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I. General introduction
Glass is a fascinating material because of a unique combination of properties, such as the ability to
be shaped at relatively low temperature (~1.1Tg) by viscoplastic forming, transparency, hardness,
stiffness, and durability. Over the years, glass has been widely used in many applications as a
structural material in the automotive sector, or in building industry, and as a material for nuclear

waste confinement, optics, telecommunication, medicine and arts.

With this large demand, glass scientists have been looking for stronger and tougher glasses to
improve the life duration of glass parts and to reduce the consumption of starting materials [1]. In
order to meet these objectives, several techniques were developed. Thermal or chemical tempering
induces compressive stresses at the surfaces of glass. By means of second phase particles or fibers
(composite route) or in-situ precipitation of a crystallized phase (glass-ceramic route), it was
attempted to improve the mechanical performance (hardness, toughness, strength) with some

remarkable success [2—6].

Still, the intrinsic strength (that is the optimum strength reached in the absence of any extrinsic
flaws) of glass, as measured for instance on pristine fibers, is much larger than the one used by glass
engineers, and the one resulting from fracture experiments conducted on relatively large samples
[7-13]. The theoretically calculated strength of window glass is about 35000 MPa [14] while the
experimental tensile strength of a window float glass is about 125 MPa [9]. Flaws on glass surface
(caused during manufacturing or transportation) prevent the glass from reaching its intrinsic
strength. The tensile strength of a silica glass fiber, with a pristine surface, was measured in vacuum
at 77 K and found of about 14000 MPa [15] while the one of a normal polished silica glass plate is
about 100 MPa [10].

As for any brittle material, the strength of glass depends much on the flaw population characteristics
(distribution, size, etc.). Besides, cracks are usually very sharp (even considered as atomically
sharp) and fracture occurs with the typical features associated with brittleness (low fracture surface
energy and toughness). Therefore, it is of paramount importance to estimate the intrinsic fracture
toughness of glass, and to further examine what can be done by playing on the composition and on

the microstructure.

I.1.  Fracture mechanics of brittle materials

l.1.a. Fundamentals of fracture mechanics
A classical paper by Griffith in 1921 [16] explained the role of flaws in the fracture of brittle
materials. A precursor to the this was the stress analysis by Inglis in 1913 [17]. Inglis analyzed a



plate containing an elliptical flaw with a length 2c (along the Y-axis) and a width 2b (along the X-
axis) under a uniform applied tensile stress ¢ (Fig. 1-1). The minimum radius of curvature (p) is at
the vertex of the major-axis of the elliptical flaw and is expressed as p = b?/c. The stress at the

corner of the flaw (o) is expressed as:

C C
0C=0(1+2Z)=0 12 | (L1)

Interestingly, in case b << ¢ (for a narrow flaw), 2V(c/p) >> 1 and Eq. I.1 can be reduced to o¢/c =
~2c/b = 2(c/p). This ratio is the stress concentration factor at the border of the elliptical hole (long

axis end).

i Fig. 1-1: Plate containing elliptical flaw under uniform
2b ¥ @'_"X tensile stress
2
c

Starting from Inglis analysis, Griffith considered the case of an “infinitely” narrow elliptical flaw of
length 2c, by supposing b — 0 in Fig. I-1, subjected to a constant tensile stress. Griffith chose glass
as a model material in his study as it is supposed that glass behaves in a linear elastic manner, and
that the crack tip in glass is atomically sharp [18,19]. A relationship between the fracture strength
and the fracture surface energy was formulated from the laws of energy conservation. The critical

stress at which failure occurs (oy) is expressed as:

2E%y
or= | (1.2)

where E’ is Young’s modulus E in plane stress, and E/(1+v?) in plane strain, where v is Poisson’s
ratio, y is the fracture surface energy and c is the critical crack length. Eq. 1.2 provides the
dependence of the strength on the crack size, whereas E’ and y are dependent on the glass
compositions. “c” in Eq. 1.2 is usually much larger than the interatomic spacing, so that the strength

is much smaller than the ideal intrinsic strength.



1.1.b. Ultimate strength of glass
For years, glass makers and glass researchers have tried to measure and predict the ultimate (or
intrinsic) strength of glasses. Most models predict the intrinsic strength from the intrinsic strain of
glasses. Gupta and Kurkjian [20] formed an expression to calculate the intrinsic failure stresses
from high intrinsic failure strain of a glass by taking into account the fact that the elastic behavior
can no longer be considered linear in regard of the high level of stress (> 10 GPa). They proposed

the following expressions for the non-linear elastic behavior (o: stress; €: strain):
Y, , 1,

=Yye+ —e>+ —= )

c=1Yp.¢ 5 & 68, (1.3)
w Y,

Y(S):YO+ 784‘ FS, (14)

where Yo, Y1 and Y, are second-, third-, and fourth-order modulus, respectively. The intrinsic failure
strain (gf) 1S obtained when Y(g;)=0. Although they showed that the fourth-order modulus was
necessary and enough to obtain a promising intrinsic strain and stress results, it is still questionable
whether higher order modulus should be included in the expressions. Kurkjian et al. [7] predicted
the intrinsic failure strain from the energy landscape-based model. As a glass forms from liquid
during cooling at a fictive temperature (Ts), the glass transition barrier in the potential energy
landscape-based model is then proportional to T¢. Considering the correlation between intrinsic
failure and glass transition barrier, the intrinsic failure can be expressed as:
0

Yon, B
L+ 3307+ 1230

where 8 = QARTH/VYo)¥, A is a dimensionless constant, R is the gas constant, and V is the molar

: (L5)

&=

volume of the glass. The high values of 0 correspond to high values of failure strain. They
concluded that the parameter (T+/VY)y) is also a measure of the intrinsic strain to failure and may be
useful to study the composition dependence. However, there were no experimental investigations to
support this approach. Other modeling routes include microscopic molecular dynamics (MD)
simulations to predict the intrinsic failure stress. Molecular dynamics simulation is a numerical tool
based on classical dynamics and used to study interaction between atoms and molecules.
Interatomic potential and initial atomic configuration are the main parameters. Soules and Busby
[21] used repulsive and columbic attractive terms in the Born-Mayer-Huggin (BMH) form in their
MD study of silica glass strength. They found failure strain of 23% and failure strength of 24 GPa.
Using the same potential, Simmons [22] found a failure strain of 20% and failure strength of 30
GPa in his study of silica glass in uniaxial tension. Using Beest-Kramer-Santen (BKS) potential,
Liao [23] found failure strain of 22% and failure strength of 13 GPa. These three simulators

concluded that the fracture process involved the nucleation, growth, and coalescence of cavities.
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Most experimental investigations assessed the intrinsic strength of glasses in uniaxial tension or
two-point bending on glass fibers supposed to have a pristine surface [15,24-27].

l.1.c. Crack tip and glass fracture
How sharp the crack tip of glass is and how glass fractures, are still matters of controversy. Irwin-
Orowan [28] proposed a small-scale zone for non-linear element, which eliminates the crack-tip
singularity as shown in Fig. 1-2. In this situation, the applied stress is transmitted to the crack-tip
process zone by the linear elastic region. Two hypotheses can be considered. In the first one, the
fracture occurs in a brittle manner, i.e. G¢ = 2y, where G is the critical crack extension force and y
is the surface energy, and the crack tip is atomically sharp. In the second one, fracture occurs in a

ductile plastic manner, i.e G; >> 2y, and the crack tip is blunted.

Fig. 1-2: Parameters of crack-tip zone
model [18].

In the case of metallic and polymeric materials, G. is several orders of magnitude greater than 2y as
fracture occurs according to plastic crack-tip separation process [18]. This means that most of the
energy spread in the fracture process is not used to create the new surface but instead is dissipated
in the irreversible deformation of the surrounding region. In the case of brittle materials, measured
G. is mostly found to be 2 or 3 times larger than the predicted 2y value, and the measurements (as
well as the predictions) are usually not very accurate. In a classical study of glass fracture, Marsh
[29] suggested that fracture of glass was ductile plastic and the crack tip was blunted. On the
contrary, Hillig [30] concluded to a sharp crack tip. Lawn et al. [18] observed the crack tip process
zone in four different ceramics by means of transmission electronic microscopy (TEM) and

concluded that the crack tip is atomically sharp for ideally brittle solids.

1.1.d. Slow crack growth
When a glass sample is fractured at relatively low velocity (typically < ~10™* m-s™) in a humid
environment, a slow crack growth is mostly observed, at K; << K, which is explained by water

molecules reacting with glass at the crack tip, according to a stress-corrosion chemical process.



Wiederhorn [31] used double cantilever beam
(DCB) method to study this “fatigue” like behavior.
He found that the stress intensity factor, K, increases
with increasing crack velocity until some thresholds
are reached, where the crack is too fast for water
molecules to meet its front (Fig. 1-3). Moreover, in
order to reach the thresholds, one needs to produce a
greater crack velocity at large humidity content; for
instance, in order to reach the threshold a crack
velocity of ~2:107 m-s™ is required at a relative
humidity of 0.017 % while ~2-:10* m-s™ is required
at a relative humidity of 100 %. Later on, Michalske

and Freiman [32] created a successful model (Fig.
1-4) to study the effect of humidity. This effect was
studied more recently by means of atomic force

Crack Velocity, m/s

Fig.

105 -

10~6 -

10-7 -

= l 1
0.4 0.5 0.6 0.7 0.8

Stress Intensity Factor, K, MPa-m'/?

I-3: Crack growth data in soda-lime-
silica glass. After Wiederhorn [31]. [109]

microscopy (AFM). Using AFM, Célarié et al. [33] concluded that the fracture process in a window

glass involves the nucleation, growth, and coalescence of cavities, consistently with works by
Soules and Busby [21], Simmons [22] and Liao [23] on the intrinsic strength of glass by means of
MD simulation. Notwithstanding, Guin and Wiederhorn [34], also used AFM to study the profile of

two opposite fracture surfaces (Fig. 1-5) obtained for K, near the fatigue threshold, and found that

there has not been any evidence of cavitation.
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Fig. 1-4: Representation of the
proposed reaction between water and
a strain Si-O-Si bond at the crack tip.
Reaction step involve; (a) adsorption
of water to Si-O bond, (b) concerted
reaction involving  simultaneous
proton and electron transfer and (c)
formulation of surface hydroxyls
[32].
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1.2.  Fracture toughness of brittle materials

In the 1950s, Irwin and Orowan [35-37] extended the concept of Griffith and popularized the
concepts of ‘stress intensity factor’ and ‘cCritical stress intensity factor’. The critical stress intensity
factor in the crack opening mode (or fracture toughness, Kic) is mostly determined by means of the

expression below:
K;, o ov/c (« : proportional), (1.6)

where o is the actual fracture stress of a sample with a pre-existing flaw of length c (critical crack
size). The proportionality constant in Eq. 1.6 (typically ~1-2) depends on the loading characteristics,

and on the specimen and crack geometries.

