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Abstract - Measuring the fracture toughnessJtof glasses still remains a difficult task, raising

experimental and theoretical problems as well. The available methods to estjmate Kviewed,

with emphasis on their respective advantages and drawbacks. In view of our current understanding,
this analysis gives precedence to the SEPB method. The ultimate glass strength, the critical flaw size,
and the indentation load for the onset of crack initiation are discussed, in the light of the fundamentals
of fracture mechanics and classical background regarding the mechanics of brittle materials.

Analytical expressions were further proposed to predict the fracture energy and fracture toughness of
glasses from different chemical systems from their nominal compositions. The theoretical values were

compared with the experimental ones, as obtained by self-consistent methods when available. The
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agreement olesved in most cases suggests that measurgdvdfues correspond to the crack
propagation regime (as opposed to the crack initiation threstaold)supports previous investigations
in glasses and ceramjoshich showedthat a crack tip is nearly atomicalsharp in these materials

(but for metallic glasseskiome ideas to design tougher glasses are fipedigented

I. Introduction

Fracture toughness defines the resistance of a material to the extension @xestprg flaw
(crack). The opening modmeing the most critical for brittle materials it is mostly referred to gs K
i.e. the critical value of the stress intensity factor for a crack opening normal to its mean propagating
plane (mode ). It is an important material characteristics allowinthfoestimation of the flaw size
from the actual resistance or conversely for the estimation of the practical fracture stress knowing the
critical flaw characteristics (size, shape, orientation, and location). A value small& tharb ¥P LV
an indicatim of brittleness and is common faonocovalent glasses(oxides, chalcogenides,
oxycarbonitride) Nevertheless, a glance at Fig. 1 reveals that a wide range of values were reported for
glasses, from about 0.1 to over 20, depending on the chemical sssteom the composition within
a given systenas well Although some correlation were seen betweenakd Poisson's ratioQ
when some peculiar class of glass is under scrutiny, there is no one to onénteegtingly the
softer isnf always the tougher: there are very brittle glasses exhibiting a remarkably low hardness,
such as chalcogenide glasses, and-vagsa hard glasses, such as silicon oxynitride ones, being also
relatively tough.An even larger spectrum is achieved bwyplg on the nanomicro-structural
features by phase separation or crystallization treatments to meetcelassc materials. It is
noteworthy in this latter case tha toughness improvement is not always obsebahuse othe
development of residual sgses upon cooling from the héaatment temperaturevhich is of

paramount importand® understand the behavior of the final product.
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The way to assess brittleness in a quantitative manner is still a matter of controversy and debates
On the one sideinherent brittleness is a very unfavorable situationimplement suitable
experimental methods and to machine specimens for fracture toughness detern@ratios.other
side, the critical load @ for the initiation of damage (cracks, chips) at theface under sharp
contact loading (indentation, scratching, etcatiteastas importanasfracture toughnes#s long as
the problem of mechanical surtadamage (impact, indentation, scratches) and the consequences on
the sructural integrity and orne optical properties areonsideredthe relevance of K as a key
parameter is questionable. Inde®das well as the geometrical characteristics of the microcracking
pattern which depends on the way the glass deforms under contact Issdingequallgssential A
brittleness parameter €BI/K,,, where H is hardnepavas introduced ahb four decades ago to
describe the sensitivity to indentation cracking by comparing the indentation ilizéhev reslting
crack length Nevertheless, ase will show in this paper,arelation between P K, and other
materials characteristics gu as hardness and elastic modtill remain to be established. A major
problem so far lies in the insufficient understanding of the underlying physics, alypémi the
inelastic deformation processeghich are responsible for the formation of imprints and scratches.
Progress in this areéadiscussed in this article.

Another issue with fracture toughness, which was ajreadognized more than a centuag?
and drove much attention since the 1956 the environmental effe¢gtand more specifically the
effect of humidity. Water inhle ambience not only enhanceaadr extension but also affects crack
tips and surface flaws in different ways depending on the composition, and can be either detrimental
or advantageous. For instance water penetrating the surface of amorphous silica induces compressive
internal stressethat decreasehe surface flaw sensitivityThe ewvironmernal effects were widely
documented and review papers were mégepublished on this subjéctSuch effects are thus not
further discussed in the presemaper Besides, the domain of surface treamts (thermal and
chemical tempering, grinding and polishing, coatings etc.), which are known to signifiziéetithe
crack resistance, and became a very important field of activity both in academic institutions and in the

glass industry, is going féreyond the scope of the pent analysis and et consideretiere
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[I.  Experimental methodsfor the determination of fracture toughness of

glass

The critical stress intensity factor in the crack opening m@dg, refereed to adracture

toughnesss mostly determined by meanstbk followingexpressiofi

AR B YF (1) (D proportional)

where V is the actual fracture stress afsample with a prexisting flaw of lengtha (critical crack
size) The proportionaty constant in Eq. (1) varies with loadiegnfigurationand withthe specimen
and crack geometries.

There are numerous methods to evaluate fracture toughness and the crack extension behavior,
among which only a few were popularized og@ddto glassby glass scientist3.able 1summarizes
some of thesenethod$*®. Indentatiorbased methods (IF for Indentation Fracture), based on the
length of cracks propagating from an indearton the critical loatb extend a sharp surface flaare
by far the moscommon, but needs to be calibrated. Then somecse#fistent methods, which are
based on the determination of the peak load at fracture of a specimen with a controlled #aw (pre
crack or notch)includethe controlled surface flaw (CSF), teagleedgenotch beam (SENB), the
singleedge precrack beam (SEPBpdthe chevron notch beam (CN) methods. In the latter cases,
stable crack extension might be observed provided the specimen geometry is carefully designed and
the testing machine (including the sg%) compliance is small enough. In such circumstange;ad
be determined either from the peak load and the corresponding crack length (frid)) &qgfrom the

mechanical energy dissipatear the complete stable fracture procesamely the work ofracture

(WOF = i;N 2 @ @ tU &here yis the specimen displacement at complete fracRitiee applied
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load, S the overall newly created surfaeeea and Jthe fracture surface enepgylhe stress

energy similarity principle provides the follovgrexpression for [

where Es Young's modulus.

It is noteworthy that as temperature is increased, or as the glass transition tempegatisre (T
decreased, or as the interatomic bonding becomes weaker ifrmmaovalent to metallic for
instance), the strestrain curve shows some departure from linearity and the validity of the fracture
toughness test is questioned. This happens for example in chatadgehalcogenide glasses ag T
get closer to room tengpature, or as glass specimen are heated closg $o That some viseelasto
plastic behavior is observed, which ultimately results in the btathiuctile transition. In the case of
metallic glasses, some plastic zone where shear bands were olvsayveéevelop at the crack tip and
the toughness test needs to be validated and mostly requires a fatiguacgreo avoid extensive
plasticity (and extensive bluntingghead of the notch radius.

Amongthevarious methods, indentatidorasedones(IF) have beenvidely used in determining
the fracture toughness dirittle materials This is primaily because of the eador the specimen
preparation, and further faracknucleationfrom a sharp indenteHowever,the use of IFmethods
calls forcaution not onlybecausef the complexity of the microcracking pattern, but also because of
the significant contribution of densification and pilp to the formation of the imprift®®. The
occurrence of densification alreadyove Arora et af’ to differentiate between anomalous glasses
and normal ones, in view of their indentatiorackingbehavior Chiefly fourfold coordinatedjlasses
(silica-rich glass for example) were found @aperience densification and to exhibit cone cracking
(anomalos behavior) beneath a Vickers indent€he following statement was mafiee years ago
by Lawn et af’ in a review paper on sharp indenter probing of mateia8:RPH PDWHULDOV« P
undergo densification by compaction or phase transformation from thlens@ hydrostatic

