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PREFACE

Many elements that possess unigue properties or impart
unigque properties when added to other materials are scarce
and expensive and, consequently, are used sparingly by
material producers and fabricators. Chromium presents a
different and unusual picture: It is an element that
imparts unique properties to the material to which it is
added, but it is not scarce and its price has been
relatively low until recent years. It plays a vital ana
almost irreplaceable role in widely disparate commodities
(e.g., stainless steels, tool steels, wrought alloy steels,
cast iron and steel, superalloys, refractories, coatings and
claddings, pigments and paints, leather tanning chemicals,
metal finishing chemicals, and drilling muds), and chromium-
containing materials are used in a variety of high- '
technology military and commercial applications.

Chromium, however, is a completely imported element
with known commercial deposits concentrated in only a few
countries: South Africa, 76.6 percent of deposits;
Rhodesia, 20.6 percent; the USSR, 0.8 percent; Turkey, 0.2
percent; other sources, 1.8 percent. Given the global
political situation, the possibility of forming a chromium
cartel that could produce severe economic penalties and
industrial disruptions by interrupting U.S. chromium imports
is of serious concern.

Realizing the gravity of the situation, the Department
of Energy, U.S. Bureau of Mines, National Aeronautics and
Space Administration, and Federal Preparedness Agency (of
the General Services Administration) sponsored this study by
the National Materials Advisory Board of the National
Academy of Sciences to identify alternative means for
reducing chromium consumption so that contingency programs
for substitution, processing, and product design migat be
formulated well in advance of any chromium shortages.

As the Committee sought to identify alternative means
for reducing chromium consumption, it concentrated primarily
on: (1) the substitution of materials containing less or no
chromium for chromium-containing materials (Dr. R. W. Smith,
chairman), (2) the use of various production processes, that
would eliminate or reduce the amount of chromium used and
permit chromium recovery by recycling (Mr. E. L. Pepper,
chairman) , and (3) changes in component design that would
eliminate or reduce the amount of chromium used (Mr. D. C.
Goldberg, chairman). In assessing these alternatives, the
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Committee assumed the worst possible supply situation (i.e.,
a total embargo on all foreign sources of chromium ore and
ferrochromium). The activities of the Commitee and its
Panels are described in detail in chapter 2 of this report
and its overview of the chromium supply and demand situation
is presented in chapter 3. Chapters 4, 5, and 6 present
detailed information on the design, processing, and
substitution alternatives.

When the Panel drafts were completed, an overview group
consisting of Dr. Earl R. Parker, Mr. Selwyn Enzer, Dr.
Robin L. Jones, and the three Panel chairmen met to discuss
the overlap of Panel material, to evaluate the results, and
to discuss the summary of general conclusions and
recommendations, in addition to principal considerations
that emerged in the overview. 'The analyses and inputs of
Mr. Enzer and Dr. Jones were particularly valuable in this
phase,

In summary, this report is the product of the
cooperation and expertise of all the individuals and
companies cited in the Acknowledgments and is based on data
collected through November 1976.
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ABSTRACT

The United States depends entirely on foreign sources
for the critical material, chromium, making it wvery
viilnerable to supply disruptions. This vulnerability
results because chromium is essential for the fabrication of
corrosion-resisting steels and high-temperature, oxidation-
resisting alloys in applications that are vital to the
nationt's technological well-being; because no substitutes
are known for these materials in those applications; and
because the known, substantial deposits of chromite ore are
only in a few geographical locations that could become
inaccessible to the United States as a result of political
actions. The effectiveness of programs such as stockpiling,
conservation, and research and development for substitutes
to reduce the impact of disruption of imports of chromite
and ferrochromium are discussed. Alternatives for
decreasing chromium consumption also are identified for
chromium-containing materials in the areas of design,
processing, and substitution.
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Chapter 1

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Chromium is an element that imparts unique properties
to the material to which it is added. While it is an
important ingredient in many commodities, it is
irreplaceable in stainless steels and high-temperature-
resisting superalloys, two classes of materials that are
vital to the technological well-being of the nation.
Currently, there are no chromium-free substitutes that can
be used in these critical applications nor are any such
substitutes likely to be developed in the foreseeable
future.

The United States is completely dependent on imported
chromium and known commercial deposits are located in only a
few countries. The Committee could not identify any
technological responses that would eliminate completely U.S.
vulnerability to a long~term disruption of chromium imports.
Accordingly, contigency plans for chromium utilization are
assessed, assuming the worst possible supply situation, that
is, a total embargo on all foreign sources of chromium ore
and ferrochromium. These contingency plans stem from a
technical perspective and the study does not propose
measures for coping with chromium contingencies by legal,
political, or financial means.

1.1 GENERAL CONCLUSiONS AND RECOMMENDATIONS

"1 %1 Conclusions

These general conclusions and recommendations present
the Committee's findings regarding the degree to which the
United states can reduce its dependence on imported chromium
and recommended programs that might lead to reduction of
that dependency.

1. Although important segments of U.S. industry are
vitally dependent on chromium, insufficient effort
has been made to develop substitutes for or to
consexrve, reclaim, or recycle chromium—-containing
materials. Consequently, a drastic curtailment of
chromium supply would have serious short- and
long-term effects.

2. Known chromium reserves are estimated at about 5
billion short tons and are expected to last for
several centuries. On the basis of the currently
known information, the quantity and location of
proven and potential reserves are such that, at
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the current rate of consumption, the geographic
concentration of chromium deposits will increase;
within 25 to 75 years, the world will depend
completely upon South African and Rhodesian
deposits.

U.S. chromium deposits are small and virtually no
prospects exist for the discovery of any
significant new U.S. deposits. There is 1little
evidence to suggest the existence of significant
chromium deposits outside of those geographic
areas presently known. The discovery of
adaditional deposits in producing regions with
limited known reserves (e.g., the USSR and Turkey
or elsewhere) would be beneficial in maintaining
the few alternate sources of supply that currently
exist, even if the new deposits were not developed
initially.

No_substitutes exist or are likely to be developed
for chromium in the high-strength steels, high-
temperature metals, and corrosion-resisting alloys
that are essential_in the manufacture of et
engines, petrochemical and_power plant_ eguipment,
and_various other critical products. It is highly
unlikely that corrosion-resisting or high-strength
alloy steels without chromium will be developed
for such critical applications, althcugh chromium-
free substitutes could be used fer decorative
stainless steels, automotive trim, flatware,
refractories, and some chemicals.

Current U.S. chromium consumption could be reduced
potentially up to one-third within about five
years without creating major economic dislocations
by using available technology to substitute
alternative materials or processes, to recover and
recycle waste chromium, and to design for greater
chromium efficiency.

A major chromium~conserving research program has
the potential of reducing U.S. chromium
consunption an additional one-third within 10
years but could involve economic penalties (ox
disruptions) in some areas.

Even if the above measures are taken, however,
essential or unsubstitutable U.S. chromium
consumption is expected to be at least 180,000
short tomns per year (approximately 6 percent of
1975 world chromium productxon), on the average,
in the foreseeable future.

L A s
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Sudden mandatory chromium conservation programs
woula result in severe economic dislocations even
if all needed development work were completed in
advance.

Chromium conservation is an ineffective response
to short-term (about five years) shortages.
Moreover, unilateral changes in U.S. consumption
will have very little impact on long-~term world
conditions but would create severe economic
penalties for the nation.

Conventional stockpiling can provide short-term
protection (five years) against chromium
shortages; however, the continued use of chromium
in easily collected functional products (e.g., hub
caps, flatware, and coins) may provide a more
cost-effective stockpile for the types of
shortages the United states is likely to encounter
during the remainder of this century.

The criticality of chromium to U.S. industry
generally is not appreciated, and this lack of
awareness works against the development of long
lead-time technolegies, stockpiles, or
international agreements necessary to avoid supply
interruptions.

The optimum response to the nation®s increasing
vulnerability to a disruption of the chromium
supply probably would involve a combination of
three approaches: some form of stockpiling to
provide short=term {about five years) protecticn,
conservation measures to provide medium~term (five
to ten years} prcotection by reducing the
consumption rate and thereby extending the life of
the stockpile, and exploration for new deposits to
provide long-term (more than ten years) protection
against a total disruption of supply from existing
sources.

1. 1.2 Recommendations

1.

The criticality of U.S. dependence on foreign
chromium should be publicized widely in
conjunction with the intention to institute a
program to decrease U.S. vulnerability to chromium
requirenments.

A basic research program aimed at developing
substitutes for chromium in stainless steels and
high-temperature, oxidation-resisting alloys
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should be initiated. Although this is a long—-term
program with little chance for early success, it
is the only technical possibility for eliminating
U.S. vulnerability te a long-term chromium
enbaxrgo.

3. The search for new chromium deposits outside of
current producing areas should be supported with
adequate incentives, particularly on the North
American continent,

b, Research into chromium conservation and recycling
technology should be pursued vigorously, but only
price and the marketplace should be used to
control consumption. Detalled examination of this
interaction will require further study.

5. A study should be initiated to develop innovative
methods for stockpiling chromium to provide up to
five years protection against a cessation of
supply and improved methods for ensuring that the
content of the stockpile is matched properly to
changing U.S. needs.

6o The combination of approaches -~ stockpiling,
conservation, and exploration -- should be
explored as a strateqgy in addressing the chromium
problem.

7. A thorough technoeconomic follow-on study
(including cost-benefit analyses) should be
undertaken to assess the substitution potential of
chromium—-containing alloys.

1.2 SPECIFIC CONCLUSIONS AND RECOMMENDATIONS

These specific conclusions and recommendations
represent the Committee?s most attractive approaches for
reducing U.S. chromium consumption. However, as indicated
earlier, these recommendations will not eliminate U.S.
dependence on imported chromium but could reduce by two
thirds the gquantity of chromium that otherwise would have
been consumed. It should be noted that implementing the
recommendations below would involve considerable time,
money, and effort from developnent of the alloys through
various aspects of metallurgical processing such as heat
treatment, fabrication, and testing.

1. 2.1 Conclusions

1. The design team (consisting of a designer,
materials engineer, processing engineer,
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nondestructive evaluation engineer, and
maintenance entineer) is the most effective
technical approach for using and conserving
materials.

Bias, available resources, reliability and life
expectancy, weight, ease of recycling, aesthetics,
corrosion, stress, and alternative materials must
be considered in the design process.

Significant increases in chromium consumption are
ancvicipated only in three product areas during the
next 20 to 30 years: nuclear reactors, synthetic
fuel plants, and high-temperature batteries.
Decreases in the chromium content of nmaterials
used in key components of the petrochemical,
nuclear, and aviation industries would drastically
affect total life, cost, and periformance
reliability. However, design innovation and
changes in purchasing attitudes in other areas
could offset this added demand readily (€.g..
automotive components such as hub caps, catalytic
converters, and other accessories).

Conservative design factors of safety, selected
arbitrarily and imposed by design specification,
can result in excessive product weight,
inefficient design, and increased chromium
consumption. Nondestructive testing and
evaluation can play an important rcle in chromium
conservation by permitting less conservative
design factors of safety.

Universities and technical societies have a major
role to play in creating an awareness of the
proper utilization of chromium ia products through
curricula changes, handbook revisions, seminars,
and publications.

Various process changes can result in a total
chromium savings of appproximately 100,000 tons
per year (see Table 28, chapter 5, Processing, for
details) .