In spite of the paramount importance of K. for brittle materials, the determination of the intrinsic
characteristic is still challenging. There is no standard method in the case of glass yet, but for
ceramics. Many methods were developed and applied on measuring the K. of glasses. In the 1970s
— 1980s, many researchers used flat slab methods, such as Double Cantilever Beam (DCB) or
Double Torsion (DT) [38-40]. Just a bit later in the middle 1970s, another method namely —
Indentation Fracture (IF), mostly Vickers (Vickers Indentation Fracture, VIF), was proposed and
calibrated using previous methods. VIF became rapidly popular because of its ease, simplicity, and
little time and cost consuming [41-45]. Later on (mostly after 1980) the beam methods such as
Single-Edge Notched Beam (SENB), Single-Edge Precracked Beam (SEPB), Chevron-Notched
Beam (CNB), Surface-Crack in Flexure (SCF), etc. were introduced and applied on glass
[38,39,46-57]. Common fracture toughness test configurations and advantages and drawbacks of
these methods are reported in [54] and [49]. Three methods, cracks (artificial flaws) were

introduced by means of the different methods, namely i) Vickers Indentation Fracture (VIF), ii)



Chevron Notched Beam (CNB), iii) Single edge precrack through a beam using a bridge-flexure
anvil (SEPB), are presented below.

l.2.a. VIF

VIF is based on the measurement of the indentation corner cracks and relies on idealized crack
pattern under the indent. VIF is then applicable to small specimens and suitable to study surface
damage and the onset of crack initiation. However, there are some concerns while applying this
method to determine the fracture toughness of glasses. The first concern is the determination of the
crack pattern under the indent. The crack pattern was, mostly, divided into radial-median (also
called half-penny) and Palmqvist (surface-radial) as shown in Fig. 1-6 and an exhaustive review
can be found in [44,45]. Niihara et al. [58] reported the two different patterns by showing the
excellent linearity when they plotted a dimensionless fracture toughness parameter versus crack
length/indentation length ratio I/a and c/a, where c is the corner crack length and | = ¢ — a.
Following the proposition of [58], Rizkalla et al. found that most glasses in their study were of the
Palmqvist type rather than radial-median. However, for soda-lime-silicate glass, they argued that
the crack pattern remained questionable with the proposition of Niihara et al. [58]. Ray and Dutta
[59] reported the same problem while using VIF method to determine the fracture toughness of
soda-lime-silicate glass from fourteen different formulae. They also reported that the crack pattern
in soda-lime-silicate glass could be either Palmqvist or radial-median type depending on the
applieded load. Despite those careful observations and the numerous studies on various glasses, the
crack patterns under the indents remain debatable. Niihara et al. [58] and Lankford [60] suggested
that when the c/a ratio is lower than 2.5 the surface cracks extending from the indentation corners
remain near the surface and form the so-called Palmqvist pattern, as opposed to the radial-median
pattern. In VIF method, fracture toughness was mostly calculated using Eq. 1.7 for radial-median

crack pattern [61] and Eqg. 1.8 for Palmaquvist crack pattern [58].

Kc=(0.016+0.004)(E/H)'/2. P/ 32 (L.7)

Kc=0.018 E¥SHq.r%? (1.8)
where E is Young’s modulus, H is Meyer’s hardness (H = P/(2a ?)), where P is the indentation load,
a is the half indentation diagonal length, c is the half crack length, and | is equal to ¢ — a as shown
in Fig. 1-6. It is noteworthy that the prefactor in the right-hand side of Eqs (1.7) and (1.8) were
calibrated using chiefly ceramic materials and including a soda-lime-silica glass. Unlike most
polycrystalline ceramics, glasses are known to allow for a significant densification upon indentation
loading, because of i) pressure in the GPa range beneath the indenter and of ii) a relatively large

amount of free volume [62]. The physics behind these equations (isochoric plasticity) is thus put
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into question in the case of glasses, and K. values obtained by means of self-consistent techniques

on various glasses might hardly compare with VIF ones, with perhaps the exception of soda-lime-

silica glass.

ﬂ
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1.2.b. CNB

CNB method is known as a self-consistent standard
method [63]. The method requires the machining of a
V-shape notch (so-called chevron) in the middle of a
beam. This shape is achieved by means of a two-step
cutting procedure, involving two straight through cuts.
The chevron-notched beam is then loaded in bending
mode (the tip of the remaining V-shape ligament
being in the tensile side). Under the assumption that a
planar crack with a straight front is propagating, the
value of the maximal load (which corresponds to a
critical crack extension) was tabulated as a function of
Kic and the specimen geometry [64]. There are two
stages in the performance of CNB technique (the note
machining and the final bending fracture) [63-65].
The difficulty in CNB method is to properly cut the
chevron-notch. In the final fracture, three- or four-
point bending can be used according to the length of

the specimen. An advantage of CNB test is the

-124-

Fig. 1-6: Geometry of
Palmqvist (left) and
radial-median (right)
cracks around Vickers
indentation [59].
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Fig.  I-7: lllustrative Applied Force-
Displacement Curve: (a) Unstable fracture
from  Chevron Tip (Invalid), (b)
Overloading Prior to Crack initiation
Followed by Stable Extension and Stable
Crack Extension Through Maximum Force

[61].




increase of specimen compliance as the crack front propagates from the chevron notch tip to bigger
and bigger chevron notch section, which results in, mostly, stable test as shown in Fig. 1.7-c. After
measuring the geometry in-situ, K. can be calculated either using the maximum load (Ppax) or from

the work of fracture (wof),
wof = [ Pdu , (1.9)

where P is the load (Z-axis) and u is the displacement (Z-axis), u; is the final deflection
corresponding to complete fracture, and wof is related to the fracture surface energy by, wof =
2vA, where v is the fracture surface energy, and A is an in-plane fracture surface (geometrical
area). K. can then be calculated from the equation proposed by Irwin-Griffith similarity principle
[35]:

K. = /2YE', (1.10)

where E’ is taken equal to E in the case of plane stress and to E/(1-v%) in case of plane strain.
According to the specimen geometry, K. can be calculated from the formula developed by Munz et
al. [66]:

P max *

BYW €

K. (I.11)
where B and W are the specimen broadness and height respectively, and Y'¢ is the critical
dimensionless geometric coefficient calculated from both Slice and STCA (Straight Through Crack
Assumption) approximation [64,67—69], and associated with the maximum load (Pmax). In the Slice
model, the fracture chevron section is divided into many narrow slices and each slice is taken as a
straight-through cracked section. In the STCA model, the fracture chevron section is taken as a
straight-through cracked section with the same crack length and thickness as the chevron crack front
(b in Fig. 1-8). Comparing with numerical simulation, Y ¢ for chevron-notch shape with a;/W > 1 is
applicable for STCA approximation and vice versa. Recently, ASTM-C1421 set chevron-notch test

specimens into four specific geometries corresponding to four specific formulae of Y c.

O
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z' )

O O !.. !

S > «— B—

Fig. 1-8: Three-point bending with chevron notch geometry. The red-dash box shows the slice
model geometry and blue-dash box shows the STCA model geometry.



l.2.c. SEPB

SEPB is a self-consistent method that was originally developed for structural ceramics, and where
an “ideal” crack (atomically sharp) is introduced [63,70]. This method involves two steps:
precracking stage, and final fracture stage. In the precracking stage, indentation (normally Vickers
or Knoop indentation) or straight notch was performed on parallelepiped specimens. The indented
specimen was then placed into a bridge-indentation flexure (Fig. 1-9) by positioning the indented or
notched surface on the groove of the anvil. During compression, the lower part of the specimen is
loaded in tension while the upper is submitted to a compressive stress. When the load is sufficient,
the pop-in precrack is induced, which extends until the crack front reaches the side in compression.
Similar to the CNB, the precrack specimen is fractured in three- or four-point bending.

GCompressive stress
i J ¥ ¥ ) ¥

Fig. 1-9: Schematic of bridge-

Pusher indentation method. Specimen
L is sandwiched by a flat pusher
and an anvil having a central
el Tensile stress roove [70].
Specimena \‘:.F—Precrack JW g [70]
Groove—E }Vickers

‘ b | impression Anvil l I I | I

' ¢ ' ' 4

o)
T
L

1.3.  Composition dependence of K. of glass

1.3.a. Previous experiments

o
o

Influence of compositions

FRACTURE TOUGHNESS, Ky (MPa-m¥/2}

Shinkai et al. [71] studied E and K. of ternary PbO-
Zn0-B,03 glasses with B,O3 of 30 to 70 mol% and 0.0 T RE— 35 s

PbO /Zn0 (molar ratic)

PbO/ZnO of 1:0, 3:1, 1:1, 1:3 and 0:1. E and K. were Fig. 1-10: Effects of PhO/ZnO ratio

measured by resonance frequency and surface crack in and B203 content on Kilc for the
PbO-Zn0O-B203 glasses [71].

AT ROCM TEMPERATURE (IN DRY Njp)

flexure (SCF) methods, respectively. In SCF technique,
Vicker indentation of a load of 5 N was indented in the tensile surface of the tested specimens, and
later, in order to remove the residual stress, the indented specimens were annealed five minutes.
They found that both E and K. were increased with increasing of B,O3 content for all PbO/ZnO
ratios, and were decreased with increasing of PbO/ZnO ratio for all B,Og3 level (Fig. 1-10). They

also concluded that viscous flow at the crack tip in their studied glasses is very limited.
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Fig. 1-11: Effect of nonbridging oxygens on the fracture toughness (left) and dynamic Young’s
modulus (right) of eight glass formulation synthesized by wet-chemical methods [72].

Rizkalla et al. [72] studied the effect of nonbridging oxygen on the fracture toughness of five
compositions of SiO,-Na,0-K,0 systems (noted as 6B, 8B, 9B, 10 and 12 in Fig. 1-11) and three
compositions of SiO,-Al,03-K,0-Na,0-CaO-MgO-Li,O-TiO, systems (noted as DSD, DFD and
DSG in Fig. 1-11). They used ultrasonic method to determine Young’s modulus E and VIF method
by means of Blendell’s equation [73] to calculate K|c of these eight glass compositions. They found
that both E and K| decreased while the nonbridging oxygen increased (Fig. 1-11). By increasing
the nonbridging oxygen from ~13 % to ~34 %, E decreases from ~75 GPa to ~45 GPa and K.
decreases from 1.22 to 0.92 MPa.Vm. This trend is associated with the relative packing density, the

weakening of the Si-O network and the higher concentration of ionic bonds in the network.

Miyata and Jinno [74], on the study of K. and y of PbO-B,03 glasses by means of VIF method
using Lawn and Fuller’s equation [75], showed that the increasing of PbO from 20.3 to 60 mole%
lead to the decreasing of vy from 4 to 2.24 J-m™ (in Fig. 1-12 with k = 0.7) that is according to the
decreasing of K from 0.83 to 0.5 MPa.\Vm.

——————— Fig. 1-12: Variation of relative Miura et al. [76] studied the

S 1fracture surface energy of PbO- ynysyal elastic and mechanical
- 1:B203 glasses with mole% [74]. )

b | behaviors of copper phosphate

- 1  (YCuOx-(100 - y)P,Os with y = 45, 50, 55) glasses with
difference copper valence states (R(Cu*) = Cu*/(Cu*, Cu?")) at

° %, 1 room temperature and relative humidity of 64 %. They found that

g
o
T
I

o o 4 toincrease the fracture toughness K. as well as v and vz, they
o] needed to increase R(Cu®). On the other hand, the increasing of

-
=]
T

I

RELATIVE FRACTURE SURFACE ENERGY, k27 (Jm-2)

T T T this copper valence states lead to the decreasing of T4, Hy, E, 6p.
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Influence of a phase-separation and glass structure
(AT PbO-RICH PARTICLES / B;0;-RICH MATRIX

bty B Fig. 1-13: schematic of fracture paths
Fm>Tp expected for PbO-B,O3 immiscible

glasses. Arrows around each particle
represent residual thermal stresses in the
matrix. Shaded areas represent stress-

SN concentrated regions in the matrix
T produced by elastic mismatch. The
(8) 2205°RICH PARTICLES! PHO-RICH MATRIX . subscripts m and p refer to the matrix and

e i {t particle, respectively [77].
m<Tp
N i / \;."
7 \ ' Fy N |
y

Miyata and Jinno [77] studied mechanical properties of PbO-B,03 phase-separated glasses: B,Os-
rich particles/PbO-rich matrix and PbO -rich particles/B,Os-rich matrix. The effect of amount of
each phase and microstructure on the properties was proved. Normally, the second phase dispersion
in glass leads to the increase of fracture surface energy as well as fracture toughness. This is
because the second phase takes a role as obstacle for the crack growth extension. On the other hand,
second phase dispersion might have micro structure crack which lead to lower fracture surface
energy and toughness. For glass composite with B,Os-rich matrix, the fracture part is expected to go
through the particle (Fig. I-13A). However, during seeking the easy-breaking part in the material,
the crack suffers local deviation from its previous part plane. Fracture surface energy and toughness
were found to be dependent of volume fraction of dispersion. In case of composite with PbO-rich
matrix, the theory of Lange-Evans [78,79] can explain the increase in y with increasing dispersion
(Fig. 1-13B).

