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Que lire ?

Polycopié Métaux et Alliages Chapitres I, II & III (va au-delà de ce cours)

Ashby & Jones, vol. 2, Chapitres 1, 2, 15, 16, 11 (ainsi que les chapitres 3 
à 10 selon besoin/intérêt). 
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Héphaïstos remet à Thétis les 
armes d'Achille, médaillon d'un 
kylix du Peintre de la 
Fonderie (en), 490-480 av. J.-C., 
Altes Museum de Berlin. 

By/par Peintre de la Fonderie (vase éponyme) — 
User:Bibi Saint-Pol, own work, Domaine public, 
https://commons.wikimedia.org/w/index.php?curid=395
7273
(via 
https://fr.wikipedia.org/wiki/H%C3%A9pha%C3%AFstos )

https://fr.wikipedia.org/wiki/Th%C3%A9tis
https://fr.wikipedia.org/wiki/Kylix_(vase)
https://fr.wikipedia.org/w/index.php?title=Peintre_de_la_Fonderie&action=edit&redlink=1
https://fr.wikipedia.org/w/index.php?title=Peintre_de_la_Fonderie&action=edit&redlink=1
https://en.wikipedia.org/wiki/Foundry_Painter
https://fr.wikipedia.org/wiki/Altes_Museum
https://commons.wikimedia.org/w/index.php?curid=3957273
https://commons.wikimedia.org/w/index.php?curid=3957273
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Source: Par Scaler,Michka B — Travail personnel, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8985780
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Source: Par Scaler,Michka B — Travail personnel, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8985780
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Propriétés des Métaux et Alliages

Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014

22  Chapitre 2 Classification des matériaux et des procédés

est multipliée par 5. Le caoutchouc, intrinsèquement mou et extensible, est rendu dur et 
fragile par la vulcanisation. Un traitement thermique particulier du verre peut rendre celui-ci 
suffisamment résistant aux chocs pour supporter l’impact d’un projectile (verre blindé). 
Quant aux composites comme l’époxy renforcée par des fibres de carbone, ils n’ont aucune 
propriété intéressante tant qu’ils n’ont pas été mis en œuvre, car auparavant ce ne sont rien 
de plus qu’une soupe de résine et un amas de fibres.

L’assemblage modifie également les propriétés d’un matériau. Le soudage implique la 
fusion locale suivie de la resolidification des faces des pièces à assembler. Comme on peut s’y 
attendre, la zone de soudure a des propriétés différentes, en général moins bonnes que celles 
du matériau loin de la soudure. Les traitements de surface, en revanche, sont généralement 
choisis dans le but d’améliorer les propriétés : la galvanoplastie permet d’améliorer la résis-
tance à la corrosion et la carburation améliore la résistance à l’usure.

L’interaction procédé-propriété est évoquée dans un certain nombre de chapitres et sera 
traitée plus spécifiquement dans le chapitre 19.

2.5 Cartes de propriétés des matériaux

Les fiches techniques des matériaux listent leurs propriétés mais ne permettent pas de prendre 
du recul et ne présentent pas de comparaisons. Une vue d’ensemble est obtenue grâce à une 
représentation graphique sous forme de carte de propriétés des matériaux. Il existe deux 
types de cartes : les histogrammes et les diagrammes à bulles.

Un histogramme est simplement un graphique d’une propriété pour l’ensemble des maté-
riaux. Un exemple est donné en figure 2.8 : il s’agit d’un histogramme pour le module élas-
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Figure 2.8 Histogramme du module élastique. Il révèle la différence de rigidité entre les 
différentes familles de matériaux.
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Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 
2006, Elsevier Bu]erworth.

3.6 Data for Young's modulus 39

soft rubbers and foamed polymers are at the bottom with moduli as low as
0.001GPa. You can, of course, make special materials with lower moduli-
jelly, for instance, has a modulus of about 10 6GPa. Practical engineering
materials lie in the range 10-3 to 10+3GPa-a range of 106. This is the rangà
you have to choose from when selecting a material for a given application.
A good perspective of the spread of moduli is given by the bar chart shown in
Figure 3.5. Ceramics and metals-even the floppiest of them, like lead-lie
near the top of this range. Polymers and elastomers are much more compliant,
the common ones (polyethylene, PVC, and polypropylene) lying several decades
lower. Composites span the range between polymers and ceramics.

To understand the origin of the modulus, why it has the values ir does,
why polymers are much less stiff than metals, and what we can do about it,
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Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 
2006, Elsevier Butterworth.
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Figure 5. I 2 Bar chart of data for density, p.

adopt structures which are not close packed. Ceramics-even the ones in
which atoms are packed closely-are) on average, a little less dense than
metals because most of them contain light atoms like O, N and C.
Composites have densities which are simply an average of the materials of
which they are made.

Examples

5. | (a) Calculate the density of an f.c.c. packing of spheres of unit density.
(b) If these same spheres are packed to form a glassy structure' the

arrangement is called "dense random packing" and has a density of
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Chapitre 2 – Les Céramiques

Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Figure 4.6 Carte module de Young–densité.
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Figure 4.7 Carte module de Young–coût relatif. (Le logiciel CES contient les prix des 
matériaux, régulièrement actualisés.)
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Figure 4.7 Carte module de Young–coût relatif. (Le logiciel CES contient les prix des 
matériaux, régulièrement actualisés.)
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Figure 4.7 Carte module de Young–coût relatif. (Le logiciel CES contient les prix des 
matériaux, régulièrement actualisés.)
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Notez que plusieurs 
des métaux les plus 
usuels ont la même 
valeur de E/r 
(Fe, Al, Ti, Mg, Ni)



Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 
2006, Elsevier Butterworth.

8.8 The hardness test I 09
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Figure 8. I 2 Bar chart of data for yield strength, or.

material the 'indenter' (as it is called) sinks, the softer is the material and the
lower its yield strength. The true bardness is defined as the load (F) divided by
the projected area of the 'indent', A. (The Vickers hardness, H,, unfortunately
was, and still is, defined as F divided by the total surface arca of the'indent'.
Tables are available to relate H to H,.)

The yield strength can be found from the relation (derived in Chapter 11)

H:3ov (8 8)

but a correction factor is needed for materials which work-harden appreciably.
As well as being a good way of measuring the yield strengths of materials like

ceramics, as we mentioned above, the hardness test is also a vety simple and
cheap nondestructiue test for or. There is no need to go to the expense of

Chapitre 3 – Métaux et Alliages – Al & Cu  - 14

Propriétés des Métaux et Alliages



Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Figure 6.5 Correspondances empiriques entre les différentes échelles de dureté et limite 
élastique approximative.
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduc_on de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014

210  Chapitre 9 Sollicitations cycliques, endommagement et rupture

9.4 Cartes pour la limite d’endurance

La propriété la plus importante pour caractériser la résistance à la fatigue est la limite d’endu-
rance σe, définie comme la résistance à 107 cycles sous une contrainte moyenne nulle (un 
rapport R de −1). Connaissant cette valeur et ayant de plus la possibilité de la corriger pour 
une contrainte moyenne non nulle et d’additionner les contributions de plusieurs amplitudes 
de contraintes différentes (équations (9.7) et (9.8)), la conception peut tenir compte de la 
fatigue à grand nombre de cycles.

La limite d’endurance est sans surprise reliée à la résistance, la corrélation avec la résis-
tance en traction σts étant la plus forte. Sur la carte en figure 9.8, les données pour les métaux 
et les polymères sont regroupées autour de la droite

σ σe ts≈ 0 33.

Alors que les céramiques et les verres suivent la relation

σ σe ts≈ 0 9.

Les raisons de ces comportements sont examinées dans la prochaine section.
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Figure 9.8 Limite d’endurance en fonction de la résistance en traction. La rupture en 
fatigue de presque tous les matériaux survient à des contraintes bien inférieures à leur 
résistance en traction.
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Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 
2006, Elsevier Butterworth.
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compared to the width of the plate V/, it is usually safe to assume that
Y x1.

t3. r

Examples

Two wooden beams are butt-jointed using an epoxy adhesive as shown in
the diagram. The adhesive was stirred before application, entraining air
bubbles which, under pressure in forming the joint, deform to flat, penny-
shaped discs of diameter 2a:2mm. If the beam has the dimensions shown,

"ri .po"y has a fracture toughness of 0.5 MN m 7" calculate the maximum
load F that the beam can support. Assume K : o',/na for the disc-shaped
bubbles.

I

I
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014

186  Chapitre 8 Rupture et ténacité

La contrainte de rupture dépend à la fois de K1c et de la longueur de fissure c (éq. (8.12)). 
La longueur de fissure de transition ccrit pour laquelle le comportement passe de ductile à 
fragile, donnée par l’équation (8.13), est tracée sur la carte sous forme de droites en poin-
tillés. Les valeurs varient fortement: elles sont proches des distances interatomiques pour les 
céramiques et les verres fragiles et atteignent près d’un mètre pour les métaux les plus ductiles 
comme le cuivre ou le plomb. Les matériaux situés vers le coin inférieur droit ont des limites 
élastiques élevées et des faibles ténacités: ils se rompent avant de se déformer plastiquement. 
Les matériaux situés vers le coin supérieur gauche, au contraire, se déforment plastiquement 
avant de rompre.

La carte limite élastique–ténacité à la rupture sert à sélectionner des matériaux pour 
concevoir des structures porteuses de manière sûre (chap. 10). Elle sert aussi à évaluer 
l’influence de la composition et des procédés de production sur les propriétés mécaniques.

8.5 Origines de la ténacité

Energie de surface L’énergie de surface d’un solide représente le coût énergétique de sa 
création. Il s’agit d’une énergie par unité de surface, exprimée en J/m2. Considérons un cube 
de 1 m d’arête qui est coupé en deux pour former deux nouvelles surfaces, comme sur la 
figure 8.10. Il faut pour cela fournir une énergie égale à l’énergie de cohésion associée aux 
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014
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Figure 13.7 Limite élastique et température d’utilisation maximale des matériaux.  
La limite élastique diminue avec la température comme décrit dans le texte.

po
int

 d
e 

fu
sio

n 
[°C

]

0

500

1000

1500

2000

2500

3000

3500

céramiques polymèresmétaux

tungstène

plomb

WC

alumine

nitrure de silicium
zircone

béton

granit
alliages Ti

acier-C

alliages Ni
acier inoxydable

alliages Cu

alliages Al

fonte

alliages Mg
alliages Zn

carbure de silicium

silicium

brique
ciment

marbre

PEEK

PTFE

PET acétal PE PU

PPnylon

Figure 13.6 Points de fusion des céramiques, des métaux et des polymères.

Ashby_3539.indb   301 26.08.13   13:54

Chapitre 3 – Métaux et Alliages – Al & Cu  - 19

Propriétés des Métaux et Alliages



Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
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Source: M.F. Ashby, H. Shercliff 
et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
engineering, science, processing 
and design, 3rd Ed. Elsevier, 2014

4.3 Vue d’ensemble grâce aux cartes de propriétés des matériaux  63

Figure 4.6 Carte module de Young–densité.
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Notre planète

Source: M.F. Ashby & D.R.H. Jones, Engineering 
Materials Vol. 1, 4th Ed., 2012, Elsevier Bu]erworth.

2.5 EXPONENTIAL GROWTH AND CONSUMPTION
DOUBLING-TIME

How dowe calculate the lifetime of a resource such as platinum? Like almost all
materials, platinum is being consumed at a rate that is growing exponentially
with time (Figure 2.2), simply because both population and living standards
grow exponentially. We analyze this in the following way. If the current rate
of consumption in tons per year is C then exponential growth means that

dC

dt
¼ r

100
C ð2:1Þ

where, for the generally small growth rates we deal with here (1–5% per year), r
can be thought of as the%age fractional rate of growth per year. Integrating
gives

C ¼ C0 exp
r t $ t0ð Þ
100

! "
ð2:2Þ

where C0 is the consumption rate at time t ¼ t0. The doubling-time tD of
consumption is given by setting C/C0 ¼ 2 to give

Table 2.3 Abundance of Elements

Crust Oceans Atmosphere

Element Weight % Element Weight % Element Weight %

Oxygen 47 Oxygen 85 Nitrogen 79

Silicon 27 Hydrogen 10 Oxygen 19

Aluminum 8 Chlorine 2 Argon 2

Iron 5 Sodium 1 Carbon as carbon dioxide 0.04

Calcium 4 Magnesium 0.1

Sodium 3 Sulphur 0.1

Potassium 3 Calcium 0.04

Magnesium 2 Potassium 0.04

Titanium 0.4 Bromine 0.007

Hydrogen 0.1 Carbon 0.002

Phosphorus 0.1

Manganese 0.1

Fluorine 0.06

Barium 0.04

Strontium 0.04

Sulphur 0.03

Carbon 0.02

Note: The total mass of the crust to a depth of 1 km is 3 %1021 kg; the mass of the oceans is 1020 kg; that of the atmosphere is
5 % 1018 kg.
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Resources et Réserves

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 1, 4th Ed., 2012, 
Elsevier Butterworth.

unknown deposits that cannot be mined profitably now, but which—due to
higher prices, better technology or improved transportation—might reason-
ably become available in the future (Figure 2.3). The reserve is like money in
the bank—you know you have got it.

The resource base is more like your total potential earnings over your lifetime—
it is much larger than the reserve, but it is less certain, and youmay have to work
very hard to get it. The resource base is the realisticmeasure of the total available
material. Resources are almost always much larger than reserves, but because
the geophysical data and economic projections are poor, their evaluation is
subject to vast uncertainty.

Although the resource base is uncertain, it is obviously important to have some
estimate of how long it can last. Rough estimates do exist for the size of the re-
source base, and, using these, our exponential formula gives an estimate of how
long it would take us to use up half of the resources. The half-life is an important
measure: at this stage prices would begin to rise so steeply that supply would
become a severe problem. For a number of important materials these half-lives
lie within your lifetime: for silver, tin, tungsten, zinc, lead, platinum, and oil
(the feed stock of polymers) they lie between 40 and 70 years. Others (most
notably iron, aluminum, and the raw materials from which most ceramics
and glasses are made) have enormous resource bases, adequate for hundreds
of years, even allowing for continued exponential growth.

The cost of energy enters here. The extraction of materials requires energy
(Table 2.4). As a material becomes scarcer—copper is a good example—it must

Increased
prospecting

Improved mining
technology

Economic

Not
economic

Minimum
mineable

grade

Resource base
(includes reserve)

Decreasing degree of
geological certainty

Decreasing
degree of
economic
feasibility

Identified ore Undiscovered ore

Reserve

FIGURE 2.3
The distinction between the reserve and the resource base, illustrated by the McElvey diagram.

22 CHAPTER 2 The Price and Availability of Materials

Chapitre 3 – Métaux et Alliages – Al & Cu  - 23

Les réserves mondiales d’un 
métal donné sont l’ensemble des 
dépôts miniers connus à parOr 
desquels le métal peut être 
extrait, à profit, au jour considéré, 
avec les techniques du jour. 

L’ensemble total de tout ce dont 
on peut envisager l’extracOon 
d’un métal donné en consOtue les 
ressources; c’est là l’autre 
extrême mesurant l’abondance 
d’un métal.
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Table I-5 – Concentration de métal dans la croûte terrestre et la composition des minerais utiles.
Source: W.J. Rankin, Minerals, Metals and Sustainability: Meeting Future Material Needs, CSIRO, Australia, 2011.

Metal Abondance Concentration utile
[ppm] [ppm] [%pds]

Aluminium 80’000 320’000 32
Fer 50’000 250’000 25
Magnésium 25’000 150’000 15
Titane 5’000 100’000 10
Manganèse 1’500 300’000 30
Nickel 100 10’000 1
Zinc 80 40’000 4
Cuivre 50 5’000 0.5
Plomb 10 40’000 4
Étain 2 50’000 5
Argent 0.1 100 0.01
Platine 0.004 4 0.0004
Or 0.0 4 0.0004

Table I-6 – Production, réserves et ressources mondiales des métaux en 2007.
Source: W.J. Rankin, Minerals, Metals and Sustainability: Meeting Future Material Needs, CSIRO, Australia, 2011.

