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Very different materials are named “Glass,” with Young’s mod-
ulus (E) and Poisson’s ratio (v) extending from 5 to 180 GPa
and from 0.1 to 0.4, respectively, in the case of bulk inorganic
glasses. Although glasses have in common the lack of long-range
order in the atomic organization, they offer a wide range of
structural features at the nanoscale and we show in this analysis
that beside the essential role of elastic properties for materials
selection in mechanical design, the elastic characteristics (E, v)
at the continuum scale allow to get insight into the short- and
medium-range orders existing in glasses. In particular, v, the
atomic packing density (C,) and the glass network dimension-
ality appear to be strongly correlated. Maximum values for v
and C, are observed for metallic glasses (v~ 0.4 and C;>0.7),
which are based on cluster-like structural units. Atomic net-
works consisting primarily of chains and layers units (chalcogen-
ides, low Si-content silicate, and phosphate glasses) correspond
to v>0.25 and C,>0.56. On the contrary, v <0.25 is associ-
ated with a highly cross-linked network, such as in a-SiO,, with
a tri-dimensional organization resulting in a low packing densi-
ty. Moreover, the temperature dependence of the elastic moduli
brings a new light on the structural changes occurring above the
glass transition temperature and on the depolymerization rate in
the supercooled liquid. The softening rate depends on the level of
cooperativity of atomic movements at the source of the defor-
mation process, with an obvious correlation with the “fragility”
of the liquid.

I. Introduction

LASTIC properties are intimately related to the fine details of

the atomic packing characteristics. Because there is a large
diversity of glasses, with different atomic bond types and a great
variety of atomic organization, elastic moduli cover a large
range of values. On the one hand, recalling that elastic moduli
are expressed in Pascals, i.c., in J/m>, the magnitude of the elas-
tic moduli is governed by both the atomic bond energy (sub-
nanometer scale) and the atomic packing density (C,). On the
other hand there seems to be a direct correlation between v and
the degree of symmetry of the structural units existing at the
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molecular scale (nanometer size). Correlatively, the temperature
dependence of v above T, gives some insight into the magnitude
of the depolymerization process occurring in the liquid. The
elastic properties of glasses from very different chemical systems
were compared and interpreted in the light of their (Cy,v) values
and of the recent literature on the thermodynamics and the
structure of glass networks. Poisson’s ratio, which covers a wide
interval of values for inorganic glasses, thus plays a peculiarly
interesting role and deserves a special focus in this article de-
voted to the relationship between elasticity and the atomic struc-
ture of glasses. Besides, the temperature dependence of the
elastic moduli provides a new insight into the glass transition
phenomenon and is very sensitive to the glass composition. The
softening rate observed above the glass transition temperature
(Ty), i.e., in the supercooled liquid range, can be discussed in the
light of the heterogeneity of the nature of the interatomic bond-
ing and is correlated with the liquid fragility.

The chemical design of glasses with high elastic moduli is an-
other important issue in glass science and some basic guidelines
can be drawn from the present analysis. Although this is a rather
old topic, there is still much to do in this area, and contrary to
the common belief, there are low T, glasses with relatively high
elastic moduli and vice versa.

Therefore, the elastic properties of glasses, which are readily
experimentally available parameters (it takes ~ 15 min to mea-
sure the transverse and longitudinal wave velocities and further
to calculate £ and v by means of ultrasonic echography (USE)
using piezoelectric transducers' (Panel A)), allow to probe the
short- to medium-range order in glasses, as well as the structural
changes occurring upon temperature or pressure changes, which
are of paramount interest for glass scientists. The aim of this
article is not to provide an exhaustive review of the glass elastic
properties reported so far but to put some light on the intimate
relationships existing between the elastic moduli and the fine
detail of the atomic network organization.

II. Overview of the Elastic Properties of Glasses

(1) Different Glass Systems

This review is focused on inorganic glasses, including soft
and brittle chalco-halogenide® ' glasses on one side and high-
performance bulk metallic,'”?* rare-earth,>! silicon oxynit-
ride,>** and oxycarbide®* ™ glasses on the other side (Fig. 1,
Table 1), not omitting the widely used alkali-alkaline-earth—
silicate and alumino- or boro-silicate glasses,®!70-73~75.77.80-88

borate,”">891 phosphate,® ©92% germanate, 6 6100102
76,103

and the naturally occurring basaltic glasses.
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Panel A: Ultrasonic Echography Methods (USE)
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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 surface-type waves, also called Rayleigh waves,

which velocity is given by: Vg =V, where ( is a function of

Poisson’s ratio, or of the V/V ratio. Vg and V] are measured

and 7/ is optimized to satisfy the following equation:

V0715 — (V/W))
0750 — (V)

R

(A)  Amorphous Ice®*1%*1%  Even though ice is a miner-

al, there exist also different amorphous phases for solid water.
Amorphous ice®'?” consists of water molecules that are ran-
domly orientated, and can be synthesized by ultra-fast cooling
of liquid water (cooling rate typically of the order of 10® K/s)
below 120 K. Note that glassy ice is the dominant state of solid
water in the universe (comets are mainly composed of glassy
ice). Despite relatively strong intramolecular H-O bonds (bond-
ing energy ~492 kJ/mol), close to the Al-O bond strength for
instance, the intermolecular bonding between hydrogen and
a neighboring oxygen atom of another water molecule (hydro-
gen bonding) has an optimal energy of 23 kJ/mol, and being
the weakest link of the atomic network, it governs the stiff-
ness. Consequently, E ranges between 8 for the low-density
phase (p = 0.93 g/om®) and 11 GPa for the densest one (p = 1.17
g/cm?). 104106108

(B) Chalcogenide Glasses: Chalcogenide glasses
combine elements from the 16th column (VIB group) of Men-
deleiev periodic table with metallic and/or semiconductor ones
from the 13th to 15th columns. They are based on strong in-
tramolecular covalent bonds between chain-forming chalcogen
atoms (S, Se, and Te) and with atoms of higher coordination
(As(3), Sb(3), and Ge(4)) forming interchain bridges, and weak
van der Waals bonds between chains and/or layers. As a con-
sequence of this weak intermolecular bonding, in spite of high
covalent bond energies (200-400 kJ/mol), close to those of the
Si-N and Si—C bonds, relatively soft and compliant glasses are
obtained: E<25 GPa (T,<620 K). Unfortunately, heavy chal-
cogenide (or halide) elements that lower the phonon vibration
energy and thus enhance the infrared (IR) transparency are
weakly coordinated elements (mostly twofold) and are thus det-
rimental to the network cross linking and to the mechanical
properties. Compared with traditional germanium-based IR op-
tics, they are cheaper and can be more easily shaped into optical
parts. Applications are mostly based on the transparency in the
second atmospheric window (6 to 15 microns) and include op-
tical components such as IR lenses, fibers, windows, and filters
for thermal imaging systems.

29,12

(C) Halide Glasses: Halide glasses’*'*!® combine met-

als with F, Cl, Br, and I (group VII of the periodic chart). The
weakness of the halide-metal bond results in low T, tempera-
tures, typically lower than 673 K, and a poor chemical durability
(usually stronger bonds form between the metal and O, OH, or
H,0). Consequently, only a few halide glasses may find practical
applications among which the heavy-metal ZBLAN grades (flu-
orine combined with Zr, Ba, La, Al, Na, hence the name) are
being increasingly used for passive IR optics and for the con-
tainment of corrosive fluorine compounds. In comparison with
a-SiO, that is transparent for wavelengths from 0.3 to 4 pm,
fluoride glasses are transparent from 0.2 to over 9 um. Their E
and T, values are typically ~50-60 GPa and ~ 535-545 K, re-
spectively. They are also good candidates for active IR optics
and long-distance telecommunications.

(D) Borates: Although boron is one of the best-known
glass formers and forms strong atomic bonding with oxygen
(Usp-0~809 kJ/mol), amorphous boron oxide (a-B,O3) and
borate-rich glasses have relatively low elastic moduli (~ 17 GPa
for pure a-B,05)%*™ and 7, » because the atomic network is built
on corner-sharing BO; planar triangles, which are weakly bond-
ed together—unlike crystallized B>O5 consisting of a tri-dimen-
sional cross-linked network (trigonal symmetry). Some medium-
range order shows up in a-B,O3; with the occurrence of boroxol
rings composed of three corner-sharing BOj; triangles forming
an equilateral triangle.90 The addition of cations such as Na, Li,
or Pb favors boron in tetrahedral coordination and enhances the
elastic moduli’®”" as well as T,.

(E) Phosphate Glasses: Phosphate glasses possess
remarkable functional properties such as low dispersion and
high refractive indices, high transparency in the ultraviolet
range (alkaline-earth phosphate glasses), and large rare-earth-
stimulated emission cross sections combined with low thermo-
optical coefficients, which make them excellent candidates
for power laser applications (Nd-doped aluminophosphate
glasses are the most widely used glasses for laser).%*%® Alkali
aluminophosphate glasses have a relatively large thermal expan-
sion coefficient and are suitable for glass—metal welding or seal-

62,64,92
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Fig. 1. Young’s modulus at 293 K (except for amorphous ice for which data were obtained at 77 K) and glass transition temperatures for different inorganic
glass chemical systems. Some commercially available glasses are also plotted with their standard denomination: TAS, 2S2G (Schott Glass Co.), and GASIR
(Umicore Infrared Co.) stand for Te,As;Ses, GayGeyoSb;Ses, and GeypAsygSess, respectively. ZBLAN (Le Verre Fluoré Ltd.) is a heavy metal fluoride glass
with typical composition F753Zr¢ 141Bago41Lag00sAlp012Nag oss. E, R, and S glasses are high-strength industrial aluminosilicate glasses with 16 (E) to 25 (S)
mol% ALOs. Pyrex (Corning) and BK7 (Schott) are borosilicate glasses synthesized with about 12 and 10 mol% boric oxide. BK7 is a crown glass (alkali-lime
silicate containing approximately 10% potassium oxide) used in precision lenses whereas Pyrex is mostly used for its thermal shock resistance and its chemical
durability. Obsidian and basaltic glasses are naturally occurring materials. Vitreloy is the name of a Zr-based bulk metallic glass with composition Zr4Tij4
Cuy,5NijoBes s (Liquidmetal Tech. Ltd., CA), which behaves purely elastic up to 1.5 GPa. YSiAION(s) are silicon oxynitride glasses synthesized from Si3Ny,
SiO,, Al,O3, AIN, and Y,O3 with up to 15 at.% nitrogen. Silicon oxynitride glasses exhibit 7, above 1123 K, Young’s moduli > 150 GPa, and are observed at
grain boundaries in liquid-phase-sintered silicon nitride ceramics. Silicon oxycarbide glasses are polymer- or gel-derived glasses, which have the highest 7, ever

reported for glasses so far to the best of the knowledge of the author.

ing applications (in particular with aluminum).” Some typical
laser glasses have Young’s moduli between 45 and 50 GPa and
T, between 640 and 760 K.** Iron phosphates possess Young’s
moduli as high as the one of a-Si0,.%® Phospate glasses are also
presently considered for use in optical fibers for laser surgery.
Glasses from the Na,0O-CaO-SiO,—P,Os system with about
5-7 mol% P,Os are biocompatible and are very attractive ma-
terials for the fabrication of prosthesis or implant (eventually
with therapeutic substances) allowing for a perfect bonding to
the human bones.*>** In this latter case, elastic properties are of
paramount importance to adapt the mechanical properties of the
implant to one of the body parts in contact. These bioglasses
have T, from 725 to 803 K and E between 35 and 90 GPa. The
major weakness of phosphate glasses lies in their poor chemical
durability and especially their sensitivity to water. Addition of
ALO; or B,O3 enhances the durability but a more significant
improvement is obtained by adding nitride compounds to the
melt or by treating the melt in anhydrous ammonia gas. In this
latter case, nitrogen increases the cross-linking density and the
P-N bonds, more covalent than the P-O ones, enhance the
chemical durability.”**® Phosphorous oxynitride glasses are
composed of PO, POs;N, and PO,N, tetrahedra. Note that
PON ¢glass is a silica analog in which PO,N, tetrahedra share
their four corners. See the review by Brow®” for further details on
the structure of phosphate glasses.