Duplex melting and refining systems minimize the
chromium loss in slags during melting and
refining, and their use in producing tool steels
and high-chromium alloy steels could result in
substantial chromium savings. (Major stainless
steel producers are practicing duplexing now.}
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Surface coating of materials offers a good
opportunity for chromium conservation; applicable
processes include stainless clad plate, surface
chromium diffusion (sheet and parts), weld
overlays, chemical deposition, and ion
implantation. Where economic incentive exists,
surface coatings already have been utilized.
Further extension is limited by economic barriers,
e.Jg.y coated and clad products in thin sections.
Protecting the edge and joining thin sections in a
manner that will preserve the corrosion resistance
of the surface and edge presents technical
problems that must be solwved.

Continuous-strand casting to produce tonnage
guantities of semi-finished forms (slabs and
billets) of chromium-bearing stainless and alloy
steels that subsequently are vrolled or forged
vesults in significantly higher yields from molten
steel to semi-finished product (about 95 percent
as contrasted with 85 percent via conventional
ingot pouring practice).

Ceramic mold and precision investment casting
can provide products that require minimal
machining and that therefore are material-
efficient. Opportunities for chromium
conservation in technically proven casting
processes include near—-net-shape cast preforms and
cast hollow preforms for pipe and tube production.

New processes, such as hot iscstatic pressing
(HIP) to heal casting defects and to improve
mechanical properties of precision cast parts,
rheocasting, slush-casting and squeeze casting,
require evaluation before their technical and
economic feasibility and potential chromium
conservation possibilities can be established.

More than 95 percent of the raw stainless steel
melted and converted into steel mill products
either is shipped to customers or is recycled as
home scrap indicating that limited opportunity
exists for further savings in chromium processing
of raw stainless steel to mill products. In
chromiun~bearing alloy and low-alloy steels, the
potential for chromium conservation is greater
through ketter alloy identification, separation,
and segregation of recyclable home scrap within
the steel mills.
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Steel and alloy processing operations, normally
used to achieve the most economical manufacturing,
must be reassessed to minimize generated scrap and
to ensure that the generated scrap is in
recyclable form.

Powder metal preforms are promising,
particularly for parts requiring a minimum of
metal removal. To increase the use of this
process, lower-cost metal powders and less
expensive sintering operations must be available.
Also, the interaction between forging and powder
metallurgy must be better to achieve a part
finished to precise tolerances and high physical
properties.

Chipless machining {e.g., Gesselschaft fur
Fertigungstechnik und Maschinenbau
Aktiengesellschaft [GFM] machines) could be
developed and applied to manufacturing tubes from
hollow cylinder shell castings of specialty and
alloy steels -- particularly if it were better
demonstrated and if published data on its
applicability and production capabilities 'were
made available.

Isothermal forging, especially for chromium-
containing nickel-base superalloys, is well suited
to the production of near-net-shaped aircraft
engine components and structural forms and should
improve and increase in use. The needs for
advancing this process are improved die materials,
new or improved high-temperature lubricants,
improved die heating practices, and better design
and preparation of die and preform.

Today's methods of Jjoining chromium—-containing
alloys include welding, brazing, soldering,
mechanical fastening, and adhesive bonding.
Welding is the most efficient method since no
other technique equals it for joint efficiency and
strength. Brazing and soldering are commercially
significant but few brazed joints match the
strength of the chromium-containing alloys being
joined. Mechanical fastening using high-strength
bolts, rivets, lock-seams, sheet-metal screws and
keys results in weight and strength penalties;
nevertheless, items that must be disassembled
later usually are keyed or bolted. Adhesive
bonding is far behind other joining techniques in
strength and development.
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The use of welding and brazing to replace
joints mechanically fastened by bolts, rivets,
etc., saves material by eliminating double plates,
overlap, rivets and bolts. Autoageneous (no filler
metal} welding techniques such as electron beam,
electron resistance and friction welding, minimize
chromium use and wastage. Narrow-gap welds, made
by several semi-automatic and automatic processes,
are new, important and emerging chromium-—
conservation techniques.

The use of new lower-chromium-content alloys
may require welding for certain applications. The
development of lower chromium electrodes, at least
matching the chromium content of the proposed new
alloys, is preferred over currently available
high-~chromium-containing welding electrodes.

The U.S. stozkpile contains over 750,000 tons of
various grades of ferrochromium that contain
sulfur exceeding the specification of currently
conmercial ferrochromium grades. Because duplex
melting and refining technology can produce
stainless steels economically with a lower sulfur
content than conventional electric furnace
practice, most of the stockpile could be used with
little cost penalty. Without duplexing, this
ferrochromium would be too expensive to use for
stainless steels and might be unusable for
chromium-containing alloy steels, tcol steels, and
high~-performance alloys.

Recycling comnserves material resources, reduces
waste and waste materials, and creates economic
and social benefits by better handling and
disposition of the waste stream. The lowest life-
cycle cost —- initial purchase price plus
maintenance and repair costs plus longevity --
should be the motivating force in product
selection to achieve maximum conservation of
materials, energy, labor, and capital. The amount
of generated waste can be reduced by promoting
product durability, repairability, and
maintainability.

Technically, approximately 60,000 tons of chromium
can be recovered annually from process wastes in
the ferroalloy, stainless steel, refractory and
chemical industries but, for economic reasons,
very little of this waste is recovered now. An
opportunity also exists for increased recycling in
user industries where its prompt industrial scrap

v S N e — |




TABLE 1  Potential Savings of Chromium-C_ontainiﬁg Materials (in milliq;: pounds)

Total Total Time Required for Substitution
' ‘ . Chromium Chromium Immegb Within, Sto 10 At Leasﬁ Irreplaceagle

Material Designation Used Saved ately— SYrs.— Yrs.— 10 Yrs.— Chromium—
Stainless Steel 569 332 203 -- 129 - 237
Tool Steel 7 -- “- -- - -- 7
Wrought Alloy Steel 123 103 22 35 46 _ -- 20
Cast Iron and Steel 82 54 S 10 35 4 28
Non-Ferrous Alloys 29 2 -- -- 2 -- 27
Chromium Electroplate 21 17 14 3 L == -- 4
Refractories 249 225 110 -- 115 -- 24
Chromium Chemicals 68 | 11 6 -- 5 -- 57

Total 1,148 744 360 48 332 4 404

NOTE: ‘The assigned development times imply a reasonably well-funded and well-staffed investigation -~ a crash program
supported by government and industry might achieve desired results in much less time, while a poorly funded and
under-staffed program might drag indefinitely with no tangible results. The development times estimate only the
time required to arrive at a viable technological solution to the substitutability problem involved. The time
required to implement the technology depends on economic, political and social factors that are too complex to
evaluate in any quantitative way and are beyond the scope of this study.

2 Amount saved by functionally acceptable chromium-free substitutes currently available. Direct or indirect cost
penalties are incurred.

l—’Amount saved by functionally acceptable chromium-free substitutes provided after short development (less than S years)
with a high probability of success. Direct or indirect cost penalties are incurred.

£ Amount saved by functionaily acceptable chromium-free substitutes provided after intexmediate-term (5 to 10 years)
research with a high probability of success. Direct or indirect cost penalties are incurred.

£l-Amc:unt saved by functionally acceptable chromium-free substitutes provided after long-term (more than 10 years)
research with a high probability of success. Direct or indirect cost penalties are incurred.

€ Amount considered irreplaceable. No functionally acceptable chromium-free substitutes are identifiable. Basic reseaxrch
and new technelogy are nceded.

£ Includes refractory types not reported by the U.S. Bureau of Mines
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is sold via dealers or directly to steel and alloy
"producers. Much the same is true for obsolete
scrap when the cost of collection and separation
is high and recovery is low.

The key problems in recycling today are that
primary or virgin chromium is relatively
inexpensive and secondary metals in general, and
chromium in particular, have a low economic value
compared to primary metal. However, increasing ;
energy and disposal costs are expected to foster 3
recycling.

16. Substituting other materials for chromium-
containing stainless steel, t~"l1 steel, wrought : i
allioy steel, cast iron and steel, nonferrous i
alloys, electroplate, refractories, and chemicals ]
can result in a total chromium savings of 744 i
million pounds per year (see Table 1, for details)
without seriously affecting guality.

17. An assessment of the end-use requirements of major
stainless steel categories indicates that:

. e ° 10 percent (about 32 rillion pounds of
chromium) could be replaced by existing
chromium-free materials without serious
degradation of service performance.

] 50 percent {about 160 wmillion pounds of
chromium} might be replaced with a high
probability of success after a short-term
research and development effort.

. 40 percent (about 125 million pounds of
chromium) cannot be replaced without design
or process improvements because an
unacceptable degradation of service
performance would result.

Economical chromium-free substitutes are
unavailable for use in chemical processing when
corrosion or elevated temperature resistance is
required. In a chromium cut-off, these
applications must be supplied by allocation or
abandoned until new technology is developed.

Alternative coppexr- and nickel-base alloys
also are subject to serious scarcities and are
produced in limited quantities. Titanium and
titanium-clad steels might be viable substitutes
for chromium=-containing materials in chemical
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tanks and piping where service temperatures are
relatively low. Coatings, clad materials,
aluminum alloys, and plastics need more research
and evaluation before qualifying as substitutes in
many applications.

The primary contribution of chromium to wrought
and cast steel is its influence on hardenability.
Several other elements that influence
hardenability can eliminate or reduce chromium
usage but at a significant economic penalty. An
assessment of the end-use requirements of wrought

' alloy steels indicate that:

. 50 percent (about 64 million pounds of
chromium) of the chromium now used probably
could be replaced with little difficulty.

. 30 percent {about 39 million pounds of
chromium) more might be replaced after a
short-term research and development effort.

) 20 percent {akout 20 million pounds of
chromium) is considered irreplaceable.

Opportunities for substitution are
substantial in iron and steel castings and an
estimated 50 million pounds of chromium could be
saved. Chromium is essential in high-alloy steel
castings and the 32 million pounds of chromium
used in this application are irreplaceable.

Chromium in tocl steels is considered
irreplaceable in view of the relatively small
amount of chromium used {(less than 1 percent of
total U.S. consumption), the importance of tool
steels to the national economy, and the high cost
of replacement materials.

Although the number of non-ferrous alloy
compositions containing chromium is large, the
amount of chrcemium consumed represents only about
2 to 3 percent of total U.S. consumption.

In aluminum~base, titanium-base and copper-
base alloys, chromium primarily alters phase
relationships to produce specific and preferred
microstructures. Although lead times of several
years might be required to gqualify a substitute
alloy for a critical application, reducing or
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eliminating chromium consumption in aluminum-,
titanium~, and copper-base alloys would not cause
major difficulties. :

The chromium content of nickel-base, iron-
nickel-base, and cobalt-base alloys ranges from 0.
to 25 percent, and no other alloying elements
confer the same degree of oxidation and corrosion
resistance. Although further research and
development, especially in the areas of coatings
and engineering ceramics, eventually may decrease
chromium dependence, it is not now possible to
reduce chromium consumption significantly in these
alloys by material substitution. For the
foreseeable future, it will be necessary to ensure
the availability of chromium for these alloys.

The largest use of chromium in ceramic products is
as chromite refractories in basic steel plants and
as facing sands in steel foundries, and to a great
extent, non-critical materials may be substituted
at some cost/performance penalty. About 50
percent of the chromite could be replaced with
little trouble by using magnesite~chrome
refractories instead of chrome or chrome
magnesite. The refractory industry is not geared
to producing promising chromium-free substitutes
such as spinel, fosterite, and dolomite in
suitable form and guantity. Considerable research,
development, and evaluation of these materials is
warranted. With favorable cost incentive and
chrome scarcity, the potential for salvage and
reuse o0f chrome-~bearing refractories is

.considerable in all consuming industries.

