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All human activity has some impact on the environment in which we live.  The 
environment has some capacity to cope with this, so that a certain level of impact 
can be absorbed without lasting damage.  But it is clear that current human 
activities exceed this threshold with increasing frequency, diminishing the quality 
of the world in which we now live and threatening the well-being of future 
generations. Thus the objective of minimizing the impact of material 
production, use and disposal on the environment in which we live is now 
seen as of central importance.  This is a complex and sometimes emotional 
subject, one in which a proper perspective is important.  This Unit introduces the 
topic and the way the EduPack, and the more specialised ECO-Selector, can be 
used to explore eco-friendly material options in a common-sense way.  The 
frame lists the principal points.
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Speaking globally, we consume roughly 10 billion (1010) tonnes of engineering materials per year. This 
bar-chart shows the annual world production of the materials that are used in the greatest quantities. On 
the extreme left, for calibration, are hydrocarbon fuels – oil and coal – of which we currently consume 
about 9 billion tonnes per year.   Next, moving to the right, are metals.  The scale is logarithmic, making it 
appear that the consumption of steel (the first metal) is only a little greater than that of aluminum (the next); 
in reality, the consumption of steel exceeds, by a factor of ten, that of all other metals combined. Polymers 
come next: today the combined consumption of commodity polymers polyethylene (PE), polyvinyl chloride 
(PVC), polypropylene (PP) and polyethylene-terephthalate, (PET) begins to approach that of steel. 

The really big ones, though, are the materials of the construction industry.  Steel is one of these, but the 
consumption of wood for construction purposes exceeds that of steel even when measured in tonnes per 
year (as in the diagram), and since it is a factor of 10 lighter, if measured in m3/year,  wood totally eclipses 
steel.  Bigger still is the consumption of concrete, which exceeds that of all other materials combined.  The 
other big ones are asphalt (roads) and glass.

The remaining columns show the production of natural and artifical fibers, ending with carbon fiber.  Just 
20 years ago this material would not have crept onto the bottom of this chart. Today its consumption is 
approaching that of titanium and is growing fast. 

The columns on this figure describe broad classes of materials, so – out of the many thousands of 
materials now available – they probably include 99.9% of all consumption when measured in tonnes.  This 
is important when we come to consider the impact of materials on the environment, since impact scales 
with consumption.
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Carbon release to atmosphere caused by the production of materials is calculated by 
multiplying the annual production (last frame) by the embodied energy of the material (defined 
and plotted in later frames).  This is what it looks like.  The order changes a little from that of the 
last frame, but not much.  If you want a BIG change in the contribution of material production to 
the carbon problem, it is these materials on which attention must focus.
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This frame shows the  materials lifecycle.  Ore and feedstock, drawn from the earth’s resources, 
are processed to give materials.  These are manufactured into products that are used, and, at the 
end of their lives, discarded, a fraction perhaps entering a recycling loop, the rest committed to 
incineration or land-fill.  Energy and materials are consumed at each point in this cycle (we shall 
call them “phases”), with an associated penalty of CO2 ,  SOx,  NOx and other emissions – heat, 
and gaseous, liquid and solid waste, collectively called environmental “stressors”.  These are 
assessed by the technique of  life-cycle analysis (LCA).

ISO 14000 of the International Standards Organization defines a family of standards for 
environmental management systems. It contains the set IS0 14040, 14041, 14042 and 14043 
published between 1997 and 2000, prescribing broad procedures for conducting the four steps of 
an LCA: setting goals and scope, inventory compilation, impact assessment and interpretation.    
The standard is an attempt to bring uniform practice and objectivity into life-cycle assessment and 
its interpretation, but implementation is cumbersome and expensive.  
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This frame shows the  materials lifecycle of a washing machine.
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The upper part of this frame lists the typical ouput of an LCA. A full LCA is time-
consuming  and expensive and it cannot cope with the problem that 80% of the 
environmental burden of a product is determined in the early stages of design 
when many decisions are still fluid.  And there is a second problem: what is a 
designer supposed to do with this information?  How are C02 and S0x
productions to be balanced against resource depletion, toxicity or ease of 
recycling when choosing a material?  This question has lead to efforts to 
condense the eco-information about a material into a single measure or eco-
indicator, giving the designer a simple, numeric ranking.  The use of a single-
valued indicator is criticised by some.  The grounds for criticism are that there is 
no agreement on normalisation or weighting factors used to calculate them and 
that the method is opaque since the indicator value has no simple physical 
significance. 
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Here we reproduce the design flow-chart introduced Unit 3.  A full LCA is not 
much help in developing the design, for the reasons given on the last frame:  it is 
a product assessment tool, not a design tool.   This has led to the 
development of more approximate methods that seek to combine acceptable cost 
with sufficient accuracy to guide decision-making, the choice of materials being 
one of these decisions. The are described in the next frame.
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The strategy for guiding design has 3 steps.