Métal ou minerai Production Prix Réserves Ressources
[milliers de tonnes] [$/tonne] [milliers de tonnes] [milliers de tonnes]

Fer (minerai) 1’900’000 63 150’000’000 340’000’000
Acier 1’320’000 600-860
Bauxite (minerai d’Al) 190’000 27 25’000’000 65’000’000
Aluminium 38’000 2700
Manganèse 11’600 460’000 5’200’000
Zinc 10’500 3’500 180’000 1’900’000
Plomb 3’550 2’400 79’000 > 105000000
Nickel 1’660 37’700 67’000 150’000
Étain 302 13’800 6’100 11’000
Cobalt 62.3 66’600 7’000 15’000
Argent 20.5 431’000 270 570
Or 2.5 21’700’000 42 90
Palladium 0.232 11’600’000 71 100
Platine 0.230 40’500’000

22 Text copyright Andreas Mortensen, 2012
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B. PROPRIÉTÉS GÉNÉRALES ET DISPONIBILITÉ DES MÉTAUX

Table I-7 – Principales réserves de métaux de base, en 1977 et en 2010.
Source: D.G. Altenpohl, Materials in World Perspective, Springer-Verlag, Berlin, 1980 ; U.S. Geological Survey, Mineral

Commodity Summaries 2010.

Minerai 1977 2010

Pays Réserves Pays Réserves
mondiales mondiales

Aluminium Guinée 33.9% Guinée 26.8%
Australie 18.6% Australie 19.3%
Brésil 10.3% Brésil 12.1%
Jamaïque 6.2% Vietnam 7.5%
Inde 5.8% Jamaïque 7.1%

Cuivre U.S.A. 18.5% Chili 23.8%
Chili 18.5% Pérou 14.3%
U.R.S.S. 7.9% Australie 12.7%
Pérou 7.0% Mexique 6.0%
Canada 6.8% U.S.A. 5.6%

Étain Indonésie 23.6% Chine 28.8%
Chine 14.8% Indonésie 15.4%
Thaïlande 11.8% Pérou 13.7%
Bolivie 9.7% Brésil 11.3%
Malaisie 8.2% Bolivie 7.7%

Fer U.R.S.S. 3.0% Ukraine 16.7%
Brésil 17.5% Brésil 16.1%
Canada 11.7% Russie 13.9%
Australie 11.5% Australie 13.3%
Inde 5.8% Chine 12.8%

Plomb U.S.A. 20.8% Australie 33.8%
Australie 13.8% Chine 16.3%
U.R.S.S. 13.2% Russie 11.5%
Canada 9.5% U.S.A. 8.8%
Afrique du Sud 4.1% Pérou 7.5%

Zinc Canada 18.7% Australie 21.2%
U.S.A. 14.5% Chine 16.8%
Australie 12.6% Pérou 9.2%
U.R.S.S. 7.3% Kazakhstan 6.4%
Irlande 5.5% Mexique 6.0%

Text copyright Andreas Mortensen, 2012 23



Réserves

Chapitre 3 – Métaux et Alliages – Al & Cu  - 27

B. PROPRIÉTÉS GÉNÉRALES ET DISPONIBILITÉ DES MÉTAUX

Table I-7 – Principales réserves de métaux de base, en 1977 et en 2010.
Source: D.G. Altenpohl, Materials in World Perspective, Springer-Verlag, Berlin, 1980 ; U.S. Geological Survey, Mineral

Commodity Summaries 2010.

Minerai 1977 2010

Pays Réserves Pays Réserves
mondiales mondiales

Aluminium Guinée 33.9% Guinée 26.8%
Australie 18.6% Australie 19.3%
Brésil 10.3% Brésil 12.1%
Jamaïque 6.2% Vietnam 7.5%
Inde 5.8% Jamaïque 7.1%

Cuivre U.S.A. 18.5% Chili 23.8%
Chili 18.5% Pérou 14.3%
U.R.S.S. 7.9% Australie 12.7%
Pérou 7.0% Mexique 6.0%
Canada 6.8% U.S.A. 5.6%

Étain Indonésie 23.6% Chine 28.8%
Chine 14.8% Indonésie 15.4%
Thaïlande 11.8% Pérou 13.7%
Bolivie 9.7% Brésil 11.3%
Malaisie 8.2% Bolivie 7.7%

Fer U.R.S.S. 3.0% Ukraine 16.7%
Brésil 17.5% Brésil 16.1%
Canada 11.7% Russie 13.9%
Australie 11.5% Australie 13.3%
Inde 5.8% Chine 12.8%

Plomb U.S.A. 20.8% Australie 33.8%
Australie 13.8% Chine 16.3%
U.R.S.S. 13.2% Russie 11.5%
Canada 9.5% U.S.A. 8.8%
Afrique du Sud 4.1% Pérou 7.5%

Zinc Canada 18.7% Australie 21.2%
U.S.A. 14.5% Chine 16.8%
Australie 12.6% Pérou 9.2%
U.R.S.S. 7.3% Kazakhstan 6.4%
Irlande 5.5% Mexique 6.0%
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Table I-8 – Principales réserves des autres métaux importants, en 1977 et en 2010.
Source: D.G. Altenpohl, Materials in World Perspective, Springer-Verlag, Berlin, 1980 ; U.S. Geological Survey, Mineral

Commodity Summaries 2010.

Minerai 1977 2010

Pays Réserves Pays Réserves
mondiales mondiales

Chrome Afrique du Sud 74.1% Kazakhstan 51.4%
Zimbabwe 22.2% Afrique du Sud 37.1%
U.R.S.S. 0.6% Inde 12.6%
Finlande 0.6%
Inde 0.4%

Cobalt Zaïre (Congo) 30.3% Congo 46.6%
Nouvelle-Calédonie 18.8% Australie 19.2%
U.R.S.S. 13.9% Cuba 6.8%
Philippines 12.8% Nouvelle-Calédonie 5.1%
Zambie 7.7% Zambie 3.7%

Manganèse Afrique du Sud 45.0% Ukraine 22.2%
U.R.S.S. 37.5% Afrique du Sud 19.0%
Australie 8.0% Brésil 17.5%
Gabon 5.0% Australie 14.8%
Brésil 2.2% Gabon 8.9%

Molybdène U.S.A. 38.4% Chine 43.9%
Chili 27.8% U.S.A. 27.6%
Canada 8.1% Chili 11.2%
U.R.S.S. 6.6% Pérou 4.6%
Chine 6.0% Russie 2.6%

Nickel Nouvelle-Calédonie 25.0% Australie 31.6%
Canada 16.0% Brésil 11.4%
U.R.S.S. 13.5% Nouvelle-Calédonie 9.3%
Indonésie 13.0% Russie 7.9%
Australie 9.3% Cuba 7.2%

Titane Brésil 26.3% Chine 30.8%
Inde 17.5% Australie 15.4%
Canada 15.2% Inde 13.1%
Afrique du Sud 8.6% Afrique du Sud 9.7%
Australie 6.6% Brésil 6.6%

Vanadium U.R.S.S. 74.8% Chine 37.5%
Afrique du Sud 18.7% Russie 36.8%
Chili 1.4% Afrique du Sud 25.7%
Australie 1.4% U.S.A. 0.3%
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Table I-8 – Principales réserves des autres métaux importants, en 1977 et en 2010.
Source: D.G. Altenpohl, Materials in World Perspective, Springer-Verlag, Berlin, 1980 ; U.S. Geological Survey, Mineral

Commodity Summaries 2010.

Minerai 1977 2010

Pays Réserves Pays Réserves
mondiales mondiales

Chrome Afrique du Sud 74.1% Kazakhstan 51.4%
Zimbabwe 22.2% Afrique du Sud 37.1%
U.R.S.S. 0.6% Inde 12.6%
Finlande 0.6%
Inde 0.4%

Cobalt Zaïre (Congo) 30.3% Congo 46.6%
Nouvelle-Calédonie 18.8% Australie 19.2%
U.R.S.S. 13.9% Cuba 6.8%
Philippines 12.8% Nouvelle-Calédonie 5.1%
Zambie 7.7% Zambie 3.7%

Manganèse Afrique du Sud 45.0% Ukraine 22.2%
U.R.S.S. 37.5% Afrique du Sud 19.0%
Australie 8.0% Brésil 17.5%
Gabon 5.0% Australie 14.8%
Brésil 2.2% Gabon 8.9%

Molybdène U.S.A. 38.4% Chine 43.9%
Chili 27.8% U.S.A. 27.6%
Canada 8.1% Chili 11.2%
U.R.S.S. 6.6% Pérou 4.6%
Chine 6.0% Russie 2.6%

Nickel Nouvelle-Calédonie 25.0% Australie 31.6%
Canada 16.0% Brésil 11.4%
U.R.S.S. 13.5% Nouvelle-Calédonie 9.3%
Indonésie 13.0% Russie 7.9%
Australie 9.3% Cuba 7.2%

Titane Brésil 26.3% Chine 30.8%
Inde 17.5% Australie 15.4%
Canada 15.2% Inde 13.1%
Afrique du Sud 8.6% Afrique du Sud 9.7%
Australie 6.6% Brésil 6.6%

Vanadium U.R.S.S. 74.8% Chine 37.5%
Afrique du Sud 18.7% Russie 36.8%
Chili 1.4% Afrique du Sud 25.7%
Australie 1.4% U.S.A. 0.3%
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Figure 18. Consumption and extraction in the European Union 
group of 15 countries (EU-15). A, Base metals. B, Iron and steel. C, 
Nitrogen, phosphorus, and potassium (NPK).
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Figure 19. Consumption and extraction in North America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).

metals (aluminum, copper, lead, and zinc), iron and steel, and 
the fertilizer minerals (nitrogen, phosphate, and potash) for six 
countries/regions of the world. In North America (Canada, the 
United States, and Mexico) and the EU-15, the gap between 
consumption and extraction of base metals and iron and steel 
is widening—more material is consumed than extracted. This 
relationship is different for the fertilizer minerals. Extraction 
and consumption are nearly equal in the EU-15, and in 
North America, more fertilizer minerals are extracted than 
consumed. For Japan and the Republic of Korea combined, 
consumption of each of the three commodity groups is greater 
than extraction. China exhibits increasing consumption versus 
extraction relative to the two metal categories and nearly equal 
extraction and consumption of fertilizer minerals. The trends 
for India are the inverse of most other examples—greater 
extraction than consumption of the metal categories and a 
widening gap between consumption and extraction of fertilizer 
minerals. The South American countries, along with other 
regions not examined in this paper, are playing a major role 
in filling the consumption/extraction gap for the two metal 
categories in the developed countries and increasingly in 

China. Because the ancillary outputs associated with the 
extraction and initial processing of commodities can create 
considerable environmental impacts, particularly where 
the most advanced technology is not employed; the trends 
observed raise concerns about the environmental pressures in 
the extractive regions.

Use of Secondary Resources and 
Accretion in Stock

Metal and mineral commodities are nonrenewable 
resources, and therefore their total availability, while not 
readily definable, is finite. In this context, mechanisms that 
serve to reuse or recycle these materials increase long-term 
sustainability. Figure 24 displays the estimated percentage 
of world steel, aluminum, copper, and lead obtained from 
secondary sources. This percentage was obtained by calculat-
ing the difference between the global extracted metal content 

(a) Union européenne.
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Figure 18. Consumption and extraction in the European Union 
group of 15 countries (EU-15). A, Base metals. B, Iron and steel. C, 
Nitrogen, phosphorus, and potassium (NPK).
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Figure 19. Consumption and extraction in North America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).

metals (aluminum, copper, lead, and zinc), iron and steel, and 
the fertilizer minerals (nitrogen, phosphate, and potash) for six 
countries/regions of the world. In North America (Canada, the 
United States, and Mexico) and the EU-15, the gap between 
consumption and extraction of base metals and iron and steel 
is widening—more material is consumed than extracted. This 
relationship is different for the fertilizer minerals. Extraction 
and consumption are nearly equal in the EU-15, and in 
North America, more fertilizer minerals are extracted than 
consumed. For Japan and the Republic of Korea combined, 
consumption of each of the three commodity groups is greater 
than extraction. China exhibits increasing consumption versus 
extraction relative to the two metal categories and nearly equal 
extraction and consumption of fertilizer minerals. The trends 
for India are the inverse of most other examples—greater 
extraction than consumption of the metal categories and a 
widening gap between consumption and extraction of fertilizer 
minerals. The South American countries, along with other 
regions not examined in this paper, are playing a major role 
in filling the consumption/extraction gap for the two metal 
categories in the developed countries and increasingly in 

China. Because the ancillary outputs associated with the 
extraction and initial processing of commodities can create 
considerable environmental impacts, particularly where 
the most advanced technology is not employed; the trends 
observed raise concerns about the environmental pressures in 
the extractive regions.

Use of Secondary Resources and 
Accretion in Stock

Metal and mineral commodities are nonrenewable 
resources, and therefore their total availability, while not 
readily definable, is finite. In this context, mechanisms that 
serve to reuse or recycle these materials increase long-term 
sustainability. Figure 24 displays the estimated percentage 
of world steel, aluminum, copper, and lead obtained from 
secondary sources. This percentage was obtained by calculat-
ing the difference between the global extracted metal content 

(b) Amérique du Nord.8  The Global Flows of Metals and Minerals
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Figure 20. Consumption and extraction in South America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).
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Figure 21. Consumption and extraction in Japan and the 
Republic of Korea. A, Base metals. B, Iron and steel. C, Nitrogen, 
phosphorus, and potassium (NPK).
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of steel, aluminum, copper, and lead and world consumption 
for individual years. Except for lead, used predominantly in 
lead acid batteries for which well-organized collection and 
recycling procedures have been established, the trends are not 
particularly encouraging. Although, steel recycling appears to 
be increasing from a plateau of less than 20 percent, the use of 
secondary copper currently appears to be only a little greater 
than 10 percent by 2004, and aluminum recycling rates ranged 
between 20 and 30 percent during the entire period.

Increasing the use of secondary resources represents a 
considerable challenge with respect to nonrenewable metal 
and industrial mineral resources. Although large amounts of 
construction minerals, including sand, gravel, and crushed 
stone, are consumed, they are relatively plentiful in most 
regions and therefore only small amounts are reused. A num-
ber of mineral commodities, such as fertilizer minerals, salt, 
and other industrial minerals, are used in a dissipative manner 
such that recycling is impossible. A large percentage of the 
metals commodity flow ends up in addition to the built infra-
structure where they remain with the current design of most 
products for a long time, before they are available for reuse. 
Some metal flows end up in complex products that inhibit 

recycling. As populations and the supporting infrastructure 
increase, the amount of material tied up in these applications is 
likely to increase.

Outputs
Outputs (releases) to the environment take place at every 

stage of metal and mineral extraction, processing, use, and 
disposal where they cause environmental disturbance and, in 
a number of cases, severe impacts. Unless recycled, all metal 
and mineral flows, except those that become part of a long-
term built infrastructure, ultimately exit the economy either 
rapidly, as in the case of fertilizer and chemicals, or after a 
period of time, for those uses associated with durable con-
sumer goods. Because, on a tonnage basis, the largest flows 
are those associated with construction of long-term infrastruc-
ture, the percentage of commodity inputs that exit quickly to 
the environment is small. In 2000, the percentage of metals 
and minerals inputs that exited the U.S. economy after less 

(c) Amérique du Sud.
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Figure 20. Consumption and extraction in South America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).
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Figure 21. Consumption and extraction in Japan and the 
Republic of Korea. A, Base metals. B, Iron and steel. C, Nitrogen, 
phosphorus, and potassium (NPK).
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of steel, aluminum, copper, and lead and world consumption 
for individual years. Except for lead, used predominantly in 
lead acid batteries for which well-organized collection and 
recycling procedures have been established, the trends are not 
particularly encouraging. Although, steel recycling appears to 
be increasing from a plateau of less than 20 percent, the use of 
secondary copper currently appears to be only a little greater 
than 10 percent by 2004, and aluminum recycling rates ranged 
between 20 and 30 percent during the entire period.

Increasing the use of secondary resources represents a 
considerable challenge with respect to nonrenewable metal 
and industrial mineral resources. Although large amounts of 
construction minerals, including sand, gravel, and crushed 
stone, are consumed, they are relatively plentiful in most 
regions and therefore only small amounts are reused. A num-
ber of mineral commodities, such as fertilizer minerals, salt, 
and other industrial minerals, are used in a dissipative manner 
such that recycling is impossible. A large percentage of the 
metals commodity flow ends up in addition to the built infra-
structure where they remain with the current design of most 
products for a long time, before they are available for reuse. 
Some metal flows end up in complex products that inhibit 

recycling. As populations and the supporting infrastructure 
increase, the amount of material tied up in these applications is 
likely to increase.