Electroplating uses about 4 percent of total U.S.
chromium consumption, and the chromium chemicals
used are made from chemical-grade chromite ore
that generally has been unacceptable for
metallurgical processing.

About 60 percent of the chromium used in
electroplating is for decorative applications:
about 30 percent is for engineering (hard)
chromium plate; and the rxemainder is for other
metal finishing. Painted steel, aluminum, or
plastic could be used to replace decorative
chromium plate resulting in an annual savings of
about 14 million pounds of chromium.

A promising available substitute for hard
chromium plate is electroless nickel deposition,
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and about 3 million pounds of chromium could Le
saved annually if this process were used; however,

. considerable developrent would be necessary to

provide the needed productive capacity.

More chromic acid is lost or wasted in
processing than actually is deposited as chremium
metal on the plated parts, and total consumption
of chromium could be reduced substantially by
successful recycling.

Annual U.S. consumption of chromium chemicals is
about 10 million pounds of chromium. The primary
chemical, sodium dichromate, is made from
chemical-grade chromite ore.

Considerable research has been done in all
areas of chemical application to find acceptable
substitutes. Except for the wood treatment area
in which known substitutes for the small amount of
chromium chemicals used could result in an annual
saving of 6 million pounds of chromium; all major
applications would suffer severe cost and
performance penalties if known and proven
substitutes replaced chromium chemicals. In an
emergency, pigments could be eliminated in about
half their uses with a drastic limitation of
produceable colors and about 14 million pounds of
chromium could be saved annually.' No practical
substitute exists for the chromium used in tanning
leather, the chromium lignosulfates used in
drilling mud additives, or the chromiun compounds
used in water treatment additives. At present,
economics favors chromium as corrosion inhibitors
in agqueous systems. It is expected that federal
regulations will eliminate these compounds in open
systemns because of their hazard to health.

1.2.2 Recommendations

1.

The design team approach should be implemented by
the highest operating decision makers of both
industry and government. To promote chromium
conservation, design teams should be encouraged to
ensure that:

. Materials are specified with actual required
composition and properties.

. Data compilations are available that are
current, comprehensive and precise concerning
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chromium-bearing materials and their
potential substitutes.

° Combinations of materials are used that are
compatible with current recycle systems.

.. Materials consistently have the required
quality.
. Processing is adjusted to accommodate

material variations as determined by
nondestructive testing, evaluation, and
feedback during processing.

° Finished products have the highest quality
and reliability possible through in-process
control and have reduced reliance on final
inspection.

° Products in service can be inspected to
determine their remaining useful life and
safety, and can be disassembled and vepaired
easily at relatively low cost.

Incentives or penalties should be considered by
government to stimulate changes in the design of
high—-chromium—content products so that they may be
readily identified, disassembled, and recycled.

Research should be accelerated to develop surface
coatings with better high-temperature corrosion
and oxidation resistance, including very thin
coatings high in chromium.

Programs for nondestructive evaluation (NDE)
should be specified and funds allocated
specifically for NDE implementation in order to
improve material and product reliability, to
reduce in-process waste and labor, and to permit
designing to higher limits.

Further development should be encouraged in the
duplex melting and refining of alloy steels with
substantial chromium content.

Research and development efforts on coated thin
sections should bée increased and emphasis placed
on providing adequate edge and surface corrosion
protection. Particular attention should be given

to _the fabrication and_joininag_of coated groducts

t0 ensure cont1nultx of corrosion-resisti ng
surfaces and -joint strength at reasonable costs.
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Research and development in electroless alloy
deposition (such as nickel-phosphorus alloy)
should ke accelerated to make the process
competitive with hard-chromium plating on a cost
and performance basis.

Research on the ion implantation process should
continue on a moderate scale.

Research and development in the various casting
areas should be accelerated since castings
potentially can provide high-strength, near-net-
shape products at savings in energy, processing,
and cost if they are sound and consistently
reliable.

Welding electrodes containing less chromium or
filler metals matching proposed new alloys should
ke developed concurrent with the alloys.

The sulfur content of ferrochromium purchased for
the U.S. stockpile should not exceed the limits of
current commercial grades.

Programs should be expedited to develop stainless
steels (alloyed with aluminum, titanium, and
silicon) that might be substituted in many current
stainless steel applications.

Low-alloy, chromium-free steel compositions should
be developed and tested to replace those steels in
which chromium is used mainly for its
hardenability characteristic.

Economic incentives should be created to stimulate
the development and use of lower chromium or
chromium-free refractories.

Further research is recommended to develop
economic chromium—free water treatment compounds.
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Chapter 2
INTRODUCTION

2.1 BACKGROUND

The United States is entering a period of increasing
materials scarcities and the potential for the formation of
material cartels is growing as materials become concentrated
in relatively few countries. While this situation has
resulted primarily because the world is consuming its raw
materials at an ever-increasing rate, inefficiency and waste
contribute significantly, possibly critically, to creating
an environment in vhich conmpetition for materials is
intense.

Many studies in recent years have emphasized growing
U.S. dependence upon imported materials (Natiopral Commission
on Materials Policy, 1973; National Commission on Supplies
and Shortages, 1976; Takeuchi and varon, %975). Although
chyxomium, as a 100 percent imported critical material, has
been incliuded, the fact that the United States is
strategically more vulnerable tc a long-term chromium
embargo than to an embargo of any othexr natural resource,
including petroleum, has not been recognized. This critical
vulnerability results because:

1. Chromium is essential for the fabrication of
certain materials {e.g., corrosion—-resisting
steels and high—-temperature, oxidation-resisting
alloys) used in applications {including jet
engines, aircraft, and chemical equipment) that
are vital to the nation®'s technological well-
being.

2a There are no known substitutes for chromiam in the
fabrication c¢f the alloys mentioned above and no
other chromium~free materials c¢an be used in these
applications without enormous performance and ccst
penalties.

3. Virtually all of the known substantial deposits of
chromite ore are in South Africa, Rhodesia, the
USSP, and Turkey.

The strategic nature of this situation was not detected
by the materials studies mentioned above primarily because
the five indicators generally used as tests of material
criticality do not reveal the true nature of the chromium
situation. These five indicators are: (1)} criticality of
applications, {2} U.S. supplies, (3) alternative

16
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{substitute) materials, (4) size of reserves, and (5)
geographic distribution of foreign sources of supply. While
the first three of these indicators reveal that chromium is
highly critical, the last two deceptively reduce its
strategic nature. Chromium is not in short supply in an
absnlute sense, and it will take several centuries to
deplete current deposits at projected world consumption
rates. Even more misleading is the signal that comes from
the last indicator, a proxy measure intended to include
insight into the geographic distribution of remaining
deposits. The proxy indicator of statistical data on which
foreign sources have supplied the United States previously
with chromium disquises the situation likely to evolve in
the future.

In the past, the United States imported chromium from
more than six sources in widely separated geographic
regions. Within the next 20 to 75 years, however, all
remaining known chromium deposits of substantial quantity
will be in two geographically close regions -~ Rhodesia and
South Africa. The chromium deposits in other regions (e.g.
the USSR, Turkey, the Philippines, and India) that
traditionally supplied the U.S. with chromium either will be
exhausted or insignificant.

Unfortunately, the unique role that chromium plays in a
technological society and the geographic concentration of
remaining reserves are not widely appreciated facts among
the economists and market specialists who contribute to most
reports on materials. For example, in 1973 it was reported
to the President and the Congress that the United States
depended completely on foreign c¢hromium sources and that
few, if any, alternates to chromium exist for many
applications (National Commission on Materials Policy,
1973). However, the Commission failed to note that many
chromium-containing materials (that have no substitutes) are
absolutely critical to the nation's industry and that the
geographic concentration of remaining world chromium
resources sets the stage for a natural monopoly. In 1975,
two World Bank economists assessing prospective market
conditions from 1975 to 1985 for some 27 Ystrategic!
commodities did not include chrormium in their list (Takeuchi
and Varon 1975).

The strategic nature of chromium also was not stressed
adequately by the National Commission on Supplies and
shortages (1976) ; however, the Commission did highlight two
other aspects related to mineral supply and demand
situations that are important to the formulation of
alternative chromium policies. The first is that the
quantity of "known resources" can change drastically in a
relatively brief time. Particularly relevant is the
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Commission's observation that world chromite reserves have
increased 675 percent from 1950 to 1970 despite interim
consumption. Discoveries of chromium deposits in regions
(including under the oceans) geographically separated from
those now being exploited would defuse the criticality of
the U.S. vulnerability to a chromium embargo. Secondly, the
Commission report includes an excellent discussion of
mineral embargoes and identifies the key factors that should
be considered in evaluating the possibility of these
conditions occurring. Unfortunately (because the Commission
failed to recognize that there are no substitutes for
chromium in the fabrication of corrosion-resisting steels
and high-temperature alloys and that remaining chromium
reserves are highly concentrated), the Commission concluded
that "the likelihood of a tctal embargo by exporters of any
of the nonfuel minerals is wviry remote," a conclusion
unjustified by the known information concerning chromium.

If the exporters of another material like tin ({for
which the nation completely depends on imports) were to form
a cartel and if that cartel were to cease all shipments to
the United States, significant cost and performance
penalties would result. Many processes would have to change
or less effective materials would have to be substituted and
costs would be higher. The United States might even do
without some of the products that it currently enjoys. If,
on the other hand, the United States had to survive without
chromium, the impact would be enormously greater. The rate
at which remaining chromium reserves are becoming
concentrated in Rhodesia and South Africa makes this a
possibility that cannot be dismissed casually.

Experts on international trade frequently state that
ultimately economic forces prevail and that as long as
deposits are plentiful, dislocations tend to be short-lived
since the economic needs of the exporters and importers
eventually are brought into balance. However, during the
period that extends from the perception of a change in the
marketplace to the time by which the new balance is
realized, many severe problems can, and often do, occur.
Failure to appreciate the unique strategic characteristics
of chromium to U.S. industry only intensifies the
criticality of the situation and works against developing
long lead-time technologies, stockpiles, or international
agreements that may avoid economic dislocations.

2.2 CHARGE AND SCOPE

It was in recognition of this situation that the
Department of Energy, U.S. Bureau of Mines, National
Aeronautics and Space Administration, and Federal .
Preparedness Agency of the General Services Administration
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requested the National Academy of Sciences to undertake a
study to identify alternative technical responses to
reducing U.S. vulnerability to a chromium shortage if one
were to materialize. To be included in these responses were
means for reducing chromium consumption and waste and the
development of guidelines for contingency programs for
substitution and processing and product design changes that
might be initiated either in response to a chromium shortage
or in an attempt to reduce the nation's vulnerability to a
possible chromium shortage. The Academy undertook this
effort and assigned responsibility for the procject to the
National Materials Advisory Board, which appointed a highly
gualified Committee on Contingency Plans for Chromium
Utilization to conduct the study.

The study?s sponsors agreed that the Committee should
assume a worst-case situation in its deliberations. This
worst case is, of course, a total embargo against the United
States by all foreign sources of chromite ore and
ferrochromium. The Comnittee also explored some of the
economic and political responses to such an embargo when
such responses involved technical considerations.

In considering such options, a distinction must be made
between two alternative forms in which such an embargo may
occur. One form would involve only the United States (such
an embargo may even be self-imposed -- i.e., the nation may
refuse to buy chromium from all producers). The other form
could involve not only the United States but all of our
major trading partners as well —-- Western Europe and Japan.
The responses that would be effective under each of these
forms are different, and these differences are noted, where
appropriate, throughout this report.

In conducting its study, the Committee particularly
sought to determine:

1. The extent to which technical innovation, material
substitution, conservation, and recycling and a
combination of these technical responses can
reduce U.S. vulnerability to a total embargo by
all foreign sources of chromium.