FRPSUHVVLYH VWUHVVHV ZLWKLQ WKH LPPHGLDWH FRQWDFW
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indentation is more readily accommodated within the compaction zone, diminishing the intensity of
any residual stresses. Expanding cavity models then no longer vali¢. High pressure
investigations conducted in the pfifeen years on series of glasses from different chemical systems,
either by isostatic loading or by sharp contact loadimiformly concludedto densification mostly
contribuing to over 40 % of the indentation deformafittt*® The indentation cracking behavior is
clearly very sensitive to the extents to which densification anduyglelevelof?*® Interestingly,
Poisson's ratio  shows up asan index allowing for asimple (but rather rough) discrimination
between densification and shear ff{{. At low Qdensification prevails and ring/cone hertzie
cracking is observed {&i0, and SiQ-rich glasses, borosilicate glasses), so that radial cracks are very
limited and indentation cracking methods result invlues being overestimated. At larggshear
(pile-up) is favored and radial as well as lateral cracking occur, unless ductility and toughness prevent
from extensive cracking, as for-Based metallic glass€Fig.2). The volume of the affected zone
might be very different for glasses having similar hardness and Young's modulus depending on their
respective abilities for densification and shear flow. Therefore one can easily understand that K
values determied by the IF test may be very different from those measured byoseistent
method®’. Typical examples of situations where the indentation cracking behavior would lead to
greatly overestimate #are shown in Fig3°**%. Glasses displayed in Fi§.can be viewed as resistant

to indentation cracking, but this does not necessarily entail a large toughness! An attempt to account
for the elastic recovery and the pilp of matter by Feriggave agreement between experiments and
FEM modelling in the casef perfect elastglastic materials (i.e. not for glass!). A classical plastic
yield criterion sounds inappropriate in view of the physics of densification, which is a kinematically
bounded process and implies strhardening, as well as concomitant ctpas of the elastic moduli.
Besides, none of the equations associated with the estimationfadnkK IF method (and there are

over 19 of such equatiolisyields a value close within 5% to those obtained by standardized methods
that are recognized as setinsistent, regardless of the glass composition. A comparative study of IF
with other methods such as SEPB, CN and CSF yields the same conclusion considering ceramics with

controlled microstructuré®®. The recently obtained data regarding densificatind sheaiflow
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phenomena in glasses are very encouraging and open new realms of possibilities for the search of
sensible fracture toughness expressions dedicated to this class of Mkfterialthe case of glasses,

K. values as determined by IF are tgily 20 to 60 % shifted from SEPB or CN values, and the shift

differs from one chemical system to the other. For example Vullo “trehorted values ranging

between 0.37 and 0.563D ¥P E\ ,) PHWKRG ZLWK GLIITHUHQW HTXDWLRQV
the CN method for the SF6 lead silicate glass from Schott (Bblor a leaecopperborate glass

with 10 mol.% CuO (table?), IF values are between 0.35 and 8B D ¥P GHSHQGLQJ RQ
equatior®, while the SEPB one is 0.423 D ¥R relatively goodcorrespondence is noticed though

for a classical window glass (sctime-silica system) which was often included in the series of

materials used to calibrate the method.

On the one handF, CSF, and IS methods are simple evaluation metfads,., butremain
essentially empirical and inaccurat@n the other hand, SEP&8d CNmethods ardoased orwell-

defined crack geometries ahdnefit from seHconsistent expression for teress intensity factors.

In the SEPB te&t'"'*?  a poppedn precrackis prepared on the single edgetiee specimen
so thatthe tip radius of the poppéd crack is atomically sharpand problens of the crackip
roundness or notch widre solvedSome specificationgegardingthe bridge indentationeed to be
accountedor though The SEPB method usé®e bridge indentation to pem a sharp prerack from
a notch slit or froman alignment oeveral indentations with radial cracks. The bridge indentation
setup consists dfvo paralleland weltpolished bridge anvilsAn indented omotchedspecimen is
sandwichedetween the anvils arldadedin compressiomntil a precrack pops irffacousticemission
can be used to monitor the event and to control the machine act@aban) techniques to produce the
sharp precrackwere also reported in previous papéts K is thencalculated fronthe precrack
depth and fromtheloadat fracture of the preracked beam during a thram four-point bending test
Although operator skill and experience are required,ctlaektip obtained in the SEPB method is
ideal for determination of § so that he SEPB method isencerecommended to measure a glass

toughness.
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The CN method™®*®?® is an alternate suitable salbnsistent technique. The
chevronfriangular) notch is machined not only in the foar threepoint bend specimen but in the
short bar or rod. Since the CN specimen makes it possible for a crack to propagate stably, the short
bar or rod specimen is used for determination of fractureasirfenergyfrom the load vs
displacement curvduring stable fractureThe fractureorigin of the CN specimen &lwayslocated
at the tip of chevronFracture toughness can be calculated from the maxilmadhcorresponding to
a critical crack extensioand thus to a sharp crack tignd from the sample geometriesthout

measuring the crack length

Il . What we know about the ultimate glass strength and the actual

weakness of glass?

a) The ultimate glassstrength

The ultimateglass strength, orthe intrinsic glassstrength, can be estimated from tfaélure
strength or straimt fracture of pristingdsupposediyfflaw-free) fibersin inert condition The intrinsic
failure characteristics are then derived by making some assumptions regarding the constitutive law for
the nonlinear elastic behavior, especially at suchighstress levelln the previous review papers,

Kurkjian et al®*®*

explainthat the intrinsic strength should inclueliéects of intrinsic features such as
defects frozefin structural inhomogeneity, but not the effects of extrinsic contact damage. Therefore,
it is considered that the intrinsic glass strength is a functiomydeeature, fictive temperature, strain

rate, and glass composition. Since the practical glass strength is in general controlled by the extrinsic

flaws and/or by slow crack growth,is very difficult to evaluatehe effects of the glass composition
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on stength (See the Mould plétFig. 4). In the Mould plot, log Us plotted against log according
to Eq.(1). Fromthis equationit is found that fracture toughness of glass shifts the posifithe
Mould's plot up or downAs shown inTable 2, however, the compositional variation of fracture
toughnesss much smaller than the variationgiiss strength with flaw depthn order to evaluate the
effect of composition on glass strength, one should obtain the strength of glaasiog only
inherent flaws. In fact, Brambilla and Payrfé reported that silica nanowirenanufacturd by
SPRGLILHEURURHQJ Vetibits @dnSidekably higtensilestrength, ~ 26 GPa which is
close tothe theoretical limit of silica strengths estimated fromYoung's modulusthe mean

interatomicdistance andthe surface energy

The exceptionally high strength of fibers free from extrinsic flaws requires the use of a two
point bending loading seip. Thismethodis advantaged by the absence of fiber gripgiegices, and
can easily baisal in inert condition(liquid nitrogen. One disadvantagioughlies in thedifficulty
of determination othe failure stresssince the strain is the sole experimentally available parameter.
Besides, the intrinsic fractureress is associated to unusually large strain, over 0.1. In this, thege
consititutive law is ndonger linear. Neverthelesssome attempts have been reported to olitsen

precise values of the intrinsic failure stress from thepaint bending failurestrain§*®.

The variation of the intrinsic strengtlith the composition obxide glassesvasinvestigated
with this techniqueThefailure strain of binary silicate and sodium aluminosilicate glassesfound
to increase withan increasingnumber ofnonbridging oxygenatoms(NBO) in glas&®. Figure5
shows a relation between the intrinsic failure strain of binary silicate glasses and NBO conc&htration
The authors explained that the presence of NBO appears to allow the glass network to deform more
prior to fracture. In addition, it has been also reported that the intrinsic strength of binary sodium
silicate glassescales with theihardnes®. This observationis interesting, because hardness is a
measure of flow under sharpindenter while fracture occurs under tensidnthorsput forward the
hypothesis thaboth failure in tension and flow during indentatimmeassociated witlthe breakage of
Si® i5i bonds or S# #Na bondsin glass. Althoughthere has beelong lasting debatesabout a

relation between hardness and strefigfhthe physics behind still remain to be elucidafEhis is
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probably due to the complicated mechandfmermanent deformation in glagsambient conditions

The other interesting phenomenon on 4uant bending strength of glass fibers is Inert
Delayed Failure Effects (IDFE)JDFE means the rate dependence of the intrinsic strength in inert
condition. Utike the normal fatigue behavior of glass in humid condition, the failure strain increases
with decreasing the strain rate. Fig@ashows one example of IDFE for p&SiO, systenﬁ3. The
authors claim that IDFE is related to silicatetworkmotions associated with ndmidging oxygens
(for exanple, internal friction of NBO)AIthough the detail mechanism of IDFE is still unclear, such
an energy dissipation process as ion motion under high tensile stresomba}the ultimate glass
strengh. Further experimental and modelling works will be highly required in this exciting research
field. Actually, recent MD studies of intriits naneductility in glass mayhelp us understand the

ultimateglassstrengtff®.

b) Surface flaws, indents and associated residual stresses

As stated inlll a), the practical glass strength decreases due to the extrinsic contact glamage
Even after heat treatmeat a pristine glasat far below T, a rather striking decrease of the strength
has been reported (See H. The effect of the heat treatment agseto be a surface phenomenon.
The original strength is restored afteibsequent etching to remove a thin layer of surface dway
Mould®® describedthe effect of annealings asurface phenomenpand namedthe surface "flaws"
thatare enlarged by heat treatment as "structural flaws". Howasadouldhimself recognizedh his
paper the question of the size of the structutais remainsopen:Even thougha size of ~10 m is
predicted(Fig. 4), suchflaws, which should be detected, were not obser¥gdirationdue to water
diffusion’® is a key phenomenon to understatié strength reductiorbut further experimental and
modelling works will be required in thiscientific area to clarifithe relation between surface and

mechanicapropertesin glass.