Outputs
Outputs (releases) to the environment take place at every 

stage of metal and mineral extraction, processing, use, and 
disposal where they cause environmental disturbance and, in 
a number of cases, severe impacts. Unless recycled, all metal 
and mineral flows, except those that become part of a long-
term built infrastructure, ultimately exit the economy either 
rapidly, as in the case of fertilizer and chemicals, or after a 
period of time, for those uses associated with durable con-
sumer goods. Because, on a tonnage basis, the largest flows 
are those associated with construction of long-term infrastruc-
ture, the percentage of commodity inputs that exit quickly to 
the environment is small. In 2000, the percentage of metals 
and minerals inputs that exited the U.S. economy after less 

(d) Japon et Corée du Sud. Outputs  9
FIGURE 22-A

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

1970 1975 1980 1985 1990 1995 2000 2005
YEARS

TH
OU

SA
ND

 M
ET

RI
C 

TO
NS

Consumption
Extraction

A

Figure 22. Consumption and extraction in China. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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Figure 23. Consumption and extraction in India. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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than 30 years in use was estimated to be about 10 percent 
(World Resources Institute, 2000).

Commodity flows represent only a portion of the material 
mobilized as part of the minerals cycle. The ancillary, or hid-
den, material flows associated with extraction, concentration, 
and processing constitute far greater quantities than the com-
modities for many commodity flows. These ancillary flows are 
comprised of the overburden removed during mining and quar-
rying and the nonvalue minerals and materials separated from 
the product during the concentration and processing stages. 
Estimates of the amount of overburden or mine rock removed 
to gain access to the mineralized material are very site specific 
and estimating worldwide quantities would be extremely tenu-
ous. A calculation of concentration and processing waste can 
be made based on estimates of worldwide average grade data. 
Table 2 provides estimates of the concentration and processing 
wastes associated with 12 metal and mineral commodities in 
2004. While there is considerable variation from one commod-
ity to another, the quantity of waste for all the commodities 
was calculated to be about four times the weight of the mineral 
commodities extracted, excluding overburden removal. It 

Table 2. Calculated world concentration and processing 
wastes for selected mineral commodities in 2004.

[In thousand metric tons]

Commodities 2004
 Aluminum ................................................................. 129,100 

 Asbestos .................................................................... 61,770 

 Chromium ................................................................. 938 

 Copper ....................................................................... 1,607,622 

 Fluorspar ................................................................... 14,113 

 Gold ........................................................................... 485,998 

 Iron ............................................................................ 602,372 

 Lead ........................................................................... 126,473 

 Mercury ..................................................................... 254 

 Nickel ........................................................................ 68,110 

 Phosphate .................................................................. 96,400 

 Zinc ...........................................................................   170,175

 Total processing waste ........................................... 3,372,325

(e) Chine.
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Figure 22. Consumption and extraction in China. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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Figure 23. Consumption and extraction in India. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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than 30 years in use was estimated to be about 10 percent 
(World Resources Institute, 2000).

Commodity flows represent only a portion of the material 
mobilized as part of the minerals cycle. The ancillary, or hid-
den, material flows associated with extraction, concentration, 
and processing constitute far greater quantities than the com-
modities for many commodity flows. These ancillary flows are 
comprised of the overburden removed during mining and quar-
rying and the nonvalue minerals and materials separated from 
the product during the concentration and processing stages. 
Estimates of the amount of overburden or mine rock removed 
to gain access to the mineralized material are very site specific 
and estimating worldwide quantities would be extremely tenu-
ous. A calculation of concentration and processing waste can 
be made based on estimates of worldwide average grade data. 
Table 2 provides estimates of the concentration and processing 
wastes associated with 12 metal and mineral commodities in 
2004. While there is considerable variation from one commod-
ity to another, the quantity of waste for all the commodities 
was calculated to be about four times the weight of the mineral 
commodities extracted, excluding overburden removal. It 

Table 2. Calculated world concentration and processing 
wastes for selected mineral commodities in 2004.

[In thousand metric tons]

Commodities 2004
 Aluminum ................................................................. 129,100 

 Asbestos .................................................................... 61,770 

 Chromium ................................................................. 938 

 Copper ....................................................................... 1,607,622 

 Fluorspar ................................................................... 14,113 

 Gold ........................................................................... 485,998 

 Iron ............................................................................ 602,372 

 Lead ........................................................................... 126,473 

 Mercury ..................................................................... 254 

 Nickel ........................................................................ 68,110 

 Phosphate .................................................................. 96,400 

 Zinc ...........................................................................   170,175

 Total processing waste ........................................... 3,372,325

(f) Inde.

Figure I-8 – Consommation et extraction des métaux de base (aluminium, cuivre, plomb et zinc)
dans différents pays.
Source: D.G. Rogich et G.R. Matos, The Global Flows of Metals and Minerals, U.S. Geological Survey, 2008.

26 Text copyright Andreas Mortensen, 2012
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Figure 18. Consumption and extraction in the European Union 
group of 15 countries (EU-15). A, Base metals. B, Iron and steel. C, 
Nitrogen, phosphorus, and potassium (NPK).
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Figure 19. Consumption and extraction in North America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).

metals (aluminum, copper, lead, and zinc), iron and steel, and 
the fertilizer minerals (nitrogen, phosphate, and potash) for six 
countries/regions of the world. In North America (Canada, the 
United States, and Mexico) and the EU-15, the gap between 
consumption and extraction of base metals and iron and steel 
is widening—more material is consumed than extracted. This 
relationship is different for the fertilizer minerals. Extraction 
and consumption are nearly equal in the EU-15, and in 
North America, more fertilizer minerals are extracted than 
consumed. For Japan and the Republic of Korea combined, 
consumption of each of the three commodity groups is greater 
than extraction. China exhibits increasing consumption versus 
extraction relative to the two metal categories and nearly equal 
extraction and consumption of fertilizer minerals. The trends 
for India are the inverse of most other examples—greater 
extraction than consumption of the metal categories and a 
widening gap between consumption and extraction of fertilizer 
minerals. The South American countries, along with other 
regions not examined in this paper, are playing a major role 
in filling the consumption/extraction gap for the two metal 
categories in the developed countries and increasingly in 

China. Because the ancillary outputs associated with the 
extraction and initial processing of commodities can create 
considerable environmental impacts, particularly where 
the most advanced technology is not employed; the trends 
observed raise concerns about the environmental pressures in 
the extractive regions.

Use of Secondary Resources and 
Accretion in Stock

Metal and mineral commodities are nonrenewable 
resources, and therefore their total availability, while not 
readily definable, is finite. In this context, mechanisms that 
serve to reuse or recycle these materials increase long-term 
sustainability. Figure 24 displays the estimated percentage 
of world steel, aluminum, copper, and lead obtained from 
secondary sources. This percentage was obtained by calculat-
ing the difference between the global extracted metal content 

(a) Union européenne.

Use of Secondary Resources and Accretion in Stock  7

FIGURE 18-C

0

5,000

10,000

15,000

20,000

25,000

1970 1975 1980 1985 1990 1995 2000 2005
YEARS

TH
OU

SA
ND

 M
ET

RI
C 

TO
NS

Consumption
Extraction

C

Figure 18. Consumption and extraction in the European Union 
group of 15 countries (EU-15). A, Base metals. B, Iron and steel. C, 
Nitrogen, phosphorus, and potassium (NPK).
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Figure 19. Consumption and extraction in North America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).

metals (aluminum, copper, lead, and zinc), iron and steel, and 
the fertilizer minerals (nitrogen, phosphate, and potash) for six 
countries/regions of the world. In North America (Canada, the 
United States, and Mexico) and the EU-15, the gap between 
consumption and extraction of base metals and iron and steel 
is widening—more material is consumed than extracted. This 
relationship is different for the fertilizer minerals. Extraction 
and consumption are nearly equal in the EU-15, and in 
North America, more fertilizer minerals are extracted than 
consumed. For Japan and the Republic of Korea combined, 
consumption of each of the three commodity groups is greater 
than extraction. China exhibits increasing consumption versus 
extraction relative to the two metal categories and nearly equal 
extraction and consumption of fertilizer minerals. The trends 
for India are the inverse of most other examples—greater 
extraction than consumption of the metal categories and a 
widening gap between consumption and extraction of fertilizer 
minerals. The South American countries, along with other 
regions not examined in this paper, are playing a major role 
in filling the consumption/extraction gap for the two metal 
categories in the developed countries and increasingly in 

China. Because the ancillary outputs associated with the 
extraction and initial processing of commodities can create 
considerable environmental impacts, particularly where 
the most advanced technology is not employed; the trends 
observed raise concerns about the environmental pressures in 
the extractive regions.

Use of Secondary Resources and 
Accretion in Stock

Metal and mineral commodities are nonrenewable 
resources, and therefore their total availability, while not 
readily definable, is finite. In this context, mechanisms that 
serve to reuse or recycle these materials increase long-term 
sustainability. Figure 24 displays the estimated percentage 
of world steel, aluminum, copper, and lead obtained from 
secondary sources. This percentage was obtained by calculat-
ing the difference between the global extracted metal content 

(b) Amérique du Nord.8  The Global Flows of Metals and Minerals
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Figure 20. Consumption and extraction in South America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).
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Figure 21. Consumption and extraction in Japan and the 
Republic of Korea. A, Base metals. B, Iron and steel. C, Nitrogen, 
phosphorus, and potassium (NPK).
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of steel, aluminum, copper, and lead and world consumption 
for individual years. Except for lead, used predominantly in 
lead acid batteries for which well-organized collection and 
recycling procedures have been established, the trends are not 
particularly encouraging. Although, steel recycling appears to 
be increasing from a plateau of less than 20 percent, the use of 
secondary copper currently appears to be only a little greater 
than 10 percent by 2004, and aluminum recycling rates ranged 
between 20 and 30 percent during the entire period.

Increasing the use of secondary resources represents a 
considerable challenge with respect to nonrenewable metal 
and industrial mineral resources. Although large amounts of 
construction minerals, including sand, gravel, and crushed 
stone, are consumed, they are relatively plentiful in most 
regions and therefore only small amounts are reused. A num-
ber of mineral commodities, such as fertilizer minerals, salt, 
and other industrial minerals, are used in a dissipative manner 
such that recycling is impossible. A large percentage of the 
metals commodity flow ends up in addition to the built infra-
structure where they remain with the current design of most 
products for a long time, before they are available for reuse. 
Some metal flows end up in complex products that inhibit 

recycling. As populations and the supporting infrastructure 
increase, the amount of material tied up in these applications is 
likely to increase.

Outputs
Outputs (releases) to the environment take place at every 

stage of metal and mineral extraction, processing, use, and 
disposal where they cause environmental disturbance and, in 
a number of cases, severe impacts. Unless recycled, all metal 
and mineral flows, except those that become part of a long-
term built infrastructure, ultimately exit the economy either 
rapidly, as in the case of fertilizer and chemicals, or after a 
period of time, for those uses associated with durable con-
sumer goods. Because, on a tonnage basis, the largest flows 
are those associated with construction of long-term infrastruc-
ture, the percentage of commodity inputs that exit quickly to 
the environment is small. In 2000, the percentage of metals 
and minerals inputs that exited the U.S. economy after less 

(c) Amérique du Sud.
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Figure 20. Consumption and extraction in South America. A, 
Base metals. B, Iron and steel. C, Nitrogen, phosphorus, and 
potassium (NPK).
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Figure 21. Consumption and extraction in Japan and the 
Republic of Korea. A, Base metals. B, Iron and steel. C, Nitrogen, 
phosphorus, and potassium (NPK).
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of steel, aluminum, copper, and lead and world consumption 
for individual years. Except for lead, used predominantly in 
lead acid batteries for which well-organized collection and 
recycling procedures have been established, the trends are not 
particularly encouraging. Although, steel recycling appears to 
be increasing from a plateau of less than 20 percent, the use of 
secondary copper currently appears to be only a little greater 
than 10 percent by 2004, and aluminum recycling rates ranged 
between 20 and 30 percent during the entire period.

Increasing the use of secondary resources represents a 
considerable challenge with respect to nonrenewable metal 
and industrial mineral resources. Although large amounts of 
construction minerals, including sand, gravel, and crushed 
stone, are consumed, they are relatively plentiful in most 
regions and therefore only small amounts are reused. A num-
ber of mineral commodities, such as fertilizer minerals, salt, 
and other industrial minerals, are used in a dissipative manner 
such that recycling is impossible. A large percentage of the 
metals commodity flow ends up in addition to the built infra-
structure where they remain with the current design of most 
products for a long time, before they are available for reuse. 
Some metal flows end up in complex products that inhibit 

recycling. As populations and the supporting infrastructure 
increase, the amount of material tied up in these applications is 
likely to increase.

Outputs
Outputs (releases) to the environment take place at every 

stage of metal and mineral extraction, processing, use, and 
disposal where they cause environmental disturbance and, in 
a number of cases, severe impacts. Unless recycled, all metal 
and mineral flows, except those that become part of a long-
term built infrastructure, ultimately exit the economy either 
rapidly, as in the case of fertilizer and chemicals, or after a 
period of time, for those uses associated with durable con-
sumer goods. Because, on a tonnage basis, the largest flows 
are those associated with construction of long-term infrastruc-
ture, the percentage of commodity inputs that exit quickly to 
the environment is small. In 2000, the percentage of metals 
and minerals inputs that exited the U.S. economy after less 

(d) Japon et Corée du Sud. Outputs  9
FIGURE 22-A

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

1970 1975 1980 1985 1990 1995 2000 2005
YEARS

TH
OU

SA
ND

 M
ET

RI
C 

TO
NS

Consumption
Extraction

A

Figure 22. Consumption and extraction in China. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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Figure 23. Consumption and extraction in India. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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than 30 years in use was estimated to be about 10 percent 
(World Resources Institute, 2000).

Commodity flows represent only a portion of the material 
mobilized as part of the minerals cycle. The ancillary, or hid-
den, material flows associated with extraction, concentration, 
and processing constitute far greater quantities than the com-
modities for many commodity flows. These ancillary flows are 
comprised of the overburden removed during mining and quar-
rying and the nonvalue minerals and materials separated from 
the product during the concentration and processing stages. 
Estimates of the amount of overburden or mine rock removed 
to gain access to the mineralized material are very site specific 
and estimating worldwide quantities would be extremely tenu-
ous. A calculation of concentration and processing waste can 
be made based on estimates of worldwide average grade data. 
Table 2 provides estimates of the concentration and processing 
wastes associated with 12 metal and mineral commodities in 
2004. While there is considerable variation from one commod-
ity to another, the quantity of waste for all the commodities 
was calculated to be about four times the weight of the mineral 
commodities extracted, excluding overburden removal. It 

Table 2. Calculated world concentration and processing 
wastes for selected mineral commodities in 2004.

[In thousand metric tons]

Commodities 2004
 Aluminum ................................................................. 129,100 

 Asbestos .................................................................... 61,770 

 Chromium ................................................................. 938 

 Copper ....................................................................... 1,607,622 

 Fluorspar ................................................................... 14,113 

 Gold ........................................................................... 485,998 

 Iron ............................................................................ 602,372 

 Lead ........................................................................... 126,473 

 Mercury ..................................................................... 254 

 Nickel ........................................................................ 68,110 

 Phosphate .................................................................. 96,400 

 Zinc ...........................................................................   170,175

 Total processing waste ........................................... 3,372,325

(e) Chine.
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Figure 22. Consumption and extraction in China. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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Figure 23. Consumption and extraction in India. A, Base metals. 
B, Iron and steel. C, Nitrogen, phosphorus, and potassium (NPK).
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than 30 years in use was estimated to be about 10 percent 
(World Resources Institute, 2000).

Commodity flows represent only a portion of the material 
mobilized as part of the minerals cycle. The ancillary, or hid-
den, material flows associated with extraction, concentration, 
and processing constitute far greater quantities than the com-
modities for many commodity flows. These ancillary flows are 
comprised of the overburden removed during mining and quar-
rying and the nonvalue minerals and materials separated from 
the product during the concentration and processing stages. 
Estimates of the amount of overburden or mine rock removed 
to gain access to the mineralized material are very site specific 
and estimating worldwide quantities would be extremely tenu-
ous. A calculation of concentration and processing waste can 
be made based on estimates of worldwide average grade data. 
Table 2 provides estimates of the concentration and processing 
wastes associated with 12 metal and mineral commodities in 
2004. While there is considerable variation from one commod-
ity to another, the quantity of waste for all the commodities 
was calculated to be about four times the weight of the mineral 
commodities extracted, excluding overburden removal. It 

Table 2. Calculated world concentration and processing 
wastes for selected mineral commodities in 2004.

