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SUMMARY

The aim of the research project was to gain a complete
and accurate accounting of the needs and deficiencies of
materials selection and design data, with particular
attention given to the feasibility of a computerised
materials selection system that would include application

analysis, property data and screening techniques.

The project also investigates and integrates the three
major aspects of materials resources, materials selection

and materials recycling.

Consideration of the materials resource base suggests
that, though our discovery potential has increased,
geologic availability is the ultimate determinant and
several metals may well become scarce at the same time,

thus compounding the problem of substitution.

With around 2- to 20- million units of engineering
materials data, the use of a computer is the only logical
answer for scientific selection of materials. The system
developed at Aston is used for data storage, mathematical
computation and output. The system enables programs to be
run in batch and interactive (on-line) mode. The program
with modification can also handle such variables as quantity
of mineral resources, energy cost of materials and depletion

and utilisation rates of stratecgic materials.

The work also carries out an in-depth study of copper

recycling in the U.K. and concludes that, somewhere in the




region of 2 million tonnes of copper is missing from the
recycling cycle. It also sets out guidelines on product
design and conservation policies from the recyclability

point of view.




"And the science which knows to what end each thing
must be done is the most authoritative of the sciences,
and more authoritative than any ancillary science; and
this end is the good of that thing, and in general the

supreme good in the whole of nature."

ARISTOTLE

(Metaphysics, Book 1)
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CHAPTER 1



THE MATERIALS SYSTEM

1.1 INTRODUCTION

Materials come from the natural environment; primarily
the earth's crust. They are processed to be used and
discarded by mankind.

Materials systems fall into two broad categories:

1) The Open System, and 1l1) The Closed System.

An Open System has three stages; supply, use and
disposal. Materials move from resources in the ground to
the pool of available supply. This supply stage of the
system consumes energy to extract materials and process them
for use. Main sources of this energy are themselves materials,
such fuels as coal, gas and oil. These fuels get consumed
in the use stage of the system. Most materials at this
point, except energy materials and some others which are
dissipated remain in the use stage for varying lengths of
time. For example, the average lifetime of a diséosable can
is a few weeks; most of the materials in an automobile are on
the average, retired after ten years. Some materials such

as concrete, iron or copper in a building, may remain in ‘use



for decades, or even centuries. The last stage 1is disposal,
in which material if not re-used is disposed ®ff in open

dumps, landfills or the sea.

In the Closed System, recycling introduces a recovery
stage. The recovery stage is a major factor and economies of
energy and materials and an enhanced environment, will be
the major contributions of this system in today's world.

A schematic diagram of the Closed System is shown in Fig. 1.1.

Control of materials flow lies with human institutions:
producers, consumers, technology and government. Consumption
determines the rate at which materials flow through the system.
Industrial output includes material goods and goods that are
allocated to services, like, houses, schools, hospitals and
banks. Demand for goods and services pulls at one end of the
system, activating the producing industries which transform
resources into materiads-and materials into goods and services
at the other end. The economy is the clearing house for

supply and demand between producers and consumers.

The last two parts of the system, technology and

government, directly influence other parts of the system.

Technology consists of the knowledge to turn resources
into materials and materials into goods. The development
and sustenance of processes, power generation, new materials

and new uses for familiar materials.

Through economic and fiscal policy, regulations and

research, government affects the nature and the rate of flow
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of materials.

Interaction between these parts compose a materials
system; they function like a system and have to be treated

by economists, scientists and policy-makers as a system.

1.2 METALS AND MATERIALS

This view of materials for engineering applications looks
at metals, plastics, other non-metals, such as concrete
and timber and evaluates likely developments from the resource :

availability and materials competitiveness points of view.

In recent years a slowing down in the rate of growth
of steel demand relative to that of the economy in general
was observed in a number of countries. Among the causes to
which this phenomenon can be ascribed, competition between
steel and other materials is mentioned as a factor which may
have had an influence on the rate of growth of steel demand.
During the last decade the quality of materials competing with
steel has improved substantially and their fields of application

have widened, in many cases to the detriment of steel.

Copper is another example where a substantial portion of

the market has been captured by aluminium.

Among those modern materials which have achieved tonnage
significance in the present day world must be included
aluminium, magnesium, uranium, zirconium, titanium, nobium

and beryllium.

The availability of any material is reflected inversely
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by its commercial price. The great attraction in the
availability of concrete, for example, is that virtually
all..the materials are readily and commonly available on the
surface of the earth. The product is very cheap, has good

strength and rigidity and relatively low density.

Although plastics are capable of giving high strength/
weight ratios, they have not found sufficient favour as
engineering materials. This is because minimum guaranteed

propert_.es for plastics are subject to numerous variables.

Another important aspect is that in many applications
one of the requirements relates to the bulk of the material,
while a secondary reguirement relates to the surface in the
particular environment in which it is called upon to work.
Bulk is wusually required to give strength and stiffness
while surface is needed to give form and durability. These

two basically separate needs lead one to clad materials or

composites.

This avalanche of new materials and new applications
makes the old approach of .selecting materials from a
limited number, based on past experience, outdated, and calls

for a more comprehensive and scientific approach.

1.3 SCOPE OF PRESENT STUDY

Tn the past, the most dominant items in any materials
svstem have been availability and cost. The situation has
now changed and factors such as overall resource potential,

substitution, energy cost and recyclability will tend to



become increasingly important.

This study considers some of these factors and their
interaction and brings together hitherto widely-scattered
~information on the rational use and selection of potentially
valuable materials by analysing some of the existing selection
systems and introduces two new systems developed at the

University of Aston in Birmingham.

One aspect of recycling which has hitherto not been
studied is the dissipative losses of metals which have been
in service. A guantitative study has therefore been made of
copper consumption in the UK over the last fifty years and

compared with used scrap which is being recycled.

In conclusion guidelines are set as a basis for a
rational materials policy with the emphasis being on

'materials effectiveness',



CHAPTER 2



THE LIMITS TO GROWTH

2.1 MATERIAL GROWTH

The world's resources are not infinite but until
recently there has never been any significant shortage of
specific materials except in wartime. It has been pointed
out that this situation cannot last forever. For example

Brooks' says:l

"Many aspects of developed societiés are approaching....
saturation, in the sense that things cannot go on growing
much longer without reaching some fairly fundamental limits.
This does not mean that growth will stop in the next decade,
but only that a declining rate of growth is forseeable in
the lifetime of many people now alive. 1In a society now
accustomed .... to 300 years of growth, this is something

gquite new, and it will require considerable adjustment”.

The most important limits to growth are those imposed

by population, pollution, food production, ehergy and



2,3,4,5

mineral resources.

Unlike energy, which can be derived almost without
limit from the Sun or from nuclear sources, our mineral
resources are finite. Once they have been discsipated they

cannot be recovered in any economically usable form.

In a modern industrialised system a large number of
materials are of crucial importance. éome are so abundant.
that there need be no cause for long-term concern, e.g.
aluminium, calcium, iron, magnesium, oxygen and silicon.

But others such as copper, mercury and tin are not.

2.2 ROLE OrF MATERIALS IN THE ECONOMY

The advance of our civilisation through its technology
and industry.is primarily dependent on materials. In
recent years this advance has depended mainly upon solving
materials problems. This is specially true in electronics,
space technology, atomic energy, as well as in the planning,
design and manufacture of systems, devices and machinery for

transportation, housing and pollution control.

