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CREST CHROMIUM SUBSTITUTION STUDY:

FINAL REPORT

L. Whalley, G.0. Lloyd (NPL), C. Neary (IGS)

SUMMARY

This report reviews the use of chromium and
chromium-bearing materials in their
metallurgical, refractory, and chemical
applications. Sources of chromium supplies to
the Community and end-use consumption patterns
are discussed and an attempt is made to define
the most critical applications. Proposals are
made for a Community R and D programme to promote
conservation of chromium by the development of
acceptable substitute materials.

This report was originally submitted as report CR 1724(MR)
from the Warren Spring Laboratory.



1. INTRODUCTION

Chromium and chromium-bearing materials are vitally important commodities to
industry in the EEC. Although reserves of chromite are very plentiful in comparison
with most other metal ores, they are concentrated in only a few countries. Two
countries, South Africa and Rhodesia, possess well over 90% of the world's reserves, and
only two other countries possess a proportion of 1% or more. The Community is therefore
vulnerable to interruptions in supply as a result of possible future economic or
political pressures. The purpose of this study is to investigate whether or not a
Community R and D programme might be capable of developing alternative materials for
important end-uses of chromium. In order to do this, the available data on sources,
consumption and end-use patterns are presented and interpreted in the early chapters of
the report. Known substitute materials are identified and the economic and technical
impact of substitution is discussed. As far as possible, on the basis of available
information, critical end-uses are defined, and R and D proposals are aimed at
developing new substitute materials for critical applications. At the request of the
co-pilots some attention is also paid to the conservation of chromium by recycling or
development of new processes for existing applications, although these topics are not
strictly materials subtitution.

In this study the United Kingdom has acted as pilot country with Warren Spring
Laboratory (WSL) as project leaders assisted by the National Physical Laboratory (NPL)
and the Institute of Geological Sciences (IGS). The co-pilots were Italy, represented
by Fiat Engineering and Holland, represented by TNO. The authors are also grateful to
other national delegations to the CREST Substitution Working Group for their assistance
in providing information.

The Italian report is included here as Appendix A. On behalf of The Netherlands

TNO have produced two reports on aspects of chromium plating technology. These have
been submitted independently, but an extract is included here as Appendix B.

2. SUPPLIES OF CHROMIUM TO THE COMMUNITY

2.1 Sources of Chromite

2.1.1 World Production

Chromite is the only commercial source of chromium. Commercial extraction of
chromite first took place in the late 18th century and by 1936 world annual production
exceeded 1 miliion tonnes. In the late 1970's world production is rapidly approaching
10 million tonnes (Fig. 1, Table 1). Between 1950 and 1976 production of chromite
increased by an annual average of 3.9%*,

During the last twerty five years the distribution of production has become
progressively less diversified. Until the early 1960's there were at least five
countries each producing batween 10 and 20% of the world's supply (Table 2). Since 1966
South Africa and USSR have each produced over 20% of the world's annual production with
the nearest rivals all producing less than 10%, and most of them (Turkey, Rhodesia,
Philippines) continuously declining in importance. Only Albania shows a steady increase
in output (Fig. 2). Especially noticeable is the absence of production in North America

art Western Europe (Fig. 3), both areas of high consumption.

Chromite for refractory and chemical use is generally shipped directly to the
consuming industry so that countries of origin indicated for this material are countries
where it is mined. Where chromite is used for metallurgical purposes, however, it
passes through an intermediate stage in the form of the alloy ferrochromium. The
country which is a producer and exporter of ferrochromium for example, may well have

(*Best fit logarithmic curve, correlation coefficient 0.95; source Mineral Statistics
and Eccnomics Unit MSEU at IGS.)



TABLE 1. - World Chromite Production (million tonnes)

Year  Production Year  Production Year  Production Year  Production
1910 1930 0.559 1950 2.34 1970 6.11
11 31 0.314 51 2.79 71 6.36
12 32 0.299 52 3.35 72 6.27
13 0.118 33 0.409 53 3.60 73 6.79
14 0.132 34 0.629 54 3.38 74 7.57
15 0.170 35 0.792 55 3.64 75 8.28
16 0.266 36 1.06 56 4.11 76 8.55
17 0.249 37 1.25 57 4,57 77 9.46
18 0.274 38 1.13 58 3.72
19 0.091 39 1.18 59 3.99
1920 0.081 1940 1.37 1960 4.40
21 0.135 41 1.65 61 4,22
22 0.145 42 1.99 62 4.31
23 0.203 43 1.75 63 4.05
24 0.261 44 1.46 64 4.24
25 0.315 45 1.14 65 4.90
26 0.366 46 1.17 66 4.83
27 0.406 47 1.62 67 4.66
28 0.447 48 1.97 68 5.38
29 0.599 49 2.16 69 5.36

Source: 1913-1949 The Mineral Industry of the British Empire and Foreign
Countries
1950-1969 Statistical Summary of the Mineral Industry
1970-1974 HWorld Mineral Statistics
1974-1977 MSEU

imported chromite for the purpose. The sources of intermediates may themselves be
dependent on exporters of chromite, a factor which must be remembered when sources of
chromium are being considered.

2.1.2 World Reserves and Resources of Chromite

Estimated world chromite reserves are given in Table 4. The imbalance in the
geographical distribution of reserves is clearly even greater than that of production.
Two countries, South Africa and Rhodesia, possess well over 90% of the world's reserves.
The USSR with 2% and Finland with 1% are the only other countries with a proportion of
1% or more.

Several countries contain significant resources (e.g. Greenland, USA) although at
present these are not exploited for technical and economic reasons.

It is essential to bear in mind that figures quoted for reserves and resources
are dynamic in nature. In the case of reserves, they are the sum of individual mines'
operating reserves, and as such are constantly being extended as far as possible in
advance of mining in order to ensure the continued 1ife of those mines. Resources
(which includes reserves) comprise all deposits from which economic extraction of
minerals is currently or potentially feasible; since this definition includes
undiscovered resources, only thought to exist, the figures must be viewed with caution.

From the above caveat it follows that simple comparisons of reserves (or
resources) with current annual production made in order to arrive at a figure for the
theoretical life of the reserves have relatively limited value. For any single mine
such a figure is usually between 5 and 25 years, although for national totals this may
be augmented by reserves in undeveloped deposits. Nevertheless, Table 5 shows such a
calculation for chromite reserves and resources. It is worth noting the dramatic
decrease in the theoretical life of reserves and resources at modest production growth
rates (the ‘dynamic' columns), compared with that for the ‘static' ('zero growth')
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TABLE 2. - Chromite Production (% of World Production)
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TABLE 4. - World Reserves and Resources of Chromite Ore (million tonnes)

Resources*

Country Reserves % Discovered Undiscovered Total %
South Africa 2270 66 ? ? 8100 72
Rhodesia 1000 29 1100 510 2610 23
USSR 60 2 ? ? 210 2
Finlard 33 1 ? ? 33 0.3
India 14 0.4 ? ? 40 0.4
Madagascar 11 0.3 ? ? 61 0.5
Philippines 3 0.1 ? ? 19 0.2
Turkey 5 0.2 ? ? 60 0.5
Brazil 7 0.2 ? ? 18,2 0.2
Albania 6.5 0.2 ? ? 21.5 0.2
Iren 5.0 0.2 ? ? 45 0.4
Cuba 1 <0.1 ? ? 6 0.1
Greece 1 <0.1 ? ? 26 0.2
Sudan 1 <0.1 ? ? 1 <0.1
Yugosiavia 0.5 0.1 ? ? 0.5 <0.1
Japan 0.5 0.1 ? ? 1.5 <0.1
N. Vietnam 0.5 <0.1 - - 0.5 <0.1
Cyprus 0.2 <0.1 - - 0.2 <0.1
Pakistan 0.2 <0.1 ? ? 2.2 <0.1
Colombia 0.1 <0.1 - - 0.1 <0.1
Greenland - - 10 10 + 20 + 0.2
USA - - 5.5 2.6 8.1 0.1
Canada - - 2.6 5.1 7.7 0.1
Denmark - - ? ? 2.5 <0.1
Australia - - ? ? 2.0 <0.1
Sierra Leone - - ? ? 1.5 <0.1
Togo - - ? ? 0.5 <0.1
Afghanistan - - ? ? 0.5 <0.1
Kenya - - 0.1 - 0.1 <0.1
Total 3419.5 11298.6

*The Reserves figures are also included in the columns 'Discovered' and 'Total'
Resources.
Sources: USBM Mineral Commodity Summaries 1979
USBM Mineral Commodity Profiles - Chromium 1977
Reference 5
USGS Professional Paper 82, 1973
Geol. Survey of Greenland, Report 12, 39 p 1967
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TABLE 5. - Theoretical Static and Dynamic Life of Reserves and Total Resources
in the Main Producing Countries (with »2% of 1976 worid production)

Theoretical life of Theoretical life of
reserves in Years resources in Years
Dynamic Dynamic

Static 2% 4% 6% Static 2% 4% 6%

South Africa 942 150 93 €9 3362 213 125 91
Rhodesia 1639 177 107 78 3557 216 126 92
Fintand 79 48 36 30 79 48 36 30
Madagascar 52 36 28 24 288 96 64 49
India 34 26 22 19 99 55 40 33
Brazil 52 36 29 24 137 66 47 38
USSR 28 22 19 17 100 55 41 33
Iran 31 24 20 18 281 95 63 49
Turkey 7 6 6 6 84 50 37 31
Philippines 7 6 6 6 44 31 25 22
Albania 7 7 6 6 25 21 18 16

situation. To describe this in another way, at positive growth rates, reserves must be
increased by very large proportions in order to bring about relatively small increases

in theoretical reserve life. However, it is generally true that, in the past, mineral

reserves have increased commensurately with increasing production.

2.1.2 Types of Chromite

Like any ore mineral, chromite may occur with gangue material which must be
removed. Useful deposits may range in composition from 100% chromite down to 20%
chronite. Deposits containing chromite exist in two quite different geological
environments each of which has its influence on the exploration and extraction
techrigues that can be used. Chromite is used in three end-use sectors, each with
different specifications. There are therefore threc possible classifications of
chromite; by chromium, aluminium and iron content, by ore deposit type, and by end use
applicability. Quantitative information about chemical composition and ore deposit type
is more easily available. The most useful classification, by end use appiicability, is
the most difficult for two reasons. The specifications of chromite regarded as
acceptable for the three end uses have changed with time, and chromite from one
geological deposit might be applicable to all, or only one, of the end uses. The three
classifications are:-

2.1.3.1 Chemical Composition and Gangue

The composition of run-of-mine chromite can vary in two fundamentally different
ways. It may contain a certain proportion of silicate gangue minerals, the most common
of which are olivine (Mg, Fe)s Si0s, pyroxene (Mg, Fe) Si03, and their alteration
products, serpentine Mg351205%0H)4 and magnetite Fe304. Feldspar
CalAl2S12)0g can also be found with chromite and is the main accompanying mineral
in the Greenland deposits. It is possible to separate and reject most of the gangue
materials by normal physical mineral processing.

Independently from this the composition of the chromite itself can also vary
widely. For instance the Crp03 content may be between 33% and 55% of the total,
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The A1,03 content between 9% and 30% and the Cr:Fe ratio can vary from less than 2:1
up to 4:1. This property of the chromite cannot be altered by normal physical
beneficiation. Only by breaking down the lattice of chromite by chemical or
metallurgical methods can the composition be altered.

As a first approximation, -the chromium, iron and aluminium contents of the
chromite are an indication of the use to which the product can be put. High chromium
chromite is mainly used for metallurgical purposes, the high iron varieties mainly for
chemical uses, although also significant in the other two sectors, and the high
aluminium type for refractory purposes. (For more detailed specifications of each end
use see 2.1.3.3.)

2.1.3.2 Deposit Type

Primary chromite deposits exist in two main forms:-

(1) Seamlike, stratiform ore bodies of the old shield regions such as South Africa,
Rhodesia or Brazil. Seams can vary from several decimetres to several metres thick and
may extend over 50 to 100 km in Tength with a silica content of only 10-20%. The
composition of each seam remains constant over considerable distances and the chromite
has characteristically high iron contents (16-25%) and low Cr/Fe ratios of 1.5-2.5. The
contained chromite my be friable in nature, and the silicates cementing together the
grains of chromite are often olivine or pyroxene.

(1) Small lensoid or pod-like deposits of the type which occur for example, in
Turkey, Albania, USSR, Iran. These ores are characteristically low in iron (106-12%
Fe0), high in chromium (46-60% Crp03) and have a high Cr/Fe ratio of 2.5-4.0. 1In

most cases the ore bodies contain less than 10,000 tonnes of ore each and the largest
discovered was the 1 million tonne Gololan deposit in Turkey, now worked out. Areas
where several bodies exist in close proximity to give a total of hundreds of thousands
to over 1 million tonnes of ore are not common. The contained chromite is unlikely to
be friable and the associated gangue material is often the secondary minerals serpentine
and magnetite.

From these characteristics it is clear that the stratiform deposits tend to be
more jron-rich and have tended in the past to be used predominantly in the chemical
sector. The podiform deposits are often chromium-rich and historically have been in
great dgmand for metallurgical use. However, there are exceptions to this pattern (see
2.1.3.3).

The two deposit types have important differences with regard to two other
processes relevant to their use. Exploration for deposits of the stratiform tyoe is
relatively easy. The geological environment is reasonably easily identified and
continuous ore seams in any environment are relatively easily evaluated. Although the
geclogical environment of the discrete pod-like chromite deposits is now well
documented, understood and easily recognisable, the exploration for the contained
chromite ores is much more difficult. At present there is no geophysical or geochemical
method of exploration suiteble for the identification of such bodies where they are
buried to a depth of more than a few tens of metres. Only ore bodies at the surface or
in-1ine with previous ore-bodies can be expected to be found. The successful separation
of silicate material from the chromite is also dependent on type. Conventional mineral
processing on stratiform chromite ores often produces clean fractures between the
chromite and silicate. Often the ore is composed of equidimensional grains (Fig. 4) so
loosely cemented that very little crushing/grinding is necessary to effect liberation of
the chromite. Tne production of a concentrate with a low and pradictable percentage of
inciuded silicate is therefore reasonably easy. Podiform chromite contains material
with an in situ silicate content low enough to permit immediate use in lump form. Other
ores need to be processed to remove silicates. However, each chromite grain is commonly
fractured producing a much finer and irregular effective grain size (Fig. 5) cemented by
a delicate and penetrative network of serpentine. The removal of this is difficult, not
only because the ore needs to be ground to an extremely fine size in order to liberate
the chromite, but also because the semi-plastic nature of the serpentine causes it to
'smear’ over the particles of chromite. In those uses where the silica content of the
product is important, e.g. refractory, and for certain chemical processes there may be a



FIG. 4 STRATIFORM CHROMITE ORE.
LOOSELY CEMENTED, SMALL,
EQUIDIMILNSIONAL CHROMITE
GRAINS 1N FELDSPAR AND
PYROXENE GROUNDMASS.
STILLWATER COMPLEX, MONTANA,

USA.
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limit to the effectiveness of conventional mineral processing techniques for providing
the desired product.

2.1.3.3 End-Use Applicability

The classification of chromite into the three main use sectors 'metallurgical or
ferro-alloys', 'chemical materials' and 'refractory materials' is no longer strictly
applicable. However, it remains convenient for descriptive purposes:

(i) Metallurgical: It was the practice for buyers to specify a Cr/Fe ratio for
chromite ore of not less than 2.8/1 and Crp03 greater than 48% in order that the
ferrochromium produced should have a chromium content of at least 68%. This value was
the minimum chromium content then acceptable to steel makers and chromite with these
properties therefore became known as "metallurgical grade". There were also maximum
permitted levels of 'fines' in the ore as higher percentage of these tended to produce
difficult furnace operation due to uneven gas flow.

(ii) Chemical: Chromite ores used for chemical purposes should react well with soda
ash, contain more than 45% Crp03 and levels of other elements that are not :
detrimental to the process used. That is, the consumption of chemicals used in any
non-useful side reactions should be as low as possible. Normally Al203 and Mg0
contents should be as low as possible. The FeQ contents should not be greater than 20%
and the silica content less than 6%. Sulphur and some other elements (e.g, titanium,
vanadium) should also be low and the Cr/Fe ratio of the ore should be about 1.6.

(iii) Refractory: Coarse-grained chromite is preferable with Crp03 + A1503 greater

than 60% (31% Crp03 minimum}. The ore should contain as much Mg0 as possible and as
little iron as possible (12% Fe maximum). The associated non-oxide material should
contain as little hydrated silicates as possible, the Si0p content should not exceed

6% and the Ca0/Si02 ratio should be low. All these characteristics are concerned with
restricting the formation of any low melting point compounds and therefore enhancing the
refractory quality of the product.

A chromite sand for the foundry industry should have the following composition:-

Cr203 minimum 44%, total iron as Fe203 ma ximum 28%, S1'O2 maximum 4%, Cad maximum 0.5%.

The traditional requirement for low carbon ferrochromium (about 70% Cr) for
metalliurgical purposes, especially sidinless steel making, has aiven way to an
acceptance by steelmakers of material with a much lower specification, namely “charg2
chrome". Charge chrome gencrally contains only about 52% Cr ard is high in carbon, but
it is cheaper, and the steel maker receives the iron units free. The acceptarce of this
material by the industry wes brought about by the coincidence of political and technical
change - the application of sanctions to Rhodesian trade and the development of the
Argon Oxygen Decarburisation (A0D) coverter which permitted the high carbon additions to
be made without significant Toss of chromium by oxidation. The resuit has been the
develepment in South Africa of plants for producing charge chrome from the local
relatively low Cr:Fe ratio chromite using indigenous coal. Makers of stainless steel
tend now 10 resecve low-carbon ferrochromium only for fimal adcitions to the melt during
the last stages of a blow. The trend tuwevds the use of charge chrome therefore
relieves the industry of its deperdence upon deposits of .the high Cr:Fe chromite wiich
was essential to the production of the traditional ferrochromium.

The most important present requirement for both the chemica) and refractory
industries is a low silica content; & premium price is ratd for very low SiGp contents,
often lower than 3%.