[In thousand metric tons]

Commodities 2004
 Aluminum ................................................................. 129,100 

 Asbestos .................................................................... 61,770 

 Chromium ................................................................. 938 

 Copper ....................................................................... 1,607,622 

 Fluorspar ................................................................... 14,113 

 Gold ........................................................................... 485,998 

 Iron ............................................................................ 602,372 

 Lead ........................................................................... 126,473 

 Mercury ..................................................................... 254 

 Nickel ........................................................................ 68,110 

 Phosphate .................................................................. 96,400 

 Zinc ...........................................................................   170,175

 Total processing waste ........................................... 3,372,325

(f) Inde.

Figure I-8 – Consommation et extraction des métaux de base (aluminium, cuivre, plomb et zinc)
dans différents pays.
Source: D.G. Rogich et G.R. Matos, The Global Flows of Metals and Minerals, U.S. Geological Survey, 2008.
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Country Comparisons

Figures 10–13 display the consumption trends for 
selected commodities for China, the European Union group 
of 15 countries (EU-15), India, the Republic of Korea, and 
the United States. These graphs show the dramatic rise in 
consumption in China as its economy developed. This trend 
stands in contrast with the rather slower and intermittent 
growth of the United States and EU-15 where a higher stage 
of development was achieved earlier. While consumption 
of steel, copper, aluminum, and cement in China increased 
modestly from 1970 to about 1995, subsequent to that period, 
consumption grew very rapidly. Currently, China consumes 
about one-half of the world’s annual production of cement and 
25 percent of the world’s steel. While the growth in consump-
tion of these commodities was also high for India and the 
Republic of Korea, the absolute quantities consumed are small 
compared with China.

Equity Consideration, per Capita 
Consumption, and Extraction/
Consumption Patterns

An examination of the rates of consumption per capita 
provides a somewhat different picture than that portrayed by 
considering absolute material flows. Per capita consumption 
rates for aluminum, copper, steel, and cement were examined 
for China, the EU-15, India, the Republic of Korea, the United 
States, and the world as a whole for the period 1970–2004 
(figs. 14–17). The first observation in the per capita analysis is 
the rapid increase in per capita consumption of these com-
modities by the Republic of Korea. High growth rates existed 
for all four commodities due to rapid industrialization up until 
the Asian financial crisis at the end of 1997. The economy of 
the Republic of Korea focused on heavy industry and automo-
tive production during the 1970s and 1980s, which required 
intensive use of steel, copper, and aluminum. Later, the 
electronics, telecommunications, motor vehicle, shipbuilding, 
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Figure 9. Cement consumption of the world and China.
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Figure 10. Finished steel consumption by country.
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Figure 11. Copper consumption by country.
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Figure 12. Aluminum consumption by country.
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Figure 13. Cement consumption by country.

(a) L’acier, en quantité absolue.
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Figure 14. Finished steel consumption per capita by country.
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Figure 15. Copper consumption per capita by country.
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Figure 16. Aluminum consumption per capita by country.

FIGURE 17

0

200

400

600

800

1,000

1,200

1,400

1,600

1970 1975 1980 1985 1990 1995 2000 2005
YEARS

ME
TR

IC
 T

ON
S 

PE
R 

1,
00

0 P
EO

PL
E China EU-15

India Republic of Korea
United States World

Figure 17. Cement consumption per capita by country.

mining and manufacturing, petrochemical, industrial machin-
ery, and steel industries expanded, with the Republic of Korea 
surpassing every country in the consumption per capita of steel 
and copper and exceeding all but the United States in the per 
capita consumption of aluminum (U.S. Central Intelligence 
Agency, 2008). Cement production was an important industry 
during the Republic of Korea’s period of rapid growth, mainly 
owing to strong domestic demand by the construction industry 
(fig. 17).

For the metals, it can be seen that the Chinese per capita 
rate of consumption has grown considerably faster than that 
of India but is still considerably lower than that of the United 
States and the EU-15. China’s consumption per capita of each 
of the three metals by 2004 approaches, or exceeds, the world-
wide average. For cement, China now has a higher per capita 
consumption than that of the EU-15 and the United States. 
Comparing the EU-15 and the United States shows that steel 
consumption per capita in the United States declined slightly 
during the period while that for the EU-15 countries increased 
slightly. With respect to copper, the EU-15 consumption per 
capita now exceeds that for the United States. Aluminum per 
capita consumption rates for the United States and the EU-15 
both grew during the period, but the United States rate of 
per capita aluminum consumption remained higher than that 
of the EU-15. Cement per capita consumption in the EU-15 
remained higher than that in the United States, although the 
gap appears to be closing somewhat. Overall, global per capita 
cement consumption rose considerably, driven to a large 
degree by China and India.

In general, a considerable gap continues to exist between 
the per capita consumption of developed countries, such as the 
EU-15 and the United States, and the world as a whole. While 
GDP grew by about 225 percent, as mentioned previously, the 
gap in the per capita consumption rates between the developed 
and developing countries, as far as the main metal inputs to 
economies is concerned, does not appear to have closed. Addi-
tionally, it is important to reiterate that the metal consumption 
discussed is the first point of use in the economic system. 
While much of the steel and almost all of the cement con-
sumption goes to the creation of the built infrastructure within 
the consuming country, significant portions of the copper and 
aluminum consumed end up in manufactured goods, many of 
which are ultimately used and disposed of in other countries. 
An example of this is the final consumption of automobiles in 
the United States and NiCd batteries as previously discussed.

Global Extraction and Consumption 
Patterns

During the period examined, there appears to have been 
a marked shift in where metal and mineral commodities 
are extracted and where they are consumed. Figures 18–23 
examine the extraction and consumption pattern for base 

(b) L’acier, par habitant.
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25 percent of the world’s steel. While the growth in consump-
tion of these commodities was also high for India and the 
Republic of Korea, the absolute quantities consumed are small 
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provides a somewhat different picture than that portrayed by 
considering absolute material flows. Per capita consumption 
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for China, the EU-15, India, the Republic of Korea, the United 
States, and the world as a whole for the period 1970–2004 
(figs. 14–17). The first observation in the per capita analysis is 
the rapid increase in per capita consumption of these com-
modities by the Republic of Korea. High growth rates existed 
for all four commodities due to rapid industrialization up until 
the Asian financial crisis at the end of 1997. The economy of 
the Republic of Korea focused on heavy industry and automo-
tive production during the 1970s and 1980s, which required 
intensive use of steel, copper, and aluminum. Later, the 
electronics, telecommunications, motor vehicle, shipbuilding, 
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Figure 9. Cement consumption of the world and China.
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Figure 10. Finished steel consumption by country.
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Figure 11. Copper consumption by country.
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Figure 12. Aluminum consumption by country.
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Figure 13. Cement consumption by country.

(c) L’aluminium, en quantité absolue.
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Figure 14. Finished steel consumption per capita by country.
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Figure 15. Copper consumption per capita by country.
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Figure 16. Aluminum consumption per capita by country.
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Figure 17. Cement consumption per capita by country.

mining and manufacturing, petrochemical, industrial machin-
ery, and steel industries expanded, with the Republic of Korea 
surpassing every country in the consumption per capita of steel 
and copper and exceeding all but the United States in the per 
capita consumption of aluminum (U.S. Central Intelligence 
Agency, 2008). Cement production was an important industry 
during the Republic of Korea’s period of rapid growth, mainly 
owing to strong domestic demand by the construction industry 
(fig. 17).

For the metals, it can be seen that the Chinese per capita 
rate of consumption has grown considerably faster than that 
of India but is still considerably lower than that of the United 
States and the EU-15. China’s consumption per capita of each 
of the three metals by 2004 approaches, or exceeds, the world-
wide average. For cement, China now has a higher per capita 
consumption than that of the EU-15 and the United States. 
Comparing the EU-15 and the United States shows that steel 
consumption per capita in the United States declined slightly 
during the period while that for the EU-15 countries increased 
slightly. With respect to copper, the EU-15 consumption per 
capita now exceeds that for the United States. Aluminum per 
capita consumption rates for the United States and the EU-15 
both grew during the period, but the United States rate of 
per capita aluminum consumption remained higher than that 
of the EU-15. Cement per capita consumption in the EU-15 
remained higher than that in the United States, although the 
gap appears to be closing somewhat. Overall, global per capita 
cement consumption rose considerably, driven to a large 
degree by China and India.

In general, a considerable gap continues to exist between 
the per capita consumption of developed countries, such as the 
EU-15 and the United States, and the world as a whole. While 
GDP grew by about 225 percent, as mentioned previously, the 
gap in the per capita consumption rates between the developed 
and developing countries, as far as the main metal inputs to 
economies is concerned, does not appear to have closed. Addi-
tionally, it is important to reiterate that the metal consumption 
discussed is the first point of use in the economic system. 
While much of the steel and almost all of the cement con-
sumption goes to the creation of the built infrastructure within 
the consuming country, significant portions of the copper and 
aluminum consumed end up in manufactured goods, many of 
which are ultimately used and disposed of in other countries. 
An example of this is the final consumption of automobiles in 
the United States and NiCd batteries as previously discussed.

Global Extraction and Consumption 
Patterns

During the period examined, there appears to have been 
a marked shift in where metal and mineral commodities 
are extracted and where they are consumed. Figures 18–23 
examine the extraction and consumption pattern for base 
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considering absolute material flows. Per capita consumption 
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States, and the world as a whole for the period 1970–2004 
(figs. 14–17). The first observation in the per capita analysis is 
the rapid increase in per capita consumption of these com-
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tive production during the 1970s and 1980s, which required 
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Figure 9. Cement consumption of the world and China.
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Figure 10. Finished steel consumption by country.
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Figure 11. Copper consumption by country.
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Figure 12. Aluminum consumption by country.
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Figure 13. Cement consumption by country.

(e) Le cuivre, en quantité absolue.
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Figure 14. Finished steel consumption per capita by country.
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Figure 15. Copper consumption per capita by country.
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Figure 16. Aluminum consumption per capita by country.
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Figure 17. Cement consumption per capita by country.

mining and manufacturing, petrochemical, industrial machin-
ery, and steel industries expanded, with the Republic of Korea 
surpassing every country in the consumption per capita of steel 
and copper and exceeding all but the United States in the per 
capita consumption of aluminum (U.S. Central Intelligence 
Agency, 2008). Cement production was an important industry 
during the Republic of Korea’s period of rapid growth, mainly 
owing to strong domestic demand by the construction industry 
(fig. 17).

For the metals, it can be seen that the Chinese per capita 
rate of consumption has grown considerably faster than that 
of India but is still considerably lower than that of the United 
States and the EU-15. China’s consumption per capita of each 
of the three metals by 2004 approaches, or exceeds, the world-
wide average. For cement, China now has a higher per capita 
consumption than that of the EU-15 and the United States. 
Comparing the EU-15 and the United States shows that steel 
consumption per capita in the United States declined slightly 
during the period while that for the EU-15 countries increased 
slightly. With respect to copper, the EU-15 consumption per 
capita now exceeds that for the United States. Aluminum per 
capita consumption rates for the United States and the EU-15 
both grew during the period, but the United States rate of 
per capita aluminum consumption remained higher than that 
of the EU-15. Cement per capita consumption in the EU-15 
remained higher than that in the United States, although the 
gap appears to be closing somewhat. Overall, global per capita 
cement consumption rose considerably, driven to a large 
degree by China and India.

In general, a considerable gap continues to exist between 
the per capita consumption of developed countries, such as the 
EU-15 and the United States, and the world as a whole. While 
GDP grew by about 225 percent, as mentioned previously, the 
gap in the per capita consumption rates between the developed 
and developing countries, as far as the main metal inputs to 
economies is concerned, does not appear to have closed. Addi-
tionally, it is important to reiterate that the metal consumption 
discussed is the first point of use in the economic system. 
While much of the steel and almost all of the cement con-
sumption goes to the creation of the built infrastructure within 
the consuming country, significant portions of the copper and 
aluminum consumed end up in manufactured goods, many of 
which are ultimately used and disposed of in other countries. 
An example of this is the final consumption of automobiles in 
the United States and NiCd batteries as previously discussed.

Global Extraction and Consumption 
Patterns

During the period examined, there appears to have been 
a marked shift in where metal and mineral commodities 
are extracted and where they are consumed. Figures 18–23 
examine the extraction and consumption pattern for base 

(f) Le cuivre, par habitant.

Figure I-9 – Consommation de différents métaux selon le pays ou le continent, en quantité absolue
et par habitant.
Source: D.G. Rogich et G.R. Matos, The Global Flows of Metals and Minerals, U.S. Geological Survey, 2008.

Text copyright Andreas Mortensen, 2012 27



Besoins énergétiques: comparaison

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 
1, 4th Ed., 2012, Elsevier Butterworth.

be extracted from leaner ores. This expends more energy, per ton of copper
metal produced, in the operations of mining, crushing, and concentrating
the ore. The rising energy content of copper shown in Table 2.4 reflects the fact
that the richer copper ores are, right now, being worked out.

2.7 THE FUTURE

How are we going to cope with shortages of engineeringmaterials in the future?
Some obvious strategies are as follows.

Material-efficient design
Many current designs use more material than necessary, or use potentially
scarce materials where the more plentiful would serve. Often, for example, it
is a surface property (e.g., low friction, or high corrosion resistance) that is
wanted; then a thin surface film of the rare material bonded to a cheap plentiful
substrate can replace the bulk use of a scarcer material.

Substitution
It is the property, not the material itself, that the designer wants. Sometimes a
more readily available material can replace the scarce one, although this usually
involves considerable outlay (new processing methods, new joining methods,
etc.). Examples of substitution are the replacement of stone and wood by steel
and concrete in construction; the replacement of copper by polymers in

Table 2.4 Approximate Energy
Content of Materials (GJ ton–1)

Material Energy

Aluminum 280

Plastics 85–180

Copper 140, rising to 300

Zinc 68

Steel 55

Glass 20

Cement 7

Brick 4

Timber 2.5–7

Gravel 0.2

Oil 44

Coal 29

232.7 The Future
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In this paper, we review the energy requirements
to make materials on a global scale by focusing
on the five construction materials that dominate
energy used in material production: steel, cement,
paper, plastics and aluminium. We then estimate the
possibility of reducing absolute material production
energy by half, while doubling production from the
present to 2050. The goal therefore is a 75 per
cent reduction in energy intensity. Four technology-
based strategies are investigated, regardless of cost: (i)
widespread application of best available technology
(BAT), (ii) BAT to cutting-edge technologies, (iii)
aggressive recycling and finally, and (iv) significant
improvements in recycling technologies. Taken
together, these aggressive strategies could produce
impressive gains, of the order of a 50–56 per cent
reduction in energy intensity, but this is still short of
our goal of a 75 per cent reduction. Ultimately, we
face fundamental thermodynamic as well as practical
constraints on our ability to improve the energy
intensity of material production. A strategy to reduce
demand by providing material services with less
material (called ‘material efficiency’) is outlined as an
approach to solving this dilemma.

c⃝ 2013 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Annual primary energy used for the production of 29 materials worldwide, cumulative scale on the right. PE,
polyethylene; PVC, polyvinyl chloride; PP, polypropylene; PS, polystyrene; PET, polyethylene terephthalate; ABS, acrylonitrile
butadiene styrene; PA, polyamides. Adapted from Ashby [10].

2. Energy intensity ‘e’
The energy intensity (or embodied energy) is defined as the energy required to produce a material
from its raw form, per unit mass of material produced. The energy is usually measured as the
lower heating value of the primary fuels used plus any other primary energy contributions.
These energy requirements are dominated by two main steps: (i) harvesting and (ii) refining. For
metals from minerals, this would involve the mining, crushing, washing and separation of the ore
from the surrounding material (called gangue), and the chemical-reduction process that produces
the refined material from its ore (called smelting in metal processing). Many of the important
metal ores are either oxides or compounds with sulfur that, in turn, are converted into oxides
during processing. The reduction step for these oxides uses a reducing agent, usually carbon,
which yields a final output, including refined metal and carbon dioxide gas. Hence, the reduction
process can produce a certain amount of carbon dioxide (of the order of 1 mol of carbon dioxide
per mol of metal) in addition to the carbon dioxide associated with the energy requirements
(which depends critically on the nature of the energy source). The ratio of carbon dioxide emitted
by the carbon reduction reaction to that from energy use varies by material and technology, but is
generally in the range of 1 : 1 (some cement operations) to 1 : 10 (some aluminium operations). In
general, however, the carbon dioxide intensity of material production is dominated by the energy
intensity of production and the implied fuel usage, with a very strong correlation between the
two, as shown in figure 2.