The first step is one of simplification, developing a tool that is approximate but retains sufficient 
discrimination to differentiate between alternative choices.  A spectrum of levels of analysis exist, 
ranging from a simple eco-screening against a list of banned or undesirable materials and 
processes to a full LCA, with overheads of time and cost.  In between lie methods that are less 
rigorous; they are approximate but fast.  

The second step is to select a single measure of eco-stress. On one point there is some 
international agreement: the Kyoto Protocol of 1997 committed the developed nations that signed 
it to progressively reduce carbon emissions, meaning CO2. At the national level the focus is 
more on reducing energy consumption, but since this and CO2 production are closely related, 
they are nearly equivalent.   Thus there is a certain logic in basing design decisions on energy 
consumption or CO2 generation; they carry more conviction than the use of a more obscure 
indicator.  We shall follow this route, using energy as our measure. 

The third step is to separate the contributions of the phases of life because subsequent action 
depends on which is the dominant one.  If it is that a material production, then choosing a material 
with low “embodied energy” (defined on a later frame) is the way forward.  But if it is the use 
phase, then choosing a material to make use less energy-intensive is the is the right approach –
even if it has a higher embodied energy.
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This overhead shows the breakdown of energy usage over life, assigning a fraction of the total 
life-energy demands of a product to material creation, product manufacture, transport and product 
use and disposal.  Product disposal can take many different forms, some carrying an energy 
penalty, some allowing energy recycling or recovery.  

When this distinction is made, it is frequently found that one of phases dominates the picture, as 
in the those of this frame. The upper row shows an approximate energy breakdown  for three 
classes of energy-using products: a civil aircraft, a family car and an appliance.  For all three the 
use-phase consumes more energy than the sum of all the others.  The lower row shows products 
that still require energy during the use-phase of life, but not as intensively as those of the upper 
row.  For these, the embodied energies of the materials of which they are made generally make 
the largest contribution.  

Two conclusions can be drawn.  The first: one phase frequently dominates, accounting for 60% or 
more of the energy – often much more.  If large energy savings are to be achieved, it is the 
dominant phase that becomes the first target since it is here that a given fractional reduction 
makes the biggest contribution.  The second: when differences are as great as those of shown 
here, great precision is not necessary – modest changes to the input data leave the ranking 
unchanged.  
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For selection to minimize eco-impact we must first ask: which phase of the life cycle of the 
product under consideration makes the largest impact on the environment?  The answer guides 
material selection.

To carry out an eco-audit we need data for the energy and CO2 footprints of materials.  That 
comes next.



Eco properties are displayed by selecting the Subset “Materials with Eco properties” at Level 2, 
or by opening the CES Level 3 Eco-selector.

The Browse button lets you explore the contents by roaming through its “tree”.  Scrolling down to 
Materials with Eco-properties opens the Eco database.  The records contain data for eco-
properties, some shown here, in addition to all the other data for mechanical, thermal, electrical 
attributes.
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Embodied energies of materials are compared in the the CES bar charts in this frame.  That on 
the left is a  plot of energy per unit mass (units: MJ/kg).  Among metals, the light alloys based on 
aluminum, magnesium and titanium have the highest values, approaching 1000 MJ/kg for titanium 
on this chart, but precious metals lie much higher still. Polymers all cluster around 100 MJ/kg, less 
than the light alloys, but considerably more than steels and cast irons, with energies between 20 
and 40 MJ/kg.  Technical ceramics such as aluminum nitride have high energies; those for glass, 
cement, brick and concrete are much lower.  Composites, too, have a wide spread.  High 
performance composites – here we think of CFRP  (carbon-fiber reinforced polymers) – lie at the 
top, well above most metals.  At the other extreme paper, plywood and timber are comparable 
with the other materials of the construction industry.

But is embodied energy per unit mass the proper basis of comparison?  Suppose, instead, the 
comparison is made using energy per unit volume (chart on the right, made using the Advanced 
facility of CES to create the product Embodied energy x Density).  Now metals as a family lie 
above the others.  Polymers cluster around a value that is lower than most metals – by this 
measure the are not the energy-hungry materials they are sometimes made out to be.  The non-
metallic materials of construction – concrete, brick, wood – lie far below all of them.  CFRP is now 
comparable with aluminum.
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The CES Eco-audit Tool is opened from the Tools menu at the top of the CES screen.  This 
frame shows how the eco-audit of a product works.  The inputs are of two types.  The first are 
drawn from a user-entered bill of materials, process choice, transport requirements, duty cycle
(the details of the energy and intensity of use) and disposal route, shown at the top left. 