2.1.4 World Reserves of Chromite by Chemical Composition

The recognition that not all the chemical varieties of chromite are
interchangeable in the use to which they »re put has giver rise to a classification of
woi 1d reserves and resources in terws of chemical composition (Table 6). Quite clearly
this is not an accurate indicator of the amounts of chromite that could be available for
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FIG.5 PULL-APART TEXTURE IN CHROMITE ORE.
FRACTURED GRAINS CEMENTED BY SERPENTINE
GANGUE. ( TREATED BY HF TO MAKE IT WHITE)

TIEBAGHI MINE,NEW CALEDONIA.
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TABLE 6. - Identified World Chromite Ore Resources* by Chemical Type
(Thousand short tons)

High chromium High iron High aluminium
Country
Reserves Other Reserves Other Reserves Other
Western Hemisphere

United States® 400 5 600 100
Brazil 2 800 3 400 3 900 2 200 100 150
Canada . 100 ces 2 800 ces ces
Cuba 100 eee cee 280 1 100
Greenland eee cee ves 11 000 ces .es
Other ves 200 ces ces cee ces
Hemisphere total 2 800 4 200 3 900 21 600 380 1 350

Eastern Hemisphere

Finland ces ces 11 000 5 600 ves .
Greece 50 50 ces 50 50 50
India 5 600 4 500 2 200 2 200 ces ces
Iran 1 700 1 100 ces .o .

Malagasy Republic 4 500 3 400 1 100 2 200 ces oo
Philippines 780 560 ces ves 4 500 2 200
South Africa 56 000 56 000 1 100 000 2 200 000 ces eee
Southern Rhodesia 560 000 560 000 56 000 56 000 cee

Turkey 5 600 5 600 ees ces vee vee
USSR 11 000 11 000 1 100 2 200 11 000 11 000
Other 1 100 1 100 1 100 1 100 ces “ee

Hemisphere total 646 330 643 310 1 172 500 2 269 350 15 550 13 250

World total (rounded) 650 000 650 000 1 200 000 2 300 000 16 000 15 000

* Mineral Facts and Problems 1975 USBM Bull. 667
(Derived from US Geological Survey Professional Paper 820, 1973)
+ Submarginal resources not included

each end-use. Both Turkey and South Africa are credited with no high aluminium chromite
resources and yet both countries market chromite for refractory purposes. Finland and
Greenland are not credited with any high-chromium variety and yet their ores are
respectively already used or have been considered for future use in the metallurgical
sector.

If the classification based on chromium, iron and aluminium content is considered
appropriate to metallurgical, chemical and refractory uses respectively then it is clear
that there is an over-abundance of the high iron variety. The static life indices for
resources of the high chromium, high iron and high aluminium varieties are about 200
years, nearly 2000 years and about 20 years respectively. This would suggest that the
existing trends towards higher iron contents of chromite and ferrochromium for
metallurgical use are likely to persist.
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2.1.5 Possible Future Production

Prediction of future world supply and demand for chromite and the future trading
pattern is beyond the scope of this report.

Conventionally, the ratio of the reserves figures for each country and the
current production indicates the lifetime of the known reserves at current rates of
output. However, active exploration for chromite deposits is taking place in many areas
of the world; new deposits are being outlined e.g. Turkey, Brazil. More influential
than complete exhaustion of all resources in a country is the element of cost
competition. Those countries which exhaust higher grade deposits first will be faced
with the decision of continuing production for foreign exchange reasons but at a
commercial loss, or Jdiscontinuing production. The magnitude of the reserves in southern
Africa (Table 4) theoretically allows production over a much longer period (Table 5) or
increase in production rate. The advantages of the very large chromite ore deposits in
South Africa, with relatively simple geological structure, are clear, and if the
international market continues to be guided by normal market considerations then
production will continue to be concentrated in that region. A significant shift in the
balance of production would require a drastic increase in production rates from
countries with smaller reserves or large new discoveries. The former is perhaps
untikely to result in the decrease in importance of the southern African production.

The chromite orebodies of the Republic of South Africa and of Rhodesia occur in
the Bushveld Complex and the Great Dyke, respectively. The formation of these rock
masses and the concentration within them of huge deposits of chromite appear to have
been extremely unusual events in the geological history of the earth. Although future
exploration may discover chromite deposits they are unlikely to be of the same order of
magnitude of size as the southern African deposits and hence are uniikely to
significantly alter the balance of production.

2.2 Chromium-Bearing Ferroalloys

2.2.1 Main Types Available

Ferrochromium and ferrosilico-chromium are the most important of the chromium
intermediates used in the metallurgical industry. The main grades of the ferroalloys
are:-

(1) Low-carbon ferrochromium: 63-73% chromium with a carbon content varying from
0.01-2.00%.

(ii)  Medium-carbon ferrochromium: 60-65% chromium with a carbon content varying from
2.5-3.0%.

(iii1) High-carbon ferrochromium: 60-72% chromium and a carbon content varying from
4-8%.

(v) Ferrosilico-chromium: ferrochromium with a low chromium content 35-55%, 25-45%
silicon and up to 1% carbon.

The chromium and carbon contents are two important chemical variables in the range of
ferrochromium produced. The chromium content is mainly dependent on the Cr/Fe ratio

of the ore or blend of ores used as both the iron and chromium are reduced in the
furnace. In general, the higher the carbon content of the product the cheaper the costs
of the manufacturing process and the lower the price.

2.2.2 Geographical Distribution of Production

Both ferrochromium and ferrosilico-chromium are produced in over 20 countries.
The market competition in ferroalloys has been severe in the past few years with many
producers switching furnaces to the production of more profitable ferroalloys. Because
of secrecy within the ferroalloy industry current capacities for all producers are not
available. Table 7 is an estimate of the production capacity of major producers of
chromium-bearing ferroalloys.
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TABLE 7. - Plant capacity by country for chromium-bearing ferroalloys 1978

'000 tonnes %
Federal Republic of Germany 200 7
France 147 5
Italy 55 2
Total EEC 402 14
Finland 50 2
Norway 40 1
Sweden 326 11
Total EFTA 416 14
Spain 38 1
Yugoslavia 93 3
EUROPE EXCLUDING EASTERN BLOC 949 33
Canada 50 2
USA 390 13
North America 440 15
Mexico 6 <1
Brazil 102 4
Argentina n.a. n.a.
Latin America 108 4
Republic of South Africa 365 13
Rhodesia 230 8
Africa 595 20
Turkey 65 2
India 30 1
Japan 717 25
Asia excluding Easterii bloc 812 28
Australia n.a. n.a.
Philippines 2 -
TOTAL WESTERN WORLD 2906 100

Sources Reference 5
Ferroalloys: a world survey. Metal Bulletin 1979
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2.2.3 Charges in Type of Ferroalloy and Gecgraphical Distribution of Production
with Time

During the last decade the use of a high carbon ferrochromium by the steel
industry has increased considerably whereas the consumption of low carbon ferrochromium
has remained constant or declined. This is a conseguence of the introduction of the AOD
process which permits the use of higher carbon ferrochrome in the stainless steel
converter. The introduction of argon and oxygen allows the steel to be decarbonised
without oxidation, and consequent loss of chromium because of the low partial pressure
of the oxygen in the melt.

Low-carbon ferrochromium is now necessary predominantly for final adjustment to
the special steel or alloy melt and for the preparation of tailor-made special alloys in
the induction furnace. The future demand for low-carbon ferrochromium is expected to be
limited in view of the possibilities of using the cheaper high-carbon ferroalloys.

The technical improvements which permitted the use of higher carbon ferrochromium
in the steel industry coincided with a period of short supply of high-chromium chromite.
The introduction of 'charge chrome', by the South Africans made their very large
reserves of high-iron chromite available for metallurgical use and helped to alleviate
the problem. As the Transvaal ore is friable, the difficulties of using this in the
ferroalloy furnace had to be met by pelletising or briquetting. Customers have become
used to the lower chromium contents, cheaper prices and the bonus of free high grade
iron.

The probable changes in the balance of chromium ferroalloy production capacities
for certain geographic units are shown in Table 8.

TABLE 8. - Chromium Bearing Ferroalloy Production Capacities (in percentage of total)

High-carbon Lower-carbon Ferrochrome

. . rrochromium Ferrochromium ilicon
Geographic Unit Ferroc u errochromiur 3 0

1977 1985 1977 1985 1977 1985

USA and Canada 13.6 11.7 12.6 12.9 23.0 31.1
Total Europe 17.1 16.1 50.8 44,0 44.3 36.5

Rhodesia and South Africa 47.4 50.9 21.8 30.1 19.8 20.6
Japan and rest Western
World 21.9 21.3 14.8 20.2 12.9 11.8

Source: McFarlane. Metal Bulletin's First International Ferro-Alloys Conference 1977.

Ore of the most important factors with regard to Europe is that unless new high-
carbon ferrochromium plants are built the production capacity will only meet 37% of the
requirements. In line with the decline in importance of low-carbon ferrochromium, the
world capacity was expected to fall by 40-50% between 1977 end 1985. To 1985 the total
world ferrosilico-chromium requirements and the balance of production are not expected
to change.

With regard to changes in the distribution of chromium ferroalloy production in
the long term, a domestic supply of chromite, solid furnace reductant and cheap
electricity favours the introduction of plant. For one or other or a combination of
reasons, countries in a favourable position probably include South Africa, Rhodesia,
Brazil, Finland and Turkey. On this basis, the outlook for ferroalloy production in
Japan, North America and Europe is unfavourable.
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2.3 Possible Supply Problems

2.3.1 General

Supply problems for any mineral raw material may result from changes in the
pattern of supply (producer effect) and the interaction of this with the acquisition
policy of the consuming country.

Producer effects include strikes, accidents in mines, political disturbances,
inadequate investment in plant and exhaustion of ore. Short strikes and minor
disruption of mine production can be alleviated by drawing on stockpiles. Longer
strikes, more severe accidents or inadequate production capacity may cause general
shortages and price rises. Raw material exhaustion may be real and unavoidable at
prevailing prices or gradually come about because of insufficient investment in
exploration. The relevance of theoretical life indices of the major producing countries
to the changing pattern of production has already been discussed. In this content the
long term advantages of South Africa and Rhodesia are clear.

2.3.2 Community Supplies

2.3.2.1 Dependence of the Community on Supplies of Chromium in all Forms

The dependence of the Community on certain countries for supplies of chromium-
bearing materials can be illustrated in a number of ways. Table 9 shows the proportions
of contained chromium imported in to Community countries from the main supplying
countries upon which the Community is dependent. More useful, perhaps, as an indication
of vulnerability is the concept of indirect dependence, i.e. the degree to which
consumers are dependent on the exporters of chromite rather than intermediates. For
example, countries importing Norwegian ferrochrome are thereby indirectly dependent on
South African chromite which is imported by Norway for ferrochrome production.

The high direct dependence of the Community on supplies from South Africa is
evident from trade statistics. However, its indirect dependence is much greater.

2.3.2.2 Dependence of the Community on Chromium in Specific Form

Shortages, not of chromium units, but of chromium in one or several related forms
can occur due to excessive dependence on one supplier of a particular form. The import
dependence of the Community on a limited number of countries affects at least the
ferroalloys, ores and concentrates (Table 10).

TABLE 10. - Direct Import Dependence of the Community on Supplies of Different
Chromium-Bearing Materials in 1977

Ferro- Ferrosilico- Ores and
chromium chromium concentrates
% % %
South Africa + Mozambique 46 45 51
Scandinavia 22 18 1
USSR 4 - 10
Turkey 1 - 15
Madagascar - - 7
Others 13 15 15

Total Non-EEC 86 78 99
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The increasing trends towards trade in ferroalloys as opposed to trade in
chromite, and towards concentration of ferroalloy production in countries with
substantial chromite reserves, are likely to intensify the vulnerability of major
consuming countries without indigenous chromite.

3. USES OF CHROMIUM

The uses of chromium are normally classified as metallurgical, refractory and
chemical. Only a small proportion of consumption is in the form of chromium metal- this
is used in the manufacture of high-performance alloys such as superalloys where high
purity is important. The chromium content of steel alloys is supplied in the form of
ferroalloys or, to a substantial extent, by the recycling of steel scrap. Chromite ore
is used directly in the foundry industry and, in combination with magnesite, for the
manufacture of refractory bricks. Chromite is also the starting point for the
manufacture of sodium dichromate, from which a wide range of chemicals is made for use
in electroplating, leather tanning, pigments, wood preservatives etc. The most
important applications of chromium are summarised in Fig. 6.

3.1 Metallurgical Uses

Chromium is used as an alloying constituent in commercial metal products to
confer strength, hardenability, and resistance to wet corrosion and high temperature
oxidation. Its presence is also important to modify structure and ensure long-term
stability in alloys. It is also used as coatings for corrosion resistance, for hard-
facing and for decorative purposes, but these applications are considered in Section
3.3.1. Stainless steels represent the biggest single end use of chromiumn and will be
discussed first, followed by brief descriptions of the other metallurgical applications,
man{]of which are very important although the consumption of chromium is relatively
small.

3.1.1 Stainless Steels

The development of stainless steels dates back to 1912-13, when the austenitic
alloys containing 18-20% chromium and 8-10% nickel were formulated at the Krupp works
and the martensitic steel containing 13% chromium was introduced in Great Britain. It
was known at this time that the presence of 12-13% chromium conferred superior
resistance to both wet corrosion and high-temperature oxidation. Although further
increases were beneficial, the maximum degree of resistance in some environments being
reached at 35% or even 50% chromium, the austenitic steels had excellent properties for
many purposes, with an ease of working which made them eminently suitable for a wide
range of applications. Development of stainless steels has been determined largely by
the physical metallurgy of the iron/chromium/nickel system, because the possibility of
harder.ing the alloys by heat-treatment depends on the opposing effects of chromium and
nickel on the stability of the austenite phase, given the greater solubility of carbon
in the latter. This has led to the emergence of three groups of stainless steels
differing in chromium content and hence in resistance to chemical attack, and also in
their mechanical properties, not all the desirable combinations of these properties
being obtainable. The three groups are as follows:

Martensitic steels

These can be hardened and tempered to varying degrees according to the
carbon content in much the same way as for plain carbon steels. Their resistance
to corrosion is not of the highest class, although it is adequate for many
purposes. Steels containing up to 18% chromium can be made heat-treatable by
including some nickel or by increasing thé carbon content, and these have better
resistance to corrosion than the usual 12-14% chromium martensitics.

Ferritic steels

These are not heat-treatable, but their resistance to oxidation and
corrosion is high, though not so good as for the austenitic grades of similar
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chromium content. The chromium content is usually 16-18%, but may be as high as
27%. Their mechanical strength may be affected by grain-coarsening, and by the
formation of chromium-rich precipitates.

Austenitic steels

These contain chromium, usually 18-20%, with sufficient nickel (usually
about 8%) to maintain a fully austenitic structure. They are therefore not
hardenable by heat- treatment, although they can be usefully strengthened by cold
deformation. Resistance to wet corrosion and high-temperature oxidation is
outstanding, but they are susceptible to stress-corrosion cracking. Workability
is good, and they are particularly suitable for deep drawing. High-temperature
creep strength is greater than for the ferritic materials.

This was the position reached in the 1920's, since when development has taken the
form largely of seeking more highly resistant materials for special purposes, by
increasing contents of chromium and nickel, by minor additions, particularly of silicon
aluminium and molybdenum, and by adjusting the contents of such elements as carbon and
nitrogen. These developments usually involve relatively minor modifications to
$omposition to optimise weldability, or resistance to some particularly corrosive

iquid.

Several sub-categories of stainless steel have appeared, e.g. the precipitation-
hardenable steels, with particularly desirable properties for some special application,
but which usually demand close control of composition, and may sacrifice workability or
Tong-term metallurgical stability in the interest of securing some other advantage.

Generally speaking these materials can be divided into conventional stainless
steels containing 12-20% chromium, and the high-performance alloys containing up to 50%
chromium. The first group includes ferritic and martensitic compositions as well as the
ubiquitous austenitics. On the whole, the austenitic steels are considerably superior
to the others in corrosion resistance, high-temperature strength and formability, but
they are more expensive because of their relatively high nickel content. Certain grades
containing molybdenum are particularly useful because of their resistance to pitting
corrosion in a number of environments. The ferritic grades offer reasonably good
corrosion resistance at comparatively low cost and are less susceptible to stress
corrosion cracking. The cheapest materials are the heat treatable martensitic steels
which combine high mechanical strength with moderate resistance to corrosion.

The selection of stainless steels for industrial purposes is influenced by a wide
variety of consicerations, by no means all of which are technical. Appearance, ease of
cleaning, prestige, and ready availability in a suitable form appear to be at least as
important as prices, since it is often possible to recoup a considerable increase in
the cost of materials if the customer appeal is enhanced. Once a material has become
available, its use will be readily extended into areas where not all of its superior
properties may be needed. Apart from this, the technical properties may themselves be
over-specified for the sake of reliability or appearance. Since the price of a given
grade of steel depends on the size of the market as well as on the cost of the basic
materials, market forces may act against efficient specification and there has been a
decided tendency to reduce the number of grades of steel in production. The dominant
position of Type 304 steel in the market reflects the fact that it is a material with
excellent all-round properties which is available in a very wide variety of forms
because of its high workability, and the comparatively high cost imposed by its nickel
content does not prevent its being used in many consumer applications where many of its
properties are not really required. This situation does, however, owe a good deal to
the fact that, since it can easily be produced in thin sections of complex shape the
quantity of material needed may be very small, for instance, in decorative
applications.

End-uses of stainless steels are very diverse, ranging from consumer goods such
as razor blades, furniture and kitchen equipment right up to heavy plant for the
chemical industry and power generation. Tabie 11 gives the compositions of a number of
grades of stainless steel in common use, with brief notes on properties and
applications.
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3.1.2 Engineering Steels

The main attribute of chromium in low alloy steels is its effect on hardenability
and toughness, especially when used in conjunction with other elements. It increases
resistance to corrosion and abrasion, and slightly increases strength at elevated
temperatures. Chromium contents average about 2%, but may be as high as 9%.