Seal et al. [80] studied on the effect of separated phases on K. of ternary SiO,-B,03-Na,O glasses
by means of VIF method using Lawn and Fuller’s equation [75]. In this ternary system, they fixed
the Na,O composition to equal to 10 wt% and varied the other two compositions by increasing SiO,
from 20 to 60 wt%. They found that K, increases from 0.98 to 1.54 MPa-Vm (for 20 to 60 wt% of
Si0y), and concluded that phase separation have improved the fracture toughness of the glass
studied.

When some crystals or some nano-structure show up in the glass matrix, the fracture toughness is
mostly changed. Schultz et al. [81] studied on the single crystal cleavage of brittle materials. They
showed that K|c of brittle polycrystalline aggregate is greater than that of single crystal cleavage
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because the polycrystalline aggregate lacks the continuity of cleavage crack. Nishiyama et al. [82]
studied on synthesis of nanocrystalline bulk SiO, stishovite with very high toughness. K. of
nanocrystalline bulk SiO is eight times greater than that of stishovite single crystal. On the study of
electrically conductive grapene nanoplatelet/boron carbide (GNP/B4C) composites with high
hardness and toughness, Tan et al. [83] indicated that only with 4 vol% of GNPs, K. increases from
2.32 to 5.26 MPa-\m.

1.3.b. Modelling approaches

Different approaches were developed worldwide to predict or to calculate fracture toughness in
order to understand the composition dependence. Some are using simple pictures of the solid or of
the atomic organization while others are using modern numerical tools such as density functional
theory (DFT), ab-initio molecular dynamic (MD) simulation and topological constraint approaches
(TC) [1,84-93].

TC is a theory in which a mechanical truss replaces and simplifies the complex atomic structure. In
this theory, atoms are connected to each other by the chemical interactions constraining the bond
lengths and angles, and the connection can be presented in three states: flexible, isostatic and rigid
[94-96]. In flexible connection (the number of degree of freedom per atom n. = 3), degrees of
freedom allow for local deformation; in isostatic connection (n. < 3), the system is rigid but free of
eigen-stress; and in rigid (n. > 3), the connection is blocked and the eigen-stress is present. Bauchy
et al. [97] used the TC approach in combination with MD to study the fracture toughness of
densified sodium silicate glasses (NS) and calcium-silicate-hydrates (CSH). They found that the
resistances to fracture for both glasses and their fracture toughness behaviors are the most optimal
in isostatic system. They concluded that this theory is promising for composition design of tougher

materials.

For the simple approach using the atomic organization of glass, the theoretical value for toughness
(K"} was calculated by means of expression Eq. 1.10 using experimental values for the elastic
moduli and an estimation of the theoretical fracture surface energy (v, .) based on the interatomic
bond energy and the bond concentration along a fracture surface, assuming the easiest path for the
crack [86]. King and Antonelli [90] use this approach by converting the fracture energy of
crystalline material to that of amorphous material by the ratio of the density of the amorphous

material versus the density of the single crystalline material.
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Rouxel [86] has predicted the fracture surface energy of a variety of glasses ranging from
amorphous silica to metallic glasses and demonstrated a good agreement between the SEPB
experiment and the modelling when the diatomic energy (fission enthalpy) is considered. On the
other hand, when using the compound dissociation enthalpy, he found that the theoretical toughness
is somewhat smaller than the one of the experiment (Kicneo =~ 0.7Kicexp). He has predicted the crack
path in the glass matrix and drawn the relation between the fracture toughness and the glass
compositions. He has also collected data of fracture toughness of glasses from chalcogenide group

to metallic group and has simply summarized them in a graphic (Fig. 1-14).

JBa Jol QA
osi _. QL -
oM C \
@0 o N.i‘ %90
Metallic
FeCoCrMoC CeAINiCu ZrCuAINi PdCusi
Silicon oxycarbonitrides ]
Alkaline alkaline-earth Silicatess
Borates S—
I
Sulfophosphates
« Ji 3 ”
0.1 1 10
Kic (MPa.Vm)
Fig. 1-14: The apparent fracture toughness of glasses, as obtained by means of various

experimental methods. The schematic drawings depict the expected crack path, tending to follow
the weakest links of the atomic network (for example the Ba-O bonds in the BaO(30)-TiO2(30)-
Si02(40) glass) [86].

Table 1. 1: Glass compositions investigated in this research work.

Glass Compositions (mol%o) Kic Ref.

Silica Si0,(100) 0.69 Corning
Planilux Si0,(72)Na,0(13.4)Ca0(9.6)MgO(4)Al,05(0.6) 0.70 Saint Gobain
Optiwhite Si0,(72.7)Na,0(13)Ca0(8.8)MgO(4.3)Al,04(1) 0.67 Pilkington
Borofloat33 Si0,(81)Na,0(4)B,04(13)Al,04(2) 0.65 Sehot

BK7 Si0,(70)Na,0(9.5)B,03(11.5)K,0(7.5)Ba0O(1.5) 0.82

Seriesl 2.02 Ivoclar
Series2 3.06 Vivadent AG
Series3 4.46 R&D
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Si0,(25)Na,0(25)B,04(50) 0.66
Si0,(50)Na,0(25)B,05(12.5)Al,03(12.5) 0.79 Kacper
Na,0(25)B,04(62.5)Al,05(12.5) 0.67 JANUCHTA,
Si02(25)Na,0(25)B,03(25)Al,05(25) 0.58 (Denmark)
C1-SsioC Si0,(70.2)SiC(29.3)Cee(0.5) 0.73 Christina
Cl12-SioC Si0,(54.8)SiC(14.1)Cree(31.1) 0.99 STABLER,
SiHfOC Si0,(63.2)SiC(13.4)Cres(18.7)HfO,(4.6) 0.99 TUD
SiZroC Si0,(60.8)SiC(14.5)Crree(16.9)ZrO,(7.8) 0.91 (Germany)
x00 Si0,(70)Ba0O(30) 0.61 _
_ _ Piérre
x01 Si0,(60)TiO,(10)BaO(30) 0.55
_ _ MEXEIX,
x02 Si0,(50)TiO,(20)BaO(30) 0.51
UR1 (France)
x03 Si0,(40)TiO,(30)Ba0(30) 0.42
PCB_0 PbO(50)B,03(50) 0.28
PCB 1 PbO(49)Cu0(1)B,05(50) 0.39
PCB_10 PbO(40)CuO(10)B,04(50) 0.42
Zhao yue
PCB_20 PbO(30)Cu0(20)B,05(50) 0.50 VAG
PCB_30 PbO(20)Cu0O(30)B,04(50) 0.53 ’
UR1 (France)
ZCB 0 Zn0O(50)B,04(50) 0.40
ZCB 1 Zn0O(49)CuO(1)B,05(50) 0.56
ZCB 10 ZnO(40)CuO(10)B,04(50) 0.71
Si0,(86)Na,0O(10)TiO,(4) 0.68 Garth
art
Si0,(81)Na,0(15)TiO,(4) 0.61
Si0,(76)Na,0(20)TiO,(4) 0.61 SCANNELL,
i a i :
? ? ? RPI (USA)
Si0,(71)Na,0(25)TiO,(4) 0.60

I.4.  Temperature dependence of properties of glass

For an homogenous material adapting an elastic behavior, the Irwin-Griffith similarity principle

give: Kic = V(Ey/(1-v?)). At the atomic scale, Young’s modulus (E) can be related to the force

required to change the interatomic spacing [98]. For a given atomic displacement from equilibrium,

the force is usually smaller as the temperature goes up. This results in a decrease of the elastic

moduli as the temperature is increased. Such a trend was observed on a window glass [47,99], with

a slow decrease of E from RT to Ty, and a rapid drop beyond Ty However, Shinkai’s [47] and
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Spinner’s [100] experiments on fused silica glass from room temperature to about T4 showed the
opposite trend i.e. E of fused silica glass slightly increased. Poisson’s ratio v at elevated temperature
from room temperature to about Ty was shown to slightly increase in both float and silica glasses
[47]. High temperature measurement of the fracture toughness are scarcely reported, and most of

them are on ceramics and glass ceramics [101-108] and only a few studies on glasses [39,47,99].

I.5.  Objectives and outline

In order to assess the problem of surface flaws and to evaluate the strength of glass parts with
controlled surface flaws, the first part of the present work is focused on bi-axial flexure
experiments. The ring-on-ring configuration was chosen in the experiment, and a-SiO, and a
window float glass with different surface conditions were studied. The aim of this experiment is to
determine the critical surface flaw size of the 6 um diamond paste polish and sand blasting treated
a-SiO; glass as well as its strength and reliability and compare those parameters to the as-processed

float glass. The work is presented in chapter 2 (paper I).

The second objective of this work is to identify a suitable experimental method to measure the
fracture toughness of glass and to optimize the experimental protocol to reach reliable data with a
minimum amount of trials. SEPB, CNB and VIF methods were applied to four oxide glasses with
Young’s moduli ranging from 64 GPa to 82 GPa. A home-made uniaxial mechanical machine was
designed and equipped with ceramic set-up and camera, in order to get stable fracture tests, so that
Kic can be estimated either from the critical load for crack extension or from the overall energy
spent to create the fracture surface. Since the experiment is performed in room environment, the

possibility for stress-corrosion was also considered. These researches are presented in chapter 3

(paper II).

The third objective of the present work is to study the composition dependence of fracture
toughness. The SEPB method (paper Il) was applied to commercial glasses and to laboratory
glasses as well. Glass ceramics and ceramics were also studied. The Na;O-Al,03-B,05-SiO; glass
system with fixed soda content is studied in chapter 3 (paper I1I). Then four dense SiOC glass
ceramics were investigated. Two glass ceramics with two different amounts of segregated carbon
were synthesized and then toughness was investigated to highlight the impact of the segregated
carbon. The other two glass ceramics consist of 5 vol. % of zirconium or hafnium and the impact of
these two additives was also investigated and presented in chapter 4 (paper IV). The last part is
focused on laboratory glasses, glass ceramics and ceramics, and reported as complements in chapter
4,
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The fourth objective of the research work is to study the temperature and environment dependences

of fracture toughness. The SEPB method (paper IlI) was applied to three grades of glass with

different transition temperatures, Tg, at elevated temperatures. Each grade was tested at different

temperatures: from room temperature to 1.11T,. Another SEPB experiment was introduced in an

inert atmosphere (in a close box filled with argon gas) at ambient temperature to assess the

influence of stress-corrosion. This is the first time that both precrack and bending steps in the SEPB

method are performed in inert atmosphere (paper V).
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I1. The strength of glass as measured by bi-axial flexure on amorphous silica

and window glass with different surface conditions
I.1. Abstract

The strength of fused silica glass was investigated by means of the biaxial flexure test, with the
ring-on-ring configuration. An amorphous silica rod was cut into forty disk shape specimens, 35
mm in diameter, which were polished down to 6 um diamond paste on both sides. Half of the
specimens were then submitted to a surface treatment by means of sand blasting leading to a loss of
the transparency (specimens become translucent). The treated specimens were tested by setting the
treated surface face down on the tensile side. A statistical analysis of fracture, using either a two-
parameter maximum likelihood method or a linear regression method using P; = (i — 0.5)/N, shows
that the untreated specimens (mean strength = 143 MPa) are stronger than the treated specimens
(mean strength = 108 MPa) and as strong as a standard soda-lime-silica float glass (mean strength =
146 MPa; tin side on the tensile side). It is noteworthy that when Vickers indentations are
performed on the tin surface of the float glass (tensile side), the strength of the specimen indented
with a 0.2 N load is the same as the one of the product glass. This suggests that the critical surface
flaw on the tin side of the float glass is about 10 um. A clear correlation was found between the

number of fragments after fracture and the elastic energy stored in the disks prior to fracture.
Keywords: Glass strength, Sand blasting, Bi-axial flexure test, Ring-on-Ring

11.2.  Introduction

Fused silica glass finds numerous applications as lenses, mirror substrates, UV and IR transmitting
optics, metrology components and windows. It is thus essential to have a reliable strength value for
the glass as prepared for a given application. Strength from 50 to 180 MPa is reported in the
literature, depending on surface finish conditions [1-4]. Not-fine and fine polished a-SiO,
specimens with different disk diameters from 25.4 to 228.6 mm were investigated in [2] (Neither
diamond paste size nor roughness of the disk surfaces were mentioned in [2]). For the 25.4 mm
specimen, mean strengths of 109 and 172 MPa were found in case of not-fine and fine surface
finished specimens, respectively. In this study, the surface of a-SiO, disk shape specimen was
polished down to a 6 pm diamond paste. The strength and Weibull’s modulus were determined and

the incidence of the surface preparation was investigated.