Data for embodied energies, process energies, recycle energies and carbon intensities are drawn 
from a database of material properties; those for the energy and carbon intensity of transport and 
the use-energy are drawn from the CES database of eco-attributes of materials.  The outputs are 
the energy or carbon footprint of each phase of life, presented as bar charts and in tabular form.  

The next 4 frames illustrate the use of the Eco-audit too.
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Materials, processes and end-of-life choice are entered in the way shown here. A bill of 
materials is drawn up, listing the mass of each component used in the product and the material of 
which it is made, as on the left.  Data for the embodied energy (MJ/kg) and CO2 (kg/kg) per unit 
mass for each material is retrieved from the database – here.  Multiplying the mass of each 
component by its embodied energy and summing gives the total material energy – the first bar of 
the bar-chart.

The audit focuses on primary shaping processes since they are generally the most energy-
intensive steps of manufacture.  These are listed against each material, shown here.  The process 
energies and CO2 per unit mass are retrieved from the database.  Multiplying the mass of each 
component by its primary shaping energy and summing gives an estimate of the total processing 
energy – the second bar of the bar-chart. 

On a first appraisal of the product it is frequently sufficient to enter data for the components with 
the greatest mass, accounting for perhaps 95% of the total.  The residue is included by adding an 
entry for “residual components” giving it the mass required to bring the total to 100% and selecting 
a proxy material and process: “polycarbonate” and “molding” are good choices because their 
energies and CO2 lie in the mid range of those for commodity materials.

Finally, the end-of-life choice is selected from the list of 5 options, listed here.
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This step estimates the energy for transportation of the product from manufacturing site to point 
of sale. The energy demands of chosen transport in 0.9 MJ/tonne.km, retrieved from a look-up 
table in CES, is multiplied by the mass of the product and the distance travelled to give the travel 
energy.  Carbon footprint is calculated in a similar way.
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The use phase requires a little explanation.  There are two different classes of contribution. 

Most products  require energy to perform their function: electrically powered products like 
hairdryers, electric kettles, refrigerators, power tools and space heaters are examples.  Even 
apparently non-powered products like household furnishings or unheated buildings still consume 
some energy in cleaning, lighting and maintenance.  The first class of contribution, then, relates to 
the power consumed by, or on behalf of,  the product itself.  

The second class is associated with transport.  Products that form part of a transport system or 
are carried around in one add to its mass and thereby augment its energy consumption and CO2 
burden.  This carries an energy and CO2 penalty per unit weight and distance.  Multiplying this by 
the product weight and the distance over which it is carried gives an estimate of the associated 
use-phase energy and CO2.

All energies are related back to primary energy, meaning oil, via oil-equivalent factors for energy 
conversion. Retrieving these and multiplying by the power and the duty cycle – the usage over the 
product life – gives an estimate of the oil-equivalent energy of use.
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Here is an extremely simple example to illustrate how the Eco-audit tool works.  One brand of 
bottled water – we will call it Alpure – is sold in 1-liter PET bottles with polypropylene caps.  One 
bottle weighs 40 grams; its cap weighs 1 gram.  The bottles and caps are molded, filled with water 
in the French Alps and transported 550 km to London, England, by 14 tonne truck.  Once there 
they are refrigerated for 2 days, on average before consumption. We use these data for the case 
study, taking 100 bottles as the unit of study, requiring 1 m3 of refrigerated space.

At end of life the bottles are recycled.
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The outputs are bar-charts of energy and CO2 over life. The upper two  show the contributions to 
energy and carbon from the phases of life when the bottles are recycled after use.  What do we 
learn?  The largest contribution to energy consumption and CO2 generation derives from the 
production of the polymers used to make the bottle.  The second largest is that of the short, 2-day, 
refrigeration.  The seemingly extravagant part of the life cycle – that of transporting water, 1 kg per 
bottle, 550 km from the source to the consumer – contributes 10% of the total energy and 17 % of 
the total carbon.  So the conclusion: use less material for the bottle, or choose one with a lower 
embodied energy and carbon footprint.

The lower pair of bar charts shows the contributions when the bottles are combusted for heat 
recovery at end of life.  The heat of combustion, less an efficiency factor, is recovered but instead 
of saving carbon, all that associated with the PET of the bottle is released into the atmosphere.