2. How long it would take to implement these
technical responses.

3. How likely it is that these responses will produce
the desired reduction in chromium consumption.

4. Who should initiate or provide the incentive for
these programs.
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5. The extent to which U.S. reliance on stockpiling
as a response to a chromium embargce would be
affected by technical considerations.

Technical alternatives in design, recovery and
recycling, and substitution all have cost and performance
considerations, and cost and performance were important
factors in the Committee’s study. However, the Committee
was not charged with evaluating these factors in detail and
its evaluation was concerned with alternatives that appeared
likely to result in "acceptable" options in both performance
and cost. When possible, changes in costs were estimated,
but only on a relative basis. 1In addition, the Committee
did not evaluvate the secondary consequences of changes in
costs so it was not possible to determine how they, in turn,
might affect consumption patterns. Instead, only
conditional judgments were made and generally are reflected
in this report in the following form:; If chromium were to
increase in price by a factor of K, then process Y would be
more economical and would result in a saving of Z tons of
chromium per year. These conditional statements assume that
only the price of chromium rises and that there is no
concurrent increase in the cost of other materials or
processes.

This study addresses aspects of contingency planning
other than policy, which is outside the scope of this
Committee. The implementation of many of the approaches
discussed herein also may depend on legislative and
regulatory actions whose aspects or interactions are outside
the Committee’s charge.

This report is based on data collected through November
1976.

2.3 STUDY APPROACH

To compile much of the data it needed to make its
overall assessment, the Committee organized into three
panels to focus on design, processing, and substitution.
Each of these panels was concerned both with current
consumption patterns and with expected changes in chromium
consumption in the future. These future changes included
prospects for both reductions and increases in the demand
for chromium.

Even though the panel approach separated the major
issues involved in chromium fabrication and use, many areas
of overlap were encountered. These areas of overlap were
resolved to a great degree by arbitrarily placing
overlapping considerations in one area (e.g., all recycling
aspects were assigned to the Panel on Processing): however,
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this did not eliminate the overlaps entirely (i.e.,
recycling still was treated by the Panel on Design from the
perspective of what might be done to "design for
recyclability," to collect waste products, etc.). Thus, the
division was not as c¢risp as was desired.

The lack of definitiwve data concerning the breakdown of
chromium usage by application presented a significant
difficulty that the Committee attempted to circumvent in
part by adopting one set of figures for current and
projected consumption. It was recognized that the accuracy
of forecasted consumption is uncertain and that
recordkeeping variations make historical data uncertain:
however, the Committee did not deem this to be an important
problem since the major issue is relative changes in
consumption that may occur in the future and, for this
purpose, any reasonable data base would suffice. It was not
possible to deal in the same manner with the lack of
consumption data concerning the specific alloys and their
applications. Such breakdowns are important if the
possibilities for substitutions are to be evaluated
accurately and double counting?® is to be avoided. Thus, the
Committee's Panels were forced to estimate such guantities.

The Committee believed that it was important to
indicate the probability of success associated with each of
the technical alternatives that they identified. 'These are
presented throughout this report with the usual caveats
regarding estimates of uncertain outcomes such as technical
developments. However, even greater uncertainty surrounds
the ability to implement these developments in processes
where failure can result in catastrophic losses. Industry
is typically reluctant to abandon tried and true materials:
thus, the ability to realize the potential savings contained
in the Committee'’s recommendations may depend moxre on
convincing test data and a vigorously implemented
information dissemination program than on the technical
developments themselves.

1Double counting could occur if, for example, processing
changes could reduce the chromium needed to produce a
certain alloy by k percent and design changes pernmitted a
reduction in the use of that same alloy by, say m percent.
In such a case, the actual amount of chromium saved is
k+m-km. However, these quantities cannot be identified
accurately without detailed data describing consumption
patterns by both alloy and application.
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In order to identify alternative technical responses to
a potential shortage of chromium, the Committee developed an
overview of worldwide trends in the supply and demand for
chromium. This overview served to evaluate: (1) the impact
of a change in consumption on available chromium supplies,
(2) the rate at which such supplies are being concentrated,
and (3) the effectiveness of a stockpile as a means of
protection against short-term shortages of chromium. The
overview was not concerned with short-run details, such as
the modifications that might be required by a particular
provess to permit one ore to be substituted for another or
the economic consequences associated with such a transition.
While these latter considerations are of critical importance
in actual operations, they mask the macro aspects of how
much ore is left in each region, the importance of possible
technical substitutions, etc. However, the Committee was
concerned with the details involved in the high payoff
technical options for reducing chromium consumption
including their economic considerations, performance
penalties, and time delays. Descriptions of these technical
opportunities comprise the bulk of this report.

The accuracy of the macro results depends heavily on
the Committee's ability to anticipate possible technological
developments and changes in patterns of consumption. This
is a very difficult task even when such analyses are
confined to U.S. consumption as this study is. However, it
is necessary to extend this information to worldwide
conditions in order to appreciate the rate at which chromium
in certain geographic regions is being exhausted. While
this extrapolation of results may be more uncertain than the
impact of the specific technical changes identified in the
body of this report, it is believed that greater
guantitative precision would not alter the basic conclusions
and recommended actions. As will be seen, even if the
actual amount of chromium reserves is considerably different
than currently believed, the time to realize the
consequences presented below would vary only slightly.
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Chapter 3

ALTERNATIVES FOR REDUCING THE VULNERABILITY OF THE
UNITED STATES TO FUTURE SHORTAGES OF CHROMIUM SUPPLY

3.1 INTRODUCTION

In view of the present total dependence of the United
States upon chromium imports, an assessment of its current
and future vulnerability to chrorium supply shortages should
permit comparison of the effectiveness of several approaches
that might reduce this vulnerability. To this end, the past
and projected future supply and demand trends are analyzed
in this chapter for the United States alone and the entire
world. U.S. vulnerability to shortages depends on:

. Changing domestic and world demand that is in
competition for the supply controlled by the few
producing countries

. Changes in global supply as determined by the
composition of the ore deposits of the supplying
countries, and the quantity and grade of chromium
produced.

The Committee was charged with the task of examining
contingency plans for the use of chromium in the event of a
drastic future shortage. The detailed deliberations of its
Panels on Design, Processing, and Substitution (presented in
chapters 4-6 of this report) focus primarily on methods of
conserving chromium. In this chapter, conservation
opportunities identified by the Panels are quantified using
a consistent framework of assumptions so that the overall
effectiveness of conservation as a response to shortages of
chromium supply may be judged. Conservation is not, of
course, the only approach that could be used to reduce the
vulnerability of the United States to chromium shortages.
Two other possibilities, stockpiling and exploration for
additional ore deposits, are discussed briefly together with
some combined approaches.

3.2 THE EXTENT OF U.S. VULNERABILITY

3.2.1 U.S. Chromium Consumption

Data showing the apparent U.S. consumption of chromium
from 1950 to 1976 are plotted in Figure 1 (U.S. Bureau of
Mines, 1950-1976)}. The chromium metal content of the
chromium ore consumed by each of the three major demand
segments (metallurgical, refractory, and chemical) are
plotted separately in addition to total U.S. consumption.
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The same data were used for Figure 2, which illustrates the
relative consumpticn by the three major demand segments over
the same time pericd.

Although the absolute U.S. consunption data are fairly
erratic, the trend indicated by Figure 1 is generally one of
modest growth. The exception to this behavior is the use of
chromium in refractories, which has declined slowly.
Comparisons of the average consurptions during the 1948-1952
and 7969-1973 periods indicate the following average rates
of growth in U.S. demand over the 21 year period:

Consumption _ Percent per year
Total +1.6
Metallurgical +2.7
Chemical +1.6
Refractory -1.5

Figure 2 confirms that the relative consumption for
refractory applications has declined whereas that for
metallurgical applications has increased. Chemricals
accounted for a&n almost constant 15 percent of U.S.
consumption throughount the period studied.

The use of chromium by type of metal produced has not
changed much in the United States during the past decade as
indicated by Table 2. The contained chromium consumed in
steelmaking as a proportion of contained chromium consumed
in all metals utilizing chromium declined modestly between
1964 and 1976, but the absoclute amount consumed in
steelwaking remained alwost constant.

The relative proportions of the major physical forms in
which chromium is consumed in the preoduction of metals,
refractories, and chemicals in the United States are
compared in Table 3 for 1964 and 1976. The table indicates
the shift from low-~carbon ferrochrowe to the more eccnomical
high~carbon ferrochrome and the declining absolute and
relative use of chromium in refractories,

Figure 3 projects U.S. chromium demand to the year
2000. Metallurgical uses are projected to continue to grow
at the historical rate of 2.7 percent per year from a
hypothetical 1971 consumption of 275,000 short tons {the
average consumption for 1969 through 1973). Similarly,
chemical uses are projected to continue to grow at 1.6
percent per year from a hypothetical 1971 consumption of
62,000 short tons. (This projection did not consider
changes that may result from pending government regulations
restricting the use of toxic chromium compounds, €.9., for
water treatment and pigments.) A survey of the refractories
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TABLE 2 Relative Importance of Metals Utilizing Chromium in 1964 and 1976

1964 1976 :
Metal Percent & Metal Percent 2
Steel Steel
Stainless 70.9 Stainless 6§.8
Other alloys _24.2 Tool 1.2
Subtotal . 95.1 High-strength low-
alloy and electric 3.7
Other alloy 16.2
Carbon ' 1.4
Subtotal 92.3
Iron castings 2.6
Izon castings 1.7 Superalloys 2.5
High-temperature alloys 2.2 Other alloys 1.7
Nickel and other alloys __ 1.0 Miscellaneous 0.9
Total 100.0 Total 100.0

NOTE: Data from U.S. Bureau of Mines, 1964 and 1976.

2 contained chromium as a percentage of U.S, metallurgical consumption.
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TABLE 3 Chromium Consumption in the United States by

Physical Form in 1964 and 1976 (1,000 short tons

contained chromium)

1964 1976

Metal Production a
High-carbon ferrochrome 83 (21%) — 159 (44%)
Low=-carbon ferrochrome 104 (27%) " 54 (15%)
Ferrochrome silicon 32 (8%) 26 (7%)
Other 10  (3%) 9  (3%)
Subtotal 229 ({59%%) 248 (69%)
Refractories 114 (29%) 46  (13%)
Chemicals 45 (12%) 64 {18%)
Total 388 (100%) 358 (100%)

NOTE: Data from U.S. Bureau of Mines 1964 and 1976.

Z rhe figure in parentheses indicated the percentage of

total U.S. chromium consumption.
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industry undertaken by the Panel on Substitution indicated
that chromium consumption in refractories is unlikely to
fall much below present levels and may in fact recover
somewhat. Therefore, it is projected that refractories
consumption will remain static at the average 1969-1973
level through 1982 and will grow at 1 percent per year
thereafter. Together, these projections lead to the
prediction of a growth in U.S. chromium demand of about 2.3
percent per year through 2000. As shown in Figure 3, annual
U.S. chromium consumption is expected to reach about 770,000
short tons by the end of the century.

3.2.2 Sources of U.S._ Supply

The United States depends completely on foreign sources
of supply to satisfy its demand for chromiuwm. As shown by
historical U.S. Bureau of Mines data in Figure 4 and
Table 4, the United States has obtained chromium (in the
form of chromite and ferrochromium) mainly from fiwve
countries: the USSR, Turkey, South Africa, Rhodesia, and
the Philippines. Apart from the perturbation in the late
1960s and early 1970s due to the boycott of Rhodesia, the
pattern of supply has been fairly stable in the past decade.
The largest sources of supply have been South Africa and the
USSR, and the remaining imports have been split roughly
equally between Turkey, Rhodesia, the Philippines, and other
sources.