The first major study of a nation's raw materials
prospects after World War II was undertaken by the Paley
Commission in the United States and submitted as a five-

. 6
esources For Freedom' in 1952.

0

volume study entitled '
The Commission's evaluation of the future situation

regarding minerals was derived from its forecasts of the
probable domestic demand for the major minerals in the 1970s.

Several major assumptions were made by the Commission's



forecasters. It was assumed in 1950 that the next 20 to

30 years would see no major wars and be a period of
sustained economic growth. Another assumption was that the
anticipated demand for raw materials must ke supplied at no
increase in real cost in order to avoid crucial supply

problems.

The Paley Commission's most important single
recommendation was that there be a continuous attempt to
anticipate the future, and adjust policy. Among the
important conclusions the Commission presented was that the
task of ensuring an adeqguate and dependable flow of materials
at the lowest cost consistent with national security must be
sustained cooperatively by Government and private citizens.
Emergingtsituations demand continuous reevaluation. Each
generation should reassess its requirements for raw materials

and adequacy of the resource base.

The historical role of materials related to populafion
growth and GNP in the United States is shown in Fig. 2.1.
The figure shows that services like housing, education, banking
etc. are growing at a faster rate than materials in the
national economy. As the United States evolved from a basic
agricultural and.manufacturing economy in the early decades

?: of this century to a more mature service-oriented economy
in recent decades, requirements and supplies of materials
kept pace with population growth despite wars and trade
recessions. The faster rise of the GNP since 1940 reflects
the increase in services and the material standards of life

in the United States.
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In Table 2.1, the per capita value and weight of raw

materials required by the United States during 1572 are shown

in juxtaposition because values and quantities of materials

cannot be considered independently in planning a materials

policy.
TABLE 2.1
WEIGHT VALUE

Material kg Material $
SAND and GRAVEL 4000 PETROLEUM 85
STONE 3800 IRON and STEEL 24
PETROLEUM 3700 FOREST PRODUCTS 20
COAL 2000 NATURAL GAS 19
NATURAL GAS 2000 COAL 17
FOREST PRODUCTS 1000 FIBRES and OILS 15
IRON and STEEL 600 ALUMINIUM 12
CEMENT 400 COPPER 8
MISCELLANEQOUS 2500 MISCELLANEOUS 40
TOTAL 20000 TOTAL 240

Thus in 1972, the United States reguired about 4
billion tomnnes of new basic mineral and non-food organic
materials valued at approximately $50 billion. Non-food
organic materials like basic forest products, natural
oils and fibres and rubber were included because they are

primary in character. Plastics and ceramics were omitted

because they are derived from the mineral and fuel segments
already included. This total tonnage is equivalent to

about 20000 kg per person, or in value terms this is



...._'1_2_

equivalent to about $240 per person. On a weight basis

it will be noted that non-metallic materials and mineral

fuels predominate. When requirements are considered on

a value basis, note how important the mineral fuels become,
also that although the weight of metals required is relatively
small, the per capita value is nearly one-quarter of the

total value of all materials required.

2.3 THE MATERIALS USE STAGE

2.3.1 GROWTH STAGE

The economy is measured conventionally by the Gross
National Product (GNP), an overall indicator that combines all
the fiscal value factors that enter into trade. Goods and

services are interacting components of growth.

It is anticipated that growth will continue with the
current tendency toward an increase in the proportion of
services over goods maintained. As working hours per week
diminish, more time and money will be spent on recreation ,
communication and the pursuit of knowledge. The trend toward
devoting more time to delivery and execution of services
and relatively less to the production of goods will persist.
What is uncertain is how long this trend toward an
increasing servicé economy will be sustained. Since the
turn of the century, the world economy expanded at’more than
double the rate of the use of materials, and the current
trend should be to use less and less materials per unit of

GNP. This has and will be the case for the United States



and other advanced Western economies; but for some of

the emergent developing countries like Brazil; China, the
Middle Eastern and African countries, the exact opposite will
hold. In the next 25 years, there will be a tendency

toward the use of more materials per unit GNP and the
production of goods will take priority over the execution

of services.

2.3.2 USE STAGE

Consideration of the ultimate uses of materials is
essential to the formulation of an integrated materials
selection system and the implementation of a national

materials policy.

Patterns of materials use are subject to continuous
changes, depending on supply, demand, technology, price

and fashion.

The forces that shaped the consumption pattern, outlined
in Table 2.2, were rooted in the demands for materials
resulting from engineering requirements and £he needs of the
market, arbitrated by price. These factors exclusively
have governed materials selection in the past. In the
future, materials usuage will be subject to the same forces,
modified by concern about the environment, by the growing
interest in recycling, by energy audits and by national
policies concerning imports, exports and their strétegic

global implications.

In the last 25 years, prices of metals, building



TABLE 2.2

Production and growth of selected materials in the United

States based on 5-year averages for 1948-52 and 1966-~70

i Miliions ot

short tons GROWTH

1950 1970 | FACTOR
Steel 71.0 100.0 1.4
Aluminium,primary and 1.3 4.2 3.2

secondary

Copper, secondary 1.39 2.04 1.5
Lead 1.17 1.33 1.1
Zinc 0.89 1.3 1.5
Cement 45.5 76.5 1.7
‘Rubber 1.36 2.67 2.0
Plastics 1.12 8.16 7.3
Paper and Board 29.0 55.5 1.9
Lumber 38.2 40.3 1.1
Coal 478.0 569.0 - 1.2
Crude 0Oil 365.0 598.0 1.6
Natural Gas,billion MCF 7.3 19.5 2.7
Population, million 150.0 200.0 1.3

materials and wood products have been remarkably stable.
The prices of crude fuels have been variable, within the
period 1950-70. Coal has declined 28% and oil 14%

but natural gas has risen 64%.

Only in some instances do these price trends appear
related to the growth of the market. As plastics rose
by 730% the price fell to 45%. Against substantially

stable prices, aluminium consumption grew by 320%. The

use of natural gas almost tripled while the price more than

doubled in dollars.

As noted elsewhere, the ability of modern technology

to substitute one material for another softens the



hardships of temporary or even permanent deficiencies in
individual items. Such deficits can also be reduced by
recycling and the rational and efficient use of the available

supply.

2.4 TRENDS AND PROJECTIONS

Detailed studies of projected material usage have been
made in the United States; the first such study since the Paley
Commission report, was made in the early sixties by a group
called Resources For the Future (RFF).7 This studyAassumed
that future development would follow the patterns and trends
currently visible, including price structures. The second
study was an Interim Report by thé National Commiséion on
Materials Policies (NCMP).8- This report used materials
projections to the year 2000 as furnished by the Departments
of Interior, Commerce, Agriculture and the Atomic Energj
Commission. The NCMP also sponscred a study by Professor
W. Malenbéum on key materials for world and United States
usage.9 Another very exhaustive report is the United States
Bureau of Mines publication entitled 'Mineral Facts and

Problems'.lo

The use or demand levels projected to the year 2000
in these studies are close to the medium-level projections of

the RFF report for materials considered in common use.

The fact that there is a broad agreement among the
projections lends credence to the judgments. As these
projections are based on the assumption that present materials

policies and trends will continue over the long term, they



form a reasonable baseline for consideration of new policy.

Essential to such projections is thé historical record
of the production, consumption and inventory of a commodity

with implicit population and economic growth factors.