An overall reassessment of the eco-impact of the bottles should, of course, explore ways of 
reducing energy and carbon in all phases of life, not just one, seeking the most efficient molding 
methods, the least energy intensive transport mode (32 tonne truck, barge) and – an obvious step 
– minimizing the refrigeration time.
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Here is a second example: a 2 kW electric jug-kettle.  The kettle is manufactured in South-east 
Asia and transported to Europe by air freight, a distance of 12,000 km.  The table lists the bill of 
materials.  The kettle boils 1 liter of water in 3 minutes.  It is used to do this, on average,  twice per 
day 300 days per year over a life of 3 years.  At end of life metal and some plastic parts are 
recycled;  the rest is sent to landfill. 
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The frame  shows the energy breakdown.  The first two bars – materials (120 MJ) and 
manufacture (10 MJ) – are calculated from the data in the table by multiplying the embodied 
energy by the mass for each component, and summing.  Air freight consumes 8.3 MJ/tonne.km, 
giving 129 MJ/kettle for the 12,000 km transport.  The duty cycle (6 minutes per day, 300 days for 
3 years) at full power consumes 180 kW.hr of electrical power.  The corresponding consumption 
of fossil fuel and emission of CO2 depends on the energy mix and conversion efficiency of the 
host country.  CES allows you to choose this.

The use-phase of life consumes far more energy than all the others put together.  Despite using it 
for only 6 minutes per day, the electric power (or, rather, the oil equivalent of the electric power) 
accounts for 88% of the total.  Improving eco-performance here has to focus on this use energy –
even a large change, 50% reduction, say, in any of the others makes insignificant difference.   
Heat is lost through the kettle wall.  Selecting a polymer with lower thermal conductivity or using 
an insulated double wall could help here – it would increase the embodied energy of the material 
bar, but even doubling this leaves it small.  A full vacuum insulation would be the ultimate answer 
– the water not used when the kettle is boiled would then remain hot for long enough to be useful 
the next time it is needed. The seeming extravagance of air-freight accounts for only 6% of the 
total energy.  Using sea freight instead increase the distance to 17,000 km but reduces the 
transport energy per kettle to a mere 0.2% of the total.

This dominance of the use-phase of energy (and of CO2 emission) is characteristic of small 
electrically powered appliances.  Further examples can be found in the next case study and the 
exercises at the end of this chapter.



Here is an example: systematic selection for the carbonated drink bottle.  In its present form it is 
made of polyethylene terephthalate, PET.  The audit shows that the material-energy of the bottle 
itself is the phase of life that consumes the most energy and releases the most carbon.  The 
design brief is to improve the eco-profile of the bottle, which must at the same time be transparent 
(or at least translucent) so that the contents are visible, and the bottle must withstand the internal 
pressure and any accidental overloads without yield or bursting.  The objective is to minimize the 
embodied energy per bottle.



The bottle is modelled as a cylindrical pressure vessel.  The internal pressure p creates a stress 
in the wall of the bottle, as indicated in the diagram.  The circumferential stress is the larger one –
its value is listed at the top.  This stress must not exceed the yield strength of the material of the 
bottle, setting a minimum value for the wall thickness, t.

The embodied energy E of the bottle per unit area of wall is given by the second expression. The 
pressure p and the bottle radius R are fixed by the design.  The energy E is minimized by seeking 
materials with the lowest value of the material property group Hmρ/σy, or the maximum value of its 
reciprocal.  The quantity is the material index for the problem.



This is a chart of yield strength vs. embodied energy per unit volume for polymers that are 
translucent or transparent. The contours show the index from the previous frame. Biopolymers are 
shown in green to distinguish them from those that are derived from oil, shown in blue.  Two of 
these – polylactide, PLA and polyhydroxyalkanoates (PHA) perform exceptionally well.  PLA, in 
particular, offers a reduction of embodied energy per bottle of about 40%.



Why, then, are so few bottles made of PLA?  Here is a chart of yield strength vs. cost per unit 
volume for the bottle.  The contours show the material cost per  unit area of bottle wall. By this 
criterion the bio-polymers (green) do not do so well.  The cheapest material is PET – the material 
of choice for almost all pressurized drink bottles..  





Crash barriers. Barriers to protect driver and passengers of road vehicles are of two types: those 
that are static – the central divider of a freeway, for instance – and those that move – the fender of 
the vehicle itself (this frame).  The static type line tens of thousands of miles of road.  Once in 
place they consume no energy, create no CO2 and last a long time.  The dominant phases of their 
life in the sense of Frame 4 are those of material production and manufacture.  The fender, by 
contrast, is part of the vehicle; it adds to its weight and thus to its fuel consumption.  The dominant 
phase here is that of use.  This means that, if eco-design is the objective, the criteria for selecting 
materials for the two sorts of barrier will differ. 

This frame shows the two types of barrier and a schematic eco-audit for each. For the static 
barrier on the left it is the material phase of life that is dominant., making the reduction of material 
energy the objective in redesign.  For the mobile barrier on the right it is the contribution of the 
barrier mass to the mass of the vehicle that, over life, results in the largest commitment of energy, 
making a reduction in mass the objective in redesign.