This chapter has been submitted as: R. Horm, T.To, F. Célarié, M. Le Fur, J. Chollet, H. Orain, T.
Rouxel, The strength of glass as measured by bi-axial flexure on amorphous silica and window
glass with different surface conditions, Exp. Mech., (2019).
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The properties of the surface treated samples were compared to those of the as-polished ones. The
properties of the a-SiO, samples were further compared with the ones of soda-lime-silica (SLS)
glass (series 3 with as-processed “float” surface finish). For SLS glass, the tensile strength of the tin
side was reported to be weaker than that of the air side [5-7]. In this study, we put the tin side of the

35 mm diameter disk specimen in tension during the experiment.

11.3. Materials and experimental techniques
11.3.a. Ring on Ring (RoR) configuration

Ring-on-Ring (RoR) biaxial flexure test was used to investigate the strength of the studied glasses
in the ambient environment (temperature of 23 °C and humidity of 60 %). A relatively high
crosshead speed, of 2.8 mm'min™ (= stress rate of 35 MPa-'s™), was selected in order to eliminate
the effect of humidity [8]. A SHIMADZU-AGS-X testing machine was used to apply the load (Fig.
11.1). The loading set-up consists of a 2 kN load cell (with the accuracy of + 2 N), a stainless steel
piston (load rod) and a silicon carbide ball (SiC, Mersen Boostec, FR) to transfer the load to the
ROR device, a stainless steel holder to join the piston and the ball to the RoR device, 11 and 26 mm
stainless steel load (inner and upper) and support (outer and bottom) rings. The ring thickness is of
4 mm. Between each ring and the specimen, there is a compliant layer used to assure the stability of

the load from the rings to the specimen.

20 mm
e

Load Cell

Fig. I11.1: Bi-axial testing set-up (photo on the left hand side and drawing on the right hand side).

11.3.b. Specimen and experiment
Two series of fused silica and one series of soda-lime-silica glass, each of them consisting of 20
specimens, were investigated. Series 1 consists of disks with both surfaces polished down to 6 um
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diamond paste (roughness average R, ~ 0.001 pm), whereas series 2 consists of disks with one
surface polished down to 6 um diamond paste and the other surface treated by sand blasting to get a
R, of about 0.2 um. Series 3 consists of disks with as-processed (float) surface finish (R, ~ 0.002
pum). In all cases, disks are of 35 £ 0.1 mm in diameter and 2.1 = 0.1 mm in thickness. Specimens
were carefully checked by means of an optical microscope (Keyence MVVH5000, Japan) both prior
and after testing. A fractographic analysis was then conducted on the broken specimens using the

fragments that were systematically collected.

Before the biaxial experiment, the load ring was aligned with the support ring using hollow cylinder
called “aligner”, and the specimen was numbered on the compressive surface (the upper surface in
Fig. 11.1) in order to facilitate the reconstruction of the disk shape after fracture using the numerous
fragments. The glass surface which are set in tension (the lower surface in Fig. 11.1) are the 6 um
polished, treated and tin side ones for series 1, 2 and 3, respectively. For series 3, five specimens
were tested with as-processed float surfaces, five other specimens tested with a 10 N indent in the
middle of the surfaces, five other specimens tested with a 5 N indent in the middle of the surfaces,
and each one of the other five specimens tested with an indent load (in the middle of the surfaces)
varying from 1 N to 0.05 N.

The specimens were then manipulated with gloves to avoid additional alteration of the surface by
handling, and centered on the support ring with the accuracy within 2 % of the support ring
diameter. A compliant layer was positioned between the support ring and the specimen and another
layer between the specimen and the load ring (Fig. 11.1) in order to minimize the friction and to
help distributing the load equally on the contact surface. The cross-head was automatically stopped
once the glass was broken. The broken pieces of glass were collected and used to reconstruct the
disks to perform some fractographic analysis. The strength of specimen was calculated by means of
Refs. [9-12] accounting for the actual position of the crack origin. If the crack origin is inside load
ring, the radial (o;) and hoop (o)) stress are the same and expressed by:

3F D’ -D,? D
o= 1-) 2 =B iy 1.1
o= 27zh2(( V)= Ay DL] (-4
If not,
3F D.?-D,? d?-D? D
_SF [y BBl L (1+v)In— 1.2
o 27zh2(( T o A TE Y dJ (-2
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3F D-D,’ d?-D; D
=——(1-v)—=——=+(1-v L+@A+Vv)In—= 1.3
where F is the load (N) at fracture, Ds and D are the diameters of the support and load rings (mm)
respectively, D is the test specimen diameter (mm), d is the diameter of the circle on which the
crack origin is located, to the center of specimen (mm), h is the test specimen thickness (mm) and v
is Poisson’s ratio. Whenever the crack origin is in between the load ring and the support ring, the

hoop stress was used to estimate the strength since the crack initiated tangentially, (see Fig. 11.2).

Primary crack
line prediction

Fig. 11.2 : Example of broken specimen (series 1), where the origin is outside the load ring for the

left image and inside the load ring for the right one.

Density (o) was determined by means of Archimedes’ principle of buoyancy in distilled water. The
density was averaged from four measurements on the same piece of glass. The elastic moduli were
determined by means of ultrasonic echography. Longitudinal (V) and transversal (V1) wave
velocities were calculated from the sample thickness and travel time, using 10 MHz transducer.
Young’s modulus (E) shear modulus (G), Poisson’s ratio (v) and Bulk modulus (K) are expressed

as:
E :pﬂ (11.4)
(V IV, ) =1
G=pV} (11.5)
v=%_1 (11.6)
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K=t
3(1-2v)

(11.7)

11.4. Data analysis and Weibull modulus

Table 11.1: Physical/Mechanical properties of fused silica glass (a-SiO,); average + standard

deviation

Series p (g/cm®) E (GPa) G (GPa) v K (GPa)

land?2 2.196 £0.004 69.7+0.3 29.8+0.2 0.17 +0.01 352 £0.5

3 2474+0.025 73.2%11 29.7+0.5 0.23 +0.02 46.0 £3.6

Mechanical properties such as density, Young’s modulus, Poisson’s ratio, shear modulus, and
Bulk’s modulus are given in Table I1.1. Weibull approach [2,13-17] was used to analyze the
strength data. The statistical distribution of the probability of fracture is written,

Pr=1- e"(g_é)m, (11.8)

where m is the so-called Weibull modulus, o; is the experimented strength from each specimen and
oo IS a normalization parameter. In this study, two methods (linear regression and maximum

likelihood) were used to estimate Weibull’s modulus (m). Linear regression method (LRL)
generally provides the slope (m) and intercept (enable to calculateo,) from the experimental

fracture stress values and from probability expression:

a['”('”l—l PB

m= 8In(ai) : (11.9)

where an expression for P was introduced as,

1—0.5
- 11.10
R el (11.10)

where 1 is the rank of the specimen, by order of increasing strength, ranging from 1 to n.
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The maximum likelihood method (MLE) is more reliable for determining the value of m from a set
of fracture strengths, without any predetermined probability expression. Unlike linear regression,
the MLE offers a unique solution for two-parameter Weibull distribution. As the sample size is
increased, this estimator asymptotically converges to the true distribution parameters and the
confidence interval narrows as well relative to the linear regression estimator. The equation

corresponding to the maximum likelihood criterion is expressed as:

N iaimln(o])
Y In(o;)—n=— + N _p, (11.11)

1=1 zGim m

=1

and the normalization stress is given by:

1
o {%iqm}m (1.12)
i=1

Table 11.2: Summary results of strength of all series comparing to those from literatures. The
average strengths were obtained from 20 specimens for series 1 and 2, and from 5 specimens for

series 3.
) Omin Omax G50% Om * std Ocit) £ std
Series
(MPa) (MPa) (MPa) (MPa) (MPa)
1 98 184 143 143 £ 25 172 £ 20 [2]
2 56 134 110 108 £ 19 109 + 14 [2]
3 119 170 145 146 £ 19 125 [5]

Figure 11.3 shows the Weibull moduli (m) and normalization stress (oo) of the three series by both
maximum likelihood and the linear regression (using P; = (i—0.5)/m) methods. Except for series 2,
m calculated from MLE is greater than the one of LRL. m varies from 6.5 to 9. o, of series 1 (silica)
and series 3 (soda-lime-silica) are equal to each other. In addition, the theoretical strength of both
glasses, calculated based on atomic organization, is identical (about 34 GPa) and the fracture
toughness of both glasses is also nearly identical (about 0.7 MPa-m®®). Series 2 has the lowest
strength. Compare to series 1, series 2 is also a silica glass but its tensile surface was treated,
inducing the presence of larger surface flaws, and thus smaller strength values. The treatment is
found to weaken the glass by about 30 %. Table I1.2 shows the maximum strength (omax), the
minimum strength (omin), the strength at 50 % probability (ose%), the mean strength (o) with

standard deviation and the strength from different literature sources (ocir)). Series 1 and 2 are noted
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as super polished and standard polished specimens, respectively. ocand oty Of series 1 and 2 are
in very good agreement. These good agreement indicates that super polished surface in the literature
has the same condition of 6 um diamond paste polished surface in this study; the standard polished
surface in the literature has the same condition of the treated surface in this study. A slight lower

strength for soda-lime-silica glass in the literature may be explained by different surface conditions

as well.
Maximum likelihood method Linear regression method |P = 1_?'5
1 2 al
r . o
0.8 [ # series 1 .‘ P { 1 £ # series 1 ° N .
@ T N .
5 L ®series 2 . * ®series 2 f " .0’
f 06 L A series 3 .. " = 0 T A series 3 ‘0’ "‘
= r A = E i
& [ ° = —"E 1t .! ‘0‘ i
=04 | s R O . ’
E L , ’0 =21 L] 0‘
E 02 _E ° Ao m =647;6,=153 MPa [ ] + m; =6.94; 5,;=153 MPa
“F [ . my = 7.46: 0.,=115 MPa 3+ m; =6.07: 6,=116 MPa
r * - = r [ PR - .
F * m3 = 6.82; 65= 151 MPa le . m; = 8.79; 55= 154 MPa
0 += } } 4 1 } t
30 100 150 200 4 43 3 55
Fracture stress (MPa) In(s;) (MPa)

Fig. 11.3: Weibull moduli (m) and normalization strength (oo) of series 1 (20 specimens), series 2
(20 specimens) and series 3 (5 specimens) by means of maximum likelihood method (on left hand

side) and linear regression method (on right hand side).

