~ ~-~~r t i c -i l ~jr  ‘-~it ,~r ~I t - - operate at these ternperaturc~ f~~r ~-xter~de’jP :~er i ods .

- 
-
~~UH I I

I The . -5 t Imates  l r - -)vided in Tables I and 2 were based on current fabrication tech—
‘ I n iques .

— (94JFS T I O N  C

I t  was a~-~ umed t hat des i gn -3p abi Ii ty ~- r ceramic mater al com ponents ~X L t

nIJES TIOII [9

- - This question should be iddr ~ - sed Lv the mater i- ils deve ! ;~:r .

p.

1~ 
$
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PART 3

ADMINISTRATION QUESTION S

-

~ 1. Do you consider yourself an expert in gas turb ine engines :

Yes No

a. Design X

b. Materials _____ 

X

c . Deve lopment X

d. Overa ll _____ _____

2. Is your expertise limi ted to one particular materia l technology or
eng ine  component:

No 
______

Yes X

If yes, w hich one TUR BI ~ iES

3. Wo uld you li ke to ob ta in  feedback from this questionnaire ?

No 
______

Yes X

‘I

-5,
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QUESTION A - - Needed Developments
7

Directionally Solidified lutectics

o Alloy development

o Coating development (external & internal)

o Mechanical property characterization

o Q.C. methods , acceptability limits

o Component testing

Additional support needed $10,000 ,000

Ceramic Composites

o Develop impact-resistant coatings

o Deve lop and characterize standard grades of Si/Sic

o Inspection and Q.C. methods development

Additional support needed (see answer to Question D)

Ceramics

o Impact—resistant coatings

o Property characterization of best quality standard SiC.

o Inspection and Q. •C. methods development

Additional support needed (see answer to Question D)
~~~~ 1~

Oxide Dispersions
a —

o Improved transverse strength

o Improved quality contro l
•

o Lower cost materials

Additiona l support needed $2,000,000 
-

- -5 --- -5- - -
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QUESTION B -- Fabrication Technologies Needed

Directionally Solidified Eutectics

o Improved ceramic mold materials

o Improved ceramic core materials

o More cost—effec tive solidification process

o Development of pilot line manufacturing capability
for casting and coating blades and vanes

o Develop brazing technology for attaching sealing p lugs ,
tip caps , etc .

Ceramic Composites

o Develop fabrication technology inc luding casting and

machining

o Develop pilot line manufacturin g capability for nozzle

vanes and band segments . -

o Develop joining technology for Si/SiC to Si/SiC parts

o Develop methods of selectively “tailoring ” mechanical
properties in different areas of parts .

- -5 

— 
Ceramics

o Develop sintering process to produce pressurele ss
aintered SiC with highly reproducible properti es

o Develop pilot line manufacturing capability to make
nozzle vanes and band segments.

_ _ _ _ _ _ _ _ _
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QUEST ION C

Air cooling design technology was assumed for cooled

superalloys , oxide dispersion strengthened alloys , directionally

solidified superalloys and directionally solidified eutectics ,

since design and material technologies are really inseparable

for high performance turbines . The temperatures for the four

classes of materials are thus the same . The rea l payoff to the

engine by using the more advanced materials is in the reduction

of cooling air required when the material has a higher temperature

capability.

The air-cooling design technology to attain the turbine inlet

temperatures indicated in Tables I and II exists today.

The continued refinement of this technology will be funded by the

military and IR&D program . Funding for the

mechanical design technology needed for anisotropic directionally

solidified eutectics , the ceramic composites , and pressureless

sintered SIC needs to be identified , since the mechanical and

physical characteristics of these materials will be significantly

different than materials now used in aircraft turbine engines and
a

different tec hniques of stress analysis and mechanical design will

be required.

_ _ _ _ _ _ _ __  - - —
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QUESTION D

To assure that adequate technology on directionally solidified

eutectics , ceramic composites , ceramics , and ceramic-metal hybrids
is available for 1990 engine applications , R&D efforts on these
technologies should be accelerated in the 1979-1989 decade .

Even though efforts are underway today in American industry
— on all these technologies , a considerable acceleration is vital

if the technologies are to be available for reliable , cost-

effective use in 1990 man-rated military aircraft.

An adequate program to develop the foregoing material systems

would cost $60,000,000 and require 15 years.

F ~~~~
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Table 1
FIFTEEN YEAR (1990)

TURBINE INLET TEMPERATURE PROSPECTS
(MAN-RATED MILITARY AIRCRA FT)

APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capability
Turbine Inlet Gas Ten~perature, °F

Material Technologies J Pessimistic Expected Optim istic

1. Superafloys 1950 2000 2050

2. Superal l oys wi th Cooling 2700 2900 3200

3. Coated Refractories - - - — -  - -

4. 0/ide Dispersions 
2100 2201) 2300

5. Directional ly Solidified Superalloy s 2000 2050 210ti

6. Directionally Solidified Eutectics 2050 2100 2150

7. Ceramic Composites —— —— ——

8. Ceramics 2300 - 2500 2700

(Other) Cooled Ceramics 3000 3200 3500

Single Grain Castings 2175 2225 2275

I
I-
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Table 2
FIFTEEN YEAR ( 1 990)

TURBINE INLET TEIIPER.ATURE PROSPECTS
(MAN-RATED MILITARY AIRCRAFT)

APPLICATION: FIRST STAGE TURBINE BLA~ES

Estimated Capabil ity
Turbine Inlet Gas T~~~ rature. °F

Material Techno1~~j~s ______ 
Pessimistic ~~p!~~!d 0pti~ isti _

1. Superalloys 1850 1900 2 1 1 1

2. Superalloys with Cooling 260 1 281)0 31 (1

3. Coated Refractories — -  — —  - -

4. Oxide Dispersions 
— —  — —  —~~

5. Directionally Solidified
_
SuPcralloYs

j 
190)) 1951) 1 30

6. Directionally Solidif ied Lutectics 2000 210)) 120(1

7. Ceramic Composites — —  -- — -

8. Ceramics 22 1) 0 25 ’ l) i 2&D0

(Other) Cooled Ceramics 3 I l l I t ~ 320 1) 350(1

Single Grain Cast ings  1950 2050 2150

ODS + ~ 2 ( ’ i~fl 211 1(1  22 )11

W Wire R e i n f o rc e d  Su p e ra l lo y  
- -- 

2 f t ”  
- — 

2 1~~( I 
- 
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PART 3

ADMINISTR ATION QUESTIONS ~~~

-
‘ -

1 . Do you consider yourself an expert in gas turbine engines :

Yes No

a. Design —

~~~~~~~~~~

b. Materia ls x 
____

c. Development X 
_____

d. Overall _____ _____

2. Is your expert ise limi ted to one particular material technology or
engine component : -

~~

No x fr ,f
Yes 

_____

If yes , which  one ___________________

3 Would you like to obt:in from this questionna ire’

‘-II

- 

‘

~~~~~ 

-r
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FIFTEEN YEAR (1990)
TURBINE INLET TEMPERATURE PROSPECTS -

(MAN-RATED MILITARY AIRCRAFT)
APPLICATION: FIRST STAGE NOZZLE DIAPHRAGM

Estimated Capabil ity
Turbine Inlet Gas Temperature, ‘F

Material Technolog ies 4 Pessimistic Expected Optimistic 
- -

1. Supera lloys 
j  ~~~~~ ~~~~~~~~~~~~~

2. Supe ralloys wi th Cooling 
-

~~~~~

3. Coated Refractories

4. Oxide Dispersions

5. Directionally Solidified Superalloy s 
- 

~~~ a 5 ( )  
~~ ~$‘~ ,Z Z~çV 

——

6. Direct i onally Solidi fied Eutectics 
- ~~~~~ o~ ~~~~~~~