(F) Germanate Glasses: GeO,-based glasses are
transparent in the 2-6 pym IR wavelength range and possess a
good chemical durability. The thermal properties of germanates
are comparable with those of silicates, which have smaller cat-
jons and anions and thus have a lower IR cutoff.”* In addi-
tion, germanate glasses possess relatively low absorption loss
and suitable thermo-optic coefficient for high-energy laser

67,100,101

(HEL) applications,®® and in comparison with zinc sulfide
(ZnS), which is typically used as an exit window for HEL ap-
plications, barium gallo-germanate (BGG) glasses are ~3 times
harder, are isotropic, and have excellent transmission in visible
and mid-IR region.

(G) Silicate and Aluminate Glasses: Silicate glasses usu-
ally contain up to 60-70 mol% SiO,. Usual additives include
alkaline and alkaline-earth oxides among which Na,O and CaO
are the most common in window glass compositions. In oxide
glasses, when the bonding energy between a cation and an ox-
ygen atom is > 500 kJ/mol, this cation is considered as a net-
work former.'” Such elements (P, Al, Ge, Zr, Si, and B) gave
their names to different oxide glass families with 7, ranging
between 600 and 1300 K and Young’s modulus between 30 and
100 GPa, the highest values being attributed to the alumina-rich
compositions.>* 2028182 and R glasses are aluminosilicate
glasses with about 15 and 24 mol% ALOs."'* E glass also con-
tains boron, calcium, and magnesium and was developed orig-
inally for use as an insulator in the electric industry. It turns out
that its mechanical properties are pretty good too, so that it
found large-scale industrial applications both in the textile in-
dustry and for reinforcement in polymer matrix composites. R
(or S) glass was designed to meet high strength and stiffness for
reinforcement (in the form of fibers). Rare-earth aluminosili-
cates with more than 50 mol% Al,O3 reach E values as high as
169 GPa but can hardly be prepared as bulk microcrystal-free
materials. Naturally occurring glasses include basaltic glass-
es,’*1% which are Al- or Mg-rich silicates with 45-65 mol%
SiO,, by far the most abundant and used for the production of
insulation fibers, obsidian, a glass produced by volcanoes when
a felsic lava cools rapidly, which contain over 70 mol% SiO, and
to a much lesser extent tectonic glasses resulting from the ex-
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Table I. Some Elastic Moduli and 7, of Inorganic Glasses from Various Chemical Systems at 293 K

Chemical systems Glass composition E (GPa) K (GPa) v T, (K) References
Water Glassy ice (H,O, high-density grade) 12.57 9.9 02907  ~136 [60]
Chalcohalogenides Se 10.3 9.6 0.322 313 [11]
Gey0Seso 121 104 0.307 365 [14]
Ge,s55egs 13.8 11.2 0.295 383 [14]
GeysSers 16.1 12.3 0.281 501 [14]
GespSero 17.9 12.6 0.264 573 [14]
As,Ss 16.5 13.8 0.30 465 |/
SegsTe; 17.8 11.47 0.323 ~350 [11]
GesnAsypSesg (Umicore Infrared Co.) 18 13.6 0.28 565 )
Geg,Sbis2Se63.6 20.35 15.21 0.277 524 [11]
Gel3A3Sb23A3Se63A4 21.69 15.65 0.269 512 [1]]
Gey;335b335€e73 3 16.94 13.44 0.290 474 [11]
Gej33Sb335es3.5 14.25 11.76 0.298 386 [11]
GezpSbioSeso 21.58 14.74 0.256 565 [11]
Ge;5SbsSegq 15.0 12.1 0.293 411 [14]
Gey5SbpSers 17.1 13.2 0.284 432 [14]
Ge;5SbysSez 19.2 14.3 0.276 457 [14]
GC[Sszose65 20.5 14.6 0.266 498 [14]
Ge, sSbysSeco 26 159 0.263 507 [14]
Te,As;Ses (TAS) 18 13.6 0.28 410 [14]
GasSb,oGeysSeqy (252G, Schott) 239 16.7 0.262 556 [14]
Fo.753Z10.141Bag 041L.a0.008Alo.012Nag 045 54.3 43.1 0.29 538
(ZBLAN - Le Verre Fluoré Ltd.)
Lead-containing Sio'zzN304024K0'076C30'005Pb0.09004535 61 36.3 022 747 [12]
(“Cristal” type)
Vo.27Pbo 03007 42 35.0 0.30 ND  [61]
V0.25Pb0.0600.69 48 44.4 0.32 ND [61]
Phosphates P,0Os5 31.3 24.8 0.29 650 [62]
P>Na,0, 359  ND ND 647 [62]
P,CaOy 553 ND ND 713 [62]
LiPOg3 46.3 35.1 0.28 ND [62]
Feo.06P0.24200.697 71.5 46.7 0.24 ND [63]
Feg.077P0.23100.693 70.4 45.8 0.24 ND [63]
Feg.094P021900.688 70.9 46.3 0.24 ND [63]
Feo.111P0.20600.683 73.2 48 0.25 ND [63]
FCO'|29P0'194004677 72.3 47.2 0.24 ND [63]
Aluminophosphate? Hoya LHG-80 50 36.2 0.27 675 [64]
Hoya LHG-8 50 34.7 0.26 758 [64]
Schott LG-770 47 31.3 0.25 734 [64]
Schott LG-750 50 34.7 0.26 723 [64]
Kigre Q88 70 44.9 0.24 640 [64]
(Ca,Na)-SlhcophOSphate§ SiOA144Nao'171C30‘086P0'0400'559 83.5 58.8 0.263 782 [65]
Sio'1SONa()»](,4C3.0_032P(),()400_564 84.2 62 0.274 803 [65]
Sig.165Nag.146Ca0.073P0.0400.576 81.3 58.9 0.270 757 [65]
Sio'181Na(”28C304064P0>03900'583 76.6 57.8 0.279 725 [65]
Germanates GeO, 433 23.28 0.19 808 [66]
Ba0-Ga,05-GeOs type (BGG) 63.6 53 0.30 923 [67.68]
GCO' 1 54Ga0, 1 54La0,06200,636 106.4 94.7 0.313 ND [69]
GC()A 148Ga0A 148La0A074OOA636 104.1 94.8 0.317 ND [69]
Geol14Gao<14La0<09200,636 105 96.2 0.318 ND [69]
GeoA125Ga0A125La0A125OOA636 103.8 97.7 0.323 ND [69]
Borates and borosilicates B,O; 17.4 12.1 0.26 541 [66]
Nao'02B0'3900'59 26 19 0.257 ND [70]
Nayg.046B0.37400.58 33 25 0.278 ND [70]
Nay 673B0.35600.571 39 29 0.267 ND [70]
NaO>096B0,34200,562 47 35 0.280 ND [70]
Bo.316Pb0.10500.579 61.7 40.0 0.243 ND [71]
Bo.312Pb0.10400.5580F 0.026 62.6 40.6 0.243 ND [71]
Bo.312Pb0.10400.558F0.026 66.7 43.2 0.243 ND [71]
Bo.308Pbo.10300.538F0.0513 61.8 40.1 0.243 ND [71]
Bo.304Pbo.10100.519F 0.076 71.3 46.3 0.243 ND [71]
B 5Cs0.1502.925 24.8 19.45 0.288 ND [72]
Schott BK7 81 46.6 0.21 830 /
Schott Borofloat 63 32.8 0.18 803 /
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Table I. Continued

Chemical systems Glass composition E (GPa) K (GPa) v T, (K) References
Sig 25Alp.011Bo.072Nag.02700.64 64 35.6 0.2 798/
(Corning Pyrex 7740)

Alkali—alkaline-earth-silicates  SiO, (Vitreosil, St-Gobain) 70 333 0.15 ~1463 /
Sio.22Na0 2200 56 65.8 459 0.261 ND |/
Sig2Nag 2700 53 60.2 40.8 0.254 ND /
Sio.2sNag.100.62 62.4 34.2 0.196 ND |/
Si53K 4045 59.9 35.1 0.153 ND [73]
SigK,019 57.4 31.2 0.179 ND [73]
Si17K¢037 53.6 307 0.188 ND  [73]
SiyK 509 51.2 30.5 0.207 ND [73]
Si;K,04 46.4 30.2 0.218 ND [73]
Si,K,05 44.8 33.1 0.266 ND [73]
Si3K4010 40.8 33.5 0.277 ND [73]
Sio.27Na9.08Ca0.0300.62 67 37.6 0.203 834 [74]
Sio‘zéNaoA1C30A017Alo‘0130061 68.9 39.9 0.195 785 [74]
Sio'zéNaO'1Cao'o()sAlO‘Ol3Mg0.00300,61 68.3 37.1 0.187 773 [74]
SiOAzéNaoA1A10A0134Mg()‘()1670()‘61 66.6 34.5 0.174 763 [74]
Sio.252Nag,114Aly.013M£0.0200.6 66.0 34.2 0.179 793 [74]
Si0A242Na0A1 1A10A039Mg0.065006 67.3 38.1 0.206 795 [74]
Sig.264N20.087Ca0.003A10.013M&0.013 Ko0.00700.61 67.2 35.3 0.183 792 [74]
Sio.261Na0,087C80.008Al0.013M0.013 Ko.0070061 69 37.2 0.191 807  [74]
Sio.257Na0 088Ca0.014A10.014M&0.014 Ko.00700.61 69.9 39.6 0.206 811 [74]
Cag sBag sSiO; 79.5 61.24 0.268 ND [75]
Cay sBa 551,05 71.4 50.59 0.265 ND [75]
BaSi, 03 64.1 47.27 0.274 ND [75]
Mgy sBag 5Si0; 79.5 61.24 0.284 ND [75]
Mgo,sza0,755i03 71.4 54.04 0.28 ND [75]
Obsidian (Greece) 71.5 38.6 0.191 933 /
Sig.25Na9.092C20.035M £0.02100.6 72 44.4 0.23 835 /
(Planilux, St-Gobain)
Cao‘lMgo.ISio'zOo‘é (DlOpSlde) 100 74.9 0.282 960 [76]

Alumino-silicates Naj3pAlySi750195 70.9 38.6 0.194 ND [77]
Na3Al;5SicO,; 77.3 47 0.226 ND [77]
Na50A120Si650185 67.1 41.1 0.228 ND [77]
NasAlsSisO,g 73.9 43.2 0.215 ND [77]
Na60A110$i650175 634 41.3 0.244 ND [77]
Na35Al35Si650200 71.2 41.8 0.216 ND [77]
E-glass (Saint-Gobain) 72.3 ND ND 1119 [110]
R-glass (Saint-Gobain) 86 ND ND 1258 [110]
S-Glass 88.9 ND ND 1258 [110]
Ca()‘ogAlo‘]SSio‘lsoo‘Gz (Anorthlte) 94.3 65.2 0.261 1125 [76]
Cag.15Alg.1Sip.1500.6 (Grossular) 91.4 68.9 0.278 1060 [76]