These recent studies 10,11 suggest that certain key metals

will become scarce before the year 2000, among them copper,
lead, mercury, silver, tin and zinc. However these findings
may be misleading for the reasons outlined in the following

sections.

2.4.1 UNCERTAINTY OF RESERVE PROJECTION

Projections such as those mentioned above always ignore
certain very important factors which are beyond projection.
For example:
1. No allowance is made for new discoveries, é.g. new deposits,
new technigues that make low grade ore economic, or

improvements in transportation that make remote deposits

accessible.
2. General mineral consumption throughout the world is
doubling every 15-25 years.12 Although the search for new

deposits .goes on, they are becoming increasingly leaner,
less accessible and mineralogically more complex. Large
tracts of land are theoretically sterilised, because they
are closed to exploration, or any mineral-related activites.
It is thought that approximately 70% of the United States

is closed to exploration activity. Hence although some

metals may become physically scarce only after 50-100 years,



the scarcity of cheap metals has already begun.

3. The occurrence of many key metals appéars to be highly
localised. Long before deposits are physically exhausted
they may become politically inaccessible exéept on terms
dictated by the producing country. Such geopolitical

13,14,15

effects have been adequately discussed elsewhere

and are not covered here.

As a result the many predictions of resource crises

which have been based upon such projections have always been

wrong as shown in Table 2.3.6’]‘6’l7
TABLE 2.3
World Reserves
(109 tonnes)
Cu Pb Sn Zn
1950 estimate 181 36 5.1 45
Amount left by 1964 130 4 2.5 1
New 1964 estimate 140 29 5.1 64
Amount left by 1974 78 -3 2.9 13
New 1974 estimate 298 108 3.6 101

In other words, adequacy of supply in the past has
depended not so much on existing reserves as on the discovery

of new ones and on improvements in technology.

2.4.2 UNCERTAINTY OF DEMAND PROJECTION

Even the best projections of demand can be wrong. For

example, in 1952, the Paley Commission6 forecasted the



demand for a number of key metals in the year 1975.  Most
of their forecasts for the rest of the world were low by

a factor of two or more due largely to thé unforseen growth

in Western Europe and Japan:

TABLE 2.4
Consumption in 1975
Consumption in 1950
Cu Pb Sn Zn Mean

USA Forecast 1.5 1.6 1.2 1.4 1.4
Actual 1.5 1.1 0.8 1.3 1.2
Rest of Forecast 1.5 1.8 1.5 1.6 1.6
World Actual 4.0 2.9 2.0 3.6 3.1
World Forecast 1.5 1.7 1.3 1.5 1.5
Actual 2.7 1.8 1.4 2.4 2.1

In any projection made today there is always the chance

that similar misjudgments may occur again. Nevertheless

two major factors seem to be beyond dispute:

1. The growth in population alone would cause demand for

metals to increase at the same rate (about 2%-3%p.a.)...

at least until the population stabilises, (which
according to some authorities it might be some 50-100

years hence) .

2. Aspirations for a higher standard of living are pushing

consumption rates even higher. Standards are climbing

rapidly in many developing countries, e.g. Brazil, China

and the OPEC and CIPEC blocks.




Apart from the fact that exponential growth rates are
not a reality (and this has been proved by the copper
consumption in the U.K. remaining relatively constant for
the past 10-13 years), it seems inevitable that on a world
basis the rate of metal consumption will continue to rise

over the next 25 years much as it has done over the last.

18
Evans reports that metal-producing capacity would

have to be expanded to meet the 1999 requirements by:

75% for tungsten
88% for iron and steel

100% for copper, tine and lead

150% for nickel and zinc
175% for magnesium

200% for aluminium

3000% for uranium

2.5 CONTINGENCY FORECASTING

The forecasting method used for predicting future
mineral resource supply-demand relationships in each of the
above studies is called contingency or technological
forecasting. This technological label is the one most
frequently applied to the method and indicates that much of
the work is concerned with technological contingencies.
However, in view of the method's potential for taking other
influential variables or contingencies besides technology

into consideration, the term technological can be misleading.




In brief, contingency forecasting consists of predicting
and simulating alternate futures based on contingéncies for

technological, social, economic, environmental aha other
relevant influences. The contingencies and the assuméticns
for these are identified, guantified and analysed through
"scenarios". The techniques used for the preparation of
the scenarios may be described as eclectic 6r opportunistic
since there is considerable flexibility for the use of
judgment, experience and intuition in the forecasting procedure.
The method may avoid many of the rigidities of projection by
trend extrapolation, such as mechanical curve fitting, or the
uncertainties of trend correlation or econometric procedures
where influential variables cannot be precisely identified,
guantified and forecast within a mathematical framework.
Conversely, any or all of these technigues may be applied:és

a part of technological forecasting procedure. Hence, the

use of the term eclectic for describing the method.

In an article on the troubles with forecasting, H. D.
Doan,19 former president of Dow Chemical, has established
a philosophy which seems perfectly suited to forecasting

in the metals and materials industry. This philosophy is

summarised as follows:

"to distrust predictions based on established trends

and to work hard identifying incipient trends that are only

dimly perceéived".

It is also important to feed in accurate anticipatory

data early, so as to give longer time to plan and to react.




To arrive at realistic forecasts of production and

growth, the following factors, sorted in accordance with

Doan's philosophy, have to be taken into account.’

Firstly, established trends:

Production of all metals has been growing faster than

world population.

Where there was a change in the rate of growth, it was

always to a higher level.

Where it was possible to establish relationships, they

were invariably straight-line.

Toward a constantly increasing participation by
governments in the ownership and affairs of metal resource

industries.

An increasingly competitive situation with regard to the
availability of professional employees as well as a

continuing shortage of labour, leading to more aufémation.

An inevitable increase in taxes - at all government levels.
Secondly, incipient trends:

Towards an increasing recycle of used scrap.

In the possible re-treatment of certain flotation and
gravity concentration tailings dumps, of metal-carrying

slag dumps and of leach residue stockpiles.

Towards more efficient mining methods, improved recoveries




using new and improved processes.

4. The emergence of producer blocks, such as OPEC and CIPEC,

with the aim of controlling pricés by control of supply.

5. Public pressure to conserve resources primarily for

national use.

6. An increasing substitution by lower-priced metals or
materials. The duel between copper and aluminium -
particularly for cables and conductors - has been studied

for years.

A technique developed by Reisman et alZO increases the
sensitivity of the forecasting system, so that it may respond
to sudden changes in the economy. Reisman's method combines
forward looking objective forecasts obtained using regression
analysis with backward looking objective forecasts obtained
using adaptive smoothing to give a set of algorithms which
when continuously combined with updated management information

gives an accurate final forecast.

2.6 RESOURCE ECONOMICS

2.6.1 RESOURCES
Resources comprise:

1. Current reserves

2. All deposits that might become available given adeguate

prospecting and which, by various extrapolation techniques,




can be estimated.

3. Known and unknown deposits that cannot be mined
profitably now but which - due to higher prices, better
technology or improved transportation - may become

available in the future.

Resources are thus the only realistic measure of the

total available supply base.

2.6.2 RESERVES

As material supply systems are based on resources which
can meet current needs, it is necessary to distinguish
between resources that are potential and those that are
economically usable. In the mineral iﬁdustries, usable
resources are referred to as reserves. Reserves are
defined as "those resources whose extent is measured or
estimated and which are currently extractable at a profit at

current prices and existing technology".