7.  Ceramic Composites ?, 
- ~~~ 7~o~~~ 3~

)
~4 o

8. Ceramics 
~~~~oa )

~ 
c#~~

(Other) I - / L
/ 

- 

~~~~~

——--- —- —-

-

I /s-~4((

-— - - ----5 —----- - — - -s---- - - - — —-
~~~~~~~~~
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Table 2

FIFTEEN YEAR (1990)
TURBINE INLET TEMPERATURE PROSPECTS

(MAN-RATED MILITAR Y AIRCRAFT)

APPL ICATION: FIRST STAGE TURBINE BLADES

Estimated Capabil ity
Turb ine Inlet Gas Temperature, °F

— 
Material Technologi es j Pessimistic Expected Optimistic

1. Su peral loys I

2 . S u p e r a l l o ys w i th C o o l i n g

3. Coated Refractories
-5 4

4 . Oxide Dispersions

5. Directionally Solidified Superalloys

6. Direc t i o n a l l y  S o l i d i f i e d  Eutec t ics

7 Ceramic Composites 
~~~~~ ~~~~~~~~

8. Ceramics ~~~~~~~~~~~ 0 ____ 3O.O

(Other) I -

‘
I
’ a~s~~~~~~~~~~

L.. _ 
_ _
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PART 2

Making the estimates for Part 1 required implicit assumptions
regarding the progres s of a number of influencing factors in the material
application technology . The purpose of this part of the questionnaire

is to provide you an opportunity to make explicit some of these assum ptions.

Where appropriate , please provide any qualifying statements that would

c la r i fy the basis for your answer.

C QUESTION A
Oftentimes a specific material property limits its application , and

if this particular property can be improved through research , the ma te r i a l
can then be used in more advanced applications . In your estillate of

turbine inlet temperatures for the various classes of materials , you assumed
advances in certain physical , structural , chemical , or therma l properties.

Please list the more important developments that are required for each

material technology and indicate whether these efforts are supported by

R&D funding at a sufficient l evel to bring your estimates to fruition .

If not , what additional support is required? 
(~~

V t~) 4

QUESTION B
In some cases current fabricating techniques may be inadequate or

inappropriate for new material technologies . In your opinion , would
fabricatio n developments be required to support your material capability
es t imates  g iven  in  Part 1? Important  f a b r i c a t i o n  tec hno logies m i g h t

include hot die forging , diffusion bonding , solidification techniques ,

powdered metallurgy , etc.

QUESTION C
Describe any specia l design concepts which you have assumed in your

temperature estimates in Part 1. Would these concepts require a develop-

ment effort not currently contemplated and/or funded? 
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QU ESTION D

Your estimates in Part 1 were based , among ot her things , on the

avai lability of likely R&D funding. Here we would l ike to obtain your
opinion of the sensitivity of those estimates to a shift in research

priorit ies . Can you identi fy any specifi c changes or additions to R&D
fund allocation s which would significantly change your estimates given
in  Part 1 , for example , convert your “optimistic ” est imate to an
u expectedll result.

I—

I

_ _ _ _ _ _  
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PART 3

ADMINISTRATION QUESTIONS

1 . Do you consider yourself an expert in gas turbine engines :

a. Design 

Yes~~ No 

~‘C~çI:-z 
~~~~~~~~~~~~

b. Materi als 
_____ _____

c. Development K 
_____

d. Overal l 
____  ____

2. Is your expertise limited to one particular mater ial technology or
engine component:

No _

Yes 
_ _  

I
If  yes , wh ich one 

- C~’tIl ”~~
3. Wo uld you like to obtain feedback from this questionnaire? 

~~~_
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Appe ndix D

MATERIAL SUPPLY/D~~1AND DATA SHEETS

This appendix contains the availability data sheets compiled for
*

ten basic materials. These materials represent selected constituents

of the high temperature materials under study. Their selection is

based on the possibility that they may be in short supply in 1990.

In an economic sense, the price coupling of supply and demand

insures that they will be in balance. The data accumulated here per-

tain to factors that could cause supply or demand perturbations in the

1990 time frame from an otherwise smooth time—transition of U.S. supply

and demand production functions.

The data sheets contain information pertinent to these issues:

1. The continuity of worldwide production capacity and dis-

tributional patterns.

2. The potential for supply interruption to the United States.

3. The possible causes of U.S. economy-wide demand variations.

The materials treated are:

Chromium , Cr Tungsten , W
Cobalt, Co Hafnium, Hf
Nickel, Ni Tantalum, Ta
Columbium (Niobium), Cb Thorium, Th
Titanium — Rutile Ore Zirconium , Zr r

— Metal, Ti

-
I 

*Reference sources are listed at the end of the appendix.
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DATA

~~ TAL T I I .I~~ t1 - R~ J . I L l  0R~ 1 .000 A~ RISK CATEGO RY COI Ct I-

S :~~- I y r I d  C :  ~~~~~ ~ Ca it s and huernat io~ a 1 I l i s tribu t  on Putt.- :,,

Rese rve-i : W o r ld  U.S.  “Friend i -, 1 r I - I  n i t

3,000 ioo 8 .ooo A u s t r a l i a ,905 of world s r u t i l r :  500 100
Mine Pru:1s lion : Wor ld World Growth Rate U.S. - - - ‘f  W e ld

~ ‘. ~~~ nH 
97’.e 353 De crea sed 71 1 73- 76) 6 [I ]

R a t i o  of Reroveruble Reserves (at U.S. 1913 Prices) to Cumulative Demand , 197 : — 2000; [6 1
t O .  Rest of World Wor l d

1. 0 . l r l : .  u i - n / U . S .  Demand , P r u o 4 r  M i n e r a l  (7.): 1950 l’lbO IS IS I57~ 2~~~0

--  - -  -- - -

Consumption: U.S. U.S. % of World Production U.S. Z oi World Productio~~~~ast)
97’.e ,80 97’. 79: 1973  7I, [Ii

Technolog ica l Ad v ances, - - - - - - -Synt Set  IC rot I,. f l u -  ii  le,en I -- -po r ted  front Jal-,av - A - I  rat a and I nt - a [II -

~~~~~~ in 7’.) This uould rake availab l e large US ill me r ,il e r e- er ues 1 1D0 MST) H T i  product ion. 1 1 3 1

Capital Investment Problems: I n n u f f i . is - 5 LI economic incent Re to encourage i ’- va le u VCSI :rf in to S 5 ” ’ ” t  t i c  [7 ’j
rutile production because of large reserve to product ion ratio and f r i e n t I > relations with Australia.

Envtronm :,::aI Constraints: Au st eel is is i:-,peded fr:::: mm in n -li re of i In rut: Ic sand s because -f env I -

“-e ::t a l pressur e- Synthetic approach using direct chlorination pre sent some envi r : nr e vt a l problems for [I))
tr,e US . It is environ m entally cleaner to make pigment fr,,- r uti l e than fr:,” il mnte y t.- .

2) ~~~~~~‘int erru~54pp

Import Sources: 7. of Country ’s Prod.
Countr1 C 1910—73 [l[ 7 . o f  World Primary Prod. ~~p 5 5 ~~t oU u~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

8)

Australia 91 28 26 19
India 5 — - -

Si erra Leone 1. — - -

Car tel Pt - - p r  IS Given Au st ral ia - s strong p o l i t i c a l  and .- - v,u-- i c ties - - t s r best - in te rrupt -,-e - 1 121
argo unlikely but a price increase is possible.

Secondary Conflicts

— 1
New Us e, :

I,: - -

ii
a Substitution s, Functional and Material: i : I - e y i t e  could be sub s tituted for ru t Ic thereby presern ng rot l ie  [I)

for metal production; this mi g ht cause some environmental problems for 115 d u e  to ch lorine process innolved

• 
in making pi gment f rom il ln ,enite ,

End Use . 7.’ Titani um oo ide p i gment , 86t
Welding-rod coatings . 187

- P Miscellaneous , includi n g m etal and g lass fibers , l7 , alloys , carbide and cer a-i cs
U .S. Consump tion Derived from Recycling :

U.S. Primary Mineral Demand , Average Annual Growth , 7.:
1960-1910 1950-1973 ‘9ll-.~~~ I’.)