Rare-earth Y0'75A11‘2503 139 108 0.286 ND [24]
Yo.43Al; 5205 138 110 0.291 ND [24]
La-Al-Si-O 110 ND ND 1143/
Yb-AI-Si-O 135 ND ND 1178 /
Algaselag.iia 118 0.297 97 1113 [25]
AlpasLag 15006 123 0.301 103 1116 [25]
Alp224Y0.163510.0100.602 169 0.291 135 1143 [25]
Al 25Y0.146510.02100.604 151 0292 121 1147 [25]
Al 217L.20.087Y 0.043510.04300.609 126 0.3 105 1121 [25]
Sig.093Al0.128B€0.09800.579 144.3 ND ND ND (28]
Sig.097Alo.109Ti0.036M £0.079ZT0.006 Y0.061Q0.579  139.2 ND ND ND  [28]

Other pure oxides As,O3 11.9 11.02 0.32 434 [66]
TeO, 50.7 31.3 0.23 593 [66]

Oxynitrides La-Mg-Si-O-N (15 at% N) 133 ND ND 1111 [53]
Lu-Mg-Si-O-N (15 at% N) 146 ND ND 1138 [53]
Cay.12S10.24A10.0200.605No.015 93.5 54.5 0.24 ND [36]
Cay,107510.214Al0.07100.542No.066 106 70.9 0.265 ND  [36]
Yo.085510.175Al0.10600.635 122 ND ND ND [45]
Yo.086310.176AA10.10700.61No.021 132 ND ND ND  [45]
Yo.086510.178Al0.10800.584N0.043 144 ND ND ND [45]
Yo.088510.182A10.1100.53No.0ss 158 ND ND ND  [45]
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Table I. Continued

Chemical systems Glass composition E (GPa) K (GPa) v T, (K) References
Y11 0Si178Al 0635 128 97.0 0.28 1173 [40]
Y 12.35115.5A17054 7N7 5 150 119.0 0.29 1183 [40]
Y 12.55118.8A17,050 3N 2 165 131.0 0.29 1233 [40]
YO, 14ési0.232A10.03400431N0.29 183 138.6 0.28 ND [32]
Y4.86Mge3S1162Al11.80549N5.92 134 101.5 0.28 1118 [78]

Oxycarbides SiCy 3301 33 104 ND ND ~1600 [56,57]
SiCo.37501 5 110 ND ND ND  [56]
SiCy.501 24 97.9 ND ND ND [55]
SiCy 01 6 101 43 0.11 ND  [59]

Metalhc/BMGs Zr55Cu30A110Ni5 81.4 113.1 0.38 683 /
ZI'41Ti14CL112_5Ni10B622_5 101 112 0.35 623 [17,79]
Gd36Y20A14Co05 62.2 57.4 0.319 603 [79]
PreoAloNi;oCuig 37.17 4516 0.363 409 [79]
CuGOZronfloTilo 101.1 128.2 0.369 754 [79]
Pd.4oCu3oNi;oPao 98 159.1 0.4 560 [79]
Pdg,Sis 70 ND ND 607 [79]

Metallic/Strip shaped Wy4sRusz,B17 309 ND ND 1151 [21]
FegrCoy3Bys 149 ND ND ND  [79]

At 77 K. tTypical compositions for aluminophosphate-based laser glass is: Pjo-124A11224K26-50Bag_10Ndo_40311_387- §Typical bioactive glass compositions. R and S
glasses are stiffer and stronger versions of the E glass which typically contain ~65% SiO,, 25% Al,O;, and 10% MgO, some other materials being present at impurity levels.
ND: non-determined. Stoichiometric compositions as well as Tg are given when available. Experimental errors are typically ~ +0.1 GPa and +1 K for the elastic moduli and
the glass transition temperature, respectively. The absence of reference number in the last column means that data were obtained by the present author.

treme thermodynamical conditions (such as high mechanical
stresses) existing at sites of large tectonic activity. Basaltic glass-
es from the anorthite (CaAl,Si»Og)-diopside (CaMgSi,Og)-
forsterite (Mg,SiO4) system have compositions close to those
of the basaltic melts found at volcanic sites and in the oceanic
basins.

(H) Silicon Oxynitride and Oxycarbide Glasses: ~ Oxynit-
ride and oxycarbide glasses exhibit the highest elastic moduli
and glass transition temperature, respectively. In these silicate
glasses, oxygen atoms were partially replaced by nitrogen and
carbon ones. N and C being threefold and fourfold coordinated,
respectively, whereas O is twofold, a significant increase in the
atomic network connectivity follows. In oxynitride glasses,*>>>
the largest elastic moduli are reported for those containing al-
umina and rare-earth oxides (especially Y,Os3;, Nd,Os, and
Lu,O5) with up to 15 at.% nitrogen. In contrast to oxynitride
glasses, which are generally obtained by means of a convention-
al meltingfquenchingfannealing processing cycle, oxycarbide
glasses™ > are polymer- or gel-derived materials and glasses
prepared to date mainly consist of an a-SiO, matrix with up to
15 at.% covalently bonded carbon forming CSiy tetrahedra and
some residual free carbon.

(I) Bulk Metallic Glasses (BMGs): Although metallic
glasses were discovered in the 1960s, BMGs with specimen
thickness larger than 1 mm appeared only about 15 years
ago.'”'® BMGs were obtained in the (Zr,Ti)~(Cu,Ni)-Al-Be
systems, using cooling temperature from the melt of the order of
10° K/s (against 10°~107 K/s for the ribbons), by casting of the
melt in copper molds. Much different atomic radii are required
to favor a chemical disorder. Successfully prepared composi-
tions usually include a metal (Be, Al, ...), a transition metal
from the right-hand side of the periodic table (Cu, Ni, ...), a
transition metal from the left-hand side (Zr, Ti, Hf, Nb, ...), and
a metalloid. Note that data re%arding metallic glasses in Fig. 1
were limited to bulk glasses.?**

(2) Young’s Modulus and Glass Transition Temperature

Young’s modulus is by far the most frequently reported elastic
characteristic and most data in Fig. 1 were obtained by means of
USE using piezoelectric transducers (Panel A)' or to a lesser
extent by other techniques such as Brillouin scattering (BS) (see

for instance Vacher and Boyer,!!" Ecolivet!!?), or mechanical

vibration for instance. The estimation of E from indentation
experiments is not straightforward. A reduced Young’s modu-
lus, E, = E/(1—v?), is obtained and Young’s moduli data derived
from indentation methods mostly assume arbitrary values for v
and were thus excluded. The glass transition is located at the
frontier between the glassy solid state and the supercooled liquid
state. T, is an essential thermo-physical property of glass. T, is
mostly estimated by means of differential scanning calorimetry
(DSC), where it shows up through an endothermal variation
reflecting a change of the thermal capacity, or by means of dila-
tometry where T, is conventionally estimated by intersecting the
quasi-linear slopes (in the vicinity of the transition) of the glass
and liquid thermal expansion regimes. T, of amorphous ice, as
detected by a more or less sudden increase in heat capacity dur-
ing heating (DSC experiments), is not easy to detect and is be-
tween 120 and 160 K.°“'> Most experimental observations
suggest Ty~ 136 K. T, of a-SiO, and silicon oxycarbide glass-
es were derived from viscosity measurements, usin% the conven-
tiona157assignment of T, to viscosity between 10 2 and 10'*°
Pa-s.

It is noteworthy that the highest values for E are not reported
for the most refractory glasses (SiOC glasses). This is because
SiOC glasses, like a-SiO,, are characterized by a low atomic
packing density, as will be further discussed. Conversely, the
high packing density of metallic glasses counterbalances their
low bonding energy. Therefore, contrary to the common idea
that E scales with T, which is roughly the case at first sight, it
turns out that one can easily find glasses with very different T,
temperatures exhibiting the same value for E. For instance, the
horizontal dashed line in Fig. 1 corresponds to a Young’s mod-
ulus of ~70 GPa and crosses the data of MggsCusrgYis,
PdgoSizg, WG (standard soda-lime-silica window glass), E-,
and a-SiO; glasses, although T, for these glasses are, respective-
ly, at 420, 607, 835, 1119, and 1463 K (Table I). Elastic moduli
depend much on temperature (see Section V) and their values at
temperature 7" stem both intrinsically from the fine details of
the atomic packing and the atomic bonding types and extrinsi-
cally from how far the glass transition of the glass is from the
actual temperature. There are indeed two ways to meet a specific
value for an elastic modulus at a given temperature. The first
one consists in playing on the atomic packing density (C,) and
the second one on the bond strength. Both appear to be some-
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Fig.2. Relevant scales: (a) The atoms and the structural units (here the SiOy4 tetrahedron) and their possible combinations (atomic force microscopy)—
a-SiO, case, after Poggemann et al.''; (b) The supramolecular scale—The modified random network proposed by Greaves'?! and supposing the ex-
istence of alkali-rich (solid circles) percolating channels; (c) The long-range scale—Glassy pocket at a triple grain junction in a Si3Ny-based ceramics,
after Rouxel and Wakai'®®; and (d) The macroscopic scale—Here a detail of an “all transparent pavilion,” a window glass frame built on long loaded

glass beams for innovative building design.'*

what interconnected, so that it is difficult to obtain a strong
bonding and a high density at the same time. With Cy~0.45,
a-SiO, is a model example of a low packing density of strongly
bonded atoms (U,si_o~800 kJ/mol). Hence, while elastic
moduli reflect a mean volume density of energy, T, is related
to a mean atomic bonding energy regardless of the packing
density, so that it increases monotonically as the fraction of
weakest bonds decreases to the benefit of stronger ones, consis-
tently with the classical order: van der Waals <metallic <ionic
<covalent.

III. Atomic Organization and Elastic Properties

(1) Different Scales of Concern

In order to understand the elastic properties of known glasses or
even better, to predict those of glasses that have not been syn-
thesized as yet, it is necessary to study the organization at the
atomic scale. Elastic moduli do not solely depend on the inter-
atomic bonding energy but also depend on the coordination, on
the polymerization degree (cross linking), on the atomic packing
density, and on the molecular organization, including the pos-
sible formation of ring, chain, or layer units. This calls for a
multiscale approach. At first sight, the four relevant scales of
concern are (i) the atomic one, over 1.5-2.5 A, (ii) the molecular
one, from 2.5 to 4.5 A, (iii) the “network” one, within few
nanometers, and (iv) the continuum scale, over a hundred nano-
meters. These scales are illustrated in Fig. 2. Scales (i) and (ii) are
associated to the short- to medium-range order, which can be

studied by nuclear magnetic resonance, Raman scattering
spectroscopy, neutron scattering,''>''° or atomic force micros-
copy''® for instance. At the network scale some kind of sym-
metry shows up beyond the atomic and molecular disorders.
Scale (iv) is ruled by standard continuum mechanics equations
and extends to the macroscopic scale of the functional compo-
nents (window, lens, fibers, bottle, balls, flat panel display, etc.).