In principle, the size of the critical surface flaws from which fracture originates can be
estimated from the actual glass strength, knowing its fracture toughneg4)jEgig. 4). In order to
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get some insight into the stability of natural flawse indentation tesghows up as very interesting
technique An indentation leavea permanentmprint, which is thesource for aesidual stres$eld

that chiefly arose fronthe volume strain around thiplastic' or "process"zone. If the stress
concentrates at the tip of the natural flaw in glass, thepop crack can be observed. This is called
the indentationinduced crackingand the onset for cracking can be detected by slowly increasing the
indentation load and monitoring@ustic emission, or direct-situ observationActually the driving

force for the opening of cracks from the indentation corners depench on the glass composition.
The E/H ratio and Poisson's coefficient were identified as key parameters to esignatensity of

the relevant stress compor®ft This is illustrated in the isocontour map in Figor the tangential

normal stressV, |( E $2) (where | is the angle around the loading axis, afithe angle to it; E 32

corresponds to the surface). It is noteworthy in Fighat glasses with larg&will develop large

residual stresses and are prone to extensive radial cracking. However, bear in mind that a sufficient
toughness might impede the formation of cracksfaasexample the indentation edges become

blunted. This is presumably why ductile metallic glasses exhibit no visible cracking, and to a lesser
extent why oxynitride glasses (with (k1 03D ¥P HISHULHQFH OWMRiIleWHG FULI
sulfophosphate and chalcadge ones suffer from extensive damaBemark in Fig.7 that the low

brittiness glasses develepby Sehgal et al', with E/H~14.7 and®0.18 are precisely in the red

coloured areas corresponding to the zress contours fol( F $2) (and in the compressive side

for \4( EO) and Vi |( E $2)).

Indentationtestswith sharp indenterareof great interest to evaluate the resistance of glass to
crack initiation, which can also be viewed as a criterion for the resistance toward mechanical surface
damageThe critical load (F) from crack initiation at the indentation site is not easily mests First
of all, different types of cracks stem from an indentation loading experiment, some of them being
hardly detectable either because they are located beneath the sutf@cause they align with the
indentation edgé. Besides, indents that seem to be optically crack free, turn out to have some

microcracks when observed at much smaller scale by AFM or SEM. In addition, some cracks show up
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with some delay, after complete unloadifigpe critical indentation load correspding to either the
occurrence of cracks from two indentation corners (Vickers tmstp achieve a 50% cracking
probability” is illustrated in Fig8 for several families of glasses, together with the prediction of two
popular models developed by Lawh &' and Hagafi. Although these latter models provide a
qualitative description of the observed tendencies in some cases, they don't seem appropriate for a
guantitative estimation of ;Ffor glasses with various compositions, ddes mostly not follow a

K\.'/H? relationship as was proposed in refk16]. To the best knowledge of the authors, no model is

able to provide a reliable prediction of thecnoicracking initiation load in glasses yet. Again, models
inherited from an elastplastic analysis of the mechanical fields at the indentation site are poorly
suited to glasses. Densification and the-pjeof matter by isochoric she@s discussed iprevious

pape842—44,78

, need to be taken into account. The mean crack length over the four corner cracks
produced by a 9.81 N load (Vickers test) is shown for sake of comparison for different glass systems
in Fig. 9. Of course, direct measurement determination of the residual stress is of primary
importance to evaluate the critical load for indentation crackiBgefringence techniqi&

cathodoluminescence techniti@ndmodelling*® are orgoing works to obtain the residual stress

map around the indentation imprint.

IV . Dependence on the glass atomic structure and composition

In order to compare the fracture surface energy and the fracture toughness of glasses from different
chemical systems or with different compositions within a given system, it is interesting to reach
theoretical expressions for bothand K. shedding lighd on the particular importance of some
structural characteristics such as the atomic binding energy, the atomic packing density, the specific
mass, the molar volume etc. A relatively simple approach to predidtamgl K. in a quantitative
manner consistsl assuming thad propagatingcrack extends following a path disrupting the weakest
links of the energy landscape and to estimate the surface drargthe bond strength and the bond

concentration along this fracture surface. Although this theoretialysiseludesany relaxation or
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surfacereconstruction mechanison the fracture path, and further ignores the fine structurallslet

of the atomic network, #vas found to provideland K. values in agreemesntvith the experimental

ones when suctalues were availabté In this approach, the intrinsic (or theoretical) fracture surface
energy is obtained from the surface density of representative structural units and from the relevant
bond strength. LetUand M, be the glass density (specific mass)d the molar mass of a

representative unit (grasatom of glass), then the volume concentration of the gram is expressed

as:

ée’LE,Jé (3)

where é is Avogadro number.

The surface concentrationtlsen

6 7
éxL %éA 4

A plausible value forJis obtained by considering the number and the type of bonds involved in
the fracture process as the crack procetbdsugh the considered structural unit. Letbe the
stoichiometric fraction of the species involved in tfediatomic bonding energy dJ(in J.mol"),
between the"i cation and a first neighbor oxygen anion in the case of an oxide glass, armkl#ien
number of such bomsdsupposed to be broken as the crack front propagates to the next unifjghen

expressed as
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5 67 .
@ @A &7 T AgTudifau (5

where the ¥ prefactor on the right hand side member accourtseféact that the bond disruption

process leads to the formation of two complementary surfaces (a crack has two walls) .

The bond dissociatioenergy in polyatomic molecules, radicals or structural units is notoriously
difficult to measure accuratelyrgie the mechanism involved in the measurement is usually not well
known. In order to estimate the@ cationroxygenbond strengthwhere bothelementgarticipate in
a crosslinkedglassnetwork, Suff proposed to casider the dissociation enthalpy ®50,) of the
A0, compmund and to divide this quatytiby x and by the coordination number of Adrygen
Recall that D(AQy) is simply the sum of the atomization enthalpy (gaseous species) of the atoms
(x"H(A,9)+y '1H(O,g)) and the negative of the enthatgfyformation of AQ, ('{H(ALOy)). A major
disadvantage of this method is that the coordinatiomber is required, and this number might
experience changes from one chemical system to another, and even within a glass network for a given
element Besidesthis approach ignores any other interactions, such as the repul€iver@ in the
first coordination Bell around A, which would result in an underestimation of the attraéti@bond
energy. Another way consists in simply taking th&MAond dissociatio energ in the AB diatomic
molecule, D°(AB), which is the standard enthalpy change for the fission reaction, usually measured
by spectroscopy or mass spectrometry. Of course, in this latter case, the bond electronic peoperties
usuallyquitedifferentfrom the actual ones in the connected network. Indeed, the fission enthalpy can
be seen as an upper bound, corresponding to the limit case where all the binding energy concentrates
in a unique bond. In what followthe first way is referred to as Sun'sthw, and the secoraheas
the D°(A-B)' method. Bth ways are further explored and discussed different chemical

compositions
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The atual volume occupied by the graamtom of glass is mostly significantly larger than the sum of
the volumes of thendividual atoms constituting this unit, as estimated from the ionic radii (i.e.
assuming a particular value for the corresponding valency and coordinthkes) from the

literaturd®, Agv ué Tg\. This is where the atomicapking density comes infalay

X L o]
% L A‘Osll%o (6)

where \} is the molar volume (graratom).