In use (that is, in a crash situation) the barriers are loaded in bending – they must be strong 
enough in bending to transmit the load to the supports of the road barrier or to the energy-
absorbing crush units on the car.  The bottom line shows the relevant index.  That for the static 
barrier on the left characterizes materials with low embodied energy per unit bending strength; 
that on the right characterizes low mass per unit bending strength.  Both are plotted on the frames 
that follow.





The Y-axis of this chart is the index for the static barrier, made with CES EduPack Level 2. The 
green selection box isolates the materials with the largest values of this index.  They are all 
ferrous alloys – steels and cast irons.  They minimize the life-energy of a static barrier by 
minimizing the most energy-intensive phase – that of material extraction, casting and rolling.





The Y-axis of this chart is the index for the mobile barrier, again made with CES EduPack Level 2. 
The green selection box isolates the materials with the largest values of this index: CFRP and 
light alloys.  They minimize the life-energy of a mobile barrier by minimizing the most energy-
intensive phase – that of product use.



This final frame summarizes the main findings of this Unit.



This final frame summarizes the main findings of this Unit.
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This final frame summarizes the main findings of this Unit.
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Current challenges faced by society can be broken down into three distinct categories: 

• Social 

• Economic 

• Environmental (Ecological) 

Acknowledging this the UN developed 17 sustainable development goals. These aim to
improve each aspect of the triple bottom line. 
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The REE are split into two groups, the Light Rare Earth Elements (LREE - La, Ce, Pr, Nd, Sm) and Heavy Rare
Earth Elements (HREE - Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y), both for physico-chemical and commercial
reasons. For more see here, for instance, Rare Earth Elements | CRM Alliance
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Economic importance is not strictly evaluated based on GDP but rather the contribution to 
the economy the material creates both directly and indirectly. 

“Strategic raw materials” and “Critical raw materials” are sometimes used interchangeably. Often, 
however, “strategic” refers more to military purposes. 

Important: In the EU, it is not the same! “Strategic raw materials” are a subset of critical raw 
materials that are, amongst others, defined by their expected demand growth and their relevance 
for “strategic technologies”
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In the mid 1980 with demand growing and domestic supplies waning many countries 
began to nationalise resource reserves. 

Japan, a country that relied heavily on China for resource exports, recognised the 
potential impact that reduced resource supply could have. 
As a result, in 1983 Japan began to stockpile 7 resources including, Cobalt, Tungsten and 
Vanadium. The Chinese also increased export taxes on REEs. 
In 2010 China placed an REE embargo on Japan, a result of tensions surrounding the 
Diaoyu Islands and the detention of a Chinese boat captain. 

Reaction: Japanese government cooperated with companies to focus on mitigating the 
impact of import over reliance. As a result companies such as Toyota and Mitsubishi 
began to focus on decreasing the use of CRMs and looking for substitutes. They also 
created strategies to reuse and recycle materials as well as establishing domestic 
supplies. Recently, submarine exploration found and have established 6 deposits of 
CRMs in the ocean.  
Results: In 2018 Japan had decreased its reliance on Chinese REEs from 85% in 2009 
to 58%. By 2025 it is on track to reduce its single country import reliance for materials to 
50% as well as increasing its self-sufficiency in meeting Cobalt demand to 50%. It has 
also increased its reserves to 180 days of domestic consumption from 60 and recently 
signed a deal with the EU to collaborate in meeting CRM challenges. 
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Reduces reliance on specific exporting nations. This means potential risk of governance 
and negative social impact are reduced.

By investing in domestic supply the need to import materials from other nations is 
decreased.

Materials can either be reintegrated into the same technology by recycling or reused for 
different purposes in a degraded form.

Recycling can reduce supply risk, yet is not easy to increase recycling of certain elements as they 
are found in small quantities and their recycling rates are low at the moment.

Yet, a recycled content declaration requirement would apply from 1 January2027, for instance, to 
industrial, EV and automotive batteries containing cobalt, lead, lithium or nickel in active materials 
with mandatory minimum levels of recycled content from 2030. These targets should encourage 
market of secondary materials.

Regulation (EU) 2023/ of the European Parliament and of the Council of 12 July 2023 concerning 
batteries and waste batteries, amending Directive 2008/98/EC and Regulation (EU) 2019/1020 
and repealing Directive 2006/66/EC (europa.eu)

The quantity of a material used could be reduced; examples include cathode technologies 
that now can use significantly less Cobalt.
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Slide is made with Ansys Granta EduPack Version 2024 R1
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The ore grade is an indicator for the abundance of each element in the extracted rock. Cobalt has a varied 
grade and is difficult to extract and process.

Slide is prepared with Version 2024 R1 EduPack
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Cobalt (Co) is critical for many high-tech applications, in particular, high-strength materials, magnets and 
rechargeable batteries. The majority of world cobalt output arises as a by-product of extracting other 
metals, such as nickel (Ni) and copper (Cu). Significant differences in cobalt ores makes it challenging to 
develop a single extraction or a single treatment process. 