High strength low alloy steels were developed primarily to obtain improved
strength-to-weight ratios in order to reduce the dead weight of transportation
equipment. There followed the development of heat treated structural steels of still
higher strength-to-weight ratio with no loss of weldability or fabrication properties.
One of the most recent high growth areas in HSLA steels has been for pipelines for the
transmission of gas or oil. Engineering steels also include wrought steels used for
gears, rollers etc, cast steels for railway truck components, the chromium/molybdenum
steels used extensively in steam turbines, and some heat-resisting materials.

3.1.3 Tool Steels

Tool steels comprise materials for cutting tools (e.g. drills), dies, extrusion
tools and press tools for drawing etc. High-speed steels generally contain 4% chromium,
cold-work die steels contain 12% chromium, while hot-work die steels contain up to 5.5%
chromi um.

3.1.4 High Performance Alloys

The term high performance alloy is used here to indicate special iron, cobalt or
nickel based alloys, many of which contain chromiun and which withstand extreme
conditions of heat, wear, and corrosion. The most important groups are nickel-based and
cobalt-based superalloys and special iron-nickel or nickel-based alloys for chemical
plant and electrical resistance heaters. The first two, accounting for about one third
of the total in terms of chromium demand, are used mainly for gas-turbine power blading.
Chromium is essential for resistance to high-temperature oxidation and corrosion, and
also plays an important part in a complex set of strengthening mechanisms. Nearly all
nickel-based and cobalt-based superalloys contain chromium at levels varying from
5-30%.

The stellite cobalt-based alloys, and the nickel and iron-based casting and hard-
facing alloys contain chromium in proportions ranging up to 35%.

The other main group of alloys in this category are Inconel (used in heat-
treatment and furnace equipment, chemical and food processing plant) and electrical
resistance materials.

3.1.5 Cast Iron

The resistance to wet corrosion and low stress abrasion and erosion is important
to many mineral processing and allied operations. The use of cast iron with 12-20%
contained chromium as well as small quantities of other elements such as copper, nickel
and molybdenum increases the life of exposed components. Some of the more important
uses are dry grinding of cement in ball mills, milling of coal for power stations, dies
for brick-making and briquetting, and equipment for grinding, mixing and classification
of ores.

3.2 Refractories

Chromite was first used as a refractory material in the late 19th century to
prevent reaction at junctions between acidic (e.g. silica or fireclay) and basic (e.g.
dolomite or magnesite) refractories. It came to be used on a large scale when fired
bricks containing both chromite and magnesite were found to give improved resistance to
thermal shock. Chromium-bearing refractories are used in bricks and cements in the
metallurgical, glass and cement industries, and in foundry sand. Bricks are described
as chromite-magnesite if the chromite content exceeds 50%, and otherwise as magnesite-
chromite.
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3.2.1 Refractory Bricks

Fired bricks have now largely superseded chemically bonded materials. Originally
they possessed rather poor refractoriness and resistance to slags, because they
contained a silicate bonding phase derived from impurities in the raw materials, but
improved types are now made from high-purity magnesite extracted from seawater. Since
1970, co-clinkered magnesite-chromite bricks have captured a large share of the market
in spite of their higher price. Fusion-cast magnesite-chromite bricks of high density
are still more expensive, but are used in exceptionally severe environments. Table 12
compares prices of a number of refractory materials.

TABLE 12. - UK Prices of Some Refractories

Type of brick Price, £/tonne
Directly bonded magnesite-chrome 250-260
Co-clinkered magnesite-chrome 350-360
High-purity magnesite 350-360
Fire-bonded dolomite 160-180
Tar-bonded dolomite 140

About 70-75% of all refractory products are used by the iron and steel industry;
other industries (cement, glass, non-ferrous metals etc) each account for less than 5%
of the total, either because the industry is itself small, or because little refractory
is consumed per unit of output. An excellent review of trends in refractories is given
by Spencerl.

3.2.1.1 The Steel Industry

The open-hearth (Siemens-Martin) furnace was the major outlet for chromite-
magnesite bricks, but this process is now obsolescent. Electric-arc furnaces now
constitute the most important application for chromite-bearing refractories. Even here,
most of the magnesite-chromite bricks now used could if necessary be replaced by
magnesite; although the latter may have Jow resistance to thermal shock, this can be
improved by modern methods of manufacture. Much of the cost of operating an arc furnace
is associated with maintenance of the refractory lining, and down-time has a major
effect on unit costs. For this reason, high-purity magnesite bricks are now preferred
to imagnesite-chromite for high-wear areas, and particularly below the slag-line. Use of
chromite is also declining through the introduction of water-cooled panels in furnace
sidewalls. Approximately 70% of the wall area is occupied by water-cooled elements,
virtually eliminating conventional refractory brickwork from the upper part of the
furnace wall i.e. above the slagiine, in the area where magnesite-chromite is normally
used. There is some controversy about the cost-effectiveness of this method, but its
value appears to have been accepted in high output furnaces. In the UK it is expected
that most big arc furnaces will be converted to water-cooling during the next two
years.

Arc furnace roofs are usually lined with high-alumin> bricks, although these may
be short 1ised if the furnace is driven hard. There has been a tendency to substitute
magnesite-cnromite bricks for better rasistance to slag attack, but the full potential
benefit is not obtained because of distortion under thermal stress, which makes it
necessary to support the roof. In some cases unsupported roofs with cheap reclaimed
magnesite-chromite bricks are used, but the availability of reclaimed materials is
decrcasing in the UK. The trend towards increased usage of magnesite-chromite for this
application has not progressed very far, and may even decline if the market for steel
revives, because water-cooling may well then be extended to arc furrnace roafs.
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Dolomite bricks have to a large extent superseded the more expensive magnesite-
chromite for lining the argon-oxygen furnaces which now dominate secondary steelmaking.
Refractory lives are usually similar for the two materials, although in some cases
dolomite may last twice as long. Small quantities of magnesite-chromite are used in
ladles, especially where the slag contains silica. In most cases magnesite would be
satisfactory, and indeed has to be used in situations where chromium uptake might
contaminate the steel.

3.2.1.2 Rotary Kilns

Cement kilns traditionally used aluminosilicate refractories in the burning zone,
but changed to magnesite-chromite as conditions became more severe. However, with the
trend towards bigger kilns it has been found that fired dolomite gives better
performance, and 50% of magnesite chromite has peen replaced. If magnesite-chromite
were not available there would be even greater usage of dolomite. Magnesite could be
used, at greater cost, or a magnesium aluminate spinel.

.Other rotary kilns, such as those used in lime and dolomite burning, are lined
with magnesite-chromite. Consumption is of the same order as in secondary steelmaking.
Firing temperatures are higher than in cement kilns (up to 2000°C compared with 500°C).

3.2.1.3 Other Users of Chromite Refractories

The non-ferrous metal industry provides a very stable market for magnesite-
chromite because the slags in the smelting of copper, lead and nickel are highly
silicious and no completely satisfactory alternative refractory is available.

Small quantities of chromite are used in the glass industry, mainly in the heat
exchangers, but on the whole this industry avoids chromite because of the dangers of
discolouration of the product.

A new development is the use of chemical grade chromic oxide, rather than
chromite ore, in conjunction with alumina as a refractory material. Consumption in the
UK is still very small, but large tonnages are sold in the USA and Japan. The steel
industry is becoming interested in these refractories for high wear parts of furnaces,
in order to reduce down-time. They are also used in the production of fibreglass
because of the highly corrosive conditions which prevail.

3.2.2 Foundry Sands

Refractory sands, such as chromite, zircon and olivine, are widely used in steel
foundries. These sands offer a number of advantages over silica sands, including lower
reactivity with metal oxides during the casting process, lower thermal expansion and
higher resistance to metal penetration. Refractory sands are relatively expensive, and
it is common practice to apply them as facings to silica sand.

The usefulness of chromite as a moulding material was first recognised in South
Africa, where its successful application in the production of austenitic manganese-steel
castings was demonstrated?. Considerable investigatory work followed in other
countries, and as a result chromite sand has become established as a steel foundry
moulding material in all industrial countries. The best chromite sands are produced
from the Transvaal ores, but Finnish chromite sands are also available. Foundry sands
are produced by crushing the ore, washing to remove impurities and gangue minerals, and
then screening to give the desired gradings. The Cr03 content should be higher
than 44%, and the sand should contain low proportions of lime and silica. Hydrous
minerals such as serpentine are undesirable because evolution of combined moisture may
lead to blowhole defects in the casting.

It is generally accepted that chromite sand offers higher resistance to
penetration by molten steel than do zircon or fine silica sands. Steel castings
exceeding 100 tonnes in weight have been made very successfully using mould and core
facings of chromite sand, and a first class surface finish is usually achieved. The
major problem which occurs from time to time is known among foundrymen as chromite sand
disease. This is a burn-on type of defect for which there appears to be no easy cure.
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The problem occurs sporadically and is associated with variability in composition of
chromite sands and the presence of impurities which affect their finer characteristics.
Some foundries prefer to use a mixture of chromite and zircon to avoid such defects.

3.3 Chemical Applications

The basic process in the chromium chemicals industry is the manufacture of sodium

dichromate. In order to release the chromium from the chrcmite lattice the chemical
rade ore is first roasted with nearly stoichimetric proportions of sodium carbonate
%soda ash) and extracted with water to yield sodium chromate solution. This is then
converted to the principal chromium chemical, sodium dichromate, by acidifying with
sulphuric acid or carbon dioxide. Most chromium chemicals are made from a sodium
dichromate starting point and there are important world producers within the Community
(Bayer in Germany, Stoppani in Italy, British Chrome and Chemicals in the UK).

The most important secondary products are:
1. Chromic oxide Cro03 The main outlet is for production of chromium metal

by the alumino-thermic route for manufacture of high temperature alloys. Other outlets
include pigments and the new Crp03 refractories.

2. Chromic acid This is used mainly in decorative and hard chromium plating,
for which the markets are of approximately equal size. It is also used in the
manufacture of copper - chromium - arsenic timber preservatives.

3. Basic chromium sulphate Cr(0H)SO4 This is produced entirely for the
leather tanning industry.

4. Pigments Sodium dichromate is used to produce lead, zinc and other chromate
pigments which are widely used in paints.

The above uses each account for a few per cent of chromium consumption. Other
applications which use relatively small amounts include chromium 1ignosulphonate
drilling mud additives, corrosion inhibitors for closed systems, catalysts and magnetic
tapes.

Although individual chemical applications of chromium account for only a small
proportion of consumption, wastage rates are high and there is concern about the high
toxicity of hexavalent chromium. There is therefore a case to be made for recycling in
some cases. This topic is pursued in Chapter 5.

3.3.1 Metal Finishing

Chromium is a constituent, often the major one, of coatings for decoration or
corrosicn protection, for resistance to high-temperature oxidation or mechanical wear,
and for restoring worn parts. In these applications a relatively small quantity of
chromium plays an important part in material conservation by making cheap and abundant
metals perform functions for which their properties would otherwise be inadequate.

Electroplating is the most important method used to apply coatings of chromium,
and the technology is described in some detail below to provide a basis for
understanding the potential for chromium conservation in this industry. For high
temperature use, chromising is the principal method of obtaining a chromium-rich surface
on steel. It is a diffusion process which produces an effective stainless steel surface
with a mean chromium content of about 35%. This is an effective method of improving the
corrosion resistance of mild steel in applications such as car exhausts and heat
exchangers, but the process tends to be expensive and does not offer strong competition
for stainless steel in most applications. Other surface processes using chromiumn
include sputtering, ion implantation, chemical vapour deposition, plasma-spray coating,
cladding and weld overlay coating. Only the latter two have much commercial
significance at the present time. Like chromising, the use of these techniques could
conserve chromium, but their adoption depends upon the relative economics of using solid
stainless steel or a surface coating.
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Other metal finishing processes which use chromium chemicals include passivation
and chemical conversion coatings. In the former dipping in chromic acid solution
produces an oxide film on aluminium or galvanised iron. Conversion coatings are gel-
like structures produced when a non-ferrous metal (e.g. magnesium, aluminium, zinc,
cadmium) is immersed in chromate solution. They can be formed in a variety of colours
and form a satisfactory base for paint.

3.3.1.1 Electroplating

There are two types of chromium plating:

(1) Decorative plating, which consists of a relatively thin layer, 0.3-0.5 um, on an
undercoat of nickel. It is used mainly in the consumer goods industries such as
cars, bicycles and domestic appliances.

(i1)  Hard chromium plating, which consists of a thick layer of chromium, (20-200 wm),
on engineering components frequently made of hardened steel. Unless a very thick
protective layer is required there is usually no underlayer of nickel. The hard
plating applications are more common in industrial equipment, for instance in the
chemical and food industry, the printing industry and the paper industry.

The electrolytes used for decorative plating consist of chromic acid containing
sulphate ions as a catalyst. The concentration of chromic acid in the bath is not
critical, and is normally in the range 150-550 g/1. The ratio of chromic acid to
sulphuric acid, however, is most important and is normally in the range 80:1 to 120:1.
Concentrated solutions are more expensive, and a higher drag-out* rate is incurred in
operation, but they are less sensitive to minor changes in concentration and metallic
contaminants are therefore easier to control. The throwing power* of chromium plating
baths is notoriously poor, but the best results are obtained at chromic acid
concentrations of 250-300 g/1. Current efficiency in chromium plating is very low
compared with most other metals. Efficiency values of more than 12% are not easily
obtainable in conventional plating baths. High-efficiency baths, in which anions such
as fluoride, fluorosilicate, fluoroborate or other complex fluorides are present enable
efficiencies up to 25% to be achieved without using excessively high current densities.

At such low current efficiencies it is obvious that copious amounts of hydrogen
must be liberated at the cathode. Hydrogen evolution causes a substantial amount of
spray to be formed, and this must be controlled for health and safety reasons. It is
normal practice to remove spray by suction and some of the chromium content is lost, but
a large proportion can be recovered in simple towers containing Raschig rings or by
scrubbing. The more modern plants have installed this type of equipment. Alternatively
spray loss can be prevented by use of a surfactant to form a foam blanket. This can
only be done for decorative chromium plating because for layers thicker than 25 um the
presence of the foam causes pitting.

The use of electrodeposited chromium coatings in engineering practice depends
upon a unique combination of properties i.e. high hardness, good wear resistance, low
coefficient of friction, non-stick characteristics and good corrosion resistance.
Examples of the applications of hard chromium deposits include inspection tools such as
gauges and micrometers, cutting tools, where the anti-stick properties enable the swarf
to fall clearly away from the tool, and shafts and valves in pneumatic and hydraulic
equipment. Chromium is also used to coat piston rings, cylinder liners for diesel

* drag-out is the term given to the removal of electrolyte when plated objects are
withdrawn from the bath.

+ current density varies from point to point over the electrodes, particularly when
complex shapes are being plated. Therefore more or less uneven deposits are obtained
depending upon electrode geometry. Many plating solutions have the ability to
ameliorate this effect to some degree, and throwing power is a qualitative indication
of the extent of this property.
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engines, disc brake parts, and undercarriage components for aircraft. The rollers of
rolling mills are often chromium plated.

The baths used are very similar in formulation to those used in decorative
chromium plating, except that the more concentrated solutions are not often employed,
the usual composition range being 150-300 g/1 of chromic acid. Higher temperatures and
current densities are used than are employed for decorative plating.

Electrodeposited chromium coatings are normally cracked because high tensile
stresses are developed in the surface layers. Deposition conditions can be modified to
ensure that the chromium layer is uniformly micro-cracked. If such a micro-cracked
layer is used in a decorative nickel plus chromium coating, corrosion is spaced out over
a large area with a consequent decrease in the anodic current density and the nickel
coating is not penetrated rapidly. For engineering applications where there is no
nickel layer methods of plating crack-free deposits have been developed. Corrosion
resistance is then improved but at the expense of some sacrifice in hardness.

Because of the poor throwing power in hard chromium plating, coatings thicker
than about 50 wm have to be finished to size by grinding under controlled conditions.
The fatigue strength of components can be impaired by poor grinding techniques, and
designers often prefer to specify uniform, 'as-plated' deposits to avoid possible risks
created by grinding.

3.3.2 Leather Tanning

The process of tanning consists of treating the hide with an agent to chemically
stabilise the collagen fibres, thereby increasing resistance to heat, hydrolysis and
micro-organisms. Although the oldest form of tanning makes use of the natural tannins,
which are polyphenolic plant extracts, most leather is now tanned with solutions of
basic chromic sulphate. For example the chrome tanning of cattlehide to produce light
leather accounts for some three quarters of the wet-salted cattlehide processed in the
UK and is by far the largest domestic tanning activity.

The ability of Teather to withstand hot water without curling or shrinking is a
valuable criterion of proper chromium tannage. A satisfactory chromium tanned leather
must not begin to shrink below 95°C immediately after completion of the tannage. This
leather will also be resistant to the action of boiling water after it has been through
all of the tannery processes, and the tannage has aged. The minimum chromium
requirement for such tannage is 3 grams chromium trioxide per 100 grams of hide
substance. Chromium tanning is a very straightforward process in which the conditions
are not critical and it is fairly cheap. The only disadvantage is the strong colour of
the chromium tanned hide.

The main chemicals used in the industry are basic chromium III sulphate,
Cr(OH)SO4 or sodium dichromate which is reduced on site. There are two main tanning
methods. The most common is to place the leather in an aqueous solution of basic
chromic sulnhate. This trivalent-chromium has a rather low average efficiency of
chramium uptake and a substantial proportion of the chromium can be wasted in spent
tanning liquors. In contrast very high efficiencies are claimed for some chromium VI
tanning processes, presumably using sodium dichromate at very Tow pH in a two-bath
tannage. Two bath processes have been abandoned in many countries, to a large extent
because of the potential hazards associated with the disposal and possible spillage of

hexavalent chromium solutions.

3.3.3 Pigments

Pigments are used to impart stability and persistence of colour to surfaces
especially in harsh environments. The addition of other useful properties, such as rust
inhibition, is also important. Chromium pigments represent the largest outlet for
sodium dichromate, the main ones being lead and zinc chromates. A whole range of
colours from lemon yellow to orange and red is produced by co-precipitation of lead
chromate wich lead sulphate and lead molybdate. Green pigments are produced by
co-precipitation with copper phthalocyanine or prussian blue. Zinc chromate is used
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mainly as a corrosion inhibitive primer for metals; lead silico-chromate and strontium
chromate are also used for their anti-corrosion properties. Chromium oxide is the basis
of a range of green pigments, but in comparatively small quantities.

