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High temperature measurements Measurements at ambient temperature 

Measurement of elastic moduli by ultrasonic echography 
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Long beam bar mode : e<<L and e << λ (10 to 100 mm)  
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Elastic wave in semi-infinite medium : λ<<L and λ << Η 

E = ρ (3Vl
2-4Vt

2)/((Vl/Vt)2-1) 
G= ρ Vt

2 

ν=E/(2G)-1 
 
Where:  ρ: specific mass 

 Vl: longitudinal wave velocity 
 Vt: transverse wave velocity 

H L 

Small size specimens: Acoustic microscopy 
When (L,H)<λ,  regular piezoelectric transducers are 

unable to efficiently promote the propagation of shear waves 
through the specimen. Focused piezoelectric transducers can 
be used to propagate surface-type waves, also called 
Rayleigh waves, which velocity is given by: VR=ζVt, where 
ζ is a function of Poisson´s ratio, or of the Vl/Vt ratio. VR 
and Vl are measured and Vt is optimised to satisfy the 
following equation: 
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High Temperature Mechanical Resonance technique 
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There is no direct correlation between E and Tg 
Elastic moduli are expressed in Pascals, i.e. in J/m3 , and are thus governed by the 
volume density of energy  

J.  Am. Ceram. Soc, 90 [10] 3019 (2007) 
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3D units and crosslinking 

  Playing on anions to increase the cross-linking 
degree of the glass network: 

  
Increases the refractoriness (Tg > 750°C for oxynitride and  >1300°C 
for oxycarbide glasses) 
Increases the hardness 
Favours a normal indentation cracking behavior 
Stiffens the glass 

Silica

Silicon oxycarbide

SiCxO2(1-x)    
x=0.33 or 0.375

Silicon oxynitride

Crystallization 
 
At T>1200°C, 2.4 to 2.6 nm large b-SiC crystals, which grow little 
during annealing 
Crystallization proceeds through the increase of the number of 
nanocrystals 





E	=	Σ	ai	fi 				with	fi:	fracCon	of	the	ith	consCtuent		

“Elastic properties and short-to-medium range 
order in glasses”, J. Am. Ceram. Soc., 90 [10] 
3019-3039 (2007). 

1  A. Winkelmann and O. Schott, 
"Ueber die elasticität und über die Zug- 
und Druckfestigkeit ver-schiedener neuer 
gläser in ihrer abhängigkeit von der 
chemischen zusammensetzung," Ann. der 
Phys. (Leipzig), 51 697-729 (1894). 

 



Poisson’s ratio (ν) 
Siméon Denis POISSON 
 
(1781-1840) 

Glasses 

ν -1       -1/2             0                                                          1/2 

ν = -εt/εl = - L/DxΔD/ΔL 

ΔV/V=Trace ε=(1-2ν)σ/E ΔD 

ΔL D 

L 

σ



Poisson’s ratio and dimensionality 
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νcd<νbcc<νfcc,hcp  

For a given crystalline structure 
and valency, Poisson’s ratio 
mostly increases with atomic 
number (Z) (Lead (νPb=0.44) and 
thallium (νTl=0.45) with high Z 
have remarkably high Poisson’s 
ratios) 

High melting points favor low 
Poisson's ratio (beryllium, 
combining a small Z and a 
melting point (Tm=1560 K) much 
higher than those of the other 
elements in the same column, 
exhibits a remarkably small 
Poisson’s ratio of 0.032)  

General tendencies: 

Cg = ρ Σ fiVi /(Σ fiMi)  

Nat. Mat., 10, 823-837 (2011) 



J.  APP. PHYS. 118, 044901 (2015) 
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More directional bonding in the case of metal host 
elements such as Ce, Ca, or Mg due to localized f 
(for Ce) and sp (Ca, Mg) electrons 

Metallic Glasses  Oxide glasses 

SiO2(1-x)Cx Poisson’s ratio, ν
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Δe- is taken as the electronegativity 
mismatch between the host and 
the two major secondary solute 
elements  

ν is correlated to Δe- 

Ductility in MG  
for ν > 0.32 or  
for Δe- < 0.5 

JAP 118, 044901 (2015) 



JOURNAL OF APPLIED PHYSICS 118, 044901 (2015) 
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Simple (simplistic) case of a Mie / Grüneisen potential (1st Grüneisen rule):  
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  Elasticity and atomic packing density: 
  

Bulk modulus: 
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JAP118, 044901 (2015) 
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JAP 118, 044901 (2015) 
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Shear viscosity 

Cargèse – March 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ii) Pourquoi les verres les plus rigides sont souvent très fragiles (au sens d'Angell) 
 
iii) Est-ce que la viscosité linéaire existe vraiment? 