Quentin Dehaine, Laurens T. Tijsseling, Hylke J. Glass, Tuomo Törmänen, Alan R. Butcher,

Geometallurgy of cobalt ores: A review,

Minerals Engineering,

Volume 160,

2021,

106656,

ISSN 0892-6875,

https://doi.org/10.1016/j.mineng.2020.106656.
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When components carry bending, torsion or compressive loads, both the area of 
the cross-section and its shape are important. By shape we mean that the 
cross-section is formed to a tube, I-section or the like. Efficient shapes use the 
least material to achieve a given stiffness or strength – they have high values of 
the second moment o area, I, section modulus, Z, and other moments. It might 
seem that the way forward is to first choose the shape, then form the material
into that shape. But some materials are routinely made into efficient shapes are 
some or not, either because of manufacturing difficulties or because they buckle 
too easily.  So material and shape are coupled, requiring a method of choosing 
them together.
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Standard sections are widely available in structural steel, extruded aluminum 
alloy, pultruded GFRP and wood. They have the shape shown here –
rectangular, box, cylinder, tube, I-sections, U-sections and angles. A good way to 
get a feel for how shape efficiency is used in practice is to examine these. The 
CES structural sections database contains 1881 records covering the full range 
of standard sections. The data organization is shown here. The first level – the 
families – refers to shape. The choice of shape, it will be remembered, is 
dependent on the way the section will be loaded: I, L an U-sections are good in 
bending but poor in torsion; closed circular and box sections carry both torsion 
and bending well. The second level of the tree is the material – here we list the 
four for which standard sections are widely available. Each of these comes in 
many different sizes, and for each size there is a set of attributes. The records in 
the database detail these attributes: material properties, dimensions, section 
properties such as I and Z, and structural properties such as E.I and σy.Z.
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In many applications section shape is not a variable. But when components carry bending, torsion 
or compressive loads, both the area of the cross-section and its shape are important. By shape 
we mean that the cross-section is formed to a tube, I-section or the like. Efficient shapes use the 
least material to achieve a given stiffness or strength. It might seem that the way forward is to first 
choose the shape, then form the material into that shape. But some materials are routinely made 
into efficient shapes are some or not, either because of manufacturing difficulties or because they 
buckle too easily (more on that later). So material and shape are coupled, requiring a method of 
choosing them together.
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The choice of section shape is linked to the mode of loading. I-sections resist bending but are 
poor in torsion. Tubes resist torsion well. Tubes and box sections are good as columns, though I-
sections are often used because their entire surface can be reached for painting and inspection, 
whereas the inner surface of tubes and boxes cannot.
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The obvious way to measure shape efficiency is to compare the behaviour of a shaped section 
with that of a standard section with the same area – and thus the same mass of material per unit 
length. We take the standard section to be a solid square. If the square section is reshaped into a 
tube or I-section, the cross section area stays the same but the bending stiffness increases. 
Bending stiffness is proportional to EI where E is Young’s modulus and I is the second moment of 
area of the cross section. The standard and the shaped beam are the same material, so E does 
not change. The second moment I increases from

to I, so the bending stiffness increases by the factor

The quantity ϕe measures the efficiency of the shape when stiffness is the goal.
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Area A has dimensions (m2) but shape ϕe , does not – it is a pure number. The frame shows I-
sections and tubes with ϕe = 10, meaning that they are 10 times stiffer in bending than a solid 
square section of the same area. The three I-sections differ in size, but all have the same shape 
factor – each is a magnified version of the one on its left. The same is true of the tubes.
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A parallel argument leads to the definition of the shape factor for the onset of yield or failure in 
bending. Here the act of shaping increases the section modulus Z. The efficiency is the ratio of 
this to the value

for the solid square section, giving the shape factor

The quantity ϕf measures the efficiency of the shape when strength is the goal. Shapes

with high ϕe have high ϕf as well. Similar shape factors characterise stiffness and strength in 
torsion. See book from Ashby for further reference.
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The quantities I, Z and A can all be calculated from the dimensions of the section, 
allowing φe to be calculated when these are known. This frame shows a small part of a 
larger table listing these. Note that the square section has a shape factor of 1; that for a 
solid circular section is very close to 1 (3/π = 0.95). That for thin wall tubes, box and I-
sections is much larger.
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The table lists empirical upper limits for shape factors for a number of materials. The limit is 
sometimes set by manufacturing constraints. But if these are overcome there is a practical upper 
limit related to the tendency of the section to buckle. Buckling is an unpredictable mode of failure, 
influenced by small geometric imperfections, and it can be catastrophic. Yielding is benign – it 
gives warning. The more slender the structure the more easily it buckles. So the upper limit on 
slenderness and thus on ϕe , is set by the requirement that the structure yields before it buckles 
catastrophically, giving the equation shown on this frame.
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The derivation here parallels that for a light stiff being given in Unit 4. The only difference is that, 
for the square beam of Unit 4

Io = A2/12

whereas for the shape beam

I = e A2/12.