Let§ further write <> the mean bond strength considered in the fracture process,

<Uy>= AyTyJdy7a gthen Jecan be written

7

@-—Z KAgv uéTUI\ﬂo?f’ &5 757 07, P (7)

This expression emphasizes the independent roles that plapdC<U>. Eq. G-7) andK =
(2 JEY?(E": the plainstrain Young's modulusyere applied to 2 glasses with known elasticity and
fracture toughness characteristics (tabl€Fig. 10), including7 commercial glassesom different
glass making companie$he way the calculation is domediscussedtase by caséor the different
chemical systems under scrutifhesefew exampleshowthat an efficient packing (largejOmight
compensate a weak bonding energy and-versa and that a minimum surface energy estimation is
in agreement with the experimental vadu& simple bond energy approach of fracture toughness was
already proposed by previous autffbfsr brittle materials. In thigormer studythe surface energy
for the fracture of crystalline solids was calculated for various crystallographic orientatianthe

actual lattice constants and the relevant bond dissociation energiasasthenderived accounting
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for the elastic moduli for the crystallographic orientation of concern. The modelxivapaated to
simple anerphous materials having the sasteichiometry as the studied crystalssuming thathe
actualsurface energpf the glassscales with itglensityand is proportional to the one of the crystal
which results in overestimatisrior Jand K. of most of thestudied glassés In thepresent model,

the glass density comes to the power 2/3

‘gglass): Jcrystal{ l(blass{ l-(trystalpm3 (8)

Recall that an elastic moduli reflects a volume density efggn(a Pa is a J.i) and that some
correlation exists between the bulk modulus K, the overall dissociation entkalidy gissoe>) Of the
glass networR®, and the molar volume (¢M/ ), then neglecting Poisson's ratio effect, Young's

modulus (E=3(32 QK) is proportionako the glass density

E D(< I Ha disso<-:>/M) U 9)

Finally, we obtain

ch(glasstlc(crystaI) § l(blass{ l(&rystal))S/6 (10)

Validity of Egs.(8) and (10) suppose that crystal and the corresponding glass with the same
stoichiometric composition have strong similarities from the energy viewploire. comparative

study of the indentation cracking behavior of (Na,CaKjminosilicate glass&sa correlation was
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proposed between Kand the fraction of nebridging oxygen atoms, sincekwas found to be
continuously increased from 0.92t0 1.2283D ¥ P DV Wikdihg@®R/@en content was decreased
from 34.36 to 13.36 %. However, our results using the CN and SERB®dsetdo not corroborate
such a tendency. PureSiO, is characterized by a,Kvalue very similar to the one of sodane-

silicate glasses, and the IF method sounds inappropriate-30D,aand SiQ-rich glasses since
densification in those glasses (due to a significant free volume comgatilesthe formation othe
radial/median crack systerm these latter cases, the absence of surface radial cracks extending from

the indentation corner cannog related to a dramatic improvement qf, lds discussed inl§.

a) Amorphous silica

Although amorphous silicaaSiOQ,) is often considered as a model glass mateitighosseses
unique - and somewhat anomalouspropertiesthat deserve for an independent paragraph. For
instance &i0; is characterized by a low atomic packing dengitgventingfrom reaching high
elastic moduli and toughness in spiffiea relatively strong interatomic bondingor purea-SiO,, the
gramatom writes Si 40,3 and weighs 20 g/mol. With a specific mass of 2.2 g&mhis gives a
molar volume 08.1cm® (V=M V). A surface concentration of the graatom unit of 1.64 18 m?is
further obtained by means of Hd). Such a calculation for the surface density was already proposed
to estimate the surface density of silicon a@mthe surface of silicon dioxide powd&feand along a
crack path of &i0O, sample¥. The fracture surface energy is then calculated usimg (5)
considering that one & bond is broken per %, tetrahedror{n=1 in Eq.(5)) since the crack front
is likely to travelto the next unit once 8i-O-Si bridge between twtetrahedras broken.The one
disrupted SO bond per tetrahedrohypothesis was previously found to provide a maximum bound
for the number of dangling bonds per unit area of fracture surface in amorphod3 Slticasidering
first the D°(@A-B) estimation a valueof 799 kJ.mot is reportedfor the Si-O bond”, which gives a
value of 3.62 J.ihfor J A theoretical prediction for K is then achieved, taking (B=(70 GPa,

0.15). A value of 0.7a MPD ¥P LV ILQ D Guiith isHTagrEgment with the experimental
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values(0.73) as measured using the D@aethod in inert environmento prevent against moisture
effects®. Then, using théhermochemistry data from re83, a dissociation enthalpy of 1859 kJ.thol

is calculated for Si@ Following Sun's model, this further results in aCSbond energy of 465
kJ.mol', and in Jand K. of 2.1J.m? and 0.5503D ¥P ZKLFK DUH VLJQLILFDQWO\ \
experimental valueslt was suggested by West et®alusing asemiempirical molecular orbital
calculation that fracturein aSiO, is accompanied by aeconstruction of the fractureurface,
according to whichlarge (four to sixfold) silica rings contract to form smaller rings, with
consequentlyn energy barrier for fracture as small as 38 kJ‘rtwhich would lead to theoretical

values of less #n 1 J.nf and K. smaller than 0.4 M D ¥#r an SiO-Si bridge within a sixfold

ring structure.Fracture was thusexpected to proceed through the langembered rings. This
reconstruction mechanismas latercorroborated by the fact that the number dr®l groups
countedon a fracture surface is less than the theoretical number of brokerbdielerthelesshe
agreement betweedhetheoretical values we have reached in the present sfitiolyut accounting for

any reconstruction process and possible relaxation mechanism at the crack tip, and the experimental
ones which were abundantly reporiadhe past fifty yearsand always gave Kbetween 0.7 and 9.

MPD ¥dhd Jbetween 3.7 and 8.J.n¥ #9190 suggestthat thefracture surface energy is strongly
correlated to thetandard enthalpy change of theCGsbond dissociation reaction, and to the surface

1192 who concluded

concentration of such bondBhis result gives credit to the analysisSufhultzet al
that fracture is a dynamic process and might therefore not comply with the structural features
identified by molecular orbital simulation or pesbrtem physiechemical investigations. They
pointed out for instance that charge bakms a necessary condition for cleavage planes in ionic
crystals (planes resulting in more positive charge on one side and more negative ones on the other are

excluded) and thatleavageplanesin crystals vereoften not following easy slip planesnd caldn't

be easily predicted from the charaidtics of the crystal structure.

In what follows, for sake of simplicityand because theoretical results were found to compare well
with the experimental ones, we will consider that the crack extends alomngst lenergy path wiiin

the characteristic energy landscape of the glass atomic network.
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b) SiO,-based alkaline and alkalineearth glasses

As far as the amount of alkalireend alkalineearthcations is small enough to keep the number of
non-bridging oxygen per SiQ), tetrahedron smaller than one in average the calculation is thade
same way as for -8i0,, considering the atomic fraction ;\xof every cation entering the
stoichiometric formula of the glass, i.e. accounting for the wea® and/or AEO bonds in the
network. For instancestarting first with the D°(AB) values as for-8i0;, U, o= 256.1 kJ.mot and

ONa-O™

Uoe.,=383.3 kJ.mdt, so that the addition of M@ and CaO leads to a decrease of the mean-gram

0Ca0

atom bonding energy <M for a soddime silica glasqsuch as a window glass, W) comparison
to aSi0,. However thanks to a significantoncomitanincrease of ¢ a fracture toughness value of
0.734 03D ¥P LV ed8,U.elwelyEMse to the value forSi0,, and again immgreement withthe
experimental valu¢0.680.72), as obtained by means of sahsistent methods in inert environment
or at a velocity large enough to reduce stress corrslois noteworthy thattte compensation of the
smaller energy content by a better packingsity is also effective on the elastic moduliwES ¢

siop)- Valuesaround0.69 03 D ¥were calculated for titanium sodium silicate glasses. These values

are also close to the experimental onesQ(@d 0.6§* but K. tends to be overestimated as the
Na,O/SIG, ratio is increasedrom 0.116 to 0.263Fig. 10(a)). It is suggested thatsasoon as the
overall alkaline and alkalin@arthcontentexceedshalf the silica content, at least one HAmidging
oxygenforms per silica tetrahedron so that fractureupposedo follow these weak bahpath.The
fracture energy and fracture toughness of a barium titanium silicate with 30 mol% BaO for 60 mol%
SiO, were calculatedccounting solely of the fractions barium cations for <i» in Eg. (4), and
values of 2.32.m* DQ G 03D ¥P ZH WK, RFEVDXIHQRIIG 0 Ireasiredd/D V
the SEPB methd®. Such a differencés likely to stemfrom the fine details of the atomic network
organization, among whidbariumbeing preferentiallyocalized near titaniurdased structural units
where Ti is mostly Sold coordinated to oxygerand T+O bond strengtibeing lessthanthe BaO
oneé®™®, Again, when the theoretical prediction is carried out with Sun's modglyaues are

typically 30 % smaller than the experimental ones (Fi§o)).
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It is noteworthythat theoretical and experimental value® in agreemenin the case of more
complicated compositions such as those of the seven commercial §fdSsesduded in the analysis.
In the case of the phosphditesed laser glass, the calculation was also done assuming one bond
breakage per phosphbased structural unit (mostly 3 single bond oxygen links and one double bond

with a fourth oxygen) (FiglL0).