The outstanding feature of lead chromate pigments is their very high opacity. In
addition they are very bright and when surface treated with metal oxides can yield
excellent durability. These factors make them ideal for low cost high quality paints
and therefore they find their major use in industrial finishes and automotive outlets.
Concern about the toxicity of lead has led to a sharp decline in the use of lead
chromates in decorative paints, toy, pencil and graphic instrument finishes, and
printing inks.

Zinc chromate is by comparison with lead chromates a much more soluble pigment.
It is less opaque, duller and of a greenish yellow hue. tThere has been concern recently
about thg carcinogenic hazard associated with hexavalent chromium compounds. A recent
UK study?® suggested that this hazard was more likely to be associated with the
manufacture of zinc chromate than lead chromate. Following the publication of this
report there appears to have been a swing away from zinc chromate towards zinc phosphate
and molybdate pigments for use in corrosion protective coatings. Lead chromates are not
widely used in primer finishes due to the potential lead toxicity problems when flame
cutting and welding.

3.3.4 Timber Preservation

Wood can be treated with copper-chromium-arsenic (CCA) compounds as a protection
against attack by insects and fungi. These consist of a mixture of copper sulphate,
sodium dichromate and arsenic pentoxide in aqueous solution. The chromium acts as a
fixing agent, causing the active agents copper and arsenic to remain in the wood in
solid form rather than passing out in solution. The nominal compositions of the active
ingredients according to the British Standard Specification are given in Table 13.

TABLE 13. - Nominal Composition of CCA Preservatives

i % by weight
Ingredient Type 1 Type 2
Copper (as CuSo4.5H20) 32.6 35.0
Dichromate (as NaZCr207.2H20) 41.0 45.0
Arsenic (as A5205.2H20) 26.4 20.0

3.3.5 Corrosion Inhibitors

It is standard practice to use corrosion inhibitors to protect metal surfaces in
cooling systems in the process industries. Totally enclosed cooling systems are
sometimes used, but the most common arrangement is the open evaporative recirculation
system employing cooling towers. Chromate salts have been used as corrosion inhibitors
for many years and are still the basis of many of the formulations currently used.
Older sgstems used chromate alone for anodic protection, but a high concentration (200-
500 g/m° as Cr04) was necessary, and this is generally considered to be undesirable
except in totally enclosed systems. Modern practice is to use a mixture of anodic and
cathodic inhibitors. A combination of zinc and chromate, for example, enables a much
lower concentration of chromate to be used. A typical formulation would contain 20- 25
g/m° chromate and 1-5 g/m3 zinc.
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3.3.6 Other Uses

Chromium compounds are used in the dyeing of textiles, but this use has greatly
diminished in the past few years, and less than 1% of dyeing processes now use chromium
compounds. Sodium dichromate is used as an oxidising agent in sulphur-based dyeing
processes and as a mordant in wool dyeing processes.

Chromium catalysts are used in the synthesis of ammonia and methanol and for many
hydrogeqation and polymerisation reactions. This is an important application, but the
quantities of chromium involved are very small.

Chromium is used in chromium dioxide magnetic tapes, which are manufactured in
the Community under licence from Du Pont in the USA. The magnetic tapes are used in
audio and video products.

A possible important future use for chromium may be electroplated black chromium
coatings for solar collectors.

4. CONSUMPTION OF CHROMIUM WITH SPECIAL REFERENCE TO THE EEC

The only major consuming countries to publish consumption statistics on chromite
and its derivatives are the United States, Canada and Japan. An analysis of consumption
patterns for other countries including the nine member States of the Community must
therefore be based upon published trade and production statistics. The importance of
the Community as a consumer of chromite may be illustrated by the fact that its
consumption has approximately equalled that of the largest individual consumer, the USA,
for several years.

World production and consumption of chromite increased at an average rate of
approximately 3.8% annually over the period 1950 to 1976, but the rate of increase was
much more rapid, exceeding 6%, from 1963 onwards. The proportion of consumption
attributable to the centralised economies has declined in the last fifteen years from
over 25% to less than 20% of the total. On the other hand, there has been a sharp
increase in chromite consumption in South Africa due to the establishment of
ferrochromium plant based on indigenous chromite and coal.

In the absence of actual consumption figures, estimates of total apparent
consumption of chromium in all forms within the Community are given for the years 1975
to 1979 in Table 14. As there is no mine production within the Community, the "net
jmport" figures for chromite can also be regarded as indicating apparent consumption.
The estimates are based entirely upon trade returns for movement of chromium-bearing
materials in extra-EEC trade. As an indication of EEC consumption, the totals must be
regarded as very approximate. They take no account, for example, of stock build-up or
dispersal, and little can be deduced from them except that, in the years 1975 to 1978,
annual consumption of chromium in all forms within the Community amounted to about
500,000 tonnes exclusive of secondaries.

Possibly the most significant trend revealed in Table 14 is the steep decline in
apparent consumption of chromium contained in ores and concentrates. This is balanced
by an increase in the chromium content of ferro-chromium imports, probably reflecting
rising demand for “charge chrome" from South Africa, which is successfully expanding its
own ferro-chromium capacity to the detriment of European producers.

This overall shift in the make-up of net imports of contained chromium is masked
by a rise in total apparent consumption during 1976. Closer analysis, however, reveals
that this was due to a sharp increase in imports of ferro-chromium in that year whereas
the complementary sharp decline in imports of ore and concentrates appears to have been
delayed by two years. The lag can probably be attributed to the gradual expiry of
supply contracts for ore and concentrate following a sudden influx of foreign ferro-
chromium.
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TABLE 14. - Calculation of Apparent Consumption of Chromium in the Community

Extra~EEC
Net Estimated
Imports Exports Imports % Cr Chromium content
thousand tonnes thousand tonnes
a) 1975
Ores and concentrates 1,271 (d) 8 1,263 (30) 379
Oxide and hydroxide 5 (a)(d) 6 -1 65 -1
Chromates (d) 2 (d) 3 -1 20
Dichromates (d) 8 (b)(c)(d) 7 2 30
Ferro-chromium (d) 206 (d) 22 184 60 111
Ferro-silico-chromium (d) 20 (d) 0 20 35 7
Metal (d) 0 (d) 1 -1 99 -1
Total apparent consumption 495
b) 1976
Ores and concentrates 1,289 (d) 10 1,279 (30) 384
Oxide and hydroxide 3 (a)(d) 6 -3 65 -2
Chromates (d) 3 (d) 3 20
Dichromates (d) 9 (b){c)(d) 9 30
Ferro-chromium (d) 308 (d) 35 273 60 164
Ferro-silico-chromium (d) 27 (d) 1 27 35 9
Metal (d) 0 (d) 2 -2 99 -2
Total apparent consumption 553
c) 1977
Ores and concentrates 1,103 (d) 7 1,096 (30) 329
Oxide and hydroxide 2 9 -6 65 -4
Chromates (d) 3 (d) 2 1 20
Dichromates (d)(14) (b)(c)(d) 7 7 30 2
Ferro-chromium (d) 299 (d) 21 278 60 167
Ferro-siltico-chromium (d) 21 (d) 0 21 35 7
Metal (d) 1 (d) 2 -2 99 -1
Total apparent consumption 500
d) 1978
Ores and concentrates (d) 897 (d) 7 890 (30) 267
Oxide and hydroxide 3 (b) 4 -1 65 -1
Chromates (d) 3 (d) 2 1 20
Dichromates (d)(12) (b){c){d) 8 4 30 1
Ferro-chromium (d) 388 (d) 15 373 60 224
Ferro-silico-chromium (d) 10 (d) 0 10 35 3
Metal (d) 1 (d) 2 -1 99 -1
Total apparent consumption 493

Note: Figures in parentheses include some estimated data as full information is not
available.

(a) Excludes chromic oxide for the United Kingdom

(b) Excluding Federal Republic of Germany

(c) Excluding United Kingdom

(d) Excluding Irish Republic

Source: IGS compilation
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Salient features of chromium consumption patterns in individual European
countries are noted in the following paragraphs.

Ferro-chromium is not produced in Belgium and requirements for its stainless
steel industry are imported from South Africa, Finland and the USSR. The country has
considerable trade, both in exports and imports, in chromium chemicals.

In France the only important consumer of chromite for production of ferro-
chromium is Pechiney Ugine Kuhlmann. This combine previously owned mines in the
Malagasy Republic which were the source of the chromite consumed. Following
nationalisation of these mines PUK will doubtless be turning to alternative supplies.
With the interruption in supplies of Madagascan chromite, PUK ceased production of
chromium chemicals in 1976 and French requirements were thereafter met by imports from
West Germany.

West Germany is the Community's largest producer and consumer of ferro-chromium
and in consequence is also the largest importer of chromite obtained mainly from South
Africa and the USSR. One West German company, Elektrowerk Weisweiler GmbH, is engaged
in ferro-chromium production. South Africa is also a principal supplier of ferro-
chromium to West Germany. In addition, South Africa is the country's principal source
of chemical-grade chromite which is processed by Bayer A-G, the biggest producer of
chromium chemicals in Europe. Chromium metal is produced in West Germany by
Gesellschaft fur Elektrometallurgie MbH and most of this company's output is consumed
domestically. A number of companies are engaged in the production of chromium-based
refractories.

Ferro-chromium is produced in Italy on a large scale mainly by Montedison and is
also imported, principally from West Germany. A proportion of Italian consumption of
chemicals and refractories is manufactured domestically. The sources of chromite
consumed by Italy include Turkey, which accounts for about one half, and Albania, South
Africa and USSR supplying the remainder.

No chromium-based commodities are produced within the Netherlands and all
domestic consumption is derived from imports.

The import of chromite and ferro-chromium into the United Kingdom is almost
solely destined for domestic consumption. Unlike West Germany, for example, the United
Kingdom does not produce ferro-chromium and is only a modest importer of chromite,
consumption of which has been decreasing in recent years. In contrast imports of ferro-
chromium have been rapidly increasing and the country is the third largest importer of
this commodity in the world with supplies being obtained from South Africa and Sweden.
As all chromium for metalliurgical purposes is imported into the United Kinydom in the
form of ferro-alloy, and, in gereral, imports of chromite from the Philippines ¢re
devoted entirely to the manufactuve of refractories, an estimate of the quantities
consumed urder the catcgories metailurgical, chemical and refractory can be readily
derived.

The consunption of chromium-based commodities in Ireland and Demmark is assumed
to be met fully by the import of such commodities in manufactured form from clsewhere.

4.1 Consumption of Chromium by End-Use

The compilation of end- s consumption statistics for chromium is difficuit
because data for most countries are sparse and often not directly comparzh®e. The nmiost
complete statistics are available for the USA, in a very comprencisive stuay o7 chromium
consuaption, uses, and the potential fer conservation®, Table 15 summarises the
estimated consumption pattern for the USA in 1977. Statistics and projections to 1985
for world consunption of chromite were presented in a less detailed form in a 1975
German studj5 (Table 16). As far as the Community is concerned this study indicated
that appro<imstely two-thirds of .onsumption were in metallurgical applications and this
proportion was gradually increasing. Chemical uses were remaining steady ot about 22%,
and there was a gradual decline in consumption in refractories.
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TABLE 15. - USA Chromijum Consumption Patterns 1977

End-use

% USA Consumption

Metallurgical
Wrought stainless and heat-

resisting steels
Tool steels
Wrought alloy steels
Cast alloy steels
Alloy cast irons
Non-ferrous alloys
Other

Sub total

Refractories

Chrome and chrome-magnesite
Magnesite-chrome brick
Granular chrome-bearing
Granular chromite

Sub total

Chemicals
Pigments

Metal finishing
Leather tanning
Drilling muds
Wood treatment
Water treatment
Chemical manufacture
Textiles
Catalysts

Other

Sub total

Total
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Source: Reference 4

TABLE 16. - World Chromite Consumption by Sector

% of Chromite Consumption

Metallurgical* Chemical Refractory
1973 1980 1985 1973 1980 1985 1973 1980 1985
EEC total 62.5 64.1 67.1 22.5 22.6 22.4 15.0 12.8 10.5
USA total 65.7 68.5 72.9 15,2 16.2 15.4 19.1 15.3 11.7
Western bloc total 76.2 78.2 80.3 11.3 11.1 10.6 12.5 10.7 9.1
Eastern bloc total 64.0 68.0 72.0 14.7 11.5 8.4 21.3 20.5 19.6
World total 73.8 76.2 78.7 12.0 11.2 10.2 14.2 12.6 11.1

Source: Reference 5
* It is not clear from the German study whether chromium metal for superalloys is

included here.

included in the chemical sector.

Because it is manufactured from chromic oxide it is probably
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There appears to be considerable variation between the consumption patterns for
the various member countries. This is illustrated in Table 17, which has been compiled
from data supplied during the present study. Most of the variation is between
refractory and chemical uses, however, and consumption in metallurgical applications is
dominant in all countries. Also there may be variations in the way the statistics are
calculated.

TABLE 17. - Distribution of Chromium Consumption in Community Countries

% of total consumption

End-Use Sector

Denmark France Germany Italy UK*
1977 1976 1977 1978 1975-8
Metallurgical 68 84 70 80 50
(steels only)
Refractory 20 7 4 2 20
Chemical 12 9 26 18 30

(includes Cr metals)

* These data refer to consumption by the three primary industries. They do not
take into account exports of products in the refractory and chemical sectors.

If it is assumed that 65% of chromium consumption in the EEC goes into
metallurgical applications, this amounts to about 325,000 tonnes/year. Table 18 shows
how this quantity is distributed between different steels, based on the forecasts of the
1974 £CSC Special Steels Working Party®, and 1977 estimates for Germany and the UK.
There is no up-to-date information on the distribution within the Community as a whole,
but it seems reasonable to assume the 1974 forecast was accurate.

TABLE 18. - Distribution of Chromium Consumption in Steels, %

ECSC UK Germany
1980 forecast 1977 1977
Stainless Steels 80 69 90
[ngineering Steels 16 29 )
) 10
Tool and High Speed Steels 4 2 )

Chromium consumption in refractories is about 64,000 tonnes/year. There has been
a marked decline in the use of chremite in all sectors. This is illustrated hcre by
reference to UK production and consumption statistics, but the trends are similar in
othes countries. Gecause the cteel industry is the main consurmer of chromite-bearing
refractu-ies vrends in that industry have a dominant influerce on the consumption of
chromite. This is shown in Fig., 7. which also includes projectea trends for 1980 and
1985. Basic brick production, with a forecast up to 1990 by a major UK producer, is
summarised in Fig. 8. The very steep drop in the producticn of chromite-magnesite
bricks reflects the closure of open-hearth furnaces since 1970. Other factcrs which are
reducing corzumption are discussed in Chapters 3 and 5.

Chromiu: consumption in chamicals amounts to about 113,000 tonnes/year. Table 19
shows the estimated distributior of this chromium averajed out from data on consumption
in France, Germany, Italy and the UK. There are very considerable variations between
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countries, but comparisons are difficult because of the different ways in which
statistics are classified.

TABLE 19. - Distribution of Chromium Consumption in Chemicals

(Average for France, Germany, Italy, UK)

%

Chromium Sulphate (mainly tanning) 34

Chromic Acid (electroplating) 15
Chromates (mainly wood preservation, pigments

(but other miscellaneous uses included) 23

Chromic Oxide (Cr metal, pigments, ceramics) _28

100

By far the greatest proportion of chromium goes into alloy steels, but it is
unfortunately very difficult to obtain data on the market distribution of the steel

products. The data that are available are not directly comparable, and therefore they
are quoted separately in Tables 20-22.

TABLE 20. - Western Europe and USA: Stainless Steel End-Uses in 1971

Sector Western Europe, % USA, %
Chemical and food processing 39 16
Consumer durables 38 18
Transport 7 26
Building and construction 3 6
Others 13 _34
100 100

Source: Economics of Chromium 3rd Edition, Roskill Information
Services 1978

TABLE 21. - Expected UK Consumption of Stainless Steel Flat Products 1981-82

Sector %
Process and Power 31
Building 15
Transport 18
Consumer Goods 19
Commercial Catering 9
Others _8

100

Total Production ca 110,000 tonnes (tentative figure)
Flat Products ca 65% of stainless steel production
Source: British Steel Corporation



TABLE 22. - Steel Alloy Consumption in Germany, 1977

Sector %

Mechanical engineering 30
Manufacture of finished products and tools 19
Vehicles 16
Pipes and forgings 11
Electrical engineering 7
Construction and Civil Engineering 6
Others 11

100

Source: DIW/ite

Based on the foregoing data, the best estimate of the end-use distribution of
chromium consumption in the Community is shown in Table 23.

TABLE 23. - EEC Chromium Consumption Pattern

Consumption
End-Use
'000 tonnes % of total Cr

Metallurgical
Stainless Steels 260 52
Engineering Steels 50 10
Tool Steels 15 3
Refractory
Refractory Bricks 50 10
Foundry Sands 15 3
Chemical
Chromium Oxide (for metal

nroduction, ceramics, pigments) 30 6
Leather Tanning 40 8
Electroplating 15 3
Wood Preservation, Pigments,

Miscellaneous _25 _5

Totals 500 100

5. CHROMIUM SUBSTITUTION AND CONSERVATION

5.1 Materials Substitution

Before discussing possible alternatives for chromium in its various applications
it is useful to consider substitution and how it occurs more generally. Materials
substitution is a widely recognised phenomenon, but the conditions necessary for its
occurrence are varied and not always predictable. In its simplest form substitution
consists of the use of alternative materials with superior characteristics or lower
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cost, but the process is often very much more complex than this would suggest. The
choice of a material depends on many factors: technical (mechanical and physical
properties at operating temperatures, reliability, ease of fabrication, joining etc);
economic (costs of raw material, capital equipment, maintenance etc); and mary other
less easily quantifiable ones, including availability, continuity of supply, consumer
preference, environmental effects, and skills of available manpower. In a free market
the basic driving force for substitution is cost effectiveness, and this must involve
some compromise between these factors.