The resulting equation for the metric m shows how the mass of the beam depends on the 
mechanical constraint it must meet (S) on the section shape (e ) and on the material of which its 
made (ρ/E1/2). The quantity ρ /(e E)1/2 can be thought as a “shaped-material index”.
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The table shows an example of the comparison of materials for light stiff beams. When materials 
are compared with the same shape, it is sufficient to rank them by their value of ρ/E1/2. But when 
their shapes differ, they must be ranked by   ρ/(e E)1/2. The table shows that when these four 
materials are compared at constant shape (which must be less than e =8 because timber is not 
available in more efficient shapes than this) then timber is the lightest. But if each material is 
shaped to its maximum value of e , the lightest beam is that made of aluminum alloy; GFRP is 
close behind; and the steel beam is slightly lighter than the wooden one.
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The same comparison can be performed graphically – and this gives an interesting insight into 
the structural efficiency of wood. The shaped-material index can be re-expressed in terms of 

ρ*  = ρ/e         and

E*  = E/ e 

The shape of the material can be thought of as a new material with “properties” ρ* and E* allowing 
it to be plotted on the E-ρ chart as shown here. The construction is shown here for aluminum, first 
as a solid square section when it lies at the values of ρ and E of aluminum, and second at the 
point  (E/ e, ρ/e ).

A selection line for the index E1/2/ ρ is shown. Shaping has carried the aluminum across the line, 
into a region not occupied by an unshaped materials.
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This brief introduction to the CES Biomaterials database gives a flavor of how it can be used to 
explore the properties of natural materials and compare them with those of man-made materials.  
It provides a tool to engage the interest of students, and allows exercises and project work.
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This is the outline of the Unit. The relevant chapters of the Texts are listed.
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This Unit concerns industrial design – the aspect of design that relates to the visual, tactile, and aesthetic
qualities of a product. Successful products use materials not only to fulfil a function, but also to provide 
satisfaction.  The pens on the left cost 8 Euros each.  Those on the right cost about 3000 Euros.  Do they write 
375 times better?  Unlikely – those on the left write perfectly well.  Yet there is a market for the expensive 
pens.  Why?  It is a question of aesthetics, associations and perceptions, words that are explained in a 
moment.  Our interest is in exploring how materials are used to provide these.  We start by examining the 
ingredients of product design, shown on the next viewgraph.
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Why is industrial design important?  Because it is central to creating product identity, maintaining corporate 
image and providing the consumer with products that satisfy.
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What are the ingredients of a successful product?  First, its functionality: the product must work well, be safe 
and economical.  Second, its usability: good functionality is not much use if the consumer for whom the 
product is intended is unable to make it work.  Functionality and usability alone are not enough.  To succeed in 
today’s markets, in which many nearly identical products compete, the product must give satisfaction, be life-
enhancing.  And here these three words appear again – satisfaction has to do with aesthetics, associations 
and perceptions.  Product design, then, requires a combination of technical and industrial design.
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So let us examine what gives a product its character.  The product – central circle in this diagram – performs a 
function for which a market need exists.  The first step is to characterise this market, seeking answers to five 
questions that establish the context:

 What? 

 Who? 

 Where?  

 Why?  

 When?

The next frame elaborates.
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Here context is explained in more detail.  

What? What function is the product designed to perform?

Who? Who are the target consumers – men, women, children, the elderly, people that are active or disabled?

Where? Will the product be used in the home, the office, indoors, outside…..?

Why? Does the product fill a basic need, is it a life-style statement, is it bought to enhance self-image….?

When? When will the product be used: continuously or only occasionally? During the day or at night?

The answers to these questions do not “design” the product, but they define the context, and inform or 
influence all the decisions that follow: they set the mood.
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Back to product character.  Products are made of materials, shaped by processes, shown on the left.  They 
provide the flesh and bones so to speak; they create what you might call the physiology of the product.  
Usability, as we have said, is important.  It is a question of matching the product to the physical and mental 
capabilities of the user.  And finally there is personality – the visual and tactile qualities of the product, its 
associations and they way it is perceived.  They create what you might call the  psychology of the product.  
The whole combination create the product character.
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What determines product value? Functionality, provided by sound technical design, clearly plays a role.  The 
requirements pyramid shown here has this as its base: the product must work properly, be safe and 
economical.  
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Functionality alone is not enough: the product must be easy to understand and operate, and these are 
questions of usability, the second tier of the figure.  This has three aspects, listed here.
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Aspects of usability are classified here following the broad families listed on the previous frame.
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Examples of design to provide usability to compensate for impaired hand and wrist actions.  
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The third tier of the pyramid is the requirement that the product gives satisfaction: that it enhances the life of 
its owner. The lower part of the pyramid tends to be called “Technical design”, the upper part, “Industrial 
design” suggesting that they are separate activities. It is better to think of think of all three tiers as part of a 
single process that we shall call “Product design”. 