Early material production processes were relatively simple, requiring only harvesting, as for
stone and timber, and mixing and heating as for bricks and concrete. These materials are still
in use today and are generally produced much more efficiently than in early days, with energy
intensities of the order of 1–5 MJ kg−1. Newer materials, extracted from dilute ores, and involving
a reduction step, are much more energy intensive. For example, the energy intensities for a
variety of metals are plotted in figure 3 versus the dilution (reciprocal of the ore grade or mass
concentration ‘c’ of the metal at the mine).

While there is a considerable scatter in the plot, it does show that these materials are quite
energy intensive compared with earlier materials, and that above a certain dilution, energy
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reviewing the data for the so-called top five materials, we estimate that a worldwide move
from today’s average to BATs3 would result in an overall energy reduction of about 18 per cent.
This agrees with detailed estimates made by us and others, including the International Energy
Agency (IEA) [5–7]. Some of the technologies involved in these improvements would include
worldwide implementation of by-product gas recovery from steel production and thin slab
casting, retrofitting of aluminium smelters and point feeders, continuous digesters and dry
sheet forming for paper production, wet to dry kilns for cement, as well as fuel and clinker
substitution and improvements in cracking and distillation for plastics. In addition, widespread
implementation of combined heat and power and more efficient electric motors are assumed.
Data used in our calculations are provided in the electronic supplementary material.

Additional energy reductions can be made with research breakthroughs and by implementing
cutting-edge technologies. Each of the top five materials already have technology roadmaps with
key energy challenges identified and funded research and scale up on going [11]. At the same
time, the major energy-intensive steps for the top five materials are already in the vicinity of
60 per cent efficient (relative to their thermodynamic limits). If we make the fairly aggressive

3BAT is as given by International Energy Agency (IEA). BAT in many cases can be the same as best practice technology that
is best available and economical, but can be different when a new technology has emerged. Saygin et al. [20] in their work
distinguish the two for several industries.
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assumption that these can be further improved to within half the remaining distance to the
theoretical limit (approx. 80% efficient), then we estimate an additional overall reduction in total
energy requirements for material production of about 19 per cent, for a total of 37 per cent
when combining both strategies. Some of the breakthrough technologies considered here include
increased direct carbon injection in blast furnaces, direct smelting of iron ore using coal, black
liquor gasification for paper, inert anodes for aluminium and other cutting-edge technologies,
some of which may not have been discovered yet. Again, additional details can be found in
our work and that of others, as well as in the electronic supplementary material of this study
[5–7,11,18,21–23]. The magnitude of this improvement may seem smaller than expected to some.
The reason is that this improvement applies only to primary production, not secondary (recycled)
production, which in some cases already represents a significant fraction of supply. We discuss
recycling next.

Another way to reduce the energy requirements for material production would be to look
to a new material source with a lower energy intensity e. This could be to harvest the already
processed materials in end-of-life products. That is, because recycling generally avoids many of
the energy-intensive steps in primary production (e.g. chemical reduction, mining and separation,
etc.), it is well known for having a lower energy requirement when compared with primary
production. For example, the production of secondary aluminium may require only of the order
of 10 per cent of the energy intensity of primary aluminium. And for steel, it may be only 50
per cent of the primary energy intensity [10]. The problem here is that while we know that we
can generally make the energy intensity of secondary production small compared with primary
production, there are serious constraints on the quantity of secondary materials that can be
captured and processed. This problem is particularly apparent for emerging countries while
they are building their infrastructure, which adds materials to stocks rather than making them
available for recycling [24].

To explore this effect, we use a relatively simple model that focuses on post-consumer discards,
an area with the most potential for improvement.4 Consider the total demand QT subdivided
into Qp (primary production) produced with energy intensity ep, and Qs (secondary production)

4The other discards come from industrial scrap, which is essentially a form of inefficiency. While industrial scrap has been a
sizable component of recycled materials in the past, constant improvement and slower growth will diminish its importance
in the future.

 D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 S

ep
te

m
be

r 2
02

1 



Chapitre 3 – Métaux et Alliages – Al & Cu  - 38

rsta.royalsocietypublishing.org

Research
Cite this article: Gutowski TG, Sahni S,
Allwood JM, Ashby MF, Worrell E. 2013 The
energy required to produce materials:
constraints on energy-intensity
improvements, parameters of demand. Phil
Trans R Soc A 371: 20120003.
http://dx.doi.org/10.1098/rsta.2012.0003

One contribution of 15 to a Discussion Meeting
Issue ‘Material efficiency: providing material
services with less material production’.

Subject Areas:
energy, environmental engineering,
materials science, mechanical engineering

Keywords:
energy, materials, carbon, sustainability,
industry

Author for correspondence:
Sahil Sahni
e-mail: sahilsahni@gmail.com

Electronic supplementary material is available
at http://dx.doi.org/10.1098/rsta.2012.0003 or
via http://rsta.royalsocietypublishing.org.

The energy required to
produce materials: constraints
on energy-intensity
improvements, parameters
of demand
Timothy G. Gutowski1, Sahil Sahni2, Julian

M. Allwood3, Michael F. Ashby3 and Ernst Worrell4

1Department of Mechanical Engineering, and 2Department of
Materials Science and Engineering, Massachusetts Institute
of Technology, 77Massachusetts Avenue, Cambridge,
MA 02139-4307, USA
3Department of Engineering, University of Cambridge, Trumpington
Street, Cambridge CB2 1PZ, UK
4Department of Environmental and Innovation Studies, Utrecht
University, Heidelberglaan 2, 3584 CS Utrecht, The Netherlands

In this paper, we review the energy requirements
to make materials on a global scale by focusing
on the five construction materials that dominate
energy used in material production: steel, cement,
paper, plastics and aluminium. We then estimate the
possibility of reducing absolute material production
energy by half, while doubling production from the
present to 2050. The goal therefore is a 75 per
cent reduction in energy intensity. Four technology-
based strategies are investigated, regardless of cost: (i)
widespread application of best available technology
(BAT), (ii) BAT to cutting-edge technologies, (iii)
aggressive recycling and finally, and (iv) significant
improvements in recycling technologies. Taken
together, these aggressive strategies could produce
impressive gains, of the order of a 50–56 per cent
reduction in energy intensity, but this is still short of
our goal of a 75 per cent reduction. Ultimately, we
face fundamental thermodynamic as well as practical
constraints on our ability to improve the energy
intensity of material production. A strategy to reduce
demand by providing material services with less
material (called ‘material efficiency’) is outlined as an
approach to solving this dilemma.

c⃝ 2013 The Author(s) Published by the Royal Society. All rights reserved.

 D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/ro

ya
lso

ci
et

yp
ub

lis
hi

ng
.o

rg
/ o

n 
12

 S
ep

te
m

be
r 2

02
1 

10

rsta.royalsocietypublishing.org
PhilTransRSocA371:20120003

......................................................

embodied energy (MJ kg–1)

pr
ic

e 
of

 m
at

er
ia

l (
U

S$
 k

g–1
)

100 000

10 000

1000

100

10

1

0

0

100 000 1 000 00010 0001000100101

y = 19x1.196

R2
 = 0.93

Ag

Pd

wafer grade Si

Au Pt

Mg

Zn
Ni

Al

Ti

steel
glass

woodbrick

cement

alumina

plastics

Pb

paper

Figure6. Price of variousmaterials plotted against the embodied energy of thematerials. The data for embodied energy comes
from Ashby [10], for material prices for metals from theMineral yearbooks [17], plastics from IDES [28] and brick, wood and glass
from Ashby [10]. Plastic prices are for year 2011, and all others are for 2009.

world production/consumption (×106 tonnes)

em
bo

di
ed

 e
ne

rg
y 

(M
J k

g–1
)

100 000

1 000 000

10 000

1000

100

10

10 00010001001010.10.0001 0.001 0.01
0.1

1

y = 325x–0.585

R2
 = 0.81

rubber
plastics

Pt

Pd
Au

wafer grade Si

Ag
Mg
Ni

Ti
Al

alumina

Pb
Zn Cu

stainless steel
paper

glass
steel

wood

cementbrick

Figure 7. Energy intensity e versus world production Q for various materials of construction. Adapted from Ashby [10].

 D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 S

ep
te

m
be

r 2
02

1 

Contenu 
énergétique et 
prix 



Recyclage

Chapitre 3 – Métaux et Alliages – Al & Cu  - 39

CHAPITRE I. INTRODUCTION

Figure I-10 – Le cycle des matériaux.
Source: W.J. Rankin, Minerals, Metals and Sustainability: Meeting Future Material Needs, CSIRO, Australia, 2011.

10  The Global Flows of Metals and Minerals
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Figure 24. Graph illustrating calculated world metals recycling 
rates.

Figure 25. Calculated world processing wastes for 12 selected 
mineral commodities.
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Figure 26. Calculated world sulfur release from nonferrous 
smelting, excluding nickel sulfide ores.
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also exceeded 3 billion tons globally that year, a significant 
quantity considering that much of this waste is far from benign 
in its potential effects on the environment, including human 
health. Figure 25 displays the relationship between commodity 
extraction and waste flows over time. The waste flow increases 
faster than the commodity extraction during the period dis-
played, owing mainly to declining ore grades.

One of the processing wastes historically shown to create 
significant environmental impacts is the sulfur released during 
the processing of nonferrous ores. Based on a calculation of 
the sulfur contained in the principal copper, lead, and zinc ores 

and on data on the global quantities of sulfur captured from 
metallurgical operations, a rough calculation of the amounts 
released to the environment can be made. While admittedly 
imprecise, the increasing percentage of sulfur captured during 
the period is encouraging (fig. 26).

Future Studies
This paper illustrates the type of information that can be 

gleaned from the global metal and industrial minerals MFA 
and highlights some of the trends observed. Investigating the 
factors driving the trends discussed will help identify causa-
tion and assess possible future trajectories.

For certain critical commodities, there is clearly a need to 
evaluate the current trends in relation to sustainability. Addi-
tionally, what are the global environmental implications of the 
material trends observed? China is already suffering severe 
pollution problems resulting from the vast material flows it has 
mobilized and some of these have overflowed its boundaries 
(New York Times, 2007). Additionally, further investigation of 
globalization, the transfer of goods and burdens, and the rela-
tionship of individual countries within the global framework 
will help determine the relationships between physical flows, 
economic growth, and individual well-being.

Future maintenance of the metal and minerals database is 
important, and the addition of other commodities, particularly 
those associated with alternative energy and high-tech applica-
tions, will enhance the utility of this database. Most impor-
tantly, the creation of a comprehensive global MFA would 
encompass all the agricultural, forestry, and nonrenewable 
organic material flows, in addition to the metal and mineral 
flows developed to date. While global economic accounts are 
well developed, we live in a physical world in which physical 
material accounts will permit understanding of the limits and 
opportunities of the Earth.

Concluding Remarks
Global flows of almost all of the metal and industrial 

mineral commodities examined increased considerably during 
the time period. The continuation of these trends is problem-
atic from a long-term perspective and, on a commodity-by-
commodity basis; it could eventually be slowed by issues of 
scarcity or unacceptable environmental impacts associated 
with the use and outputs of the commodity. Simultaneously, 
several other trends are evident from the data. The first is 
that global equity, as implied by commodity consumption per 
capita, does not appear to have improved, in spite of the rising 
material flows. Secondly, the environmental burden associ-
ated with extraction and processing seems to be increasingly 
borne by the lesser developed countries. These trends combine 
to create a situation that is not sustainable for the long term, 
unless we are able to increase recycling, reuse, and remanufac-

Figure I-11 – Recyclage des métaux principaux dans le monde.
Source: D.G. Rogich et G.R. Matos, The Global Flows of Metals and Minerals, U.S. Geological Survey, 2008.

28 Text copyright Andreas Mortensen, 2012
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Recyclage: 
le taux de recyclage (% de la production provenant de matériau recyclé) 
est limité par la croissance globale de la demande et donc de la 
production (schéma simplifié) 
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Table 1. Recycling parameters for top five materials. Cur, current average; CE, cutting edge; r, recycling rate as a fraction of
supply. Details are provided in the electronic supplementary material.

n r2005 r2050 [1-es,Cur/ep,Cur] [1-es,Cur/ep,CE] [1-es,CE/ep,CE]
material (years) (%) (%) (%) (%) (%)
steel 19 37 69 64 29 65
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aluminium 15 30 65 94 89 95
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cement 50 0 0 — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

paper 1 45 80 47 34 67
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

plastic 5 4 28 55 37 68
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

because we have already implemented aggressive increases in recycling rates in the previous
improvement. This is just about as far as we can go with energy efficiency, even using very
optimistic assumptions, and yet we are still substantially short of our goal of 75 per cent.

3. Material substitutions
Material substitution presents another potential method for reducing material energy
requirements. The idea would be to substitute a material with a lower energy intensity, for a
material with a higher energy intensity. For example, substituting concrete, bricks or wood for
steel in buildings and infrastructure, or steel for aluminium or plastics in vehicles. A look at
figure 6 reveals that if these materials could be substituted kilogram for kilogram, then they
would reduce the energy to make these products. Furthermore, owing to the strong correlation
shown in the figure between material price and energy intensity, this substitution could also save
money. Unfortunately, while potentially simple in concept, the idea of material substitution is
much more complicated than substituting recycled (secondary) material for primary material. The
main problem is that the material properties of the two substitutes may differ significantly, leading
to very different designs. Hence, any analysis to determine the potential energy savings would
require a full life-cycle assessment. For example, Ashby has shown how the development of new
materials (i.e. alloys, composites, etc.) has led to better properties for construction materials. That
is, progressing from natural materials (i.e. stone, timber, etc.) to these new modern materials,
one sees that material strength and elastic modulus have increased by about one to two orders of
magnitude, whereas the energy requirements to make these new materials has increased by about
three to four orders of magnitude (see figs 9.14 and 9.15 in Ashby [10]). Furthermore, materials
that we may think of as substitutes may also act as complements. For example, reinforced concrete
uses steel reinforcing as well as other steel components in the structure. And steel buildings
usually have reinforced concrete foundations. The result is that the findings of various life-cycle
assessment studies comparing alternative material designs are quite mixed, often with no clear
winner or loser by energy and environmental measures [25,26].

One reoccurring complication in these studies is that energy use and carbon emissions are
often not dominated by the embodied energy of the materials to make the product. This is true for
buildings where heating, cooling or lighting dominate, and for vehicles where fuel use dominates.
In fact, there are many studies showing that lighter weight and more energy-intensive materials
such as advanced composites and aluminium can be substituted for lower energy-intensive
materials in vehicles and aircraft with overall net savings in total energy use [10,27].

And finally, because material price and energy intensity correlates so closely, it can be
assumed that price-based material substitution has already led to significant reductions in the
energy requirements for materials. For example, in figure 7, the energy intensity, e, versus world
production, Q, for many materials of construction are plotted. Figure 7 reveals that, in general,
many of the high production volume materials are already the low-energy-intensity materials. Of
the top five, steel, paper and concrete are near the bottom of the energy-intensity scale. Although
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The energy required to
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improvements, parameters
of demand
Timothy G. Gutowski1, Sahil Sahni2, Julian
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3Department of Engineering, University of Cambridge, Trumpington
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In this paper, we review the energy requirements
to make materials on a global scale by focusing
on the five construction materials that dominate
energy used in material production: steel, cement,
paper, plastics and aluminium. We then estimate the
possibility of reducing absolute material production
energy by half, while doubling production from the
present to 2050. The goal therefore is a 75 per
cent reduction in energy intensity. Four technology-
based strategies are investigated, regardless of cost: (i)
widespread application of best available technology
(BAT), (ii) BAT to cutting-edge technologies, (iii)
aggressive recycling and finally, and (iv) significant
improvements in recycling technologies. Taken
together, these aggressive strategies could produce
impressive gains, of the order of a 50–56 per cent
reduction in energy intensity, but this is still short of
our goal of a 75 per cent reduction. Ultimately, we
face fundamental thermodynamic as well as practical
constraints on our ability to improve the energy
intensity of material production. A strategy to reduce
demand by providing material services with less
material (called ‘material efficiency’) is outlined as an
approach to solving this dilemma.

c⃝ 2013 The Author(s) Published by the Royal Society. All rights reserved.
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(estimé)



Les métaux et alliages :

- forment une vaste famille de matériaux; 
- sur le plan chimique sont généralement constitués d’un élément principal (Cu, Fe, Al, 

Mg, Zn, Ni, Ti, Ag, Au, ... ) auquel on ajoute des éléments d’alliage (alloying elements; 
exception: les intermétalliques constitués de parts égales de métaux différents);

- sont moins rigides ou durs et souvent plus lourds que les céramiques, 
- sont ductiles et capables de déformation plastique,
- sont tenaces,
- peuvent être réfractaires (càd résistants aux températures élevées),
- peuvent être résistants à l’attaque chimique
- peuvent se dégrader par oxidation,
- peuvent être composés d’éléments abondants et donc peuvent être de faible prix,
- ont une empreinte énergie/carbone non négligeable,
- sont assez facilement recyclés.