¢) B,Os-based glasses

Amorphous boron oxidea{B,Os) and BOs-rich glasses are prone shear flowunder a sharp
indenter and to densification, to a lesser extent th&i0athough This is likely whythe theoretical
K. values calculated for pure s glass(0.350.43 03 D ¥ Where boron is-Bold coordinated to
oxygen in Sun's modekoundquite small in comparison tthe results from thdF method ((®54
03D ¥#'® RU IURP WKH 6(1% P HWKWich aretheddhy ay&lablalata fora-
B,0O; to the best of the knowledge of the authdtris noteworthy that for the SENB method, Vernaz
et al. used a 0.35 mm thick diamond disc. Such a large notch is also a likely source for the
overestimation of K. Therefore, in the absence of reliabd@ghness values forByO;, the available

IF and SENB values were not plotted in Fig.

A series of lead and zinc borate glasses with different amount of copper were recently
characterized by means of the SEPB me'thadd it turns out that for alompositions but the ziac
copper borate with 10 mol.% Cu@he theoreticaK . valuescalculatedwith the D°(AB) values
under the assumption that only-Bhbd ZrO bonds are met on the fracture path,iarde 0.33-0.36
03D ¥interval, i.e. near the vala predicted for pure-B,O;. The theoretical values ar@
agreement with thexperimentalones, which range between 0.35 03D ¥P ¥ bEdH
similar glasses by the controlled surface microflaw technit§ughinkai et al'° found a toughness of

03 D ®Pthe BO;3(50 mol.%3}PbO(50 mol.%) compositiorit is noteworthy that despite a
relatively large fracture surface energy feB#D; ( £4.99 J.rif), mainly due to the strength of the B

O bond (U4 ,=809 and 394 kJ.mdl with the D°(AB) and the Sun's models respectiyetie
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theoretical fracture toughness is about the same as for thealedine borates glasses containing
50 mol.% PbO and ZnO respectively, and characterized by much smaller valudg<iod.m?),
thanks to a much larger elastic moduli, for the Bhd especially for th&Zn-borate glasses than for
pure BO; glass.Toughneswvalues obtainetly indentation cracking methamh pure &B,0; areabout
03D '¥¥. This is much larger than the thedieal prediction Let's recall that boratéch
glassegsaycontainingmore than 20 mol.% #8s) experience significant densification at the Vickers
indentation site™!, and besides that some inelastic shear flow is also likely to occtBDalue to
the low glass transition temperature of this glass (268*&)d to the network being built on trigonal
boron units.Therefore the higher experimental vakief K,. are probably related to the remarkable
plasticity at the crackip in B,Os-rich glass and/or to less residual stress due to significant

densification

d) Silicon oxynitride glasses

Silicon oxynitride glasses are obtained by conventional melting in argon or nitrogen atmosphere,
typically up to 1750 °Cadding some itride compoundssuch as AIN and &, in the powder
mixture. Nitrogen is found in the glass network to substitute for oxygen and to foi(i@,$),
tetrahedralnits, where nitrogen is mostly connected to three tetrah&iinge nitrogeris threefold
coordinatedvhereas oxygers two-fold coordinateda signifiacnt improvement of the croefiaking
degree is achieved, which resuilh better mechanical properties in general. For example Young's
modulus as high as 150 GPa is typically measured on glasses froreE-Bi&IRN system (RE: Y,

Nd, Lu etc.J. In such glasses, the mean energy <l Eq. 7)) is caculated considering i one
Si-N bond is broken pesi atom involved in SN bonds(Si(O,N),, tetrahedra) The amount of such
Si atoms igaken as3/4xy (asin SikN4), and the remainingilicon formingSi-O bonds equal to g¢
3/4xy. For example, for the oi25Si185Al0.00054MN0.075 glass compositionusing the D°(A-B)

approximation,Ueg, , Uoy.or Uoyo are equal to 437.1, 501.9 and 698.1 kJ.toéspectively A

fracture energy of 4.04. mi* and a theoretical toughnesk o 03D a&rPthen easilycalculated
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The theoretical K value isquite close to the experimentaheof 105 03D ¥P PHDVX&HG E\ W
Indentation Fracture methBd The theoretical valug®r silicon oxynitride glasseare in the range
0862115 03D ¥P DQG DUH FORVH WR WKH H[SHULPHQWDO YDOXH
03D ¥Pincluding a CN measurementrfone grad&®. It is thus concluded that theughness of

silicon oxynitride glasses with 5 to 20 at.% nitrogeW QHDU . 03D ¥P

e) Chalcogenide glasses

The secalled "Chalcogenide" glasses are based @halcogen element (bakygen) such as S,
Se, Te, to which four fold coordinated elemenishsas Ge, Si are usually added, as well as pnictogen
elements (Asg E 15" column of the periodic tableflthough these glasses have the reputation of
being extremely brittle, there avery few reports on the frure propertiesn general and ofracture
toughnessn particular The GgSe;..) examples considered here were chosen becatss Well asJ
were measured by means of the CN metfidd In this chemical system, Ge and Se are four fold and
two fold coordinated respectively and the numbers ofSEeand S&e bonds @ 4x and (4x)-2x
respectivelyprovided 1x>2x, i.e. x<1/3, which is the case for the two compositions reported in table
2 and Fig.10. A quite satisfactory prediction was then obtaibgdneans oEq. (5) using D°(GeSe)
and D°(SeSe) equal to 484.7 and 330.5 kJ.taspectively’. Dissociation enthalpies provides
another mean of estimation of the bonding energies. The dissociation enthalpies of amorphous Se and
GeSe were taken from the calorimétrstudy by Bone et af:®. Following Sun's approach, bonding
energies of 222 and 227.6 kJ.melere calculated for the S8e and G&e bonds respectivelwhich
are in agreement with those published earlier by Shkol'fiikoWhe theoretical calculation is then
performed picturing a G8e,., glass as a mixture of xGeSand (:3x)Se amorphous phases, further
assuming that only one &e bond is broken per Gegetetrahedron similar to theway the
theoretical estimation was carried dat silicate glassesegarding SiQ., tetrahedraThe theoretical
prediction isthenwithin 15 % of the experimental dafgable?2). In addition, the decrease of,Kvith

the increase of the germanium content is also predittdded, a maximum of Kwas observed for
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the Gg,Seg compositionby means of the indentation fracture method his maximum isn't
predicted using the present simple energy apprd@ebal that K. as estimated from the fracture
surface energy is related to the crack propagation regime, and thus does not account for the physics of
the initiation process. The x=0.2 composition corresponds to the percolation thrashahith a

change from a flexibl@tomic network to a rigid one is supposed to occur in the ideal case where
atoms are homogeneously distributed (no chemical segregation such as phase separation etc.).
Although changes are continuous with no visible transition at2xwsfen bulk properti (elasic

moduli, hardness, glass transition temperature) are investifated the contrary some transition

might be seen when local or confined processes are under sciutmgximum of K. was recently
observed by molecular dynansgnulatiort”* andwas attributed to some blunting process at the crack

tip upon loading at x around 0.2, whereas the crack is sharp as soon as it extends at x<0.2 (flexible
range) and in the stresgid range (x>0.2)The situation is even more critical in the case of ductile

glasses, for which the apparent valuesJand K, greatly overestimate the intrinsic values.

f) Metallic glasses

In the case of metallic glasses, the apparent fracture surface energy is much larger than the one
obtained from a simple energy calculation based on a bond breaking ptocessh materialsvhere
some plasticity was evidenced at the crack tip, with ast@" zone size extending from 10 nm for
Fe and Mg based alloys to 10 for Pd, Ti-, Cu-based alloy$?, K. can reach values as high as
VHYHUDO WH®Wakies®hathead D QG 03D ¥P ZH bHZruand Ribased G
glasse§"®, DQG HYHQWXDOO\ DERYH 03D ¥P |RWeSditheessRiKY PHWD
the case of notransition metal host elements such as Ce, Ca, and Mg that develop more directional
bonding through better localized f (for Ce) and sp (Ca, Mg) electromsniach more brittle. For Ce
based and Mgbasef*'* metallic glassesK, LV W\SLFDOO\ VPDOOHU WKDQ
respectively As waspointed out in an overview of the fracture toughness of bulk metallic gt&sses

the measurement of,Kof metallic glasses raises serious problems, which partly explain why for a

This article is protected by copyright. All rights reserved.



nominal glass composition,Kvalues are so much scatterédmajor difficulty lies in thespecimen
machining, with a prerack or flaw sharp enough to reach the intrinsic mdtprigperty. Relatively
tough glasses (such as-2r Cubased ones) might be suitabledperatea fatigue precrack, but
others are too brittle. In these latter cases notched samples where mostly used, and owing to the size
of the process zone (typicalless than few tens of microns), the resultingcalbed "notched
toughness values are likely to be much larger than the intrinsic toughmadslition, it was reported

that as the free volume content decreases (after annealing) a significant ded@ageniess follows.