Chromite ores have been classified into several grades.
The definition currently acceptable to the U.S. Geological
Survey and the Bureau of Mines is:

WChromite consists of varying percentages of
chromium, iron, aluminum, and mangnesium oxides.
Historically, chromite has been classed into three
general grades associated w)*h and use; namely,
metallurgical, chemical, an¢ 2£fractory. During
the past decade, technologic: wdvances have
allowed considerable intercha. “ility among the
various grades, particularly i« .he so-called
chemical grade, which can be utilized in all three
consuming industries. A more definitive
classification is high-chromium (metallurgical
grade) for chromite containing a minimum of 46
percent chromic oxide (Cr;03) and with a chromium-
to-iron (Cr:PFe) ratio greater than 2:1; high-iron
(chemical-grade} chromite containing 40 to 46
percent Cr,03z; and with a chromium-to-iron ratio of
1.5:1 to 2:1; and high-aluminum (refractory-grade)
chromite containing more than 20 percent aluminum
oxide (Al 0O3) and wmore than 60 percent Al,03 plus
Crz03.% (U.S. Bureau of Mines 1975).
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TABLE 4 U.S. Chromium Imports from Various Sources,

1963-1976 (1,000 short

tons)

Year USSR  Turkey South Africa  Rhodesia Philippines Other  Total
1963 64 25 186 89 47 23 434
1964 io3 32 134 110 51 29 459
1965 91 51 163 110 61 29 505
1966 112 59 280 65 77 48 641
1967 113 35 164 49 43 23 427
1968 125 49 147 - 38 23 382
1969 118 56 141 - 44 24 383
1970 170 79 137 - - 48 35 469
1971 112 107 141 8 36 27 431
1972 154 40 109 40 29 59 431
1973 82 41 126 51 44 44 388
1974 103 40 142 47 58 42 432
1975 120 53 147 .101 48 111 580
1976 61 61 172 67 37 101 499
NOTE: Based on data from U.S. Bureau of Mines 1963-1975 and 1976.

1
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3.2.3 World Supply and_Demand

Figure 5 shows past and projected world production
{(apparent consumption) of chromium. Historical data
suggested the 3 percent annual rate of growth that is used
for the projection, and on this basis, world chromium
consumption is expected to reach about 3.8 million short
tons by 2000 —-- roughly double present demand (the Institute
of Geological Sciences, 1955-1975). Thus, U.S. consumption
as a percentage of the world total should decline slightly
from its present level of about 24 percent to about 20
percent in 2000.

Chromium is the twenty-first element in the earth's
crust in order of abundance, ranking with zirconium,
vanadium, zinc, nickel, copper, and tungsten as being
moderately abundant. Chromite is the only commercial
mineral of chromium and varies compositionally within wide
limits permitted by the formula:

(Mg, Fe2+)} (Cr, Al, Fe3d+), O,

The Cr,0; content of chromite ranges from about 15 percent
to 64 percent, but directly usable ores that are mixtures of
chromite and silicate minerals range from about 33 percent
to 55 percent Cr,0i.

Of the three variations of chromite ore recognized,
high-chromium ores are used mostly for metallurgical
purposes, principally for making ferrochromium. High-iron
ores are used in the production of chromium-based chemicals
and are finding increased use in the manufacture of lower
quality ferrochromium. High-iron ores also are used for
refractory purposes and foundry sands. High-aluminum ores
are used mostly for refractory purposes, principally in the
manufacture of magnesite~chrome and chrome-magnesite bricks.

In the following discussion, chromium ore deposits are
classified in two broad categories: reserves (ores
considered exploitable under existing economic and
technological conditions) and potential ores (deposits that
demand more favorable conditions for exploitation). The
term "resources®" is used to designate the total of reserves
plus potential ores.

Known world chromium ore resources are summarized in
Table 5 (U.S. Bureau of Mines and other sources). Known ore
resources total about 5 billion short tons and are estimated
to contain about 1.2 billion short tons of chromium, more
than a 500-year supply at present demand levels. Thus, the
physical limitations of world primary chromium resources
will not be a consideration by 2000. However, Table 5
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Table 5 World Chromium Ore Resources

Known Ore Reserves

Known Potential Ore

Million Short

Million Short

Country Tons Ore % World Tons Ore % World
South Africa 1,194 62.4 2,333 76.5
Rhodesia 626 32.7 626 20.5
USSR 24 1.2 25 0.8
Philippines 5 0.3 <1 < 0.05 &
Turkey 2 0.1 6 0.2
All other 63 3.3 58 2.0
Total 1,914 100.0 3,049 100.0
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reveals a remarkable geographical concentration of the
world's chromium ore resources. Two countries, South Africa
and Rhodesia, together have nearly 95 percent of the known
world reserves and about 97 percent of the known potential
ore.

3.2.4 Discussion and Conclusions

Any country that depends entirely on foreign sources
for the supply of a strategically important raw material is
potentially vulnerable to economically or politically
motivated shortages. In the past, the United States reduced
its chromium vulnerability by obtaining its supplies from
sources that differed widely in both geographical location
and political ideology (see Table 4 and Figure 4); however,
it seems clear from Table S that this approach will become
increasingly difficult in the future. Because South Africa
and Rhodesia completely dominate known chromium ore
resources, they eventually also must dominate world chromium
supply. It might be argued that additional ore discoveries
in other parts of the world would tend to reduce the future
dominance of southern Africa; however, the known ore
resources in South Africa and Rhodesia are so vast that
there is little incentive for additional exploration in
other areas. Thus, it is probable that a natural chromium
supply monopoly will evolve and that the United States will
depend increasingly on South Africa and Rhodesia for its
future chromium requirements. As a consequence, U.S.
vulnerability to chromium shortages will increase greatly.

It is important to examine the time scale over which
this conclusion is likely to become reality. A crude method
of quantifying the period involved is shown in Takle 6 which
compares the longevities of the major known.deposits of
chromium ore {assuming continuing ore production at 1973
levels). Although depletion time estimates of natural
resources are notoriously unreliable, the data suggest that
South Africa and Rhodesia will reach a monopolistic
situation within 25 to 75 years. Clearly, the projected
increase in world consumption (Figure 5) will tend to
decrease this period, and any major new ore discoveries in
other parts of the world will tend to increase it.

Another way to state this situation is to treat world
chromium resources as if they consisted of just two sources
of supply: South African and Rhodesian, and the rest of the
world. If the South African and Rhodesian sources were
disrupted and the rest of the world provided the entire
demand for chromium, the depletion time at the 1975 level of
8.74 million short tons of ore would be 21 years.
Furthermore, even if the United States reduced its
consumption level to zero during this disruption period, the




TABLE 6 Depletion Times for Known Chromium Ore Resources

Country

Known Chromium Ore
Resources
(million short tons)

1973 Chromium Ore
Production
(million short tons)

Depletion Time at
1973 Production
(years)

South Africa

Rhodesia

USSR

Philippines

Turkey

All Other
Total

3,527
1,252
49

= ® o

4,963

1.85
0.61
2.13
0.65
0.63
1.58
7.45

1,906
2,052
23

2

13

77
666

NOTE: Based on data from the Institute of Geological Sciences, 1975.
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time to depletion would increase only to 27 years. These
data indicate not only the limited longevity of known
chromium deposits outside of Africa but also their relative
insensitivity to U.S. consumption. Indeed, concentration of
world chromium reserves is not exclusively a U.S. problem
and the problem cannot be solved by reduced U.S. consumption
alone.

3-3 CHROMIUM CONSERVATION

one response to a shortage of chromium supply would ke
to attempt to reduce consumption, and identification of the
opportunities that exist to do so was the major topic
addressed by the Committee. This section presents
quantititive estimates (based on the detailed considerations
presented in chapters 4-6) of the reductions in chromium
consumption that could be achieved by conservation programs
in the areas of substitution, recycling and improved
processing practice, and design. Two types of conservation
opportunities are distinguished and are considered
separatelys

. Category_1 —- Technically feasible with currentliy
available technology

) Category 2 -- Potentially feasible with future
technology but requiring up to 10 years research
and development

Using these definitions, chromium uses may be viewed as
being of three types:

(1) Those that could be eliminated by using existing
substitutes or by making other state-of-the-art
technological adjustments

{2} ‘Those that could be eliminated if a conservation
research program were initiated and proved to be
successful

(3) Those that could not be eliminated using either of
the above approaches

Before the amounts of chromium that fall in each of these
three classes can be calculated, a forecast of the U.S.
cceasumption pattern must be made. Projections of chromium
consumption in metallurgical, refractory, and chemical uses
were presented earlier (Figure 3): however, a nore detailed
breakdown of U.S. consumption is required to quantify
specific conservation opportunities. A breakdown of the
amounts of chromium expected to be used during 1977 in 21
end-use areas 1is presented im Table 7. This forecast, which
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TABLE 7 Trend Forecast of U.S. Chromium Consumption Pattern in 1977

Quantity Consumed 2 Percent of U.S.
Use (1,000 short tons) Consumption
Metallurgical
Wrought stainless and heat-
resisting steels 232 51.3
Tool steels 6 1.3
Wrought alloy steels 43 9.5
Cast alloy steels 14 3.1
Alloy cast irons 8 1.8
Nonferrous alloys 14 3.1
Other _6 1.3
Subtotal 323 71.4
Refractories
Chrome and chrome-magnesite 10 2.2
Magnesite-chrome brick 14 3.1
Granular chrome-bearing 27 6.0
Granular chromite _n 2.2
Subtotal 6L _ 13.5
Chemicals
Pigments 18 4.0
Metal finishing 15 3.3
Leather tanning 11 2.4
Drilling muds 3 0.7
Wood treatment 4 0.%
Water treatment 4 0.9
Chemical manufacture 5 1.1
Textiles 2 0.4
Catalysts < 1 < 0.3
Other _5 1.1
Subtotal 68 i5.1
Total 452 100.0

-

= Exclusive of scrap.
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is based on data obtained by the Panel on Substitution, has
been scaled to match the 1977 trend projections for
rmetallurgical consumption (323,000 short tons), refractories
concunption (61,000 short tons), and chemical consumption
(68,000 short tons) shown in Figure 3.

3.3.1 Quantification of Opportunities to Reduce Chromium
Consumption

Opportunities for chromium conservation by improved
recycling of industrial wastes are discussed in detail in
Chapter 5. Combining the chromium recovery opportunities
identified by the Panel on Processing with the projected
1977 chromium consumption pattern presented in Table 7
allows the potential chromium savings to be estimated as
shown in Table 8. All the potential chromium savings fall
into Category 2 (considered potentially feasible with future
technology but requiring up to 10 years of research and
development). By far, the most important recycling
opportunities are in the refractory uses of chromium where
recycling of about 40,000 short tens of chromium per year
(65 percent of the projectei 1977 consumption of chromium in
refractories) is considered potentially feasible. PRecycling
of metallurgical and chemical wastes does not offer any very
exciting opportunities for chromium conservation. It is
estimated that only 4.5 percent of the projected 1977
consumption of chromium in metallurgical end uses and only
about 6 percent of the chemical consumption potentially
could be recovered from industrial wastes. Moreover, a
considerable number of recyclirg technologies would have to
be developed to achieve even these modest recoveries because
of the diversity of wastes involved.