The competition between copper and aluminium illustrates these points very well.
Aluminium has good thermal and electrical conductivity, although not so good as copper,
and it is the cheaper of the two metals. On the other hand copper is much easier to
Join to other metals than is aluminium. The result of the interplay of these factors is
that aluminium has been able to make some inroads into the electrical conductor market ,
particularly in heavy current-carrying cables. It has been much less successful in
competing with copper in car radiators because difficulties in joining lead to higher
manufacturing costs. Changing from an established material to a new one is a costly
process, through the need to modify machinery and purchase new equipmenl. The price
differential between competing materials must be sufficiently large for the change to be
worthwhile. In 1974 when the price differential between copper and aluminium was £1000/
tonne there were great attractions in using aluminium in electrical conductors despite
copper's greater technical appeal. Only a year later the differential was only £200/
tenne and the incentive had largely disappeared.

Generally speaking successful substitution depends upon the entrepreneurial
spirit of the manufacturers of new materials who want to expand their markets. Indeed,
in many cases it is not so much a matter of a new material replacing an established one,
but rather an expansion into new fields which could not previously be satisfactorily
exploited, as is suggested, for example, by the remarkable growth in the use of plastics
in packaging. It is, perhaps, more difficult to set out to find an alternative for a
specific material. Most new materials substitute for an older one only in a fraction of
its applications. Therefore substitution is generally more cautious and slower, the
more sophisticated the service, and lead times are long.

A number of important points emerge from this discussion. Due to the increasing
complexity of techrology it is virtually impossible for a new material to be superior to
an established one in all respects. There is intense competition between materials and
large sums are spent on promoting market penetration of new materials. This stimulates
the producers of more traditional materials to defend their markets and make their
product more cost effective. The end result is frequently that the consumer benefits
from a better or cheaper product even if the substitution is not successful. This is
well illustrated by developments in the beverage can industry, where tin-plate continues
to withstand vigorous competition from aluminium and tin-free steel. It is important to
note that much of the R and D was undertaken as a consequence of commercial activities,
and was not the cause of them.

In the case of chromium the motivation for substitution is not the usual one of
having developed a new material with interesting properties for which an outlet is
sought. Instead it arises from a concern that an essential constituent of materials
which are critically important to industry might be subject to interruptions in supply.
Whether or not this relatively unfamiliar driving force for substitution should be
limited by the same economic constraints as purely commercial activities is essentially
a political judgement, but there is no doubt that it poses additional problems.
Chromium has been historically a relatively low-cost and plentiful material which
confers unique properties on a wide variety of alloys and compounds. Previous research
efforts have been devoted more to seeking improvements in properties by increasing
chromium contents than to searching for chromium-free substitutes. This is particularly
true of the largest area of application in stainless steels and other alloys; there has
been some interest in replacing chromium in some chemical applications, but stimulated
by pollution control problems rather than concern about raw material supplies.

In the remainder of this chapter substitution for chromium in its end-uses will
be considered in detail. It will be seen that in some applications, notably
refractories, substitution has already taken place to some extent for economic reasons



— 42 —

and the trend may be expected to continue. In other applications more or less adequate
substitutes are available, but at considerably higher cost, and there will be little
desire from industry to use alternative materials unless they are compelled to do so.

In the case of alloys, complete replacement of chromium is generally not possible
without unacceptable loss of performance, but there might be opportunities to reduce the
amount required to meet a desired specification. Another possibility is to use new
processes which are less wasteful, or confer longer life on a chromium-containing
product. Finally there is scope to conserve appreciable quantities of chromium, and at
the same time to reduce adverse effects on the environment, by recycling.

5.2 Recycling

Opportunities for increasing the extend of chromium recycling occur mainly in its
chemical applications. Although these individually only account for a small proportion
of consumption, wastage rates are high and there is concern about the impact of
chromium-bearing wastes on the environment, particularly in the highly toxic hexavalent
state. Recycling is practiced to some extent in the electroplating industry, and the
overall efficiency of chromium usage could be as high as 95%, but this is rarely
achieved. In practice it is probably between 25 and 50%, but it is difficult to .get
reliable statistics because of the wide variations between the activities of different
companies. Similarly high efficiencies of 95% or more are feasible in the tanning
industry, but the average is 70-75%. Community losses of chromium in the electroplating
and tanning industries alone could therefore be of the order of 20,000 tonnes/year.

5.3 Stainless Steels

About 80% of metallurgical chromium consumption (50% of the total) goes into
stainless steels. The other metallurgical applications are individually both much
smaller and more difficult to substitute. Stainless steels are therefore considered in
greater detail than the other metallurgical applications. The information is based upon
discussion with co-pilots, industrial organisations and one of the authors' (GL)
research experience, supplemented by reference to the American National Research Council
study of chromium subgt;tution4, and the excellent surveys of alloying clements
commissioned by DGIII®»/.

As described in Chapter 3 it has long been accepted that something in the region
of 12-13% chromium is necessary to give reliable resistance to either wet corrosion or
high temperature oxidation, and that further increases in chromium content produced more
resistant materials. 'This factor has, however, to be balanced against other
considerations, such as the need to stabilise the austenitic structure, mechanical
strength, brittleness, hardenability, stress-corrosion cracking, deep-drawing properties
and structural stability. In the field of high-temperature materials it was found over
many years that alloys containing sufficient chromium to confer adequate high
temperature mechanical strength possessed more than adequate resistance to oxidation at
the temperatures at which their mechanical properties made them useful. More recently,
however, alloys have been formulated to maximise mechanical strength at high temperature
which contain insufficient chromium to resist oxidation and corrosion, so that either
these materials must be protected by coatings or a compromise must be reached between
strength and chemical resistance to an environment. Similarly, with stainless steels of
the austenitic type, the basic 18% Cr/8% Ni formulation has been upgraded to contain up
to 20-30% of each element, with additions of aluminium, silicon, molybdenum etc. for
resistance to highly corrosive liquids and oxidising, carburising and sulphiding gases.
These developments have been limited by the need to maintain acceptable mechanical
properties and weldability, and the corrosion resistance of welds has been safeguarded
by controiling the carbon content and including adequate proportions of stabilising
elements.

In a crisis, if it lasted long enough to make a serious substitution programme
necessary and could not be countered by drawing on stocks, it seems probable that the
main saving would be made in the mass of trivial applications which could be substituted
by chromium-free materials. There would be penalties in loss of convenience and
attractiveness of products, and associated costs for new and modified production
equipment. An attempt to distinguish between those applications where stainless steel
is indispensible and those where substitution would be relatively straightforward is
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made in the Italian report (Appendix A, p.12). No doubt such a classification would be
disputed by the various consumer industries, who would regard substitution as
unacceptable under normal market conditions. Nevertheless it is reasonable to suggest
that stainless steel is not essential in many of its uses in furniture, architecture,
domestic equipment and the food production industry. The grades of steel used in these
industries are 11-13% chromium ferritic and martensitic steels (type 409 and 410), type
304 austenitic and some higher grade materials such as type 316. Necessary properties
are resistance to atmospheric corrosion and to corrosion by mildly aggressive solutions.
Because of its ready formability type 304 is frequently used where ferritic stainless
steel of lower chromium content would give adequate corrosion resistance. Frequently
prestige, ease of cleaning, appearance or vandal-proofing are important in selection of
materials, and a high proportion of the stainless steel used could be eliminated by
substituting painted or vitreous-enamelled mild steel, other metallic coatings or
aluminium.

Stainless steel could be eliminated almost entirely from many of its uses in the
transport sector, and a trend in this direction is under way, but emission control
equipment for cars represents a new and quite important application for chromium-
containing alloys8. Any future legislation on exhaust emissions might be waived in an
emergency, but new developments would be needed to reduce chromium contents below
15-25%. Also stainless steels with 12-18% chromium are increasingly being used for
conventional exhaust systems where they are resistant to low-temperature condensate
corrosion as well as high temperature oxidation. Aluminised mild steel could be used,
but some modification in mechanical design would be needed.

Much more difficult problems would arise in the chemical engineering, power
generation and nuclear industries. Stainless steels are used for a variety of reasons,
including the high-temperature strength due to the austenitic structure, and resistance
to corrosive solutions and high temperature oxidation. A wide range of operating
conditions is involved, including strong acids and alkalis, contamination by molten
salts, and oxidising, carburising and sulphiding environments. At present high chromium
contents (18-25%) are quite indispensable for many of these applications, and there
would be strong and perfectly reasonable reservations about any suggestion for using
substitute materials without convincing long-term operating experience. Coatings might
offer a possible solution in some cases, but they would make corrosion more damaging
once they were mechanically breached, and so vitreous enamel or thin metallic coatings
would be unsuitable for many applications. Thick coatings of existing high-chromiun
alloys on a chromium-free backing might serve (e.g. co-extruded tubes are already in
use), or other materials, such as titanium or tantalum, at present excluded by cost or
availability, might be used as claddings.

Previous work on the formulation of stainless steels has not for the most part
represented an attempt to substitute for chromium, because chromium has been
historically a relatively cheap and abundant material. A previous EEC report6 on
substitution of alloying elements in special steels concluded that the main purpose of
research in this field was to save nickel, and that there was no alternative to chromium
in stainless steels. The report forecast that production of series 300 steels would
gradually decline because of two probable trends:

1) The introduction of Cr-Mn-Ni-N (Nitronic) grades with which, by virtue of their
excellent mechanical characteristics over a wide temperature range, up to 50% of
the weight of steel can be saved without forfeiting resistance to the various
types of corrosion in engineering applications where thickness is needed for
mechanical strength.

2) The development of ferritic steels with low interstitial element content, which,
being more resistant to stress corrosion and (if stabilised with titanium or
niobium) intergranular corrosion, will be able to compete with austenitic steels
for about half of the market of the latter i.e. mainly chemical applications from
room temperature up to 300°C.

It was considered that these trends were likely to permit a reduction in the
consumption of nickel in stainless steels both by reducing nickel contents and by
reductions in the weight of manufactured products. This would, however, be offset to
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some extent by an increase in the chromium content required to offset the deleterious
effect of eliminating nickel on the corrosion resistance.

While it is certainly true that the presence of chromium in stainless steels is
essential, there are indications that some reduction in chromiun content might be
possible without unacceptable loss in properties. Successful research in this direction
depends on achieving improvements in passivity (for wet corrosion) and protective oxide
films {for high temperature oxidation). Two such developments are the attempts to
reduce chromium contents by adding aluminium or silicon, and to improve
aluminium-containing steels with rare-earth additions.

Steels containing chromium with additions of silicon or aluminium for improved
resistance have been used for many years: a 6-7% chromium, 1% silicon steel was used for
aircraft engine valves during the first world war. Systematic scientific investigations
were made comparatively earlyS. Additions of rare earth elements were found to be
beneficial, particularly in alloys for electrical resistance heatersl0 and there has
been considerable renewal of interest in this possibility in recent years, particularly
using yttrium and hafniumll. The effects are complex, and probably involve
preservation of a fine-grained structure, as well as accelerated nucleation of
protective oxide phases, and improved adherence of the oxide. In developing alloys for
extremely high temperatures, the beneficial effects of chromium begin to be lost by
volatilisation of the higher oxide Cr03, and it is desirable to promote formation of
the less volatile Al1p03 without unduly increasing the aluminium content of the
alloy, which would have a deleterious effect on mechanical properties. The role of
silicon and rare earth elements in this connection is not well understood, but ferritic
stainless steels have been developed suitable for electrical heater elements and some
engineering applications, e.g., catalytic convertors for controlling the hydrocarbon
content of combustion gases8. These materials are of fairly low mechanical strength,
and may embrittle after service at high temperature, although additions of yttrium
appear to be beneficial from this point of view,

In the USA the NASA Lewis Research Centre in Cleveland has carried out a study of
adding aluminium, silicon, molybdenum and manganese to type 304 stainless steel with the
intention of obtaining similar properties with reduced chromium contentsl2, The
composition of the alloys studied are shown in Table 24.

TABLE 24. - Composition of Modified 304 Stainless Steel Alloys

Nominal Chemical Composition, wt. %

Cr Ni Mn Si Al Mo C Fe
304 Stainless Steel 18 8 1.1 0.65 - - 0.06 Bal.
124 Cr-Si {Ferritic) 12 8 1.1 2.65 - - 0.06 Bal.
12% Cr-Al-Mo (Ferritic) 12 8 1.1 0.65 2 2 0.06 Bal.
12% Lr-5i (Austenitic) 12 10 1.1 3.65 - - 0.06  Bal.

12% Cr-Al-Mo {Austenitic) 12 10 5.1 1.6% 2 2 0.06 Bal.

The conclusions of this work were tnat the ferritic alioys could not be
considered adequate substitutes for type 304, but that the austenitic alloys showed
promise of permitting substantial savings in chromium. Considerable development work,
and a better understanding of the mechanisms leading to corrosion and oxidation
resistance, would be needed before these new alloys could compete with conventional
sceintess steels, There is cunsiderable interest in this topic in several member
countries, and a belief that useful new alloys could be developed within ten years but
prcbably net less than five years. It should be pointed out, however, that
representatives of the stainless steel industry in one member country were very
sceptical and stated that they had not been able to reproduce the American results.
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A successful development in this area would not reduce chromium consumption by
more than one-third, even within the sector of the market it succeeded in penetrating.
Larger reductions would require improved understanding of the factors underlying the
requirement for a certain chromium content in order to produce either a passive film or
a scale which acts as a barrier to the diffusion required for further reaction. Theory
and experiment indicate that these limits are based, not on any requirement imposed by
the thermodynamic stability of product phases, but on the kinetics of diffusion
processes, which can be modified. It is by no means unknown for materials containing
less than 12% chromium to show anomalously high resistance to both corrosion and
oxidation. It is therefore possible to look at protection from a rather different
angle, and instead of assuming that good protection can only be obtained from Cro03
films, and that these will be formed only if chromium contents are greater than 12-13%
(neither of which is true), to accept that films of other products can be protective,
and to concentrate on understanding and controlling the failure of these films. This
approach appears to be valid for both oxidation and wet corrosion, and in both cases the
protective film may maintain its structure over most of the surface even during
breakdown, rapid reaction being confined to a few isolated starting centres. It has
probably been pursued more successfully for high-temperature oxidation than for wet
corrasion,

Means have already been developed for modifying the structure of oxide films by
trace alloying additions, sometimes combined with preliminary heat treatment, mechanical
pre-treatment or surface coatings. The net effect of this type of treatment can often
be to confer on an alloy of given chromium content the resistance to oxidation normally
obtained with about twice the chromium content. At present these treatments have
serious Timitations: they are not effective above temperatures of 1000-1100°C, and they
may exacerbate trouble due to evaporation of alloying constituents. Also, they do not
work well with austenitic stainless steels. More basic research is needed in this
general area of the protectiveness and failure mechanisms of oxide films, and the way in
which the structure and properties of the film are modified by additions of silicon,
aluminium, rare earths, mechanical working and surface treatments with glass-forming
materials such as borates, silicates and phosphates.

Similarly there is no good understanding of the nature of passive films in wet
corrosion. It is known that chromium plays an important part in stabilising the film,
but high chromium content is not the only requirement. The study of passivity by purely
electrochemical techniques appears to have become unproductive, but with modern
techniques for the study of the composition and microstructure of passive films it
should be possible to gain a better understanding of the factors determining resistance
to corrosion.

A final, and very important point needs to be made concerning the development of
alternatives to currently available stainless steels. This relates to the problems of
performance testing. Any attempt to engourage substitution must face perfectly
understandable scepticism based on doubts about extrapolating the results of laboratory
tests to service conditions. This applies both to newly developed alloys and to
coatings and linings. It is not always possible to anticipate all the factors which may
influence performance, some of which may not be adequately simulated in tests. Such
factors as the designs of joints, welds, deposition of sludge, alternating temperature
and stress, and minor impurities in the corrosive environment, may strongly affect
corrosion processes. Therefore any attempt to accelerate tests by using elevated
temperatures or environments of exaggerated severity may lead to unexpected
complications. Also, it is not always clear which kinetic relationship should be used
in extrapolating the results of short-term tests. The subject of corrosion testing is
confused and uncertain and systematic investigation is needed of the effects of various
test parameters on measured rates of corrosion. Community concerted action is already
taking place in this field in the technically difficult, but, from the point of view of
chromium consumption, less significant area of gas turbine materials {(COST 50).

5.4 Engineering Steels

The influence of the various alloying elements on mechanical strength over a wide
range of temperatures, and their effects on heat treatability have been extensively
investigated and are now well understood. For this reason, many possibilities exist for
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substituting chromium by other carbide-forming elements such as molybdenum, tungsten,
vanadium, manganese etc. without sacrificing performance. Addition of chromium is,
however, among the cheapest methods of securing the required mechanical performance, and
substitution, though frequently quite practicable, will usually lead to a substantial
increase in cost at current metal prices. Computer programmes are available for
selecting the minimum-cost composition for a particular specificaton at a given set of
prices?.” The optimisation would, of course, lead to different compositions if the

price of chromium were to change substantially, but the programmes could presumably be
modified to minimise chromium content irrespective of price.

There has been a general movement in recent years by large consumers of alloy
steels (e.g. the automotive industry) towards leaner, more cost effective alloys.
Because of the high level of investment in production lines, any changes in production
techniques required because of a change in steel composition would be difficult and
expensive. This is another factor which would cause user resistance to substitution.

Considerable savings in chromium are clearly feasible in this field using existing
knowledge, but there would be a substantial cost penalty. The American survey suggested
that about 10% of the chromium used in this sector could be eliminated in the short
term, and a further 60-70% over a 10 year period. Substitution would be difficult in
the area of turbine steels and high temperature materials.