To convert a resource into.a reserve, the resource
first must be located, identified, measured, or estimated
as to extent; it then may or may not be judged to be

economically extractable with current technology.

Minerals on the ocean floor illustrate the difference
between resources and reserves. These minerals are resources
X 1
which, through investment, technological development,

political action and the price mechanism, may well become

rich resources of metals that may be falling into short supply.




Potential reserves may be found in garbage dumps,
incinerator ash, sewage sludge, industrial wastes or farm
refuse. 1In a closed materials system, these reserves are

potentiallv reusable.

2.6.3 RESERVES VS RESOURCES

Natural resources have traditionally formed the
foundation for the economic development and growth of

virtually all industrialised countries.

Malthusian and Ricardian logic are built on the
foundation of the inevitable depletion of natural resources
either due to an absolute limit to resource availability

or to the non-homogeneity of the guality of the resources.

Conventional economics in a laissez-faire system reflect

relative scarcity by the inevitable increases in the prices

of resources due to increases in long-term costs of exploration

and development. If one, therefore, accepted the above logic

of inevitable resource depletion, one would expect an
inexorably rapid increase in the prices of those resources

which are threatened with eventual depletion. The

anticipated price increases due to concerns of future scarcity

have generally not materialised, but rather in minerals they

are decreasing, perhaps reflecting diminishing scarcity.

It would seem that Malthusian and Ricardian style of

resource scarcity fails to explain observed phenomena and one

is therefore left to ponder why such originally plausible

theories of "resource fixity" and "ultimate depletion" are




not validated by the market mechanism.

The relationship of resources to réservés is illustrated
schematically by a McKelvey21 diagram shown in Fig. 2.2. It

has axes showing the degree of certaint< with

whicsh +la~
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is known to exist, and the ease and cost with which it can
be mined and the metal extracted from it. Although these

elements are quantified, it is evident that the quantities

represent a judgment rather than an actual measurement.

An important factor in the analysis of the McKelvey
diagram is the so-called fourth dimension. As shown, the
scheme implies only one point in time. As time passes,
mineral deposits move from the reader's right to left until
they vanish along the left side of the reserves block.
Through recycling and discovery other reserves may appear

at right.

The flow of resources to reserves indicates the
prospective near-term supply, but is not a reliable index

of the rate of depletion or of the long-range supply.

Economists seek data on the effects of cost-price
changes that affect the economic value of a deposit,
associated with the vertical axis of Fig. 2.3. They are
interested less in the techniques of discovery than in the
costs of exploration because ultimately these costs
determine whether the resources will flow into reserves. On
the other hand, geOIOgists'and mining engineers are
concerned with the feasibility of economic recovery and the
degree of certainty of discovery. Fig. 2.3 shows the areas

Of concern for both these professions.
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2.6.4 A CRISIS IN RESQURCES?

There have been many predictions of résourcé.crises in
the past. The prediction that Unitéd Statés 0il reserves
would not last more than 15 years has prevailed for’over
50 years.22 The Paley Commission6, reporting in 1950Q,
foresaw exhaustion of the world's lead and zinc reserves
by 1970, yet in that year reserves stood higher than ever

10,11 guote data

before. At least two recent publications
showing that reserves of many metals are inadeguate to last
until the end of the century. 1In general, as much metal
will be required in the next 25 years as has been mined in
the entire historgwof mankind; and that current reserves are

inadequate to meet this demand for nearly all the metals

except antimony, cobalt and platinum.

Nevertheless there is little doubt that, like the
projections of the Paley Commission, these recent projections
are unduly pessimistic. This is because they are calcglated
not from the resources of each metal but from the reserves,
i.e. from known ore deposits which can be mined profitably
at current prices using current technology. Unfortunately
reserves bear little relationship to the true magnitude of

the resource base; in fact the two are not even proportional.

A technigue developed by Ashby23 in which the quantity
of metal available is plotted as a function of the‘minimum
economically-minable grade and correlating this data with
the energy cost of the metal, has shown that some estimates

of the reserve life are much longer than other widely-quoted



figures. Some examples, based on conservative extrapolation

methods, are shown in Table 2.5.

TABLE 2.5
.Conservative estimate of time
Metal required to consume half the
resource base. Years.
Copper >150
Lead 40 - 70
Mercury 50 - 80
Silver 40 - 80
Tin 50 - 120
Tungsten 50 - 80
Zinc 35 = 70

In general the resource base appears to be adequate to
cover world demand up to 2000 AD and well beyond, even

allowing for exponential growth. But around 2030 AD

scarcities due to resource depletion may begin to appear.
Hence, there is a clear case for studying:

1. How nations should adjust to an era in which the supply
of mineral resources may be dictated largely by the

nations which possess them.

2. How materials might best be conserved, reducing the
drain on the .resource base, and helping to maintain

supply and avoid extreme increases in price.



2.6.5 RENEWABLE RESOURCES

The renewable materials; timpber and cellulose fibres,
do not fit in with thé modél used to distinguish between
resources, reserves and supply of minerals. They grow on
land, are visible and need not be discovered. Reserves grow
as photosynthesis combines the energy of the sun with carbon
dioxide in the atmosphere to produce vegetative materials.
With good management, this supply can be perpetuated
indefinitely and even, with improved technology, dramatically

increased.

In 1963, the United Nations Food and Agriculture
Organisation (FAO) assessed the world forest area at 33% of
the world's land area; about one-third of this was classified
as being "in-use", i.e. exploited for the production of

timber and other forest product524.

United States requirements of basic forestry produéts
are projected to increase from 0.33 billion cu.m. in 1970
to approximately double this figure by the year 2000 AD. At
the same time, fibrous material consumed in the manufacture
of paper and board, including wood pulp, wastepaper and
other materials, is projected to increase from around 50
million tonnes in 1970 to more than 150 million tonnes

annually by the vear 2000.25

To attempt an analogy between minerals and timber, the
resource would be the land capable of growing timber;
reserves would be the inventory of timber on land available

for commercial production; and supply would be the timber



crop that can be economically harvested from the land each

year.

Like other natural resources, timber resources

experience a difference between economic and physical supplies

in response to changing prices. A price increase expands
the economic supply by raising previously submarginal

inventories into a supermarginal class.

A major difference between mineral and timber resources

is in the renewability of timber and the influence of expected

prices upon future supplies. Higher prices economically
justify the intense forest management which produces more
and higher quality timber for future markets and encourages

developing timber of increased growth rates.

Intensified forest management offers a major potential
for increasing timber supplies in the future and for

maintaining an acceptable forest environment.

2.7 ALTERNATIVE RESOURCES

The increasing price of petroleum and natural gas and
the growing concern over their continued availability, have
stimulated much interest in alternative feedstock materials

for plastics.

Not all plastics now in use are based on petroleum or
natural gas feedstock. In the United States, the most

notable exceptions are nylon 11 and the wvulcanised-fibre

materials.



Nylon 11 is made from castor oil - a totally renewable

source, while vulcanised fibre is an all-cellulose polymer

made from wood pulp.

2.7.1 ALTERNATIVE FEEDSTOCKS

Plastics can be derived from coal; indeed, -many were
first developed from coal as a feedstock material. It would
be possible to revert to this feedstock source relatively

easily because the conversion processes are already known.

More important, while the supply of coal may be adeguate
for gquite some time, coal is not a renewable source and would,
some day, be in short supply and more costly. Also to be
taken into account would be the increasing costs involved in

restoring ecological damage resulting from mining operations.