The “molecular scale”: this scale is the one of the cross linking
of the glass network with the occurrence of clusters (dimension
0D), uni- (1D), bi- (2D), or tri-dimensional (3D) units. While
there are convincing observations for the existence of clusters
with icosahedral-like symmetry in some BMGs, '8 clusters
are also likely to occur in glassy water'”’ as well as in As,S; glass
for instance (clusters consisting of a hard sphere of As4S¢ mol-
ecules).'' Chains form in pure selenium (-Se-),, in metaphos-
phate such as LiPO; built on PO3—Li" units, or in CaSiOs.
Layer-like units are found in P,Os, B,O3, GeSey, or Si;Na,O3
glass (which consists of SiO§/2—Na+ units). Glass networks may
also contain rings (Si,0,, Ge,O,, or P,O, rings where n~6,
boroxol rings in borates or Seg rings in a-Se). This cross linking
greatly affects E and T,. In the Ge-Se system, T, and E increase
almost linearly with the Ge content whereas Uyge_Ge < UoGe-Se
and Uyge_Ge < Upse_se- This trend stems from the change in the
molecular architecture or in the medium-range network topol-
ogy. Fourfold coordinated Ge atoms increase the cross-linking
degree and network dimensionality. The glass network evolves
from a mixture of chain-like units to a mixture of layer-like units
and further to a 3D organization. With regard to pure Se glass
consisting of chains and possibly of rings, with T, = 313 K and
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=10.2 GPa, the Geg4Se ¢ glass exh1b1ts much better proper-
tles T,=613Kand E=224 GPa.'* In the case of glasses with
covalently bonded elements, the mean coordination number
({n) is a useful tool to correlate the physical properties to the
structural changes. {(n) isdefined as <{n) = fin; where f;and n;
are the atomic fraction and the coordination number of the ith
constituent, respectively. For example, for a Ge,Se;_, (x<1)
glass, this number writes (n) =2(x+1). Asfaras (n) is <2.1,
the volume fraction of Ge-containing chains is negligible so
thatdeformation essentially proceeds through the alignment of
the chains with the main loading axis in tension or in transverse
planes in compression. In this case properties are mainly governed
by the weak interchains van der Waals forces. A low shear resis-
tance and a high Poisson’s ratio follow. As {(#) increases, cova-
lent bonds come into play. <{n) =2.4 (GeSe; composition)
corresponds to a complete cross linking of Se and Ge layer units,
two neighboring Ge atoms being separated by two Se atoms.
At {n) = 2.67(GeSe, stoichiometry), Ge—Ge startsto formand a
3D network builds up, leading to a significant increase of Eand 7.
A comparable situation exists in borate glasses. In this latter case,
the stiffness predicted from the interconnected layers of BO;
triangles is greatly overestimated due to the presence of weak in-
terlayers bonds. For oxide glasses, the number of bridging oxygen
atoms per glass-forming cation (Si, Al, Zr, As, B, P, etc.), ngo,
provides a measurement of the network cross-link degree. This
number is defined as ngo = 4—> ;M z;/(>_;F;) where M;and z; are
the atomic fraction (after deduction of the number of charge com-
pensators) and the valency of the ith modifying cation and F;is the
fraction of the jth glass-forming cation. For pure oxide glasses
such as As,Os3, B,O3, and P,Os, ngo = 3 and va0.3, whereas for
a-SiO, and a-GeO,, ngo =4 and v<0.2. For a (5i0,),(A,0;)
+(Ca0),(Na,0). glass, assuming all Al atoms are fourfold coor-
dinated, this number is given by ngo = 4—2(y+2z—x)/(w+2x). An
extension to the cases of oxycarbide and oxynitride glasses is ob-
tained by replacing [O] by an equivalent anionic concentration
[0™], with [0*] =[O]+3/2[N]+2[C]. Nuclear magnetic resonance
measurements lead mostly to experimental npg values very close
to the theoretical ones. Oxynitride and oxycarbide glasses provide
a good illustration of the impact of the glass network cross-linking
degree on the elastic moduli. These glasses are stiffer and more
refractory than their parent oxide glasses (same cationic species).
However, the values for the bonding energies do not corroborate
this tendency: U,s;_c (447 kJ/mol)~ U,s;_n (437 kJ/mol) < Uysi_o
(800 kJ/mol). Photoelectron spectroscopy (XPS) measurement on
Si confirmed the presence of lower energies (Fermi levels) in oxy-
carbide environments than in oxide (SiO-) ones.'*® Hence, similar
to what governs the rigidity of steel frames, the source for the ex-
cellent stiffness of oxynitride and the good one of oxycarbide
glasses lies in the 3D bonding architecture rather than in the bond
strength itself. Note, however, that this reasoning may be greatly
complicated in some cases due to possible phase separations
(chain-forming chalcogen atoms tend to stay together in chalcog-
enide glasses) or clustering (including rings). Remark also that
{n) and npg are not equivalent parameters. For instance, in the
case of a-Si0,, {n) = 2.67 whereas ngo = 4.

(A) Mesoscopic or “Supramolecular” Scale: A glass is a
solid with a small length of coherency, with respect to optical
wavelengths for instance. However, in most glasses, including
metallic ones, few nanometer large nano-domains seem to exist.
Glasses would hence possess some organization at a mesoscopic
scale. Even though this latter scale is partly experimentally
accessible by means of X-ray absorption spectroscopy
(EXAFS),"?! neutron diffraction,'* or by low-frequency Raman
scattering,'?*> 1?* it still remains poorly understood. The size of
the “domains,” which are likely to be amorphous, is typically
<10 nm and can be estimated from the frequency of the
“Boson” peak observed in the 3-50 cm~! Raman frequency
range. The estimated correlation lengths, in good agreement
with first diffraction peak measurements, are much larger than
the characteristic distances of the short-range order. In the light
of these investigations, glass appears as a nano-composite ma-
terial consisting of islands immerged in a more-easily deformable
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softer phase and this has to be considered to discuss the elastic
behavior, especially at high temperatures (see Section V(4)).

(B) Macroscale:  Although there is a growing number of
examples of large loaded glass structures such as free-form glass
domes, cable net walls, glass beams, glass fins, and glass col-
umns, general rules for the elastic stability (lateral torsional
buckling for instance) and for the safety of the glass structural
design are still missing. Besides, the transition from the lower
end of the continuum scale (~ 10 nm) to the macro-scale still
raises major technological difficulties among which are (i) the
unavailability of glass sheets and profiles with large (beyond
standards) dimensions; (ii) the edge defects sensitivity (flaw to-
lerancy); and (iii) the risk for lateral torsional buckling stemming
from the use of large but thin glass sheets. However, glasses
possess a unique combination of physical properties (for in-
stance in the case of soda-lime-silica: transparency, intrinsic
strength, stiffness, lightness, and availability of relatively low-
cost raw materials), which, besides esthetics, makes this peculiar
material very promising for civil engineering and attractive for
architects and designers.

(2) Atomic Bonding and Packing Density

The elastic properties depend much on the chemio-physical
properties of the interatomic bonds. Unfortunately, fundamen-
tal characteristics such as the interatomic distance (d) and the
directionality or the coordinence (1) of every atom in its current
situation in the glass are usually not accurately known. Under
such circumstances, bonding energies'®*!*® and cationic field
strength are mostly roughly estimated and can only give ten-
dencies within given glass systems. Besides, based on a purely
electrostatic interaction, the field strength approach suits quite
well oxide glasses but becomes more and more questionable as
the covalency of the interatomic bonding increases, such as in
nitride and carbide systems. The situation is even more complex
when weak van der Waals-type bonds coexist with strong co-
valent bonds, as in chalco-halogenide glasses.

Another major parameter is the glass atomic packing density
(Cy), defined as the ratio between the minimum theoretical vol-
ume occupied by the ions and the corresponding effective vol-
ume of glass:

Ce = Pz.fi Vi/ ZfiMi 6}

with for the zth constituent with A B, chemical formula: V; =4/
3n N (xra+yry), where p is the spemﬁc mass, A is the Avogadro
number, r5 and rg are the ionic radii, f; is the molar fraction, and
M; is the molar mass.'?® The effective ionic radii in glass are usu-
ally not known with high accuracy. Shannon'? tabulated the
crystal radius and the effective ionic radius of halides and
chalcogenides (including oxides). Whittaker and Muntus'* sug-
gested to use the mean of both values in the case of silicate glasses.

For instance, C, is about 0.52 for a standard window glass
and 0.45 for a-SiO,. An estimation of the packing density in
metallic glasses was obtained by giving the atomic radius of each
element its value in the corresponding pure metal. High-pressure
experiments (P> 15 GPa) and numerical simulations on disor-
dered packings seem to indicate that maximum expected C, val-
ues are about 0.65, whereas ordered systems may reach the
theoretical value of 0.74 corresponding to face-centered cubic
structures.>"*!32 Note, however, that relatively high values
(>0.75) are obtained for multicomponent (mixtures of small
and large atoms) metallic glasses, consistently with the remark-
ably high elastic moduli of these glasses.

Both interatomic energies (U,) and atomic packing densities
have to be taken into account to interpret elasticity data. For
example, the substitution of Ca by Mg in a soda—lime-silica
glass with 78 mol% SiO, and 15 mol% Na,O does not lead to a
stiffness increase as would be anticipated from the values of the
bonding energies (Uomg-0> Uoca-0): both T, and E decrease
from 785 to 773 K and from 69 to 66 GPa, respectlvely * This is
due to a significant decrease of C,, from 0.487 to 0.482. The
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same explanation holds for the decrease of the stiffness observed
in the same glass system when Mg is replaced by Si. Although
UOSFO > U(,Ca,o > UoMg(VI)@ > UON‘A‘O’ Cg decreases from 0.491
to 0.484 as the SiO, content increases from 72 to 80 mol%. In
the meantime, E decreases from 70.2 to 65.6 GPa. This simple
reasoning can be easily applied to germanate and borate glasses
too. The addition of BaO or Ga,0; to GeO, significantly im-
proves the stiffness although U,g._o (374 kJ/mol) < Uyga_o (562
kJ/mol)< Uyge o (653 kJ/mol). A similar tendency is observed
when Na,O is added to B,O5 or P,Os5 although Uyna_o (256 kJ/
mol) < Uyg o (809 kJ/mol) < Uyp_o (585 kJ/mol). The immediate
consequence is that elastic moduli predictions solely based on
the number of nonbridging oxygen in oxide glasses, on the ionic
field strength in ionic glasses, or on the atomic network con-
nectivity in strongly covalent glasses (chalcogenide glasses) are
questionable simply because these parameters give an incom-
plete picture of the problem, although apparent simple correla-
tions may be observed through given glass systems or within
small network structure perturbations.

Elastic moduli depend simultaneously on the interatomic
bonding energy and on the atomic packing density. Both ingre-
dients are included in the expression for the bulk elastic modulus
(K), which derives from the form of the interatomic potential. In
the simplistic case of a Lennard—Jones-type potential, it comes
(first Griineisen rule)'>*:

U mn
K=V,—5| = U, 2
orily, 9, @

where U, is the atomic bonding energy, V,, is the atomic volume
at equilibrium, and m and # are the exponents of the power law
describing the attractive and the repulsive terms, respectively.

