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Que lire ?

Ashby & Jones, vol. 2, Chapitres 17, 18, 19, et 20, et Volume 1, chapitre 15

Callister Chapitres 12 & 13 (version globale en anglais), 13 et 14 (version 
française)
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https://www.photo.rmn.fr/archive/00-024262-2C6NU0V7YO64.html

Par Didier Descouens — Travail personnel, CC BY-SA 3.0, 
hLps://commons.wikimedia.org/w/index.php?curid=10219915

Les céramiques dans l’histoire

https://fr.wikipedia.org/wiki/Outils_de_la_Pr%C3%A9histoire

Silex poli (néolithique, Carcassone) 
Vase grec antique (Athènes, 6e siècle AC)

https://fr.wikipedia.org/wiki/Outils_de_la_Pr%C3%A9histoire


Les céramiques en grandes lignes (nota: les classifications peuvent 
varier): 
1 – Les céramiques naturelles

2 – Les céramiques poreuses et vitrifiées (argiles, briques, porcelaine …)

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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Table 15.5. Generic natural ceramics

Ceramic Composition Typical uses

Limestone (marble) Largely CaCO3 5
Sandstone Largely SiO2 6Building foundations, construction.
Granite Aluminium silicates 7
Ice H2O Arctic engineering.

Table 15.6. Ceramic composites

Ceramic composite Components Typical uses

Fibre glass Glass–polymer #High-performance structures.
CFRP Carbon–polymer $
Cermet Tungsten carbide–cobalt Cutting tools, dies.
Bone Hydroxyapatite–collagen Main structural material of animals.
New ceramic composites Alumina–silicon carbide High temperature and high toughness applications.

Table 15.7. Properties of ceramics

Ceramic Cost Density Young’s Compressive Modulus Weibull
(UK£ (US$) (Mg m−3) modulus strength of rupture exponent

tonne−1) (GPa) (MPa) (MPa) m

Glasses
Soda glass 700 (1000) 2.48 74 1000 50 5

Assume 10Borosilicate glass 1000 (1400) 2.23 65 1200 55 4
in designPottery, etc. 6

Porcelain 260–1000 2.3–2.5 70 350 45 4
(360–1400) 7

High-performance
engineering
ceramics

Diamond 4 × 108 (6 × 108) 3.52 1050 5000 –
Dense alumina Expensive at 3.9 380 3000 300–400 10
Silicon carbide present. 3.2 410 2000 200–500 10
Silicon nitride Potentially 3.2 310 1200 300–850 –
Zirconia 350–1000 5.6 200 2000 200–500 10–21
Sialons (490–1400) 3.2 300 2000 500–830 15

Cement, etc.
Cement 52 (73) 2.4–2.5 20–30 50 7 12
Concrete 26 (36) 2.4 30–50 50 7 12

Rocks and ice
Limestone Cost of mining 2.7 63 30–80 20 –
Granite and transport 2.6 60–80 65–150 23 –
Ice 0.92 9.1 6 1.7 –
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Table 15.2. Generic vitreous ceramics

Ceramic Typical composition Typical uses

Porcelain Made from clays: hydrous Electrical insulators.
China alumino-silicate such as Artware and
Pottery Al2(Si2O5)(OH)4 mixed with other inert tableware tiles.
Brick minerals. Construction; refractory uses.

Table 15.3. Generic high-performance ceramics

Ceramic Typical composition Typical uses

Dense alumina Al2O3 Cutting tools, dies; wear-resistant surfaces, bearings;
Silicon carbide, nitride SiC, Si3N4 medical implants; engine and turbine parts; armour.
Sialons e.g. Si2AlON3

Cubic zirconia ZrO2 + 5wt% MgO

Table 15.4. Generic cements and concretes

Cement Typical composition Uses

Portland cement CaO + SiO2 + Al2O3 Cast facings, walkways, etc. and as component of concrete.
General construction.

High-performance engineering ceramics
Diamond, of course, is the ultimate engineering ceramic; it has for many years been used
for cutting tools, dies, rock drills, and as an abrasive. But it is expensive. The strength
of a ceramic is largely determined by two characteristics: its toughness (KIC), and the
size distribution of microcracks it contains. A new class of fully dense, high-strength
ceramics is now emerging which combine a higher KIC with a much narrower distribu-
tion of smaller microcracks, giving properties which make them competitive with
metals, cermets, even with diamond, for cutting tools, dies, implants and engine parts.
And (at least potentially) they are cheap. The most important are listed in Table 15.3.

Cement and concrete
Cement and concrete are used in construction on an enormous scale, equalled only by
structural steel, brick and wood. Cement is a mixture of a combination of lime (CaO),
silica (SiO2) and alumina (Al2O3), which sets when mixed with water. Concrete is sand
and stones (aggregate) held together by a cement. Table 15.4 summarises the most
important facts.

Natural ceramics
Stone is the oldest of all construction materials and the most durable. The pyramids
are 5000 years old; the Parthenon 2200. Stone used in a load-bearing capacity behaves
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3 – Les verres

4 – Les ciments et bétons

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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(d) Cement and concrete: a complex ceramic with many phases, and one of three essen-
tial bulk materials of civil engineering.

(e) Rocks and minerals, including ice.

As with metals, the number of different ceramics is vast. But there is no need to
remember them all: the generic ceramics listed below (and which you should re-
member) embody the important features; others can be understood in terms of these.
Although their properties differ widely, they all have one feature in common: they
are intrinsically brittle, and it is this that dictates the way in which they can be used.

They are, potentially or actually, cheap. Most ceramics are compounds of oxygen,
carbon or nitrogen with metals like aluminium or silicon; all five are among the most
plentiful and widespread elements in the Earth’s crust. The processing costs may be
high, but the ingredients are almost as cheap as dirt: dirt, after all, is a ceramic.

The generic ceramics and glasses

Glasses

Glasses are used in enormous quantities: the annual tonnage is not far below that of
aluminium. As much as 80% of the surface area of a modern office block can be glass;
and glass is used in a load-bearing capacity in car windows, containers, diving bells
and vacuum equipment. All important glasses are based on silica (SiO2). Two are of
primary interest: common window glass, and the temperature-resisting borosilicate
glasses. Table 15.1 gives details.

Table 15.1. Generic glasses

Glass Typical composition (wt%) Typical uses

Soda-lime glass 70 SiO2, 10 CaO, 15 Na2O Windows, bottles, etc.; easily formed and shaped.
Borosilicate glass 80 SiO2, 15 B2O3, 5 Na2O Pyrex; cooking and chemical glassware; high-

temperature strength, low coefficient of
expansion, good thermal shock resistance.

Vitreous ceramics

Potters have been respected members of society since ancient times. Their products
have survived the ravages of time better than any other; the pottery of an era or civilisa-
tion often gives the clearest picture of its state of development and its customs. Mod-
ern pottery, porcelain, tiles, and structural and refractory bricks are made by processes
which, though automated, differ very little from those of 2000 years ago. All are made
from clays, which are formed in the wet, plastic state and then dried and fired. After
firing, they consist of crystalline phases (mostly silicates) held together by a glassy
phase based, as always, on silica (SiO2). The glassy phase forms and melts when the
clay is fired, and spreads around the surface of the inert, but strong, crystalline phases,
bonding them together. The important information is summarised in Table 15.2.
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5 – Les céramiques à haute performance

... plus les céramiques utilisés dans des applications 
spécialisées, comme renfort dans les composites (fibres, …) , 
comme revêtements (couches de diamant,...), comme abrasifs 
(SiC, …), etc.

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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Les céramiques sous forme de schéma simple 

Chapitre 2 – Les Céramiques Sources: W.D. Callister Jr., Science et genie des matériaux, 5e edition, Dunod, 2000.

372 Chapitre 14 - Fabrication et utilisations des céramiques

Matériaux céramiques

Verres

Verres Vitro-
ordinaires céramiques

Produits d'argile

Produits Porcelaines
céramiques blanches

de construction

Matières réfractaires Abrasifs Ciments Céramiques
de pointe

Argile Silice Basiques SPéciales
réfractaire

FIGUREl4'lClassificationdesmatériaUxcéramiquesenfonctiondeleursutilisations.
l

I

! 14.1 ! lntroOuction
L,étude des propriétés des matériaux que nous avons menée jusqu'à maintenant a claircment
révélélagrânO" disparité entre les ca'actéristiques physiques des métaux et celles des cé-
ramiques. Il n,est donc pas surprenant que ces matériaux soient utilisés à des fins à la fois
totalement diftérentes "i .o-pié-"ntaires, qui s'ajoutent aux utilisations des polymères' La
pluparl des matériaux céramiques ont éIérépar1is, sur la base de leurs utilisations' entre les
group", suivants: les venes, les produits céramiques de construction, les porcelaines blanches,
les matières réfractaires, les abrasifs, les ciments et les céramiques de pointe' La figure 14' 1

présente la taxinomie de ces groupes, qui seront tous examinés dans le présent chapitre'
La méthode de fabricatioi des produits céramiques revêt une impofiance fondamentale

en ce qui conceffie leurs utilisations subséquentes. En effet, un grand nombre des opérations
de mise en forme du métal décrites au chapitre 12 font intervenir la coulée ou des techniques
de déformation plastique. Comme le point de fusion des matériaux céramiques est relative-
ment élevé, il n'est généralement pas possible de les produire par coulée' En outre' la fragi-
lité de ces matériaux rend le plus souvent impossible toute déformation plastique' Certaines
pièces céramiques sont 

"onrtitué", 
de poudres ou d'agrégats de particules ayant fait I'objet

d,un séchage et d'une cuisson. Acquérant leur forme à haute température' les verres sont faits
à partir d,ùe masse fluide qui devient très visqueuse au cours de son refroidissement' Les
ciments prennent leur forme dans un moule où est déposée une pâte liquide' laquelle durcit
et conselve sa consistance sous l'effet de réactions chimiques. La figure 14'2 présente un schéma

8



Notre planète The price and availability of materials 19 

Table 2.3 Abundance of elements/weight percent 

Oceans Atmosphere 

Oxygen 
Silicon 
Aluminium 
Iron 
Calcium 
Sodium 
Potassium 
Magnesium 
Titanium 
Hydrogen 
Phosphorus 
Manganese 
Fluorine 
Barium 
Strontium 
Sulphur 
Carbon 

47 
27 
8 
5 
4 
3 
3 
2 
0.4 
0.1 
0.1 
0.1 
0.06 
0.04 
0.04 
0.03 
0.02 

oxygen 85 Nitrogen 79 

Chlorine 2 Argon 2 

Magnesium 0.1 
Sulphur 0.1 

Hydrogen 10 oxygen 19 

Sodium 1 Carbon dioxide 0.04 

Calcium 0.04 
Potassium 0.04 
Bromine 0.007 
Carbon 0.002 

The total mass of the crust to a depth of 1 km is 3 x IO2’ kg; the mass of the Oceans is IO2’ kg; h t  of the 
atmosphere is 5 x 1018 kg. 

huge deposits of carbon in the earth: on a world scale, we extract a greater tonnage of 
carbon every month than we extract iron in a year, but at present we simply burn it. 
And the second ingredient of most polymers - hydrogen - is also one of the most 
plentiful of elements. Some materials - iron, aluminium, silicon, the elements to make 
glass and cement - are plentiful and widely available. But others - mercury, silver, 
tungsten are examples - are scarce and highly localised, and - if the current pattern of 
use continues - may not last very long. 

Exponential growth and consumption doubling-time 

How do we calculate the lifetime of a resource like mercury? Like almost all materials, 
mercury is being consumed at a rate which is growing exponentially with time (Fig. 
2.2), simply because both population and living standards grow exponentially. We 
analyse this in the following way. If the current rate of consumption in tonnes per year 
is C then exponential growth means that 

dC r 

dt 100 
-c _ -  - (2.1) 

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

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 1, 3rd Ed., 2005, Elsevier Butterworth.Chapitre 2 – Les Céramiques 9
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Propriétés des céramiques

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

Chapitre 2 – Les Céramiques

164 Engineering Materials 2

Table 15.5. Generic natural ceramics

Ceramic Composition Typical uses

Limestone (marble) Largely CaCO3 5
Sandstone Largely SiO2 6Building foundations, construction.
Granite Aluminium silicates 7
Ice H2O Arctic engineering.

Table 15.6. Ceramic composites

Ceramic composite Components Typical uses

Fibre glass Glass–polymer #High-performance structures.
CFRP Carbon–polymer $
Cermet Tungsten carbide–cobalt Cutting tools, dies.
Bone Hydroxyapatite–collagen Main structural material of animals.
New ceramic composites Alumina–silicon carbide High temperature and high toughness applications.

Table 15.7. Properties of ceramics

Ceramic Cost Density Young’s Compressive Modulus Weibull
(UK£ (US$) (Mg m−3) modulus strength of rupture exponent

tonne−1) (GPa) (MPa) (MPa) m

Glasses
Soda glass 700 (1000) 2.48 74 1000 50 5

Assume 10Borosilicate glass 1000 (1400) 2.23 65 1200 55 4
in designPottery, etc. 6

Porcelain 260–1000 2.3–2.5 70 350 45 4
(360–1400) 7

High-performance
engineering
ceramics

Diamond 4 × 108 (6 × 108) 3.52 1050 5000 –
Dense alumina Expensive at 3.9 380 3000 300–400 10
Silicon carbide present. 3.2 410 2000 200–500 10
Silicon nitride Potentially 3.2 310 1200 300–850 –
Zirconia 350–1000 5.6 200 2000 200–500 10–21
Sialons (490–1400) 3.2 300 2000 500–830 15

Cement, etc.
Cement 52 (73) 2.4–2.5 20–30 50 7 12
Concrete 26 (36) 2.4 30–50 50 7 12

Rocks and ice
Limestone Cost of mining 2.7 63 30–80 20 –
Granite and transport 2.6 60–80 65–150 23 –
Ice 0.92 9.1 6 1.7 –
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Dense alumina Expensive at 3.9 380 3000 300–400 10
Silicon carbide present. 3.2 410 2000 200–500 10
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like any other ceramic; and the criteria used in design with stone are the same. One
natural ceramic, however, is unique. Ice forms on the Earth’s surface in enormous
volumes: the Antarctic ice cap, for instance, is up to 3 km thick and almost 3000 km
across; something like 1013 m3 of pure ceramic. The mechanical properties are of primary
importance in some major engineering problems, notably ice breaking, and the con-
struction of offshore oil rigs in the Arctic. Table 15.5 lists the important natural ceramics.

Ceramic composites

The great stiffness and hardness of ceramics can sometimes be combined with the
toughness of polymers or metals by making composites. Glass- and carbon-fibre rein-
forced plastics are examples: the glass or carbon fibres stiffen the rather floppy poly-
mer; but if a fibre fails, the crack runs out of the fibre and blunts in the ductile polymer
without propagating across the whole section. Cermets are another example: particles
of hard tungsten carbide bonded by metallic cobalt, much as gravel is bonded with tar
to give a hard-wearing road surface (another ceramic-composite). Bone is a natural
ceramic-composite: particles of hydroxyapatite (the ceramic) bonded together by col-
lagen (a polymer). Synthetic ceramic–ceramic composites (like glass fibres in cement,
or silicon carbide fibres in silicon carbide) are now under development and may have
important high-temperature application in the next decade. The examples are summar-
ised in Table 15.6.