5.5 Tool Steels

Tool steels probably account altogether for less than 3% of total consumption of
chromium. About 40% of this is for high-speed steels, and most of this, and also the
rather smaller demand for cold-work tool steels, could probably be eliminated by using
sintered cobalt carbide materials which contain no chromium. The main area where
substitution does not seem to be practicable is in hot-work tools, which account for
about 20% of the chromium used in this group. Sintered carbides may not be suitable in
all cases, and they would certainly be much more expensive than high-speed steels.
These materials are vital to the engineering industry, but because they account for such
a small share of the market there would be little incentive to minimise chromium
consumption. If substitution did become necessary the supply position of some of the
alternative materials involved, such as cobalt, would have to be taken into
consideration,

5.6 High Performance Alloys

Because of their military importance, these materials have been energetically
developed, and few promising lines remain unexplored. There is some incentive to reduce
chromium content because this increases strength at the highest temperatures, and
coatings already developed make it possible to use materials wirich otherwise would have
inadequate resistance tc hot corrosion. These coatings consist largely of aluminiun and
titanium compounds. They often have limited lives, which may be shorter than the creep
lives of the basic blade materials, and they can be extremely brittle. Ceramic coatings
carry an even greater risk of exposing inherently unsatisfactory material if the coating
fails, but some development is proceeding, as also with blades or entire roators
consisting entirely of ceramic materials. The use of coatings is not yet considered
adequate to reduce chromium consumption because of the risk of ccating failure, and the
use of ceramics is unlikely to occur in aero-engines for many yzare<. Progress in this
field will prubably continue to be slow, and there is little prospect of suhstantial
savings of chromium in the short term. The problem of lead-times for intruducing new
materials is also particularly difficult, because data from accelerated tesis or tests
in simulated operating conditions carry little conviction. As mentioned carlier EEC
concerted action already exists in this field (COST 50).

The remaining materials comprise a number of ratlier exotic alloys used 1n
chemical and nuclear plant, electric resistance heaters etc. Chromium is again
indispensabie in the great mojority of cases, and substitution is difficult except where
there is scope for clad materials. Carbide resistance heaters can be substituted for
nickel-chromium in some cases. There is a certain tendency to over-specify, ana
aluminium-containing ferritic stainless steels may make it possible tc reduce chromium
contents for less onerous service conditions.
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5.7 Refractories

5.7.1 Refractory Bricks

In Chapter 4, it was seen that consumption of chromite in refractories is
declining, partly due to the obsolescence of the open-hearth furnace, but also because
of trends towards the replacement of chromite by other materials. For example, in the
electric arc furnace increased use of high purity magnesite and conversion to water-
cooled panels in hard driven furnaces are both reducing the demand for magnesite-
chromite. The opposing trend towards the use of magnesite-chromite in arc furnace roofs
may also be reversed by conversion to water-cooling in the largest furnaces,
particularly if there is an increase in the demand for steel. It is clear, therefore,
that adequate alternatives to chromite are available for use in the arc furnace. There
is a movement towards dolomite in the AOD process, but magnesite- chromite is still
preferred in some secondary steelmaking ladles where the slags are silicious. In a few
cases non-availability of chromite could be a problem, but tonnages are small, and the
problem could be overcome by the development of synthetic magnesium aluminate spinels.

Replacement of magnesite-chromite would present the greatest difficulties in non-
ferrous metal refining. In the event of a chromite shortage, the most promising
alternative ‘would be a synthetic magnesium alumino-silicate spinel. The necessary
development work could be carried out easily within the industry, and indeed the British
Ceramic Research Association are already doing some work in this field. The export
market for refractories in the non-ferrous metals industry is very important.

5.7.2 Foundry Sands

There are three refractory sands which are used in steel foundries. One of
these, olivine, is generally regarded as being less satisfactory than the other two.
Olivine is a basic material, and for this reason it is widely used for the production of
austenitic manganese steel castings. In the Community, the USA and Japan olivine sand
is mainly employed for this purpose, but in Scandinavia it is used for producing all
types of steel castings as well as iron castings.

The other two refractory sands, chromite and zircon, are much closer together in
properties. Indeed, they provide a classical example of how substitution takes place in
industry because of primarily economic forces. Zircon sands were introduced in the
1950's and they substantially improved the quality of steel castings. Zircon sands are
fine-grained, highly refractory, and offer good resistance to metal penetration. A
particularly important characteristic of zircon sands is the consistency in purity and
foundry behaviour. This is their main advantage over chromite and many foundrymen were
reluctant to change from zircon when chromite sands were introduced, in spite of the
fact that chromite was cheaper and gave improved resistance to metal penetration. In
the UK chromite gained wide acceptance during 1968 and 1969 but it was not until 1973,
when the price of zircon increased dramatically, that many foundries which had resisted
changing to chromite finally did so hecause of economic necessity.

Zircon has suffered from price instability due to the fact that it is a
co-product of rutile, and production was relatively small. The very steep price rise in
1973/74 was due to an increasing world demand without a corresponding increase in
production. More recently increased production capacity in Australia and user
resistance to high prices combined to produce a supply surplus, and during 1978 there
was some growth in the foundry market because it was again competitive with chromite.
Changes in relative prices and consumption of the refractory foundry sands in the UK are
illustrated in Figures 9 and 10.

In summary, this does not appear to be a priority area for R and D. A
satisfactory substitute for chromite exists which is much less vulnerable to political
pressures.

5.7.3 Recycling of Refractories

Destructive consumption of refractory brick in steelmaking is increasing because
of the use of the electric arc furnace and the AOD process. Nevertheless, when a
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furnace campaign is finished or a process vessel becomes redundant the material in the
lining may still have value. In the UK, for example, there are a number of reclaimers
who sort, clean and process used bricks and incorporate the reclaimed refractory with
fresh material for further service. In 1977 10% of the refractories in arc furnace
sidewalls were reclaimed, but the chromite content is not known.

Reclamation of silica sands is often carried out13, and reclamation of
chromite and zircon sands would at first sight seem an even more attractive proposition
because of their higher cost. Recovery is inhibited, however, by the need to separate
the silica backing sand. When chromite alone is used as a facing sand more severe
fusion occurs than is the case with chromite-zircon mixtures and the used chromite is
less suitable for re-use.

Although chromite could be conserved by reclamation of used refractory bricks and
foundry sands, the availability of adequate alternatives makes substitution a more
attractive proposition. Larger total savings could be accomplished, and substitution
would be less expensive and technically easier to accomplish.

5.8 Electroplating

5.8.1 Alternatives to Chromium

It is not easy to find a satisfactory electroplated alternative to decorative
chromium plate. The only realistic substitutes are varijous alloy plating systems based
on tin. These systems were developed for "barrel" plating of large numbers of small
components, where the efficiency of chromium plating is often less than 10%. The
chemical costs are much higher, but there are savings in labour costs in avoiding
jigging of small components in a conventional plating bath. The alloy systems are not
economically viable for large components, and there are other disadvantages also. The
most widely used system is cobalt/tin, for which two commercial processes are available.
One of these uses an acidic electrolyte containing fluoride, and this has given rise to
effluent control problems. The other process uses cobalt and stannous salts in an
alkaline solution containing an organic complexing agent which acts as a
stabiliserl4, This system appears to have become established as a possible
alternative to chromium, although the deposit is darker, softer and less wear and
scratch resistant. It has distinct advantages over conventional chromium plating for
small components and complex shapes. Another alloy system is tin/nickel, but this is
also based on_fluoride, and produces a brittle, pink-coloured deposit. It has its
application515 but is not really a satisfactory substitute for ‘decorative chromium
plate. In view of the fact that decorative plating cannot be considered to be a
critical end-use, and that tin is also under consideration as a critical metal for which
alternatives must be found, there is not a strong case for recommending R and D into the
further development of these alloy plating systems.

There are several possible alternatives to hard chromium, although none is able
to provide all of the desirable properties for which chromium is valued. Nickel can be
deposited by chemical reduction, and in this way the difficulty of obtaining deposits of
uniform thickness by electrodeposition can be overcome. Such electroless nickel
coatings have been developed over the past 25 years for engineering applications. The
standard process uses sodium hypophosphite as a reducing agent to deposit a nickel/
phosphorus alloy containing 7-11% phosphorus. As deposited, the coating is not as hard
as chromium, but it can be hardened by heat treatment to give a comparable hardness.
There is a newer process which uses boron in place of phosphorus, and produces a coating
with better high temperature hardness.

Electroless nickel coatings can be used as a substitute for hard chromium in many
applications with complete success. There are some disadvantages: e.g. it is fairly
costly, which is not so important for plating of a small number of articles, but in a
repetitive process e.g. piston rings, jigging cost is lower per article plated and then
the plating cost becomes relatively more important. The main disadvantage with
nickel/phosphorus is the slow plating rate, and the general consensus of opinion is that
the layer is not so wear resistant as hard chromium, An evaluation of the relative wear
characteristics has been carried out by Tope et allé. In general it can be stated
that electroless nickel is advantageous when plating ‘complex shapes, or when only a few
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components require processing, while hard chromium is preferable where operating
temperatures are high and a low coefficient of friction is important.

Another possible substitute for hard chromium is an electrodeposited heavy nickel
layer. Natural deposition of nickel gives quite a soft coating, but this can be
hardened by using doping solutions such as ammonium salts, some organic additives or
nickel sulphamate.

A fairly recent development consists of electrodeposits of nickel or cobalt
incorporating wear resistant materials such as carbides or alumina. Conventional
electrolytes are used with the finely divided ceramic powder in suspension. The powder
must be maintained in suspension by agitation of the solution, so that the process
requires a greater degree of control than normal electrodeposition. Nevertheless the
costs are reported to be of the same order as those of hard chromium platingl/.
Although chromiun carbide is the most common ceramic in these deposits, many others have
been used. A cobalt-based chromium carbide composite having excellent wear-resistant
characteristics at temperatures up to at least 800°C has found extensive use in the
aerospace industryle, but these materials have not yet penetrated other markets.
Metal-ceramic coatings can also be deposited electrolessly which has advantages for
surfaces of complex geometryl9d.

In applications where aluminium can be used a wear resistant surface can be
imparted to the metal by hard anodising. Using a refrigerated sulphuric acid
electrolyte (0-5°C) and voltages of up to 70 V a dense oxide film is produced. The
hardness is about the same as electroless nickel deposits, but wear resistance is much
better than might be expected from the hardness, and it has been claimed that a hard
anodised aluminium bearing surface is as good as hard chromiuml7.

The properties and applications of various possible alternatives to hard chromium
are summarised in Table 25.

5.8.2 Conservation of Chromium

Losses of chromium in electroplating can be reduced either by development of
higher efficiency plating processes or by recycling. Technology is under development in
both these directions, but the plating industry is conservative and commercial
acceptance of new processes is not easy to achieve.

5.8.2.1 Alternative Proucesses

Trivalent chromium plating is an alternative which offers several important
advantages over conventional hexavalent chromium baths. The technology is reviewed in
detail in the Dutch report (Appendix B). Chromium consumption is reduced because
plating can be carried out from a much more dilute solution, and consequently spray and
drag-out losses can be as much as an order of magnitude smaller. Another important
advantage is that the throwing power is much better, so that the deposits are much more
uniform in thickness and complex shapes can be plated more easily. Current
interruptions, which cause problems in hexavalent plating have no adverse effect. Also,
trivalent chromium is far less toxic and posses fewer health and safety problems in the
factory and in disposal of the effluent.

Despite these distinct advantages, trivalent chromium plating has only achieved
limited commercial acceptance. There are two commercially available systems for
decorative plating. One is a wholly inorganic solution developed by the British Non-
Ferrous Metals Research Association (BNF)}, and the other, more successful one is a
solution developed by Albright and w1]son20 which uses an organic complexing agent
for the chromium. An important disadvantage of all trivalent baths is that at the
present time it is not possible to get a thick enough layer for engineering purposes
because the deposit loses coherence as it gets thicker. Its use is therefore restricted
to decorative plating, and hence the darker colour of the deposit has met with market
resistance. It should be emphasised, however, that the question of whether the colour
is more or less attractive than that of conventional chromium deposits is a subjective
one. The baths are more difficult to control, and therefore good housekeeping and
analytical control problems are greater than miny plating companies find acceptable.
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Also the conventional process is very robust and will stand the presence of metallic
impurities, while trivalent baths are very susceptible to impurities. The cost of
chemicals is higher, but effluent treatment should be cheaper, and jig loading can be
increased. Overall it is claimed that the method can be more cost effective, especially
for plating complex shapes.

If it were possible to develop a trivalent hard chromium plating process
substantial energy savings could be made. On valency considerations alone electricity
consumption would be half the amount used in the hexavalent process, and on the basis of
past experience an improvement in current efficiency could also be expected. In
addition to improvements in the efficiency of chromium deposition, there would be
prospects of further chromium savings because at the present time it is necessary to
grind back to size hard chromium deposits because of the uneven deposit from hexavelent
chromium baths.

Chromium conservation can also be promoted by improving the corrosion resistance,
and therefore extending the lifetimes, of hard chromium plated components. The problem
is to overcome the risk of corrosion caused by macro-cracking of the deposit without
adversely affecting the resistance to mechanical wear. Some work has been carried out
on satisfying these requirements by "double hard chromium plating"2l. In this
technique a thin crack-free layer of less than 10 wm is deposited underneath a much
thicker microcracked coating of about 50 um thickness. This topic is also discussed in
aetail in the Dutch report.

Vacuum deposition processes such as ion plating should be much more efficient in
the use of materials than electroplating. Ion plating is capable of producing highly
adhesive films with good uniformity and grain structure<¢., It is possible to
produce films of any metal or alloy and hard coatings of refractory metal nitrides and
carbides. The dimensions of the vacuum chamber limit the size of components which can
be treated, but chambers as spacious as 3 m long and 2 m diameter are currently
operational in the USA. Capital investment is high, however, and, because of the batch
nature of these processes, it is difficult to envisage successful competition with the
high throughput plating industry.

5.8.2.2 Recycling

Recycling of drag-out solution can be carried out by using a counter-current
rinsing system and some method of concentrating the solution for return to the plating
bath to replace evaporation losses. The simplest method is to concentrate the solution
by evaporation. This is done in a process developed by Corning in the USAZ3. The
equipment includes a rising film evaporator in which a very fast rate of heat input into
a thin film of the solution is achieved, thereby minimising solids precipitation or
crystallization on the heat exchanger surfaces. The system operates under reduced
pressure to lower the boiling point of the solution. Using this method, chromium losses
in a large decorative plating plant in the UK have been reduced to 5%. The capital cost
of the plant was recovered in 11 months of operation, in reduced chromic acid
consumption and savings in effluent treatment costs. The drawback of this system is
that it also concentrates impurities, but in practice this has not caused any problems
and no build-up has been observed of metals such as iron, copper, nickel or trivalent
chromium. If accumulating metal impurities are likely to be a problem a cation
exchanger can be used for purification of the recovered chromic acid.

Alternatively selective methods of concentration such as reverse osmosis or
electrodialysis can be used for chromium recovery. A lTot of development work is still
needed on membrane systems and reduction of energy consumption. An electrodialysis
system is described in the Italian report (Appendix A).

In all the member countries the electroplating industry includes a large number
of small "jobbing" platers. High technology approaches to reducing wastage are not
appropriate here because of the lack of capital to invest in recycling processes. An
alternative solution is to collect the sludges from pollution control system for
centralised recovery of metals. In Italy Fiat has studied this concept and developed a
hydrometallurgical process for recovery of copper and chromium from sludges,
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(Appendix A) and centralised treatment has also been investigated by Warren Spring
Laboratory for application in the Birmingham area of the UK.

In the UK the first step was to carry out a detailed survey of wastes in a region
where the metal finishing industry is highly concentrated. This survey was carried out
by Warren Spring Laboratory in cooperation with the West Midlands County Council and the
Severn Trent Water Authority. Samples of sludges were collected for analysis and
estimates were made of the quantities of metals in the wastes in the area surveyed. The
survey indicated that in a clearly defined area of about 100 square miles to the west of
Birmingham about 170 tonnes/year of nickel, 140 tonnes/year of copper and 226 tonnes/
year of zinc could be recovered as metals or salts from these wastes. The sludges also
contained about 150 tonnes/year of chromium, but recovery of this metal was not
considered to be economically attractive because of the need to separate chromium from
iron. In the event of a shortage, however, no doubt recovery of this chromium would be
attractive.

It was estimated that a centralised plant to treat these wastes would cost about
£2 millions, excluding land, and assuming that capital was available at 12% the process
could break even if a charge of £10/tonne were made for disposal of the wastes. The
value of the recovered metals would be of the order of £800,000 at mid-1979 prices.

5.9 Leather Tanning

5.9.1 Alternatives to Chromium

Many metals have been tested for their tanning capacity, but in fact very few are
satisfactory and none is as good as chromium. Aluminium and zirconium seem to be the
most suitable possible substitutes, iron has been used but is much less satisfactory
because of a tendency towards staining. Aluminium tanned leather tends to revert when
wet and is degraded by perspiration, while zirconium is initially very good but suddenly
de-tans. The tanning industry has expressed some interest in aluminium tanning, because
it has a significant advantage over chromium in that a white tannage is produced. So
far no satisfactory system has been developed, although there is some limited commercial
application of re-tanning vegetable tanned material with aluminium in the UK but this
only amounts to about 0.5% of production. There is interest in the use of aluminium
tannages in several leather research centres in the Community. CSIRO in Australia have
done some work on chromium and zirconium combinations with a view to reducing chromium
consumption. 1t appears that the USSR may be furthest ahead in zirconium tannage but
linguistic problems make it difficult to monitor their work with any precision. There
is a textbook on zirconium tannage published in Russian in 1972; a translation into a
more familiar language would be useful.

Various synthetic substitutes for leather have been introduced, hut their success
has been limited to ladies’' fashion shoes. The attempt by Dupont to introduce a porcus
PVC substitute called Corfam a few years ago is well known, but this was not a
commercial success and the process was sold to an Eastern European country. No
synthetic material has yet been able to fully reproduce the desirable qualities of
leather, particnlarly for men's shoes. Also there has not been a sufficient price
differential between leather gnd synthetic materials to encourage substitution. It nas
to be admitted that it is possible to make synthetic materials which are mere uniform in
properties, and it is, therefore, possible that in the future a more successful
substitute material could he found.

£.9.2 Chromium Conservaticn and Recycling

There are substantial losses of chromium in effluents from the single bath
tanning processes. Efficiencies of chromium uptake vary from company to <ompany
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according to the details of the process used and the thickness of the hides, but on

average Tosses of about 25% appear to be representative of the industry in most
countries.

A comprehensive study of methods of reducing chromium wastage in the tanning
industry has been carried out by the British Leather Manufacturers Research Association
(BLMRA). Case studies were carried out in tanneries which had installed systems to
recycle spent liquor to the main tannage. It was found that the average chromium saving
in five bovine leather tanneries was 15%. In two cases the total operating costs (with
capital investment depreciated over 5 years) were compared with savings in chemical
costs. There were great differences between the two cases in size and type of
operation, but there was an overall saving of about £1 per tonne of limed hide during
the first 5 years. Thereafter the net savings in processing costs should continue to
improve when the capital investment has been written off and the price of chromium
chemicals continues to rise.