(3) Ab-Initio Estimation of the Elastic Moduli

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
K50 (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,Osz and B,0Os, anticipating what we know today:
Boron in B,O; forms relatively weakly bonded together BOj3
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
to fill the space in the a-SiO, network by means of nonglass-
forming cations, thus enhancing the atomic packing density, to
reach large values for the elastic moduli. The relative error of the
prediction was always <8% and typically ~4%. For instance,
for a standard window glass (say 71% SiO,, 13% Na,O, 10%
CaO, and 6% MgO) this gives E=71.4 GPa (72 GPa experi-
mentally). Followin4g this empirical approach, Phillips®® and
Williams and Scott® proposed refined series of coefficients lead-
ing to a better than 0.13% estimation of Young’s modulus
among large sets of silicoaluminate glasses. However, unex-
plained discrepancies showed up in some chemical systems,
which called for a better understanding of the glass structure.
It appears from Eq. (2) that K is proportional to a volume
density of energy. In the case of glasses, neither the atomic vol-
umes nor the bonding energy are accurately known. Further-
more, m and n depend on the chemical nature of the bonds and
are likely to fluctuate with the composition. Nevertheless, the
former expression gave birth to several theoretical models aimed
at providing ab initio values for the elastic moduli, with excellent
results in the case of diamond and zinc-blende solids and rea-
sonable agreement in the case of oxide glasses.*>’%*> The most
widely used model is the one proposed by Makishima and
Mackenzie,”® hereafter referred to as MM’s model, which ex-
presses E as a function of the volume density of energy, AH,,;,
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and C,
E=2C,Y fiAH), (3)

where the volume energy density of the ith oxide is calculated
from the molar dissociation (or atomization) energy (AH,),
from the molar mass (M,), and from the density of the oxide (p;):
AH}; = p;/M; x AH,;. Although the theoretical prediction of E
as well as the tendencies through series of silicate glasses are
quite satisfactory, the elastic moduli of phosphate and borate
glasses are greatly overestimated. In phosphates, this is due to
the presence of double P = O bonds, which do not contribute to
the network stiffness (the oxygen atom is not bridging), so that
the corresponding energy should be substracted from the disso-
ciation energy of the P,Os compound. In borates, the overesti-
mation originates from the weak bonds between the planar BO;
triangle (to be compared with the B,O3 crystal built on BO,
units). On the contrary, E is greatly underestimated (by over
20%) in the case of germanate, aluminate, and high-modulus
glasses in general (beryllium- and nitrogen-containing glasses for
instance), and when a relatively good correspondance is noticed
between theoretical and experimental data, opposite trends are
sometimes observed. Some refinement was proposed by Rocher-
ullé et al.*® in the case of oxynitride glasses. However, the poor
knowledge of the actual ionic radii and coordination number for
each ion in a glass network as well as the wide range of glass
systems and the correlative structural diversity make rather
hopeless the finding of a universal expression for the elastic
moduli chiefly based on the properties of the individual constit-
uents. Furthermore, such theoretical calculation requires the ac-
tual value for the glass density (see Eq. (1) for C,), so that the ab
initio character is somewhat lost. As was recently underlined by
Daucé et al.,*’ a reliable quantitative estimation based on the
MM-type approach is only possible for glasses with composi-
tions close to those of crystallized compounds for which the ac-
tual ionic radii are accurately known. Furthermore, the
dissociation energy is not a reticular energy and it is not obvi-
ous that C, can be used as an ersatz of the Madelung constant.

Let us come back to Eq. (2) and examine the dependence of K
on the atomization (dissociation) enthalpy, which is a measure-
ment of the mean atomic network energy. For a multi-constit-
uent glass this enthalpy can be roughly estimated from the
properties of the constituents according to:

<%> =Y i/ fiMi/py) “

where p; is the specific mass, f; and M, are the molar fraction and
the molar mass, respectively, with for the ith constituent written
A,B,, according to an ordinary Born-Haber cycle:

AH, = XAH(4, g) + yAH)(B, g) — AHY(A,B,)  (5)

The standard formation enthalpy of a cation is equal to its
sublimation enthalpy whereas for an anion gaseous in its stan-
dard state, the molar dissociation energy of the gas molecules
must be considered. The denominator in the right-hand side in
Eq. (4) represents the whole volume occupied by the atoms of an
“equivalent” mole of glass, provided the volume occupied by
each atom is the same as in the crystal of the raw material in-
troduced during the synthesis. The presence of free volume in
the glass and therefore of an atomic packing density lower than
the one of a crystallized solid with the same composition is thus
not taken into account in this ab initio approach. We will see
further that the advantage of doing so is that discrepancies be-
tween theoretical and experimental K values shed some light on
the actual atomic packing. In the case of SiO;4Cyg, because
there are no thermodynamics data for the actual processing
method, the dissociation energy was estimated assuming a syn-
thesis from SiC (12.5%), SiO, (0.5%), and C (0.375%) whereas
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a polymer route leaving some free carbon in the material was
used. For the residual carbon an intermediate density between
the ones of graphite and diamond was chosen. In the case of
chalcogenide glasses little information was available regarding
the thermod%/namlcs of the studied compositional systems.
Shkol'nikov'** proposed an estimation from the atomic bond-
ing energies and coordination numbers

AH,; = N(U,)(nc) (6)

where (U, » and {(n.) are the mean covalent bonding energy
and the average number of covalent bonds per atom, respec-
tively. This number {n.» turns out to be half the mean coor-
dination number: {n.» = {n)/2. For instance, for GeSe, glass
Uy =1/3(Upse-seT2UsGe-se) and {n.» = 6/5. In cases where
the actual formation enthalpies were available,'* the above
method (Eq. (6)) appears to significantly underestimate the vol-
ume density of energy.

Most experimental K data increase monotonically with the
volume density of energy (Fig. 3). However, there are several
opposite tendencies and in all cases the slopes depend much on
the glass chemical system. Previous investigators attempt to re-
fine the MM model to obtain a better matching between exper-
imental data and theoretical results. Nevertheless, the ab initio
data obtained on the basis of Eq. (4) reveals interesting features
that can be tentatively related to details of the atomic network
structure. The case of borates was already interpreted by
Makishima and Mackenzie’®® as the evidence for an increasing
fraction of weakly bonded-together planar BO; triangle units
with increasing alkaline content in the glass. Because the calcu-
lation is performed with data obtained from crystallized B,Os3,
which is built on 3D cross-linked units (trigonal structure),
the energy density is more and more overestimated when rising
Na,O fraction. In the case of chalco-halogenide glasses, it is note-
worthy that van der Waals bonds are usually systematically ig-
nored in the theoretical models developed so far (most of which
are based on the average coordination number), either
to analyze the structural organization or to relate composition
to elastic properties. However, these relatively weak bonds are
expected to play a major role, especially for chalcogen-rich com-
positions, such as the hydrogen bond in the case of glassy ice. This
is presumably why the calculated energy density seems greatly
overestimated in these latter glasses (Fig. 3). Besides the bonding
characteristics, the atomic packing density is another important
ingredient governing the elastic moduli. The energy data in Fig. 3
were obtained from the properties of crystallized phases. There
are obvious packing density differences between the glass and the
mother materials (starting powders). We will show in the next
paragraph that unlike elastic moduli that combine energy and
packing density, Poisson’s ratio is a direct indicator of the atomic
packing density.

At first sight the increase of the elastic moduli with increasing
Al content in aluminosilicates is surprising because the A-O
bond (502 kJ/mol) is much weaker than the Si—O one (~ 800 kJ/
mol). But in comparison with silicon, aluminum favors struc-
tural disorder and thus the addition of alumina leads to an en-
hancement of C,, which compensates the decrease in bonding
energy. Al is sixfold coordinated in a-alumina, whereas it is
mainly fourfold coordinated in aluminosilicate glasses. As a re-
sult, the atomic packing density is smaller in aluminosilicate
glasses (around 0.48 in sodium—aluminosilicates’’) than in the
crystallized counterparts (Cy~0.75 for a-Al,O53) and the calcu-
lated energy density lies above the actual value for the bulk
modulus. Nevertheless, at relatively high alumina content, five-
and sixfold-coordinated Al show up'*®!* and C, increases. C,
reaches ~0.55 in Y2037A1203 glasses, which possess a bulk
moduli of ~110 GPa.** All these structural considerations
are consistent with the data plotted in Fig. 3. K, <U,/V,),
and K/{U,/V,) increase monotonically with the Al content.
This latter parameter indicates that the glass atomic packing
density gets closer to the one of the crystallized counterparts.
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Fig.3. Experimental bulk modulus as a function of the calculated vol-
ume density of energy (from the physical and thermodynamical prop-
erties of the raw materials).'*'3® The dashed line corresponds to K =
{UoVoy, ie., to m=1 (Coulombian attraction) and » =9 in Eq. (2).
This line separates glasses with high atomic packing density and bonding
energy (above) from those with low atomic packing density and rela-
tively weak interatomic bonds (below).

In comparison with the silicoaluminates, the situation in ger-
manate glasses is reverse. The energy density calculation is made
from available thermodynamics data for the quartz form of
germania, whose structure is hexagonal with three GeO, mole-
cules per unit cell. Contrary to this structure, characterized by a
GeO, tetrahedral framework, GeOs and GeOg polyhedra pre-
dominate in alkali-germanate glasses'®!°! and may be largely
present in (La, Ga)-germanate glasses t0o.®” Consequently, Cyis
probably higher in the glass than expected from the constituents
and K > (U,/V,>. The steep slope associated with the ger-
manate data in Fig. 3 suggests that the Ge atom environment is
very sensitive to the glass composition. The position of a-GeO,
in Fig. 3, well below the line corresponding to K/{ U,/V,> =1
further reflects the rather open structure (low Cg) of this pure
oxide glass, which is likely to resemble that of a-SiO,.

The case of magnesium is interesting because when Mg re-
places Ca in silicates (see for instance the S1 to S3 compositions
in Deriano et al.” where the MgO/CaO ratio is increased while
keeping the MgO+CaO content at 5 mol% in a series of
Si0,(78)-Na,O(15)-A1,05(2)-MgO-CaO glasses), the elastic
moduli decrease (for instance K decreases from 40 to 34.5
GPa when MgO increases from 0 to 5 mol%’* although Mg—
O and Ca—O bond strengths are very close and although <{ U,/
V> is found to increase (an increase is also predicted with the
MM’s model). The cationic field strength is even higher for Mg
than for Ca and both cations have the same valency. The reason
for this discrepancy is that Ca is mostly eightfold coordinated
whereas Mg is sixfold so that Mg decreases the atomic packing
density. A similar anomaly is observed in (Mg or Al)-Ca-rich
basaltic glasses.

The way alkaline ions affect C, in borate, germanate, phos-
phate, and silicate glasses was discussed in details by Giri
et al."* The important finding is that in all cases C, increases
rapidly with the alkaline content up to ~50 mol% and that
large alkali are more efficient than small ones (Cs>K >Na> Li)
for enhancing C,. However, the resulting decrease of the bond-
ing energy may counterbalance the gain in packing density, as in
the case of K,O-SiO, glasses for K,O contents lower than 25%.
At larger fractions of alkaline, the bulk modulus is found ex-
perimentally to increase, although the theoretical calculation
predicts a decrease (Fig. 3).

Despite the simple tendencies observed within limited com-
positional changes, there is no general correlations between the
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elastic moduli, the fraction of nonbridging anions, the glass
transition temperature, or the glass network connectivity.

(4) Poisson’s Ratio, Atomic Packing Density, and Network
Dimensionality

Poisson’s ratio is the negative of the ratio of transverse contrac-
tion strain to longitudinal extension strain in the direction of
elastic loading (Panel B). Hence, v reflects the resistance of a
material opposes to volume change with respect to shape change
and is small for shear-resistant compressible materials, such as
cellular solids,'*' but tends toward 0.5 for incompressible bodies
such as rubber. Although the theory of isotropic elasticity allows
v values between —1 (n 2gative values are found at low strain in
some polymeric foams'**) and 0.5, most familiar materials have
Poisson’s ratio close to 0.3 so that relatively little attention is
paid to the actual value for v (Poisson himself thought his ratio
was constant and equal to 0.5).'** However, glasses exhibit a
wide range of values for v from 0.1 to 0.4, which correlate with
the glass network polymerization degree, hence reproducing at
the atomic scale what is observed in cellular materials at the
macroscopic scale, 144143

The molecular scale governs the glass network compactness
and dimensionality. Poisson’s ratio plays here a very interesting
role and it is quite unfortunate that most reported studies were
limited to Young’s modulus. It seems indeed that the knowledge
of v suffices to evaluate C, (Fig. 4) and to estimate the network
dimensionality (Fig. 5). Although C, values cannot be accurate-
ly measured, mainly because of the lack of actual atomic radius
data (provided it has a meaning), the wide spectrum of glasses
investigated in this review, with different types of atomic bonds,
shows a clear trend: C, increases monotonically with v, from
about 0.41 for an SiOC glass (v=0.11) to about 0.87 for a
PdCuNi glass (v=0.4). This tendency is also observed within
given chemical systems. For instance, in alkali silicates v in-
creases with the alkali contents as the atomic packing density
increases.”>®® In alkali-aluminosilicate glasses, with increasing
aluminum content Al coordination changes from 6 (small Al
quantities) to 4 (Al is network forming) and further to 5 and 6
when there are no longer enough alkali ions to balance the ex-
cess negative char%e within AlO, tetrahedra (for instance when
Al,O3/Na,O > 1) 6139 As a network former Al decreases the
atomic packing density, whereas in comparison C, is enhanced
by sixfold network modifying Al atoms. Consequently, v exhib-
its a slight increase at low Al contents, then a steep decrease up
to Al,O3/Na,O =1 and a regain at higher Al contents.”’ The
same reasoning holds for (Mg,Ca)-aluminosilicates: When Ca
atoms are replaced by smaller and lighter Mg atoms or when Mg
substitutes for Si, C, 1ncreases (although the glass density may
decrease) and so does v.74103 At first glance, a linear dependence
may be observed between v and C, for glasses belonging to
similar systems (v =0.5-1/7.2C, was proposed by Makishima
and Mackenzie®). However, a global overview (Fig. 4) reveals a
more complicated sigmoidal-like trend. Interestingly, carbon
steels, with Poisson’s ratio ranging between 0.29 and 0.33 and
compactness between 0.68 (BCC, ferritic steel) and 0.74 (FCC,
austenitic steel), would also fit the v(Cy) curve nicely.