-~ .1 Dot) ( , - t t .u oi,s’ Inn a, S of National Consumption :

~~~~~~~~~~~~~~~~~~~~~~~~~

__
0TF F t r I e in the tahle th t ar~~~~s t i n a t e a e l c U  led si lb the p~~~~~ i~~ I Up
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TITANIUM 1 ,070 ST metal) RISK CATEGORY - :11 851

1) S~Jp~y /Wor td Produutiatt capacity and Imternation,-.l DIstr ib ticy, Pat t cr r u

Reserves: World U.S. ~~~jendl” 3~4~~0y.l..

d “U j~~ly
Refiner y See R ut i le sneet .

Ptoduction : World World Growth Rate U.S . It W~~rl.:
Sponge CapacIty ” : 5~~~~~c li n in g; pla n ts are 1 o 1  18 . 32 [11

U.S. Refining: E n c e s s  c a p a c i t y .  [ 7 )

Ratio of Recoverable Reset-yea (at U .S . 1973 Pricey) to Cumulative Demand , 1 13 - 2000:
U.S. Rest of World World 16 1

U.S. Production/U .S. Demand, Primary Mineral (~Y :3 1950 1960 70 
~~~~: ~~~~ 

2 )

4 Consumption : U.S. U.S. S of World Production U.S. 7. of World Production fa:t)

1973 : 30 [2) 54A ( I  2 )  —
Technological Advances: forei gn sponge i s  produced in newer plant s tha I use the y a u : : u  - d i s t H t e d  :-r i.ess
which produces a purer product. Futu re trends in Ti product ion w i l l  depend on the economi cs . - f  ,-: ,- r  us [ 1 3  & 6)
costs of d i r ec t  ch lo r i na t i on , as opposed to the costs oi tu pgradi oq i I t m e n i t e  to 95t p ln s Ti0 and -.al-
sequent conversion to TiC I ’..

Capital Investment Froblema: Mo p’oble:y . World and US have eucess plant capacity to produce sp.:-~ .- . US 5 1 7)
i nves tment  in modern iz ing p l a n t s  is  depressed onl y about 37 because : 1  cheap in :port s .

Environmental Constraints: Disposal y~::ble”: of mud and slines Cr0- - , dred g ins and c o n c e n t r a t i n g  T i  f r :o
sand deposits wou ld  accompany expanded US production. Covanercial de-cel ~ pr rt t ::‘ rul i le  5 bi - I t U t C s  C r vs
i l i s e n i t e  -- iO h t resul t  in genera t ion  0f large q u a n t i t i e s  of so l i d  w a s t e  1 : - I l  t a i l i n g  i ro n .

2) Supply/Incertuprlon

Import Sources: 7. of Country ’s Prod .
7. 1910—73)11 %of World Primary Prod. ~~p~~ted to U.S. t o t  1. 1 . Sets ‘3 p lled 8)

Metal: Japan 68 - I 350
USSR 21. - - -

U . K . 8 - - -

Or e Aus t r a l i a  - 26 iS
, - a: i Ic)

Canada - .A ‘.7 22 . -

( I l l  men it el
3 10 

/ 5 7 -

Cartel Prospects os could :.r,,:Iu:e I t s  e n t i r e  denwnd in case of sponge embargo. It ~ rc l d  re~~. i re
Embargo i-:, reas in q rl: il.’ imports . Appropriate allocation of sponge a- - I d probably [ 1 2 )
Secondary Conflicts seroe DOD needs .

3)
Industrial and cse ,er: al : bicycles, golf clubs , heat enchanqer t rw: . 61 ‘ 7 1  ‘l

P4ev Use,’ 
DOD share lahout ‘.2,: has decreased 

~~~~~~~~~~~~~~~~~~~~ ~~ ~~-. rsr ul y because of s . , t : . t ’ t o t , o n s . M i s s i l e s / S p a c e  ‘6  7 7
Me l copter O r: . 1 1

p - In du s trial 5 If 17

Sub st i t u t ions , Functional and Mater ia l :  Co m po s i t e  m a t e r i a l s  H- - b . .  tn:) - e I i : : n  : e : i , - :  O t u r e  a p p l i c a t i o n s .
Sypera I lays for hi  -l h temperature alpi i cat ions. A n:~-he ’ of -rat Cr t i s , .‘ .t - , Z n  - - .  It - I a - C - clay, it Ica . ‘.1

~i alumina Subs l i l ut e f~ r l i D 2 .. p.fint p inmen t - l l l n :e n ite , T I  s I I- : and “ a n t s : ,  re t TIC
2 con be - n O n :  - tu ted

~~ for ru t - Ic  in or - d ing rod coat  ings .

ynJ l i e . 7 973 In j e t  eng ine s , a i r f r a— e s , and space and m i s s i l e  . r : - ~~l , : a t i n n s i  [ I ]
37 in chemical processin g ‘d  : s t r :  and in na r m n e  and o r d n a n c e  app l c at in ns .

U.S .  Cann.t14,tiott Derived from k- - n- l t ng. lIt . [ C  ~ 7
Prob e - 1, 1 int~r eas ing is  t h a t In c p n r i t v  of the Ti der r ea~ e I-, I’ - ’ po,nI .bure lOll use is e c c i u d e d .

U.S. Prim ary Mineral Demand . Average Annual Growth, 7.:
‘6 , -5 laSO_ Ig h : :  l q b O — 1 5 7 0  l’~SI3—i _97 I It - 7 1lp1 [51

7 1  0 I I .’. 1 3 . 9  7 3
- 

- ,  
DOll on .’:n,l-:LOn asS -I National Con,otsption : 1.-

_ _  _  _ _ _  _ _
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DATA

~~ ~~TAl .: I I C K E L  (1 ,000 ST - 
coa l) RISK CATEGORY SOURCE

11 II:p:- I: - -  I l~l ‘e d::, :1 a, : 1n~ ’.I-s it and Internation al t t ts t r  ab:: a ion Pattern

Rear rn ,- .: Wor t-3 U.S. “F r l e n d lI 3rd World “tlnfrlettd ly ”
1u <
~~~~ O 2 00 8,000 21 ,200 10 .000