Récapitulatif du panorama:

Chapitre 3 – Métaux et Alliages – Al & Cu  - 42



II – Production de l’aluminium et du cuivre
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Notion de base: le 
diagramme d’Ellingham
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Figure IV-7 – Diagramme d’Ellingham.
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CHAPITRE I. INTRODUCTION

Figure I-1 – Four à charbon primitif.
Source: R.F. Tylecote, A History of Metallurgy, 2nd Edition, The Institute of Materials, London, 1992.

Figure I-2 – Bol décoratif de Batan Grande au Pérou, illustrant l’utilisation de tuyères dans
l’extraction du cuivre.
Source: R.F. Tylecote, A History of Metallurgy, 2nd Edition, The Institute of Materials, London, 1992.

La métallurgie extractive est probablement née avec l’extraction du cuivre de son minerai aux
environs de 6’000 avant Jésus-Christ, au nord-ouest du Golfe Persique, en Anatolie (qui correspond
à l’actuelle Turquie) ou en Iran. Cette extraction était accomplie en chauffant le minerai avec du
charbon de bois dans des fours de formes diverses et conçus pour concentrer et contenir la chaleur —
figure I-1. Dans de tels fours, les températures élevées requises étaient atteintes à l’aide de tuyères
qui permettaient d’en augmenter le tirage — figure I-2. Une adjonction de flux, solide fondant pour
former un liquide ionique basé sur l’oxyde de fer ou l’oxyde de manganèse était souvent pratiquée
dans ce processus, afin de faciliter la séparation du métal liquide et du laitier (le laitier est un
résidu liquide ionique de l’extraction des métaux, lequel s’allie au flux et reste séparé du métal
fondu flottant, à la surface de celui-ci).

Puis vinrent les bronzes, ouvrant ainsi l’âge du même nom, vers 4’000 ans avant Jésus-Christ.
Un bronze est par définition un alliage de base cuivre (voulant dire dont l’élément prépondérant
est le cuivre). Les bronzes à l’arsenic apparurent d’abord, car ceux-ci pouvaient être produits
directement lors de l’extraction du métal à partir de certains minerais contenant des composés
des deux métaux, cuivre et arsenic. On trouvait de tels minerais légèrement en dessous de la
couche supérieure des gisements de minerai de cuivre. Cette extraction n’aurait probablement pas
satisfait les normes de santé actuelles : ainsi Barraclough (1984), note qu’il était écrit que le dieu
grec Héphaïstos, alias Vulcain dans la mythologie romaine, était affecté de paralysie, laquelle se
trouve être un des premiers signes de l’empoisonnement par l’arsenic. Les propriétés du bronze à
l’arsenic brut de moulage (voulant dire coulé dans un moule et solidifié, sans autre travail de mise
en forme) n’étaient pas remarquables. Par contre après écrouissage (c’est-à-dire après durcissement
par déformation) ces bronzes étaient supérieurs au cuivre pur en termes de résistance mécanique

8 Text copyright Andreas Mortensen, 2012

Extraction du cuivre 
Âge du Bronze: env. 3’300 -1’200 AC

Lingots de cuivre, Crète et Chypre, env. 1’500 AC
Source: Musée d’Héraklion, Crète



Source: Poly M&A

Chapitre 3 – Métaux et Alliages – Al & Cu  - 51

ExtracUon du cuivre

Le cuivre représente 
seulement 50 ppm de 
l’écorce Terrestre.

Par contre l’énergie 
requise pour sa réducOon 
(au sens oxydo-reducOon) 
est comparaOvement 
faible (métal quasi noble)

B. PRODUCTION

2 Extractive Metallurgy of Copper 

Sulfide Ores (0 5 - 2.0% Cu) 

Comminution 

Flotation 
I 

Concentrates (20 - 30% Cu) 

0 

Matte (5d-70°/&u) Multl-furnace 
continuous 

coppermaking 
Converting 

I Anode refining v and casting 
0 

Anodes (99.5% Cu) 6 + 
Electrorefining 

+ c] Cathodes fi Melting 

Molten copper, <20 ppm impurities 
-250 ppm oxygen 

Continuous casting 

Fabrication and use 

Fig. 1.1. Principal processes for extracting copper from sulfide ores. Parallel lines 
indicate alternative processes. *Principally Isasmelt/Ausmelt, reverberatory, shaft, 
electric, and Vanyukov smelting. ------- Two furnaces, worldwide. 

Figure III-3 – Extraction pyrométallurgique du cuivre.
Source: W.G. Davenport, M. King, M. Schlesinger, A.K. Biswas, Extractive Metallurgy of Copper, 4th Edition, Pergamon,
Oxford, 2002.
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Extraction du cuivre
CHAPITRE III. LE CUIVRE, LES BRONZES ET LE LAITON

Figure III-4 – Four flash.
Source: R.E. Kirk, Encyclopedia of Chemical Technology Vol. 7, 4th Edition, Wiley Interscience, New York, 1991.

ou peu, oxydé. Le minerai étant débarrassé d’une partie de son soufre à la fin de cette opération, il
contient alors typiquement entre 15 et 30%pds de cuivre, le reste étant surtout du fer et bien sûr
encore du soufre.

Le minerai ainsi enrichi est ensuite fondu pour former une matte, qui est par définition un sulfure
fondu de métal. Cette étape de fusion de matte est aussi nommée fusion pyritique. La matte est
recouverte d’une scorie liquide, formée d’oxydes de silicium, de calcium (qui peuvent provenir en
partie du minerai, en partie être délibérément ajoutés) et de fer. L’intérêt de cette opération est
que l’équilibre chimique qui s’établit entre matte et scorie transfère une grande partie du fer de la
matte à la scorie, d’après les réactions suivantes :

2CuFeS2 +
13
4 O2 Cu2S · 1

2FeS(matte) + 3
2FeO + 5

2 SO2 (III-2)

2FeO + SiO2 2FeO·SiO2(scorie) (III-3)

Un attrait de ce procédé est que la matte fond à une température relativement basse (vers
1100 �C) alors qu’un alliage Fe-Cu correspondant aux teneurs du minerai fondrait vers 1400 �C. La
matte contient à l’équilibre entre 45 et 75%pds de cuivre, 20 à 25%pds de soufre, le reste étant du
fer avec d’autres constituants tels que des métaux nobles. La scorie, elle, est surtout composée de
2 FeO · SiO2, et peut contenir vers 0.3–0.6%pds de cuivre — faible quantité, mais suffisante pour
influencer la valeur économique du procédé. Une quantité importante de gaz contenant du dioxyde
de soufre est aussi engendrée ; ce gaz doit être traité car il est nocif pour la santé. Le type principal
de four utilisé de nos jours à cette fin est le four flash (le minerai est soufflé avec de l’oxygène dans
le four — figure III-4), bien que les fours à tuyère submergée (le minerai est ajouté directement
dans la matte liquide) ou le four à lance (alimenté par le haut) soient aussi courants.

La matte, séparée par gravité de la scorie, est ensuite oxydée dans un convertisseur Bessemer dit
de type Pierce-Smith. Cette oxydation est faite par par soufflage d’air sous pression — figure III-5.
L’air oxyde d’abord le fer et le soufre avec lequel celui-ci est combiné dans la matte, pour donner
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Figure III-4 – Four flash.
Source: R.E. Kirk, Encyclopedia of Chemical Technology Vol. 7, 4th Edition, Wiley Interscience, New York, 1991.
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2CuFeS2 +
13
4 O2 Cu2S · 1

2FeS(matte) + 3
2FeO + 5
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2FeO + SiO2 2FeO·SiO2(scorie) (III-3)
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le four — figure III-4), bien que les fours à tuyère submergée (le minerai est ajouté directement
dans la matte liquide) ou le four à lance (alimenté par le haut) soient aussi courants.

La matte, séparée par gravité de la scorie, est ensuite oxydée dans un convertisseur Bessemer dit
de type Pierce-Smith. Cette oxydation est faite par par soufflage d’air sous pression — figure III-5.
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(a) Convertisseur

(b) Différentes posistions.

Figure III-5 – Convertisseur Pierce-Smith.
Source: W.G. Davenport, M. King, M. Schlesinger, A.K. Biswas, Extractive Metallurgy of Copper, 4th Edition, Pergamon,
Oxford, 2002.
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FeO et SO2 :
2FeS(matte) + 3O2 + SiO2 2FeO·SiO2(scorie) + 2SO2 (III-4)

L’oxydation de FeS étant exothermique, la réaction s’entretient toute seule — et doit parfois
être contrôlée par ajout de matériau plus froid. La scorie qui en résulte flotte au-dessus du bain de
« métal blanc » (Cu2S). Elle contient environ 4%pds de Cu, et est donc retournée au four flash où
la matte est préparée, afin d’en extraire le cuivre restant par séparation entre matte et scorie.

Puis on procède à un ajout de matte supplémentaire au convertisseur et le processus est répété
jusqu’à obtention d’une quantité suffisante de Cu2S fondu. Celui-ci est ensuite séparé du soufre
après enlèvement de la scorie. Ceci est encore accompli par soufflage d’air pour former SO2 :

Cu2S(matte) +O2 2Cu(liquide) + 2SO2 (III-5)

Cette transformation est, elle aussi, exothermique et maintient le cuivre qui en résulte vers
1250 �C ; celui-ci est donc liquide. Si l’on forme de l’oxyde de cuivre Cu2O, celui-ci réagit avec le
sulfure Cu2S pour former SO2 et Cu. Le cuivre converti est ensuite séparé de la scorie qui, encore,
flotte au-dessus du bain (le cuivre est dense aussi à l’état liquide...). Ce cuivre, dit cuivre brut ou
« blister », (ainsi nommé en anglais car il contient des bulles de SO2 après solidification) contient
environ 2%pds d’impuretés, faites surtout de fer, de soufre et d’oxygène ; il doit donc être purifié
davantage.

On notera que les procédés de fusion du minerai et de conversion de la matte sont fondamen-
talement les mêmes : de l’oxygène est soufflé à travers un bain à haute température afin d’oxyder
certains éléments (soufre, fer) et obtenir, in fine, du cuivre métallique. De ce fait, la méthode a
évolué de façon à mener ces divers procédés dans le même four. Ainsi de plus de plus de fours
(fours flash, fours à tuyère submergée et à lance) sont adaptés afin d’y produire directement du
cuivre blister à partir du minerai enrichi.

Le cuivre blister est ensuite raffiné. Pour ce, plusieurs procédés peuvent être utilisés. Une
possibilité, utilisée dans 10% des cas environ, consiste à oxyder les impuretés (lesquelles sont en
général plus avides d’oxygène que le métal noble Cu) — ainsi qu’une partie du cuivre lui-même.
La partie de cuivre oxydé peut ensuite être réduite par des gaz réducteurs (CO et H2) obtenus par
combustion de coke, de charbon de bois, d’hydrocarbures, ou de troncs de bois (de bouleaux) frais.
Ces derniers dégagent des gaz en brûlant et ainsi brassent le métal, assurant un bon contact entre
gaz et métal, d’où le nom de perchage pour ce dernier procédé. Ce raffinage pyrométallurgique est
arrêté quand la teneur en Cu2O atteint 0.5%.

Le cuivre obtenu à ce stade (« tough-pitch copper » en anglais), ou directement le cuivre blister
si le perchage n’est pas utilisé, est ensuite raffiné par voie électrolytique. Pour ce, le cuivre est coulé
sous forme d’anodes, puis immergé dans du sulfate de cuivre, dissout sous l’action d’une différence
de potentiel avec une autre électrode (la cathode) avec les métaux moins nobles que peut contenir
l’anode (fer, etc), puis redéposé, mais sans les métaux moins nobles, à la cathode — figure III-6.
Les métaux plus nobles que le cuivre, eux, ne se dissolvent pas ; ils tombent au fond de la cuve sous
les anodes pour former des boues dites « boues nobles ». En refondant ces boues, il est possible
d’extraire notamment de l’argent et de l’or, ainsi que du sélénium et du tellure. Une proportion
appréciable de la production mondiale de ces métaux provient d’extraction annexe à celles du
cuivre et du plomb.

Le cuivre ainsi purifié contient nominalement 99.9% de Cu, et 0.02–0.05%pds d’oxygène, et est
nommé cuivre ETP (« ETP » = « electrolytic tough-pitch copper »). Il peut ensuite être refondu
sous atmosphère réductrice, pour voir sa pureté augmenter à 99.995% : c’est le cuivre OFHC
(« OFHC » = « Oxygen-free high-conductivity copper » en anglais).
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si le perchage n’est pas utilisé, est ensuite raffiné par voie électrolytique. Pour ce, le cuivre est coulé
sous forme d’anodes, puis immergé dans du sulfate de cuivre, dissout sous l’action d’une différence
de potentiel avec une autre électrode (la cathode) avec les métaux moins nobles que peut contenir
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d’extraire notamment de l’argent et de l’or, ainsi que du sélénium et du tellure. Une proportion
appréciable de la production mondiale de ces métaux provient d’extraction annexe à celles du
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C. LE CUIVRE PUR OU FAIBLEMENT ALLIÉ

Figure III-6 – Raffinage électrolytique du cuivre.
Source: W.F. Smith, Structure and Properties of Engineering Alloys, McGraw-Hill, USA, 1993.

b Voie humide

La voie humide, ou hydrométallurgique, est utilisée pour environ 20% de la production mondiale
de cuivre. Elle consiste à dissoudre le cuivre du minerai dans un acide, puis d’en extraire par
concentration une solution électrolytique riche en cuivre. Puis le cuivre est déposé sur des cathodes
par voie électrolytique — figure III-7. Les minerais traités de cette manière sont des oxydes et la
chalcocite, souvent relativement pauvres en cuivre.

La méthode la plus courante pour dissoudre le cuivre est de simplement gicler de l’acide sul-
furique dissout sur des tas de minerai concassé et d’attendre que l’acide s’accumule dans des
collecteurs — étape qui peut durer plusieurs mois pour une extraction efficace du cuivre. Comme
nous l’avons vu pour l’alumine, l’acide sulfurique est très efficace pour dissoudre les oxydes ; c’est
pour cela que cette méthode est utilisée pour les minerais oxydés. La dissolution de l’oxyde de
cuivre est la suivante :

CuO +H2SO4 Cu++ + SO��
4 +H2O (III-6)

Le cuivre est ensuite séparé de l’acide et des autres impuretés grâce à des extracteurs organiques,
qui se lient spécifiquement aux atomes Cu et permettent de les isoler. Ce cuivre (sans impuretés)
est ensuite dissous dans un acide fort, et crée ainsi une solution électrolytique riche en cuivre.
Finalement, le cuivre en solution est déposé sur une cathode par voie électrolytique de manière
analogue au raffinage — mais avec une anode inerte (qui sont souvent en plomb), cette étape
s’appelant l’« electrowinning ».

C Le cuivre pur ou faiblement allié

Le cuivre pur ou faiblement allié est surtout utilisé lorsque la conductivité est importante. En
effet, la conductivité électrique de tous les métaux, et du cuivre en particulier, décroît quand on y
introduit des atomes étrangers. Ceux-ci représentent des obstacles au mouvement des électrons au
sein du métal et en augmentent donc la résistivité électrique du métal (faisant donc diminuer la
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Overview 3 

H z S 0 4  leach solution, recycle from solvent extraction 

Make-up H2S04 

10 kg H2S0dm3, 0.3 kg Culm3 

1 to 6 kg Culm3 

I 

Solvent 
extraction 

I 
Electrolyte, 40 kg Culm3 

Electrowinning 

J. 0 Stripped cathode plates 

Melting 

Molten copper, d20 ppm impurities 
-250 ppm oxygen 

Fabrication and use 

Fig. 1.2. Hydrometallurgical heap leach copper extraction flowsheet for 'oxide' and 
chalcocite ores. 