Time Fracture Melting Specific Thermal Thermal Thermal shock
exponent toughness (softening) heat conductivity expansion resistance

n (MPa m1/2) temperature (J kg−1 K−1) (W m−1 K−1) coefficient (K)
(K) (MK−1)

10 0.7 (1000) 990 1 8.5 84
10 0.8 (1100) 800 1 4.0 280

– 1.0 (1400) 800 1 3 220

– – – 510 70 1.2 1000
10 3–5 2323 (1470) 795 25.6 8.5 150
40 – 3110 – 1422 84 4.3 300
40 4 2173 – 627 17 3.2 500
10 4–12 2843 – 670 1.5 8 500
10 5 – – 710 20–25 3.2 510

40 0.2 – – 1.8 10–14 # <5040 0.2 – – 2 10–14 $

– 0.9 – – – 8 # ≈100– – – – – 8 $
– 0.12 273 (250) – – –
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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.
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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
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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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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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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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Donc pour minimiser M ou d  à   F et L donnés
ou      pour maximiser F  à  d, M et L donnés
il faut maximiser E/r 

Fd
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Pour un barreau plein 
de sec-on carrée t

La masse  M = l t2 r 

et donc

Pour minimiser M ou d à l, t et F donnés il faut maintenant maximiser E/r2

Case studies of modulus-limited design 71 

Fig. 7.4. The elastic deflection 8 of a cantilever beam of length I under an externally imposed force F: 

Ana I y si s 

The square-section beam of length 1 (determined by the design of the structure, and 
thus fixed) and thickness t (a variable) is held rigidly at one end while a force F (the 
maximum service force) is applied to the other, as shown in Fig. 7.4. The same texts that 
list the deflection of discs give equations for the elastic deflection of beams. The 
formula we want is 

413F 
6 = -  

Et4 
(7.5) 

(ignoring self-weight). 
The mass of the beam is given by 

M = l t2p. (7.6) 

As before, the mass of the beam can be reduced by reducing t, but only so far that it 
does not deflect too much. The thickness is therefore constrained by eqn. (7.5). Solving 
this for t and inserting it into the last equation gives: 

(7.7) 

The mass of the beam, for given stiffness F / S ,  is minimised by selecting a material with 
the minimum value of the material index 

(7.8) 

The second column of numbers in Table 7.2 gives values for M2. 
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of Chapter 3 (pp. 47–50)—the closest result is for a cantilever subjected to a
uniformly distributed loading (see also Case Study 2). This is because the boom
and the mainsail impose a lateral loading on the mast that is roughly uniform
along the length of the mast. The following are the equations to use:

d ¼ 1

8

Fl3

EI

! "
ð7:1Þ

FIGURE 7.1
Carbon fibre mast on an ocean racing yacht. (Cruising Yacht Club of Australia, Rushcutters Bay, Sydney.)
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FIGURE 7.2
The elastic deflection d of a cantilever beam of length l under a uniformly distributed force F.
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I ¼ pr3t ð7:2Þ

Combining these two equations gives

F

d
¼ 8pEr3t

I3
ð7:3Þ

for the bending stiffness of the tube. The mass of the beam is given by

M ¼ 2prtIr ð7:4Þ

The length and radius of the tube are fixed by the design, leaving the wall thick-
ness t as the only dimensional variable. Substituting for t from Equation (7.4)
into Equation (7.3) gives

M ¼ 1

4

I4

r2

! "
F

d

! "
r
E

# $
ð7:5Þ

The mass of tube for a specified bending stiffness is therefore minimized by
selecting a material with the minimum value of the material index

M1 ¼
r
E

# $
ð7:6Þ

Table 7.1 gives data for some candidate materials for this application.

With the exception of CFRP, there is clearly not much to choose between any of
these materials. Historically, masts for sailing ships were made fromwood; that
was the only suitablematerial that was available, andwas very good at doing the
job.With the advent of larger ships and steel at the endof thenineteenth century,
masts were increasinglymade from steel—equally good at the job, but available
in much larger sizes to order, and with much better consistency of properties.

From the 1960s,masts—especially for yachts and sailing dinghies—have almost
always beenmade from aluminum alloy, mainly because of the corrosion prob-
lems with steel in thin sections. But CFRP gives a dramatic improvement in
performance—a weight saving of a factor of 5 or more over the alternatives.
It is little wonder that it is universally used in large ocean racers. But why is it
not used more extensively? Price is the major factor here—CFRP costs 30 times

Table 7.1 Data for Tube of Given Stiffness

Material r (Mg m–3) E (GN m–2) M1

Steel
Aluminum alloy
Titanium alloy
GFRP
Wood
CFRP

7.8
2.7
4.5
2.0
0.6
1.5

200
69
120
40
12
200

0.039
0.039
0.038
0.05
0.05
0.0075
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l3

Pour un tube cylindrique 
de rayon r et épaisseur t

et donc:

La masse M = 2π r l t r (avec t << r)

ou encore: 

Pour minimiser M ou d  à l, r et F donnés il faut donc ici maximiser E/r 
(comme pour un barreau en contrainte uniaxiale) 
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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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E/r2 = cst

E/r= cst

Donc selon le cas, on 
cherche à maximiser 
le module divisé par 
la densité ou le carré 
de la densité.

Que valent les 
céramiques ?
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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
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élastique approximative.
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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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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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et D. Cebon, Matériaux, PPUR, 
traduction de Materials: 
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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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Figure 4.6 Carte module de Young–densité.

densité, r  [Mg/m3]
0.01

m
od

ul
e 

de
 Y

ou
ng

, E
 [G

Pa
]

10 −4

0.1 1 10

10–3

10–2

10–1

1

10

100

1000

polyester

mousses
polymères 

métaux

céramiquestechniques

composites

   matériauxnaturels

alliages Pb

alliages W

aciers
alliages Ti

alliages Mg

CFRP

GFRP

alliages Al

mousses de
polymère rigides

mousses de
polymère flexibles

alliages Ni

alliages Cu 

alliages ZnPA PEEK
PET

PMMA

PC

liège

bois

caoutchouc
butylique

 élastomères
 silicones 

béton

WC
Al2O3SiC

Si3N4
module de Young–densité

B4C

époxysPS

PTFE

EVA

néoprène
isoprène

polyuréthane

cuir

MFA, 07

PP
PE

verre

// grain

grainT

  élastomères

bois
céramiques
non techniques

Figure 4.7 Carte module de Young–coût relatif. (Le logiciel CES contient les prix des 
matériaux, régulièrement actualisés.)

coût relatif par unité de volume, Cv,R

mo
du

le 
de

 Y
ou

ng
, E

 [G
Pa

]

0.01 0.1 1 10 100

0.01

0.1

1

10

100

1000

mousses

polymères 

métaux

céramiques
techniques

composites
matériaux
naturels

alliages Pb

alliages W
aciers C

alliages Ti

alliages Mg CFRP

GFRP

alliages Al

mousses de
polymère rigides

mousses de
polymère flexibles

alliages Zn

PS

PTFE

PCbois

élastomères
silicones

béton

Al2O3
SiC Si3N4

module–coût relatif/volume
B4C

PP

EVA
polyuréthane

cuir

céramiques
non techniques

MFA, 07

fontes

WC

verre sodocalcique

verre de silice

silicium

pierre brique

ABS

époxys

ionomères

AlN

aciers
inoxydables

PEEK

PE

PMMA

polyuréthanes

acétal

// grain

grainT

élastomères

Ashby_3539.indb   63 26.08.13   13:53

29



Chapitre 2 – Les céramiques

Les céramiques :

- forment une vaste famille de matériaux; 
- sont souvent complexes sur le plan chimique;
- sont rigides, dures, et de densité moyenne;
- peuvent être réfractaires (càd résistantes aux températures élevées);
- peuvent être résistantes à l’attaque chimique;
- sont souvent composées d’éléments abondants et donc peuvent être de faible prix;
- certaines peuvent être recyclées (le verre), d’autres pas ou peu (ciment & béton, 

argiles, ...),
- existent aussi sous forme de matériaux à haute valeur ajoutée (et donc chers)
- mais sont pratiquement toujours de faible ténacité et donc fragiles, ce qui limite 

fortement leur utilisation pour les éléments de structure mécanique.

Récapitulatif du panorama:

30
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Chapitre 2 – Les céramiques

Les céramiques sont des solides faits d’atomes liés par des liaisons 
ionocovalentes.

On peut grosso modo distinguer deux classes:

- des composés entre métal et non-métal: les liaisons atomiques sont à 
dominante ionique; 

- des composés de deux non-métaux ou d’un élément non-métallique: les 
liaisons atomiques sont à dominante covalente;

- ceci étant dit, les liaisons sont souvent à caractère mixte (iono-covalent).

Nature des liaisons atomiques et structures cristallines
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Les composés entre métal et non-métal: en grandes lignes, les liaisons à dominante 
ionique font des cristaux dont la structure est dominée par les règles simples suivantes, 
énoncées ici en termes (très) simplifiés: 

- les anions (exemples O2-, Cl-) sont le plus souvent plus gros que les ca-ons (exemple 
Al3+, Mg2+); des excep-ons existent cependant (Zr4+).

- anions et ca-ons veulent être voisins et proches l’un de l’autre, 

- alors que les ions de même signe veulent au contraire être éloignés l’un de l’autre,

- le tout en remplissant l’espace de façon efficace (pour que les aTrac-ons entre ions 
de signe opposé stabilisent l’ensemble avec une déstabilisa-on minimale causée par 
la répulsion d’ions de même signe),

- et ce de façon à respecter l’équilibre des valences (charge totale neutre).

Nature des liaisons atomiques et structures cristallines
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Ceci fait que les plus gros atomes (généralement les anions) sont le plus souvent 
répartis selon un des deux réseaux monoatomiques denses (cubique faces centrées ou 
hexagonal compact), ou sinon selon le réseau cubique simple;

..alors que les plus petits atomes se répartissent dans les sites intersticiels, càd laissés 
entre les gros atomes. Ces sites sont choisis entre autres par une considération de taille: 
le site intersticiel doit être «trop petit» pour l’atome de taille inférieure, afin que les 
atomes de même signe «ne se touchent pas».

12.2 Crystal Structures ' 437

fable l2.l
Percent lonic
Character of the
;nteratomic Bonds
for Several Ceramic
Materials

Material
Percent Ionic

Character

CaF2
Mgo
NaCl
A12o3

si02
Si.N,
ZnS
SiC

89

t3
67

63

51

30

18

12

on the electronegativities of the atoms. ^labIe t2.l presents the percent ionic character
for several common ceramic materials; these values were determined using Equation2.I6
and the electronegativities in Figure 2.9.

12.2 CRYSTAL STR,UCTUR,ES

cation
anion

For those ceramic materials for which the atomic bonding is predominantly ionic, the
crystal structures may be thought of as being composed of electrically charged ions in-
stead of atoms. The metallic ions, or cations, are positively charged because they have
given up their valence electrons to the nonmetallic ions, or anions, which are negatively
charged. Two characteristics of the component ions in crystalline ceramic materials influ-
ence the crystal structure: the magnitude of the electrical charge on each of the compo-
nent ions, and the relative sizes of the cations and anions. With regard to the first char-
acteristic, the crystal must be electrically neutral; that is, all the cation positive charges
must be balanced by an equal number of anion negative charges. The chemical formula
of a compound indicates the ratio of cations to anions, or the composition that achieves
this charge balance. For example, in calcium fluoride, each calcium ion has a *2 charge
(Cu'*), and associated with each fluorine ion is a single negative charge (F-). Thus, there
must be twice as many F- as Ca2* ions, which is reflected in the chemical formula CaF2.

The second criterion involves the sizes or ionic radii of the cations and anions, 16

and ra, respectively. Because the metallic elements give up electrons when ionized,
cations are ordinarily smaller than anions, and, consequently, the raTio rçlr6 is less than
unity. Each cation prefers to have as many nearest-neighbor anions as possible. The
anions also desire a maximum number of cation nearest neighbors.

Stable ceramic crystal structures form when those anions surrounding a cation are
all in contact with that cation, as illustrated in Figure 72.1.. The coordination number
(i.e., number of anion nearest neighbors for a cation) is related to the cation-anion
radius ratio. For a specific coordination number, there is a critical or minimum rçlra
ratio for which this cation-anion contact is established (Figure 12.1); this ratio may be
determined from pure geometrical considerations (see Example Problem 12.1).

The coordination numbers and nearest-neighbor geometries for various rçlra ratios
are presented in Table 12.2.For rçlra ratios less than 0.155, the very small cation is bonded

Figure l2.l Stable and unstable
cation-anion coordination
configurations. Red circles represent
anions; blue circles denote cations.

Stable Stable U nstable

Source: W.D. Callister Jr. & David G. Rethwisch, Materials Science and Engineering, Global Edition based on 10th 
edition, Wiley, 2020

Nature des liaisons atomiques et structures cristallines
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Nature des liaisons 
atomiques et 
structures cristallines

Source: W.D. Callister Jr. & David G. Rethwisch, Materials Science 
and Engineering, Global Edition based on 10th edition, Wiley, 2020
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to two anions in a linear manner. I1 rçlr6has a value between 0.155 and 0.225,The coorclina_
tion number for the cation is 3. This means each cation is surrounded by three anions in the
form of a planar equilateral triangle, with the cation located in the center. The coolclina_
tion nunrber is 4 for rçlra between 0.225 and 0.4I4; Ihe cation is located at the center i11 .
tetralledron, with anions at each of the four corners. For r6lrn between 0.414 and 0.732, the
catior.r may be thought of as being situated at the center of an octahedron surloundecl [y
six anions, one at each corner, as also shown in the table. The coordination number is 8lor.
rçlro between 0.732 and 1.0, with anions at all corners of a cube and a cation positioned n1
the center. For a radius ratio greater than unity, the coordination number is 12. The most
common coordination numbers for.. ceramic materials arc 4, 6, and 8. Table 12.3 gives the
ionic radii for several anions and cations that are common in cerarnic materials.

The relationships between coordination number and cation-anion radius ratios (as
noted in 'table 12.2) are based on geometrical considerations and assuming "hard-sphere',
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Geometry

Table 12.2
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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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octahedral hole. Each Mg2+ has six O2− as immediate neighbours, and vice versa: the co-
ordination number is 6. The Mg ions wedge the oxygens apart, so that they do not
touch. Then the attraction between the Mg2+ and the O2− ions greatly outweighs the
repulsion between the O2− ions, and the solid is very strong and stable (its melting
point is over 2000°C).

This “packing” argument may seem an unnecessary complication. But its advantage
comes now. Consider cubic zirconia, ZrO2, an engineering ceramic of growing import-
ance. The structure (Fig. 16.1c) looks hard to describe, but it isn’t. It is simply an f.c.c.
packing of zirconium with the O2− ions in the tetrahedral holes. Since there are two tetrahed-
ral holes for each atom of the f.c.c. structure, the formula works out at ZrO2.

Alumina, Al2O3 (Fig. 16.1d), is a structural ceramic used for cutting tools and grind-
ing wheels, and a component in brick and pottery. It has a structure which can be
understood in a similar way. The oxygen ions are close-packed, but this time in the
c.p.h. arrangement, like zinc or titanium. The hexagonal structure (like the f.c.c. one)
has one octahedral hole and two tetrahedral holes per atom. In Al2O3 the Al3+ ions are
put into the octahedral interstices, so that each is surrounded by six O2− ions. But if the
charges are to balance (as they must) there are only enough Al ions to fill two-thirds of
the sites. So one-third of the sites, in an ordered pattern, remain empty. This introduces
a small distortion of the original hexagon, but from our point of view this is unimportant.

There are many other ionic oxides with structures which are more complicated than
these. We will not go into them here. But it is worth knowing that most can be thought
of as a dense (f.c.c. or c.p.h.) packing of oxygen, with various metal ions arranged, in
an orderly fashion, in the octahedral or the tetrahedral holes.

Simple covalent ceramics

The ultimate covalent ceramic is diamond, widely used where wear resistance or very
great strength are needed: the diamond stylus of a pick-up, or the diamond anvils of
an ultra-high pressure press. Its structure, shown in Fig. 16.3(a), shows the 4 co-
ordinated arrangement of the atoms within the cubic unit cell: each atom is at the
centre of a tetrahedron with its four bonds directed to the four corners of the tetra-
hedron. It is not a close-packed structure (atoms in close-packed structures have 12,
not four, neighbours) so its density is low.

The very hard structural ceramics silicon carbide, SiC, and silicon nitride, Si3N4

(used for load-bearing components such as high-temperature bearings and engine

Fig. 16.2. Both the f.c.c. and the c.p.h. structures are close-packed. Both contain one octahedral hole per
atom, and two tetrahedral holes per atom. The holes in the f.c.c. structures are shown here.
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Figure 12.2 A unit cell for
the rock salt, or sodium chloride
(NaCl), crystal structure.

O." C).,-
Figure 12.3 A unit cell for the
cesium chloride (CsCl) crystal
structure.
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Figure 12.4 A unit cell for
The zinc blende (ZnS) crystal
structure.

A )Ç-Ty pe Crysta I Structu res
If the charges on the cations and anions are not the same. a compound can exist with the
chemical formula A,,,Xp,where m and/or p f 1. An example is AX2, for which a common
crystal structure is found in fluorite (CuFr). The ionic radii ratio rçlr6for CaF2 is about
0.8, which, according to Table 12.2 "Jves a coordination number of 8. Calcium ions are
positioned at the centers of cubes, wr'h fluorine ions at the corners. The chemical formula
shows that there are only half as many Ca2+ ions as F- ions, and therefore the crystal
structure is similar to CsCl (Figure 12.3), excepl that only half the center cube positions
are occupied by Ca2+ ions. One unit cell consists of eight cubes, as indicated in Figure 12.5.
Other compounds with this crystal structure include ZrO2@rftic), lJO2, PuO2, and ThOr.