11.5. Result and discussion

The surfaces condition of series 1 and series 2 were examined topographically by means of optical
microscopy and AFM and are shown in Fig. 11.4. For both series, scatters of flaws were identified
at a magnification of x5000. Remarkably, the flaws were clearly seen by AFM. Thus, the size of the
critical surface flaws (c) for series 1 and series 2 were estimated at around 2 um and 8 um

respectively.

To compare with the flaw size found by AFM, Griffith’s theory in brittle fracture mechanics was
applied to find the flaw depth at the onset of the fracture process. The critical surface flaw size (c)
was calculated using the following equation:
K 2
c=(;‘;) , (1L.13)
where K| is the fracture toughness (typically about 0.73 and 0.70 MPa-m°® for fused silica and
soda-lime-silica, respectively), Y is a geometric parameter (1.29 for a semi-elliptic surface crack and

the rim crack size c/a = 1.4 [18]) and o is the stress at failure.
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Fig. 11.4: Surface condition investigation before experimentation (left: series 1 and right: series 2).
a-surfaces investigated by a camera, b-2D surfaces investigated by a microscope, c-3D surfaces

investigated by AFM and d-profile of image c.

Table 11.3 shows the summary of flaw sizes on the tested specimen surface. The flaw sizes
calculated using the o509, and o, have a good agreement from one to another, and in all series 1 and
2, the calculated flaw sizes range between 4 and 43 um and are greater than the ones measured by

means of AFM. This disagreement suggests the presence of relatively large flaw that are not visible
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at the investigated surface neither by optical microscopes, nor by AFM. However, the calculated
flaw size of series 1 is equal to the size of the finished mirror polish paste (6 um) and the one of
series 2 (treated surface) is double the size polishing paste. To verify the surface flaw size, the other
fifteen specimens of series 3 were indented inner the support ring surface before the biaxial testing

as presented in Section 2 (Fig. 11.5).

Table 11.3: Summary results of flaw size corresponding to the strength and comparing to the one

measured from AFM. NA: not available.

] C(Gmin) C((Smax) C((550%) C(Gm) C(AFM)
Series
(pm) (pm) (pm) (pm) (pm)
1 14.15 4.02 6.65 6.66 2
2 43.35 7.57 11.24 11.65 8
3 8.83 4.33 5.95 5.86 NA

Fig. 11.5: From left to right and top to down: 10 N, 5N, 1 N, 0.3 N, 0.2 N, 0.1 N, 0.05 N indented

and original (0 N) surface of series 3.

After biaxial test, the disks were reconstructed using the fragments. Figure 11.6 shows
reconstructed specimens, which were indented with loads ranging from 0.05 to 10 N before flexure
experimentation. The last four images in Fig. 11.6 (0, 0.05, 0.1 and 0.2 N) are very similar from one
to another, likely because the flaw sizes (Table 11.4), associated with the indentation cracking
pattern at 0.05, 0.1 and 0.2 N, are smaller than or equal to the critical surface flaws. It can further be
concluded that the flaw size at the surface of the float glass is between 8 to 12 um. In contrast, the
first four images, corresponding to the larger indentation loads, exhibit different fracture pattern
with different numbers of fragments, always smaller than at lower load. The larger the indented

load is, and the smaller the number of fragments becomes. This trend is correlated to the energy
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stored in the testing specimen before fracture (Fig. 11.5, 11.6). Ccaiculated @Nd Cmeasured @re in very good
agreement for the specimens with pre-indentation at a load larger than 1 N. This agreement may be
explained by the half-penny cracking pattern of the indent when the indented load is high enough.
The comparison between the measured surface flaws and the measured strengths is shown in Fig.
11.7. When the indentation flaw size is greater than the critical surface flaw size (left hand side of
the red dash line), the strengths are dependent on the indentation flaw side; however, when the
indentation flaw size is smaller than the critical surface flaw size (right hand side of the red dash
line), the strengths are not anymore dependent on the indentation flaw side. The black slop line is
the fitted line with a slope of 0.55, which is corresponding to Y ~ 1.8. Using Y of 1.8 and o; of 34
GPa (theoretical strength of the SLS float glass) to apply in Eq. 11.13, we obtain a surface flaw size
(c) of about 0.13 nm which is the distance between two atoms in glass (the distance between Si and

O is about 0.15 nm). This good agreement suggests that the slope of 0.55 is correct.

Fig. 11.6: From left to right and top to down: fracture specimens of series 3 with 10 N, 5 N, 1 N,
0.3N, 0.2 N,0.1N,0.05N and 0 N post-indented surfaces (Fig. 11.5).
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Table 11.4: Average strength (om) * standard deviation or error, calculated flaw size (Ccailaeed) and

optically measured flaw size (Cmeasured) OF indent according to the indented load; NA: not available.

Indented load o (MPa) Cealulated (M) Crmeasured (HM)
10N 58 + 2 (std) 87.53 95.55

5N 69 + 3 (std) 61.85 60.18

1IN 103 + 1 (error) 27.76 19.52

0.3N 131 + 1 (error) 17.16 10.32

0.2N 154 + 1 (error) 12.42 7.96

0.1N 157 + 1 (error) 11.95 5.70

0.05N 149 + 1 (error) 13.26 4.41

ON 146 + 19 (std) 13.81 NA
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Fig. 11.7: Measured strengths and flaws. The slope black like is fitted with the slope of 0.55. The

red dash line shows the critical surface flaw.
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The stored energy was calculated from the load-
deflection curve, and the number of fragments was
counted considering the large fragments located on
the side, i.e. including the small ones in the middle
(Fig. 11.8). The stored energy as a function of the
number of fragments is illustrated in Fig. 11.9 for
series 1 and 2. A linear correlation is discovered, with

the same slope as of 0.0025. This suggests that the

number of fragments does not depending on the
surface condition, but the stored energy prior to Fig. 11.8 : Fragment number

fracture. Moreover, the fracture surface energy, calculated by accounting the stored energy divided
by the fracture surface (= number of fracture line times radius of the specimen and times the
thickness of the specimen), is equal to 68 J/m? for both series and is not dependent on the number of
fragments (Fig. 11.9-bottom). This fracture surface energy value is about 20 times larger than the
one in the literature (~ 3.55 J/m?2) [19]. This great difference suggests that the fracture surfaces may
actually 20 times greater than the assuming surfaces because the angular fracture surfaces, second
line fracture surfaces and the surfaces of the totally broken pieces were not counted in the assuming

fracture surfaces.
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Fig. 11.9: Top: Energy as the function of fragment number for series 1 (left) and series 2 (right);

bottom: Surface energy as a function of fragment number for series 1 (left) and series 2 (right).

11.6. Conclusion

e The size of the critical surface flaws on the tin side of a soda-lime-silica float glass is about

8 to 12 um as estimated by biaxial flexure test on 35 mm diameter disks.

e Fused silica glass, with a surface polished down to 6 pum, has the same strength (~ 150 MPa)

as that of the soda-lime-silica float glass, and the surface-treated fused silica glass has lower

strength (~ 110 MPa) than that of untreated fused silica glass.

e The Weibull modulus cannot be said to be dependent on the surface flaw.

e K. can be predicted from the biaxial experiment once the crack pattern is known (in case of

soda-lime-silica glass).

e The number of broken pieces of post-specimen is dependent on the stored energy in the

specimen before fracture.

e The flaw size as small as the distance between two atoms (~ 130 pm) is obtained when

taking the theoretical strength of 35 GPa.

11.7. Remarks

The strength of glass is considerably dependent on the flaw in glass. This suggests that glass

engineers and scientists need to know another important property called the fracture toughness
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(Kio). K¢ is the resistance to the crack propagation and units in MPa-\Vm. Determining K is still
challenging. Several methods have been developed to determine K. of brittle materials and some
methods (e.g. SEPB, CNB and SCF) have been standardized to determine K. of ceramic. However,
there has not been any standard method available in the case of glass yet. In the next chapter, three
experimental methods have been performed, modified and discussed to trigger at least one
consistent method in order to determine the K. of glass.
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I11.  Fracture toughness, fracture energy and slow crack growth of glass as
investigated by the Single-Edge Precracked Beam (SEPB) and Chevron-

Notched Beam (CNB) methods

I11.1 Abstract

We show that the Single-Edge Precracked Beam (SEPB) test is not only suitable to the
determination of the fracture toughness (K,c) of glass, but also offers a unique opportunity to assess
the slow crack growth behavior in a single experiment lasting for few minutes. Besides, we found
that it is possible to get either a stable or an unstable final fracture regime (pre-cracked specimen)
depending on the testing parameters, and that the unstable case is preferable for the estimation of
Kic. The "pop-in" precrack was found mostly to close completely once the load was suppressed on
the bridge-flexure device. This led to a reopening event on the loading curves. It is noteworthy that
all these original observations were made possible thanks to the design of a very stiff testing
apparatus (6.7 MN-m™) allowing for a cross-head speed as small as 0.01 mm-s™. Results obtained
on four grades of commercially available glasses are compared to those stemming from Vickers

indentation cracking and chevron notched experiments.

Keywords: Fracture toughness, Vickers Indentation Fracture (VIF), Chevron-Notched Beam (CNB),
Single-Edge Precracked Beam (SEPB), Stress-corrosion

I11.2 Introduction

There is no standard method for the measurement of the fracture toughness (Kc) of glass. The
difficulties, associated with the specimen preparation and the inherently low fracture surface
energy, are still major obstacles to a reliable and accurate determination of K,. by means of self-
consistent techniques. This situation favored the development of indentation-based experimental
methods such as the indentation fracture (IF) ones [1-5]where a Vickers indenter is mostly used and
fracture toughness is estimated from the geometrical characteristics of the indent (indentation size
and indentation crack length). Nevertheless these methods need to be calibrated using values
obtained on alternate standard methods and there still remain serious issues regarding the

mechanical analysis [5,6].

The present study focuses on the SEPB test, examines the experimental conditions determining the
stability of the ultimate fracture stage (from the pop-in precrack), and analyses the incidence of the

preliminary indentation cracking characteristics. Environmental effects (humidity) are also

This chapter previously appeared as: T. To, F. Célarie, C. Roux-Langlois, A. Bazin, Y. Gueguen,
H. Orain, M. Le Fur, V. Burgaud, T. Rouxel. Acta Materialia, 2018, vol. 146, p. 1-11.
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discussed. The ultimate goal was to identify an experimental protocol based on "ideal” cracks, i.e.
cracks with tip sharpness as close as possible to the one of propagating cracks during catastrophic
failure under the assumption of pure elasticity, allowing for the determination of K. in a self-
consistent way. It was previously proposed by several investigators that such cracks are atomically
sharp in brittle materials such as glass [7,8]. Chevron-Notched Beam (CNB) and Single-Edge
Precracked Beam (SEPB) methods are well established self-consistent methods which proved to be
suitable for the measurements of Klc of ceramics [9-11]. These methods will be compared to the
indentation-based methods, which are far more common to estimate K. of brittle materials. CNB
method offers the advantage of stable crack propagation and of the ease for the measurement of the
actual fracture surface energy. However, the estimation of the critical crack length corresponding to
the maximum load, edge effects, and the difficult specimen preparation (especially the cutting of the
Chevron-shape Notch), are major impediments. On the contrary, the SEPB method offers the
advantage of a well-defined crack with a clear determination of the maximum load for the onset of
crack extension, but requires a three-step protocol, sensitive optical means, and is mostly not
suitable for stable crack extension. The SEPB test stability can be improved by using stiff loading
device and mechanical testing machine. A specific testing machine, equipped with a ceramic
loading set-up, a piezoelectric actuator and a very low compliance load cell was designed for this
purpose. The mechanical stability of the SEPB test is discussed in the light of a quantitative

modeling of the mechanical problem and numerical analysis.