Mu ir Ptud,:.Itoy: World World Growth Rate U.S. u .S. 7. ot Wor ld

l97S~ 757 5.89/yr (‘65- 73) 17. 2’ [I)
~~~~~ P: ’ : - - c  - Cniuan ’ ion oI I he h r ,l. ~~e s I  - a r I -- i - -or (Louis lava ): w i l l  produce 1.0.000 ~ / , - , est i - ate - [ I )

A l s o  ,::.II,’r min ing byproduct.

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to Cumulative Demand , 197 3 — 2000:
P. S. Rest of  World World [ 6 )
- 2 . 2  1.6

U.n .  Pruductio,: /U. S . Deiua.td,Primarv Mineral (7.): 1950 19h0 19:0 2000

.0 10 . 3 9.8 8.6 iS

Consumption : U.S. U.S.. 7. of World Production U.S. b E  World Production _ (Pa-.tJ
19714e , 2 10  l ”~ l,~

T”
~i 196 5 :  321  [2 )

Technot:,gical Advances: )l,,riqn rs,- :n,oule m ining say lower Mn and Co p r i c e s  ( N i  s u b s t i t u t e s 1  - Also ::::-:a in s
Mi. New -u tr a c t i v y from l a l e r i  t i c  ,,res has opel-ed new operations in developing ,ou i t r i e s .  Into (costly 7 . [7 & 13 )
Bureau of Mines , M e lh i -r lan d , and un i v rr s it es hay ,- developed Li eu mining techni ques,

Capital Investment Problems: Many newly anr,ounced ninin g projects :‘ .q - . I 1:5:: i n  Canada , Ind ,:nesia ,
lua te na la) , However , capital L I s t s  c:,,,timue to rise because of increased , n :Iit ur , - s (In supp i - e s , - er vices .
labor , r’- er gy .)13 ! Price w i l l  cu- ,t m o e  I:~ rise over next decade because - - i ’ i i n q .  y ro c , - -.nu,0 .  re fining of
newer dr-po its is more c u - p i e ,  than for old n-al f i d e depvsi ts .)7 ] If N i p , i r ,  dia, lIr :I . LS ir:~~, rl depen-
dence would pr :tbab ly Call fr: - - current 65’ to 20 305..[12)

Environment al Constraints: Environmental impact increases as w:itl d s sup 1 ): l,:sr shi l ls to open pit
later it, ’ : icing (heavy rainfall cannes er’s ion pro)’ letmu ) - The one US Ni s -r I ,-r has 98 s: Int ru b of s t a c k  [I
e ::issions m o  air po ll ut Un problems).

2) Supply/Interruption C
Import Sources: 7. of Country ’s Prod ,

Countrl 7. 1)70-73 11 7. of Worl4~~~~~~9~~~~Prod. ~~pWrted to U.S. Tof U P .  Desnand Sgpp~jed [8)

Can ada 76 37 56 :6
Norway 8 - - -

USS R - 20 - l  - I
N. Ca ledo yi a - lb IC I.
Oo,vinican Republi c — 3 I)
Rhodes ii — 2 I’. - I
S,i ::lhi0r i ca - 2 23
Ir a  — 2 7 ‘1
U . K. - 0 - 3
Othe r 16 I 28 1/70 )

Cat’teD Prospects 
Prices have already reached cartel :- invi m i z i n g Ieu e l s ; therefore , a fo i ’ -a l c artel [12]

Secondary Cnnf llcts would n at reoi s e current pricing strategy :‘nuch, A ll ernate supply potent :at In
Guatemala and Colombia. New opera liom s in developing nations: could u:i:t e. )7]

P
New Uses: Ic -I.-- , a l i n i z a t io n  p l a n t s .  [ 1 3 )

S r ,  n i cbeI- ct pit a in i nq .)II~,ys. -

F t .
l~~ Substituti ons. Functional and MaterIal: N” completely satisfactory sub st it ,(ti On in amp of i t s  uses.)?)

But at appropriate pri c es oar iou- . n i . -s - f  Cr , Mn , Mo and Co ,.ou I d part i a b l y substitute - However • t nr r i t  lea I
hi gh-per formanc e tu rbojet eng ine s n d  qas t ::rbines there is no swb nt itute for Hi-base supe ra llo ys. Greatest
opportun ities for sub St lI st ion : corrosion resist ance , hi gh s Ii c - - I t  h , or electroni c and magnet ic pr operties . e.q -

Ti-clad carbon sled , some p 1 - tn t cs , u:~ba ll . etc . Newly lece loped techniques to make stainless St eel wilho::t
Ni say crude lii - - - a i ~~ . - - s .)t2 ] Li n iled supply and hIg h costs ace forcing inc:h re-c, on subst itut ions.) l. [

End P.r . 7: 1 ra ’ -,I:. - c t a t  l int , 71 , Chemicals , 5; El ectrical Equ l ‘I I’ : t , Ii: fabricated Metal Prod uc ts . ID .

3 S t a i n l e s s  s teel - l I f,:r 33 of total Ni ,IIt’nu’o I tin s , [7]

U S . Conn :nl,t Ion tIer lvi 1 from Rerna 11cc: 35 (1972), Good I m ere-i siS i l :  t y - II)
About 1 2 5 ’  ,nn,:a I US sup:,I n Is t~~ ’ -  set.O’tda ry eel - ‘v, ry: c ons id e r ,h ie r-t:vn for : n - pr l - ne ne  LII  - 17)

I S .  Pr itnar: Mineral ltesand , horn ag - Annual Growth . 2:
Iq 7 O_ l l t h h i  13 171— I ’ll : lqS I1—1979  1 9 7 1 - :1100

-
• 1 2.0 ,‘ .~~ 2 .~ 7 1

— 
. iRtit COnsi,ml’t lost as ol 1 Lona I l ,:,,n::l: pt  ~~~ 7~ [ 1 5)
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DATA

f~ TAI.: CHROMIUM a~2L !~6!_~ 
RISK CATEGORY SOLR ( L

1) a:Il7i ly/ U i I rl,I Pr_ dy : tia,: I lj:a, i:~ :,l~~~ ternat uow..l I)istr butiun P et-ti

Reserves: World U.S. Frie,~~~~
” 

~~--p~~~so t h Af . 
630] [1)

1-tine Production : World World Growth Rate U.S. U.S. 7. of World [ 3 )

7. 2.386(USSR 1 5 :/year (‘64- 73) 0 (ceased’61) 0 [2]
U.S. Re fini flg l S. Africa ‘1/2 production)

Decreasing trend because of a) fore i gn fe rrochrom iwn increas ing  (20) from ‘68- 72 ) ;  ore imports decreasing ; I
b)im creased labo r rates; c(esvirommenta l regulations.

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to Cumulative Demand . 1973 — 2000:

U.S. Rest of World World
6.4 ~ T’

U.S. Pr-adiaction/U .S. Demand, Primary Mineral (7.): 1950 1960 1970 2000
- 7.9 . - [5)

Consumption : U.S. U.S. S of World Production U.S. 7. of World Production (Past)
F~7~7. .543 1973: 239 1964: 372 (2)

Technolog ical Advances: Processes have been developed Co use South A f r i c a n  chemical  grade ore in [S [
— metallurg ical app lications. Effect--redoces US dependence on USSR and Rhodesian metallurg ical grade [71

ore, Research on s t a i n l e s s  s tee l  product ion d i r e c t l y from chro mi te  w i thout  f i r s t  conve r t i ng  to f e r ro -  (51
chromium. Sureau of Mines  resea rch  to recover Cr f rom secondary sources.

Capital Investment Problems:

Environmental Constraints : Processing p lants generate dust emissions that are controlled t i n - e c u  EPA [ 7 )
standards. Howeoer , disposal of reclaimed dust and slag (generated during sm e l ting l renair-s a ::t -: Ic -
Ref ractory and chemical use of ore cause burnt—out re fra ctories and iron-slud ge disposal pr :l:le - -

2)  ,~gpply/Interruption

Import Sources: S of Country ’ s Prod .
Country 7.1970—73 [1] 5 of World Primary Prod. Exported to U.S . 7. of U.S. Demand Supplied 18)

Chrom ite ,
USSR 31 33 19 25
South Africa 29 23 20 18
Turkey 18 10 17 6
Philippines 15 4 32 5
I ran - 3 6 -t
Pakistan — Cl 73
Other 7 - - 8

Ferro chroniun ,
South Africa 36 — — -

South Rhodesia 16 6 28 7
Japan 13 — -

Oth er 35 - -

Cartel Prospects US embargo to Rhodesia ‘67 ’71 increased dependence on USSR (raised prices). Supply [12)

Embargo restrictions by a South Af rican-Rhode sian cartel would require onl y tacit coopera-
Secondary Conflicts lion by USSR as is occurring In diamonds. However , the major meta l l u rg ica l  ore pro-

ducers (USSR , Rhodesia , Sooth Africa , Turkey) are an unlikely conbinat ion for ,o ir t
action because a)structure of Industry, b)differ lng politica l/economic ori en t ot i or .

New Uses: “Cr-plated steel” for container use ( 4 ]

- 

- 
Substitution s. Functional and Material: Material - Stainle s s Stee : No overall sub st i tut Ion for : he’ ical process

ego i p’nent or hi gh tem perature aol ’ I cat ions regu r i n g  torros - r in I dat Ion res i stance. In small guant 1 : es

(5* of total stainless capacity :::iaper ’nickel or titanium—base allo ys could be substituted at hi gher ,vst [10)

~jjgp Ste e I~ Subsi it (lions u s a  l I p f e a s i b l e .  8 - e f r a c t o r i e s :  Hagnes i te in some appl ications. Chemicals : Subst i tu-
lions in m a j o r uses ‘ e a s : l - l e . UuiOI’j Su bstitute ZIr con sand .
Fun cti onal (an subs t i t :  t Al or 1 . - ,r non ferrous tneia I , e .g. , Hi . instead of stainless steel escept in ce rtain

End t s e , z :  appl icat I ons . - - t hose requ ir i n g  51c r II l ou t ion -

Const ract ion , 23 . I i i : - iv-’ a t  inn , 18 Machi nery and ego i p’ne’:t . 5 Refrac tot es , 1 3, Pt -c ’ - . - II -

[611 0f tot a I -
. r usa - Ic :. ‘ c t  t o ,  

~ rn”,i on in  s t a i n l e s s  f. a I ion steels re quir es metallurg ical

(I S. Consumetlt’fl Derived Er,, R e- c :  Itn g : 15* 1372 ) gra de or)) [9 1
‘,n,s p tract stai n l es s tttP s,rap
e : t e n t  to wiltS s : :.- i l i c a n ~ ,‘.,yn ~ : 1 Ce gould he , , : ‘- .-e re d fr I’ obso lete Nc .,c t5 ::nknoun t7)

U.S. Primary “I ne ta fleman’ .., ge Annual U.rns,th. 21
1950-11cc 7~~il)- 01’ : i qy o-l 97l 1 20 10

4.5 2 , 3 1 3  2 6 sI
Xh7l : n s : : t , tu t I O n  a n T  of M at lo n ..l 1:01 : : s:t I o f t : 1: 5) 
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t . (  RISIC CATEGORY SOUPCE

1) ‘ Ivpj -lc U -- ri d Pr,-d- :,t Ion : .v):.l: it~ :nd ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Reserve s W o r l d  U.S.  ~~~~endl ” 3rd World U n f r u c n d l y  

- -

6.400 0 750 (Canada) 4.901 (Bra zil :2/3 world reserves) 750
e lUssi) NP ~~~~~ 

oe 
n-Mine Pr. - : .  tion: World World Growth Rate U.S. U.S. 7. of World - 

0
t r i es )