A^B )Ç-Type Crystal Structures
It is also possible for ceramic compounds to have more than one type of cation; for two
types of cations (represented by A and B), their chemical formula may be designated
as A,,8,,\. Barium titanate (BaTiO3), having both Baz+ and Ti4* cations, falls into this
classification. This materialhas a perovskite crystal structure and rather interesting elec-
tromechanical properties to be discussed later. At temperatures above 120"C (248"F),
the crystal structure is cubic. A unit cell of this structure is shown in Figure 12.6; Ba2+

oca2+ en
Figure 12.5 A unit cell for the
fluorite (CaF2) crystal structure.
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Figure 12.6 A unit cell for the
perovskite crystal structure.
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TABLEAU 13.4 Caractéristiques de quelques structures cristallines céramiques c0urantes

Nom
de la structure

FIGURE 13.7 lllustration de
I'empilement d'un plan compact
de sphères (anions) sur un autre
plan. Les sites tétraédriques et
octaédriques entre les plans sont
désignés par les lettres fet 0.

Tiré de WG. |\,40FFATT. G.W. PEABSALL

et J. WULFF, The Structure and
Prope rt i es of Materials, vol. I,

Structura @'1964, John Wiley
& Sons, New York. Beproduction
autorisée par John Wiley & Sons, lnc.

Exemples

Chlomre de sodium
(sel gemme)

NaCl, MgO, FeO

Chlorute de césium CsCl
Blende ZnS, SiC
Fluorine CaF,, UO,,
Pér'ovskite BaTiO., StZrO,,

SrSnO.
Spinelle MgAL,Or, FeAl,Ou

Source:W.D. Ktrucenv, H.K. Boweru et D.B. UHLrunruru, lntrlduction to Ceramics,2'éd. O 1976, John Wiley & Sons,
New York. Beproduction aut0risée par John Wiley & Sons, lnc.

Le tableau 13.4 offre un aperçu des caractéristiques propres aux structures cristallines
de types chlorure de sodium, chlorure de césium, blende, fluorine, pérovskite et spinelle,
y compris les rapports cations-anions ainsi que les nombres de coordination, et donne
quelques exemples de composés pour ces stluctures. Bien sûr, de nombreuses autres struc-
tures cristallines sont possibles.

Structures Gristallines issues de l'empilement
compact d'anions
On se souviendra que, dans certains métaux, I'empilement compact de plans d'atomes
produit une structure cristalline hexagonale compacte ou cubique à faces centrées
(section 3.1 1). De façon analogue, bon nombre de structures cristallines céramiques peu-
vent être envisagées sous forme d'empilements compacts de plans d'ions, ainsi que de mailles
élémentaires. Habituellement, ce sont les anions de grande taille qui forment les plans com-
pacts. De petits interstices apparaissent entre les plans par suite de leur empilement, où
logent parfois les cations.

Il existe deux types de site interstitiel, comme le montre la figure 13.7. Dans un de
ces types, quatre atomes (soit trois sur un même plan et I'autre sur un plan adjacent)
entourent le cation. À la figure 13.7,lalettre Zdésigne ce genre de site, qu'on appelle site
tétraédrique en raison de la forme tétraédrique produite par les lignes reliant les centres
des sphères adjacentes. L'autre site, désigné par la lettre O à la figure 13.7, associe six
ions sphériques répartis en nombre égal sur deux plans adjacents et porte le nom de site
octaédrique en raison de I'octaèdre que forment les lignes reliant les uns aux autres les
centres des six sphères. Le nombre de coordination des cations qui occupent un site tétra-
édrique ou octaédrique est donc respectivement4 et6. De plus, il existe un site octaédrique
et deux sites tétraédriques pour chacune des sphères d'anion.

T

Nombre de coordinationType de
structure

AX CFC

Disposition
des anions

6

Cation

6

Anion

AX Cubique simple 8 8

AX CFC 4 4
AX, Cubique simple 8 4
ABXr CFC 12(A)

6(8)
6

AB,X4 CFC 4(A)
6(B)

4

Source: W.D. Callister Jr., Science et genie des matériaux, 5e edition, Dunod, 2000.40
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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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Fig. 16.1. Ionic ceramics. (a) The rocksalt, or NaCl, structure. (b) Magnesia, MgO, has the rocksalt
structure. It can be thought of as an f.c.c. packing with Mg ions in the octahedral holes. (c) Cubic zirconia
ZrO2: an f.c.c. packing of Zr with O in the tetrahedral holes. (d) Alumina, Al2O3: a c.p.h. packing of oxygen
with Al in two-thirds of the octahedral holes.

Simple ionic ceramics

The archetype of the ionic ceramic is sodium chloride (“rocksalt”), NaCl, shown in
Fig. 16.1(a). Each sodium atom loses an electron to a chlorine atom; it is the electro-
static attraction between the Na+ ions and the Cl− ions that holds the crystal together.
To achieve the maximum electrostatic interaction, each Na+ has 6 Cl− neighbours and
no Na+ neighbours (and vice versa); there is no way of arranging single-charged ions
that does better than this. So most of the simple ionic ceramics with the formula AB
have the rocksalt structure.

Magnesia, MgO, is an example (Fig. 16.1b). It is an engineering ceramic, used as a
refractory in furnaces, and its structure is exactly the same as that of rocksalt: the
atoms pack to maximise the density, with the constraint that like ions are not nearest
neighbours.

But there is another way of looking at the structure of MgO, and one which greatly
simplifies the understanding of many of the more complex ceramic structures. Look at
Fig. 16.1(b) again: the oxygen ions (open circles) form an f.c.c. packing. Figure 16.2
shows that the f.c.c. structure contains two sorts of interstitial holes: the larger octahed-
ral holes, of which there is one for each oxygen atom; and the smaller tetrahedral
holes, of which there are two for each oxygen atom. Then the structure of MgO can be
described as a face-centred cubic packing of oxygen with an Mg ion squeezed into each
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Pour la seconde classe 
(atomes tous non 
métalliques et liaisons à 
dominante covalente), 
les structures sont moins 
denses, et dominées par la 
directionalité impartie aux 
liaisons par leur nature 
covalente.  
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Fig. 16.3. Covalent ceramics. (a) The diamond-cubic structure; each atom bonds to four neighbours.
(b) Silicon carbide: the diamond cubic structure with half the atoms replaced by silicon. (c) Cubic silica: the
diamond cubic structure with an SiO4 tetrahedron on each atom site.

parts) have a structure closely related to that of diamond. If, in the diamond cubic
structure, every second atom is replaced by silicon, we get the sphalerite structure of
SiC, shown in Fig. 16.3(b). Next to diamond, this is one of the hardest of known
substances, as the structural resemblance would suggest.

Silica and silicates

The earth’s crust is largely made of silicates. Of all the raw materials used by man,
silica and its compounds are the most widespread, plentiful and cheap.

Silicon atoms bond strongly with four oxygen atoms to give a tetrahedral unit
(Fig. 16.4a). This stable tetrahedron is the basic unit in all silicates, including that of
pure silica (Fig. 16.3c); note that it is just the diamond cubic structure with every C
atom replaced by an SiO4 unit. But there are a number of other, quite different, ways in
which the tetrahedra can be linked together.

The way to think of them all is as SiO4 tetrahedra (or, in polymer terms, monomers)
linked to each other either directly or via a metal ion (M) link. When silica is combined
with metal oxides like MgO, CaO or Al2O3 such that the ratio MO/SiO2 is 2/1 or
greater, then the resulting silicate is made up of separated SiO4 monomers (Fig. 16.4a)
linked by the MO molecules. (Olivene, the dominant material in the Earth’s upper
mantle, is a silicate of this type.)

Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 2006, 
Elsevier Butterworth.
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Table 1.5 Polymorphic Forms of Silica

High
Reconstructivq

867"C
High

tridymite

Middle
tridymite

Low
tridymite

Reconstructivq

r470'c. Hlgh
quartz

Low
qùartz

cristobalite

",iËilË."ll

Displacive
573"C

Displacive
200-270"c

'1ît-Ë-lf
Low

cristobalite

-q

Chapitre 2 – Les céramiques

La silice, SiO2, pure illustre bien les niveaux de complexité possibles. 
Sous forme de cristal 3D, la silice a trois structures possibles, avec des variantes:

Nature des liaisons atomiques et structures cristallines

Source: Y.M. Chiang, D. Birnie III, W.D. Kingery, Physical Ceramics, Wiley, NY, 199743



Chapitre 2 – Les céramiques

Si on dévie de la stoechiométrie stricte 
SiO2, selon les proportions relatives 
d’oxygène et de silicium (rapport O/Si), 
les tétrahèdres SiO4 se répartissent 
selon des réseaux 3, 2, 1 ou «0» 
dimensionels)

Nature des liaisons atomiques 
et structures cristallines

Source: Y.M. Chiang, D. Birnie III, W.D. Kingery, Physical 
Ceramics, Wiley, NY, 1997
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Table 1.4 Effect of Oxygen-silicon Ratio on Structure in Silicates

O/Si Ratio

2.5

2.75

3.5

Silicon-Oxygen groups

sio44-

Silicate structure Examples

Quartz,
tridymite,
cristobal ite

i

Sroz
(c6mpletely
interconnected
tetrahedra)

si4olo
(sheets)

si4o11
(chai ns)

sio3
(chains
or rings)

si2o7
(tetrahedra
sharing one
oxygen ion)

sio4
(isolated
tetrahedra)

Talc, mica,
kaol i n ite,
montmorillonite
clays, vermiculite

Amph iboles
(asbestos
minerals)

Pyroxenes
(cha i ns),
beryl (rings)

Pyrosil icates

Orthosi licates
(forsterite,
olivine, zircon)

4 O
d-,
si^o.6-
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Le tétrahèdre, ou monomère SiO4 
représente l’unité de base de la silice, 
mais aussi de diverses structures qui le 
combinent avec d’autres ions ou oxides. 
Si on ajoute d’autres atomes, la 
proportion des liaisons entre 
monomères SiO4 via les atomes O 
partagés (bridging) et les autres ions ou 
oxides (H2O, MgO, ...) croît avec la 
proportion d’autres ions: se forment 
alors des couches planes, voire des 
chaînes atomiques, de SiO2+x liées entre 
elles par d’autres espèces atomiques. 

Nature des liaisons atomiques 
et structures cristallines

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd 
Ed., 2006, Elsevier Butterworth.
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Fig. 16.4. Silicate structures. (a) The SiO4 monomer. (b) The Si2O7 dimer with a bridging oxygen.
(c) A chain silicate. (d) A sheet silicate. Each triangle is the projection of an SiO4 monomer.

When the ratio MO/SiO2 is a little less than 2/1, silica dimers form (Fig. 16.4b). One
oxygen is shared between two tetrahedra; it is called a bridging oxygen. This is the first
step in the polymerisation of the monomer to give chains, sheets and networks.

With decreasing amounts of metal oxide, the degree of polymerisation increases.
Chains of linked tetrahedra form, like the long chain polymers with a –C–C– back-
bone, except that here the backbone is an –Si–O–Si–O–Si– chain (Fig. 16.4c). Two
oxygens of each tetrahedron are shared (there are two bridging oxygens). The others
form ionic bonds between chains, joined by the MO. These are weaker than the –Si–
O–Si– bonds which form the backbone, so these silicates are fibrous; asbestos, for
instance, has this structure.

If three oxygens of each tetrahedron are shared, sheet structures form (Fig. 16.4d).
This is the basis of clays and micas. The additional M attaches itself preferentially to
one side of the sheet – the side with the spare oxygens on it. Then the sheet is polarised:
it has a net positive charge on one surface and a negative charge on the other. This
interacts strongly with water, attracting a layer of water between the sheets. This is
what makes clays plastic: the sheets of silicate slide over each other readily, lubricated
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Certaines formes de silice 
(mica, talc) sont ainsi formées 
de couches.

Ces dernières sont 
hydratables entre les 
couches: le résultat est que 
les couches peuvent glisser 
l’une sur l’autre – c’est par ce 
mécanisme que l’eau rend 
l’argile malléable. 

Nature des liaisons atomiques 
et structures cristallines

Sources: M.F. Ashby & D.R.H. Jones, Engineering 
Materials Vol. 2, 3rd Ed., 2006, Elsevier BuLerworth, 
W.D. Callister Jr., Science et genie des matériaux, 5e 
ediaon, Dunod, 2000.
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Couche de A1,(OHX-
Plan intermédiaire d'anions

Couche de (Si,05f

o Si{*

o Al'*

OH

de I'unité répétéedans une telle structure est (SirO5)2-. La charge négative nette provient

des atomes à'oxygène non liés qui sont projetés hors du plan de la page. L'électroneutralité
s'établit habituellement grâce à une deuxième structure planaire en feuillets dont les

cations excédentaires se lient aux atomes d'oxygène libres issus du feuillet de SitO' De

tels matériaux portent le nom de < silicates en feuillets ou en couches >> et présentent la

structure caractéristique des argiles et d'autres minéraux'
La kaolinite, une des argiles les plus répandues, possède une structure en feuillets de

silicate à deux couches qui est relativement simple. Sa formule estAl2(Si2Os)(OH)0, où

1a charge de la couche tétraédrique de silice, représentée par (SirOr)2 , est neutralisée par

la couche adjacente de A! (OH)1-. La figure 13.14 présente un feuillet de cette structure,

qui a été all,ongée sur la verticale af,n que la disposition des ions soit mieux perçue,

et laisse voir les deux couches distinctes. Le plan intermédiaire d'anions se compose

d'ions 02 provenant de la couche (Si2O5)2 ainsi que d'ions OH- faisant parlie de la couche

AU (ODil Si les liaisons entre les deux couches de ce feuillet sont ioniques-covalentes
intermédiaires ou fortes, il n'en va pas de même pour les feuillets adjacents, qui ne sont

que faiblement liés entre eux par des forces de Van der Waals peu prononcées'
Un cristal de kaolinite se compose d'un ensemble de doubles couches ou feuillets

empilés parallèlement les uns aux autres, qui forment ainsi de petites plaques plates d'un

diamètre généralement inférieur à 1 pm et de forme presque hexagonale' On trouve à la

page 335 une micrographie obtenue au microscope électronique, à facteur d'agrandisse-

ment élevé, de cristaux âe kaolinite où sont visibles les plaques hexagonales, dont cerlaines

sont empilées les unes sur les autres.
Ces structures en feuillets de silicate ne sont pas I'apanage des argiles et se retrou-

vent aussi dans des minéraux cornme le talc [Mgr(Si2O5)2(OH)2] et les micas lmuscovite'
KAl3Si3Or0(OH)rl, qui constituent d'importantes matières premières de la céramique'

Commé leiaisse voir leur formule chimique, les structures de cerlains silicates comptent
parmi les plus complexes de tous les matériaux inorganiques'

13,4 I Garbone
Le carbone est un élément qui existe sous différents états polymorphes ainsi qu'à l'état amorphe'

Les matériaux faits de 
"uibon" 

ne peuvent être classés dans aucune des catégories tradi-

tionnelles que forment les métaux, les céramiques et les polymères. Ils sercnt néanmoins

examinés dans le cadre du présent chapitre puisque le graphite, un des états polymorphes

du carbone, est parfois classé avec les céramiques et que la structure cristalline du diamant,

autre état polymorphe, ressemble à celle de la blende, traitée à la section 13'2. L'étude des

matériaux faits de carbone sera axée sur la sûucture, les caractéristiques et les utilisations

actuelles et possibles du graphite, du diamant et des fullerènes récemment mis au point'

FIGURE 13.14 Structure
de la kaolinite.
Adapté de W.E. HAUTH, ( Crystal

Chemistry of Ceramics r, American
Ceranic Society Eul/etln, vol. 30,

n" 4. 1951, p. 140.
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Chapitre 2 – Les céramiques

Les structures des oxides comportant deux cations peuvent être décrites par des 
diagrammes de phase quasi-binaires* 

Equilibre entre phases céramiques cristallines

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

Structure of ceramics 173

Fig. 16.6. A typical ceramic phase diagram: that for alloys of SiO2 with Al2O3. The intermediate compound
3Al2O3 SiO2 is called mullite.

worked at 700°C. Pyrex is 80% SiO2; it contains less modifier, has a much better
thermal shock resistance (because its thermal expansion is lower), but is harder to
work, requiring temperatures above 800°C.