The fracture toughness of four grades of commercially available glasses (optical quality), i.e. two
borosilicate and two soda-lime-silicate glasses was estimated from the critical load for crack
extension and from the overall energy spread to create the fracture surfaces as well. Results
stemming from the onset for crack extension and from the crack propagation regime, in case of
stable crack growth, were analyzed and compared. Both are expected to give slightly different K.
values due to different physics and chemistry behind both processes, such as environmental
couplings, dynamic effects, a tortuous crack path, etc. However, in cases where the incidence of the
environment remains limited, and where crack extension chiefly proceeds in the opening mode
(mode 1), a good correlation is expected and is indeed observed in many cases. Differences in both
results are interesting though because they shed light on possible complicated features for the crack
extension. The critical load corresponds to the initiation of crack propagation and is hence more
subjected to history and to the precrack characteristics (tip sharpness, chemical alteration, residual
stresses, etc.). In contrast, measuring the dissipated energy requires the occurrence of stable crack
propagation but is likely to be more related to intrinsic material properties, as far as concomitant

stress-corrosion permanent deformation phenomena remain limited.
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I11.3 Materials and experimental techniques

11.3.a. Glasses and experimental condition

Four commercial grades of glass were studied, namely two borosilicate glasses (Schott BK7 and
Schott Borofloat® 33) and two soda-lime silica glasses (Pilkington Optiwhite™ and Saint-Gobain
Comp. Planilux®). The chemical composition and some physical and mechanical characteristics (Tg,
H, E, G, v, K;) of these glasses are reported in Tables I11.1 and I11.2 respectively. Glasses were
chosen so as to i) cover some range in stiffness (E changes from 64 GPa to 82 GPa between the
Borofloat and the BK7 grades respectively), ii) investigate the effect of humidity (soda-lime-silica
glasses are more sensitive to water than borosilicate glasses [12]), iii) study the influence of changes
in the indentation deformation mechanism on the fracture toughness values (borosilicate glasses are
more prone to densification and cone/ring cracks under a Vickers indentation than soda-lime-silica

glasses). All experiments were conducted in ambient atmosphere (~ 20 °C, 60 % humidity).

Table 111.1: Approximate chemical compositions (in weight %). (from the technical sheets of the

relevant companies or Ref. [13]).

Glasses Na,O K>0 CaO MgO BaO B,0O3 AlL,O;  SiO,
Borofloat® 33 4 (Na,0 + K,0) — - - 13 2 81
BK7 9.5 7.5 — — 1.5 115 — 70
Optiwhite™ 13 0.4 8.8 4.3 - - 0.6 72.7
Planilux® 13.4 — 9.6 4 — — 0.6 72

Table 111.2: Glass transition temperature and mechanical properties. The data for Borofloat® 33,
BK7, Optiwhite™, and Planilux® glasses, were extracted from the technical sheets of the relevant
companies and Ref. [14]. H is averaged Meyer’s hardness (H = 2P/d?) over four measurements
(load P of 9.81 N applied for 15 s).

Glasses Tg H E G v
O (GPa) (GPa) (GPa)

Borofloat® 33 530 6.21 64 27 0.20

BK7 557 7.01 82 34 0.21

Optiwhite™ 559 577 72 30 0.23

Planilux® 540 6.12 73 30 0.23

111.3.b. Vickers indentation fracture (VIF)
The Vickers indentation fracture toughness test, or VIF, is popular for its simplicity and ease in

specimen preparation and measurement [5]. It is based on the measurement of the indentation
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corner cracks and relies on an idealized crack pattern under the indent. Because of the complexity
of the indentation cracking problem (crack arrest phenomenon, process zone, multiple cracks
developing both during loading and unloading) [6], it is not a self-consistent method as it requires a

calibration constant (pre-factor in the right-hand side term in Egs. (1,2)).

a) b)

Top plan view

A-A plan view

Fig. 111.1: Schematic top plan view, cross-section, and AA plan view (after polishing) of a Vickers

imprint site for a) a Palmqvist and b) a radial-median cracking pattern.

Indentation and crack observation

Specimens of the four grades of glass (2.5 to 4 mm thick) were polished to an optical finish down to
a 1 um grade diamond paste. Vickers indentations were then performed with a microhardness
testing apparatus (Matsuzawa VMT-7S) with a load of 9.8 N for 15 s, which resulted in the
formation of long cracks from the indentation corners without visible chips. Cracks were observed
by optical microscopy (Olympus BX60 with a x 50 objective). The indentation diagonal (d) and the
crack length (2c) were measured two minutes after the indentation.
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Crack pattern

Depending on the crack pattern (e.g. ring/cone, radial-median or Palmqvist), numerous models were
developed to link the Vickers indentation load to the fracture toughness. Readers will find an
exhaustive review of those in Refs. [4,5]. The first difficulty is to identify the crack geometry that
cannot be elucidated from surface observation only. In an attempt to differentiate between the
radial-median (also called half-penny) and the Palmqvist (surface-radial) microcracking patterns,
the 9.8 N indented specimens were polished to about half of the indentation depth. The specimens
were again observed by optical microscopy. A schematic of the expected surface patterns before
and after polishing is shown in Fig. 1 for both the Palmqvist crack pattern (Fig. 111.1a) and the
radial-median crack pattern (Fig. 111.1b). It is noteworthy however that even in the case where the
radial cracks seem to be detached from the imprint after polishing, the presence of a process zone
(hemispherical shape) in the surrounding, where densification occurred for instance, prevents from

a definite conclusion regarding the microcracking pattern.

Fracture toughness calculation

The Vickers indentation fracture toughness was calculated using Eg. (111.1) for radial-median crack
pattern [15] and Eq. (111.2) for Palmqvist crack pattern [16].

Kyiriang) = (0.016 +0.004) (E/H) /2. P/ 32, (11L.1)

Ky = 0.018 EHP3(d/2) 1%, (111.2)

where E is the Young’s modulus, H is the Meyer’s hardness (H = 2P/d %), P is the indentation load,
d is the half indentation diagonal length, c is the half crack length, and | is equal to ¢ — (d/2) as
shown in Fig. I11.1. It is noteworthy that the prefactor in the right-hand side of Eqgs. (111.1, 111.2)
was calibrated using chiefly ceramic materials and including a soda-lime-silica glass. Unlike most
polycrystalline ceramics, glasses are known to allow for a significant densification upon indentation
loading, because of i) pressure in the GPa range beneath the indenter and of ii) a relatively large
amount of free volume [17]. The physics behind these equations (isochoric plasticity) is thus put
into question in the case of glasses, and K| values obtained by means of self-consistent techniques
on various glasses might hardly compare with VIF ones, with perhaps the exception of soda-lime-

silica glass.

11.3.c. Chevron-notched beam (CNB)

The Chevron-Notched Beam (CNB) method is known as a self-consistent standard method [11].
The method requires the machining of a VV-shape notch (so-called chevron) in the middle of a beam.

This shape is achieved by means of a two-step cutting procedure, involving two straight through
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cuts. The chevron-notched beam is then loaded in bending mode (the tip of the remaining V-shape
ligament being in the tensile side). Under the assumption that a planar crack with a straight front is
propagating, the value of the maximal load (which corresponds to a critical crack extension) was
tabulated as a function of K. and the specimen geometry [18]. In order to ensure a stable crack
extension, a chevron notch with a relatively acute angle (apex angle = 40°) was chosen and a full

ceramic (SiC) three-point bending device was used for sake of stiffness.

Notch machining

Bulk samples of thickness varying from 2.5 to 4 mm (depending of the available glass sheets) were
cut into rectangular beam specimens with the final height (W) varying from 2.85 to 4 mm, and
broadness (B) varying from 2 to 3 mm and length of 30 £ 1 mm, and polished with a diamond paste
down to 9 um grades. The beam were mounted on and glued to a stainless steel support designed to
have two symmetric inclination plans for machining the chevron notch as illustrated in Fig. 111.2.
Advantage in having these symmetric plans is that the same end of a specimen can be used as a
reference to limit the offset between the first and the second cuts. Cutting was achieved by means of
a 0.2 mm thick diamond wheel with a cutting speed of 23 m.s?, and a translation speed of 0.2

mm.min*. Typical final chevron geometry is shown in the result section.

Depth setting}
reference

Fig. 111.2: Grooved stainless steel support with a typical chevron notch specimen in position for the

half chevron notch cutting (the final chevron apex angle is 40 °).

Three-point bending

In order to achieve a high resolution for the displacement together with a high precision for the
specimen deflection measurement, combined with a small machine compliance ensuring the stable
crack propagation, a mechanical testing equipment consisting of a piezoelectric displacement

actuator (N-216 NEXLINE® Linear Actuator, Physik Instrumente company, Germany), a laser
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interferometer displacement sensor (LK-G5000 series with LK-HOO8W head sensor, Keyence
Corporation company of Japan), and a stiff load cell (MS02 load cell, 6.7 MN.m™ stiffness, 1 kN
capacity, Scaime company, France) was designed (Fig. 111.3). The displacement actuator is
characterized by a 5 nm closed-loop resolution over a 20 mm displacement range, allowing for

displacement rates between 0.01 pm.s™ and 400 pm.s™. The displacement sensor can detect

displacements between — 500 um and + 500 um with an accuracy of 5 nm.

Fig. 111.3: Mechanical testing equipment.

The parallelepiped glass bars with a chevron notch were fractured in three-point bending with a
support span of 20 mm and a crosshead speed (actuator) of 0.01 pm.s™. The specimen deflection (u)
was measured in situ by means of a laser interferometer displacement sensor focused on the tensile
surface of the beam. The displacement was double-checked using the actuator position record and

the whole loading set-up compliance (calibrated prior to the measurements).

Fracture tough ness measurement

Kic was calculated either using the maximum load (Pmax) or of the work of fracture (wof),

ur
wof =f Pdu (II1.3)
0

where us is the final deflection corresponding to complete fracture, and wof is related to the fracture
surface energy by,
wof = 29§, (111.4)
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where y is the fracture surface energy, and S is an in-plane fracture surface (geometrical area). In the

first method, the formula developed by Munz et al. [10] was used

*

Pmax
KengPoar) = —222 v7. 1115
cNE(Prax) B S (IIL5)

where Ppax is the maximum load (P-u curve), B and W are the specimen’s broadness and height

respectively, and Y. is the critical dimensionless geometric coefficient calculated from both Slice
and STCA (Straight Through Crack Assumption) approximation [18-21]. In the Slice model, the
fracture chevron section is divided into many narrow slices and each slice is taken as a straight-
through cracked section. In the STCA model, the fracture chevron section is taken as a straight-
through cracked section with the same crack length and thickness as the chevron crack front. In the

second method, the fracture toughness was calculated from the equation proposed by Irwin [22]:

Keng(2) = 2E", (11L6)
where E' is taken equal to £/(1 - v?) (plane strain hypothesis in the bulk).

11.3.d. Single-edge-precracked beam

The Single-Edged Precracked Beam method, or SEPB method, is as a self-consistent standard
method [11], which consists in creating a straight-through precrack in a beam from indents or saw
notch via a technique called bridge-flexure (described below). The bridge-flexure technique

generates a sharp planar precrack. The precracked beam is later fractured in the bending mode.

