Composition-Structure-Mechanical properties
relationships in glass : metallic, oxide, and non-oxide

- Interatomic bonding and atomic packing density:
How it governs the elastic properties of glasses

- Shear viscosity
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Measurements at ambient temperature
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Elastic wave in semi-infinite medium : A<<L and A << H

E = p GV24V((V/V)-1)
G=p V?

v=E/(2G)-1

Where: p: specific mass

V,: longitudinal wave velocity
V,: transverse wave velocity

High temperature measurements

Magnetostrictive Ar-7%H |V
Transducer (100 —400 2
kHz

Furnace Sample

Tungsten guide

:\.J =
Refrac?ryﬁ Le

cement

e ]

'~ Thermocouple

Generator

N

Signal analyser

Receiver

(Fourier's analysis)
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E=pV?

Small size specimens: Acoustic microscopy

When (L,H)<A,

regular piezoelectric transducers are

unable to efficiently promote the propagation of shear waves
through the specimen. Focused piezoelectric transducers can

be used to propagate

Rayleigh waves, which velocity is given by: V

also called
=GV, where

surface-type waves,

C is a function of Poisson’s ratio, or of the V//V, ratio. V
and V, are measured and V, is optimised to satisfy the

following equation:

_V,(0.715-(V,/V)))
0.750 - (V,/V,)*
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High Temperature Mechanical Resonance technique
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Schema (a) et photographie (b) du dispositif RFDA en température.



Vitreloy

Chalcogenides
H,0 TAS

Aluminates
(A1,0,>50 %)

Bulk metallic

Oxynitrides

YSIAION

Oxycarbides

Aluminates
(A1,0,<25 %)

800 1000

1200 1400 1600 1800

Glass transition temperature, T, (K)

There is no direct correlation between E and T,
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)



3D units and crosslinking Silicon oxynitride P o
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Fig. 7. Schematic representation of oxynitride glass structure

Silicon oxycarbide (after [42]).
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Increases the refractoriness (T, > 750°C for oxynitride and >1300°C
for oxycarbide glasses)

Increases the hardness

Favours a normal indentation cracking behavior

Stiffens the glass

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
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In an early study published in 1894 by Winkelmann and
Schott,* a linear dependence was proposed between E and the
glass composition. Interestingly, the obtained weighting coeffi-
cients revealed a stronger effect for Na,O (98.1), CaO (98.1), or
K,0 (69.7) than for the major glass former SiO, (63.8), where
the molar fraction of each oxide is weighted by the coefficients in
the brackets (the resulting Young’s modulus is expressed in
GPa). Coefficients of 157 and 19.6 were attributed to glass for-
mers such as Al,O; and B,0;, anticipating what we know today:
Boron in B,0O; forms relatively weakly bonded together BO;
triangles, whereas Al acts as a 3D glass former, mainly fourfold
coordinated but allowing for a better atomic packing density
than Si. These results already support the fact that it is necessary

E=Xaf with f: fraction of the it constituent

! A. Winkelmann and O. Schott,
"Ueber die elasticitdt und Uber die Zug-
und Druckfestigkeit ver-schiedener neuer
glaser in ihrer abhdngigkeit von der
chemischen zusammensetzung," Ann. der
Phys. (Leipzig), 51 697-729 (1894).

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



Poisson’s ratio (v)

Siméon Denis POISSON

(1781-1840)
AVIN=Trace &¢=(1-2v)o/E

v = -g/e, = - LIDxAD/AL

Lakes, Y1987
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Vcd<Vbcc<Vfcc,hcp

For a given crystalline structure
and valency, Poisson’s ratio
mostly increases with atomic
number (Z) (Lead (vp,=0.44) and
thallium (v=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 (7,,=1560 K) much
higher than those of the other
elements in the same column,
exhibits a remarkably small
Poisson’s ratio of 0.032)

C,=p TV, /(Z M)
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SiOy1.9C,  SiO, TeO, B,O; Ca-based Zr-based Pt-based

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

Ae  is taken as the electronegativity
mismatch between the host and
the two major secondary solute

elements Ductile
o
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@ Elasticity and atomic packing density:

do F
E = = (7 = —2 F = — d—U
r dg r I"O dr r
= 2
A B /d0=—id Y dr
U=+ r; dr; { 22U
; r = " mp g - L :
U =— \ d r 7'0 dl’o
rn _ E = — o
rO
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Simple (simplistic) case of a Mie / Griineisen potential (15t Griineisen rule):

U, U mn
E x Bulk modulus: | K=V 0
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Creep testing apparatus
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» Constant load apparatus
» 2 thermocouples for thermal measurements