The alternative method of re-using the chromium content of spent tanning liquor
is by precipitation of the hydroxide, separation of the solid and re-dissolution in acid
for a subsequent tannage. BLMRA have confirmed the findings of TNO24 in Holland
that magnesfa is the most attractive precipitant for this purpose. Pilot scale
experiments in four UK tanneries were very successful, showing that magnesia produces a
dense, easily dewatered precipitate and leaves low residual concentrations of chromium
in the supernatant liquor.

The general conclusion from this work is that recycling of spent tanning liquors
can quite easily increase the chromium uptake to 80-85%, and that there is an econcmic
incentive to do so. It is feasible to achieve 95% uptake but the plumbing cost wouid be
high. Some companies have already increased their efficiency of chromium use, but it
needs capital investment and this may inhibit progress in other areas. The alternative
method of precipitation of chromium hydroxide for subsequent re-use also looks
attractive, but commercial application is at an earlier stage of development. In either
case there does not appear to be a requirement for much further R and D.

An alternative method of chromium tanning, in which it is claimed that the
chromium uptake is as high as 98%, has been developed by Garverforsggstationen in
Copenhagen on behalf of the Nordic Leather Research Council25, The technical
details are confidential, but the method is based on "know-how", using commercially
available chemicals in conventional equipment. It is used on @ routine basis in seven
Scandinavian tanneries and in a tannery in another EEC countryZ6,

5.10 Pigments

5.10.1 Alternatives to Chromium

The high toxicity of both lead and hexavalent chromium has led the paint and
pigment industries to consider and use a large number of alternative pigments,
particularly organic azo compounds, which are much less toxic. Some properties of a
number of alternatives to lead chromate are summarised in Table 26.

Alternatives are available for all colours, and the main loss in moving away from
inorganic pigments is in opacity. There is also a cost penalty, but not necessarily as
severe as the relative prices in Table 26 suggest because the cost of pigment in a
specific finish depends on shade and tinting strength.

Finding a substitute for a chromate pigment for a particular application which is
satisfactory in all respects might be quite difficult; a study of pigments for
automotive finishes in the USA was able to recommend only 13 out of 79 pigments listed
as being potentially suitable for this purpose27. The use of chromates in the
passivation of zinc plated or galvanised surfaces would also be difficult to replace.
Phosphate treatments are sometimes used, but they do not give the same resistance to
surface corrosion. Nevertheless new pigments are continually developed by the chemical
industry, and there appears to be no real need for additional R and D in this area.
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TABLE 26. - Alternative Pigments to Lead Chromate

) Approximate
Chemical Type Shade Opacity Durability Price (relative
to lead chromate)
Inorganic
lead chromate bright high moderate- 1
high
yellow iron oxide very dull high high 0.25
nickel titanate low intensity moderate high 2-3
cadmium sulphide bright high moderate 4-8
Organic
arylamide bright Tow- moderate 4-7
moderate
disazo, benzidine bright Tow Tow 6-8
condensed azo bright moderate  moderate- 20-25
high
flavanthrone dull Tow high 40

5.11 Timber Preservation

Alternatives to the CCA preservatives exist (e.g. creosote, metal naphthenates),
but they are less cost-effective because the guaranteed lifetime of the treated wood is
shorter. The CCA compounds can be fixed without chromium, but the cost would be higher.
Research into alternatives to CCA is being carried out in industry, motivated largely by
concern about the use of arsenic, but the effectiveness of alternatives has not yet been
proven in the field.

5.12 Corrosion Inhibitors

There has been some decline in the use of zinc/chromate inhibitors because of the
high cost of chromate removal from the cooling tower blowdown. The most successful
alternatives is a zinc/phosphonate inhibitor containing 4-6 g/m3 zinc and 10-30 g/m3
phosphate, the concentrations depending upon the hardness of the water. The use of
zinc/polyphosphate is less popular because of the possibility of reversion to
orthophosphate and the subsequent precipitation of calcium phosphate.

6. CRITICALITY

Criticality is difficult to define precisely but for the purposes of this study
it is seen as a measure of the technical and economic impact on specific end-uses of the
non-availability of chromium and the significance of these end-uses for the economy as a
whole. It is therefore a rather complex concept involving inter alia market share,
importance of application, and difficulty in finding an alternative. It is important to
distinguish between criticality and vulnerability, which as indicated in Chapter 2, is
related to potential threats to the supply of chromium-bearing raw materials to the
Community. Materials such as chromium, tungsten, silver and tin were chosen as subjects
for case studies because they were perceived to be highly vulnerable. It is beyond the
scope of this report to discuss the political reasons for this decision, but rather to
accept that a degree of vulnerability exists and to decide which end-uses are the most
critical. Only in this way can priority topics be identified for inclusion in a
research programme.

There are a number of important aspects to criticality which can be discussed
qualitatively, although it is not possible to compare their relative importance in
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rigorous economic terms. Perhaps the easiest to appreciate are the purely technical
considerations which were discussed in the previous chapter. For example, adequate
alternatives to chromite are available in most of its refractory applications, and the
price structure is such that a considerable degree of substitution has already taken
place. Similarly chromium could .be largely eliminated from engineering steels, although
there would be a substantial cost penalty, and reasonably satisfactory alternatives
exist in many of the chemical applications. Such applications cannot be considered to
be critical in the context of the present study.

The situation is less straightforward in the applications having requirements
which cannot in the foreseeable future be satisfied by chromium-free materials. 1In
these circumstances other factors such as market share, impact on employment,
environment etc. must be brought to bear on making judgements. Stainless steels are the
biggest single user of chromium, accounting for just over half of Community consumption.
Although chromium cannot be eliminated, there are possibilities, albeit rather long-term
ones, of reducing the proportion needed in some alloys. Because of the large market
share, quite small reductions in the proportion of chromium used could result in large
savings in consumption. Not all uses of stainless steel, however, can be regarded as
critical. If it is assumed that the UK consumption pattern is reasonably
representative, then one third of stainless steel production is used in process plant
and power generation. These are basic industries, of vital importance to general
economic activity, and therefore availability of chromium is highly critical. On the
other hand a large proportion of chromium demand goes into applications which are by no
means essential, and are open to substitution without much technical difficulty or
expense. Indeed many of these uses have developed as a result of the kind of commercial
efforts to penetrate new markets which were mentioned at the beginning of Chapter 5.
Examples include the stainless steel used in many consumer goods, catering equipment and
transport. It is difficult to put a precise figure on the amount involved, but possibly
30-50% of the consumption of stainless steel could be sacrificed if a serious emergency
required that chromium should be conserved for more critical uses.

There are other applications which use relatively small quantities of chromium
but are no less important to a wide range of industries. Examples include hard chromium
ptating, tool steels, and high performance alloys, each accounting for only a few per
cent of consumption. Because of the small quantities involved it would be reasonable in
a crisis to divert chromium saved elsewhere into these critical applications if
substitution proved to- be very difficult. This would be the case for tool steels and
superalloys, and it would be sensible to concentrate R and D efforts on other areas
where success is more likely.

It is possible that any pressure on chromium supplies might not apply equally to
ferroalloys and chromite ore. Because of inadequate ferroalloy capacity within the
Community any shortfall in supplies would have to be met by savings in the metallurgical
sector even if chromite were still available. Similarly a situation can be envisaged in
which the chromium needed for hard surfacing would have to be provided by savings in
other chemical end-uses. Thus chromium saved by sacrificing a non-critical application
might not be available in a form suitable for use in a more critical one, and it would
be wrong to reject R and D in applications such as electroplating or leather tanning
simply because the consumption of chromium is relatively small. Potential savings might
be of the same order as in more obviously critical applications, and the chromium saved
could be used, for example, in hard plating or the manufacture of superalloys. In a
sense criticality is a double edged concept because in the field where the largest
savings in chromium might be possible much of the saving could be realised simply by
sacrificing the application, while in the really indispensable applications research
could confer much greater benefits by relieving the pressure on critical industries, but
the savings would be smaller.

The remaining uses of chromium, e.g. decorative chromium plating, leather
tanning, pigments, are less obviously critical and no doubt could be sacrificed to a
large extent if circumstances demanded it. Nevertheless it cannot be denied that
disruptions in chromium supply would have a strong impact on the industries involved,
and there could be serious social consequences. Also, though not strictly related to
criticality, there are environmental factors which cannot be ignored.
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The effects of a chromium shortage on employment are not easy to assess. Table
27 provides data on the numbers of employees in the primary chromium-using industries in
the Community. The total of just under 2.8 million is about 10% of employment in all
manufacturing industries. Not all these employees will be involved in chromium-
containing products. In Italy, for example, it is estimated that only 3% of workers in
the steel industry and 8% in the refractories industry handle chromium (Appendix A). It
is not possible, using published statistics, to make an estimate of the numbers of
employees in the user-industries who are directly involved with chromium-bearing
materials (e.g. stainless steels and other alloys, leather, pigments etc.) The only
real conclusion that can be drawn from employment statistics is that they confirm the
relative importance of the metallurgical applications.

TABLE 27. - EEC Employment in Chromjum-Consuming Industries, 1973

NACE Employees Employees
Classification Industry thousands %
22 Production and Primary 1655.9 60
Processing of Metals
248 Manufacture of Ceramic 332.2 12
Goods
311 Foundries 354.2 12
313 Secondary Transformation, 356.4 13
Treatment and Coating of
Metals
441 Tanning and Dressing of 76.8 3
Leather
Total 2765.5 100

Source: Furostat Quarterly Bulletin of Industrial Production 3-1976.

Finally it is relevant to consider briefly the adverse environmental impact of
the use of chromium. This really only applies to the chemical applications, and needs
to be taken into account as a factor in making recommendations for R and D only in the
cases of electroplating and leather tanning. Electroplating conventicnally uses
chromium in the hexavalent state, in which it is highly toxic, and wastage in the
industry is high. Techniques are available for recycling effluents, or reducing the
chiromium to the much less toxic trivalent state, but the hazards involved in handling
chromic acid are not eliminated. This problem does not arise in leather tanning, which
mostly uses trivalent chromium solutions. If it were decided that tanning was not a
critical use of chromium which could be sacrificed in a crisis, a very considerable
waste d7sposal problem would be created in the form of useless hides. Another point
worthy of consideration is that leather is a renewable resource indigenous to the
Conmunity, whereas synthetic substitutes are oil-based. The industry therefore has an
importance which is not reflected in its relatively small market share.

To summarise, there is no doubt that stainless steels, in at least 50% of their
end uses, are highly critical materials with a fundamental importance to a wide spectrum
of industries. Other chromium-containing alloys, such as tool steels and superalloys,
can also be regarded as critical materials, but because of their small market share and
the difficulties of substitution, maintenance of chromium supplies to these end-uses is
regarded as essential. The refractory applications of chromite are important, but not
critical because most of the chromite used could be replaced by alternative materials on
the basis of present knowledge. For various reasons the criticality of electroplating
and leather tanning is greater than is apparent from their merket shares, and a search
for substitutes is highly desirable, although less important than in the stainless steel
sector.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Potential Savings of Chromium

Four methods of reducing the Community's chromium consumption can be recognised.
The first is to carry out long-term R and D Teading to technologically acceptable
substitute materials containing either no chromium or a substantially smaller proportion
of chromium. This would be the basic aim of a Community R and D programme. Secondly,
there is the possibility of substitution without loss of performance on the basis of
existing knowledge, with little or no requirement for R and D although possibly there
might be a substantial cost penalty. Recycling of chromium-bearing wastes offers
prospects for making small savings, particularly in the chemical applications sector.
Finally non-critical end-uses could be sacrificed and replaced by lower-grade and less
convenient but nonetheless adequate alternative materials. Estimation of the quantities
of chromium which might be saved by these methods is very difficult, and the following
is no more than a very rough guide to the maximum savings that might be achieved, based
upon the discussion in Chapters 5 and 6.

Reduction of the chromium content of stainiess steels, while retaining adequate
performance characteristics, would require long-term R and D. Assuming a successful
outcome to such research, it seems possible that around one third of chromium
consumption in these alloys could be saved. Alternatively sacrificial substitution
(i.e. using polymers, aluminium, mild steel with surface coatings etc.) in non-critical
applications could possibly save up to 50% of consumption. This could be done on a
shorter time-scale, but at the expense of substantial industrial disruption. Chromium
could be largely eliminated from engineering steels using existing knowledge, although
no doubt the changes would take considerable time to implement. Based on American
estimates? perhaps 80% of chromium consumption in these steels could be saved, but
there would be a cost penalty. Substitution for chromium in tool steels, superalloys
and other high performance alloys is not regarded as a realistic possibility.

There are already significant trends towards the replacement of chromite in its
refractory uses, and if necessary a 90% saving could probably be made. This could be
achieved with little or no research effort; there might be a cost penalty, depending on
the relative price fluctuations of the alternative materials.

In electroplating, a 70% reduction in consumption could be achieved by
elimination of wastage; in the case of decorative plating this could be facilitated by
adoption of trivalent plating baths. Hard chromium plating is regarded as a critical
end-use and substitution would not be easy. Some chromium conservation seems feasible
by improving the corrosion resistance of the coating and the use of electrodeposited
composite coatings of nickel with ceramic materials also seems promising. Potential
savings are difficult to estimate, but they would be unlikely to exceed 30% of chromium
consumption in the electroplating industry. Chromium could conceivably be wholly
replaced by metals such as aluminium and zirconium in leather tanning, although it is
perhaps unlikely that complete elimination of chromium would ever occur. Approximately
20% reduction in consumption could be achieved by improving the extent of recycling of
tanning liquors. All these developments would require R and D, fairly short-term for
reducing wastage, but successful substitutes would require a 5-10 year period of
development.

Chromium used in miscellaneous chemical applications such as pigments, wood
preservatives etc. could be sacrificed or replaced by more or less inferior or expensive
alternatives.

The potential savings of chromium are summarised in Table 28. It is emphasised
that the boundaries between the four methods of conservation are not well defined, and
in some cases they are mutually exclusive. There are, however, some useful observations
that can be made. Successful attempts to substitute for chromium in stainless and
engineering steels would save as much chromium as the sacrifice of non-critical
applications, and might in a crisis avoid the adverse impact of such sacrifice on
industry. Encouragement of recycling in the electroplating industry seems capable of
saving more chromium than substitution, but the opposite is true in leather tanning.
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TABLE 28. -~ Potential Annual Savings in Chromium Consumption

tonnes of chromium

B O Tk bt
Stainless Steels 90,000 - 130,000
Engineering Steels - - 40,000 -
Refractories and - - 54,000 -

Foundry Sands
Electroplating <4,500 10,000 - -
Tanning 40,000 8,000 - -
Miscellaneous - - - 25,000

Indeed the possible savings that could be achieved if research into alternative tanning
systems were successful is very high in relation to its market share. The overall
outcome of a successful R and D programme would be a 25% maximum saving in chromium
consumption in the Community. In addition substitution on the basis of present
knowledge and some sacrifice of non-essential uses could increase the potential savings
to 50%.

7.2 Proposals for a Research and Development Programme

There is a danger that the figures mentioned in the previous section might give
the impression that substantial reductions in chromium consumption will be easy to
achieve. This is not the case. The inescapable conclusion of the discussion in Section
5.1 is that it is very difficult to force substitution to take place even when
alternative materials with attractive properties are available. Chromium is difficult
to replace in many of its applications and where this is the case the short term
prospects for finding satisfactory substitutes are poor. In the longer term (say 10-20
yvears) it is possible that some progress might be made, but R and D will need to be
carried out at a fundamental level, and close scrutiny of projects will be necassary to
ensure that the aim of eventual industrial application is kept in sight. To be
realistic the probability of success is not high and it is suggested that the budget for
an R and D programme should he modest. Another important point which is emphasised is
that it is not rational to sucyest reducing Community dependence on cne vulnerable
material by trying to promate new uses for another one which is also deemed to be at
risk. This means that substitution of such metals as cobalt, tungsten and tin for
chromium should not be encouraged.

After careful consideration of all the factors involved there are several areas
where it has been decided not to recommend R and D. These are listed below, with the
reasons Yor their rejection:

1. Engineering and Tool Steels

Considerable substitution for chromium in engineering steels is possible using
other carbide forming elements, although there would be a cost penalty. Sintered
carbides could be used in p’ace of a high proportion of tool steels. These materials
use cobalt as a hinder, but nickel could be used in its place. Tne potential for saving
chromium in theso steels is small and it would be better to concentrate efforts in other
areas.

2. Superalloys

These materials have been energetically deveioped and few promising lines of
research renain unexplored. Industry is deeply engaged in this work and the prospects
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for making a siqnificeat ipact szem small. Also thare are “mportant military
apulications, ¢na this is a ragran “he “ownon Besearch Policy does not cover.

3. Refractories

With the decline of the oper-hearth furnace consumpticn of chromite refractories
in the steel industry has decreases, and furtner reductions in demand can be expected as
a result of trends taking nlace in the eleciric arc-furnace. Zircon could replace
chromite foundry sands, although chrom®te gives better steel castings provided the
quality of the ore is good. 1In general satisfactory substitutes appear to be available
in the refractories field and this is nol considered to be a priority area for R and D.

Experimental R and D programmes are recommended in three fields viz stainless
steels, electroplating and leather tanning. It w11l be necessary to discuss stainless
steels with representatives of DG III, and it is also recommended that National
Delegations to the Working Group should consult the relevant industries in their own
countries, because within the scopce of this study it has only been possible to seek the
views of a very small sample of companies.,

The research proposals are as follows:

1. Stainless Steels

Complete replacement of chromiun in alloys is not generally possible without
unacceptable Toss of performance, but there is some scope for reducing the amount
required to reach a desired specification. For example there has been some work in
several countries on reducing the chromium contents of stainless steels from 18% to
12-14% by adding aluminium, silicon or rare earths. Resistance to high temperature
oxidation can be maintained at lower chromiun contents, although other aspects of
performance are sacrificed. There is also a case to he made for fundamental work on the
reasons for the 12% minimum chromium content which is considered necessary for
resistance to both high temperature oxidation and wet corrosion. It is clear that this
is due to the formation and breakdown of protective films which is limited, not by
thermodynamic stability, but by the kinetics of diffusion within the alloy and by the
defect structure of the oxide film. Basic research is recomended in this area, paying
particular attention to the way in which the structure and properties of the film are
modified by additions of silicon, aluminium, rare earths, mechanical working, and by
surface treatments e.g. with boron, borates, silicates and phosphates. Invitations for
research proposals should be broadly drafted so as to encourage novel ideas, and
scrutinised by experts who would assess the probability of a successful outcome to the
research leading to the formulation of new alloys of lower chromium content and adequate
performance characteristics related to specified user requirements.