Feedstocks other than petroleum - particularly those that
are renewable - are receiving considerable research attention.

Most work involves wood and agricultural o6ils.

Deriving chemicals from wood by methods such as pyrolysis
and distillation 1is based on old technology. These methods
were used widely until the more convenient fossil materials -

coal, o0il and natural gas - became abundantly available.

gas by a large margin, but since these are finite rescurces,

wood or some Other renevable material may eventually be our



an advantage over annual vegetation crops in that it is

"stored" in the tree for many years until it is needed.

Also trees have a high solar radiation capturing

of the flux of inbound solar

ov

iciency. A tiny 0.00%
energy 1is captured on the earth. Trees are a significant
factor in capturing that amount for powering the natural
cycle. An intensively managed forest may easily produce

3 to 4 tonnes of wood per acre per year.

About 92% of the polymers produced in the United States
are conceptually derivable from wood, according to Dr. I.
Goldstein of the School of Forest Resources, N. Carolina
State University.26 In terms of total requirements, this
would amount to about 60 million tonnes of lignocellulose
per year. Ethylene, butadiene and phenol are the base
chemicals for 92% of the polymers produced in the United
States. These building blocks are all obtainable from
cellulose and lignin. Table 2.6 shows estimated quantiﬁies
regquired, based on 1974 production of plastics, fibres‘

and rubber.

Most observers, including Goldstein, feel that woodjbased
chemicals for production plastics are of the order of decades

away .

Another potential source for plastic feedstock materials
being examined by scientists is that of agricultural oils,
or "agoils". Some source crops such as castor beans and
soybeans are already well known. Other agricultural plants

being investigated for sources of commercially useful oils




TABLE 2.6

1974 LIGNOCELLULOSE
MATERIAL POLYMER_PRODUCTION REQUIRED
103 tons 103 tons
PLASTICS
Polyester 455 1220
Phenolic 670 1915
Nylon 100 285
LD Polythene 2985 11940
HD Polythene 1420 5680
Polypropylene 1125 4500
Styrene 2505 7445
PVC 2425 4255
Others 800
SYNTHETIC FIBRES
Nylon 1065 3045 v
Polyester 1500 4020
Olefin 230 920
Others 920
SYNTHETIC RUBBER
Styrene butadiene 1615 5700
Others 1155
TOTAL 18970
Obtainable from
Lignocellulose 17490 (92%) 58445
2




and acids include glyceride oil, epoxyolein acid, long-chain
fatty acids and epoxy acid. Of these, glyceride oil or

crambe, appears to be the most likely candidate for

ct

commercialisation for the manufacture of

Certainly, industry will rely heavily on petroleum and
natural gas as long as current technology and economics
hold, but continued near-total dependence on finite mineral

resources seems unwise.




CHAPTER 3




ECONOMICS OF ENGINEERING MATERIALS

A number of interacting factors have to be considered
when choosing a material for the production of a given
component. One of the most important of these factors is, i
of course, the cost of the material. However, this is not
always the only factor which decides the overall cost of
the component. The engineering properties of the material,
for fabrication and finishing costs and thé‘usefulllife of
the material, all play a very important part. In many cases
it is false economy to use the cheapest material that will
be functionally satisfactory because excessive fabrication
and finishing costs may be involved. The total number of
components required and, consequently, the method of
production may also influence which material is selected.
There are numerous books and articles available on engineering
materials and manufacturing methods, but very few énalyse
in detail the cost data and the consequent interplay of

materials costs and processing costs.27_33



3.1 MATERIALS IN DESIGN

The prime function of the design will usually determine
the properties of the majority of the materials used in
the design. Care in the selection of these materials to
ensure that, although adequate, they are the cheapest and
easiest to fabricate, will result in the most economic design.
Portable appliances, for example, will tend to be based on

the low-densi:y materials such as plastics, and magnesium

and aluminium alloys, rather than steel - or copper - base
alloys, but there are exceptions like pressed steel-sheet

used for dight components. Because of the greater flexibility

of such low-density materials it is necessary to design in
the component as much inherent rigidity as possible by
utilising efficient ribbing and three-dimensional forming.
Mechanical designs will require the selection of materials
to give the necessary tensile strength and fatigue resistance

at the minimum cost. A systematic approach to the design

function can be found in many excellent books, but again

the cost component is not considered.34’35'36

3.2 MATERIALS IN COMPETITION

The main property and economic factors which determine
the usage of the wvast bulk of materials today may be listed
as 1) cost in the job; 2) strength; 3) space filling;

4) surface behaviour and durability in service.

The last requirement is frequently met by a wide range

of materials so it is not usually in critical consideration.



The space filling factor can, in many cases, be met as a cost
criterion by making hollow shapes and so this may not be
critical unless great rigidity is required. ‘This leaves

strength and cost in the job as the ultimate factors.37

There are, of course, applications where high electrical
conductance, or high strength/weight ratio, or possibly good
corrosion resistance are of primary economic significance,
but such dominant property requirements are only of minor
importance for the majority of materials or a minor cost

item; the greatest exception being copper.

3.3 TRENDS CAUSING MATERIALS COMPETITION

At the present time the main cause of competition,
particularly between the various metals and plastics, is
that in the more advanced countries there is an excess of
production capacity over demand in steel, aluminium, copper,
zinc and certain forms of plastics. In many cases this
excess of production capability applies both to the raw metal
and to its subsequent shaping for finished use, either by

casting or mechanical working.

A second effect is created by technological advances
of an engineering nature, resulting in a lower usage rate.
For example, with the generation of electric power, which
was growing at the rate of 8 to 1O per cent per annum, the
need for copper for the generators was at the rate of
0.028 tons/MVA compared with 0.100 tons/MVA 10 years ago;

i.e. reduced to 28%,for transformers the corresponding



values are 0.086 tons/MVA as compared with 0.125 tons/MVA,

i.e. down to 68%. Similarly the use of cupro—niékels and
copper base alloys in tﬁbé form for heat exchangefs in the
same industry is now only 0.55 tons/MW-hr of installed
capacity as compared with 0.9 tons/MW-hr of installed
capacity in 1950. -Similarly tube plates have decreased from

0.27 to 0.09 tons/MW.38’39

Very great advances have been made in the commercial
aircraft industry as a result of which, only one-tenth the
weight of metal will be needed per unit passenger kilometer
in 1970 as compared with 1940. The same increasing trend
in the efficient usage of metal is continually occurring

in the automobile and construction industries.

3.4 EXAMPLES OF MATERIALS IN COMPETITION

Simple bar charts showing metals and materials selling
prices are shown in Figs. 3.1 and 3.2. The general
observations show that whereas most metal prices have
continued to rise, although zinc and aluminium have to
some extent levelled off, the price of plastics since the
war has shown a marked decrease particularly in the tonnage
plastics, PVC and polythene. The decrease in price has
reached its lowest point and is now rising. Another
interesting aspect is that the price’ of cement, having
stayed constant for the past 20 years, is now rising also.
The price of timber has been increasing since 1970. Despite
these trends in metal prices, i1f one discounts the

decreasing value of sterling then, since the year 1900, most
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metals have stayed remarkably .constant in price.