Figure III-7 – Extraction hydrométallurgique du cuivre.
Source: W.G. Davenport, M. King, M. Schlesinger, A.K. Biswas, Extractive Metallurgy of Copper, 4th Edition, Pergamon,
Oxford, 2002.
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Figure III-2 – Production mondiale de cuivre raffiné.
Source: British Geological Survey.

B Production

B.1 Extraction du minerai

Le cuivre est, contrairement à l’aluminium, un métal relativement peu abondant. Il représente
50 ppm de l’écorce terrestre. Les réserves en cuivre sont estimées à presque 500 · 106 tonnes, pour
une production mondiale de 16 · 106 tonnes en 2009. Les principaux sites de gisement actuellement
utilisés sont situés au Chili, au Pérou, aux USA, dans l’ancienne URSS, au Canada, en Zambie et
au Zaïre. En Europe, le minerai est extrait en Pologne, en Bulgarie, en Turquie et au Portugal.

Les minerais riches en cuivre sont principalement des sulfures de cuivre et de fer, tels la chalco-
pyrite (CuFeS2), la bornite (Cu5FeS4) et la chalcocite (Cu2S). Le cuivre peut aussi être trouvé sous
forme de composés oxydés, tels des silicates ou des sulfates. Pour être exploitable de nos jours (et
donc être compté dans les réserves de cuivre), un minerai doit contenir au moins 0.5% de cuivre :
ceci est une proportion bien inférieure à celle tolérée dans les minerais de métaux abondants comme
l’aluminium ou, comme nous le verrons plus loin, le fer. On mesure là de façon claire la rareté de
ce métal...

Enfin, le recyclage à la fois d’objets en cuivre et de déchets de fabrication est une source non-
négligeable de cuivre : en effet, cela représente actuellement jusqu’à 50% de la production de cuivre
mondiale.

B.2 Production de cuivre pur

Le cuivre étant assez rare, ses sites d’extraction et de production ont tendance à être fortement
localisés. Une situation extrême était atteinte vers la fin du XVIIIe siècle, quand presque la totalité
de la production mondiale émanait de Swansea en Grande Bretagne. De nos jours, l’extraction du
cuivre reste (de par la géologie) fortement localisée ; ainsi le cuivre représente par exemple un part
importante des revenus de certains pays (le Chili notamment). Les principaux sites de production
sont plus fortement concentrés dans le monde développé ; cependant les pays riches en minerai sont
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Table III-2 – Consommation de cuivre aux États-Unis en 2003 par type d’utilisation .
Source: U.S. Geological Survey, 2005, Copper statistics, in T.D. Kelly and G.R. Matos, Historical statistics for mineral

and material commodities in the United States : U.S. Geological Survey Data Series 140

Catégorie Tonnes Proportion

Construction 1’170’000 48%
Produits électriques et électroniques 510’000 21%
Machines et équipement 240’000 10%
Transports 240’000 10%
Produits de consommation 270’000 11%

Total 2’430’000

cuivre se « polit ») mais a cette conséquence importante et pratique que le cuivre est de ce fait plus
facile à souder et aussi bien plus facile à braser que l’aluminium. Cette qualité est importante pour
l’utilisation du cuivre comme conducteur électrique, en particulier dans l’industrie électronique,
ainsi que dans d’autres utilisations telles que la tuyauterie.

En milieu aqueux le cuivre résiste encore bien à la corrosion, son potentiel d’électrode normal
étant positif par rapport à celui de l’hydrogène, ce qui revient à dire qu’il n’est pas spontanément
corrodé. Par contre, si l’eau contient beaucoup d’oxygène dissout, ou si elle contient certains acides
tels l’acide chlorhydrique ou acétique (ce dernier est présent dans le vinaigre), elle attaque le cuivre.
En contact avec l’atmosphère, et donc avec les gaz CO2 et H2O, le cuivre se recouvre de « vert-
de-gris » CuCO3Cu(OH)2 composé vert et imperméable, bien adhérent et chimiquement stable.
Ce composé une fois formé protège donc le cuivre de l’oxydation : le vert-de-gris est ainsi nommé
« rouille précieuse ». Sa bonne résistance aux éléments atmosphériques fait que l’on se sert souvent
du cuivre en architecture, en particulier pour recouvrir les toits, le temps leur donnant la couleur
verte classique de nombre de bâtiments d’Europe du Nord.

Au contact du cuivre avec le vinaigre et certains autre acides organiques (comme ceux que
contient la sueur), un composé analogue est formé, aussi nommé « vert-de-gris ». Ce composé
diffère cependant de la rouille précieuse et est fortement toxique, de sorte que le cuivre ne doit
jamais être utilisé pour faire un bol de salade, par exemple. Par contre, dans l’industrie alimentaire,
la formation de cette variante de vert-de-gris peut être évitée, selon la chimie des processus employés
et selon le contrôle de celle-ci. Le cuivre est ainsi souvent utilisé pour son inertie chimique aussi
dans l’industrie agroalimentaire : un exemple est celui des belles cuves de cuivre que l’on trouve
souvent dans les brasseries.

A température élevée, au dessus de 400–500 �C, l’oxyde de cuivre n’adhère plus du tout au
cuivre : chauffé à haute température, le cuivre se couvre d’une pellicule noire qui s’écaille, tombe
puis se reforme. Le cuivre s’oxyde alors continûment et ne peut alors habituellement pas être utilisé.

Du fait de son abondance relativement faible, le cuivre n’est pas aussi économique à l’achat
que le fer ou l’aluminium. Il n’est ainsi utilisé que lorsque l’on a besoin de sa haute conductivité,
ou quand on a besoin d’une bonne formabilité par corroyage, moulage ou usinage couplée à une
bonne résistance à la corrosion. Ces attributs font que le cuivre est utilisé dans cinq grandes classes
d’applications qui sont données en table III-2. La consommation de cuivre aux États-Unis en 2003
est donnée en table III-2. Son prix évoluant (vers le haut) à grande vitesse ces dernières années,
la palette de ses utilisations va probablement aussi évoluer en se rétrécissant (notez que cela ne
veut pas dire que son industrie ne soit plus rentable ; les profits sont fonction tant du prix que du
volume).
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(a) Document original.

En principe, le procédé que je désire
breveter pour la préparation de l’alumi-
nium consiste à décomposer de l’alumine
en dissolution dans un bain de cryolithe en
fusion par un courant électrique aboutis-
sant au bain, d’une part, au moyen d’une
électrode en contact avec le creuset en
charbon aggloméré qui contient la cryolithe
et, d’autre part, au moyen d’une autre élec-
trode en charbon aggloméré comme la pre-
mière, plongeant dans le bain. Cette com-
binaison produit la décomposition de l’alu-
mine en employant un courant de faible
tension : l’oxygène se rend à l’anode et
brûle avec elle, l’aluminium se dépose sur
les parois du creuset qui constitue la ca-
thode, et se précipite en culot dans le fond
du creuset.

Le bain reste constant et sert indéfini-
ment s’il est alimenté en alumine.

L’électrode positive, c’est-à-dire
l’anode, est à remplacer après combus-
tion, mais cette combustion empêche la
polarisation et assure par cela même la
constance dans l’énergie et dans l’action
du courant électrique.

(b) Texte du brevet.

Figure II-3 – Brevet numéro 175711 de P.L.T. Héroult, déposé le 23 avril 1886, Paris.
Source: www.bibnum.education.fr/files/HEROULT_BREVET.pdf (accédé le 2 novembre 2011)
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Figure II-2 – Fabrication d’alumine.
Source: J. Barralis, G. Maeder, Précis de métallurgie: Élaboration, structure-propriétés, normalisation, 7e Édition,
Nathan-AFNOR, Paris, 1997.

atomes de métal Al. Une bonne description du procédé est en fait donnée par le texte original du
brevet de Héroult — figure II-3.

Ce procédé est resté relativement inchangé dans son principe, mais son efficacité a été nettement
améliorée au cours du siècle passé, de 40 kWh · kg�1 aluminium à la fin du 19e siècle jusqu’à
13 kWh ·kg�1 en 2003. La limite théorique étant de 6.5 kWh ·kg�1, il est encore possible d’optimiser
le procédé.

Pour mener en pratique une électrolyse de l’alumine, il faut dissoudre celle-ci dans un liquide au
sein duquel les ions peuvent migrer rapidement et ainsi conduire l’électricité. Une solution serait de
fondre l’alumine, mais (du fait de sa stabilité) c’est un oxyde très réfractaire : son point de fusion est
de 2040 �C ; autrement dit beaucoup trop élevé pour qu’une telle fonte soit économiquement viable.
« L’astuce » est donc de ne pas fondre l’alumine mais de la dissoudre dans un sel, la cryolithe,
Na3AlF6. La cryolithe est pratique car elle forme avec l’alumine un eutectique (dont on donnera la
définition exacte plus loin) à 18.5%pds d’alumine, qui a ceci d’intéressant que son point de fusion
est relativement bas (pour ce type de système), puisqu’il fond à 935 �C. En pratique, on utilise
une concentration allant de 1.5 à 7%pds d’alumine, formant à une température d’environ 950 �C
le liquide eutectique et de la cryolithe solide. L’utilisation de la cryolithe implique que le procédé
soit bien maîtrisé, en particulier car il nécessite une bonne gestion des fluorures car ce sont des
polluants. Par exemple, la cryolithe, ainsi que d’autres fluorures (HF notamment) peuvent aussi
dissoudre d’autres oxydes, tels que SiO2 et CaO, principaux composés de vitres — lesquelles se
ternissaient autrefois aux environs des usines d’extraction d’aluminium.

L’électrolyse de l’alumine ainsi dissoute et liquéfiée (à 950 �C) est conduite dans une cuve
contenant deux électrodes, une surmontée par le liquide, l’autre y trempant sans toucher le fond,
toutes deux en carbone. À la cathode, située au fond de la cuve, l’aluminium est réduit :

2Al+++ + 6 e� 2Al (II-1)
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Bayer de producUon de 
l’alumine
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B. PRODUCTION

Figure II-5 – Anode Söderberg schématique.
Source: R.E. Kirk, Encyclopedia of Chemical Technology Vol. 2, 4th Edition, Wiley Interscience, New York, 1991.

Figure II-6 – Photo d’une usine d’électrolyse d’aluminium au Kazakhstan, ouverte en 2007.
Source: Kazakhstan electrolysis plant. http://gelio-nsk.livejournal.com/138008.html (accédé le 2 novembre 2011).

Text copyright Andreas Mortensen, 2012 39

Seconde étape: 
réducUon de 
l’alumine



Source: Poly M&A

Chapitre 3 – Métaux et Alliages – Al & Cu  - 60

Extraction de l’aluminium
CHAPITRE II. L’ALUMINIUM

Figure II-4 – Anode précuites schématique.
Source: R.E. Kirk, Encyclopedia of Chemical Technology Vol. 2, 4th Edition, Wiley Interscience, New York, 1991.

La cathode est reliée au pôle négatif de la source de courant. L’aluminium pur, qui s’y forme
à partir du sel, est plus dense que ce dernier et tombe donc, à l’état liquide (son point de fusion
est de 660 �C), au fond de la cuve. Il est donc optimal que la cathode forme le fond de la cuve
d’électrolyse — figures II-4 et II-5. Là, l’aluminium liquide accumulé transmet le courant jusqu’à
sa surface supérieure pour que la réaction cathodique y ait lieu (on peut donc dire que la cathode
est, en fait, en aluminium fondu). À l’anode, située vers le haut du bain de cryolithe, les électrons
sont combinés avec l’oxygène :

3O�� 6 e� + 3
2O2

Le carbone composant l’anode est ainsi oxydé pour former les gaz CO et CO2 : en français
plus simple, l’anode brûle. La chaleur ainsi dégagée aide la réaction du point de vue énergétique
et maintient la température de la cuve d’électrolyse à 950 �C. La différence de potentiel entre
électrodes est relativement faible, �V = 4V, mais bien sûr les courants sont intenses : typique-
ment I = 100–200 kA. En effet, la quantité d’aluminium réduite est proportionnelle aux nombre
d’électrons transportés : la production est donc directement proportionnelle au courant.

Une usine d’électrolyse de l’aluminium comprend généralement une série (jusqu’à quelques
centaines) de cuves d’électrolyse en parallèle — figure II-6. On y trouve aussi souvent une unité de
production d’anodes, où celles-ci sont produites par pressage et cuisson de carbone provenant de
coke, de pétrole et de brai (liquide goudronneux riche en carbone). Celles-ci peuvent être précuites
avant insertion dans le four — figure II-4, ou cuites pendant le procédé d’électrolyse, par chauffe
juste au-dessus de l’électrolyte cryolytique (anodes Söderberg) — figure II-5. Ce dernier type
d’anode peut donc être alimenté et consommé en continu, ce qui permet d’éviter les interruptions
du procédé pour changer les anodes, lesquelles sont évidemment indésirables.

L’alumine graduellement consommée est ajoutée au bain de cryolithe par le haut. Le métal est
prélevé du fond des cuves, parfois par coulée — figure II-4, plus souvent par siphon au vide. Sa
pureté est d’environ 99.5–99.7%, les impuretés principales étant Fe et Si. Ce métal peut, par une
opération d’affinage électrolytique, être purifié à 99.99%, voire davantage si plus d’opérations sont
utilisées.

Le bilan global du procédé est donné sous forme schématique en figure II-7. Pour produire une
tonne d’aluminium, 4 tonnes de bauxite sont nécessaire en plus d’autres produits ; de plus, il faut
fournir une grande quantité d’énergie (14MWh d’électricité), en plus de l’énergie « contenue »
dans le carbone des anodes consommées. Outre cette méthode de production de l’aluminium à
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Figure II-2 – Fabrication d’alumine.
Source: J. Barralis, G. Maeder, Précis de métallurgie: Élaboration, structure-propriétés, normalisation, 7e Édition,
Nathan-AFNOR, Paris, 1997.
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Na3AlF6. La cryolithe est pratique car elle forme avec l’alumine un eutectique (dont on donnera la
définition exacte plus loin) à 18.5%pds d’alumine, qui a ceci d’intéressant que son point de fusion
est relativement bas (pour ce type de système), puisqu’il fond à 935 �C. En pratique, on utilise
une concentration allant de 1.5 à 7%pds d’alumine, formant à une température d’environ 950 �C
le liquide eutectique et de la cryolithe solide. L’utilisation de la cryolithe implique que le procédé
soit bien maîtrisé, en particulier car il nécessite une bonne gestion des fluorures car ce sont des
polluants. Par exemple, la cryolithe, ainsi que d’autres fluorures (HF notamment) peuvent aussi
dissoudre d’autres oxydes, tels que SiO2 et CaO, principaux composés de vitres — lesquelles se
ternissaient autrefois aux environs des usines d’extraction d’aluminium.

L’électrolyse de l’alumine ainsi dissoute et liquéfiée (à 950 �C) est conduite dans une cuve
contenant deux électrodes, une surmontée par le liquide, l’autre y trempant sans toucher le fond,
toutes deux en carbone. À la cathode, située au fond de la cuve, l’aluminium est réduit :

2Al+++ + 6 e� 2Al (II-1)
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Figure II-4 – Anode précuites schématique.
Source: R.E. Kirk, Encyclopedia of Chemical Technology Vol. 2, 4th Edition, Wiley Interscience, New York, 1991.

La cathode est reliée au pôle négatif de la source de courant. L’aluminium pur, qui s’y forme
à partir du sel, est plus dense que ce dernier et tombe donc, à l’état liquide (son point de fusion
est de 660 �C), au fond de la cuve. Il est donc optimal que la cathode forme le fond de la cuve
d’électrolyse — figures II-4 et II-5. Là, l’aluminium liquide accumulé transmet le courant jusqu’à
sa surface supérieure pour que la réaction cathodique y ait lieu (on peut donc dire que la cathode
est, en fait, en aluminium fondu). À l’anode, située vers le haut du bain de cryolithe, les électrons
sont combinés avec l’oxygène :
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Le carbone composant l’anode est ainsi oxydé pour former les gaz CO et CO2 : en français
plus simple, l’anode brûle. La chaleur ainsi dégagée aide la réaction du point de vue énergétique
et maintient la température de la cuve d’électrolyse à 950 �C. La différence de potentiel entre
électrodes est relativement faible, �V = 4V, mais bien sûr les courants sont intenses : typique-
ment I = 100–200 kA. En effet, la quantité d’aluminium réduite est proportionnelle aux nombre
d’électrons transportés : la production est donc directement proportionnelle au courant.