This observation does not seem consistent with the fundamentals of the intrinsic toagkoekged

to the crack propagation regime, which scales it surface density of energy on crossing the
atomic networklt could possibly bénterpreted on the basis of the crack initiation protiessgh As

was further noticed by Xu et &, the underlying ptsics, including the relevant length scale, still
need to be elucidate&or all these difficulties inherent to metallicagbes, datplotted in Figs 19

are limited to fragile metallic glasses such as Be Mg-based onesFor example, for the
ZrssCusoAl 10Nis glass, taking the metallic radius for the metallic elements and considering that the
relevant bonding energy is between the one 600YU,=201 kJ.mof) and the one of ZZr (U,=298
kJ.mol"), a values of ~0.581 3D ¥P ZDV HV W, WBAN id BoutRud ordes of magnitude

smaller than the experimental valtie

g) Chemical heterogeneities and phase separation

It is well known that boratbased glasses tend to be phase sepagtdthat in chalcogelie
glasses some edgharingtetrahedrhunits might form even when the amount of chalcogen atoms
isn't favorable, becausthese latter atoms prefer to fowhains(of sulphur, selenium etcthaninter-
tetrahedralbridges introducing more constraintThere are also various properties and strattu
resultsin most glasses whichuggest chemical segregation and heterogene#@imeng which the
mixed alkali effect for example, or the sudden drop of the viscosity as very small amounts of

impurities are added to amorphous silidaithors are aware dhese complexitieswhich definitely
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affect the fracture toughnd8s®1#12130 The aim of this sectiorwas to provide some
straightforwardand almost alinitio picture(the glass density and the elastic moduli were taken into
account)f the fracturaoughnessn the absence of any reliable better t@old solely considering the

nominal glass composition for sake of simplicity

It is noteworthy that the experimentaj, Kalues and the theoretical ones derived froma. E§5)
are inagreementwhen the interatomic bonding energy of a given bond within the glass network is
taken as the dissociation enthalpy of the diatomic molefufther assuming that as the crack front
meets a structural unit such as a tetrahedron, only one arokienigFig. 10(a)). K. values predicted
using the Sun's approach, are typically about 30 % smalleri®&ig)). Nevertheless, in both cases a
quite good correspondence is noticed between experimental and theoretical values. When Sun's values

for the bond strengths are used, the 1/2 prefactor ifBEghould be replaced by 0.71.

V. Toward tougher glasses

a) State of the art

There has been long lasting efforts to improve the fracture toughness of Tglasslifferent
strategies that were identified so far as well as the remaining open questions are t&viextadsic
methods such as thermal and chemical tempering, anthgdathniques proved quite satisfactory
and lead to innovative technologies and industrial products. On the contrary, intrinsic toughening
methods based on the atomic bonding character and the atomic structudorstilimeet the
expectationsput perhap for bulk metallic glasses-or givenoxide composiions, within binary to
guaernary chemical systesnK|. isn't found to change by more than 24yto 30 % at maximum,
which in absolute values means that kK PRVWO\ EHORZ 03D ¥jehdavedwttl®v KH JODV
Some relative success was achieved by glass to ceramic conversion, by means of more and more

refined thermal treatments, to meet specific gtzsamic microstructures. In view of the abundant
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literatureaddressing extrinsic methods andggiceramic materials, the present analysis is limited to

the role of the composition and atomic structure.

As far as the mechanical behavior at a crack tip remains purely elastic, the crack will be
almost atomically sharp and, whatever the local borehgth, fracture will occur under a relatively
weak far field loadingThe agreement we observed between the experimegi@hta (selconsistent
methods) and the theoretical prediction based on the estimatidrsefigest that in most inorganic
glassesdut the metallic ones, the "propagating crack” toughriessthequantity determined fromJ
by means of Eq. (2)s the experimentally measured characteristec the quantity mostly estimated
from the critical stress at the onset of crack extendibis leave little room for crack tip dissipation
or relaxation processe8Vith this in mind, and consistently with the Irw@riffith similarity
relationship (Eq. (2)), KK can be enhanced by increasing E ahdctually these two latter material
charactentics are both intimately governed by the atomic binding energy and the packing density
(Egs. (7,9)). E can be increased by 30 % relatively easily by playing on the composition within a
chemical systef?® For example,the addition of 10 mol% MgO and 1®0l.% CaO to Si@
(diopside stoichiometryleads to an increase of E from 70 to 100 GPa. This increases is expected to
provide a 20 % increase of K VD\ IURP WR 03D ¥P UHJDWBGHVY RI W
larger values for the elastic moduliere achieved by introducingjgnificant amounts of rarearth
oxides in the composition, and/or by synthesis under controlled atmosphere (to produce nitrides or
carbides), with some detrimental consequences on the transparency and on the production cost
though.Unfortnately, reliable fracture toughness data on these "exotic" glasses, which are mostly not

available as large batches, are lacking yet to validate this approach based on Egs. (7,9).

In order to reduce thkever arm that expresses the concept giress intensity factpisome
energy dissipatiors neeedin the crack front region. Two dissipation mechanisms were identified in
glassesat room temperaturelensification, and isochoric shear flow. Densification occurs in glasses
with large freevolume content$C,< 0.51) such as silicaich glassesThis process is favorable to the
formation of Hertziartype cracks to the detriment of radial and lateral cracks at indentation sites.

Therefore densification seemingly provides a better resistanegstial damage at the surface of
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glasses indented with sharp objecEforts in this area resulted in glasses with outstanding
indentation cracking resistance (F8). Nevertheless, the singular stress field at the vicinity of a crack

tip is associatedo a positive hydrostatic componeafd the maximum tensile stress is the driving
force for crack extensiorirherefore,the resistance tindentation cracking isnéxpected to be a
criterion for a better toughness. As a matter of fact, a lgwld@sn't esultin a large K. Instead,
according to Eq(7) a small Cy is undesirable, following the example of ceramic foams or porous
refractories, which are known to behave brittle as the crack finds easy paths. Isochoric shear flow is
observed in seemingly brittle materials when the stresses are large enough to competieatadk

of thermal activation. Shear lines or bands are clearly seen in metallic ghds=es( is typically

larger than 0.8>%"% put ductility is particularly significant in metallic glasses wif0.33 such as

the precious metdlased orZr-based onesAlthough shear localization observations aoenewhat

less convincing imonmetallic glassesthere is no question regarding a shear transport of matter, as
evidenced by the formation of pilg at indentation sitd%'?"***, Shear deformation mechanisms
might be activated along the crack front and was seen so far to be the major possible source for
ductility. Interestingly,andin contrast with silicate glasses, there is no straightforward correlation

between G and Qfor metallic glasses. For instance,-F&i-, and Pebased MGs have roughly the

same G (~0.630.65) but theirQualues spread from 0.28 to 0.6dg. 11).

b) What Poisson's ratio tells?

Poisson's ratio can be viewed as an index of the ability of a glass to experience shear flow and
shear relaxation processes at indentation site and at crack tip as well. It was reported for both oxide
and metallic glasses that aRis increased, shear flolwecomes more and more important and,
eventually ductility shows up. This a direct consequence of the fact that@sincreased, isochoric
shear becomes more and more predominant over volume change. This is chcassecal result or
descriptionof the theory of linear elasticitySo what is actually obvious in the framework of

elasticity, can somewhat be transposed to the irreversible flow regimeinBeard thatany viscous
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or plastic flow is associated to an energy batheat isby an overvelming partof elastic origin As
far as shear processes are concerned, the shear moBubasnes into playRecall that Q= (3K-

2B/(6K+2 P then

(11)