3.4.1 STEEL VS TITANIUM

Titanium made a dramatic entry on the metal world when
it was first introduced around 1953. Later it was found
to be lacking in creep properties at moderately elevated
temperatures, and thus, it designed itself out, as a
significant structural component of aircraft. The United
States Government spent over 3 billion dollars upto 1958
to encourage special alloy steel firms to produce titanium
alloy sheet and rod. The result was that the advent of
titanium caused a flurry oglintensive research on a whole
range of highly alloyed steels, both compositionally, in
heat treatment and in methods of fabrication. Thus have
emerged a new range of steels in sheet and strip form such

as PH4 stainless steel with tensile strengths of up to

2000 MN/m2 (150 tons/inz).

This aspect of history is an interesting example of
the advent of a new set of engineering design objectives
creating a demand for a new metal which demands were, in

fact, more than met by some existing steels which had not

been previously fully exploited.

Since then, the main applications now for titanium
seem to be in missiles,in the corrosion field, and also

condenser and heat-exchanger tubing for desalination.




3.4.2 STEEL VS ALUMINIUM

Although the total tonnage of aluminium produced in the
world in 1973 was 12.7 million tonnes as compared to the
695 million tonnes of steel production, 50% of the aluminium
output went into markets competitive with steel. Economic
design considerations, such as a high strength/weight ratio,
rigidity, stiffness, good impact resistance and corrosion
resistance explain the overall application advances which

aluminium has made at the expense of steel.

Some years ago aluminium alloys were considered for
bridge building in the United States. However, this proved
uneconomic and steel and reinforced concrete still retain

that section of the market.

Another field is that of shipping, where in all new
liners and a majority of cargo carriers, the top weight is
significantly reduced by the use of aluminium-magnesium
alloy plates. This is another trend which is in the direction
mentioned earlier of more efficient engineering resulting
in less weight of structural ﬁaterial per tonne-km of cargo
moved. This basically is why, even though aluminium-magnesium
alloy plate is much more expensive on a strength for strength
basis than steel plate, its use is completely justified on

overall economic ship strengths and stability considerations.

3.4.3 ALUMINIUM VS COPPER

As the "incomparable metal", copper's participation in

all its traditional uses is limited, theoretically, only by




its availability. Furthermore, its attractions are greatest\
in precisely those areas of modern technology whére growth

has been most rapid: in electricity generation and
distribution, transportation, plﬁmbing, heating, refrigeration,

air-conditioning and general engineering.

Uncertainty about supply, whether on account of strikes,
transport problems, political troubles or other causes, has
been a factor which has been working increasingly against

the use of copper in the past few decades.

By far the most important of the competing materials
which began to make their presence felt in the fifties was,

and still is, aluminium.

Aluminium, as the more recent metal, has for a
considerable number of years been competing in certain
spheres of application with copper. The oﬁe which is very
‘well known is that of the electrical industry, where,
particularly since some basic redesign of electrical débling
for aluminium has resulted in much greater efficiency on
a weight per kVA basis, the chances of copper staging any
significant recovery seem to be remote. It appears that
aluminium is now considerably cheaper for distributing
electricity in cables down to 11 kVA and even lower, thus
leaving copper to be used mainly for geﬁerators and motors,
because of its higher conducﬁivity per unit cross-section
and, therefore, greater compactness in design and also

because of its higher mechanical properties at operating

temperature.



Indication of trends can be deduced from figures produced
by the United States Bureau of Business Administration
concerning the 7-year period 1947-54 when the c0péer usage
in some 25 groups of industries consuming 70-80 per cent
of wrought copper alloys was compared with the growth in the
use of aluminium by those same industries. The overall
findings were that, whereas increase in copper was only about
1.6% over the entire period, increase in the use of aluminium
was about 66%. This is a very good example of a newer
material apparently cashing in on all the new applications
and new designs in industries where an older metal might

reasonably have been expected to go on expanding in its usage.

Aluminium being the most serious competitor to copper,
the price relationship between the two metals warrants a

somewhat more detailed discussion.

The copper/aluminium price ratio during the past 75 years
is shown in Fig. 3.3. It is interesting to note that this
ratio has changed tenfold over the period covered, from
0.2 to about 2.0, but that this change came about in two
large strides, one between 1895-1900, the other during the
1940's. In between these periods of change, and from about
1955 onwards, the price relationship between the two metals
has remained fairly stable. Most important, over the last
ten years, no trend in the price ratios can be" detected.

This finding is at considerable variance with experience

of earlier periods.

Over the past 100 years, aluminium has gradually become
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cheaper in relation to Copper. This long-term change in (

the metals price ratio goes a long way towards explaining

the substitution in many markets of alﬁminium for. copper.
If, however, the more recent stability in the price ratio
continues into future years, one may expect that the most
profitable opportunities for substitution will soon be
exhausted. Such a development would obviously decrease
the price elasticity of demand for copper. The relative

price information contained in the graph should be useful

in studies of long-term substitution between the two metals.

3.4.4 METALS VS PLASTICS

Engineering applications probably account for as much
as a gquarter of the current annual production of thermoplastics

in the United Kingdom.

Long runs of pipework are extruded from PVC and from

polyethylene and polypropylene; the largest high-density

polyethylene pipes are 1.5m diameter and 50 mm walls. "Liguid
storage tanks are being manufactured from acrylic, PVC

and polyolefin sheet, holds 45 m3 and weighs about 2 tonnes %
empty. Gears range in size from the minute injection-moulded §

precision components to the huge 4.25 m diameter, monomer cast

in nylon.

Load-bearing applications include bottle crates,

mechanical-handling pallets and chairs made from PVC,

polystyrene, polyethylene and polypropylene.

The use of low-density polyethylene as a dielectric




for transatlantic telecommunications cables and of slot

liners used to provide electrical insulation in the stators

of electric motors, are but two examples taken from electrical

engineering.

Thus, surveying the present-day wide applicatioh of the
range of plastics, it is difficult to find any one metal

which is particularly subjected to attack by the plastics

industry.

The greatest attractions of plastics are their low density,
continued fall in price, the facility with which they can be
made into intricate finished shapes fnd the attractive colour
ranges and aesthetic appeal. The areas in which different
types of plastics have made inroads and are likely to
continue are as follows:

1. Polythene and PVC used instead of copper, lead and cast

iron tubes for water conduits.

2. Polythene used instead of galvanised iron for downspouts,

window frames, building applications, buckets and other

containers.
3. pvC used instead of cast iron for water pipes, etc.
4. Glass-filled nylon may be used instead of zinc, magnesium

or aluminium base diecastings.

5. Glass fibre mats and epoXy resin laminates used instead

of sheet steel and sheet aluminium magnesium pressings.

In the overall plastics field there is over-capacity
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and intensive research work is continuing to develop
plastics which are (a) able to withstand higher temperatures
for prolonged periods without loss in méchanical érOperties,
and (b) made from cheaper and more abundant raw materials.
There is always a chance that a plastic with radically new
propertieg will be developed overnight which could completely
alter the conflict for applications. Nevertheless, when one
remembers that over 30,000 polymers have now been explored,
the chances of finding a new cheap plastic seem increasingly

remote.

3.4.5 COMPOSITES

Under this general heading, probably the first metallic

combinations were the bi-metals.

More recent developments include PVC-coated steel for
the automobile industry, laminates for various types and
combinations of glass fibre with plastics showing ext:gmely
high strength/weight ratios. Glass Reinforced Plastic

(GRP) and Carbon Fibre Reinforced Plastic (CFRP) deserve

special mention.