~~~~~ - 
11 .665 :Brz~~il .)l/2) 99/yr (‘64— 73) 0 0 [2 1

I 

, Ce t a ls and .iI loys are produced from imp orted concentrates , tin slags . and fermi: lu-I. : [I]

Ratio 1:1 Recoverable Reserves (at U.S. 1973 Prices) to Cumulative Demand , 1973 — 2000:
U.S. Rest of World World
0 10 or n,ore 9.4 , :61

U.S. Production/U .S. Demand, Primary Mineral (1): 1950 1960 1970 2000
— — — -

Consumption : U.S. U.S. 7. of World Production .1.5, 7. of World Production (Pa~0.)
l~j~

t :l.0 1973 : 8.63 l97lI l7~ - 25’ [l & 2] LI )
Technological Advances: . -

W or ld ,u,de  r e s e a r c h  deve lopments  have recentl y and successfull y been apphe,l to the

c o : ’ , - e r c i a l  e u p l o l t a t  ion of pyrochlore d e p o s i t s  in B r a z i l , Canada . and the Congo .

Capital Investment Problems:

Environmental Constraints: No prob lem . (I,)

2) Supply/In5~7.~~p5,~on
7. Import Sources’ C of Country ’s Prod ,

7. 1970—73 (1) 7. of World Primary Prod. ~ppg~~ed to U.S. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 M ]

Brazil 91 53 26 58
Malaysia 2 ‘I 13
‘ale c 2 el 18 -1
Cunada - 20 vI -
N i geria — 10 33 12
Thai land — S 45 8
U.’ - - S -
Oth er 5 — I 83 3/ 7 5

Cartel Prospects
Embargo Hi ghly unlikely, q ivev the array of other substit y table materials.
Sec’,ndary Conflicts

3) Demand
0~~

New Uses: Several developtnents in the use of Ni HSLA steels In the automotive industry as well as in pI l le I l l
I i nes , Oath i nery parts and ct,nst ruc lion steels iti dica te increased app Ii call ons (increased demand). Oc r ,

j r  ,- qr:lut P in demand when saperconductors are util i z e d . Dec line in demand as a carbon stabi 1 tier in
s t a i n l e s s  steel. -

Substitu tions , Functional and Material: 
yattad iom can be s0bstitu t ed for or interchanged n It 5  Cb as an a Il ~-v - ng

agent itt hi y h strength steels, Tantalum can be substituted in sta inless and hi gh-st i e n qth steels. Hi:j7.(:- -

£S.Rdiyie.di(plic at io ns --s ub sli t ot e nnylyb de ,,un . vanadium , tu n g sten , tantalu m . .r ’a ’-iCS . g l as s- rei i: fv’r eI p l~~ --

tics . etc. Corrosion-resistant egni pmcttt- —s u b sli tut e tant ,i l i i , titanium , p latinum , at,d gl ass.) :,) lr d l : n t ’ .

wants to substit u te Nb (because it I’, r~~re abundant through imports and less enpensi ve) for other all o ying
e l e . e n t N in s t e e L ) 7 ]
End lie . : 

Const ruction , 46 . O i l  an~~~~ s I n d u s t r i e s . 18; M,nu h i ne ry ,  7O~ 
Tra ,syo r t ali vn , 20; Other , 2.

U.S. Consumption Derives from Rec ycling: None is recovered. V er - , loss chance of in cr e a sinl t secondary s: ,-: ic r (7[
te n -- v ery. Scrap accounted f,,r less than I! consump tion .)3)

U.S. Pri m ar y ~ii,,- , .11 Demand , Average Annual Gro wt h , 2:
Igl ~:7~I97 :1 1g50-l971 1973 - 2000

17.0 
- - 

7.5 19.5 
- 

5.0 
( 5 )

Doll Po n n o ml l t  Ion an 7. of Salional Cnnnnmpt (on: 6’ 15)

HOOf C y lur h i t e la n t a li t i’ ore is mostly a coproduct ~I t t i n  m i n i n g .  

-~~~ ~~~~~~~~~~ .—- .--— . -.-,—  . - - - ~~~~. --—.-.-
-_ _ _ _
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BtRTAI. - 7: RI/ i l I uM Ll .QO~~~ J,.~~~ tn R l S~~ ç~~ E)jç7.R’m

1) ‘i:(pj:lv U - r d  Prody: lion Capa:- i t o  m d  l,,t.,’rnatlon.-ml 3rnt , ilivt .:uc P,: tt .r , :