Eq. (11) indicates that axQbecomes larger, shear becomes eadrateCreases)As a matter of
fact, it was reported that pilingp at indentation sites becomes marel morepronounced asQis
increaset*?. For instance, isochoric shear transport of matter to forraupilet the surroundingf
Vickers imprintswas found to account for over 40 % of the indentation volumexiale glasses with
0.28 (for example fluorite and borosilicate glasses with ammokide constituentsyhich mostly
exhibit an atomic packing density larger than 0.55. Neverthelesscavatent glasses with large
Poisson's ratio offer little room for densification, and hence experience extensive aadial
subsurface lateral (leadingp chips)cracking from Vickers indentgéFig. 7). For example silicon
oxynitride glasses withQtypically as large as 0.3 and in spite of an exceptional mechanical
performance (E as large as 150 GiPa common for rarearth containing silicon oxynitride glasses)
are very sensitive to radiatedian cracking. In the opposite, very high levels of densification (up to
80 %), which correspond to Poisson's ratio below say 0.2 (as35 lead mostlyto the formation
of ring-cone crcaks at moderate loads, and are often associated to glasses that are not easy to process
(high melting points, high viscosity). In order to reduce the intensity of the stress field that builds up
on indentation, it is infeed from the physics of the permanent deformation proceéSeka
Poisson's ratio in the 0.Z533 range should be avoided, unless the E/H ratio is smaller than say 7
(Fig. 7). Interestingly there are compositions in siliteh alkalralkaline earthsilicate and in boro
silicate glasses for which the stress field is expected to remain very small. It turns out that the so

called "less brittle" glass developed in the 1990's by Sehgal®ttwath E/H~14.7 and®0.18 is
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precisely in the optimized regiqdiffuse red solid line in Fig7) with regard to the internal stress

field acting as a driving force for indentation cracking. But, unfortunately, this does not entail a large
fracture toughnesdhere are glasses witQlarger than 0.33, for instance metallic system&’, but

also possibly in oxynitride ones. In such materials shear plasticity is promoted and favours a ductile
behavior. The fracture energy of bulk metallic glasses v@h.32 exceeds the one of oxide glasses

by 2 to 4 orders ofnagnitudé®. Although aregain oftoughnesss thus expectedit large Qand is

indeed observed for metallic glasses, there is no one taedaonship between Kand Qfor

ionocovalent glasses (Fit).

) 7TRXJKQHVV DQG HOHFWURQV«

The ease for shear deformation (flow) or for densification (pressure) is closely controlled by the
nature of the prevailing interatomic bonding, dhds bythe electronic band structure. Unlike oxide
silicate glasses metallic glasses exhibit no straightiod correlation betweeng@nd QFig. 11). As
was shown recently, Qs found to increase as the difference in electronegativity between the host
metal and the major solute elements decreases, so that a ductile behavior is expected.tor
(corresponding t0o@0.33). This correlation also holds for monoconstituent oxide glasses and hence
provides an explanation to the variation @bserved for seemingly "isostructural" glas@esg. 12).

A general trend among materials and structureglwiproved to be scai@dependent is thalQ
decreases as the connectivity incre&&e$his rules holds for macrostructures such as construction
frames or cellular systems, as well as for atese@le structuresuch as glass atomic netwarks
ionocowalent solids, 2D and 3D atomic networks are favored thanks to the strength and the
directionality of the bonding. It is thus inferred that in the case of metallic glasses, non transition
metal host elements such as Ce, Ca, and Mg, develop more dirett@mrihg through better
localized f (for Ce) and sp (Ca,Mg) electrons giving rise to a relatively s@&bme evidence for

this is provided by the electronegativity difference between the host entivthmajor secondary
elements and the remarkable correlation found betwedgand 'e which suggests thaQprimarily
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depends on the bond directionality and connectivity rather thag.on C

In the case of metals, thdelocalization of theelectrors and the weakness of the bond
directionality is the fundamental source for ductility, i.e. the ease for shear plasticity and relaxation
processes at crack tip as well as at the vicinity of geometrical singulartie$good" metals are also
the ductile onesln the case of glasses, enhancing the electron motdityoeachieved by playing on
the conposition, introducing cations showing up with different valencies, such as Mn, Cr, Cu etc.

Large amours of copper (up to 40 mol% CuO)ere introduced in phosphdfé and in borat¥

glasses as wellith the aim to favor electron hoppingnd the dependence of.kon the copper

content and valency was studigkh increase of the indentation cracking resistance with the amount

of Cu" was noticed in the case of thegsphate glasses. However,, Kieasurements (by IF method
WKRXJK VXJIJHVW D GHFUHDVH IURP WR 03D ¥P DV WKH |
from 45 to 55 mol.%. Yao et &l.(table 2) have shown that by replacing lead with copper in lead

borate glasses, E and, @re increased, and both the indentation cracking resistance araeK

improved, whileQUHPDLQV DOPRVW FRQVWDQW § +RZHYHU DQ RSS
substitute for zinc in zinc borate glasses, possibly becairec brings more to the mechanical
performancehan copper thanks to a network tightening effegti¢@nuch larger with zinc than with

copper (or lead)) while §) , and U, . are rather close. The pronounced increase of the optical

density (near 400m) as the Cu content increases is indicative of an increase of theeGTé
electron transfer transition especially at CuO content larger than 5 mol. %, corresponQiziuies

close to 0.3, which is remarkably large for oxide glasses.

VI. Conclusion and perspectives

By reviewing the different experimental methods that are currently used to estimate the fracture
toughness of glass, we came to the conclusion that the SEPB and CN ones, bemsstéint and

well established, should be privilegebh spite of the obvious advantages of indentabesed
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methods, such as the ease to proceed and the small sample size required, such methods should be
avoided inasmuch as gsible. Inorganic glasses cover a relatively wide interval of valueddad

K. Jvaries from less than 1 J%or chalcogenide and borateh glasses (with Zn, Pb, and Cu for
example), to over 3 J.ffor silicon oxynitride glasses. Kis in the 0.2 03D ¥P LQAWHUYDO
theoretical estimation ofifrom the average surface dépsof atomic bonds on the fracture path and

from the relevant bond strengthend the subsequent calculation of Ky means of the elastic
properties, is found toredict toughness values imgreement with the experimental ones. This
suggests that the perimental toughness data correspond to the crack extension regime and can be
viewed as close to the intrinsic values. This corroborates previous observations of crack tips in brittle
materials such as glasses and ceramics, which brought to light the atarpness of the crack tip.

As a matter of fact, although metallic glasses are disadvantaged by a smaller bond strength (in
average), they exhibit much larger toughness due toughening mechanism occurring at the crack
initiation stage. In this latter casmeasuring the intrinsic toughness still remains challenging. Some
guidelines to improve the fracture toughness are proposed, among which playing on the composition

in orderto i) reduce the resistance to shear deformation, either by enhancing the pamikiicg

density (which often leads to an increase in Poisson's ratio), or by lowgr{adni€h always lead to

an increase of (i GTNGEGEGEGEE ) promote electron mobility (good
metals are ductile, and electron hoping can be inducegagses with multivalent transition metal
ions), or iii) lower the electronegativity mismatch between the host and the major solute elements
(especially for metallic glasses). Besides, designing {djased materials with innovative
atomic/molecular orgamations, as in phasseparated and naoystallized systems, opevery

promising perspectives.
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Figure captions

Fig. 1- The apparent fracture toughness of glassesbtsned by means of various experimental

methods as a function of Poisson's ratio.

Fig. 2 - Glasses from different chemical systems indented for 15 s in ambient conditions using a
Vickers diamond indenter. See rg#3] for details regarding the comptisn and the loading

specifications.

Fig. 3 - Vickers imprints left at the surface of a SIOC polyrderived glass, a silieach magnesium
aluminosilicate glass (stalled low brittleness glass) and an alumgilicate glass (bead synthesized

by the levitation technique with a laser heating), frefs.[50-52)].

Fig. 4 - Strength vs. effective flaw depth for gl&$$The original figure is modified using Sl units.

Fig. 5 - The effect of norbridging oxygens on the failure strains of silica, binary silicate, and sodium

aluminosilicate glasbers in liquid niroger?®

Fig. 6 - Weibull distributions of the liquid nitrogen failure strains for x8g1-x)SiO, glasses using

IDFHSODWH YHORFLWLHV RI PV RSHQ VAPEROV DQG PV

Fig. 7 - Indentation cracking map showing the intensity of the driving force (i.e. the normal tangential

stress componeny,, at the surface & $2)) for the opening of radial cracks from the indentation
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corners (from ref[43]). The red line is wherey, vanishes. Numbers indicate the stress intensity
normalized to hardness on the correspondingdsdour.

Fig. 8 - Critical load for indentation cracking (Vickers test / surface radial cracks.defined as the
load required to generate two radisdaks on average or to achieve a 50% cracking probabilityis
hardness (Pa) andMs fracture toughness (P& Data from refs[41, 42, 44, 76-78]. Models by

Lawn et al. and Hagan are from rdfH. and[79] respectively.

Fig. 9 - Correlation between Young's modulus and the Vickers indentation crack length (surface

cracks) for a 9.81 N load.

Fig. 10 - Theoretical K values (fromJ Eq. §)) as a function of experimental values, mostly obtained
by means of selfonsistent mettas, whenJis calculated from a) the bond dissociation energy of the

relevant diatomic molecules (fission enthalpy), DBA or b) the dissociation enthalpy of the

constituents, D°(4By) (Sun's model).