Carbon fibre itself is of little use; only when it 1is

incorporated into a matrix of glass or metal, which acts

as a means of load transfer and enables the fibres to act

collectively, do we obtain useful engineering mate;ial.

Vet another development is oxide or refractory powder

dispersed in metals of the "sintered aluminium, (SAP)" type.
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Another example of composites is the elaboration of

reinforced concrete into prestressed concrete which results

in considerable economies in steel and concrete.

3.4.6 INORGANIC RESIN COMPOSITES

A departure from petroleum-based materials is
repreSented by a new and exciting family of low-cost, high-

- solids, cement compositions that can be used in the same

way as thermosetting organic resins to produce glass-fibre-
reinforced parts. The inorganic-resin-system (IRS) 1is based
on magnesium oxychloride cement containing 10 to 15% water.

The water combines with the cement during the cure cycle,

so there is no moisture to remove.

IRS can be formulated with various reinforcements,
additiveé and fillers, as is commonly done with polyesters
and epoxies. The composite material can be processed on
conventional equipment used for FRP parts. Fabrication costs

are expected to be about the same as for comparable reinforced

plastics.

While the IRS composites generally have lower flexural
and tensile strength than thermosetting resin systems, they
are stiffer, noncombustible and much cheaper - about 10¢/1b
(20 ¢/kg), for the matrix cement raw material. The composites

can also be foamed to densities as low as 20 lb/cu.ft.

(320 kg/m>) .

Applications envisioned for IRS materials by their

developer, the A.D. Little Corp., USA, include mass-
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transportati i ‘ :
t p tion seating, interior truck panels, and housings

for office machinery and house appliances.

3.5 TECHNO-ECONOMIC FACTORS OF COMPETITTON BETWEEN STEEL

AND OTHER MATERTALS

The principal sectors in which the impact of competing
materials on iron and steel use is already felt, are the
following:

1. Construction industry

2. Packaging and containers
3. Automobile industry

4. Shipbuilding

5. Railway rolling stock

6. Pipes and tubes

7. Machinery manufacture

In Table 3.1 a comparison is made of the main properties
of competing materials with those of widely used commercial

grades of steel (for equal dimensions).

Numerous attempts have been made in recent years by

national and international institutions to quantify the

degree of competition between steel and other materials.

It is evident that information of this type is useful for

the production and planning of the iron and steel industry,

as well as for decisions On investment and on technical

research Very few of these studies are, however, published;

one of the reasons being that data 1s very scanty.

A general suyvey is given in Table 3.2 of the different
g SR o
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materials which are Competing with iron and steel products

in the different sectors of the economy.41 The concentration

of symbols in the table indicates to some‘extént thosé
products and those consuming groups which are éxposed to

particularly fierce competition from other materials: the

use of sheets and steel tubes in construction, of sheets

and tin-plate in the manufacture of containers and the use

of plates and sheets for railway rolling stock. Steel tubes
and fittings, and also cast-iron pipes, are mainly exposed to

competition in the sub-groups of "Mining, railways and

construction", i.e. in uses where their function is for

carrying liquids and gases rather than a structural one.

A characteristic trend is that steel is no longer a
material which 'sells itself', as competition with other
materials becomes more and more severe. The producer is no
longer the only one who deisgns the steel and puts it on

the market. It is the consumer who wants to have more and

more say about the material he intends to use for different
applications; his knowledge potential has increased sharply.
The emphasis will not only be on commercial agreements but
also on research, and in the future it will often be the
consumer who formulates the goals for steel production. The

petrochemical, fertiliser, food and inorganic chemical

industries will all need a gradual improvement in the

corrosion resistance of steels at increasingly high

The development of steels with smaller additions

temperatures.

of certain rare and expensive alloying elements will be

necessary. The ferritic ELI steels with low carbon and




nitrogen contents offer interesting possibilities, but much
development is still needed regarding their durability;
weldability and price. The growing scarcity of cértain
Iron itself is abundant, but Mo, W, Cr, Ni etc. are limited

and will probably be used on a much more selective basis.

Steel processing, including Optimsation of heat treatment

and surface treatments, will be regarded as an integral

part of the materials System.42 In the science of metals,

developments will occur in powder metallurgy, hot gas pressure

bonding, fluid-fluid extrusion, superplasticity and high
strength steels43 and improvements will be primarily in
increased reliability, uniformity and toughness rather than

in strength.44

Although the overall degree of present replacement
appears to be moderate, analysis has confirmed that in some
sectors of the economy, particularly in packaging and?
tubes, competition is already much stronger and the degree
of replacement considerably higher. It is estimated that

the total gross replacement of iron and steel could rise

from around 5% to perhaps 10%.

The examples given in this chapter appear to indicate
- that major tonnage replacements occur mainly in the iron

and steel sector. Iron and steel products are mainly

replaced by competing materials in areas like packaging,
in the production of certain types of tubes and pipes,

casings for light machinery, appliances and small components

S ———
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for automobiles and rolling stock. The actual replacement
will, however, only occur when the price of a competing
material (of equal or supérior prOpertiés) is lowér; or if
lower costs connected with the use of a particular material
(e.g. of installation, of manufacture or further processing,

Or maintenance) justify a higher initial expense.

In view of the competitive situation, the iron and
steel industry has every incentive to continue to watch very
closely the changes occurring in this field and to take
appropriate measures for improving the competitiveness of

its products.




CHAPTER 4




‘A SYSTEMS APPROACH TO MATERIALS SELECTION

4.1 INTRODUCTION

One of the most important requisites to the development
and manufacture of satisfactory products at minimum cost is

making a sound, economic choice of engineering materials.

Good design, good material, treatment, assembly and
inspection are the keys to satisfaction in production4énd
service. If the design is poor, then the best of material
or treatment will not give a satisfactory product. The
results obtained with an average design, however, can be
improved by the use of good material and its subsequent
treatment and assembly. The importance of good design
cannot be overemphasised. Present day competition demands

the requird strength and performance at minimum cost.

Materials have always been the limiting factor in

engineering design.’




Effective materials selection and utilisation is one
of the most important control centres and charactéristics
of a profitable manufacturing process. A satisfactory service
application occurs as a result of complex interactions of
various properties. Thus selecting a material for a definite
purpose requires a critical comparison of its relevant
properties with those of various other materials. So, finding
the optimum materials for an applicationvrequires a rigorous
engineering and systems approach. It is only in the past
couple of decades that materials selection procedures have
been formulated and integrated into the methodology of
engineering development and manufacturing. Prior to this,
the general procedure was to rely almost entirely on past
experience and fit the design of a product to the properties
of the few materials with which the engineers and suppliers
were familiar. Indeed, the product development prograﬁ/was
often completed before any thought was given to materials.
Under such circumstances, materials changes took place
gradually and each change usually provided only small
improvements. In recent years, growth and development in
the fields of nuclear power, aerospace, electronics and
other applications have demanded severe service requirements
from materials. Also the emergence of new materials to

meet these requirements have gilven a new impetus to the

philosophy of materials selection.

Today, materials selection is a complex process that

operates throughout the entire span of a product's

evolution. and usually involves a number of different
?




technical departments.

Procedures have been developed to

analyse complex interaction of requirements and performance
properties. Materials eéngineering departments are now a

common adjunct to eéngineering or manufacturing departments.