Furthermore, Poisson’s ratio is correlated to the glass net-
work connectivity. Experimental data show that v decreases
monotonically with {n)» or ngo (Fig. 5). A highly cross-linked
network, as exemplified by amorphous silica (a-Si0O5), leads to a
small Poisson’s ratio (v =0.15), whereas weakly correlated net-
works, such as for chain-based chalcogenide glasses or cluster-
based metallic glasses, exhibit values higher than 0.3 (up to 0.4)
(Fig. 6). Hence, as it was already noticed by Bridge and
Higazy'* in a study limited to some oxide glasses and later for
a wide range of glasses including covalent and metallic ones,'* v
depends on the dimensionality of the structural units. This ten-
dency is even observed within glass series belonging to a given
system and is particularly pronounced when elements with very
different valencies substitute one for the other, such as in the case
of the replacement of twofold Se by fourfold Ge in binary

Elastic Properties in Glasses 3029

0.5

& Si02-Na20

% Rare-earth silicates
| = Oxynitrides

045 X Lead vanadates

+ Silico-aluminates i

I Metallic Pd4oCusoNi1oP2o

0.4 1 AOxycarbide

ma-Sio2

¢ Soda-lime-silicates
41 A (Mg,Ca)-silicates

0.35 Aa-B203

mLead silicates
© Rare-earth aluminates
0.3 { mBorosilicate

2
s
_2 @ K20-Si02
2
@ 0.25 1
o
o

0.2 A

SiO.

0.15 e

0.1 1 Si01.6Co.8

0.05 + t + t + t + t + t t

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Atomic packing density, Cq
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Ge,Se;_, glasses'* or when chalcogen atoms are substituted by
atoms with higher coordination numbers in multicomponent
chalcogenide glasses,'! or also when Na(+1) or K(+2) substitut-
es for Si(4+) in silicate glasses. Conversely, v is little affected by
Al(3+) to Si(4+)"" or Mg(2+) to Ca(2+) substitutions.'* On the
one hand, when there are four bridging oxygen per glass-forming
atom, a 3D network is obtained and Poisson’s ratio is as low as
v=0.15(e.g., a-SiO, or a-GeO,). On the other hand, glasses with
ngo = 3, such as B,03, P,Os, or As,Oj3 glasses (P is fivefold co-
ordinated to oxygen but with a double P = O bond leaving only
three cross-linking oxygen atoms), have Poisson’s ratio close to
0.3, and glasses chiefly based on 1D structural units such as
those solely made from chalcogen atoms (S, Se, and Te) possess
large Poisson’s ratio, typically above 0.28.51!* In aluminosilicate
glasses, when relatively large amounts of Si are substituted by Al,
such as along the 3D vertical line in Fig. 5, charge-compensating
cations (Ca, Na, and Mg) are required to neutralize the charge of
[AlO4]™ tetrahedra and the atomic network disorder increases,
inasmuch that higher Al coordinations show up too. Consequent-
ly, v increases from 0.15 for silica to 0.27 for anorthite (CaAl,.
Si,05).”® Observe still along the 3D axis that the formation of CSiy
tetrahedra based on fourfold covalent carbon atoms further en-
hances the network cross linking in comparison with a-SiO; and,

consistently, v decreases to 0.11 for the polymer-derived
Si0; ¢Co.s composition.” It is noteworthy that Poisson’s ratio
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Fig.6. Schematic drawings of glass atomic network structural units with increasing Poisson’s ratio: a-SiO,, with each Si atoms bonded to four oxygen
atoms; GeSey, where layers of germanium (black spheres) are sandwiched between layers of selenium; a-Se that mainly consists of chain units but some
rings (here Seg) may form too; and a Zr-based metallic glass possibly based on icosahedral-like clusters (Cu atoms (purple) are at the center of Zr-based

icosahedra).

from 0.34 to 0.38 is predicted by extrapolating the bounds of the
Poisson’s ratio domain to smaller cross-link degree or to 0D
structural units. Interestingly, this range is precisely the one re-
ported for BMG,” which are known to lack structural units of a
high order of symmetry. It has been recently suggested that the
atomic network of such glasses consists of quasi-equivalent clus-
ter-type units eventually packed with an icosahedral-like medi-
um-range order!!”!'® (Fig. 6). With a Poisson’s ratio of 0.3, the
glassy ice network would be based on chain-like (hydrogen-bond-
ing chains of water molecules?) and/or cluster-like structural units
(note that icosahedral water clusters were already suggested).®

IV. Towards Glasses Possessing High Elastic Moduli

Even though the search for glasses possessing high elastic mod-
uli is a relatively old topic, it is of paramount interest today with
the need for new light and durable materials stiffer than the
presently available ones. Major issues include:

(1) Increasing computer hard disk rotating speed;

(2) Lowering the weight of windows (saving energy in trans-
portation systems);

(3) Increasing structure stiffness (buildings, biomaterials
implants, and reinforcement fibers);

(4) Optimizing ceramic-sintering additives; and

(5) Designing glass and glass—ceramic matrices with better
thermomechanical performance (aerospace industry, cooking
tops, refractory seals, etc.).

For instance, in order to increase both the rotating speed and
the durability of computer hard disks, Al-Mg alloys are being
more and more replaced by high Young’s modulus glasses. An
enhancement of the elastic moduli allows also for a decrease of
the weight of windows (for a given glass density) and thus for a
significant decrease of the energy consumption of transportation
means."*

One way to improve the volume density of energy of a glass is
through cationic substitutions, looking for the optimum com-
promise between glass formers, possessing high bonding ener-
gies but leading to relatively low packing densities, and
modifying cations, favoring a high value for C, but introduc-
ing relatively weak bonds. Among electropositive elements, i.e.,
those that tend to form cations, the less-electropositive ones fa-
vor glass formation and hence do not contribute to the filling of
interstitial sites and thus may be detrimental to the elastic mod-
uli. Finally, the best results are obtained with intermediate ele-
ments such as Hf, Be, Zr, Ti, Li, and Th for which (except for Li)
the electronegativity (Pauling’s scale) is between 1.25-1.75.%!
High elastic moduli (£ = 145 GPa) were obtained with Mg-al-
uminates containing more than 25 mol% BeO (eminently toxic
oxide), for the synthesis of reinforcement fibers. Aluminosilicate
glasses are used when a high strength is desired: E- (with boron),
R- (without boron), and S- (with Mg) glasses with strengths

(pristine fiber) up to 3.2-4.2 GPa are available. High elastic
moduli are also obtained with the addition of rare-earth (RE)
oxides (E = 110-135 GPa), the best results being obtained with
the smallest RE-cations (Sc, Lu, Yb, and Y).43’4 -0 S0 far, high-
est moduli among oxide glasses were reported for rare-earth al-
uminosilicate glasses with more than 50 mol% alumina.?

A more efficient way consists in replacing some oxygen atoms
by anions with higher valency, such as trivalent nitrogen or even
tetravalent carbon ions. The network cross-linking degree is in-
creased and a rigidity improvement follows. Oxynitride glasses
are a good example of this approach. To the best of the knowl-
edge of the author, the highest Young’s modulus reported so far
for an inorganic nonmetallic glass is E=183 GPa for
YOA14()Si0A232A10A034OO,31N0A29~32 Nevertheless, the substitution of
oxygen for carbon in a-SiO, does not bring the expected en-
hancement. The reason lies in the low packing density in oxy-
carbide glasses. Moreover, it is not possible at standard pressure
conditions to introduce more than ~15 at.% N or C atoms
without avoiding crystallization in nitrogen glasses and residual
free carbon in oxycarbide glasses (Fig. 7).

Indeed, in order to attain large elastic moduli, a high chemical
disorder must be achieved while keeping a strong atomic frame-
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Fig.7. Effect of anionic substitution on Young’s modulus. Data on
oxynitride glasses and oxycarbide glasses are from references [36,42,45]
and [55,56,59], respectively. The insert shows the schematic of the chem-
ical anionic substitution starting from a-SiO, as a parent glass.
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respectively, by means of mechanical vibration method. Those on a-B,03, ZBLAN, and basaltic glasses were obtained

by Youngman et al.,'”* Chen er al.,'”® and Askapour et al.,’® respectively, by Brillouin scattering. Data on glycerol were obtained by ultrasonic echo-
graphy by Slie er al.'”® Other data were obtained by the present author by means of ultrasonic echography.

work of glass-former atoms. This suggests for instance to com-
bine modifying cations of different sizes, such as (Mg, Ca),
(Ti, Zr), and (Y, Sc), with more than one glass former (Al, Si). A
further improvement may be reached by adding some nitride
compounds (SizNy4, AIN) to the starting oxide powders to in-
troduce some threefold coordinated nitrogen in the glass net-
work. In this latter case, high elastic moduli are usually observed
at the expense of the loss of the glass transparency. The fact that
silicon oxynitride glasses possess high elastic moduli although
the Si-N bond is ~50% weaker than the Si—O one suggests that
the network cross-linking degree and the atomic compactness
are the major controlling factors. Hence, such as for a steel
frame in mechanical design, it is the steel beams connections and
the frame geometry that govern the strength and stiffness of the
whole structure, rather than the individual properties of the steel
beam. Besides, it turns out that nitrogen in glass results in rel-
atively high atomic packing densities (C, is between 0.55 and
0.63), as evidenced in Fig. 3, so that the increase of the elastic
moduli might chiefly result from the increase of C, and be only
indirectly linked to the presence of nitrogen, consistently with
the observation that densely packed but weakly bonded metallic
atoms (in comparison with iono-covalent bonds found in sili-
cates) lead to remarkably stiff metallic glasses.

V. Temperature Dependence of the Elastic Properties

(1) Experimental Methods

It remained relatively difficult to obtain good estimations of the
elastic moduli at elevated temperature in glasses until the 1950s,

with the progress in high-temperature USE, BS, and direct me-
chanical vibration (DMV) (including mechanical spectroscopy)
measurements. The present author noticed important discrep-
ancies between data obtained by mechanical methods before
1960 and those obtained more recently by USE, BS, or DMV on
glass specimens with nominally identical composition. For ex-
ample, an early report'#’” (maybe the first one) of elasticity data
in soda-lime-silica glasses above 873 K (i.e., through the T,
range) failed to reveal the transition observed near T, in the
softening regimes, which is a common feature for most glasses
(see Fig. 8). In several other investigations,'**!# static loading
set-ups were used so that specimens significantly deformed (per-
manently) during the measurements. Therefore, earliest investi-
gations, **7'% such as those carried out in Jena, Germany, by
Winkelman'* and Franke,'>? were not considered in this para-
graph despite their invaluable contribution to the progress in
glass science.