[t seems very likely that low chromium steels can be developed with equivalent
high temperature oxidation resistance to the standard grades currently in existence.
Such a development should be feasible within, say, 10 years because this type of work is
currently being pursued in several countries. Where the difficulty lies is in
developing a composition that can be produced by bulk steelmaking techniques and that
has good fabricability i.e. weldability and formability. This is vital to the
successful development of a material suitable for commercial use, but is sometimes
overlooked by alloy developers. It can take just as long, or longer, to achieve these
attributes as it does to develop the basic composition to resist an environment.

The prospects for success in producing low alloy wet corrosion resistant steels
seem poorer. Most research on wet corrosion appears to be moving towards the
development of even higher chromium contents in both ferritic and austenitic steels.

Introduction of new alloys is made difficult by the need for adequate performance
tests and lead-times are long. The possibility for introducing concerted action on
performance testing, such as exists in the field of gas turbine materials under COST 50,
should be explored.
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2. Electroplating

There is obviously scope and environmental pressure to reduce wastage in the
chromium plating industry. One way of improving the efficiency of chromium usage is to
use a trivaient chromium electrolyte. There are commercial systems available, but there
are disadvantages, including instability of the electrolyte, high costs and market
resistance to the colour of the deposit. Health and Safety consideratiors are the main
justification for research in this area, although it should be possible to reduce
chromium losses in drag-out solutions. On behalf of The Netherlands, TNO wish to
recommend research into trivalent chromium plating with the aim of making the method
more attractive to industry. Efforts to use trivalent baths in hard chromium plating
have not yet been successful, and some experts in the field believe that the prospects
for future success are not good. MNevertheless, in view of the critical nature of this
application, this would be a worthy Tong-term aim of the research, and new ideas should
be encouraged.

Although hard chromium layers are very resistant to wear there 1is room for
improvements in corrosion resistance. There is evidence to suggest that this can be
done by deposition of double layers and, by extending the lifetime of hard chromium
deposits, lead to conservation of chromium in this important application. At the
request of The Netherlands, research is also recommended on this topic, but it is also
suggested that novel proposals for the development of alternatives to chromium should be
encouraged. Nickel deposits incorporating wear resistant materials would seem to be a
particularly promising area for further research, whether deposited electrochemically or
by electroless methods.

3. Leather Tanning

Leather tanning is an important industry in two respects which seem relevant to
this study. It offers an outlet for hides which would otherwise pose a considerable
waste disposal problem. Secondly it is a renewable resource indigenous to the member
countries, whereas synthetic substitutes are oil-based, and in any case they do not
fully reproduce the desirable properties of leather. Long term research into the
fundamental chemistry of the tanning process could improve the results obtained with
metals such as aluminium and zirconium so that a satisfactory substitute for
chromium-tanned leather could be found. There would be other advantages particularly in
the absence of colour in the tannage, and research in this field is recommended.

The suggested budget for an indirect action programme is 4.1 mua over & period of
~ vears, of which it is expected that the Commission would pruvide a contribution of
50%. It is proposed that ‘he funds should be allocated as follows:

Staintess si:cls 2.5 mua
Elecireplating 0.8 miua
leather tanniny 0.8 mua

These figures do not include the cust of a concerted action programme on
rerformance testing.

7.3 _ Suugestions for Further Study

7e3.1 Recycling

Losses of chromium 1n effluentc are substantial in the electroplzting and leather
tanning industries, and conservation could be achieved by prometing recyc!ing in these
indystries. Tt 1s suggested that the Non-Ferrous Metals Working Group shouid Le asked
tn give consideraticn to the opportunities availabie. In particular thev should
investigate counter-current rinsing and m-thods of conceniration of chromic acid in the
platinc inaustry. Methods such as evaporation, reverse osmosis and electrodialysis
woule Le apaveenriate for larger companies, wil'e the cantralised “reatnent of sludges
«uuld hely the smaller "iobbing" platers. Of course, such methods are also avail=hle
for the reccvery of other metals, and chromium canndt be considered in isolation.



7.3.2 New Materials

Italy has suggested studies of ceramic materials, polymers and fibreglass-
reinforced resins as substitutes for chromium-containing alloys. The possibilities for
substitution are not restricted to chromium, however, and this opens up a new field of
study requiring information from -sources not covered in the present work. It probably
requires the construction of a property/consumption matrix for specific materials so
that substitution can be approached logically and priorities for R and D can be assigned
objectively. In other words metals, alloys and surface finishes would be characterised
according to their physical and chemical properties, price and tonnages used. The
relative importance of new materials could then be Judged by their position in such a
matrix. A similar method might be used to assess the potential of surface coatings,
cladding etc. in the conservation of alloying elements.

It is suggested that a case study might be carried out along these lines to
enable the potential of new materials to replace vulnerable metals to be assessed. The
recent proposal for a council decision on the adoption of a programme of research in the
field of clay minerals and technical ceramics contains some relevant research ideas, so
that the need for co-ordination is obvious.
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1) Introduction

Chromium and chromium-bearing materials are vitally

important commodities to industry in the EEC.

The Community's vulnerability lies in the fact that

98¢ of the reserves of chromium ore are situated in

politically sensitive areas (USSR, South Africa and

Rhodesia).

As far as end use is concerned the breakdown is
broadly in three categories:

Metallurgical

Chemical and Foundry Sands

Refractories

The purpose of the study is to investigate whether

or not a Community R & D programme might be capable

of producing alternatives applicable to important end-
uses of chromium, The first stage consists in the in-
terpretation of the available data, on consumption

and end-use patterns. Enown substitute materials

shall be identified and the economic and technological
impact of such substitution shall be discussed. The
information will be used to define critical end-uses,
and R & D proposals will be aimed at developing new

substitute materials for critical applications.

Clearly, there are difficulties in deciding the degree

of importance attachéd~ to the end products as measured



by profitability, added valune, employment, balance of
payments, future opportunities etc,

The intention, therefore, is to define scenarios
arising from absence or shortage of supply without,
necessarily, comparing their relative importance in

rigorous economic terms,

Chromium production in the world in 1972-73 was 3.3
millions of tons of chromite (Cr203) per year, The
breakdown per producer countries was:

- USSR 800,000 tons

- South Africa 700,000 tons

- Albania 280,000 tons
- Rhodesia 270,000 tons
~ Turkey 260,000 tons

- Philippines 230,000 tons



2.

Main-uses of chromium in Italy

The main uses of chromium are the following:
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The main chromium mineral is chromite [ﬁron and

magnesiumaluminium chromium = (Fe, Cr, Al)203

There are three main types of mineral

(Mg, Fe) O]

CHROMIUM CONTENTS % Cr203 CONTENTS &%
1 ETALLURGIC CHROMITE 33 L 8¢
CI'EMICAL CHROMITE 30¢% Lo,
REFRACTORY CHROMITE 25% 36%
AVERAGE MINERAL CONT. 31, -

As shown i:in the above table, from chromitm o
end products containing chromium are obtained

less steel or alloy steel, refractories, paint

re
(stain-

s, tanned

products, chromate products, etc.) using intermediate

produéts (ferroalloys with chromium, bichromat

acid, etc.). The production of these intermedi

e, chromic

ate pro-

ducts involves losses, as indicated in the table here-

under, which must be considered for a clear picture

of chromium consumption:

end use intermediate products % remarks
loss
steels ferroalloys with variable loss in fumes
chromium up to as dust
209%
refractories mixing 5% dust
chemical uses bichromate 15¢ 2C% | 8¢ 10% in sand
waste (sand);
the remainder
in waste water

There is to add to these losses the losses resulting

from the change from intermediate products to

ducts, as shown in section 5.2

end pro-




3) Consumption of Chromium in Italy

- Consumptions of ore chromite were:

vear 1669 1070 1671 1¢76 1977 1076
consump=-

tion in [160 0CO | 142 0CO | 261 000 | 232 000| 176 00¢ 76 00(
tons

NOTE: as an average, 1 Ton of chromite is equivalent

to 300 iilos of chromium,

These data give:- an idea of ore importations,

llowever, the total consumption of chromium in Italy

is hirher as we import not only the ore (chromite)

but also semifinished products (chromium-bearing-steels,
chromic acid, bichkromate, ferroalloys).

In particular, the data supplied by ISTAT (National
Institute of Statistic), Centro Inox, Assider and
Siderleghe give the following information:. on'import-

ations (+) or exportations (-):

year chromite ferroalloys(1) stainless| chromic| bi-
containing steel acid chroma
chromium te

1976 |+ 232,000 | + 44 000 t - 4100 t | + 500 T{-7600 T

1977 |+ 176,000 | 4+ 48 800 t + 2700 t | + 430 T{ -7200 %

1978 + 76,000 + 79 900 t -32452 t | - 170 T +1o,u9c

(1)Consisting mainly of " carburized ferro-chromium "
(cr = 60 - 65<) and " Charge Chrome " (Cr = 52 & 58¢)
and to a much lover extent of "refined and superwe-
fined ferro-chromium" (Cr = 75/), and "silicon-

chromium" (Cr = 60¢%).
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As indicated in the table under para, 2), the iron me-
tallurpgical industry accounts for approximately 3/4 of
the chromium used in Italy. Thus, it was deemed import-

ant to contact:

- Centro Inox, Milan (Center for the Study and Develop-
ment of Stainless Steel)

- ASSIDER, Milan (Iron letallurgy Industry Association)

- Siderleghe, iilan (Business firm dealing with the sale

of ferroalloys)

Stainless steel production in Italy has been character-
ized by a continuous and constant increase whereby the
production of inrfots and tapped products for casting
raised from 17,000 tons in 1955 to 450,000 tons in 1078,
The figure is equivalent to 1.8 ¢ of the total production
of steel in Italy. Considering that in a stainless steel
chrome is present approximately in the amount of 18,5%,

this means that 80000~ 82pootons/year of chromium are.

included in stainless steels,

The steels falling within the unified steels specified
by UNI technical standards (National Italian Unification)
and containing chromium are:
- alloy steels (chrome-manganese and chrome—vanadium)
- special alloy steels (silicon-chrome and silicon-

chrome-molybdenum)

- steels for ball bearings (chromium and chrome-

molybdenum)

- stainless steel and refractories (ferritic and
martensitic; austenitic)

-~ for special uses (Ni-Cr; Cr-Mo; Ni-Cr-Mo; Cr-V; Si-Cr-Nij



Cr-Si; etc.)

Another major consumption source of chromium in Italy is

the tanning industry. The National Tanners Association,

through its consultant Prof, Airoldi of the University

of Turin, supplied us with data on chromium consumption
in tannery.
Referring to 1975 data, we have:
Type of hide tons processed specific consumption| total total
(gr.CrZOB/kg. hide) consumption|consumption
T. Cr203 T. Cr
raw brined
fresh cow
or horse 290,275 25 7712 5275
raw dry or
half-tanned
sheep or geat 33,297 50 3046 2083
TOTAL 7358

As concerns

the consumption of the refractory products

industry, 25,000 tons of chromite were used in Italy in 1969,

There is a strong trend to reduce the use of refractories

containing chromium as the number of "Martin"

furnaces for

steel production (requiring chromium-base refractories)

is decreasing.

According to ANIR (Associazione Nazionale Industrie Refrattari)

estimates,

the Italian production capacity of basic refractories

(magnesitic and chromium—magnesitic) is 70,000 tons/year., The

actual production was:

48,000 tons in 1975; 59,000 tons in 1976; 50,000 tons in
1977; 45,000 tons in 1978,

The foreign trade recorded in 1978 the following trend:
imports = 30,000 tons/year; exports = 32,400 tons/year

60% of the production is chromium-magnesite, 20% of which is
represented by chromite; the l1atter's consumption in 1978

was 5,000 tons.



- As concerns the paints industry, the pigment consumption
for paints containing chromium salts, - chromium yellow,
molybdenum orange, chromium green - has been estimated
in 1972 in 5500 tons. Chromium $alts.are also used in textile
industries where are employed as base dye as well as in

particular in after- - Chromating fixing solutions.

- As concerns the galvanic industry, the increasing use of
plastic components in lieu of chrome-plated components, in
the automobile field as well as in valves, involved no
practical change in the consumption of chromic acid, In
Piedmont, where a high number of manufacturers in this
branch are located, the chromic acid consumption is at
present approximately 700 tons/year.

Furthermore, it is expected to replace the use of chromium

salts with cobalt acetate.

4) Industries in Italy interested in chromium

The main industries using chromium are:
- iron metallurgical industry (stainless and special steels)
- refractory products
- tanning industry (chromium tanning)

- paints industry

- galvanic industry

Using ISTAT's statistical data (which refer to the last indu-
strial census in 1971) and considering that a certain percen-
tage only of the employees of these industries does a work
connected with chromium handling (such percentage is based on
an estimate made by us), we have calculated the number of

employees whose work involves the handling of chromium.
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Industry ISTAT No. of % of workers No. of workers
classification| emplovyees handling chromium|handlinge
chromium
Iron-metallurgy 3.09.01 123 000
3% 3700

(cast iron,
steel and ferro-
alloy production)

Ceramic, gres 3.12.00 77 500 v B% ~ 6000

and refractory
products

Tanneries 3.06.01 24 600 tereees toeteet

Production & pro-
cessing of- non-fer-
trous metals 3.09.06 41,200

s 0 00 000 ee o008 00

Primary chemical
products product-
ion (chromium salts)3.13.02 73 000 ceresoes ceersoeson

lietal surface 3.10,47 29 300
and electro- cesseos e sessoeoe
galvanic treat-
ments

Total employees
of chromium
processing
industries

5) Substitution of Chromium

When wve talk about substitution of chromium we not only
mean the concept of substituting the metal with another,
but also the concept of preventing the use of chromium
o the recycle of processing or finished products waste
in order to recover the chromium,

In the case of the metal under consideration, there is
a double interest in recovering it from processing and

finished products waste (when there are finally disposed



— 1] —

of). In fact chromium,especially in the hexavalent form,
is particularly toxic,

Consequently, many industries, like the galvanic industry,
in order to prevent the costly purification treatments

of liquid and sludge waste, prefer not use chrome-platins
when this is not esseitial andi substitute it with other
materials,

The analysis supplies an evaluation of primary import-
ance for our study, i.e. where chromium is or is not.es-
sential for a certain use, The table on the following
pace shows, for instance, the evaluation of Centro Inox
on whether or not it is essential to use stainless

steel containing chromium in certain industrial ap-
plications, In many instances, the analysis of this
indispensability of the use of chromium will be the

scope of the researches proposed to the European Economic

Community, thus reference is made to paragraph 7).
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INDISPENSADILITY AND NON-INDISPERSATILITY OJ°
STEEL IN CERTAIN INDUSTRIAJ. APPLICATIONS

STAINLESS

Type of
industry

Applicntion requiring
stainless steel

Applications where astainless
steel is not indispensable

Metal processing

- hardeninr boxes and
similar

~ pickling and cleaning
- paintins boots

Chemical

- production plants of base
chemical products

- petrochemical industry

- plastic material ind,

- fertilizers, explosives,
paints, textiles, paper,
tannerv

Power

- electric resistances
~ nuclear plants

- steam turbines

« hyvpercritical boilers
- ros turbines

- power supply

- radio TV anerials and componen

- industrial boilers
- burners
- golar collectors

te

Pharmaceutical

~ base pharmaceutical
substances,Galenicals
etc.

Cosmetics and
parfumes

- production of essences,
aromas and oils

Textiles and

- weavingm

dyeing - bleaching
Food - milk -~ drinks (wine,beer, etc.)
- vegetable substances - milkins and tmtter processing
- icecreams - meat processing
- homorenized and baby food | = fishinr and fish processing
- bread and pastry - sacchariferous
- fruit - fodders
- animal fat and veretable - brend and pastry ovens
oils
Transportation - tail shafts, rudders - railwav cars and street cars
- airplane ennines -~ tankcers
- airplanes structures - containers
Building - outdoor metal components

- roof accessories
- bathrooem and toilet nccesn,
- barbers equipment
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illospitala

sterilization plants

surgery rooms and instrument.

necroscopy

Lquipment for
communities

house electricaul appliances
laundry and drycleaning
machines

bars, snackrooms, canteen
tables

larre kitcliens
laundries

kitchen Tfurnitures
washbasins

llouseliold cutlery
articles
Agriculture tobacco dessication and fertilizer, antipest and

curing

weed-killer

|Ecologic plants

waste incipngrators
furnace chains and carpets

desalination and demineral
izing

water purification
water collection
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Let's now see in detail the problems of substitution and
recyclc and recovery, The latters probably will be dealt

with in a special study.

5.1) Substitution

The major replacements concern the field of chromium-
steels, in particular of stainless steels,
There are several possibilities of replacement:
a) replacement of steels containing chromium withs
- Fe-=Al alloys with carbide dispersion;
- Ti=-Al compounds which seem to have good character-
istics at high temperatures (ﬁas turbine components);
see also annex A
b) replacement of steels containing chromium with
ceramic materials featuring:
- good abrasion resistance;
- good corrosion strenght;
- good oxidation resistance,
Generally, it concerns silicon carbides and silicon
nitrides, aluminium oxide, different borides, etc.
Research is suggested in all three directions mentioned

above from Fiat Research Center (see Annex B).

c) Another more radical substitution is the one adopted
by some industries (for instance, automobile factories)
where the chromium used for decorative chrome-plating
has been substituted with plastic components,
Considering that in a medium displacement car (1100 cc)
by substituting 560 dm2 approximately of chrome-
plated areu with plastic material, 20 grams of

Chromium are saved, and considering that in Europe
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