It is therefore the purpose of this chapter to survey
the entire materials selection process. The first section
describes in brief, how materials selection fits into the
overall ehgineering and manufacturing framework. The
second section covers the operating principles of the
materials selection process. And finally, the third section
describes some of the analytical and systematic methods

for evaluating and selecting possible candidate materials.

4.2 THE MATERIALS SELECTION PROCESS

Materials selection is not a simple function that is

performed at a certain time and place in the history of a

product.

The materials selection process operates in two distinctly

different areas of the engineering and manufacturing

complexes. First, it is an indispensable part of new product

development projects. Second, it has an important role in the

review and reevaluation of existing products and their

performance with regards to cost and reliability.

4.2.1 NEW PRODUCT EVALUATION

In integrated and efficient engineering organisations,

each development project goes through a series of major stages




that begin with concepts and culminate in a finished

product or system.

The four broad stages of a new product's history are:

1) concept formulation and

Sales potential; 2 engineering
development; 3) production design; and 4) manufacturing.
The materials selection process can operate in any or all

four stages.

CONCEPT FORMULATION AND SALES POTENTIAL - In the first
stage an overall concept, which will be the guide for the
final detailed design, is developed. The concept starts as
a broad system image that represents the general functioning

of the product to meet a given set of requirements and market.

In this initial stage, the materials requirements are
broadly outlined, chiefly to determine whether the concept
is seriously limited by materials or processes and whether

a market does exist for the product.

ENGINEERING DEVELOPMENT - In this stage a practicél
and workable design is developed. A major share of the
materials evaluation work is often performed at this time,
and cost and reliability factors are considered along with

manufacturing capabilities and tooling cost.

PRODUCTION DESIGN - The outcome of the development
stage may be the final production drawings. Design
modifications are now made to achieve productiorn economies
or to fit existing facilities and equipment. Frequently,

, C e ) .
these modifications reguired significant changes in materials.




Or the design may be refined to the exact properties of

the selected materials.

MANUFACTURING - When the product is finally in
production, the materials selecfion function may still
continue. Materials problems may arise during the pilot
run (or later) causing replacement or requiring some

redesign in assembly or inspection and testing.

4.2.2 EXISTING PRODUCT EVALUATION

Although the materials selection process is most often
thought of in terms of:new product development, studies
have shown that materials selection is just as often involved

in changes to existing products.

Some of the major reasons for making materials changes

in existing products are:

1. To solve materials processing problems arising in production

2. To reduce production costs.

3. To reduce basic materials costs.

4. To improve service performance.

5. To take advantage of a new material or processing
development.

6. To develop substitutes in times of national emérgencies.

Whatever the reason for initiating a material change,

‘it generally determines +he selection procedure. When the




materials selection process operates in existing product
applications it is not as neatly structured as in new
product development. Usually it is not tied to a 'specific
product, but involves the generation of materials knowledge

that can be used in a number of different ways.

Finally, information and data is generated and stored for
use in the development of materials and processes
specifications and approved vendor lists that become a
ma£erials selection tool for the entire engineering

organisation.

4.3 THE PRINCIPLES OF MATERIALS SELECTION

Like most engineering efforts, materials selection is
a problem-solving process. Much has been written on
problem-solving and very little on materials selection.
46-52

The few studies that have been made deal mainly with

characterisation and evaluation rather than selection of

materials.

The major steps in any materials selection procedure

are:
1. Analysis of the materials requirements.
2. Selection of candidate materials.

3. Evaluation of candidate materials.

1 L . n .
4. Selection of the most "effective" material.




4.3.1 MATERIALS REQUIREMENTS

The materials requirements are derived from a study of
the desired attributes, functions and performance of the
product or system being developed as well as the environment

in which it will oOperate. But in order to be useful the

materials requirements, in turn, must be translated into

materials property data.

The materials requirements of any product or system

can be divided into five categories:

FUNCTIONAL - Because the successful functioning of a
product is heavily dependent upon the materials, the
functional properties are usually one of the principal
Criteria of selection. These requirements are directly
dependent upon the functions the product is being designed:
to perform. It is not always possible to assign quantitative
values to these product functions and characteristics.
Nevertheless, in one way or another, they must be related

as precisely as possible to the most closely applicable

properties.

PRODUCIBILITY - This is characterised in several

. . F 3 3
different ways. One way is in terms of the wvarious processing

methods - that is, the ease with which a material can be

cast or machined or welded.

Another way is in terms of the mill shapes and semi-

finished forms in which the materials under consideration

are available.




This éffect

may either improve or reduce performance; theréfofé,
producibility considerations are closely inter-related with

functional end-service performance factors.

COST - Perhaps cost, more often than any other

requirement, is the controlling factor in evaluating and
selecting materials. In every application there is a cost
beyond which one cannot go and which therefore prescribes

the limit that can be paid for a material to meet the

application requirements.

Two important considerations éffect materials cost.
One is that although materials are usually priced in terms
of cost per unit weight, comparisons on this basis are not
strictly valid. A fairer comparison is often by cost per

unit requirement (CUR) as described later.

The other cost consideration is producibility, that
is, the cost of processing and fabricating materials into
the finished forms. This cost will often exceed the cost

of the material itself.

RELIABILITY - Simply stated, reliability is the degree

of probability that a material will function in the intended

service for the intended life of the product without failure.

With the increased demand for failure-proof hardware in the

space and electronic fields, reliability has become an

increasingly important materials selection criterion. Despite

o By



the difficulties of evaluating reliability, systematic

techniques for the Measurement and control of reliability

LiRONMENT - This aspect cannot be overWOoked for

its 1nfluence OR service performance can be critical in
different ways Environments, such as humidity, chemicals,
exXtreme temperatures and stress fluctuations alter adversely
the service performance of most materials. On the other
hand, environments are sometimes beneficial to the service
performance of materials. For example, oxide formation on

aluminium improves its Corrosion resistance.

S S e S e SN
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4.3.2 SELECTION OF CANDIDATE MATERIALS

Once the reguirements are Clearly specified, the rest of
the selection process involves a search for the materials
that best meet those requirements. Materials that satisfy

the minimum requirements are termed candidate materials.

The principal objectives, then, are to narrow the
selection of candidate materials down to a managable
number for subsequent detailed evaluation and, at the same
time, to make certain that no important possible solution is

omitted.

It is in this phase of the selection process that
different approaches to the solution of the materials
problem, as distinctfrom simply choosing candidate materials
for evaluation, should be considered. Because of the need

for innovation and inventiveness to devise dlfferent approaches

S\TY
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to the solution of materials problems, creativity is
essential in this step. This is the stage when value
analysis, computer techniques and other new approaches

should be and are often applied.

4.3.3 EVALUATION OF CANDIDATE MATERIALS

The objective of the evaluation step is to weigh the
candidate materials against the specified requirements
for the purpose of finding the best material. In principle,
this step is a continuation of the previous one, in that it

is eventually a screening process.

The screening process may begin with the most critical
property and then proceed to those of lesser importance.
Or, where most of the requirements are of equal importance,
the candidates may be compared on the basis of all the
pertinent properties. In other applications, rating
systems or analytical techniques, such as failure analysis,

can be used to advantage.

Whatever the approach, an essential part of it is

to obtain the data and factual information needed to evaluate

accurately and compare the candidate materials. The sources
of such data are numerous.55 Often published data (internal
or ‘external), specifications, or previously generated test

data, are adequate for at least the preliminary screening.
However, when the field is narrowed down to the final few,

these is no substitue for a carefully structured testing