Creating satisfaction has three facets, listed here.  They are explored in the frames that follow.
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We are interested here in product personality and the ways in which materials contribute to it.  It is a question 
of aesthetics, associations and perceptions.

Anaesthetics dull the five senses.  Aesthetics stimulate them.  I will use the word here to mean just that: the 
reaction of the five senses.  Thus aesthetics refers to colour, form, feel, texture, sound, smell and taste.

Associations: what does the product suggest or remind you of?  Wealth? A Rolls Royce is designed to do 
just that. Military hardware?  SUVs like Land Rover exploit the form and colour of military vehicles to suggest 
ruggedness.  Aerospace?  American cars of the 1970s derived their styling from aircraft and rockets.  
Assigning associations is not controversial – most people would agree with those interpretations.

Perceptions are another matter.  What are your feelings about the product?  Does it strike you as feminine  
or masculine – and do you like it if it does?  Is it desirably rugged or undesirably threatening?  Attractively 
playful or just silly?  Here different user perceive products differently; the skilful designer creates associations 
and perceptions that are appeal to the user group for which the product is intended.  
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Materials contribute to product personality, but can the material itself be said to have a personality?  At first 
sight – no.  A material is like an actor – it can take on many characters;  it depends on how it is used.  The 
overhead lists three examples in which a material, when used in different ways, carries different associations 
and perceptions.

But wait.  The image in the lower part of this frame show a product with a solemn and – one hopes –
dignified function.  Polished hardwood, bronze fittings seem appropriate to the occasion on which it is to be 
used.  But if I told you that this one was made of plastic – of expanded polystyrene – would you feel the same 
about it?  It becomes a bin, something to put rubbish in.

So materials do, it seems, have a personality – a shy one, to be coaxed out by the designer.  The next 
overhead gives some examples.
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The overhead gives examples of aesthetics, associations and perceptions of material classes.  The 
perceptions are, as explained earlier, a matter of background, culture and taste – one possible set is listed 
here.  With that background we shall examine some products to see how materials have been used.



Perceiving material properties

• The Design database is unique in that it has Aesthetic properties, such as Sensorial ones

• These are subjective but can actually be quantified by using other material properties

• The feeling of warm and cold when you touch a material depends on thermal conductivity etc

• How soft a material feels depends on hardness and stiffness, for example 
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Some of these qualities can be measured and quantified.  The sensation of softness has to do with elastic 
modulus and strength – an appropriate combination of these properties can be used to rank materials on a 
scale of soft to hard.   The sensation of warmth of a material has to do with thermal conductivity and specific 
heat – an appropriate combination of these can be used to rank materials on a scale of warm to cold.  The 
result (constructed with the CES software) is shown here (for details see Materials and Design, referenced on 
frame 2 of this Unit).
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Acoustic behaviour, too, can be quantified.  Pitch has to do with modulus and density, brightness with internal 
damping.  Appropriate combinations of these can be used to classify materials on scales of pitch and 
brightness, as shown here (for details see Materials and Design, referenced on frame 2 of this Unit).
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Here is an example of designs to create associations and perceptions.

The lamp on the left is designed for the office (the where ?), will be used by executives (who ?) and probably 
remain on all day (when ?).  Aesthetics, associations and perceptions are listed.  To achieve these, the 
designer has used pressed steel, powder coated – the same materials that computer cases are made from.  

The lamp on the right has the same technical specification as that on the left, but in every other way it is 
different.  It is intended for a child’s bedroom (when folded it acts as a night-light), and for intermittent use only.  
This context has led the designer to develop a different set of aesthetics (curved form, pastel colours), 
associations (nature, cartoon characters .. ) and perceptions (funny, playful…).  To do this he or she has 
chosen translucent, injection moulded, acrylic as the principal material.
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What messages can be drawn from all this?  The first is a way to think about product design:

 Context: who is it designed for, and why?

 Product character: is it functional? Is it usable? Does is give satisfaction – at least to the consumers at 
which it is aimed?
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What further messages?  It is rewarding to train yourself to analyse products – particularly those that appeal to 
you. 

 Aesthetics: what materials, colors, forms has the designer used, and why?

 Associations: what does the product suggest? What do you think of when you look at it or pick it up?

 Perceptions: what is your reaction to the product?  If you like or dislike it, why?

 And finally: what is the designer trying to say?
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