Precracking stage

Parallelepiped bars similar to those used for the CNB test were cut and polished down to 3 pum
diamond grade, except the surface chosen to initiate the precrack that was polished down to 1 pm.
The polishing of the specimen sides was aimed at eliminating surface residual stresses that might
lead to uneven crack extension and affect the toughness measurement. Vickers indentations with
their diagonal aligned with the specimen broadness proved to act as an efficient precursor for the
precrack. The indentation load (usually between 1 to 10 N) was adapted for each glass grade to
generate corner crack of about 50 um in length (c in Eqg. (I11.1)) and a line of indentation with 300
um between each imprint was performed. The resulting precrack, is within the cross-section (< 5°
inclination) with a flat front (less than 10 % difference between the average precrack length and any
measurement at 0.25, 0.50, and 0.75 of the specimen broadness). Figure I11.4 shows a typical

indentation line on a specimen. The precrack is obtained by means of tungsten carbide bridge-
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flexure (Fig. 111.5) with the indented surface of the glass sample being over the groove and a
loading rate of 0.05 mm.min™. During the bridge compression process, the propagation of the
precrack length was observed from an optical camera. As explained in Nose and Fujii [9], the crack
initiated and grew slowly in the indented area and then propagated suddenly. This stage is referred
to as the pop-in precracking. The loading was stopped right after the pop-in precrack was visible

(ultrasonic monitoring was used) to avoid further crack growth.

Fig. 111.4: Typical indented SEPB specimen (Planilux) with zoom of the indentation line.
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Fig. 111.5: Compression fixture with indented specimen (Planilux).

The bridge-flexure geometry was optimized to have a pop-in precrack long enough to make the
residual stresses stemming from the indentation site negligible (a,/W = 0.35 according to the ASTM
[11]), and short enough to avoid free surface perturbation (precrack length ao/W < 60% according to
ASTM recommendation [11]). Plane strain extended finite element simulation was performed for

different geometries and crack lengths, and the stress intensity factor was computed. Tungsten

47



carbide (E = 490 GPa) is much stiffer than the glass sample (E ~ 70 GPa). For sake of simplicity in
the calculation, the bridge-flexure is taken as perfectly rigid, so that prescribed normal
displacements were thus enforced in the simulation. The simulation showed that once the sample
and the bridge-flexure are long enough (L > 3W) fracture (stress intensity factor evolution) is
governed by three geometrical parameters: the sample width W, the groove size b and the crack
length a. The pop-in precrack length is an outcome that depends on b normalized by W. The pop-in
precrack appears when the tension on the indents generated by the bridge compression fixture
reaches a critical value T.. It then stops at a position where K, becomes lower than the toughness.
The evolution of K, with the crack propagation (a/W) is shown in Fig. 111.6 for different groove
sizes, where K, is normalized by T. for each groove size; T, is computed from the finite element
simulation without crack. Since far enough from the indents, K; and T, are proportional to the load,
this is equivalent to performing the simulation at the prescribed displacement generating the pop-in.
This figure can then be used to determine the groove size needed to obtain the required precrack
length. Kic and T, being unknown, a preliminary test has to be performed for each considered
material with an arbitrary groove size in order to compute K,/T. from the precrack length a;
associated with this preliminary test. The groove size to obtain the required pop-in precrack length
can then be identified for different b/W values. Although this process may require additional
iterations due to the modelling approximation, it was successful in all tested cases. In case where a
satisfactory precrack length cannot be achieved, whatever the b/W ratio, it is recommended to

reduce the indentation load so as to increase the precrack length.

—x—b/W =0.75
—+—b/W =0.875
—8—h/W =1
—o—b/W =1.25

Fig. 111.6: Stress intensity factor (normalized by the critical tension on the Vickers indents at the
onset of the pop-in precrack formation) as a function of the crack length (normalized by the width

W).
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Fracture of the precracked specimen

In order to fracture the precracked specimens, a three-point bending loading rate of 0.1 pm.s™
between two silicon carbide rollers at a distance of 20 mm is applied. The beam deflection is
measured by means of a laser interferometer displacement sensor. Optical observations are also

made by means of portable optical cameras.
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Fig. 111.7: Stress intensity factor for a given prescribed displacement (ug), for a 25x4(W)x3 mm?®
beam loaded in three or four point-bending (3PB and 4PB), with inner (4PB) and outer (3PB and
4PB) span lengths of 10 and 20 mm respectively.

Although it requires aligning accurately the precrack with the loading axis, three-point bending was
preferred to four-point bending as it favors stable crack propagation, chiefly because of a smaller
elastic energy storage upon reaching the critical load. Evidenced for a stable crack extension is
illustrated in Fig. 111.7 where the evolution of the stress intensity factor is plotted as a function of
the crack length for a given displacement. K, was computed with a plane strain numerical
simulation assuming punctual support and neglecting any friction. An increase of K, (left-hand side
of the curves) at constant displacement reflects an unstable crack extension. Accounting for the
machine (including the loading device) compliance results in a lower value for K,. Nevertheless the
extent of the unstable range is always larger in four-point than in three-point bending. K; is found to
decrease as the crack grows from a/W = 0.35 in three-point bending and 0.56 in four point bending.
This is the stable crack extension range. It is noteworthy that when the stiffness of the loading
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device is accounted for, in agreement with Bar-On et al. [23], a very long precrack is needed for a

stable crack growth.

Fracture toughness calculation

In analogy with the single edge notch beam (SENB) method, the SEPB one is based on the
accurate measurement of the maximum load. To the best of the knowledge of the present authors,
there was no attempt so far to estimate K, from the wof associated with this test, very likely because
tests were mostly unstable. In the present study, a stable extension of the SEPB precrack was
achieved by properly tuning the precrack length, so that K. could be calculated using both the
maximum load (Pmax) and the fracture surface energy (y), by means of Eqs (111.3, 111.5). Ppax Was
calculated by finite element simulation under a plane strain assumption. The load is determined
with a better than 0.12 N accuracy corresponding to a better than 0.02 MPa.m®° accuracy for K.

111.4 Results

Kic, as obtained from the different methods on the four glass grades is summarized in Table 111.3
together with previously published data on these glasses. The present measurements of K. (SEPB,
unstable fracture) of the window glass (here the Planilux brand) are in good agreement with the
values obtained with the SEPB method in air by Kato et al. [24] and Salem et al. [25]. However
Quinn et al. [26] obtained significantly larger values, especially for the BK7, although the
maximum testing velocities they used in air to prevent against stress-corrosion effects, are very
close to the present velocities. The difference for BK7 is even larger in dry N2. Possible
explanations for these differences include: i) the humidity levels in the ambience. In the present
case, a humidity of ~ 60 % was recorded, which is about the upper bound for the humidty in [26],
so that the maximum cross-head speed might still be insufficient to completely avoid environmental
fatigue-like effects ; ii) in the case of the BK7 specimens, we noticed that the precrack length was
systematically smaller than for the other glass grades, and lied at the lower limit per the ASTM
standard [11]; and iii) In the present study, the precrack is initiated from a series of aligned Vickers
micro-indents, whereas a scratch was used in [26]. Further investigations would be needed to

provide a definite conclusion.

Table 111.3: Fracture toughness (in MPa.m®®), as measured by means of different methods. (-):
number of tests; *: standard deviation. Kcnssiice(P): CNB method using the maximum load with the
Slice model approximation; Kcnssca(P): CNB method using the maximum load with STCA
approximation; Keng(y): CNB method using y (from wof); Ksepsstanle(P) : SEPB method using the

maximum load for the stable crack propagation; Ksgpgunstanie(P) : SEPB method using the maximum
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load value for unstable crack propagation; Kseps(y) : SEPB method using y (from wof); YOne valid

result among the three specimens with a final fracture angle < 5°; 2Average of three valid results

among the six specimens. 2Soda-lime-silica type glass (float glass).

Glasses Borofloat® 33  BKY Optiwhite™ Planilux®
Kireans) (EQ. (1)) 0.99 +0.04 (5) 0.51+0.01 (5) 0.66 + 0.01 (5) 0.67 +0.02 (5)
Kiriiy (EQ. (2)) 1.32 £0.03 (5) 1.01 £ 0.01 (5) 1.06 + 0.00 (5) 1.09 + 0.01 (5)
Kengstice(P) 0.77 £ 0.02 (2) 0.72 )Y 072 (3)Y  0.75+0.04 (6)?
Kngsical(P) 0.73+0.01 (2) 0.67 (3 067 (3)Y  0.71+0.04 (6)?
Kens () 0.50 +0.05 (2) 0.55 +0.09 (3) 0.58 +0.04 (3) 0.66 + 0.04 (6)
Ksepestavie(P) 0.52 +0.01 (6) 0.47 £0.01 (2) 0.56 + 0.04 (2) 0.56 + 0.02 (12)
Ksepgunstanle(P) 0.65 + 0.03 (6) 0.65 +0.01 (4) 0.67 +0.01 (4) 0.70 +0.01 (5)
Ksepa(?) 0.64 +0.01 (6) 0.65+0.10 (2) 0.63 +0.00 (2) 0.66 + 0.03 (12)
K. (litterature, CNB) ~ 1.03+0.10[27]  0.93+0.04[28] 0.73+0.06 [29]  0.63+0.10 [21]
K. (litterature, SEPB)

In air [24] / / / 0.75 + 0.05°

In air [25,26] 0.73+0.03[26]  0.87 [26] / 0.71 +0.01 [25]°

IndryN2[26]  0.75+0.03 0.92 +0.05 / 0.76 +0.03°

111.4.a.

50 um

Fig. 111.8: 9.8 N Vickers indentation of a) Borofloat 33, b) BK7, ¢) Optiwhite, d) Planilux. Top:

views before polishing on the indented spcimens. Middle and bottom: views from front and back

light, respectively, after polishing about half the indentation depth on the indented specimens.
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Despite a careful observation and numerous studies existing on these well-known glasses, the
cracking patterns remain debatable. Niihara et al. [16] and Lankford [30] suggested that when the
2c/d ratio is lower than 2.5 the surface cracks extending from the indentation corners remain near
the surface and form the so-called Palmaqvist pattern, as opposed to the half-penny pattern. Among
the four grades of glass, only the Borofloat 33 exhibits 2c/d < 2.5. However after polishing
indentations made on all grades of glass with a 9.8 N (Fig. 111.8), the (surface) radial cracks appear
detached from the indentation imprint which would be the signature of Palmqvist patterns [31,32].
However, the gap between the radial cracks and the indent is rather blurry and the process zone
where densification and extensive deformation show up at indentation site impedes a definite
conclusion. Indeed, by changing the optical illumination conditions from front-light to back-light on
the microscope, shadowy lines between the radial cracks are observed. Because of this uncertainty,
both Eqgs. (I111.1, 111.2) were used to calculate the indentation fracture toughness by the VIF method.
The Niihara's equation (Eq. (111.2)) gives higher values of indentation fracture toughness whatever
the glass (table 111.3). Borofloat 33 which has the lowest 2c/d ratio has the greatest value of K. In
contrast BK7, with the highest 2c/d ratio has the lowest toughness. Planilux and Optiwhite, which
are all soda-lime silica glass, have indentation toughness comparable to other methods, which is not
surprising owing to the fact that similar glasses were included in the calibration step for the
development of VIF methods [15].

111.4.b. CNB
23 r Borotloat 33 Fig. 111.9: Typical stable load-
50 I BK7 displacement curves obtained with
I Optiwhite CNB specimens. Specimens having
g 15 _ Flamlux significantly different cross section
< areas were fractured in 3-point
S0 4 bending with a span length of 20
mm and a cross-head speed of 0.08
0.5 1 pum/s, except for Planilux that was
! . . . fractured with a cross-head speed
e of 0.01pmls.
Displacement (num)

Typical load-displacement curves of CNB specimens loaded in 3-point bending are shown in Fig.