R,’y e e y : - v :  W o r l d  i .S .  ‘Fr
~~~~j 1” 3rd W o r l d  “l:,mi r le,v J l v

o 27,000 6.000 15 ,350 3,650 3,000
Mine Production: World World Growtk Rate 1.11 . U.S. 7. of World I .  . Pm. :.l . 6

1973 : 3 15 .1 7 5 S:/yr (‘68 ’73) 603 (i,:creased 1 9. 17 7 / ~~, l L8- ’73 : 2 5]
U.S. Rm-Iimii n g 

Yes IC’ in ‘7 5)

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to Cumulativo Demand , 1973 — 2000:
U.S. Rest of World 6)
1 .5 2.0 1 .8

U.S. Production/U.S. Demand ,Pritu.ary Mineral (7.): 1 :511 1960 IR iG 1 9 72  2000

l v cm ease in de:nand w i l l  probably be met b0 in cte u sed d:i:::estk prodnct iov .j lj 70-6 ( 2 1 3)
Consumption : U.S. U.S. 7. of World Production U.S. 7. ot Warld Prnduc’ium ~Jj~~stJ.

4 1972 e : 85.0 l972~ 273 968: 213 (5) (3)
Technological Advances: Bureau of Mines is study i n g  means for recovery of - - -un ketabi ,- qrade Zr concentrate (4)Iron: F lorida phospha te and other nonn:eta ll ic min ing  and processing operations.

Capital Investment Problems: A rise iv Zr p r i te  and t echno log i ca l  adv a ,v es  co u ld  make i t  ec onomica l l y ‘en-  
( 5 ]sible to recover Zr as a byproduct of nonmetal  l i t  n- n ic ing  o p e r a t io n s .

Environmental Constraints: the mud and slime associated with zirco n recovery Iron’ sand deposits i :ns : it : : t r  [4)
a disposal problem , e.g.. when environmental considerations restrict production of T i Proc sand , so that
Ti rock ore wi l l  be used instead . Tailing disposal , land red o- atici - , water pollution contr ol .

2) Sgpply/lntertuption

tmport Sources: 2 of Country ’s Prod,

~~~~ 7. 1970—73 [1 )  7. of World Primary Prod. ~~p,~~5y d t o  u.s. Zof U.S. D marn Sp~p~~.,~~, (~~(

ly stra l ia 94 NA NA MA
(world’ s largest producer)

Canada and 6 NA NA ‘IA
South Africa

9 ~~~~~~~~~~~~~~~~~~~ C li , 1950 1960 197 1 ~97 , e

251 35% 587. 5l t ~ ( 3 ]

Cartel Prospects
Embargo Not likely.
Secondary Confl icts

•t. New Uses: the major growth areas for the mineral zircon are in refractories , abrasives , and c u r- ica t. , 

for ci rc,, nium m etals are in m aterial for :yr ,te ::i t in s n:nc lear re yctor s , ir re ’,a: ti, r , all oys , .1 .1 ,n
v hen s a l  processing pl ants. [I ) Zr may also find l i c e n s e d  app l iv at i - -n In supercondac Ii nit magnets and t
fuel c e l l s , ) 6 )  

-

- .4” S,,b qt ituti on s, Functional and Material: Fos,ndrie s: substitute o l ivime , c h ro n - i te  -,at,d , quartz s n- c’,
sand in place of h r .  ,n . Zirco nia: substitute olher refractories and ceramics ~ctccoiiu.i 

s , .P , t
I~ othe r corrosion resistant m et a l s w i t h  possible en ception in nuclear equipment o n : .

End Use . 7.: Foundry sands , 53, Re ’r a c t o r i e s . 15; Ceramics , 13; Zr -- r t i l  :,spd i n alt om - - I e n .

re fra ct i ,r v app l ica l ions and in ci ical processing equipment . IS

(1.5. Consumption Derived f rom lIe: — ll ~:f Less than IS of ann :mal i- - c t , .1 s- i:: I

75U Zr may he recoverabl e in fn,::’ id r y  :p: isations 968, 7,500 1 2 r ,c:, i,,-,- ’

U.S. Pri’narv Mineral lemand , Anerage bonsai I. r vnw t l: .

1950-1960 t9WG— lSti) l95 0-t9’t I~~’~ 
-

- - iT~  ‘ I I 
~ II

~~ I Dot) : :,nn- :nI:t i - u,- a. I of ‘lit lonal Consumptio n . I, 5n , IS’ ,

- 
.

- 51711 7’ ‘ - a ’ I T i . The f -rc a-u r a t e  i t  , ‘ , ,rea. ,’ ..!

S ot  for Zr . l s rr r ’,- i -e . it  seem s liI,pl y that Z r  o Il In- :r

- —  - —
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87 BEST~AVi~ ’ :’.’~ 1fl!~YDATA
METAL: THORIUM (1 .01)0 IT) RISK CATEGORY SOURCE

1) S:~~plv/W orld Production Cap~~ tIy and In t e r n a t I on a l  h u t  ~~~~~~~~~~~~~~~
Reserves: World U.S. “FrIe~~~f 3rd World “Uniriend 1~~”

2 400 110 1 20 170 20 [ I )Mine Prod:o t ion: World World Growth Rate U.S. U.S . 1 oi World
1974 e • .040 4.9P/yr ( 64- 73) 0.1 0.

U.S. Re l . : t tg : Nine companies processed or fabricated Tb in 1971,. L II

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to Cumulative Demand , 1973 — 2000:
U.S. Rest of World World
10 or norm 10 or more 10 or more 16)

C.S. Production/U.S. Demand, Primary Mineral (1): 191,) 19b0 197~0 29Q9
143.5 - 74.1 7.7 151

Consumption : U.S. U. S. % of World Production Z o f Wo rld Pr~~uctioj~~~~~~~
1973: 0.09 973: 8.Y 1964: 5.26.’ [21Technolog ical Advances:

lntproved n :ln ,flq and processt ng technology. 141

Capital lnoestment Problems: i1i511 lemper ..t : tre as—I , le:t Re,, I,:r (111CR) Iln:- e r t a i n t  e s rs,k .‘ i ::’ .-st , ’ :e::t  qoest  . n_  114 1
able. Cheapest to import no njo I te .  I rowt In In hi st:’r teal :Ienanci for TI: has been I nadeq;i;it t o  I I ‘p i :  ii
dependent lb Indnstrv.

Environmental Constraints: Conflict w ith urba n and recreationa l facilities from m ining monazite placers ( I I
along beaches and river s . Radi ation to sici ty. 14J

2) Supply/Interruption

Import Sources: I of Country ’s Prod.
5 1970—73 [11 ~~ ~ ld Ptiagr Prod.. ~~p~~jed to U.S. ~~~~~~~~~~~~~~~~~~~~~~~~ I~ 1

Australia 35 29 I 3
Malaysia 58 12 147 t e l
Other 7 - — -/44%

Cartel Prospects
Embargo Very low p robabI l i t y .  114]
Secondary Conflicts

I
3) Demand

New Uses: New app lication s as a hi gh temperature superconductor alloy ing elenent .)le j Based on projected
HTGR development , demand for T b is espected to increase at an average annual rate of 10-12 : through 1985.[lj
No indication that non-nuclear applications will lead to a si gni ficant l y hi gher dentand. (13j

Substitutions , Punctional and Mater ial: No satisfactory sub stitutions for most nonenergp uses , espec Ially 14)
in gas mant les  and in alloys. Zr and Ti are su8erlor In electronic tubes. Berylfl a and Y tt ria can be
substituted as a refractory above 2.0OO~C. U2)O substi tut ed for fuel.

End Use . 5 : Noclea r React,, rs . 50; Lamps and L ig ht ing , 20; Aerospace , 5; Re f r a c t o r i e s . 5; Other , 10. [II

U.S. Consumption Derived from Re ryt l ing :  Ins i g n i f i c a n t .  [31

U.S. Primary Mineral Demand , Averag. Annual Growth , 5 :
19 10—191:1 1960-19711 1 110-19/I l91)—2 000

16.9 
- 

0 .7 6 . 1  9 . 7DOD Cons’l”tl’t Ion as ~. ,,1 Ma t tonal I OSOOf I 10,4: II Ii II

~
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DATA
METAL: TUNGSTEN ( 000 ST metal) RSK CATEGOP.Y ()URCE

1) f~~pi~y/W orld Produc lon~~~~~rIty and Interflational DiatributtOn Pattern

Reserves: World U.S. “Friendly” 3rd World “Unfriendly “ USSR~ 12

1 ,800 12 0 287 201 1 ,2 00 Canada :12
Mine Production : Wor ld World Growth Rate U.S. U.S. 2 of World

1973: 42.66 3%/yr (‘63- 74) 3 .7875 12)
u.s. Refining: (USSR i~~ ; Chi na 211)

Yes.