» Differential measurement of the displacement
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Example : Window Glass / 10 MPa /0.98 Tg

1t stage of creep 2nd stage of creep
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.% 1.0% - .- __________
° S . e,
s 1 Viscosity is calculated : 71 = 34
= O (for a specific temperature) true
00% ¥y
0 2 4 6 8 10 12 14 16 18

n =108 Pa.s n~= 10" Pas
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Boltzmann-Arrhenius approach of thermally activated processes:

T =71, exp[AG, /(RT)]

T: the characteristic relaxation time

T,. a constant

T: temperature

R: perfect gas constant

AG,: free activation enthalpy of the flow process

Log n/n(T)

Assuming a simple Maxwell relaxation model
n=uT, exp[AG, /(RT)],

where  is the shear elastic modulus.

N =n, exp[AG, /(RT)]

Fragile

T,/T

Observations: the heat for flow is temperature dependent, especially in the case of
short glasses w==» VFI, WLF, AM, MYEGA... numerous empirical expressions



This is where entropy comes into play...
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+ Glycerol (Slie, USE)

O ZBLAN (Hwa, USE)

X Ca3Al2Si3012 (Askarpour, BS)

¢ Aluminosilicate-1 (Huger, USE)

@ Pd42.5Ni71Cu30P20 (Tanaka, DMV)
A GeSe4 (Gueguen, DMV)

# Ge3Se7 (Gueguen, DMV)

¢ Aluminosilicate-2 (Huger, USE)

© Oxynitride glass 1 (Donzel, IF)

—a-Si02 (Huger, USE)

X B203 (Youngman, BS)

@ Zr55Cu30AI10Ni5 (Keryvin, USE)
A CaMgSi206 (Askarpour, BS)

B a-Se (Gueguen, DMV)

X GeSe3 (Gueguen, DMV)

X CaAl2Si208 (Askarpour, BS)

O Window glass (Rouxel, USE)

O Oxynitride glass 2 (Donzel, IF)

J. Chem. Phys., 135, 184501 (2011)
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Table 1
Physical properties of the glasses — Vickers hardness (Hv) values were measured with a 500 g load'!; Young’s and shear elastic moduli, E and G, were measured by
means of ultrasonic echography'> or calculated.!”

Glass grade  Glass composition N/elo Calelo ngo pg cm—3 T g, Cdetermined T, °C from Hv,GPa E,GPa G,GPa 1?
by DTA +£5°C viscosity
measurements
N 30elo Call_ggSiloOZZ.ogN&so 30.7 37.1 3.26 3.13 887 878 £ 5 7.73 - - -
N 36 elo Cai290Si1002093N798 364 39.2 322 3.02 912 896 £ 9 7.75 110 434 0.30
N 58 elo Caj104Si1001321N11g 58 35.6 329 324 1010 995 £ 5 9.62 135 52.8 0.28

 Poisson’s ratio (v) is calculated by means of the classical relationship: v=E/(2G) — 1.

855 kJ/mol

N 58 elo =
N 36 elo
N 30 elo

T LT e

el

¥~ 1015 kJ/mol
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Fig. 2. Logarithm of the viscosity of Ca—Si—O-N glasses as a function of recip-
rocal temperature. The full lines correspond to the Arrhenius expression for
viscosity.
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Stress or strain-rate dependence

Logn

So-called equilibrium viscosity!

Log stress
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What we know indentation cracking,
and fracture toughness
’
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Isochoric shear flow contribution (pile-up)

250 mN Vickers depth profiles
normal to indentation edge
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Recovery and pile-up
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Paramount importance of Poisson’s ratio v

For silicate glasses, E/H is typically between 10-15
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Radial cracking
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Boro-Silicate Boro-Silicate = Soda-Lime-Silicate
a-SioC a-Sio, (82% Si0,) (73% Si0,) (71% SiO,)

0.11 0.15 0.195 0.208 0.234

Boro-Lime-Silicate

(37.5% SiO,) | Fluorite

0.292 0.298 0.308 0.35 0.373 V
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Q@ Basic concepts

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

@ Toughness and practical strength: Io

K=oYvc with K=1.120 V(rc) W

S
r 4

K,: Stress intensity factor in mode | (opening)
o: Applied stress

c: Flaw size ‘ “
Y: Shape factor O

At the onset of fracture: K=K, et o=0,

With 6,=200 MPa and K;.=0.7 MPavm, c=2 um! === The flaw size is a fact of the problem
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K., theoretical (MPa.m°?3)
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