The Panel on Processing also considered the prospects
for chromium conservation by improving the metallurgical
processing of chromium-containing alloys. Four processing
steps were identified in which the potential exists for
significant chromium savings. Table 9 presents estimates of
the potential chromium savings scaled to the 1977
metallurgical consumption pattern shown in Table 7. About
21,000 short tons of chromium par year (6.8 percent of 1977
metallurgical consumption) could be saved by employing
existing advanced technology for melting, refining, and
casting operations. It is estimated that an additional
annual savings of about 16,000 short tons of chromium would
become technically feasible if research and development
directed toward processing improvements were undertaken and
praved to bhe as successiual as expected.

Chromium conserxvation opportunities associated with
materials substitution are considered in detail in
chapter 6. In most cases, the effective use of a substitute

BT e,
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TABLE 8 Prospects for Chromium Savings by Recycling of Industrial Wastes

Potential Chromium Sav.-i.n'gsE
1,000 Short Percent of 1977

Source of Waste Tons per Year Segment Consumption

Metallurgical

Ferroalloy slags

Stainless steel furnace dusts
Stainless steel grinding swarfs
Stainless steel mill scale
Stainless pickel liguor
Ferroalloy flue dusts

ECM and EDM sludges

o L]

WO W N
L]
W OONO o

OO0 =0O0QO0O
[ ]
- N =YW

Subtotal 14.7 4.5
Refractories
Foundry sand 21 34 ®
Chrome-bearing refractories 19 31
Subtotal 40 65
Chemicals
Etching wastes 1.0 b 1.5
Plating wastes 2,0= 2.9
Catalysts 0.7 1.0
Chromate and dichromate, leather
tanning, paint pigments, and
textiles 0.4 0.6
Subtotal ’ 4.1 6,0
Total 58.8 13.0

2 all the potential chromium savings fall into Category 2 {(considered
potentially feasible with future technology but regquiring up to 10 years
of research and development).

b
= At present, 1,000 short tons are recovered from plating wastes.




TABLE 9 Prospects for Chromium Savings by Processing Improvements

Potential Savings — Category 12 Potential Savings-—Categgryggg

1,000 Short % of 1977 1,000 Short % of 1977

Tons Chromium Metallurgical Tons Chromium Metallurgical
Processing Step Per Year Consumption Per Year Consumption
Melting and refining 19 5.9 0 0
Casting 3 0.9 6 1.9

N |
Mill product fabrication and w
manufacturing processing 0 0 9 2.8
Joining 0 0 1.4 0.4
Total 22 6.8 16.4 5.1

2 Technically feasible now.

teg

Potentially feasible after 10 years of research and development.
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material containing less or no chromium would require some
redesign of the product, as discussed in chapters 6 and 4.

By combining the conservation opportunities identified
in chapter 6 with the projected pattern of U.S. consumption
in 1977 (Table 7), the estimates of potential chromium
savings shown in Table 10 have been obtained. It is
estimated that potentially one-quarter of the metallurgical
and chemical consumptions of chromium and one-third of the
refractory consumption can be substituted using existing
technology. If suitably directed research and developmrent
programs are undertaken, it is estimated that substitution
of an additional one-third of metalliurgical consumption and
one-half of refractory and chemical consumption would become
technicaily feasible.

The estimates of chromium savings presented in Tables 8
through 1¢ all refer to the same projected 1977 consumption
pattern. t is valid, therefore, to combine them to obtain
estimates of the total potential impact of technically
feasible conservation measures on the U.S. consumption of
chromium. Table 11 presents the summary of estimates of the
percentages of metallurgical, refractory, and chemical
consumption that could be saved by taking advantage of
Category 1 and Category 2 conservation opportunities in the
areas of substitution, processing, recycling, and design.
The table also lists the suwm of the Category 1 and 2
percentages that represent the maximum savings considered
technicalily feasible for each combination of conservation
approach and chromium consumption segment. For example,
substitution using existing technology (Category 1) 1is
estimated to ke capable of saving 25 percent of the
metallurgical consumption of chromium. BAs a result of
research and development, it is anticipated that
substitution of an additional 36 percent of the. same
metallurgical consumption base would become technically
feasible. Therefore, the maximum technically feasible
savings of metallurgical consumption that can ke achieved by
substitution is 61 (25 + 36) percent.

The percentages in Table 11 can be added horizontally
but not vertically (because of the problem of double
counting). Thus, in Table 11, the total Category 1 plus
Category 2 savings that can ke achieved in wetallurgical
consumption is not 78 (= 61 + 12 + 5) perceut kut rather is
more closely approximated by:

39 x 88 x 95

= -~ t
67 100 10,000 percen

This results because the application of recycling to obtain
a 3 percent savings would permit conservation by processing
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TABLE 10 Prospects for Chromium Savings by Materials Substitution
and Redesign (1,000 short tons)

Consumption Potential Chromium Savings
Forecast a b
End Use for 1977 Category 1— Category 2=
Metallurgical
Wrought stainless and o
heat-resisting steels 232 69.6 (30%)= 69.6 (30%)
Tool steels 6 0 (0%) 0 (0%)
Wrought alloy steels 43 6.5 (15%) 30 (70%)
Cast alloy steelsg 14 1.4 (10%) 8.4 (60%)
Alloy cast irons 8 0.8 (10%) 4.8 (60%)
Nonferrous alloys 14 0 (0%) 0.7 (5%)
Other 6 1.8 {10%) 1.8 (50%)
Subtotal 323 80.1 (24.8%) 115.3 (35.7%)
Refractories
Chrome and chrome-
magnesite brick 10 7.5 (75%) 2.5 (25%)
Magnesite-chrome brick 14 4,0 (28%) 8.0 (56%)
Granular chrome-bearing
materials 27 5.0 {18.5%) 20.0 (74%)
Granular chromite 10 4.0 (40%) 4.0 (40%)
Subtotal 6l 20.5 (33.6%) 34.5 (56.6%)
Chemicals
Pigments 18 4.5 (25%) 9.0 (50%)
Metal finishing 15 7.5 (50%) 2.3 (15%)
Leather tanning 11 0 (0%) 11.0 (100%)
Drilling muds 3 0 (0%) 0 (0%)
Wood treatment 4 2.0 (50%) 2.0 {50%)
Water treatment 4 0 (0%) 2.0 (50%)
Chemical manufacture 5 0 (0%4) 2.5 (50%)
Textiles 2 1.0 (50%) 1.0 (50%)
Catalysts <1 0 {0%) 0 (0%)
Other 5 1.0 (20%) 3.0 (60%)
Subtotal 68 16.0 (23.5%) 32.8 (48.2%)
Total 452 116.6 (25.8%)2 182.6 (40.3%)2
2 Technically feasible now.
b Potentially feasibkle after 10 years of research and development.
= Number in parentheses indicates percent saving of consumption
forecast for each end use category.
d

Percent saving of total for all categories.




TABLE 11 Overall Summary of Potential for Chromium Savings

Percent of Segment Consumption That

Can Be Saved

Consumption By Cate- By Cate- By Categories
Conservation Approach Segment gory 12 gory 2 = 1l ang 2
Substitution with materials Metallurgical 25 36 61
containing no {(or less) Refractories 34 57 91
chromium coupled with Chemicals 24 48 72
redesign as necessary
Use of improved processing Metallurgical 7 5 12
methods for alloys containing
chromium
Recycling of wastes containing Metallurgical 0 5 5
chromium Refractories 0 65 65
Chemicals 0 6 6

)

Technically feasible now.

o'

Potentially feasible after 10

years of research and development.

'
o
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improvements, and substitution would only be applied to the
remaining 95 percent of the original metallurgical
consumption. Similarly, if the 12 percent processing saving
is taken on the remaining 95 percent, only 95 x 88/100
percent of the original metallurgical consumption will be
availarle for substitution savings. When the 61 percent
substitution savings are taken, the remaining consumption
will be reduced to:

95 % 88 x 39
10,000

percent

of the original metallurgical consumption, which leads to
the 67 percent overall savings quoted above.

With the above approach, the 1977 chromium consumption
was estimated for metallurgical, chemical, and refractory
uses for three cases:

. Business as usual (BAU), i.e., the trend forecasts
from Figure 3 and Table 7

] Business as usual less the savings from Category 1
conservation opportunities

. Business as usual less the savings from Category 1
and Category 2 conservation opportunities

The consumption estimates are tabulated in Table 12 and
suggest that U.S. chromium consumption potentially could be
reduced by 30 percent by conservation based on existing
technology. An additional 40 percent reduction in
consumption could become technically feasible if research
and development related to chromium conservation were
pursued vigorously. The remaining 30 percent of current
U.S. chromium consumption cannot be eliminated by the
conservation measures identified by the Committee.

3.3.2 Consumption Projections at Two Conservation levels

The impact that conservation could have on the future
consumption of chromium in the United States now can be
projected. Two cases will be considered: The first
examines the impact of technically feasible conservation
measures based on existing technology (i.e., Category 1 ).
The second case shows the impact of the maximum level of
conservation considered technically feasible (i.e.,
Category 1 + Category 2).

Because the metallurgical, chemical, and refractory
consumption segments are projected to grow at different
rates in a business-as-usval situation {Figure 3), they were




TABLE 12 Overall Impact of Potential Conservation Opportunities on
Chromium Consumption Forecast for 1977 (1,000 short tons):

Present Projected Net Consumpcion
Consumption Consumption BAU - C%;egories
Seqment (BAUE) BAU - Category 11— 1 and 2=
Metallurgical 323 225 (7&%)g' 105 (33%)
Chemical 68 52 (76%) 18 (26%)
Refractories 6l 40 (66%) 2 (3%)
Total 452 317 (70%) 125 (28%)

I

Business as usual.

oy

Business as usual less the savings from Category 1 conservation
opportunities (technically feasible now).

< Business as usual less the savings from the conservation opportunities
from Category 1 (technically feasible now) and Category 2 (potentially
feasible after 10 years of research and development).

4 Numbers in parentheses indicate percent of 1977 segment consumption.
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treated separately in preparing the projections that follow.
However, it was assumed that the pattern of chromium use
within each of the three segments would change little during
the remainder of this century. This assumption permits use
of the percent business-as-usual data listed in Table 12 for
the three segments to estimate the impact of conservation on
future U.S. consumption.

Figure 6 summarizes the trends in chromium consumption
that would result if the United States reduced its chromium
consumption by implementing conservation measures based on
currently available technology. The several scenarios
included in Figure 6 assume that no supply constraints
exist. Curve ABC is the business-as—usual projection from
Pigure 3. Curves ADH and AEH are projections of consumption
following initiation of Category 1 conservation programs in
1977. The consensus of the Committee was that 3 period of
five years might be needed to implement Category 1
conservation measures in an orderly manner but that
implementation probably could be accomplished in about half
that time in a national emergency. The S5-year and 2.5-year
implementation periods result in curves AEH and ADH,
respectively. (For convenience, it has been assumed that
consumption falls linearly as the Category 1 conservation
measures are implemented.) Curves BGH and BFH depict the
effect of initiating an equivalent conservation program in
1987 for 5=year and 2.5-year implementation periods,
respectively.

Figure 6 shows that implementation of the Category 1
conservation measures leads to a transition from the
business—as-usual consumption growth curve to a second
growth curve at about a 30 percent lower level of
consumption. However, because inplementation of the
conservation measures requires a significant amount of time,
the minimum consumptions reached when the conservation
program has been fully implemented are always greater than
70 percent of the consumption at the time the program was
initiated. For example, the consumption at E, the low point
on curve AEH, is about 78 percent of that at A because of
the anticipated continuing growth during the implementation
period in those end uses not affected by the conservation
measures.