Rat io of Recoverable Reserves (at U.S. 1913 Prices) to Cumulative Demand . 1973 — 2000:
U.S. Reat of World World 161
0.3 1.4 1.2

U.S. Production/U.S. Demand.Primsry Mineral (2): 1950 i.9~Q 1222 ~~~60.1 58.5 50.0 4.1

Consumption: 1L~~. 
U.S. 2 of’ World Production U.S. S of World Production (~!!~~

1 974e. 8.059 1974~ • 181 1970: 23% [2] (i]
Technological Advances: levelopment of technology to economica lly recover low grade Tu resources , e.g..

Searles Lake. Ca. , b r i n e s  and i mproved recyc l i n g  techn i ques cou ld  prov ide supp ly required to meet fore- 
~ 

4)
cast demands. In late ‘74 a najor company announced initiat ion of nine development and constr~ict ion In

So. Nevada which could increase US product i on by as much as 25% when full-scale operations beg in in m ld ’76.

Cipital Investment Problems: Specific problems restricting ful l development of domestic resources Include:
d i f f i c u l ty of econom i c a l l y bene ficiating and recovering Tu from low-grade ores , high labor cos ts  and high [I)

investnent costs for plant and equipment.

Environmental Constraints: Minor. [4 1

• 2) Supply/Interruption

Import Source.: 2 of Country’s Prod.
Countrl 2 1970—13 (U S of World Primary Prod. Raported to U.S. 2 of U.S. Demand Supplied (81

Canada 35 5 46 13
Boli via 16 6 16 6

Peru I I  2 43 6
Thailand II 9 12 6

China - lB 4 5
Korea - 5 8
Australia — 4 12 3

Port ugal - 3 4
B r a z i l  — 3 4
Othe r 27 6 II 4/47%

Cartel Prospec ts . .

g~~argo 
Unlikel y. Given the poss Ibil ities for subst itution , the exI sting stockpile levels (12]

Secondary conflicts as i~~ll as domestic reserve. it does not appear that the US can be threatened.

New Uaes: Nuclear reactor tungsten core research. Carbide usage is strongly IncreasIng. 14]

Substitutions, Functional and Msterial: Specialty steel: substitute Mo.
Wear resistant app lications: subst itute TI . Ta , Ni carbides.

Elec tric—lamp filaments: substitute fluorescent light ing. (4)

End Us. S Metal •nd Construction Machinery 74 TransportatIon II Lamps and LIght i ng 7 Electrical 4

— CiSsinicals , 3; Othe r , I. 1 
~~~~ =

S
U.S. Consumption DerIved from Recycling : 4% (1972) 191

Good Increa sab lll ty: 20% potent la l . 17 1

U.S. Primary Min.ral D~~~nd, Avsrsgs Annual Growth, 2:

~~~~~~~6O l96O~~~~ 195 i~

Don Cona.~~ption aa 2 of Na tional Consumption : 81 (15 )
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DATA
METAL : COBALT ( 1 ,000 ST ~gj~I RISK CATECORY SOURCE

1) ~~ppIy/Wo rld Production Capacity and_ International Distribution Pattern

Remerves: Worl d U.S. Priend ly 3rd World ~~~~~~~dl2.700(Za i re i .Sustralia) 18T171 930 1 , 169 6OO~ (I)• M ine Production : World World Growth Rate U.S. U.S. 2 of World

~~~~ 29.6 3%/yr (‘64- ’73) (2] O(stopped 71) 0 (II
U.S. Refining: About 20 refi ners and processors were active in 1974. (II

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to Cumulative Demand , 1973 — 2000:
U.S. Rest of World [6]

— 3.2 2.2
U.S. Production/U.S. Demand,Primary Mineral (2): 1950 12~Q 1.229 29~Q

16.0 20.6 4.3 - 15]
• Consumption: U.S. U.S. 2 of World Production U.S. S of World Production (Pas.~~

i97 4e : 9.4 1974C: 3 1.8 % 1967: 3 1.7 % [14 ) ( I ]
Technological Advances: A y ield of 5, 000 - 10,000 mtpy Co may be expected from deep-sea manganese nodules 113)

in the ‘80s. Bureau of Nines invest I gating economic methods for benef ic ia t ing  low grade domestic ore , [4]
nicke l ores and laterites.

Capital Investment Problems: Increased mining and refining costs :  Co pr ices have increased to S3.75/ Ib .  II)

Environmental Constraints: None.

2) Supply/Interruption

Import Sources: S of Country ’ s Prod.
Country 5 1970—73 (1] 5 of World Primary Prod. Raported to U.S. 2 of U.S. Demand Supp14~ I 

(81
Zaire 49 56 32 47
Relglwn-Luxeim- 28 - - -

bourg
F in l a n d  7 5 47 7
Norway 6 — - -

Canada 5 8 41 9
Zanbia — 56 42 47
Morocco - 5 20 3
Aus t r a l i a  — 3 3 4/72%

NOTE: 75% imports in ‘73 ori g ina ted in Zaire (30% ind i rectly from Be l g ium) .

Cartel Prospects A producer-combine would be ineffective: a) Possibility of increa sed production in
~~~argo US and fr iendly countr ies; b) Co supply is ine las t ic  because It is a byproduct (12 )

• secondary Conflicta mainly of copper.

11ev Uses: New a l loys .

- 
• Substitutions . Func tional and Material: NI ckel ca., be sub stituted and vice versa in mest appl icatIons

Co Is used I n alloys when saving exceeds difference between NI and the mere expensIve Co. V , lu , Cr . Nb.
and perhaps other neta lg In complex alloy s may prove equal to or superior to those containing Co.
No satisfactory sub stitu t~ s for Co in carbides or in some tool steels.

1 • •
~~~~•-‘~N:• End Use , 2: ElectrIcal , 29; Transpo r tation (a rcraf t) , 18; Mach Inery, 20; Paints, 12; CeramIcs and I I)

Glass , 10: ChemIcals , 7; Ot her . 4.
U.S. Consumption Derived from Recycling : 1% , 1972. 191

U.S. Primary Mineral Demand , Ave rage Annual Growth, 2:
• l9S0~i960 1960-1910 1950—1913 1973—2000 [SI

~~ •( 7.9 4 .2 6.6 3. 1
DOD Consumption as 2 of National Consumption : 13% 15)
NOTE: CobatI is a byproduct of copper mining.

S.
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DATA
METAl.: HAFNIUM (ST metal )  RISK CATEGORY

1) ~~~piy/Worl4 Production c!ppcity and International Dietribution Pattern
• Reserves: World U .S. Frien~~~ 3rd World Unfriendly [4)

310,000 125. 000 70,000 5 .000 60,000
~45, 000 same 252 000 iOL000 same [31

• Mine Produc ton: World WoEld Growth Rate U .S. U.S. S of World 2
1973 : 85. ‘69 ‘70 ‘71 ‘72 ‘73 0 0

U.S. Refining: 1~ ~~~~ R7~~~ W
Product Ion: 33 ST . 197 1 13)

Ratio of Recovera ble Reserves (at U.S. 1973 Prices) to Cumulative Demand, 1973 — 2000:
U.S. Rest of Wor ld World (6]
10 or mere ID or mere 10 or mere

U.S. Production/U.S. Daiand,Prthary Mineral (2): 1950 !2~Q (5)

Consumption: ](j~~ U.S. S of Wor ld Production U.S. 2 of World Production (Psst)
1 973: 35 1973: 41% 1969: 3~% (2)

• Tech nological Mvaicea: Better met hods for separating Hf f rom Zr are lIkely to be developed wh i c h could
ma ke Hf supply less dependent on Hf—free Zr.

Capital Investment Probl ems : Hf w i l l  be ava i lab le at reasonable cost as long as there is continuing demand (4)
for reactor—grade Zr.

• Environmental Constraints: Zr-Ti mining problems . [41

2) Supply/Interruption

Import Sources : 8 of Country ’. Prod.
Country 5 1970—73 (1) 2 of World Primsry Prod. ~~~ortsd to U.S . 2 of U.S. D and Suemliad [8)

Meta l: France 95 - - -

Japan 2 - -

West Germany 2 - -

Ore: Aus tra l Ia — I 67 11 11

• Cartel Prospects
~~~argo None.
Secondary Conflicts

New Uses: Main problem: Lack of conviercial uses , (4)

Substitutions, Functional aid Material: Many alternate materials are used for con t ro l rods In water-
cooled nuc l ea r reactors inc ludin g s i lver - i nd i um caà,ium , boron stainless etsel , and rare- earth
stainless steal alloy s .