The velocities of mechanical waves in solids are directly cor-
related to the elastic moduli and to the density of the solid (see
Panel A). These velocities can be estimated either by propagat-
ing acoustic waves through the solid using piezoelectric or mag-
netostrictive transducers for instance, or by means of the
photon—phonon conversion induced by the interaction between
light (a monochromatic laser beam for instance) and matter.
The first case gave birth to USE techniques and the second one
to BS techniques.

(A) USE: Besides the standard measurements using pi-
ezoelectric transducers and assuming infinite specimen trans-
verse dimension,'”’ a long beam mode set up is particularly
suitable for high-temperature investigations. In this latter case,
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the principle of the method'*'*° consists of calculating E from

the velocity of an ultrasonic pulse propagating in a long, thin,
and refractory wave-guide sealed to a specimen (about 1 mm x 3
mm x 40 mm). A magnetostrictive transducer (300 kHz) is used
and experiments are performed under argon atmosphere with a
heating rate of 5 K/min from room temperature and up to 1673
K. In the present case, the longitudinal wave velocity is about
5 km/sec, and it follows that the wavelength is about 17 mm,
which is much greater than the characteristic dimension of the
specimen cross section. The condition of very long wavelength,
in comparison with the scale of the microstructure, is thus sat-
isfied, and the material response is governed by the effective
properties of the equivalent homogeneous medium. Further-
more, the long beam mode approximation holds, so that E can
be calculated from the density (p) and the longitudinal wave
velocity (V) according to

E=pV} (7

The room-temperature elastic moduli were first accurately
measured by means of piezo-electric transducers (10 MHz) in
direct contact with the specimen. Because the density does not
vary more than a few percent over the range of these experi-
ments, the velocity changes recorded are primarily due to the
effect of temperature on the modulus of elasticity, as was already
noticed by Ide."® Most data in Fig. 8 were obtained using this
technique, which allow for reliable continuous in situ measure-
ments with a better than +1 GPa.

(A) BS: In BS measurements the ultrasound ve-
locities of the longitudinal and transverse modes (V] ,) are re-
lated to the incident light wavelength (A,) to the scattering angle
(d), to the refractive index of the material (), and to the fre-
quency shift Afj , resulting from the energy conversion according
to

76,160,161

V1o = Mi.idho/ (20 sin(¢/2)) ®)

Elastic moduli are then derived by means of the classical
equations for the linear elasticity of isotropic media (see Panel
A). In most cases the scattered light is detected at 90° to the
incident light (¢ =90°). Note that with a peculiar set up con-
sisting of two incident beams intersecting at a right angle and
with the specimen being placed in the median plane (i.e., with a
45° angle between the normal to the specimen surface and the
incident beams), it is possible to estimate the velocity without
knowing the value for n,.2*!%® High-temperature measurements
are generally carried out by suspending the specimen in a small
furnace with two slits at 90° one from the other allowing for the
incident light beam to enter and for the scattered light to reach
the collimator. Heating is mostly achieved by means of a plat-
inum coil.

(B) DMYV: Young’s modulus can also be determined at
an elevated temperature by means of mechanical vibration tech-

Table II.
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niques, including torsion pendulum such as in mechanical spec-
troscopy'®? and mechanical resonance frequency measurements
in rectangular bars.'®*'%* For instance, for chalcogenide glasses
from the Ge—Se system and for the GeyAsyoSesg glass, E(7T) in-
vestigations were conducted in the bending mode with frequen-
cies in the kHz range.!**'%> Experiments were conducted at 1 K/
min under high vacuum (10~* Pa) up to 1373 K on rectangular
specimens (20 mm x4 mm x 2 mm) maintained horizontally
between steel wires located at the vibration nodes. Specimens
were coated with Ag painting (thickness of the order of 4 pm) on
one face in order to allow for electrostatic excitation. Further-
more, excitation and detection are insured by an electrostatic
device (capacitance created between the sample and a unique
electrode). Young’s modulus (E) is then given by

E = 0.9464pF*L* ) W*8(W /L, V) )

where F is the resonance frequency, p the density, v Poisson’s
ratio, W and L, the beam thickness and span length, and 0(W//
L,v) a correcting factor close to 1.

(2) Temperature Dependence of Young’s Modulus

In all cases but a-SiO, (and to a minor extent SiOC glass), the
temperature dependence of Young’s modulus of glass exhibits a
transition range between a slow softening rate and a faster one,
corresponding to the glass transition (Fig. 8). The glass transi-
tion temperatures as well as the room temperature values of E
and the softening rate immediately above T, (dE/dT(Tg)), ie.,
in the supercooled liquid range, are reported in Table II. T,
temperatures as measured from E(7) curves stemming from
USE are usually smaller by 10-20 K than the one obtained by
dilatometry with the same heating rate. This is quite surprising
since the USE method supposes fast displacements of atoms
(300 kHz transducers are used) and is thus more dynamic by
nature (7 is expected to increase with the rate at which matter is
moved). Further investigations are required to clarify this point.
There seems to be two kinds of behavior. For relatively stiff
glasses with £>10 GPa and for T, <T<1.1T,,

E=E(T)T,/T (10)

Less-rigid glasses such as chalcogen-rich chalcogenide glasses,
glycerol, or a-B,0Oj; exhibit a faster decrease of E with T (Fig. 9).
Therefore, it seems that the temperature dependence of Young’s
modulus reflects the degree of “fragility” (as defined by Ang-
ell') of the glass. In polycrystalline ceramics with glassy grain-
boundary phases (see Fig. 2(c)) obtained by liquid-phase sinte-
ring, the fast softening observed beyond 7, is solely due to the
effect of the liquid grain boundary films and pockets (see Rouxel
et al.'®” for a review on this problem). In analogy, it is suggested
that the fast softening of a glass above T, reveals the existence of
nano-domains (island organization) embedded in a softer phase.

Estimation of the Level of Fragility of Liquids from High-Temperature Elasticity Data and Comparison with Data from

Relaxation Experiments

Glass T, (K) E (293 K) (GPa) E (T,) (GPa) dE/dT(Ty) (MPa/K) B(~Ty Bt (literature)
Glycerol'™? 186 6 9.5 —190 0.2 0.65"0r 0.435'%
Ge;oSesd? 365 12.1 10 —230 0.07 6%

Ge;sSeis? 383 13.8 10.3 —80 0.22 0.62!%

Ge,sSel?* 501 16.1 12.8 —38 0.38 0.63'°

GesoSer? 573 17.9 155 —34 0.42 0.63'%°
GepAsySeld 565 18 16.4 —-29 0.43 0.63'%

Y 12.3Si15.5A1,054 /N3 1183 150 122 —103 0.45 0.8"¢

Y 4.56Mg6 3Si16.0Al 1 §054 0N, 1120 134 122 —105 0.52 0.75'7
ZrssCuspAl oNis2 673 81.4 72.9 —108 0.65 0.7'%%

Window glass'®® 835 72 56 —67 0.53 0.55'7 or 0.45"*
SiCg 5750755 1623 110 84.8 —52 0.61 0.66>°

TStretching exponent B of the KWW relationship as estimated from Eq. (11). *Values obtained by means of relaxation experiments. *Planilux, Saint-Gobain Co.
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Fig.9. Young’s modulus as a function of T,/T.

The sensitivity of the elastic moduli of glasses to temperature is
thus expected to bring an original light on the possible existence
of a supramolecular or mesoscopic architecture, as will be fur-
ther discussed in Section V(4).

(3) Poisson’s Ratio as a Probe of the Depolymerization
Process Occurring Above T,

In Section V(3), Poisson’s ratio appeared to be very much com-
position dependent and to reflect the glass network dimension-
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ality. However, the glass composition does not suffice to
interpret the observed correlation between v and the network
dimensionality. Temperature comes into play. This is because
elastic properties are very sensitive to temperature and v is ex-
pected to increase with 7, as the glass gets closer to the liquid
and further to the melt. The fact that glasses on the left-hand
side of Fig. 5 have the lowest T, (314 K for a-Se and about 573
K for chalcogenide glasses in general) and possess relatively
large Poisson’s ratio, whereas glasses on the right-hand side are
the most refractory ones (7, reaches 1623 K for silicon oxycar-
bide glasses), may already partly stem from different tempera-
ture intervals between 7, and ambient temperature. Sets of
experimental data are reviewed in Fig. 10. In the glassy state
range (T'<Ty), for all glasses but the Zr-based metallic glass, v
increases slowly with 7. The glass network structure suffers
mostly from minor changes in this temperature range. There is
nearly no change in a-SiO, but a small perturbation starting at
0.8 T, (~1173 K) and ending at T, which has already been
observed in the temperature dependence of the bulk modu-
1us'®®1% but has not been elucidated yet. The behavior of the
Zr-based BMG below T is quite surprising and calls for further
structural investigation. The decrease of v in the glassy state
range can be tentatively interpreted on the basis of two con-
comitant processes, namely the structural relaxation and the
progressive nucleation of dispersed crystallized domains. An-
nealing treatments just below T, are known to alter the elastic
moduli in an irreversible manner in such rather unstable glass-
es.!7!"! In addition, it was recently shown that in BMGs struc-
tural stabilization as well as crystallization processes may be
enhanced by ultrasounds.!” In Zr-based BMGs, crystallization
occurs almost at T, so that it is difficult to study the elastic
properties of these materials in their liquid state. For other
glasses, inspection of the high-temperature range (7> T) is par-
ticularly interesting. A steep increase of v reveals a rapid net-
work depolymerization, as is the case for organic chain polymers
such as glycerol'”* or polystryrene!” and also for a-B,05.16"17
In B,0; glass, the weak bonds between the planar BOjs triangle

+ (Ca,Na) aluminosilicate - Al/Si=0.50

0.5
A
‘m )2(\ x Glycerol'72
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Fig. 10. Temperature dependence of Poisson’s ratio for different glass systems. Data were limited to elasticity studies performed after the 1950s and
using either Brillouin scattering spectroscopy or ultrasonic echography—except for the data on pyrex'>* obtained by a mechanical resonance technique—
both for the sake of clarity and because reliable and dense sets of data can be obtained in situ using these techniques. Note that Hessenkemper and

Briickner'®!

reported values close to 0.5 for Poisson’s ratio at T~ 1.5 T, both for a borosilicate glass and a standard window glass.
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Panel B: Poisson’s Ratio

Poisson’s ratio (v)
Definition

v

Basic relationships of linea elasticity of homogeneous media

E=2(1+v)u
K =E/[3(1 —2v)]

Peculiar problems in mechanics where v is involved

Nanoindentation measurements:

Viscosity measurements using uniaxial loading tests:

sensitive to Poisson’s ratio especially for low v values

where E, u, and K are Young’s, shear, and bulk moduli, respectively

The experimentally available elastic property is the so-called reduced modulus expressed as: E, = E/(1—V?)