Ceramic alloys

Ceramics form alloys with each other, just as metals do. But the reasons for alloying
are quite different: in metals it is usually to increase the yield strength, fatigue strength
or corrosion resistance; in ceramics it is generally to allow sintering to full density, or
to improve the fracture toughness. But for the moment this is irrelevant; the point here
is that one deals with ceramic alloys just as one did with metallic alloys. Molten
oxides, for the most part, have large solubilities for other oxides (that is why they
make good fluxes, dissolving undesirable impurities into a harmless slag). On cooling,
they solidify as one or more phases: solid solutions or new compounds. Just as for
metals, the constitution of a ceramic alloy is described by the appropriate phase diagram.

Take the silica–alumina system as an example. It is convenient to treat the compon-
ents as the two pure oxides SiO2 and Al2O3 (instead of the three elements Si, Al and
O). Then the phase diagram is particularly simple, as shown in Fig. 16.6. There is a
compound, mullite, with the composition (SiO2)2 (Al2O3)3, which is slightly more stable
than the simple solid solution, so the alloys break up into mixtures of mullite and
alumina, or mullite and silica. The phase diagram has two eutectics, but is otherwise
straightforward.

The phase diagram for MgO and Al2O3 is similar, with a central compound, spinel,
with the composition MgOAl2O3. That for MgO and SiO2, too, is simple, with a com-
pound, forsterite, having the composition (MgO)2 SiO2. Given the composition, the
equilibrium constitution of the alloy is read off the diagram in exactly the way de-
scribed in Chapter 3.
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* attention: ce ne sont pas des 
diagrammes binaires mais des 
coupes à travers un diagramme 
d’ordre plus élevé (ici, une coupe à 
travers le le diagramme ternaire Si-
O-Al). 
Si les proportions d’atomes dévient 
des proportions stoechimétriques 
(e.g., deux atomes O pour chaque 
atome Si plus 3/2 atomes O par 
atome Al), alors on sort du champ 
de sa validité.
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Equilibre entre phases céramiques cristallines

Source: W.D. Callister Jr., Science et genie des matériaux, 5e edition, Dunod, 2000.
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FIGURE 13.23 Diagramme
d'équilibre du système oxyde
d'aluminium-oxyde de chrome.

Adapté de E.N. BUNT NG, ( Phase
Equilibria in the System
Crr0r-Alr0, >, Bur. Standards
J. fresearch, vol.6,1931, p.948.
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AlrO,-CrrO. est une solution de substitution dans laquelle un ion Alr* se substitue à un
ion Cr3*, et vice versa. Elle existe pour toutes les compositions à une température de
fusion inférieure à celle de AlrO,, dans la mesure où les ions d'aluminium et de chrome
portent une charge identique et ont un rayon similaire (0,053 nm et 0,062 nm' respecti-
vement). En outre, AlrO, et CrrO, possèdent la même structure cristalline.

Système MgO-AlrO,
Le diagramme d'équilibre du système oxyde de magnésium-oxyde d'aluminium (voir la
f,gu1e 13.24) ressemble à maints égards au diagramme du système plomb-magnésium (voir
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FIGURE 13.24 Diagramme
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désiqne une solution solide.
Adapté de B. H,qLLsrror,
< Thermodynamic Assessment of
the System Mg0-Alr0, o, J. Am.
Ceran. Soc., vol.75, no 6,

1992, p. 1502. Reproduction
autorisée par l'American Ceramic
Society.

1200

0 40 60
Composition (en %om de Al,O.)

100
(Al,or)

MgAl,O, (s.s)

Al,ol
+MgAl,O., (ss)

MgO (ss)
+

(ss)
MgAl,O,

(ss)
Mgo

MgO (ss)

liquide
+ iiquide

+
Al,o.

Liquide

+
MgAlrOu (ss)

(Meo)
20 80

Autre exemple:
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Les angles entre atomes de Si-O-
Si, et aussi les angles entre 
monomères SiO4 liés par un 
atome d’oxygène commun 
peuvent varier dans une certaine 
gamme sans grande perte de 
stabilité. 

Le liquide a de ce fait une faible 
propension à se transformer en 
cristal, même si la température 
est basse.

Source: W.D. Kingery, H.K. Bowen & D.R. Uhlmann, Introduction to Ceramics 2nd Ed., Wiley, NY, 1976

Nature des liaisons atomiques: les céramiques amorphes

STRUCTURE OF GLASSES

size were only accurate to within a factor of 2. Further, in contrast to
silica gel, there is no .marked small-angle sjatt_ering from a sample of
fused silica (see -E!g*13) This indicates that the structure of the glass is
continuous and is not composed of discrete particles like the gel. Hence,
if crystallites of reasonable size are present, there must be a continuous
spatial network connecting them which has a density similar to that of the
crystallites.

A more recent X-ray diffraction study of fused silica was carried out
with advanced experimental techniques and means of analyzing data.* In
this study, the distribUlliqq_ql jillqen:oxygen-silicon bend_qng-leS (Ei&
3.64) was determined. As shown in-Fig.-3.6b, these angles are 4lstributed

101

0
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P(0)
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0120 130 140 150 160 170 180 190
0

(b)

Fig. 3.6. (a) Schematic representation of adjacent SiOo tetrahedra showing Si-O-Si bond
angle. Closed circles : Si; open circles : O. (b) Distribution of Si-O-Si bond angles in fused
silica and crystalline crystobalite. From R. L. Mozzi, Sc.D. thesis, MIT, 1967.

Glass

t\Crysta
I
I
I
I

*R. L. Mozzi and B. E. Warren, I. Appl. Cryst.,2, 164 (1969)49
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U4

0.28

STRUCTURE OF GLASSES 97

(a) (b)

Fig.3.4. Schematic representation of (a) ordered crystalline form and (b) random-
network glassy form of the same composition.

3. Oxvsen polvhedra share corners, not edges or faces'
4. At least corners of each nolvhedron should he shared-

In practice. thq glaEs:forming qxvgqq polvhedra are tria4gles and
tetrahedra. and cations forming such coordination polyhedra have been
termed network lpluel;, Alkali silicates form glasses easily, and the alkali
ions are supposed to occupy random positions distributed through the
structure, located to provide local charge neutrality, as pictured in Fie.
3.5. Since their major function is viewed as providing additional oxygen
ions which modify the network structure, they are called netwqk

;ilica. From B. E

rergy content
iasen* consi-
h as shown in
rxide glass:

wo cations
:entral cation

modifrers.
the alkalis

Cations of hieher valence and lower coordination number than
and alkaline earths may contribute in part to the network

structure and are referred to as intermediates.In a general way the role of
cations depends on valence and coordination number and the related
value of single-bond strength, as illustrated in Table 3.1.

Source: W.D. Kingery, H.K. Bowen & D.R. Uhlmann, Introduction to Ceramics 2nd Ed., Wiley, NY, 1976

Nature des liaisons atomiques: les céramiques amorphes
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Il en résulte qu’une silice similaire à 
un liquide «gelé» de SiO2, de même 
structure que le liquide mais figée – et 
donc solide - ne cristallise pas à 
température ambiante dans un laps 
de temps observable.  

Le solide métastable qui en résulte est 
non-cristallin; on dit qu’il est 
«amorphe», ou un verre. Par rapport 
à un atome de référence, les atomes y 
sont arrangés de façon légèrement 
régulière pour les voisins proches, et 
quasi-aléatoire à longue distance. 
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92 INTRODUCTION TO CERAMICS

3.1 Glass Formation

Glasses are usually formed by solidification from the melt. The
structure of glasses can be clearly distinguished from that of liquids, since
glass structure is effectively independent of temperature. This can best be
seen by a plot of the specific volume of the crystal, liquid, and glass as a
function of temperature (Fig. 3=1). On cooling the liquid, there is a
discontinuous change in volume at the melting point if the liquid crystal-
lizes. However, if no crystallization occurs, the volume of the liquid
decreases at about the same rate as above the melting point until there is a
decrease in the expansion coefficient at a range of temperature called the
glass llansforr4atigq ra4ge. Below this temperature range the glass
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Fig. 3.1. Schematic specific volume-tempera-
ture relations. (a) Relations for liquid, glass, and
crystal; (b) glasses formed at different cooling
rates Rt ( R. ( R..
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La densité des 
verres (et donc 
le volume vide 
par atome) 
dépend de leur 
vitesse de 
refroidissement 
depuis l’état 
liquide.



Chapitre 2 – Les Céramiques Sources: W.D. Callister Jr., Science et genie des matériaux, 5e edition, Dunod, 2000.

Les verres- sont visqueux à haute température
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FIGURE 14.3 Rapport
entre le volume spécifique
et la température dans le cas
de matériaux cristallins et de
matériaux non cristallins.
Les matériaux cristallins se
solidifient au point de fusion l,
tandis que les matériaux non
cristallins se caractérisent
par leur température de
transition vitreuse I".
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Température

Le rapport entre la viscosité et la température joue également un rôle important en
matière de formage des verres. La figure 14.4 présente un graphique de la variation du
logarithme de la viscosité en fonction de la température pour le verre de silice pur.e, le
verre à haute teneur en silice, le verre de borosilicate et le ven'e sodocalcique. Plusieurs
points de l'échelle de viscosité doivent êtle pris en compte lors de la fabrication et du tr.ai-
tement du verre:
1. Le point de fusion est la température à laquelle la viscosité est de 10 Pa.s. Le vene

est suffisamment fluide pour être assimilé à un liquide.
2. Latempérature de mise en forme est la température à laquelle la viscosité, de 103 Pa.s,

rend le vene facilement déformable.
3. La température de ramollissement est la température à laquelle la viscosité est de

4 x 106 Pa's. C'est la température maximale à laquelle une pièce de verre peut être ma-
nipulée sans subir de déformation permanente.
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FIGURE 14.4 Variation du
logarithme de la viscosité en
fonction de la température
dans le cas de différents verres
de silice.
Tiré de E.B. SsaNa, Modern
Materials, vol. 6, Engtneering
6/ass, New York, Academic Press,
1968, p 262.
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hPour un fluide Newtonien: 

    où h est la viscosité (dynamique)

Quelques valeurs: pour l’eau (ou les métaux liquides) h ≈ 10-3 Pa.s
Pour les huiles de cuisine h ≈ 5 10-2 Pa.s, 
Pour le miel h = 2 à 10 Pa.s. 
Pour les verres:
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Le rapport entre la viscosité et la température joue également un rôle important en
matière de formage des vetres. La figure 14.4 présente un graphique de la variation du
logarithme de la viscosité en fonction de la température pour le verre de silice pure, le
verre à haute teneur en silice, le verre de borosilicate et le verre sodocalcique. Plusieurs
points de l'échelle de viscosité doivent être pris en compte lors de la fabrication et du trai-
tement du verre:
1. Le point de fusion est la température à laquelle la viscosité est de 10 Pa's. Le vere

est suffisamment fluide pour être assimilé à un liquide.
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Sources: W.D. Callister Jr., Science et genie 
des matériaux, 5e edition, Dunod, 2000.
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Figure 13.14 Logarithm of viscosity versus
temperature for fused silica and three silica
glasses.
(From E. B. Shand, Engineering G/ass, Modern
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Most glass-forming operations are carried out within the working range-between
the working and softening temperatures.

The temperature at which each of these points occurs depends on glass composition.
For example, from Figure 13.14, the softening points for soda-lime and 96% silica
glasses are about 700'C and 1550'C (1300"F and2825'F), respectively. That is, forming
operations may be carried out at significantly lower temperatures for the soda-lime
glass. The formability of a glass is tailored to a large degree by its composition.

Glass Forming
Glass is produced by heating the raw materials to an elevated temperature above which melt-
ing occurs. Most commercial glasses are of the silica-soda-lime variety; the silica is usually
supplied as common quartz sand, whereas Na2O and CaO are added as soda ash (NarCO)
and limestone (CaCO3). For most applications, especially when optical transparency is
important, it is essential that the glass product be homogeneous and pore free. Homogeneity
is achieved by complete melting and mixing of the raw ingredients. Porosity results from
small gas bubbles that are produced; these must be absorbed into the melt or otherwise
eliminated, which requires proper adjustment of the viscosity of the molten material.

Five different forming methods are used to fabricate glass products: pressing, blowing,
drawing, and sheet and fiber forming. Pressing is used in the fabrication of relatively
thick-walled pieces such as plates and dishes. The glass piece is formed by pressure
application in a graphite-coated cast iron mold having the desired shape; the mold is
typically heated to ensure an even surface.

Although some glass blowing is done by hand, especially for art objects, the process
has been completely automated for the production of glass jars, bottles, and light bulbs.
The several steps involved in one such technique are illustrated in Figure 13.15. From a
raw gob of glass, a parison, or temporary shape, is formed by mechanical pressing in a
mold. This piece is inserted into a finishing or blow mold and forced to conform to the
mold contours by the pressure created from a blast of air.

Chapitre 2 – Les Céramiques
Source: W.D. Callister Jr. & David G. Rethwisch, Materials Science and Engineering, 
Global Edition based on 10th edition, Wiley, 2020

Les verres

54



Chapitre 2 – Les céramiques

Le mouvement relatif des 
atomes étant thermiquement 
activé, la viscosité obéit 
généralement (à haute 
température) la loi 
µ = K exp (+ Q/RT)
que l’on peut déduire de la loi 
d’Arrhenius (voir exercice)

Source: M.F. Ashby & D.R.H. Jones, 
Engineering Materials Vol. 2, 3rd Ed., 2006, 
Elsevier Butterworth.
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Fig. 19.7. A rotation viscometer. Rotating the inner cylinder shears the viscous glass. The torque (and thus
the shear stress ss) is measured for a given rotation rate (and thus shear strain rate     ̇g ).

Viscous flow is a thermally activated process. For flow to take place, the network
must break and reform locally. Below the glass temperature, Tg, there is insufficient
thermal energy to allow this breaking and reforming to occur, and the glass ceases to
flow; it is convenient to define this as the temperature at which the viscosity reaches
1017 P. (At Tg, it would take a large window 10,000 years to deform perceptibily under
its own weight. The story that old church windows do so at room temperature is a
myth.) Above Tg, the thermal energy of the molecules is sufficient to break and remake
bonds at a rate which is fast enough to permit flow. As with all simple thermally
activated processes, the rate of flow is given by

Fig. 19.8. The variation of glass viscosity with temperature. It follows an Arrhenius law (h ∝ exp(Q/RT) ) at
high temperature.
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La silice amorphe pure a d’excellentes propriétés mais n’est comme on l’a vu formable qu’à 
température très élevée. On y ajoute donc le plus souvent quelque dizaines 

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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by the water layer. As you might expect, sheet silicates are very strong in the plane of
the sheet, but cleave or split easily between the sheets: think of mica and talc.

Pure silica contains no metal ions and every oxygen becomes a bridge between two
silicon atoms giving a three-dimensional network. The high-temperature form, shown in
Fig. 16.3(c), is cubic; the tetrahedra are stacked in the same way as the carbon atoms in
the diamond-cubic structure. At room temperature the stable crystalline form of silica
is more complicated but, as before, it is a three-dimensional network in which all the
oxygens bridge silicons.

Silicate glasses

Commercial glasses are based on silica. They are made of the same SiO4 tetrahedra on
which the crystalline silicates are based, but they are arranged in a non-crystalline, or
amorphous, way. The difference is shown schematically in Fig. 16.5. In the glass, the
tetrahedra link at the corners to give a random (rather than a periodic) network. Pure
silica forms a glass with a high softening temperature (about 1200°C). Its great strength
and stability, and its low thermal expansion, suit it for certain special applications, but
it is hard to work with because its viscosity is high.

This problem is overcome in commercial glasses by introducing network modifiers to
reduce the viscosity. They are metal oxides, usually Na2O and CaO, which add posit-
ive ions to the structure, and break up the network (Fig. 16.5c). Adding one molecule
of Na2O, for instance, introduces two Na+ ions, each of which attaches to an oxygen of
a tetrahedron, making it non-bridging. This reduction in cross-linking softens the glass,
reducing its glass temperature Tg (the temperature at which the viscosity reaches such a
high value that the glass is a solid). Glance back at the table in Chapter 15 for generic
glasses; common window glass is only 70% SiO2: it is heavily modified, and easily

Fig. 16.5. Glass formation. A 3-co-ordinated crystalline network is shown at (a). But the bonding
requirements are still satisfied if a random (or glassy) network forms, as shown at (b). The network
is broken up by adding network modifiers, like Na2O, which interrupt the network as shown at (c).