Fig. 11- Poisson's ratio as a function of the aimpacking density for silicate and metallic glasSes

Fig.12- 3SRLVVRQYVY UDWLR DV D IXQFWLRQ RI WKH HOHFWURQHJDW|

the major secondary solute elements (horizontal error bars show the interval with the two major

solutes) (from ref{135]).
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Table 1Measurement methods of fracture toughness of glass.

Method Suitability Advantages Drawbacks References
for glass
Applicable to small specimens. Mifficult to identify the crack system 5-16
Aimple testing procedure (Half-Penny”® * or Palmqvist™?)
IF Use with : A .
care . Suitable to study surface damage #mel Mensification affects the value.
(Indentation Fracture) onset of crack initiation . )
Anapplicable to anomalous glasses
(The method using the Comeack length is proposed)
CSF A asy precracking by indentation. AResidual stress around the indent affects 17, 20, 22, 23
value. (CSF)
(Controlled Surface Flaw Use with .
S care Aateral and/or other cracks affect the stress fie 24 (|)
(Indentation Strength)
SENB Use with MSelf-consistent. Ahe notch width affects the value. 25,26
(SingleEdge Notched Beam) care
SEPB MSelf-consistent. Sometimes difficult to obtain thare-crack. 16, 17, 19, 27
Suitable A . . .
(SingleEdge PreCracked Beam) ATip radius of precrack is atomically
sharp.
CN MSelf-consistent. Mifficult to obtain thechevronnotch 17,18, 21, 28
Suitable .
(ChevronNotched Beam Acracture origin is always at the tip of
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chevron.

DCDC Aeli-consistent. Ahe condition free from fatigue is required. 29, 30
Applicable
(Double Cleavage Drilled Compressiol Asimple loading condition. (cf. Inert conditionor high crack velocity
CTOD _ Aelf-consistent. AAFM or SEM observation of the cratip is 31, 32
Applicable _ required for oxide glassés.
(Crack Tip Opening Displacement) AJseful for bulk metallic glass.
DCC MSelf-consistent. Mifficult to machine a specimen 25, 33, 34 (DCC)
(Double Cantilever Cleavage) Aimple determination of stress intensity 35 (WOL)
i factor.
WOL-type CT Applicable
(WedgeOpeningLoadingtype
Compact Tension)
MSelf-consistent. AThe crack propagation occurs not only in t 36
DT o ) - mode Ibut in the mixed I/lll mode.
Applicable Asimpleloading condition.

(Double Torsion)

Mtress intensity factor is independent of
the crack length
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Table 2. Fracture surface energy and fracture toughness of glasses from different chemical systems. The theoretical,vialdefimed fromJ E and Q

using the plane strain assumption. Experimental errors are typically GfPa for the elastic moduli aad 03D ¥P IRU IUDFWXUH WRXJKQHV)
by the SEPB or CN methods. Numbers in brackets give the nominal composition in mol.%. Minoueatsstiypically <2 mol.%) are omitted in the

commercial glass compositions, as extracted from the corresponding references, and might be slightly inaccurate.

Experimental Theoretical

Glass U E Q Kic Method Ve Cy J J.n?) K (MPa.n?)

g.cm® | GPa MPa.nf® ? D°(A-B)/Sun | D°(A-B)/Sun

aSio, 22 | 70 | 015 | 0.73 DCC (in vac)® 9.10 0.456 | 3.62/2.104 0.718/0.549

Sio.2N3.9C3 03I d0.02100.602 249 | 72 | 0.224] 0.680.72| CN-SEPBY 8.23 0.496 | 3.55/1.927 0.734/0.54
(Planilux WG SaintGobain)

SiO,(71)Na0(13)MgO(6)CaO(10)

Tio.015500.26MN30.06700.633 2.34 |65.3]0.215| 0.68 SEPE" 8.69 0.473| 3.57/2.01 0.7/0.524
SiO,(86)Na0(10) TiO,(4)

Ti0.01500.27N39.100.617 2.39 |66.1] 0.201 0.6 SEPB" 8.53 0.479| 3.55/1.956 0.699/0.519
SiO,(81)NaO(15)TiO,(4)

Tio.00510.253N@0. 1300 6 2.46 |63.9]0.232 0.6 SEPE" 8.29 0.491| 3.55/1.915 0.692/0.509
SiO,(76)Na0(20) TiO,(4)

Tio.03B80.11150.2200.63 3.75 |74.9]0276| 047 SEPB® 8.90 0.519| 0.861/0.748 | 0.374/0.348
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SiO,(60)BaO(30)TiQ(10)

Sio.108N 0,008 0.00P 11,1000 505 5.18 | 55 | 0.248] 0.62 CN® 10.8 0.425| 2.83/1.378 0.576/0.402
(Schott SF6 lead silicate)
Si0,(49.3)PbO(49.1)N#D(1)K,0(0.6)
aB,0; 1.85 |17.4] 0.26 | 0.951.3 | IF*"-SENB'™® 7.53 0.495| 4.99/3.238 0.432/0.348
PbyB270u7 569 |57.5/ 0289 0.35 SEPB® 7.36 0.565| 0.881/0.260 | 0.332/0.181
B,05(50)PbO(50)
Phy 1180 286CUo.0280.571 534 |67.4] 0298 0.42 SEPB® 7.07 0.574| 0.864/0.275 | 0.358/0.202
B,05(50)PbO(40)CuO(10)
Zny7B2Ourr 3.42 |80.9] 033 0.4 SEPB® 6.31 0.577| 0.621/0.501 | 0.336/0.302
B,05(50)Zn0O(50)
Sio.2140.03B0.1200.631(NEG) 228 | 64 | 0.233] 0.73 SEPB® 8.19 0.512| 4.085/2.187 | 0.744/0.544
Si0,(70)B,05(10)Al,05(10)
Sio.226A 0.06:B0.0600.645(NEG) 2.48 | 70 | 0.208] 0.79 SEPB® 7.7 0.522| 4.025/2.356 | 0.767/0.587
Si0,(70)B,05(20)K,0(5)
Sio.23B0.03P.0060.627(NEG) 444 | 63 | 0.261| 0.66 SEPB® 8.42 0.513| 3.67/1.94 0.704/0.512
Si0,(60)Al,04(25)B,0s(5)
Sio.229N8g 02Al 0 0180.078 0,639 223 |63.7] 0.2 0.68 CN'® 8.46 0.478| 3.88/2.162 0.718/0.536
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(Corning 7740 Pyrex)

Si0,(81)B,05(13)Al,03(2)Na,0(4)

Po.216Al 0.038K 0,058 80.029N 0. 006D0.650 2.83 | 50 [ 0.256| 0.48 CN® 8.60 0.562 | 2.546/1.275 0.522/0.369
(Schott LG 750)
P,05(58)Al,03(12)K,0(16)Ba0(13)NegO5(1)
Y 4 70M 6 56Sh6.76Al 11,6051 Ng 75 3.18 | 134 0.28 1.18 CN'™® 7.27 0.559 | 3.729/2.185 1.041/0.797
Si0,(46.7)AIN(24.4)MgO(18.3)¥05(6.5)Al,04(4.
1)
Y 0.12510.18A 0.0700 5No 075 4.0 | 150 | 0.29 1.05 |FHS 1 6.96 0.608 | 4.039/2.296 1.15/0.867
Si0,(52.8)Y,04(25.2)AL05(14.3)SiN,(8.4)
SI5.21Si.22100.4034N0 1655 3.9 | 104]0.305| 0.95 IFH 8.56 0.547 | 3.24/1.75 0.862/0.634
Gey2sSe 75 436 |16.1| 0.281| 0.222 CNY 17.7 / 1.77/0.98 0.25/0.18
G sSe ;s 432 |17.9]0.264| 0.210 CN'Y 17.9 / 1.55/0.78 0.24/0.17
ZrssCUsoAl 1oNis 6.83 |[81.4[ 0.38 | 3553 Precrack 11.0 0.745 2.436 0.480.58
SENB'®
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A Sulfophosphates
B Borates
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@ (Zn,Cu)-borates
® 3-5i02
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o
!

K. (MPa.m?%3)

=
Ll

0.1 —_— : : :
0.14 0.18 0.22 0.26 0.3 0.34 0.38

Poisson’s ratio (V)

a-Sio, Borosilicate (82% SiO,) Borosilicate (73% SiO,)  SLS (71 % SiO,)

0.15 0.1495 0.208 0.234

Boro-Lime-Silicate(37.5 % SiO,) Fluorite glass Zr,0CugeAl g ZrgoCuszeAlyy

0.292 0.298 0.35 0373 W
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