Une usine d’électrolyse de l’aluminium comprend généralement une série (jusqu’à quelques
centaines) de cuves d’électrolyse en parallèle — figure II-6. On y trouve aussi souvent une unité de
production d’anodes, où celles-ci sont produites par pressage et cuisson de carbone provenant de
coke, de pétrole et de brai (liquide goudronneux riche en carbone). Celles-ci peuvent être précuites
avant insertion dans le four — figure II-4, ou cuites pendant le procédé d’électrolyse, par chauffe
juste au-dessus de l’électrolyte cryolytique (anodes Söderberg) — figure II-5. Ce dernier type
d’anode peut donc être alimenté et consommé en continu, ce qui permet d’éviter les interruptions
du procédé pour changer les anodes, lesquelles sont évidemment indésirables.

L’alumine graduellement consommée est ajoutée au bain de cryolithe par le haut. Le métal est
prélevé du fond des cuves, parfois par coulée — figure II-4, plus souvent par siphon au vide. Sa
pureté est d’environ 99.5–99.7%, les impuretés principales étant Fe et Si. Ce métal peut, par une
opération d’affinage électrolytique, être purifié à 99.99%, voire davantage si plus d’opérations sont
utilisées.

Le bilan global du procédé est donné sous forme schématique en figure II-7. Pour produire une
tonne d’aluminium, 4 tonnes de bauxite sont nécessaire en plus d’autres produits ; de plus, il faut
fournir une grande quantité d’énergie (14MWh d’électricité), en plus de l’énergie « contenue »
dans le carbone des anodes consommées. Outre cette méthode de production de l’aluminium à
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Figure II-7 – Bilan global d’extraction de l’aluminium.
Source: I.J. Polmear, Light Alloys: from traditional alloys to nanocrystals, Butterworth-Heinemann, 2006 ; courtesy Aus-
tralian Aluminium Council

partir du minerai, le recyclage représente maintenant une source importante du métal : environ
40% de la production d’aluminium en Europe est par refonte et affinage de métal recyclé. Cette
opération consomme évidemment bien moins d’énergie que l’extraction du métal à partir de son
minerai puisqu’il n’est pas nécessaire de réduire l’oxyde. L’aluminium recyclé provient surtout
de l’industrie automobile, bien que la construction et les consommables (comme les canettes de
boisson) représentent aussi une part importante. En Suisse, 91% des canettes ont été recyclées en
2009, alors que la moyenne européenne se situe plutôt autour de 60%.

Si le métal pur ainsi produit a été coulé en lingots après réduction, il est refondu (parfois après
transport vers une autre usine) et le plus souvent allié à d’autres éléments. Ceci peut être fait
soit par adjonction des éléments purs, soit par adjonction d’alliages plus concentrés de ces métaux
avec l’aluminium — ceci est souvent pratiqué car on peut concevoir ces préalliages de façon à
ce que leur point de fusion soit comparativement bas, faisant qu’ils fondent plus facilement dans
l’aluminium. Avant coulée, la surface du métal en fusion est nettoyée des impuretés qui y flottent,
et souvent le métal est aussi filtré, afin d’en enlever les inclusion, qui sont des petits morceaux
de phase solides (typiquement des fragments d’oxyde) contenus dans le métal ou l’alliage fondu et
généralement indésirables car fragiles. Ensuite, le métal est soit coulé pour reformer des lingots s’il
sera encore refondu avant d’avoir sa forme finale, soit solidifié par coulée continue (voir figure II-8)
pour faire des produits « longs » s’il sera ensuite déformé à l’état solide, par extrusion ou laminage
par exemple. Quels que soient les procédés intervenant dans l’élaboration ultérieure du métal ou
de l’alliage d’aluminium — figure II-9, la première étape de définition de sa microstructure est la
solidification.

La solidification est le processus par lequel un liquide devient solide. Nous allons maintenant
voir brièvement les principes généraux de la solidification des métaux et alliages, en utilisant
deux systèmes d’alliage importants pour l’aluminium afin d’illustrer ces principes et aussi afin de
connaître ces systèmes : Al-Cu et Al-Si.
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Figure II-1 – Production mondiale d’aluminium.
Source: U.S. Geological Survey, British Geological Survey.

Table II-1 – Consommation d’aluminium aux États-Unis et au Canada en 2009.
Source: U.S. Geological Survey, Aluminum statistics, 2010.

Catégorie Tonnes Proportion

Consommables et emballages 2’150’000 32%
Construction 964’000 14%
Transports 1’190’000 28%
Electricité 593’000 9%
Biens durables 458’000 7%
Machines et équipement 475’000 7%
Autres 254’000 4%

Total 6’810’000
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La production mondiale est actuellement de 
100 Mtonnes environ; 30% environ vient du 
recyclage.

Il faut de nos jours environ 12 ± 2 kWh/kg 
d’énergie pour produire l’aluminium à partir 
de son minerai. La limite théorique est de 
6.5 kWh/kg.

Recycler l’aluminium coûte environ 10% de 
cette valeur (≈ 1 kWh/kg). Mais il y a des 
limites aux gains possibles (voir diapo 40) 
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Petit exercice: à combien d’accélérations de 0 à 100 km/h ces 12 kWh/kg correspondent-
ils ?
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Petit exercice: à combien d’accélérations de 0 à 100 km/h ces 12 kWh/kg correspondent-ils ?

Réponse: l’énergie cinétique correspondant à une accélération est, par kilogramme 
½ m v2 =  (105/3’600)2 /2 = 386 Joules/kg 
12 kWh/kg = 43’200 kJ/kg
N = 43’200’000 / 386 = 112’000 accélérations. 
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Petit exercice: à combien d’accélérations de 0 à 100 km/h ces 12 kWh/kg correspondent-ils ?

Réponse: l’énergie cinétique correspondant à une accélération est, par kilogramme 
½ m v2 =  (105/3’600)2 /2 = 386 Joules/kg 
12 kWh/kg = 43’200 kJ/kg
N = 43’200’000 / 386 = 112’000 accélérations. 

Sur 10 ans cela fait 112’000 / 3’650 = 31 accélérations par jour.

...ce qui n’est pas hors de proportion avec la vie courante de bien des personnes. 

L’utilisation d’un métal léger comme l’aluminium pour économiser du poids dans les 
transports peut donc mener à des économies d’énergie (à évaluer au cas par cas; notez qu’on 
n’a par exemple pas regardé les alternatives, voulant dire ce que l’aluminium remplacerait).
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B. PRODUCTION

Figure II-8 – Coulée continue.
Source: Engineering Materials and Processes Desk Reference, Butterworth-Heinemann, U.K., 2009.

Fusion
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Coulée en lingot

Laminage

Plaques, films

Extrusion

Bares, tubes, fils
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Pièces forgées

Moulage

Pièces coulées

Figure II-9 – Opérations et procédés de mise en forme de l’aluminium.
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Mise en forme de l’aluminium: les produits plats et le laminage

Sources: 
Par Original uploader was Wikifab at fr.wikipedia — Transferred from fr.wikipedia; transferred to Commons by User:Bloody-libu using CommonsHelper., Domaine public, 
https://commons.wikimedia.org/w/index.php?curid=17946212
Par Wikifab sur Wikipédia français — Transféré de fr.wikipedia à Commons par Bloody-libu utilisant CommonsHelper., Domaine public, 
https://commons.wikimedia.org/w/index.php?curid=17946211
Par wikifab — Travail personnel, Domaine public, https://commons.wikimedia.org/w/index.php?curid=3187051
à https://fr.wikipedia.org/wiki/Fabrication_des_feuilles_et_bandes_d%27aluminium

Coulée continue   Laminage    Coulée directe en bande

https://commons.wikimedia.org/w/index.php?curid=17946212
https://commons.wikimedia.org/w/index.php?curid=17946211
https://commons.wikimedia.org/w/index.php?curid=3187051
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Mise en forme de l’aluminium: l’extrusion
Un site web avec une bonne descripOon du procédé
hpps://www.gabrian.com/what-is-aluminum-extrusion-process/
Site industriel montrant le procédé à grande échelle et de façon assez complète tant 
l’extrusion que la coulée conOnue de l’aluminium:
hpps://www.youtube.com/watch?v=baM5hNnBcT8

https://www.uddeholm.com/uae/en/applications/extrusion-of-metal/

https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.gabrian.com/what-is-aluminum-extrusion-process/
https://www.youtube.com/watch?v=baM5hNnBcT8
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Mise en forme de l’aluminium: le forgeage
Exemple d’entreprise suisse
https://www.imbach.com/fr/procede-de-production/forgeage-libre.html
https://www.imbach.com/fr/procede-de-production/matricage-a-chaud.html
Nota: sur ces films on voit surtout le forgeage de l’acier.

Autre site web industriel assez complet sur le 
forgeage:
https://www.farinia.com/fr/blog/forge-froid-vs-
forge-chaud-explications-avantages-et-
inconvenients#Le%20proc%C3%A9d%C3%A9%20de
%20fabrication%20de%20forge%20%C3%A0%20froid
Un film sur le forgeage:
https://www.youtube.com/watch?v=o4vQJnPwgiA

Source image: hWps://www.prodium.fr/Sous-
Traitance/metallurgie/forgeage-i247.html
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https://www.farinia.com/fr/blog/forge-froid-vs-forge-chaud-explications-avantages-et-inconvenients
https://www.youtube.com/watch?v=o4vQJnPwgiA
https://www.prodium.fr/Sous-Traitance/metallurgie/forgeage-i247.html
https://www.prodium.fr/Sous-Traitance/metallurgie/forgeage-i247.html
https://www.prodium.fr/Sous-Traitance/metallurgie/forgeage-i247.html
https://www.prodium.fr/Sous-Traitance/metallurgie/forgeage-i247.html
https://www.prodium.fr/Sous-Traitance/metallurgie/forgeage-i247.html
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Mise en forme de l’aluminium: la coulée et les procédés de fonderie 
(casUng and foundry processes)

Coulée en moule de sable (sand casting)

Images: By Photograph taken by Glenn McKechnie - Own work, CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=109984
By Photograph taken by Glenn McKechnie - Own work, CC BY-SA 2.0, https://commons.wikimedia.org/w/index.php?curid=109988
à https://en.wikipedia.org/wiki/Sand_casting

https://commons.wikimedia.org/w/index.php?curid=109984
https://commons.wikimedia.org/w/index.php?curid=109988
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Mise en forme de l’aluminium: la coulée et les procédés de fonderie 
(casUng and foundry processes)

Coulée à la cire perdue 
(lost wax casOng)

images de
https://www.cnstatue.co
m/what-is-lost-wax-
casting-process.html

reproduites et 
commentées sur

https://en.wikipedia.org/
wiki/Lost-wax_casting

(nota: ici il s’agit de 
bronze)

https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://www.cnstatue.com/what-is-lost-wax-casting-process.html
https://en.wikipedia.org/wiki/Lost-wax_casting
https://en.wikipedia.org/wiki/Lost-wax_casting
https://en.wikipedia.org/wiki/Lost-wax_casting
https://en.wikipedia.org/wiki/Lost-wax_casting
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Mise en forme de l’aluminium: la coulée et les procédés de fonderie 
(casting and foundry processes)

Site industriel décrivant assez bien le 
procédé de coulée en moule permanent 
(permanent mold casting)
https://www.youtube.com/watch?v=lsIT
WA9o7Lg

Fabricant (majeur) suisse de machines de 
coulée à haute pression (pressure die 
casting machines)
https://www.buhlergroup.com/content/
buhlergroup/global/fr/product-
families/die-casting-machines.html

image: https://www.sunrise-metal.com/die-cast-aluminum-mold/

https://www.youtube.com/watch?v=lsITWA9o7Lg
https://www.youtube.com/watch?v=lsITWA9o7Lg
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
https://www.buhlergroup.com/content/buhlergroup/global/fr/product-families/die-casting-machines.html
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Mise en forme de l’aluminium: 
L’impression 3D (3D printing = 
freeform manufacturing)

images: hWps://www.lightmetalage.com/news/industry-
news/3d-prinIng/arIcle-addiIve-manufacturing-of-
aluminum-alloys/
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Mise en forme de l’aluminium: L’impression 3D (3D printing = freeform 
manufacturing)

Sites décrivant assez bien le procédé 
et un appareil (commercial) de fusion 
de poudre par laser (SLM = Selective 
Laser Melting); notez que ce ne sont 
pas les seuls fabricants de tels 
appareils: 

https://www.youtube.com/watch?v=
VqjtuFxGio4

https://www.youtube.com/watch?v=
IUp3oCGZOzk

Image: hWps://www.lightmetalage.com/news/industry-news/3d-
prinIng/arIcle-addiIve-manufacturing-of-aluminum-alloys/

https://www.youtube.com/watch?v=VqjtuFxGio4
https://www.youtube.com/watch?v=VqjtuFxGio4
https://www.youtube.com/watch?v=IUp3oCGZOzk
https://www.youtube.com/watch?v=IUp3oCGZOzk
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Un a`ribut important de l’aluminium
L’oxide de l’aluminium est comme on l’a vu très stable (voir diagramme d’Ellingham). Il a 
aussi un autre attribut qui fait qu’il protège le métal très efficacement contre la corrosion: 
outre sa dureté et sa faible réactivité avec l’environnement, l’alumine forme une couche 
mécaniquement compatible avec l’aluminium dont elle est issue. Ceci est mesuré par le 
coefficient de Pilling et Bedworth, qui s’il est près de l’unité laisse attendre un oxide qui se 
forme sans fissures ni recouvrement, et donc protège le métal sur la surface duquel il s’est 
formé. On dit que son oxide passive (passivates) l’aluminium.

Pilling–Bedworth ratio
The Pilling–Bedworth ratio (P–B ratio), in corrosion of metals, is the ratio of the volume
of the elementary cell of a metal oxide to the volume of the elementary cell of the corresponding
metal (from which the oxide is created).

On the basis of the P–B ratio, it can be judged if the metal is likely to passivate in dry air by
creation of a protective oxide layer.

Definition
History
Application
Values
References

The P–B ratio is defined as:[1]

where:

▪  – Pilling–Bedworth ratio
▪  – atomic or molecular mass
▪  – number of atoms of metal per molecule of the oxide
▪  – density
▪  – molar volume

N.B.  Pilling  and  R.E.  Bedworth[2]  suggested  in  1923  that  metals  can  be  classed  into  two
categories:  those  that  form  protective  oxides,  and  those  that  cannot.  They  ascribed  the
protectiveness of the oxide to the volume the oxide takes in comparison to the volume of the
metal used to produce this oxide in a corrosion process in dry air. The oxide layer would be
unprotective if the ratio is less than unity because the film that forms on the metal surface is
porous and/or cracked. Conversely, the metals with the ratio higher than 1 tend to be protective
because they form an effective barrier that prevents the gas from further oxidizing the metal.[3]

Contents

Definition

History

Application

Pilling–Bedworth ratio - Wikipedia https://en.wikipedia.org/wiki/Pilling%E2%80%93Bedworth_ratio

1 of 4 18/10/2021, 00:43

https://en.wikipedia.org/wiki/Pilling%E2%80%93Bedworth_ratio 
By DerSilberspiegel - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=67158237

https://en.wikipedia.org/wiki/Pilling%E2%80%93Bedworth_ratio
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UUlisaUon de l’aluminium

CHAPITRE II. L’ALUMINIUM

1900 1920 1940 1960 1980 2000 2020
0

1 · 107

2 · 107

3 · 107

4 · 107

5 · 107

Année

To
nn

es

Figure II-1 – Production mondiale d’aluminium.
Source: U.S. Geological Survey, British Geological Survey.

Table II-1 – Consommation d’aluminium aux États-Unis et au Canada en 2009.
Source: U.S. Geological Survey, Aluminum statistics, 2010.

Catégorie Tonnes Proportion

Consommables et emballages 2’150’000 32%
Construction 964’000 14%
Transports 1’190’000 28%
Electricité 593’000 9%
Biens durables 458’000 7%
Machines et équipement 475’000 7%
Autres 254’000 4%

Total 6’810’000

34 Text copyright Andreas Mortensen, 2012