Nature des liaisons atomiques et les céramiques amorphes

de % de 
modifiants de 
réseau (Na2O, 
CaO, B2O3) qui en 
abaissent la 
viscosité, car ils 
«cassent» 
localement le 
réseau 
tridimensionnel 
de la silice.
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Table 3.5. Approximate Composition (wt7o) Typical of Some Commercial Glasses

Glass SiO, AlrO3 FezOs CaO Mgo BaO NazO KzO SO, Fz ZnO Pbo Bzo: Se CdO CuO

Container flint
Container amber
Container flint
Container flint
Window green
Window
Plate
Opal jar
Opal illumination
Ruby selenium
Ruby
Borosilicate
Borosilicate
Borosilicate
Fiber glass
Lead tableware
Lead technical
Lamp bulb
Heat absorbing

72.7
72.5
71.2
70.4
7t_7
72.0
71.6
71.2
59.0
67.2
72.0
76.2
74.3
81.0
54.5
66.0
56.3
72.9
70.7

2.0
2.0
2.1
1.4
0.2
1.3
1.0
7.3
8.9
1.8
2.0
3,t
5.6
2.5

14.5
0.9
1.3
2.2
4.3

10.4
10.2
6.3

r0.8
9.6
8.2
9.8
4.8
4.6
1.9
9.0
0.8
0.9

r3.6
14.4
15. I
13.1
13.1
14.3
13.3
12.2
7.5

14.6
r6.6
5.4
6.6
4.5
0.5
6.0
4.7

16.3
9.8

0.06
0.1
0.05
0.06
0.1

0.2
0.2
0.1
0.1

3.9
2.7
4.4
3.5
4.3

0.5
0.6
0.5
0.7

0.4
0.2
0.4
0.6

0.3

2.0

r.2
0.2
0.4
0.4

0.3
s-0.02

0.3
0.2
0.4
0.3
0.2

2.0
0.4o\ê s-0.1

4.2
5.0
0.4
Tr.*

12.0
tt.2

3.0
0.7 0.3 0.40.03

0.04 0.05

0.4 15.9
0.7

4.7
9.4

3.6
3.7

4.4

2.2

0.5

0.9

0.3

13.5
10.0
12.0
10.0
0.6
0.6
0.2
0.5

9.5
7.2
0.2
0.7

15.5
29.5

o.2
0.8 Tr.*

Source. F. V. Tooley, Handbook of Glass Manufacture. Ogden Publishing Co., New York, N.Y
*Trace.
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Des verres industriels

Source: W.D. Kingery, H.K. Bowen and D.R. Uhlmann, Introduction to Ceramics 2nd Ed., Wiley, NY, 197657
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Les argiles: fabrication

Source: W.D. Kingery, Introduction to Ceramics 1st Ed., Wiley, NY, 1960Chapitre 2 – Les Céramiques
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will be considered in more detail in Chapter 12.) Very pure clays are
refractory-impure clays fuse at some lower temperature.

The most common clay minerals may be classified on the basis of
structure into the kaolinite group, montmorillonite group, and the
illite (hydrous mica) group. More recently the chlorite group has
been found to occur as an important constituent of many clay sedi-
ments. These classifications are based on crystallographic structure
and corr'espond to the ideal chemical formulas shown in Table 2.1.

Geologic origin. The nature of a clay is determined for the most
part by the chemical composition of the parent rock and the physical
and chemical environment in which the alteration takes place. Alkalic
feldspars tend to alter to kaolinite. Ferromagnesian minerals, calcic
feldspars, and volcanic ash commonly alter to montmorillonite. The
kaolinite structure accommodates no elements other than silicon and
aluminum, whereas the structures of montmorillonite, illite, and chloritæ
always contain other elements, especially magnesium and iron.

The pH of the environment is especially significant in the genesis of
clay minerals. Thus kaolinite is characteristically formed in an acid
environment (such as produced by organic acids or the oxidation of

and leaching
oxidizing
leaching

or
oxidizing and

leaching

leaching
+K+

leac ing
+Mg2+

reducing
leaching

K+

leaching

Fig. 2.2. Clays formed under various weathering conditions. After A. F. Fred-
erickson, reference 8.

Kaolins(hydrous micas)
lllites

Parent rock

Mg2+, ca2+ ,p.2+
present

K+, Na+, Ca2+, Fe3
present

M ontmorillon ites

rB INTRODUCTION TO CERAMICS

products. Chemical purification is used for higher-prioed materials.
High-puriiy alumina, magnesia, beryllia, titania, and zirconia are
examples of products produced by chemical methods.

Only a brief review of the geologic and economic aspects of some
of the mor,e important ceramic raw materials can be included in this
chapter. The list of suggested reading should be consulted for more
detailed information.

2.2 Clay Minerale

The clay minerals are fine particle size hydrous aluminosilicates
rvhich develop plasticity when mixed with water. They vary over
quite wide limits in chemical, mineralogical, and physical character-
istics. A common characteristic is their layer. structure. They are
all composed of electrically neutral aluminosilicate layers which move
readily over each other, giving rise to such physical properties as soft-
ness, soapy feel, and easy cleavage. All clay minerals are of secondary
geologic origin; that is, they were formed as alteration products of
aluminosilicate rocks in an environment in which water is present.
Most clay minerals are the products of weathering and sedimentation,
but they may also be formed by hydrothermal activity. The mecha-
nism of the clay forming process is still imperfectly understood.

Clays perform two important functions in ceramic bodies. First,
their characteristic plasticity is basic to many of the forming processes
commonly used; the ability of clay-water compositions to be formed
and to maintain their shape and strength during drying and firing is
basic to many ceramic processes. Secondly, they fuse over a tem-
perature range depending on their composition in such a way as to
become dense and strong without Iosing their shape. (This process

Table 2.1. Ideal Chemical Formulas of the Clav Minerals
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Fig.2.2.
erickson

Kaolinite
Halloysite
Pyrophyllite
Montmorillonite

Mica
Illite

Alr(SizO;)(OH)r
Alr(siro5)(oH)r2Hro
Alr(siro6)r(oH)2

(ar,, il::::) (si,o6)doH),

AIrK(Si1.6A10 60tr(OH),
Al2-,Mg,K1-, --z(Sir.r,-vAlo.r r-rrOr) r(OH) z

(les noms en français sont les mêmes)
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Fig. 3.16. .(o) cross section of jiggering machine and (b) forming of soft plastic

clayware by jiggering. From reference 1.
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Source: W.D. Kingery, Introduction to Ceramics 1st Ed., 
Wiley, NY, 1960Chapitre 2 – Les Céramiques
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Fig. 3.5. cross section of a pug mill, vacuum de-airing chamber, and artger ex-
tr.usion die. Pugged clay is folced through shredding orifices into vacuum
chamber and then extruded through die of proper shape.
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Fig. 3.6. Cross section of a continuous glass-melting furnace. Batch feed is
melted and passes through throat into working end of furnace and on to glass
feeders for forming machines.

Melting end
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Coulée en barbotine (slip casting)

Chapitre 2 – Les Céramiques

mittd,élasticité est extrêmement faible. La consistance (c'est-à-dire les proportlons d'eau
et d,argile) de la pâte hydroplastique doit permettre une limite d'élasticité suffisante pour
que tJpièce façonnée "onràru* 

sa forme à l'issue des manipulations et du séchage'' 
Le procédé de formage hydroplastique le plus courant est I'extrusion, qui consiste à

faire passer une pâte cerÀiq.re plastique ferme dans une filière de même section que la
piOce à fabriquei. Cette technique, analogue à l'extrusion des métaux (figure l2'2b), est
couramment ômployée pour la fabrication de briques, de tuyaux, de carrelages et de tuiles'
On utilise une vrille pour faciliter le passage de la pâte céramique plastique dans la filière'
l'extraction d'air dans une chambre à vide permettant d'augmenter la masse volumique de
cette pâte. La présence de pièces rapportées au sein de la filière entraîne la formation de
colonnes intérieures .r"orà, dans une pièce extrudée (une brique, par exemple)'

Coulée en barbotine
Le formage des produits à base d'argile peut également s'effectuer par coulée en barbo-
tine. La barbotine est constituée d'argile ou d'autres matériaux non plastiques en suspension
dans l'eau. Lorsque la barbotine est versée dans un moule poreux (souvent en plâtre)' I'eau
qu'elle contient est absorbée par le moule, sur les parois duquel se forme une couche
solide dont l'épaisseur est fonction du temps écoulé. Le processus peut être prolongé
jusqu'à ce que cette couche solide remplisse entièrement I'intérieur du moule (coulage plein)'
comme le montre la figure 14.8a, ou qu'elle ait l'épaisseur voulue, auquel cas il suffit de
renversef le moule pour évacuer le sutplus de barbotine (coulage par évacuation), ce
qu'illustre la figure r+.su. À mesure qu'elle sèche, la pièce ainsi formée se contracte et
se dégage du moule; il devient alors possible de démonter le moule et de démouler la pièce'

a) Barbotine versée
dans le moule

Absorption
de I'eau

b)

Pièce
démoulée

Barbotine versée
dans le moule Égouttage

Raffinage
du col

Pièce
démou1ée

FIGURE l4.g Étapes de la coulée en barbotine dans un moule en plâtre: a) coulage plein et b) coulage par évacuation de la barbotine
liré de W.D. KINGEBy, /ntroducti on to ceranics.o 1960, John wiley & Sons, New York. Reproduction autorisée par John wiley & Sons' Inc

Sources: W.D. Callister Jr., Science et genie des matériaux, 5e ediaon, Dunod, 2000.61
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Séchage
FORMING PROCESSES

0 l0 20 30
Moisture conlent (fi)

40 50

Fie. 3.20. Rate of drying and drying shrinkage for a. ceramic body. At a critical
moisture content which corlesponds to the solid particles coming into contact,
the rate of drying begins to decrease and the shrinkage stops.

carefully controlled. To control the drying rate, it is necessary to
control the humidity and flow rate of the air-dry air and higher
velocities increase the rate of drying. Higher temperatures also in-
crease the raie of drying by virtue of the increased vapor pressure and
the reduced viscosity of the liquid during the falling rate period. In
addition to controlling the rate of drying, we ian also control the over-
all shrinkage-mainly by controlling the initial water content during
forming (dry pressed bodies, for example, have no drying shrinkage)
and by controlling the particle size. A certain amount of drying

(a) (b) (c)

Fig. 3.21. Drying process {or a clay body showing (a) wet body, (b) critical point,
and (c) dry ware.
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moisture content which corlesponds to the solid particles coming into contact,
the rate of drying begins to decrease and the shrinkage stops.

carefully controlled. To control the drying rate, it is necessary to
control the humidity and flow rate of the air-dry air and higher
velocities increase the rate of drying. Higher temperatures also in-
crease the raie of drying by virtue of the increased vapor pressure and
the reduced viscosity of the liquid during the falling rate period. In
addition to controlling the rate of drying, we ian also control the over-
all shrinkage-mainly by controlling the initial water content during
forming (dry pressed bodies, for example, have no drying shrinkage)
and by controlling the particle size. A certain amount of drying
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Fig. 3.21. Drying process {or a clay body showing (a) wet body, (b) critical point,
and (c) dry ware.
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Source: W.D. Kingery, Introduction to Ceramics 1st Ed., Wiley, NY, 1960
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Fig. 3.13. Plocluction hydrostatic rubber mold for spark plug blank being (a)
filled with powder and (b) compressed. From reference I'

One rvay of reducing these pressure differences is to use i@!ig
rnolding in which the sample is encased in a rubber sheath and pres-
sure is applied through a fluid. This may be done in the laboratory with
a hydrostatie molding chamber (Fis. 3.12-)-. Here a gasket closure
allows pressur'e to be applied through a fluid, frequently glycerine, on
rrare submerged in the liquid. For production purposes where the speed
of pressing is important, a design such as that shown in Fig. 3.13 can
be used. This method is colrlqonly sqrployeùlor, the manufacture of
spark plugs. A rubber dis hayjng thick walls is cqnpressed about the-
porvdered material by hydrostatic pressure on hydraulic oil. For com-
mercial presses a pressure of 4000 to 5000 psi is commonly used. With

A

Pressage de poudres
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some minor changes in design which lead to more satisfactory pressing
results are illustrated in Fie. 3.10.

as is commonly donf
it is also irqproved bv the use of e{qq!iv'ç rubripanto and b:itdqs. How-
ever, a limit is reached under which initial variations in preszure, and
consequently variations in compact density, cause warping and defects
during firing.
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Fig' 3'12. Laboratory hydrostatic molding chamber with crucible mold in place
From reference 1.
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Notion de base: la capillarité 

Les surfaces et interfaces sont des lieux d’énergie locale plus élevée car les liaisons 
atomiques y sont généralement moins stables. Leur création est donc accompagnée d’un 
excédent d’énergie: 
c’est l’énergie de surface ou d’interface g (J/m2).

Notez que 1 J/m2 = 1 N/m; cette énergie de surface/interface se traduit par une tension 
de surface/interface (quand elle est isotrope; quand elle dépend de l’orientation de la 
surface la situation est plus complexe):

1 m2

64Chapitre 2 – Les Céramiques
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Notion de base: la capillarité 

Les surfaces et interfaces sont des lieux d’énergie locale plus élevée car les liaisons 
atomiques y sont généralement moins stables. Leur création est donc accompagnée d’un 
excédent d’énergie: 
c’est l’énergie de surface ou d’interface g (J/m2).

Notez que 1 J/m2 = 1 N/m; cette énergie de surface/interface se traduit par une tension 
de surface/interface (quand elle est isotrope; quand elle dépend de l’orientation de la 
surface la situation est plus complexe):

1 m2
Il faut, pour créer 1 m2 de surface, tirer sur 1 
m avec une force F = g (J/m2) = g (N/m)1 m2

Chapitre 2 – Les Céramiques



Source: https://thepotterywheel.com/firing-clay/Chapitre 2 – Les Céramiques

À chaud les pores décroissent et s’éliminent; c’est le frittage (sintering)

66



Source: https://www.pm-review.com/introduction-to-powder-metallurgy/sintering-in-the-powder-metallurgy-process/Chapitre 2 – Les Céramiques

Le frittage (sintering)
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Source: https://thepotterywheel.com/types-of-kiln/
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Cuisson et frittage
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Fig.3.23. Setting ware for firing: (a) settling to form square edge, (b) adjusting
for setting friction, (c) tile setter, (d) saggers for plates, (e) suspended rod, (/)
supported sculpture.
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Les céramiques 
peuvent aussi être 
durcis par réaction 
chimique (ciment, 
plâtre, … )

Source: W.D. Kingery, Introduction to 
Ceramics 1st Ed., Wiley, NY, 1960
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Le rapport entre la viscosité et la température joue également un rôle important en

matière de formage des vetres. La figure 14.4 présente un graphique de la variation du

logarithme de la viscosité en fonction de la température pour le verre de silice pure, le

verre à haute teneur en silice, le verre de borosilicate et le verre sodocalcique. Plusieurs

points de l'échelle de viscosité doivent être pris en compte lors de la fabrication et du trai-

tement du verre:
1. Le point de fusion est la température à laquelle la viscosité est de 10 Pa's. Le vere

est suffisamment fluide pour être assimilé à un liquide.

2. Latempérature de mise en forme est la température à laquelle la viscosité, de 103 Pa.s,

rend le veme facilement déformable.

3. La température de ramollissement est la température à laquelle la viscosité est de

4 x 106 Pa's. C'est la température maximale à laquelle une pièce de verre peut être ma-

nipulée sans subir de déformation permanente.
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Materials, uol. 6, Engineering
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Sources: W.D. Callister Jr., Science et genie 
des matériaux, 5e edition, Dunod, 2000.
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Rappel: la striction et le cas du fluide visqueux Newtonien

698 CREEP AND SUPERPLASTICITY

Fig. 13.37 Superplastic tensile
deformation in Pb–62% Sn eutectic
alloy tested at 415 K and a strain
rate of 1.33 × 10−4 s−1; total
strain of 48.5. (From M. M. I.
Ahmed and T. G. Langdon, Met.
Trans. A, 8 (1977) 1832.) aluminum alloys. High-strength nickel-based superalloys have been

found to exhibit superplastic behavior, and the process of ‘‘gatoriz-
ing” (supposedly named after an alligator living in the lake in front
of the research institute) has been developed by Pratt and Whitney.
The potential of superplastic forming is especially bright for titan-
ium alloys, which are known to be very difficult to form, because
of their HCP structure. Superplasticity has also been discovered in
ceramics.