The analogy between Hokean elasticity and Newtonian viscosity leads to: ns = o/[2(1+V)de/df], where 1 is the shear vis-
cosity coefficient. As viscous flow is mainly studied in a temperature range where glasses are in their liquid state (7> T,) so that
they deform with little volume change, v is often assumed to be 0.5 so that the former expression reduces to ns = o/(3de/dz)

Hydrostatic stress along a vertical axis under a sharp contact loading (load P)
on = —(1+V)P/(3nr?), where r is the distance from the surface (from Boussinesq’s elasticity solution)
It is noteworthy that there are numerous problems where v comes into play in the form of 1/(1—v?) so that solutions are very

v=—¢g/g =—L/DxAD/AL
AV ]V = Tracee = (1 — 2v)c/E

Energetics considerations = —1<v<1/2

Note that Poisson’s ratio is strictly defined only for small
strain linear elastic behavior. Most materials with low
Poisson’s ratio, such as amorphous silica (this is even more
dramatic for auxetic materials (v<0)), exhibit highly strain-
dependent elastic properties

units (to be compared with the 3D cross-linked network found
in B,Oj crystal) lead to a temperature-dependent structure, with
a rapid desintegration starting abruptly right at 7,,. Indeed, it
was found by Hassan et al.'” that the fraction of boroxol rings
consisting of three corner-sharing BO; units decreases dramat-
ically with temperatures above T, (by 2/3 from 400 to 1200 K),
through the conversion to chains of BO; triangles. Hence, the
connectivity of the liquid is strongly reduced whereas triangular
molecular units still survive up to rather high temperatures
above T,. Addition of SiO, greatly enhanced the 3D polymer-
ization and its thermal stability as illustrated by the data ob-
tained on a borosilicate glass'>* (pyrex type, Si/B = 3.5). In the
case of aluminosilicate glasses, the general tendency is that a
high number of nonbridging oxygen per tetrahedron results in a
rapid increase of v with T. High alkaline or alkaline-earth con-
tents favor sheet-like units (Al tetrahedra with ngo = 3) and re-
sults in a low network connectivity as shown by Neuville er al.'®
and in a higher temperature sensitivity, whereas at high (Al, Si)
contents the network consists mainly of fourfold coordinated
(Al, Si) and is well polymerized. However, the role of aluminum
is far from being simple. Although basaltic-like compositions
exhibit considerable Al/Si disorder with A-O—Al links (instead
of the AI-O-Si ordering found in crystalline counterparts) and a
significant amount of nonbridging oxygen atoms (whereas four
bridging oxygen per tetrahedron are predicted from the stoic-
hiometry),'** 138 they show little change in v with T, even above
T, up to 1.3 T,. It is noteworthy that for aluminosilicate glasses
in which the amounts of alkaline and alkaline-earth are suffi-
cient to compensate the negative charge within Al tetrahedra
(series with different Al/Si ratios in Fig. 10), a monotonic in-
crease of v is observed from 0.5 to 1.1 T, and in the case of the

composition with Al/Si = 0.5 (58.3% SiO,, 14.7% Al,05, 25.6%
CaO, and 1.4 Fe,03) there is even no change in the slope at T,
but a continuous increase of v through the glass transition. This
suggests that some structural reorganization (fourfold to (five,
six)-fold coordination change of Al?) starts well below 7 in al-
uminosilicate glasses independent of the state of the material
(glassy or liquid). (Panel B).

The cases of a-SiO, and glassy water are particularly inter-
esting because these glasses are often considered as good exam-
ples of golyamorphism and exhibit unusual behaviors. In glassy
water,!"® the glass experiences transitions from the high-density
amorphous phase to the low-density amorphous phase between
100 and 147 K and to cubic and hexagonal ice at higher tem-
perature. The structural transformation between the two kinds
of amorphous ice is accompanied by a significant increase of v,
from ~0.285 to ~0.31. Crystallization above 147 K induces
another jump of v from ~0.31 to 0.33. These jumps stem from
the fact that the shear modulus decreases faster than Young’s
modulus when 7 increases. Although such an increase is expect-
ed through the glass/liquid transition, it is far from being com-
mon in the case of the glass/crystal phase transformation. Owing
to our analysis of the v versus average coordination (Section
II1(3)), this would mean that the cross-link degree (or the di-
mensionality) is greater in the glass than in the crystallized phas-
es of water, and in the low-density amorphous phase than in the
high-density one as well. In a-SiO,, an amorphous—amorphous
transformation was also suggested by Huang and Kieffer'’® to
explain the well-documented thermomechanical anomalies (for
instance the increase of E with 7).'7%'7” This transformation
appears more gradual in a-SiO, than in glassy water and would
consist in atomic displacements similar to those associated with
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the a- to B-cristoballite phase transformation in crystalline sil-
ica.!” The B-form is stiffer than the o one, the natural temper-
ature weakening of the interatomic bonding is compensated. As
a consequence, almost no change but a slight increase of E is
observed with increasing temperature (Fig. 8). The fact that v
remains almost constant from 0.5 to 1.2 T, further suggests that
the liquid keeps a strong memory of the atomic structure of the
glassy solid, with little changes of the average coordination and
dimensionality throughout the glass transition range.

(4) High-Temperature Elasticity and the Fragility of Glass-
Forming Liquids

The temperature sensitivity of the elastic moduli in the liquid
range depends much on the glass composition (see Section
V(2)). The rate at which the glass network structure degrades
above T, was already viewed by Masnik et al. 178 and Youngman
et al."™ as indicative of the fragility of the liquid. Indeed, the
softening rate immediately above T, can be used to evaluate
the fragility of the liquid from the correlation existing between
the softening rate and the relaxation kinetics. Relaxation phe-
nomena in glasses mostly follow a stretch exponential function
(also referred to as the KWW relationship), ¢(7) = exp[f(t/r)ﬁ].
It was shown in a previous work'®’ that B can be roughly es-
timated from the following expression

1

=1 (T/E)(0E/oT) (b

The value for B is between 0 and 1, and reflects the degree of
cooperativity of the relaxation process: f is inversely propor-
tional to the width of the relaxation time spectrum. A frozen
state corresponds to a small value whereas a value of 1 is asso-
ciated with a classical Debye relaxation. Perfectly disordered—
or ideal—liquids exhibit  values close to 1. It was suggested
that the so-called “strong” glasses such as a-SiO,, for which
viscosity decreases slowly with T for T, <T<1.1T,, have much
higher B values in comparison with fragile glasses, such as glyc-
erol and chalcogen-rich glasses.'”® Brawer'*° showed that for
most highly cross-linked glasses f approaches 0.5-0.6, contrary
to polymeric liquids or weakly coordinated chalcogenide glasses
for which B is smaller. For instance, oxynitride glasses exhibit [3-
values ranging from 0.45 to 0.52. It is noteworthy that replacing
E(T) by its expression for the strongest glasses (Eq. (10)) gives
B=0.5in Eq. (11). For glasses based on chain-like structural
units, B is much lower: 0.07 for GeSey and 0.2 for Glycerol
(Table 1I).

Owing to the strong sensitivity of v to temperatures above T,
and to the large differences observed between the experimental
v(T) data collected within various glass systems, attempts to
correlate ambient values for v to physical properties measured
above T, are debatable, especially when v values rank differently
at T, and at room temperature as demonstrated by the fact that
several experimental curves cross each other in Fig. 10. The
correlation proposed recently by Novikov and Sokolov'®! be-
tween the fragility (m) of glass-forming liquid (m = 0log;on/
O(T,/T) at T= T,, where n is the apparent shear viscosity) and
the room temperature Poisson’s ratio (m increases with v) is
therefore questionable, as was later demonstrated by
Yannopoulos and Johari'®* considering a much broader range
of glass compositions with different bond types, from which no
clear correlation could be arrived at. Because the network con-
nectivity and its dependence on temperature are expected to
affect v and n the same way, we suggest future investigators to
pay more attention to v(7).

VL. Other Elasticity Issues in Glasses

(1) Effects of Annealing Treatments

Annealing treatments reduce the free volume content and in-
crease the atomic packing density. Consequently, they induce a
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slight increase of the elastic moduli. For instance, Gillod'>* ob-
served a 15% increase of E in a borosilicate glass (~22% B,03)
after annealing of a quenched sample. A larger increase was re-
ported by Concustell er al.'® in a CugyZr»Tig bulk metallic
alloy after annealing at T,. In this latter case E increased from
106 (as-quenched) to 115 GPa after reheating to T, to improve
the structural relaxation and cooling (i.e., a 8.5% increase). A
further improvement, up to 142 GPa, was observed after a 120-
min long plateau at T, as a result of primary crystallization.

(2) Pressure Dependence of the Elastic Moduli

In comparison with the number of data dealing with high-tem-
perature elasticity, only few high-pressure (P) studies were re-
ported.>18%185 Nevertheless, elasticity investigations under high
pressure also reveal interesting structural changes regarding ei-
ther the coordination number or the atomic packing density.
Using thermodynamics data and high-temperature elasticity re-
sults, Kurkjian er al.'®* predicted that tetrahedral glasses such as
Si0,, BeF,, and GeO; all exhibit a negative pressure dependence
of their shear moduli and found a direct correlation with Pois-
son’s ratio: the smaller the v, the more negative the pressure
dependence becomes. The pressure dependence is expected to
become positive for v>0.25 (B,Os, with v = 0.26, would exhibit
a positive dependence). It is found experimentally that for silica,
the elastic moduli first decrease with P, up to P~2.5 Gpa.'s® At
higher pressure the elastic moduli increase as is the case for most
materials. In silica and silicate glasses, and in low Poisson’s ratio
glasses in general,'®” high pressure induces permanent densifi-
cation. Above 20 GPa, the density of a-SiO, approaches the one
of quartz. In silica-based glasses, very high pressures are found
to increase the average coordination of silicon as well as the
atomic packing density. This results in a gradual increase of v
with P, from 0.15 to ~0.3 above 20 Gpa.'® In the case of glassy
water, K increases but p decreases with increasing pressure.!%

VII. Conclusion and Perspectives

Elastic moduli are relatively easily measurable macroscopic pa-
rameters. It is shown in this study that they can be used to probe
the glass network architecture, at the nano-, micro-, and me-
soscopic scales. Comparative investigations conducted on series
of glasses from different glass systems, with metallic, ionic, or
covalent bonding, reveal the following tendencies:

(1) There is no direct relationship between elastic moduli
and T,.

(2) Poisson’s ratio (v) correlates with the atomic packing
density (C,) and with the glass network dimensionality. The
atomic packing density C, increases with v. Poisson’s ratio v
ranges from ~0.1 for a SiIOC glass characterized by a large
fraction of free volume, to ~0.4 for Pd- and Zr-based BMG.
The network dimensionality (chains, layers, etc.) increases
monotonically with the mean coordination number or with
the fraction of bridging oxygen atoms per tetrahedron, but
changes inversely with v. Hence, for chalcogenide glasses, the
network of which resembling the one of chain-polymers,
v>0.25, whereas in the case of 3D organization, such as in
SiO,-rich glasses, v<0.2.

(3) High elastic moduli are favored by structural disorder
and in the search for stiff glasses, atomic packing density seems
to predominate over bond strength. This implies both chemical
diversity and large coordination numbers for the cations added
to the main glass-forming species. Anionic diversity and for in-
stance addition of anions of valency larger than the one of ox-
ygen also contributes to the stiffening. Multicomponent
oxynitride glasses provide a good example of this approach.

(4) The temperature dependence of the elastic properties
above T, can be discussed in the light of the “fragile” versus
“strong” character of the liquid. The temperature sensitivity of v
in the liquid range can be viewed as a consequence of the depo-
lymerization occurring above T, the rate of which being sug-
gested as indicative of the glass-forming liquid fragility. v
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depends much on temperature above T, but stays mostly lower
than 0.5 up to 7= 1.3 T, except for weakly cross-linked mate-
rials such as chain polymers.

At the atomic scale, the understanding of the elastic proper-
ties of glasses will undoubtedly benefit from improved structural
simulations based on ab initio and molecular dynamics (MD)
calculations. However, better-refined molecular orbital descrip-
tions are needed to account for the subtle atomic organization in
multicomponent glasses. At the opposite length scale of me-
chanical design and civil engineering, the feasibility for making
glasses with specific elastic properties opens new realms of pos-
sibilities, for the fabrication of high precision tools (surgery
equipments made from BMG) for hard disk drives rotating at
very high speeds (over 10000 rpm) or even in the building in-
dustry for innovative load bearing glass structures. In this latter
case, large glass beams and plates are required, and strength
calculations as well as safety criteria in service required a good
control over the elastic properties.
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