If Figure 6 is considered in the context of a chromium
supply shortage, it is apparent that the effectiveness of
conservation as a response increases as the implementation
time decreases. Thus, the shaded triangles ADE and BFG in
Figure 6 represent chromium consumption that is eliminated
by implementing the Category 1 conservation measures over a
2. 5-year period rather than a S-year period.
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Figure 7 summarizes the expected trends in chromium
consumption if the United States were to implement all the
conservation measures considered by the Committee to be
potentially technically feasible. Curve ABC again shows the
business-as-usual consumption projection from Figure 3. As
before, inmplementation of the conservation measures results
in a transition from the business-as-usual curve to a lower
consumption growth curve that, in the present case, is at
about 30 percent of the business as usual consumption level.
Curve ADEH projects the consumption expected if the U.S.
were to implement Category 1 and Category 2 conservation
measures over a 12.5-year period (considered the minimum
practicakle in view of the 10-year research and developnent
period required before implementation of some of the
Category 2 measures could begin) beginning in 1977.

Segment AD, replotted from Figure 6, reflects the impact
{(assumed linear) on consumption of implementing the Category
1 conservation measures as quickly as possible. Segment DE,
(again assumed linear) is attributable to implementation of
the Category 2 measures as they become available. At E, the
low point on the curve, the consumption is about 170,000
short tons per year or about 37 percent of the consumption
level at which the conservation program was initiated.
However, a long lead time of 12.5 years is reguired to fully
implement the conservation measures.

Curve ABIGH is based on the same assumptions as curve
ADEH except that program initiation is assumed to occur in
1987 rather than in 1977. Here again, implementation of the
Category 1 and Category 2 conservation measures drives
consumption down to about 37 percent of the level at which
the program was initiated but only over a long period of
time. In contrast, curve ABFH shows the projected
consumption if the research and development needed for the
Category 2 conservation measures had been completed in
advance (i.e., if the required 10-year research and
development program had keen initiated in 1977 and had been
brought to a successful conclusion before the initiation of
the conservation program). It is estimated that
implementation of the Category 1 and Categery 2 conservation
schemes then could be completed within five years. The
consumption at the end of this period would be about 180,000
short tons or about 32 percent of the consumption at the
initiation of the program. If the conservation program was
undertaken in response to a supply shortage, curve ABFH
would represent a much stronger response than curve ABIGH
because it would allow reducing the cumpulative U.S. chromium
consumption to be decreased by an amount equivalent to the
shaded area in Figure 7.
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The guantitative estimates of chromium savings and lead
times emkodied in Figures €& and 7 are subject to
considerable uncertainty and very few accurate data exist
for improving the present estimates. Moreover, further
refinement of the quantitative data probably would not have
much effect on the conclusions reached since the consumption
rate is offset only temporarily.

3.3.3 Impacts of Conservation

In this section, the following gquestion is considered:
Iif an intensive program of chromium conservation is
implemented by the United States in response to a chromium
supply shortage, what would be the foreseeable impacts,
other than the desired decrease in consumption? Chromium is
irreplaceable for some applications and the amounts used for
them are small compared to total U.S. consumption. Hence,
the available chrormium would be allocated preferentlially to
these end uses. Examples of industries that would be
affected little by drastically reduced chromium availability
and strong efforts to conserve it are:

. Tool steels, which use chromium for metal cutting
and forming

. Superalloys, which use it for jet engines and gas
turbines
L Chromium chemicals, which are used in closed

systems for water treatment additives and in
Teather tanning.

Some industries would benefit by drastically reduced
availability of chromium and by strong efforts to conserve
it. Examples are manufacturers of substitute materials such
as titanium, tantalum, aluminum, zinc, plastics, porcelain
enamel, coatings, and metal paints. A lack of chromium
because of high prices or government taxes to restrain its
use and enforce its recycling would strongly encourage
substitute materials. Many industries would benefit by
recapturing old markets previously lost to chromium—
containing materials or by creating new markets. As no one
material could substitute across—-the-board, the impact on
any given material would be modest but always positive.

Other industries, likely to benefit, are associated
with recycling efforts. Examples are:
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Industry Application

Scrap sorting Metals

Crushing and grindina Refractoxries and foundry sands
Chemical processing Chemical waste and effluents
Beneficiation Stockpiled material and

low-grade ove

An immediate demand by chromium~consuming industries to use
state-of-the-art recycling equipment and technology in the

above applications would be expected as well as incentives

to develop more efficient and less costly new Lrocesses.

Still other industries likely to benefit are associated
with the production of clad and coated materials and their
subsequent testing and processing. In the event of a
requirement to reduce chromium demand substantially, the use
of stainless clads and coatings on less corrosion- and
oxidation~resisting materials would increase and would
require new technology and increased production capacity.
More importantly, demand would arise for equipment to form,
join, and edge-seal such composite materials. New
nondestructive testing procedures and equipment also would
ke required to ensure the inteqgrity of the protective
surface layer whzn initially formed and after subsequent in-
plant processing.

Many industries would be affected unfavorably by
drastically reduced avaiiability of chromium and strong
efforts to conserve it. Examples are:

Industry Use

Refractories Steel producers and foundries

Nonferrous alloys Broad spectrum of users

Stainiess steels Fabricated metals, machinery other
than electrical, transportation

Alioy steels Primary metals, machinery other
than electrical, fabricated
metals

The greatest impact would be on stainless steel producers
and users because the opportunlty to apply or develop low-
chromium stainless alloys is limited. In a truly drastic
supply situation, it would be necessary to live with less
stainless steel. The conseguences for some user industries
would be modest or only economic in nature, but the effects
would devastate others, such as the nuclear power industry.

Very few of the chromium conservation opportunities
identified in chapters 4 through 6 are cost-effective at
present; therefore, implementing an intensive program oi
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chromium conservation would ianvolve substantial costs as
well as sacrifices in service performance. These added
costs may arise from more complex designs, additional
processing steps, additional testing or from the use of more
expensive substitute materials. As a consequence, the
overall impact of a chromium consexrvation program on the
U.S. industry and economy is certain to be negative. Just
how negative would depend critically on the extent to which
conservation was implemented. Although the Committee was
unable to generate any meaningful quantitative estimates, it
is considered likely that achievement of a 70 percent
reduction in consumption, while technically feasible, might
be potentially crippling to the economy but that a 30
percent reduction might be attainable without serious
economic consequences or industrial dislocations.

3.3.4 Discussion_and_Conclusions

It would be technically feasible to reduce U.S.
chromium consumption by about one-third by implementing
existing conservation technology and by about two-thirds by
supplementing existing technology with the new developments
expected to result from a 10-year program of research and
development related to chromium conservation. The
effectiveness of conservation as a response to a chromium
shortage depends strongly on the time required to implement
the chromium conservation programs -- a much stronger
response to a hypothetical supply shortage in 1987 would be
possible if, in the interim, the 10-year research and
development program, mentioned above, had been completed
successfully. ¥ven so, the lead times requireda o fully
implement chromium conservation programs are so long that
conservation would not become effective as a response to a
shortage of supply unless the shortage were to last for
several years.

The Committee does not believe that the reductions in
chromium consumption discussed in this section will be self-
initiating in the U.S. market-oriented economy. Rather, the
reductions represent what could be expected from a planned
program. In the Committee's view, if the United States were
faced with a shortage of chromium supply, the need for a
planned program would be imperative. If the marketplace
were the sole determinant for allocating limited supplies of
chromium, automolkile bumpers might win out over chemical
tanks.

The industrial dislocations and economic penalties
associated with an intense national effort to conserve as
much chromium as is technically feasibie would be severe but
might be acceptable in a national emergency. However, if
the United States attemptited to pursue chromiumr conservation
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unilaterally in anticipation of a possible supply shortage
rather than in response to a veal situation, the substantial
penalties involved would not be justifiable. 1In fact,
unilateral conservation by the United States as a hedge
against a possible future shortage makes very little sense
except for the relatively few conservation opportunities
that do not entail cost-performance penalties. Since most
of the conservation measures are not currently cost-
effective, they would not be implemented voluntarily but
would have to be legislated. The effect of such legislation
would be poorer guality and more expensive products than
could Le produced with the normal use of chromium. Aside
from the reduction in societal benefits, these legislated
changes would have a substantial economic impact on the
competitive position of these U.S. products relative to
foreign products that would be made using the normal
chromium practice. For example, if the United States
decided unilaterally to substitute silver plate for
stainless steel in domestically produced flatware, foreign
suppliers of stainless steel flatware would attempt to
satisfy the U.S. market with their less expensive products.
If the United States truly wanted to conserve the chromium
used in stainless steel flatware, it woulé@ be necessary to
embargo imports. This solution is not very practical
considering the vast number of products for which a
comparable situation would exist.

On the other hand, a reduction in chromium consumption
on a worldwide masis (if such an agreement could be reached)
might be justifiakle if it provided the time necessary to
develop durable agreements regarding the management of
remaining chromium resources. This aspect is part of a much
larger issue concerning world mineral resources in general
and is beyond the scope of this Committee®s deliberations.

Although in the United States it is difficult to
justify initiating any chromium conservation programs that
are likely to produce adverse economic consequences,
research aimed at the development of alternative materials,
process improvements, design efficiencies, and recovery and
recycling of spent chromium should be accelerated. As seen
in Figure 7, the developments that result from this research
would be of considerable value if a shortage of chromium
supply occurred in the future. ' This research also may
produce new methods for reducing chromium consumption “hat
are economically attractive, particularly if chromium prices
rise. However, under present economic conditions, the
required research is not likely to be undertaken by industry
without government incentives.

Finally, although conservation may reduce the
vulnerability of the United States to chromium shortages, it
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cannot eliminate it. About one-third of U.S. chromium
demand cannot be saved by conservation measures based on
present or projected future technology. Much of this
chromium is consumed in uses that are absolutely vital to
U.S. industry. Approaches other than conservation,
therefore, are required to assure that enough chromium is
availakle to satisfy these needs. Moreover, because of the
long implementation times required, conservation alone would
be of little value in the event of an abrupt disruption of
chromium supply. To respond effectively to this situation,
stockpiles could make up larger deficits while conservation
measures are being implemented, in addition to providing the
substantial amounts still required on a continuing basis.

3.4 ALTERNATIVES AND SUPPLEMENTS TO CONSERVATION

3.4.1 Stockpiling

One of the traditional approaches to the problem of
providing protection against potential cartelization of raw
materials has been the use of stockpiles and, indeed, the
U.S5. Government has a stockpile of chromium. A summary of
the content of the stockpile is presented in Table 13.

The time to deplete this stockpile depends on the rate
at which the United States is consuming chromium and the
makeup of the stockpile. Figure 8 shows a projection of the
approximate numker of years to use up the entire stockpile
as a function of time, assuwming that all of the material in
the stockpile inventory at present could be used and that
U.S. consumption follows the kusiness-as-usual growth curve
depicted in Figure 3. (The question of whether the present
content of the stockpile is optimum is addressed in
chapter 5.) As can be seen, the stockpile offers more than
three years of protection at present consumption rates;
however, this protection would dwindle to less than two
years by 2000 if no conservation programs are initiated and
the stockpile itself is unchanged.