The basic reason that some materials can deform superplastically
when others cannot is related to how they respond to changes in
strain rate. The example of hot glass (above the transition tempera-
ture) comes to mind. We are all familiar with Coke bottles stretched
to very high strains; these interesting items are sold in curio shops.
Glass shows a Newtonian viscous behavior above a certain temper-
ature. Fiberglass is formed in such a manner and can be pulled to
extremely fine fibers. In a lamellar flow, Newtonian viscosity is defined
by (see Equation 3.29)

τ = η
dv
dy

,

where dv/dy is the variation in velocity of the fluid with distance y, τ

is the shear stress necessary to create the velocity gradient dv/dy, and
η is the viscosity. The derivative dv/dy is equivalent to the shear strain
rate γ̇ . (See Section 3.6.2.) Thus, we can write

τ = ηγ̇ . (13.34)

The stress-versus-strain-rate relationship from many materials is not
linear, but of the form (see Equation 3.23)

σ = K ε̇m, (13.35)

where K and m are constants and m is called the strain-rate sensitivity.
In general, m varies between 0.02 and 0.2, for homologous tempera-
tures between 0 and 0.9 (90% of the melting point in K). Hence, one
would have, at the most, an increase of 15% in the yield stress by
doubling the strain rate. Comparing Equations 13.34 and 13.35, we
see that a value of m = 1 will give a Newtonian viscous solid. Such a
material would not undergo tensile instability and could be stretched
indefinitely. Figure 13.38(a) shows schematically how a high value of
m will inhibit tensile instability (necking) and, consequently, enhance
plasticity in tension. The specimen is being deformed, in tension, at
a velocity v. The length increases from L0 to L1 and then to L2. At L2,
necking starts. If the material has a high value of m, this instability

Pour un fluide visqueux 
newtonien

on n’observe pas la 
striction.

Source: https://www.semanticscholar.org/paper/Experimental-and-numerical-Investigation-of-the-
Chouffart/24396d77e395c1450999c66f8729d78435922322/figure/3 (thèse Quentin Chouffart, U. Liège, 2018)

6 Introduction

Additionally, this material can be electrically heated to precisely regulate the global glass

temperature. Electrical power is provided through clamps at the bushing ears (i.e., the

small curved plates at the end of the busing in Fig. 1.5). The target bushing temperature,

about 1350◦C for the glass considered here, is controlled through a thermocouple on the

side at mid-height of the bushing.

Glass melt

Finshields

Water spray

Winder

Fibers

Bushing

Applicator

Figure 1.4: Overall schematic view of a bushing position (left) and detailed view of four
tips and the corresponding forming fibers (right).

After exiting the tip the molten glass is quickly cooled to reach the glass transition and

drawn at high velocity by the winder. The rapid acceleration of the melt induces strong

radius attenuation, as illustrated by the cone shape of the glass just below the tip (see right

part of Fig. 1.4). The cooling of the glass is initially mostly achieved by radiation, before

convection takes over further away from the tip. As discussed later, the cooling history

plays a key role in the process. Moreover, the tip temperature must be maintained in a

very precise range to achieve the adequate glass viscosity. In order to partially control

the radiative heat transfer, water-cooled copper blades, called finshields and shown in

Fig. 1.6, are inserted horizontally between rows of fibers a few millimeters below the

bushing plate (see Fig. 1.5). The position of the finshield blades is clearly indicated by

the space between two rows of tips in Fig. 1.7. During production the finshields can be

moved vertically to modify the radiative cooling of the fibers and the heat pattern of the

bushing plate, although the exact mechanism is still not well understood. Finshields are

71Chapitre 2 – Les Céramiques
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Source: https://www.glasi.ch/fr/

aussi

https://www.youtube.com/watch?v=dtxrtKd-Vao
https://www.youtube.com/watch?v=XxgIEeIBCFo

C’est pourquoi on peut mettre en forme 
le verre par étirage, sans souci que le 
matériau ne rompe. 

Nombre de procédés de mise en forme 
du verre, tel le soufflage, utilisent ce fait
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14.3 ! Formage du verre
pour produire du verre, il faut chauffer des matières premières à une température supé-
rieure au point de fusion. La plupart des verres d'usage courant sont faits de silice et de
produits ùdocalciques. La silice provient habituellement du sable quartzeux, tandis que
îe NqO et le Cao qui y sont aiouiés proviennent du carbonate de sodium (NarCor)' ou
soude Solvay, et de la cfraux (CaCOr).bans la plupart des cas, notamment lorsque la trans-
parence optique est un fu"t"u, important, ii esi essentiel que le produit vitreux soit
homogène et non poreux. L'homogénéité s'obtient par fusion complète et mélange inté-
gral dJs matières piemières. quant-à la porosité, elle résulte de la présence de petites bulles
â" guttcelles-ci àoivent être soit absorbées durant la fusion, soit éliminées par régulation
de ia viscosité du matériau en fusion'

Il existe quatre méthodes de formage pour la fabrication de produits en velre: le pres-
sage, le soufflage, l'étirage et le fibrage. Le pressage sert plus particulièrement à la fabrication
O'JUjets relativement éiais tels qu" d"t assiettes et des plats' Il consiste à appliquer une
pr"rrion sur le verre plàcé dans un moule en fonte recouvert de graphite et généralement
chauffé afin que la surface soit bien unie'

Si certains pratiquent encore le soufflage du verte artisanal, le procédé a été entiè-
rement automatisé en ce qui concerne la fabrication de bocaux, de bouteilles et d'ampoules
électriques. La figure 14. j illustre les différentes étapes de ce procédé: à partir d'une masse
de vene brute, une pièce de forme temporaire, appelée paraison, est obtenue par pres-
sion mécanique exercée dans un moule. Cette piè-à est ensuite insérée dans un moule det Air comprimé

Masse de vene fondu
Pressage Moule de

ParaisonMoule à
paraison

FIGURE 14.5 Schématisation de la technique de pressage et soufflage utilisée pour fabriquer une bouteille de verre
Adapté de C.J. pHtrltps, Gtass: The Miracle Maker. Beproduction autOrisée par Pitman Publishing Ltd , Londres'

Source: W.D. Callister Jr., Science et genie des matériaux, 5e ediaon, Dunod, 2000.

Aussi: 

https://www.youtube.com/watch?v=A_M8WBJMcM0
https://www.youtube.com/watch?v=Bg6oJoTcD7I
https://www.youtube.com/watch?v=ZCtoCyNjfm
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496 ' Chapter l3 / Applications and Processing of Ceramics

Figure 13.15 The
press-and-blow technique
for producing a glass
bottle.
(Adaptcd frorn C. J. Phillips.
Glass: The Miracle Maker.
Reproduced by permission
of Pitman Publishing Ltd.,
London.)

Gob
Pressing operation

Parison
mold

Compressed air

Suspended Fin ish ing
parison mold

Drawing is used to form long glass pieces that have a constant cross section, such as
sheet, rod, tubing, and fibers.

until the late 1950s, sheet glass (or plate) was produced by casting (or drawing) the
glass into a plate shape, grinding both faces to make them flat and parallel, and finally,
polishing the faces to make the sheet transparent-a procedure that was relatively expensive.
A more economical float process was patented in 1959 in England. With this tecl.rnique
(represented schematically in Figure 13.16), the molten glass passes (on rollers) from one
furnace onto a bath of liquid tin located in a second furnace. Thus, as this continuous
glass ribbon "floats" on the surface of the molten tin, gravitational and surface tensior1
forces cause the faces to become perfectly flat and parallel and the resulting sheet to be
of uniform thickness. Furthermore, sheet faces acquire a bright, "fire-polished" finish in
one region of the furnace. The sheet next passes into an annealing furnace (lehr), and is

Combustion
gases

Control I ed
atmosphere

Raw
materials

Heater

lVlelting furnace T--
Cutti ng
sect ion

Heati ng Fire
Cool i ng An neal i ng

furnace (Lehr)z0ne
pol ish i ng

zonezone

Float Bath Furnace

Figure I 3.1 6 Schematic diagram showing the float process for making sheet glass.
(Courtesy of Pilkington Group Limited.)

il t{

lviolten glass

Liquid tin

Sources: W.D. Callister Jr. & David G. Rethwisch, Materials Science and Engineering, Global Edition based on 10th edition, 
Wiley, 2020

Aussi: https://www.youtube.com/watch?v=ig4G5WbOMLc
https://www.youtube.com/watch?v=1HDWJgFLCfA
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Chapitre 2 – Les Céramiques

Les contraintes thermiques

La résistance au choc thermique dans le tableau résumant les propriétés de diverses 
céramiques en partie I, diapos 11 & 12, est définie comme étant l’excursion de 
température ∆T maximale (en Kelvin ou °C) que peut subir la surface d’une pièce 
macroscopique sans se rompre lors d’une trempe brutale depuis une température 
initiale de T+∆T dans à bain à température T. 
Cela peut se mesurer comme étant la température initiale (en °C) au-dessus de laquelle 
elle se romp quand on la fait tomber dans un bac d’eau à 0°C. 

Notez qu’ici on suppose que le verre est solide à la température initiale (sinon les 
contraintes sont réduites par la déformation visqueuse; voir plus loin).
Notez aussi que ce thermal shock resistance et n’est pas une caractéristique du 
matériau: la rupture va dépendre de nombreux facteurs qui peuvent faire varier cette 
quantité (présence de défauts, forme et dimensions de la pièce, vitesse de la trempe, 
...). La mesure doit donc se conduire selon une procédure normalisée.
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Les contraintes thermiques

Supposons maintenant que la plaque ne soit pas tout à fait solide à la 
température T1 : elle y est au contraire assez molle pour que quand la surface 
atteint T2 < T1, le centre de la plaque puisse se déformer et accommode le retrait 
de solidification en surface. La distribution de contraintes reste donc quasi-nulle. 
Puis le cœur de la plaque se refroidit, et donc se contracte. 

Source: W.D. Kingery, Introduction to Ceramics 1st Ed., Wiley, NY, 1960

640 INÎRODUCTION TO CERAMICS

n

Compression

Residual stress
distribution

Tension

stress distribution is complex and is a function of the chilling rate,
starting temperature, geometry, and physical proper[ies in the glass'

Tempered glass is useful because, as discussed in Chapter 17, failure
normally occurs und,er an applied tensile stress, and failure in ceramics
is almost always initiated at the surface. When a residual compressive
stress is placed on a surface, the applied stress must, first overcome
this residual compression before the surface is brought into tension
where failure can occur. The residual stress and applied stress in a

Residual stress

Resultant stress

stress

- lnitial temperaturets distribution

r"
Final temperature

distribution
Fig. 18.6. Initial temperature distri-
bution, final temperature distribu-
tion, and resulting residual stresses in
tempered glass,

10,000 20,000 30,000 40,000
Tensile

40,000 30,000 20,000 10,000
Compressive

0

Stress (psi)

Fig. 18,7. Residual stress, applied stress, and resultant stress distribution for
transverse loading of a tempered glass plate.

\

\pv l'1

La surface, elle, est devenue solide 
et ne se déforme pas (autrement 
que par déformation élastique) 
pour accommoder la contraction 
thermique du cœur de la plaque. 
La surface est dès lors mise en 
compression. 
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Les contraintes thermiques

C’est le principe de la trempe du verre: la contrainte en compression sert à 
empêcher la rupture par fissuraPon à parPr de la surface du verre.

Source: W.D. Kingery, Introduction to Ceramics 1st Ed., Wiley, NY, 1960

Notez cependant que le 
cœur est, lui, en traction: 
si une fissure l’atteint, elle 
va s’y propager 
rapidement et 
spontanément, menant à 
la rupture (souvent à 
l’émiettement) de la 
pièce.
Une belle illustration:
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\

\pv l'1https://www.youtube.com/watch?v=xe-f4gokRBs 
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Le durcissement par échange d’ions (ion exchange)

On peut produire le même résultat par échange d’ions; par exemple en 
remplaçant un ion (exemple Na+) par un autre ion plus gros (exemple K+) ou un 
ion (Mg++) par deux ions de même charge (2 Li+). Ceci peut être produit par 
immersion du verre dans un sel fondu contenant l’ion en question. La 
température du procédé doit être inférieure à la température de relaxation des 
contraintes. 
La distribution des nouveaux ions est un paramètre important et qu’on peut dans 
une certaine mesure contrôler, car on peut par ce biais contrôler la distributions 
des contraintes. Celles-ci peuvent être intenses (plus de 500 MPa) mais sont 
limitées à de faibles épaisseurs. 
Exemple: le «gorilla glass» de Corning:

hTps://www.youtube.com/watch?v=gZPeyErbqz4
81
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Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009
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Fig. 7.26 Different parameters
describing the growth of a crack.

7.7.5 Relationships among Different Fracture
Toughness Parameters

So far, we have seen that, in our effort to develop a quantitative
description of fracture toughness, various parameters, such as K, G,
J, δ, R, etc., have been developed. Since all these parameters define
the same physical quantity, it is not unexpected that they are inter-
related. And we have mentioned in different sections the relationships
among the parameters. Figure 7.26 summarizes these relationships.
It would, however, be helpful to the reader to recapitulate these rela-
tionships, even at the risk of repeating. That is what we will do in this
section.

If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
the crack extension force G, which is related to the parameters K by
the equation

K 2 = E ′G ,
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If we take into account the stress distribution around the tip of
a crack, we get the stress-intensity-factor (K) approach. The magni-
tude or the intensity of the local stresses is determined by K, because
the form of the local crack-tip stress field is the same for all situ-
ations involving a remote stress σ . Thus, K, and not σ , is the local
characterizing parameter. The fracture then occurs when the applied
K attains the critical value Kc. In particular, when the specimen’s
dimensions satisfy the plane-strain condition, we call this value the
plane-strain fracture toughness and denote it by KIc. The stress and
the crack length corresponding to KIc are the fracture stress σ c and
the fracture crack length ac. Note that the elastic constants of the
material are not involved. The energy-release-rate approach gives us
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Source: W.D. Callister Jr. & David G. Rethwisch, Materials 
Science and Engineering, Global Edition based on 10th edition, 
Wiley, 2020
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Hackle region Flgure 72.28 Schematic diagram that shoçg
typical features observed on the fracture surface
of a brittle ceramic.
(Adapted from J. J. Mecholsky, R. W. Rice, and S.'r{.
Freiman, "Prediction of Fracture Energy and Flaw
Size in Glasses from Measurements of Mirror Size,"
J. Am. Ceram. Soc.,57[10], L914,p.440. Reprintedr;y15
permission of The American Ceramic Society,
www.ceramics.org. Copyright 7974. All rights reserve4.;
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Upon reaching its critical velocity, the crack begins to branch-that is, the crack
surface changes propagation direction. At this time there is a roughening of the crack
interface on a microscopic scale and the formation of two more surface features-rnls/
and hackle; these are also noted in Figures 12.28 and 12.29. -Ihe mist is a faint annular
region just outside the mirror; it is often not discernible for polycrystalline ceramic
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Figwe 12.29 Photomicrograph of the fracture surface of a 6-mm-diameter fused silica rod that was fractured
in four-point bending. Features typical of this kind of fracture are noted-the origin as well as the mirror, mist, and
hackle regions. 60x.

Faciès de rupture classique d’une céramique fragile
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Les faciès de rupture (surfaces créées le 
long de la trajectoire de la fissure) 
présentent souvent dans les céramiques 
des zones distinctes émanant depuis 
l’origine de la fissure (un défaut tel une 
microfissure, un pore, ...):  typiquement 
une première zone “miroir” (mirror) plane, 
suivie d’une région où la fissure s’est 
séparée (du fait de sa vitesse plus grande) 
en branches, avec entre les deux une zone 
intermédiaire. Les transitions entre type de 
faciès a lieu à des valeurs fixes de K qui 
peuvent être documentées pour le 
matériau en question: cela peut fournir des 
données utiles en analyse d’avarie (= failure 
analysis).



Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009
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La contrainte à 
rupture dépend 
alors du volume du 
matériau, car plus 
son volume est 
grand, plus grande 
sera la probabilité 
de trouver un 
défaut de taille 
élevée:

186 Engineering Materials 2

Fig. 18.1. If small samples are cut from a large block of a brittle ceramic, they will show a dispersion of
strengths because of the dispersion of flaw sizes. The average strength of the small samples is greater than
that of the large sample.

flaws of the distribution. Figure 18.1 illustrates this: if the block of chalk is cut into
pieces, piece A will be weaker than piece B because it contains a larger flaw. It is
inherent in the strength of ceramics that there will be a statistical variation in strength.
There is no single “tensile strength”; but there is a certain, definable, probability that a
given sample will have a given strength.

The distribution of crack lengths has other consequences. A large sample will fail at
a lower stress than a small one, on average, because it is more likely that it will contain
one of the larger flaws (Fig. 18.1). So there is a volume dependence of the strength. For
the same reason, a ceramic rod is stronger in bending than in simple tension: in
tension the entire sample carries the tensile stress, while in bending only a thin layer
close to one surface (and thus a relatively smaller volume) carries the peak tensile
stress (Fig. 18.2). That is why the modulus of rupture (Chapter 17, eqn. 17.2) is larger
than the tensile strength.

The Swedish engineer, Weibull, invented the following way of handling the statist-
ics of strength. He defined the survival probability Ps(V0) as the fraction of identical
samples, each of volume V0 , which survive loading to a tensile stress σ. He then
proposed that

    
P Vs

m
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⎨
⎪
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⎪

⎭⎪
σ
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(18.2)

where σ0 and m are constants. This equation is plotted in Fig. 18.3(a). When σ = 0 all
the samples survive, of course, and Ps(V0) = 1. As σ increases, more and more samples
fail, and Ps(V0) decreases. Large stresses cause virtually all the samples to break, so
Ps(V0) → 0 and σ → ∞.

If we set σ = σ0 in eqn. (18.2) we find that Ps(V0) = 1/e (=0.37). So σ0 is simply the
tensile stress that allows 37% of the samples to survive. The constant m tells us how

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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La contrainte à 
rupture apparente 
(moyenne, 
maximale, .. ) 
dépendra aussi de 
la distribution des 
contraintes au sein 
du matériau

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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Fig. 18.2. Ceramics appear to be stronger in bending than in tension because the largest flaw may not be
near the surface.

Fig. 18.3. (a) The Weibull distribution function. (b) When the modulus, m, changes, the survival probability
changes as shown.

rapidly the strength falls as we approach σ0 (see Fig. 18.3b). It is called the Weibull
modulus. The lower m, the greater the variability of strength. For ordinary chalk, m is
about 5, and the variability is great. Brick, pottery and cement are like this too. The
engineering ceramics (e.g. SiC, Al2O3 and Si3N4) have values of m of about 10; for these,
the strength varies rather less. Even steel shows some variation in strength, but it is
small: it can be described by a Weibull modulus of about 100. Figure 18.3(b) shows
that, for m ≈ 100, a material can be treated as having a single, well-defined failure
stress.

σ0 and m can be found from experiment. A batch of samples, each of volume V0, is
tested at a stress σ1 and the fraction Ps1(V0) that survive is determined. Another batch
is tested at σ2 and so on. The points are then plotted on Fig. 18.3(b). It is easy to
determine σ0 from the graph, but m has to be found by curve-fitting. There is a better
way of plotting the data which allows m to be determined more easily. Taking natural
logs in eqn. (18.2) gives
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Comment quantifier la chose ?
On décrit la résistance mécanique du matériau à l’aide d’une distribution de 
contraintes à rupture; la distribution la plus souvent utilisée est celle de Weibull

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

The statistics of brittle fracture and case study 187

Fig. 18.2. Ceramics appear to be stronger in bending than in tension because the largest flaw may not be
near the surface.

Fig. 18.3. (a) The Weibull distribution function. (b) When the modulus, m, changes, the survival probability
changes as shown.
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the strength varies rather less. Even steel shows some variation in strength, but it is
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Extrait du poly déformation et rupture, Ch. 6. 
 
 
La résistance mécanique des solides fragiles, dont la contrainte à rupture est déterminée 

par la propagation catastrophique d’une fissure, est généralement statistique : dix 
échantillons identiques ont dix contraintes à rupture différentes. La raison en est que leur 
résistance mécanique est régie par les défauts (pores, microfissures, traces de frottement ou 
d’impact) qu’ils contiennent, qui cassent le matériau quand la fissure qu’ils créent devient 
critique. Comme leur distribution est statistique, la contrainte à laquelle casse le matériau 
l’est aussi. Il existe, pour ce problème, une méthode d’analyse semi-empirique et maintenant 
classique due à Weibull. 

Considérons un corps soumis à un champ de contrainte uniaxial uniforme s, contenant 
des microfissures distribuées statistiquement. Supposons que la fissuration se fasse en Mode 
I, que la ténacité KIc soit la même partout et constante. Un volume V du matériau sous 
contrainte casse donc quand s atteint la valeur  

   ,                                                  (6-59.2) 

au défaut ayant la plus grande valeur de Y√(πa) au sein du volume V.  
Considérons maintenant un corps contenant une distribution statistique de défauts. 

Supposons que cette distribution soit telle que  
(i) chaque volume au sein du corps contient la même distribution statistique de défauts 

(car le solide est homogène), ces distributions étant indépendantes (en d’autres mots la 
distribution dans un volume n’influe pas celle dans l’autre, ce qui est raisonnable), et  

(ii) quand un de ces volumes casse, toute la pièce casse (ceci aussi est raisonnable puisque 
la fissure une fois partie a peu de chance de cesser d’être critique).  

Séparons alors le solide de volume V en deux volumes séparés, V1 et V2. Si on applique une 
contrainte s uniforme sur cette union de deux volumes, la probabilité S(V, s) qu’elle survive 
à la contrainte s est le produit des probabilités de survie de chacune de ses composantes :  

S(V1+V2, s)  = S(V1,  s) . S(V2, s) (6-59.3) 
Ceci implique que S revête la forme (Kelly&McMillan p. 131) : 
S(V, s)  =e-VF(s) (6-59.4) 

où F(s) est une fonction positive de la contrainte s. Les défauts peuvent alternativement 
se situer, non dans le volume de la pièce, mais le long de sa surface (s’ils sont dûs à l’usinage 
ou au contact avec d’autres solides par exemple) : le même raisonnement peut être répété 
pour conclure, de façon analogue, que 
         S(A, s)  =e-AY(s) (6-59.5) 
où A est l’aire de la pièce considérée et Y une fonction de s.  
Weibull proposa de prendre une loi puissance :  

Notion de base : la statistique de Weibull

89 (extrait du poly du cours Déformation & rupture )
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Séparons pour commencer le solide de volume V en deux volumes séparés, V1 et V2. Si on
applique une contrainte s uniforme sur cette union de deux volumes, la probabilité S(V, s)
qu’elle survive à la contrainte s est le produit des probabilités de survie de chacune de ses
composantes :

S(V1+V2, s)  = S(V1, s) . S(V2, s)

et si un volume V est maintenant décomposé en N sous-volumes V1, V2, …VN, on pourra de 
même écrire:

                       S(V1+V2+…+VN, s)  = S(V1,  s) . S(V2, s) . … . S(VN, s)

Plus généralement, on peut démontrer que les hypothèses faites ci-dessus impliquent que 
S est une exponentielle de [(-V où V est le volume total) fois une fonction F(s) positive de la 
contrainte s] :

S(V, s)  =  e-V F(s)
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Les défauts menant à la rupture de la pièce peuvent alternativement se situer, non dans le 
volume de la pièce, mais le long de sa surface (s’ils sont dûs à l’usinage ou au contact avec 
d’autres solides par exemple). 

Le même raisonnement pour les mêmes hypothèses mais en remplaçant les volumes par 
des surfaces peut être répété pour conclure, de façon analogue, que:

S(A, s)  =e-AY(s)

où A est l’aire totale de la pièce considérée et Y une fonction de s. 
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ln[S 
[(s,A)]

S (s,A)
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F(s,A) = 1- S (s,A)



Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.
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Fig. 18.2. Ceramics appear to be stronger in bending than in tension because the largest flaw may not be
near the surface.

Fig. 18.3. (a) The Weibull distribution function. (b) When the modulus, m, changes, the survival probability
changes as shown.

rapidly the strength falls as we approach σ0 (see Fig. 18.3b). It is called the Weibull
modulus. The lower m, the greater the variability of strength. For ordinary chalk, m is
about 5, and the variability is great. Brick, pottery and cement are like this too. The
engineering ceramics (e.g. SiC, Al2O3 and Si3N4) have values of m of about 10; for these,
the strength varies rather less. Even steel shows some variation in strength, but it is
small: it can be described by a Weibull modulus of about 100. Figure 18.3(b) shows
that, for m ≈ 100, a material can be treated as having a single, well-defined failure
stress.

σ0 and m can be found from experiment. A batch of samples, each of volume V0, is
tested at a stress σ1 and the fraction Ps1(V0) that survive is determined. Another batch
is tested at σ2 and so on. The points are then plotted on Fig. 18.3(b). It is easy to
determine σ0 from the graph, but m has to be found by curve-fitting. There is a better
way of plotting the data which allows m to be determined more easily. Taking natural
logs in eqn. (18.2) gives
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(si,Vi)
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Il faut garder à l’esprit que S est une probabilité cumulative : la distribution de la 
probabilité de rupture (failure probability distribution function) est sa dérivée, f(s) = 
dF(s)/ds. Le fait qu’on exprime la rupture en terme de la probabilité cumulative fait que la 
validité de la loi, ainsi que ses paramètres, sont faciles à obtenir expérimentalement. Ceci 
fait que la statistique de Weibull est souvent utilisée en pratique pour caractériser les 
matériaux fragiles. On part d’une série de N mesures de la contrainte à rupture smax du 
matériau menés sur N échantillons identiques. Puis on classe les N valeurs mesurées par 
ordre de smax croissant. Leur ordre divisé par N est proche de leur probabilité de survie (le 
20 ième barreau sur 50 par résistance croissante correspond environ à F = 40%,  S = 60%).  

 
 
On peut donc faire correspondre S à l’ordre de l’échantillon dans le palmarès des 

contraintes à rupture. Des nuances existent dans le choix de la correspondance. La plus 
simple est  S = 1-i/N. Une correspondance donnant de meilleurs résultats si N est 
relativement faible est  

 

          .       (6-59.85) 

 
Si la statistique de Weibull est obéie, quand on fait un graphe de ln(ln(1/S)) en fonction 

de ln(smax) on obtient une droite de pente m. Son intersection avec l’axe   ln(ln(1/S)) à 
ln(smax) = 0   est  m ln(So)+ln(kmV)  pour des défauts volumiques, m ln(So)+ln(kmA) pour des 
défauts surfaciques.  

On peut donc déduire expérimentalement ces paramètres, soit en faisant passer une 
droite par le graphe, soit (et ceci est plus rigoureux) par la méthode dite de la probabilité 
maximale (maximum likelyhood method). Là on calcule, pour un choix donné des 
paramètres, la probabilité que l’ensemble des mesures observées soit effectivement 
obtenu, puis on maximise cette probabilité pour diverses valeurs des paramètres, leur 
valeur la plus probable étant celle qui donne la plus grande probabilité de concordance avec 
les données expérimentales. Ceci est accompli par le biais du calcul de la dérivée de cette 
probabilité par rapport aux paramètres de la loi, et la déduction des valeurs annulant cette 
dérivée (voir page 108 du livre de Wachtman pour la formule donnant m par cette 
méthode). 

Il est évident que la qualité de l’estimation des paramètres de la loi (et de la concordance 
des données avec celle-ci) dépend du nombre d’échantillons produits et évalués. Avoir un 
grand nombre d’échantillons est important : pour connaître m avec une précision de 20% 
environ et So à environ 5% près, il faut environ 30 éprouvettes. Pour augmenter la banque 
de données on peut combiner des échantillons de forme ou de taille différentes, mais il 
faudra alors corriger l’influence de ces deux paramètres par le biais du dernier terme des 

Notion de base : la statistique de Weibull
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En général: la distribution de probabilité cumulative (cumulative probability distribution) 
d’une variable x est définie comme étant :
Fx(X) = P(x ≤ X), 
où P est la probabilité que la variable x soit inférieure ou égale à la valeur X.

Donc la probabilité que x soit situé entre X et X+∆X, est de 

P(X < x ≤ X+∆X) = Fx(X+∆X) - Fx(X) 

La fonction de distribution de la probabilité (continue) fx(X), qui est souvent utilisée en 
probabilité, est la dérivée de la distribution de probabilité cumulative: fx(X) = dFx(X)/dX.

(voir par exemple https://en.wikipedia.org/wiki/Cumulative_distribution_function ; notez 
que j’ai inversé leurs x et X dans la notation présente)

https://en.wikipedia.org/wiki/Cumulative_distribution_function


Chapitre 2 – Les Céramiques

Notion de base : la statistique de Weibull

101

Pour le cas présent, supposons qu’on ait un nombre assez grand* N d’essais de barreaux de traction (ou autre 
essai mécanique) ayant rompu à diverses contraintes si. Rangeons-les par ordre de contrainte à rupture 
croissante:  s1 ≤ s2 ≤.....≤si ≤ si+1 ≤ ...≤sN-1 ≤ sN. Assignons, du fait que N est grand*, une probabilité 1/N à 
chaque mesure; la probabilité que la contrainte à rupture s soit inférieure ou égale à si est alors environ i/N.
Si on fait un graphe avec en abscisse la valeur de la contrainte pour l’échantillon (ainsi ordonné) i et en 
ordonnée la valeur i/N, on peut tracer
une courbe donnant la fonction
cumulative de distribution donnant la 
probabilité F que l’échantillon rompe
à une contrainte donnée s.

Alternativement on peut classer selon
l’axe des ordonnées les points en ordre 
inverse: on obtient alors S = 1-F, la
probabilité de survie
(en statistique on appelle cela la fonction
de distribution cumulative complémentaire).

(*pour un nombre d’essais plus faible la procédure d’assignaNon de la probabilité correspondant à 
chaque point est un peu plus sophisNquée; voir par example Ashby & Jones Vol. 1 chapitre 15 p. 225)

s

1

1/N

s1

0
s2 s3 si si+1 sN-1sN
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Donc un graphe du logarithme du dulogarithme de la probabilité de survie en function du 
logarithme de la contrainte appliquée doit donner une droite de pente m si la statistique 
de Weibull est obéie.
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rm Strength

Regression
Value of ln

ln (1/P")

-2.285
-1.918
-1.860
-1.792
-7.769

-r.647
-1.533
-t.470
-7.272
-1.261
-1.095
-1.085
-1.039
1

-0.915

-0.781
-0.752
-0.679
-0.591
-0.561
-0.304
-0.276
-0.254
-0.145
-0.07r
-0.054
-0.034
0.024
0.065
0.243
0.252
0.423

TABLE 7.3 (continued)

Strength
Ordered
strength

ln ordered
strength

order
number,i

Pt=
Probability
of failure

Probability
of survival ln ln 1/P'

Regression
value ofln

ln 1/P"

7 699.4 6.550 44 0.7250 0.2750 0.255 0.539
580.6 699.',| 6..551 45 0.74t7 0.2583 0.303 0.545
710.0 699.7 6.551 46 0.7583 0.24L7 0.351 0.545
684.0 706.9 6.561 47 0.7750 0.2250 0.400 0.676
595.s 707.2 6.561 48 0.7917 0.2083 0.450 0.682
730.3 708.8 6.564 49 0.8083 o-19"t7 0.502 0.7L1.

706.9 710.0 6.565 50 0.8250 0.17-50 0.556 0.732
718.8 712.7 6.569 51 0.8417 0.1-583 0.611 0.782
712.7 7L2.8 6.569 52 0.8583 0.t417 0.670 o.784
699.7 7t6.8 6.57s 53 0.8750 0.t250 0.732 0.855
667.1 718.8 6.578 54 0.8917 0.1083 0.799 0.892
683.5 72r.8 6.582 55 0.9083 0.0917 0.871 0.946
553.0 726.0 6.587 56 0.9250 0.0750 0.952 1.019
583.7 730.3 6.593 57 0.94t7 0.0583 1.044 1-0s6
642.2 73t.4 6.595 58 0.9583 o.o4t7 1.156 1..1."t6

726.0 735.2 6.600 59 0.9750 0.0250 1.305 1.183
589.1 744.r 6.61.2 60 0.99t7 0.0083 1.566 t.337
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Figure 7.1 Weibull plot and fitted Weibull function for silicon nitride strength values
determined in bending.