Creep testing apparatus 

 
Ø  Constant load apparatus 

Ø  2 thermocouples for thermal measurements 

Ø  Differential measurement of the displacement 

Ø  Load cell located at the bottom of the column 
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1th stage of creep 2nd stage of creep 

Viscosity is calculated : 
(for a specific temperature) 

1 viscosity point = Constant temperature + waiting (≈ 5 mins to………..6 days !) 

Constant rate of εtrue 

η ≈ 108 Pa.s  η ≈ 1014 Pa.s  

Example : Window Glass / 10 MPa / 0.98 Tg 
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Glass transition 



Boltzmann-Arrhenius  approach of thermally activated processes: 

τ = τo exp[ΔGa /(RT)]  
τ : the characteristic relaxation time 
τo: a constant 
T: temperature 
R:  perfect gas constant 
ΔGa: free activation enthalpy of the flow process 

Assuming a simple Maxwell relaxation model 
η = µ τo exp[ΔGa /(RT)] ,    
where µ is the shear elastic modulus. 

η = ηo exp[ΔGa /(RT)]  
Fragile 

Strong 

Log η/η(Tg) 

Tg/T 

Observations: the heat for flow is temperature dependent, especially in the case of 
short glasses              VFT, WLF, AM, MYEGA… numerous empirical expressions 



τροπη,τροπη... 

This is where entropy comes into play… 



ACTIVATION ENTROPY OF THE VISCOUS FLOW PROCESS 
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For τ=10 MPa and Va=50 cm3.mol-1, τVa=500 
J.mol-1, to be compared with the order of 
activation energies, 100 to 1000 kJ.mol-1 
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η= ηo exp[ΔGa /(RT)] 



For T>Tg, µ/µ(Tg)=(Tg/T)α 

where α ranges between 0.07 (a-SiO2) and 10 (a-Se)  
J. Chem. Phys., 135, 184501 (2011)  
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Yes, we believe 
there is some 
confinement or 
some segregation of 
nitrogen in the 
network 







ΔGa = ΔGa(Tg)(Tg/T)α
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µ/µ(Tg)=(Tg/T)α

Equivalent to Avramov-
Milchev equation 

with: µ(T)=µ∞exp(Eµ/T) 
Equivalent to MYEGA 
equation 



  iii) Est-ce que la viscosité linéaire existe vraiment? 



Log stress 

Log η 

So-called equilibrium viscosity! 

Stress or strain-rate dependence 



Fragile 

Strong 



What we know about hardness, indentation cracking, 
and fracture toughness 
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Isochoric shear flow contribution (pile-up) 
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σ rr (r = a,θ = π / 2) /H =
1− 2ν
2
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(E /H )
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Ring cracks : 
 
 
Radial cracks : 
 
 
Median cracks : 
 
Sub-surface 
lateral cracks : 

Paramount importance of Poisson’s ratio ν
 
For silicate glasses, E/H is typically between 10-15 
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Radial cracking  

Oxynitrides 
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Sulfopho. 

Metallic 
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At fracture: 



  Basic concepts 

  Toughness and practical strength: 
 

 KI=σY√c    with   
 
 
 
KI:  Stress intensity factor in mode I (opening) 
σ: Applied stress 
c: Flaw size 
Y: Shape factor 
 
 
At the onset of fracture: KI=KIc et σ=σr 

KI=1.12σ √(πc) W 
c 

σ

σ

« As she has the beauty of glass, she has its brittleness » (Polyeucte, Corneille) 

With σr=200 MPa and KIc=0.7 MPa√m, c=2 µm! The flaw size is a fact of the problem 