End Usa, 5: Nucl ea r Reactor s (contro l rods in naval r.actors), 85; Ceramics and Glass. 6; (iJ
Photography 6; Other, 3.

U.S. Consump tion Derived from Recycling: None. (31 ~
“ ‘

U.S. Primary Mineral Demand , Average Annual Growth, 5:
1930—1960 1960—1970 1930-1973 1973—2000 (5)

6.6 3. 1
• DOD Consusiptian as 2 of National Consumption:

[ 
_
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DATA
METAL: TANTAL UN (1 .000 ST metal) RISK CATECODY SOURCE

1) ~~gp~y/World Production Cap9ci5y and International Distribution Pattern

Reserves: World U.S. “Fr iend ly” 3rd World “Unfriendl y “ (31
50.5 0 3.5 (Canada) 42.0 ~j~~gIt) 5.0 (USSR)

Mine Production: World World Growth late U .S. U.S. 2 of World
• 1973: i.i49 5*/yr (‘64— ’73J 0 (21

U.S. Ref ining : Production 1 968: greater than 602 of tota l sorid Ta pr oduction. (4)

Ratio of Recoverable Reserves (at U.S. 1973 Prices) to C*aiilative Daiand , 1973 — 2000:
U.S. Rest of World World (61

• - 2.8 lTr
• U.S. Production/U.S. D and, Primary Mineral (2): ~~~~~~ (51

U.S. U.S. 2 of World Production U.S. 2 of World Production (pastl
Consumption: 1974e : 0.4665 

— 
l974e : 41* 1972 : 33% ~~ 2] ( I I

1973: 1.1105 1973: 97%
Teclaological Advaices: Recently improved extraction techn i ques have made it profitable to recover Ta (4)
f rom tin slags ori g i na ting in Malays ia , T h a i l a n d , and Nigeria.

• Capital Investmen t Problems: Prices are lIkel y to cont inue hi gh because of re l a t ive scarci ty of econcmic (41
deposi ts throughout the ~~r ld .

laviroonemtal Constraints: No problem . Stack exhaust fumes, gases , and dust from processing plants [41
are eas i l y cont rolled .

2) Supply/Interruption

import Sources: 2 of Count ry ’s Prod.
Country 2 1970-73 (1) S of World Primary Prod. Raportad to U.S. 2 of U.S. Demand Supplied (61
Aust ralia 26 4 96 7
Canada 23 8 20 2
Zaire 17 3 36 2
Brazil lii 7 46 6
Thailand - 4 1 50 34

U Niger ia - 19 66 2 1
Ma lays ia — 4 27 2
Moaambique - .1 44
Ot her iS 2 100 5/88%

- 
I cartel Prospects

~~~argo Un l i k e l y .
Secondary Conflic ts

3)~~~~~~~
New Uses: Fe-base al loys used inc reasi ng l y In aerospace and nuclea r app l icat ions. (131

Most demand growt h w i l l  probably ori ginate in the electronics area .

4 Subeittutione, Functional and Material: If supp ly is curt .iled end price substantially increased , (I 1 4)
Al (e.g., ca pacitator applications), NI (e.g.. high strength st.el), Ti , Zr , Cb , Pt, Tu . Re , stainl es s
steel . end glass could be subs tituted for differ ent wses .

m d  Use, 2: Electronic Components , 64 (aistly semicond uctors); Machinery, 24; TransportatIon , 10. (I) • -

• U.S. Consumption Derived Ira. lscyc1in~ : 12% , 1972. 191
Ta scrap Identif icat ion end segregation techniques are not sat is fac tory  and ICchnO lOglcsl improvement 4 U
in scrap recovery could repult in an increasingly import ant supp1y source

4 U.S. Primary Mineral D~~~ad , Avera ge famu al Growth, 2:
l93O-i~~0 l930-4~ij 1913-2000

0011 Consumption ii 2 oI *atianel Consu.pt i~n. 6% 1151
- • U
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METALS SUPPLY/D~~(AND DATA SOURCES

• U 1. Con~nodity Data Swivnariea , Bureau of Mines, Washington, D.C., 1975.
• 2. Minerals in the U.S. Economy: Ten-Years Supply-Demand Profiles

for Mineral and Fuel Conz’ioditie8, Bureau of Mines/Mineral and
Mater ial Supply/Demand Analysis, Washington, D.C., 1975.

3. Mining and Minerals Policy 1973, Second Annual Report of the
• Secretary of the Interior under the Mining and Minerals Policy

Act of 1970, Par t Two, Appendices , U.S. Department of the
Interior , June 1973.

4. Minerals, Facts, and Problems , Bureau of Mines , Bulletin 650,
Washington, D.C., 1970. U

5. Mineral Coninodity Swwnary Tables : 1973 Data Base, Tables 3 and 4,
Bureau of Mines, Washington, D.C., March 24 , 1975.

6. Minera l Coniriodity Swwnary Tables: 1973 Data Base, Table 9 , Bureau
• of Mines, Washington, D.C., March 24, 1975.

7. Hall, A. M. (principal investigator), A Survey of Technical Ac-
• tivities and Research Opportunities Affecting the Supp ly of

Metallic Structura l Materials for  Advanced Technology App lica-
tions Division of RANN/NSF, Battelle, September 13, 1974.

8. Strategic Resources and National Security: An Initial Asseesnent,
• Stanford Research Institute, April 1975.

U ) 9. Dyckman , Edward J. ,  Review of Government and Industry Studies on 
U

• Materials Supp ly and Shortages , Materials Department , Naval Ship
Research and Development Center . ( Background information for
DoD Materials Shortages held at the Institute for Defense Analysis
on 14—16 January 1975.] December 16, 1974.

F 10. Trends in Usage of Chromi ten, National Materials Advisory Board
(NAS—NAE) , Washington, D.C., May 1970.

11. “Metals Resources,” Journa l of Metals, December 1973.

12. Special Report : Cri tical Imported Materia ls , Council on Interna-
tional Economic Policy, December 1974.

• 13. Engineeri ng and Mining Journal: “Cobalt,” March 1975:130 ; “Thorium ,”
March 1975:196; “Titanium ,” June 1975:167 ; “Columbium ,” March

• 1975:156; “Nickel ,” March 1975:98 and June 1975:141; “Tantalum,”
March 1975 :205 . U

14. Mineral. Yearbook, 1973, Volume 1: Metals, Minera ls, and Fuels ,
• I , Bureau of Mines , Washington , D.C.,  1975.

15. Annual Report of the Joint Ccnvnittee on Defe nse Pro duction Congress
of the United States 1975, Union Calendar No. 380, January 19,
1976.

• 16. Wood , L. A., and H. W. Barr , Current Statue of the Titanium Inth~.try,
Battelle, March 1974.
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