I

Source: J.B. Wachtman, Mechanical Properties of Ceramics,. J. Wiley & Sons, New York, NY; 1996

Un exemple :

Notion de base : la statistique de Weibull
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line with the Griffith flaw hypothesis (zero residual driving force) and
supposed material homogeneitY (single-valued toughness ?l). Then at
equilibrium K* Ko: Ts, in conjunction with (2.20), th? condition
o t : op : or, c: cr for spontaneous instability defines the inert s

o, : Tol Vclt"

Tnerf oth data for qimnlest hrittle materials
va riabili even for slv identical soeci mens, Moreover. strensth

o

tends to decrease as the arca( volume) Given
P-speclmen

tribution
-to-spectmen
in ffaw sizes.

constancy in 4, this variabilitY reflects a dis-
data sets (cf. sect.9.1.2) susgest a large

nonulation of small flaws. Commensurate with the first
outlined earlier, we are concerned with detecting the '

this flaw never exceeds a'critical size'

design philosophy
worst flaw' in any

wheregll
adjustables,
are calcula
P".: nl@'
-!t ------:-should thet
plot is kno'

component
Thus it

and ensuring that
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Notion de base : la statistique de Weibull
Source: B. Lawn, Fracture 
of Brittle Solids, Second 
Edition, Cambridge 
University Press, 
Cambridge UK, 1993 
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En compression les fissures transverses à la 
contrainte ne croissent bien sûr pas; 
par contre la fissuration d’un matériau fragile a 
lieu parallèlement à l’axe de contrainte de 
compression maximale.

Cette fissuration est stable, voulant dire que 
les fissures croissent graduellement avec 
l’augmentation de la contrainte, jusqu’à la 
rupture de l’échantillon par émiettement 
(«crushing» or «splitting»), précédée par ce 
qui ressemble à de la déformation plastique 
(mais est en fait de l’endommagement).

Comportement des céramiques en compression

Values of σC are given in Table 17.7 for the generic ceramics. This test is
much used on standard-sized samples of cement and concrete for quality
control during construction. For metals (or any plastic solid), the strength
measured in compression is the same as in tension. But for brittle solids
this is not so; for these, the compressive strength is roughly 15 times larger,
with

σC ! 15σTS: ð19:9Þ

The reason for this is explained by Figure 19.4(b). Cracks in compression
propagate stably, and twist out of their original orientation to propagate par-
allel to the compression axis. Fracture is not caused by the rapid
unstable propagation of one crack, but the slow extension of many cracks to
form a crushed zone. It is not the size of the largest crack (am) that counts
but that of the average a. The compressive strength is still given by a formula
like Equation (19.1), with

σC ! C
Kcffiffiffiffiffiffi
πa

p ð19:10Þ

but the constant C is about 15, instead of 1.

FIGURE 19.4
(a) In tension the largest flaw propagates unstably. (b) In compression, many flaws propagate stably to

give general crushing.

334 CHAPTER 19: Mechanical Properties of Ceramics

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 4th Ed., 2012, Elsevier BuLerworth.105
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Comportement des céramiques en compression

500 FRACTURE : MICROSCOPIC ASPECTS

(a)

sc sc sc

scsc

(b)

Fig. 8.35 (a) Compressive failure of brittle material by axial splitting. (b) Schematic
representation of growth of critical cracks, producing axial splitting and spalling of
fragments; separate columns under compression will collapse.

is when the flaw is spherical. In this case, (tangential) tensile stresses
generated at the north and south pole of the flaw can generate cracks.
(See Figure 8.36(d).) The introduction of lateral stresses σℓ (also called
lateral confinement) alters the propagation of wing cracks and their
interaction and has a profound effect on final failure.

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009106
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D’où viennent les fissures ? Les 
sources sont nombreuses, et 
sont souvent liées à 
l’élaboration du matériau
(frittage incomplet; fissures 
intergranulaires thermiques; 
rayures surfaciques, …)

Fissures et défauts

492 FRACTURE : MICROSCOPIC ASPECTS

(a)

(b)

Fig. 8.31 Voids in AD85
alumina. (a) Scanning electron
micrograph of sectioned surface at
low magnification. (b) Enlarged
view of one void. These voids are
larger than the grains.

the individual grains. Defects introduced by machining are also elu-
sive, but dangerous, flaws. These flaws are close to the surface. Iso-
lated large grains, cracked grains, and inclusions are other sources
of flaws. Inclusions are often the result of contamination during pro-
cessing. During pressing or subsequent drying, laminations are often
formed. During drying, the laminations can become separated from
each other.

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009
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Fig. 9.10. Spontaneous microcracking associated with thermal
expansion anisotropy stresses in alumina. Initiation occurs at tensile
grain facets, arrest at compressive facets' Note small pores within
individual grains. Transmitted light. Width of field 125 pm' (Courtesy
P. Chantikul & S. J. Bennison.)

systems have been observed at impurity centres in glasses. It is clear that
even minuscule defects have the potential to evolve into severe microcracks
during pulsed in-service radiation.

Our second example demonstrates the effects of ion bombardment on
pre-existing surface flaws. Fig. 9.9 shows a soda-lime glass specimen after
exposure to a flui of protons. The irradiation has produced a damage state
of residual tensile stress in the glass surface, generating a mudflat surface
crack pattern of the type referred to in the preceding subsection. The
implanted proton species may remain as mobile hydrogen, with persistent
damage evolution in the form of chemically assisted slow crack growth.

Radiation damage of an even more extensive kind can result from
prolonged cxposures to intense fluxes, such as those in nuclear reactors.
Specific processes include the cumulation of point defects (with consequent

Source: B. Lawn, Fracture of Brittle Solids, 
Second Edition, Cambridge University Press, 
Cambridge UK, 1993 
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Les oxides peuvent voir leurs liaisons atomiques rompues par des molécules présentes dans 
leur environnement.  L’eau est à cet égard particulièrement néfaste pour la silice. 

Noaon de base : 
la fissuraaon lente (ou “sous-criaque”) = la corrosion sous contrainte

Source: M.A. Meyers and K.K. Chawla, Mechanical Behavior of Materials 2nd Ed., Cambridge University Press, 2009

838 ENVIRONMENTAL EFFECTS
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Fig. 16.15 Schematic of static
fatigue in fused silica and
soda–lime glass. Although fused
silica has a higher strength than
soda–lime glass, both show a fall in
strength as a function of time in an
aggressive environment.

H2O weakening
bond between
   SiO2 Tetrahedra

   SiO2 
Tetrahedron

Broken bond

H2O

H HO

(a) (b) (c)

Fig. 16.16 Interaction of the
water molecule with silica at the
crack tip. (a) The water molecule
attaches itself to the silica
molecules. (b) The water
molecule, shown floating at the
crack tip, attaches itself to two
silica tetrahedra. (c) The process
repeats itself, with water
molecules penetrating the
crack-tip region and weakening the
bonds. (After T. A. Mechalske and
B. Bunker, Sci. American, 257 (No.
6) (1987) 122.)

stress-dependent activation energy. The final expression for the crack
velocity is

v = C xn exp bK

where C is the mole fraction of water vapor at the crack tip, n is the
number of water molecules of water reacting with a bond B:

nH2O + B → B∗

and forming an activated complex B∗. K is the stress intensity factor
and b is a constant. Thus, crack velocity, v increases as exp bK and
linearly with C. The factor C is a function of the water vapor pressure.

Alumina is also affected by the presence of moisture. Figure 16.18
shows the crack velocity as a function of applied force.26 The test was
done on a cantilever beam specimen at different relative humidities.
The sapphire (single-crystal alumina) specimen was precracked along

26 S. M. Wiederhorn, Int. J. Fract. Mech., 4 (1968) 171.
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stress-dependent activation energy. The final expression for the crack
velocity is

v = C xn exp bK

where C is the mole fraction of water vapor at the crack tip, n is the
number of water molecules of water reacting with a bond B:

nH2O + B → B∗

and forming an activated complex B∗. K is the stress intensity factor
and b is a constant. Thus, crack velocity, v increases as exp bK and
linearly with C. The factor C is a function of the water vapor pressure.

Alumina is also affected by the presence of moisture. Figure 16.18
shows the crack velocity as a function of applied force.26 The test was
done on a cantilever beam specimen at different relative humidities.
The sapphire (single-crystal alumina) specimen was precracked along

26 S. M. Wiederhorn, Int. J. Fract. Mech., 4 (1968) 171.
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L’effet est d’autant plus marqué que la 
contrainte est plus élevée. Il se manifeste 
donc avec une virulence particulière en 
pointe de fissure sous contrainte:  

Notion de base : 
la fissuration lente (ou “sous-critique”) = la corrosion sous contrainte

190 Engineering Materials 2

where n is the slow crack-growth exponent. Its value for oxides is between 10 and 20
at room temperature. When n = 10, a factor of 10 in time reduces the strength by 20%.
For carbides and nitrides, n can be as large as 100; then a factor of 10 in time reduces
the strength by only 2%. (Data for n are included in Table 15.7) An example of the use
of this equation is given in the following case study.

CASE STUDY: THE DESIGN OF PRESSURE WINDOWS

Glass can support large static loads for long times. Aircraft windows support a pres-
sure difference of up to 1 atmosphere. Windows of tall buildings support wind loads;
diving bells have windows which support large water pressures; glass vacuum equip-
ment carries stress due to the pressure differences at which it operates. In Cambridge
(UK) there is a cake shop with glass shelves, simply supported at both ends, which on
weekdays are so loaded with cakes that the centre deflects by some centimetres. The
owners (the Misses Fitzbillies) say that they have loaded them like this, without
mishap, for decades. But what about cake-induced slow crack growth? In this case
study, we analyse safe design with glass under load.

Consider the design of a glass window for a vacuum chamber (Fig. 18.6). It is a
circular glass disc of radius R and thickness t, freely supported in a rubber seal around
its periphery and subjected to a uniform pressure difference ∆p = 0.1 MPa (1 atmo-
sphere). The pressure bends the disc. We shall simply quote the result of the stress
analysis of such a disc: it is that the peak tensile stress is on the low-pressure face of
the window and has magnitude

    
σ max   

(   
  .= +3 3

8

2

2

v
p

R
t

) ∆ (18.11)

Fig. 18.5. Slow crack growth caused by surface hydration of oxide ceramics.

Source: M.F. Ashby & D.R.H. Jones, Engineering Materials Vol. 2, 3rd Ed., 2006, Elsevier Butterworth.109
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L’interaction entre les molécules d’eau et les liaisons Si-O de la silice a lieu graduellement 
dans le temps, selon une loi cinétique gouvernée par la contrainte locale, la température 
et aussi l’accès de l’eau à la fissure. 

Il en résulte qu’une fissure dans du verre en présence d’humidité croît graduellement 
dans le temps: on observe une fissuration graduelle, dont la vitesse dépend tant du milieu 
ambiant que du facteur d’intensité de contrainte en pointe de fissure. 

Notion de base : la fissuration lente (ou “sous-critique”) = la corrosion 
sous contrainte
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Notion de base : 
la fissuration lente (ou “sous-critique”) = la corrosion sous contrainte
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Notion de base : la fissuration lente (ou “sous-critique”) = la corrosion 
sous contrainte

Sources: B. Lawn, Fracture of Brittle Solids, Second Edition, Cambridge University Press, Cambridge UK, 1993, J.B. 
Wachtman, Mechanical Properties of Ceramics,. J. Wiley & Sons, New York, NY; 1996, chapitre 27 

118 SUBoRITIoAL cRAcK PRoPAGATIoN

8.2 OBSERVED SUBCRITICAL CRACK PROPAGATION

Slow crack propagation occurs in many ceramics and is especially prevalent
in ceramics containing a silica phase and in the presence of an appreciablg
partial pressure of water vapor (Wiederhorn, 1974). For a given material,
temperature, and relative humidity, the controlling variable is the applied
stress intensity factor. A typical plot of crack velocity as a function of stress
intensity factor for soda-lime-silica glass is shown in Figure 8.L from work
by Wiederhorn (1967) (Wiederhorn and Bolz, L970; Wiederhorn, 1974). This
figure shows the logarithm of crack velocity as a function of stress intensity
factor. Several important points are illustrated (Wachtman,1974). (1) The
stress intensity factor Kr is the controlling factor; all data from many cracks
with various combinations of crack length and applied stress fall on the same

10-4

r0-7

4.0 5.0 6.0 7.O 8.0
Stress intensity factor, Kr(N/m3/2 x 105)

Figure 8.L Crack velocity in soda-lime-silica glass as a function of stress intensity factor
in nitrogen at various values of relative humidity (From S. M. Wiederhorn, "Influence
of Water Vapor on Crack Propagation in Soda-Lime Glass," J. Am. Ceram. Soc.,Vol.50,
407414,1"967. Reprinted by permission of the American Ceramic Society.)
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On observe ce phénomène aussi avec d’autres oxides, tel l’alumine. Il a des conséquences 
pratiques majeures: 

• La résistance mécanique du verre et des oxides dépend du temps, car les défauts et 
fissures en leur sein croissent dans le temps si la céramique est soumise à une contrainte. 
Pour estimer l’effet on utilise parfois une loi puissance : 

avec n ≈ 10 à 20 pour les oxides à température ambiante et 
sTS la contrainte à rupture pour t = t(test). 

• La résistance mécanique intrinsèque du verre est bien supérieure à celle qu’on observe 
ainsi; par exemple, une fibre de verre fraîchement produite peut atteindre une résistance 
en traction de 14 GPa, alors que dans l’atmosphère ambiante celle-ci atteint 
généralement un maximum de 5 GPa.

Notion de base : la fissuration lente (ou “sous-critique”) = la corrosion 
sous contrainte

The statistics of brittle fracture and case study 189

If we insert this result into eqn. (18.7) we get
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or
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σ

.

This, then, is our final design equation. It shows how the survival probability depends
on both the stress σ and the volume V of the component. In using it, the first step is to
fix on an acceptable failure probability, Pf : 0.3 for chalk, 10−2 for the cutting tool, 10−6

for the vacuum-chamber window. The survival probability is then given by Ps = 1 − Pf .
(It is useful to remember that, for small Pf , 1n Ps = ln (1 − Pf) ≈ −Pf .) We can then
substitute suitable values of σ0, m and V/V0 into the equation to calculate the design
stress.

The time-dependence of ceramic strength

Most people, at some point in their lives, have been startled by the sudden disintegra-
tion, apparently without cause, of a drinking glass (a “toughened” glass, almost always),
or the spontaneous failure of an automobile windshield. These poltergeist-like happen-
ings are caused by slow crack growth.

To be more specific, if a glass rod at room temperature breaks under a stress σ in a
short time t, then an identical rod stressed at 0.75σ will break in a time of order 10t.
Most oxides behave like this, which is something which must be taken into account in
engineering design. Carbides and nitrides (e.g. SiC or Si3N4) do not suffer from this
time-dependent failure at room temperature, although at high temperatures they may do
so. Its origin is the slow growth of surface microcracks caused by a chemical interac-
tion between the ceramic and the water in its environment. Water or water vapour
reaching the crack tip reacts chemically with molecules there to form a hydroxide,
breaking the Si–O–Si or M–O–M bonds (Fig. 18.5). When the crack has grown to the
critical length for failure at that stress level (eqn. 17.1) the part fails suddenly, often
after a long period. Because it resembles fatigue failure, but under static load, it is
sometimes called “static fatigue”. Toughened glass is particularly prone to this sort of
failure because it contains internal stresses which can drive the slow crack growth, and
which drive spontaneous fast fracture when the crack grows long enough.

Fracture mechanics can be applied to this problem, much as it is to fatigue. We use
only the final result, as follows. If the standard test which was used to measure σTS

takes a time t(test), then the stress which the sample will support safely for a time t is

    

σ
σ TS

(test)⎛
⎝⎜

⎞
⎠⎟

=
n

t
t

  (18.10)
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Quelques traductions
Un petit glossaire: 
Clay = argile
Lime (matériau) = chaux
Limestone = calcaire
Sandstone = grès
Soda-lime glass = verre sodo-calcique
Borosilicate glass = verrre borosilicaté
Gravel = gravier
Portland cement = ciment de Portland
Concrete = béton
Cement = ciment
Glaze = émail ou glaçure ou enduit
Green body = céramique verte
Rockstalt structure = structure de sel gemme
Pug mill = Malaxeur;
Jiggering (ici) = calibrage
Sintering = frittage

voir
https://fr.wikipedia.org/wiki/C%C3%A9ramique
pour d’autres mots techniques en français du monde de la céramique.
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