The key issue regarding stockpiling ¢f chromium
concerns the type of protection sought. If protection is
sought against a cartel trying to maximize its economic
returns and i1f that cartel has the resources to hold cut
long enough, no feasible stockpile can suffice. If, on the
other hand, the United States is seeking protection against
temporary supply dislocations, such as might occur due to
short-term instabilities, it is necessary to define an
appropriate protective time period. For any such decision,
Figure 8 indicates the protection that would ke realized
from the current stockpile. Changes in the stockpile would
produce proportionate shifts in protective times.
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TABLE 13 U.S. Government Stockpile of %Promium—Based
Materials (1,000 short tons) —

Estimated
. Contained
- Description Inventory Chromium
Ores
Metallurgical 1,984 651
Chemical 254 76
Refractory 406 86
Nonstockpile grade 561 172
Ferroalloys
High-carbon 409 266
Low~-carbon 304 198
Silicon 57 23
Nonstockpile grade 25 13
Chromium metal 4.5 4.5
Total 1,489.5

NOTE: Based on data from U.S. Bureau of Mines 1975,

2 as of September 30, 1975.
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The U.S. strategic stockpile of chromium is part of a
program concerned primarily with wartime protection. During
such emergencies, the causes of shortages and the natural
demand patterns are considerably different from those
normally encountered. Should the United States wish to
increase its stockpile as assurance against "economic
warfare," politically induced embargoes, etc., inncvative
approaches to stockpiling may be appropriate. For example,
if all the new automobiles so0ld in the United States
contained 10 pounds of chromium in an easily recoverable
form (e.g., hub caps made from a standard high-chromium
alloy) , within about 10 years, a "stockpile® of about
500,000 short tons would have been established -~- enough to
satisfy the demand for about one year. This suggestion
would require study by government and a government policy
decision, and would have to be implemented by the end-use
industry involved.

Although the maintenance of a strategic stockpile of
chromium-containing materials generally is accepted as a
necessary and effective strategy, the desirability of a
separate economic stockpile is a controversial subject being
debated in and out of Congress. An economic stockpile might
benefit from the cyclical nature of world industry by
accumulating excess stocks of minerals and metals when times
are slack, providing a buffer from severe economic
dislocations in an emergency and a little more time for
research and development on alternative responses to
minerals shortages.

3.4.2 Exploration

Another method of reducing the vulnexrability of the
United states to future shortages of chromium would be to
attack directly the developing problem of increasing
geographic concentration of chromium ore resources. As
ment ioned earlier, the United States has reduced its
vulnerability in the past by obtaining its chromium needs
from a diverse group of suppliers. This pclicy could be
continued if additional exploration resulted in the
discovery of new, high-quality ore deposits in areas of the
world remote from southern Africa. It would not be
necessary to develop these deposits. The mere fact of their
existence would provide excellent protection against a long-
term supply embargo (but not against a short-term supply
disrupticn).

However, as mentioned earlieyxr, the size of the
Rhodesian and South African reserves essentially eliminates
any incentive for additional exploration on the part of
private industry. Thus, any additional exploration probably
must be financed by the U.S. govermment, either directly or
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indirectly. The involved exploration costs could be
considerable, and high capital costs would be incurred if
the new deposits had to be developed hurriedly in an
emergency. Moreover, there is absolutely no assurance that
additional exploration would uncover new, economically
exploitable ore deposits. Thus, although additional
exploration might aid in reducing U.S. vulnerability,
exploration alone would not provide a solution to the
problem.

3.4.3 Combined Approaches

Up tc this point, the Committee considered the separate
use of conservation, stockpiling, and exploration to reduce
U.S. vulnerability to future shortages of chromium.

However, an optimum solution to this situation probably
would be to combine two or, possibly, all three of these
approaches.

For example, if exploration were undertaken and proved
successful, these new sources could reduce the vulnerability
of the United States. However, in the interim, the
stockpile must provide adequate supplies for the time needzd
to aevelop the newly discovered ore deposits. An
alternative approach (that would avoid the element of
uncertainty involved in exploration and might also prove to
be less expensive) would be to combine conservation and
stockpiling. Figure 9 shows the way in which the stockpile
would be depleted following a hypothetical complete
cessation of chromium imports at the beginning of 1987. 1If
the present stockpile were used to supply the entiyz U.S.
consumption and consumption continued unchecked (i.e.,
consumption followed the business-as-usual ~urve in
Figures 6 and 7), the stockpile would ke exhausted by mid-
1989 (curve 1). Inplementation of the Category i
conservation measures over a 2.5-year period (curve ABFH in
Figure 6} would increase the depletion time only by about 7
months. Even if the maximum technologically feasible
conservation response was implemented (curve ABFH in
Figure 7), the stockpile would still be exhausted by mid-1990.

The ineffectiveness of the conservation measures in the
case illustrated in Figure 9 is due to the comparatively
long lead times required to irplement the conservation
programs. Obviously, protection can be improved by
adjusting the stockpile size to cbtain a better match
between the stockpile Jdepletion time and the time required
to iwplement the conservation measures. Figure 16
illustrates what harpens if the available stockpile is
doubled to 3 million short tons of contained chromium and if
chromium imports cease in 1987. In this case, unchecked
consumption (curve 1) would exhaust the stockpile in five
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years; implementation of Category 1 conservation measures is
again relatively ineffective (curve 2), but iwmplementation
of Category 1 plus Category 2 conservation measures would
more than double the effective life of the stockpile

{curve 3). However, curve 3 is based on the assumption that
the research and development required for the Category 2
conservation measures had been completed prior to the
cessation of imports in 1987.

A final possibility is to develop a three-pronged
approach to reducing U.S. vulnerability. Consider the
situation if over the next 10 years the United States: (1)
increased its chromium stockpile to 3 million short tons of
contained chromium, (2) undertook a successful program of
research and development aimed at chromium conservation, and
{3) undertoock a successful program of exploration to locate
additional ore deposits. The United States then would be in
an excellent position to respond to any subsequent supply
interruption. As shown in Figure 10, the combination of the
larger stockpile and an intensive conservation program could
satisfy the chromium regquirements of the country for more
than 10 years, providing ample time to bring ore production
from the new deposits up to the required level.

3.5 CONCLUSIONS AND RECOMMENDATION

1. Over the years, the unique properties, low cost,
and plentiful supply of chromium-containing
materials have made important segments of U.S.
industry vitally dependent on chromium. These
same factors have inhibited, almost entirely,
research on possible substitutes for chromium and
serious efforts to conserve, reclaim, or recycle
chromium-containing materials. Now, a drastic
curtailment of the availability of chromium would
have serious consequences in both the short and
long term.

2. The present situation regarding worldwide chromium
ore resources appears to favor the development of
a Rhodesian/sSouth African supply monopoly over the
next 25 to 75 years. Thus, the United States,
which is completely dependent on imports for its
substantial chromium requirements, will become
increasingly vulnerable to politically or
economically motivated interruptions of supply as
alternative ore resources dwindle in the future.

3. The strategic role that chromium plays in U.S.
society and the unique geographic concentration of
known ore resources are not widely known orxr
appreciated even among many materials experts, and
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failure to appreciate this role only can work
ageinst developing the long lead-time
technologies, stockpiles, or international
agreements necessary to avoid economic
dislocations.

None of the three approaches considered here
{conservation, stockpiling, and exploration) can
protect the United sStates completely against the
possibility of a future disruption (or drastic
shortage) of chromiur supply. Although
conservation technically may be capable of
reducing U.S. consumption by as much as 70
percent, the lead time to implement the program
needed to achieve this level of savings is
substantial, probably as much as 12.5 years at
present. While this lead time could be reduced to
perhaps S5 years following completion of a suitably
directed 10-year research and development program,
conservation will remain an ineffective response
to short-term (< 5 years) supply interruptions.
Moreover, chromium conservation involves economic
penalties that, although difficult to quantify,
would be severe if attempted reductions of
consumption approach the limits of technical
feasibility. Because of these costs and because
the rate at which the world’s ore resources are
expected to concentrate are not likely to be very
sensitive to changes in U.S. consumption,
conservation is omly appropriate as a response to
an actual shortage of supply (i.e., nothing will
be gained by unilaterally implementing a policy of
chromium conservation in the United States in
anticipation of a possible future shortage of

supply) -

Stockpiling can provide the United States with
effective protection against short-term
interruptions of supply but its protection is
finite and could be overcome by sufficiently
determined action by the suppliers. Obviously, if
a supply monopoly develops, Rhodesia and South
Africa will be in a position to wait out any °
conceivable stockpile should they choose to do so.
The general issue of stockpiling policy lies
outside the charge of this Committee. However, it
is apparent that for stockpiling to be most
effective, the material in the stockpile must be
optimally matched to U.S. needs. Thus, the
content of the stockpile must be adjusted at
fairly frequent intervals to compensate for
trends, such as the decreasing domestic

A
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ferrochrome productive capacity. A further
observation pertinent to the present study is that
a substantial buildup of the size of the U.S.
stockpile is unlikely to be viewed with much
enthusiasm by the chromium suppliers and might
actually trigger a reaction such as the formation
of a cartel.

6. Exploration, if successful in finding exploitable
new chromium reserves, would provide protection
against a long-term interruption of supply even if
the new deposits were not developed initially.
However, there is no current incentive for
exploration so the costs (which might prove to be
considerable) would have to be borne by the U.S.
government. Furthermore, the probability of
success is unknown and, even if success were
achieved, little protection against short-term
supply shortages or disruptions would be provided
because of the long lead time required for the
development of the deposits. This lead time could
be reduced if the deposits were developed as, and
when, they were found but the costs involved would
be very high and probably are not justifiable in
view of the known size of the deposits that are
already in production.

7. An optimum response to reducing the vulnerability
of the United States probably would be to combine
all three approaches. Stockpiling in one form or
another coulé be used to provide short-term
protection (< 5 years). Medium—term protection
(5-10 y=ars) would be achieved by using
conservation to extend the life of the stockpile,
while exploration would provide insurance against
a truly long-~term interruption of supply (> 10
years) .

The Committee recommends that the U.S. government
consider the following three actions:

- Plan and fund a 10-year research and development
program aimed at the development of advanced
chromium conservation technology and focused on
the specific opportunities for chromium
conservation by recycling, substitution, and
processing improvements identified in chapters 4
through 6 of this report.

° Develop and implement a program of incentives to
encourage exploration for additional nigh-quality

\
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chromium ore deposits in nearby parts of the world
such as South America and Canada.

Fund studies on innovative methods of stockpiling
chromium to provide up to 5 years of protection
against a cessation of imports and on improved
methods of ensuring that the content of the
strategic stockpile is matched properly to the
changing needs of the United States.
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Chapter #§

DESIGN

4.1 INTRODUCTION

The present raw material cost cf chromium will not spur
the designer to substitute alterna®e materials or to "design
around" chromium; therefore, he ruast be educated to use the
minimum amount of chromium consistent with conservation and
recycling philosophies. Thus, a design philosophy for
chromium conservation is presented in this chapter to make
availakle to the designer some of the information that he
needs to perform his function efficiently. Also presented
are initial systems desiygn criteria that can minimize the
nationt's dependence on chromium imports. Examples from the
energy, transportation, marine, and process industries are
used to illustrate harriers and incentives to change and
innovation.

4.2 DESIGN CONSIDEFATIONS

During the recent industrial growth era, the designer
has been the arbiter in establishing customer preference
with respect to shape, aesthetics, and style as well as
materials of construction. The major impact for future
chromium conservation may be initiated by his using trade-
off studies that weigh operating efficiency and life-cycle
cost against the amount of chromium incorporated. To
perform effectively in the future, the product designer must
consider the factors discussed below.

4.2.1 Bias

The designer often selects a particular material or
mill form based on his prior experience. Since this
experience was gained when first cost and aesthetics rather
than chromium conservation were the design motivators,
specific guidelines, indoctrination, training, and a unified
policy must be developed to tell the designer which
processes have the greatest potential for using chromium
efficiently (e.g., least losses in melting and recycle),
which forms (casting, forging, or weldment) are most
effective, and which materials can meet the requirements of
the product. These points are discussed in greater detail
below.

4,2.2 Avallabkle Resources

A basic guideline of the designer is the short-term and
long-term availability of mineral resources. If major
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