111.9. The post-mortem fracture surface showing the chevron-shaped ligament is illustrated in Fig.
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111.10. In the chevron geometry, W, B, a; and ap are the specimen’s height, broadness (associated
with the V-shape ligament), and the geometrical characteristics of the notch (Fig. 111.10). In the
present study, W =3 -4 mm, B =15-2 mm, a; = W and ap = 1.4 mm. The load versus
displacement curve exhibits a relatively sharp maximum, which contrasts with the smooth shape
quoted in ASTM [11] for specimens with slightly different geometrical characteristics, which were
not applicable for the presently studied glass batches. Micro-cracks were observed at the tip and at
the border of the chevron in most cases (Fig. 111.10). These micro-cracks arose from the cutting of
the chevron notch, as well as from the uneven crack propagation and the out-of-plane component of
the crack propagation. The existence of a planar offset between the two parts of the notch can result
in an overestimated K [33]. In the present study, the offset is smaller than 75 um (30 % of the
notch thickness), and is thus supposed to have little incidence on the toughness measurement [11].
Kic results as obtained using the Slice model (Slice), the Straight through Crack Assumption
(STCA), and the wof are given in Table I11.3. The STCA method gives a K. value about 5 %
smaller than the Slice one. Salem et al. [34] compared the toughness values calculated from Slice
and STCA approximations with a 3D finite element analysis (FEA) and found a good agreement
between FEA and STCA when a;/W = 1 and with Slice when a;/W < 1. In the present case ai/W =
1, so that STCA will be considered further in the discussion. K. as deduced from the wof is
significantly smaller than Slice and STCA results, especially for Borofloat 33, BK7 and Optiwhite.
This discrepancy will be discussed in the next section.

Fig. 111.10: Left: typical in-plane fracture surface of a CNB specimen. Right: zoom-in along the

edge of the ligament revealing secondary microcracks and chips.
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I11.4.c. SEPB

Two typical SEPB three-point bending fracture load-deflection (P-u) curves recorded with window
glass specimens are shown in Fig. 111.11, together with an optical fractography. The alignment of
the Vickers imprints and the associated micro-cracks are visible at the bottom of the inset. The
crack arrest line (black arrows) shows the precrack front. The precrack length and the remaining
ligament of material are easily measurable. The two curves in Fig. 111.11 correspond to specimens
with identical geometry and precrack length (a/W) but two different cross-head speeds: 2 um.s™ and
0.02 um.s™. It is worth mentioning that obtaining twice the same precrack length is challenging, and
was made possible by means a careful preliminary study (calibration) of the indentation cracking
stage. The sudden decrease of the load at a displacement of ~ 2 um on both curves is associated
with the reopening of the precrack and will be showed in the synchronizing video in the next
section. Indeed, the crack closes as the compression load is released just after the opening of the
pre-crack with the bridge-flexure (pop-in). Hence, in the beginning of the subsequent bending
experiment, the beam specimen exhibits stiffness similar to the one of a pristine, crack-free,
specimen, consistently with the fact that no crack could be seen with the in-situ optical microscope.
Then, as the displacement is increased beyond ~ 2 um, a stable extension of the re-opened precrack
is observed in the case of the smallest cross-head speed, while the unstable crack growth is
produced at the largest cross-head speed. Stable and unstable tests result in different K. values
(table 111.3). For the stable tests, K. could also be estimated from the work of fracture (Kseps(y))
for the four grades of glass. On the one hand Ksepgstane(P) IS at least 16 % lower than
Ksepsunstable(P). On the other hand, Kseps(y) is just slightly lower than unstable toughness. Note that
the standard deviation for these measurements is rather low. The incidence of the loading rate on
the test stability and on the final result for K. will be discussed in the next section.

d + Unstable test (2 pm.s?)

8 ,. * Stable test(0.02 pm.s)

7 /7 ~— 1 ot Fig. 111.11: Load-deflection (P, u) curves
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I11.5 Discussion
111.5.a. VIF

Current VIF equations are based on strong assumptions regarding the constitutive law: no
densification, perfect plastic flow, and no pressure-dependent material characteristics. These
assumptions are obviously questionable in the case of glass. Nevertheless for Optiwhite™ and
Planilux®, the Kirans) values are comparable to K values measured by means of self-consistent
method, e.g the SEPB one, likely because soda-lime-silica glass was included in the calibration
protocol for the VIF method [15]. As soon as the glass properties depart from those of soda-lime-
silica glass, VIF method mostly leads to biased results. For instance in the case of Borofloat, the
indentation-derived K; value is ~ 100 % larger. This is because densification and shear impede the
formation of extensive radial/median cracking in such glass, as evidenced in Fig. 111.8a, where the
hertzian-type cone cracks intersecting the surface to form rings are visible and reflect the sensitivity
of this glass to densification. A review of the effect of the glass composition on the indentation-
induced densification and shear (pile-up of mater at the surface) was published elsewhere [35].
Having Poisson's ratio of ~ 0.2, both borosilicate glasses (Borofloat and BK7) might exhibit
densification contribution accounting for up to 70 % of the volume of the Vickers imprint, while for

Planilux the densification contribution is of ~ 60 % (~ 85 % for amorphous silica) [36].

111.5.b. CNB

In the present study, the notch angle (apex) is relatively small (~ 40°) so that owing to the thickness
of the notch (0.25 mm) the crack path can shift from the cross section plane by an inclination angle
up to 9.5°. For instance, an offset angle of 7.8° was measured post-mortem the Optiwhite specimen.
This inclination induces a raise of the load necessary for the tearing process, and thus leads
artificially to a larger toughness value. According to the ASTM standard for the SEPB method, the
offset should be within less than 5°. Therefore specimens for which the inclination angle was larger
than 5° were excluded from the analysis and were not reported in table 111.3. Valid experiments
show an excellent agreement between Kcnssica(P) and Ksepsunstable(P). Post-fracture investigation is
thus needed to validate the CNB test. K¢ as calculated from the work of fracture Kcns(y) appears
underestimated, likely because of the presence of micro-cracks near the edges of the notch which
would also be responsible for the increase of the roughness of the fracture surface near the notch in
Fig. 111.10.
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111.5.c. SEPB

0.8
% ] Stable test 4 Unstable test Fig. 111.12:  Toughness of
g 1 L Planilux from SEPB stable and
éoj ] Ty unstable tests as a function of
¥f T cross-head speed. In all the
% 0.6 Loy experiment, the precrack length
S% 1 to height (W) ratio is about 0.50.
IS 05 I ....... :
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Cross-head speed (um.s?)

The observed dependence of the experimental results on the loading rate shows that the precrack
length (a/W = 0.53) is not a sufficient parameter to ensure stable crack propagation (Fig. 111.11).
The stable crack growth induced at small loading rates, when unstable crack propagation was
indeed expected, brings to light the concomitant effect of the environment, and especially the
atmospheric humidity. K¢ is depicted as a function of the cross-head speed for Planilux specimens
in Fig. 111.12. For cross-head speeds below 0.2 um.s™, fracture is stable and K. is about 0.55
MPa.m®°. In contrast, for cross-head speeds larger than 1 um.s™, fracture is unstable and Kjc
reaches 0.70 MPa.m®°, which is 20 % larger than the "stable fracture" value. Indeed, a monotonic
increase of K, was noticed as the cross-head speed was increased (Fig. 111.12). Stress corrosion in
this glass is due to H,O molecules in the ambience reacting with and disrupting the Si-O bonds at
the crack front. The kinetics of this chemical reaction is triggered by the large stresses occurring at
the crack tip. The crack front velocity was monitored by means of a portable camera to get insight
into the effect of stress corrosion influence for two Planilux specimens with the same precrack ratio

of 0.50 corresponding to the stable and unstable tests in Fig. 111.11.
a)
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5] o —
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Fig. 111.13. Live front tracking on a SEPB Planilux specimen tested in three-point bending with a
cross-head speed of 0.2 um/s. a) Load-Displacement curve. b) Pictures extracted from the video:
Number 0 is the post-mortem optical crack, 1 is the onset of crack reopening, 2 shows the crack
reopening, 3 shows crack front at the onset of extension, 4-13 shows the stable propagation of the

crack.

This camera was synchronized with the load displacement record (Fig. 111.13). A selection of
thirteen points and corresponding pictures were used to illustrate the stable SEPB crack propagation
(Fig. 111.13b). Up to the first point the closure of the pre-crack is evidenced in Fig. 111.13b (1) as
well as by the fact that the bending bar shows up with a compliance identical to that of a crack free
bar. This phenomenon has only been observed when the bridge-flexure loading was stopped
immediately after the pop-in associated with the precrack formation. The peak load at the first point
corresponds to the reopening of the precrack. Points 2 to 4 are associated with the loading of the
precrack until K; meets K. The corresponding pictures (Fig. 111.13b (2-4)) shows that the crack
front is stable at this stage. The subsequent points are associated with the stable crack extension
process. The crack length was measured in-situ and is plotted as a function of the corresponding
soaking time in Fig. 111.14. The stress intensity factor was calculated for each of the measured
crack length and the crack velocity was further calculated and compared with formerly published
data on soda-lime-silica glass by Wiederhorn [37] (Fig. 111.16). The change in the crack growth
velocity with K, for the presently studied glass at ~62 % humidity is in good agreement with the one
observed in a rather similar glass by Wiederhorn [37] using a double cantilever beam specimen

(DCB). The crack propagation is rather slow (< 0.3 mm.s™), especially in the beginning (points 3 to
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5). Because of this humidity-assisted crack propagation process, K. as calculated from load peak at
points 3,4 (Ksepsstanle(P) in table 3), which are located in the stress-corrosion regime (I) in Fig.
111.15, is much lower than the expected Kc value. Nevertheless, it is clear in Fig. 111.15 that most
points from the crack-extension curve in Fig. 111.13 are located in the plateau region (I1) where K,
approaches Kj, so that K,; as obtained from the work of fracture (Ksgps (7) in table 3) is in good
agreement with the critical value corresponding to fast (unstable) fracture. In the case where
unstable crack growth occurred, the average velocity of the crack propagation (Aa/At) was
calculated from the crack length and corresponding time measured at the peak load and just after
failure. This provides a lower bound for the unstable crack velocity. A velocity of 1.8 x 10 m.s™
was estimated, which is greater than the velocity in region Il with 100 % humid (~2.4 x 10 m.s™,
Fig. 111.15). Hence, Ksepaunstanle(P) i assumed to be independent of stress corrosion. The standard
deviation is smaller than 0.01 MPaVm for all glasses but Borofloat 33, where it values 0.03
MPa.m®°. Such a remarkable reliability stems from the control of the precrack geometrical
characteristics (less than 10 % difference between the average precrack length and any
measurement at 0.25, 0.50, and 0.75 of the specimen width), as well as from the refinement of the
microindentation preliminary stage. The indentation load was always chosen small enough to limit
the indentation crack to a length of less than ~ 50 pm, i.e. much smaller than the precrack one (~ 2
mm) and the alignement of small indents resulted in an angle between the pop-in precrack (hook

angle) and the final fracture smaller than 5° (the standard allowance) (Fig. 111.16).
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Fig. 111.14. Crack length evolution. The solid square marks show the time at which the crack length
is measured (same points as in Fig. 111.13). The curve fitting corresponds to a second order

polynomial regression.
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Fig. 111.15. Crack growth data in soda-lime-silica glass (after Wiederhorn [37]) and in Planilux (this

study — square red mark). Experiments on Planilux specimens were conducted under 62 %

humidity.

Fig. 111.16. Window glass SEPB specimen; Left: fracture surface; Right: side view. The crack ran

from the bottom to the top.
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I11.6 Conclusion

The crack-extension resistance of four commercially available oxide glasses was studied. We found
that a stiff loading set-up, combined with a careful choice on the experimental and geometrical
parameters, results in a stable fracture regime for SEPB specimens, especially when fracture is
performed at low velocity in three-point bending. In such conditions, by means of an in-situ camera,
a single SEPB experiment allows to obtain an entire fatigue resistance curve (V-K) for crack
extension velocities (V) ranging between 10° and 10° m.s™. Regarding the K, measurement, the
following conclusions were drawn: 1) CNB is a self-consistent method that offers a remarkable
opportunity for investigating the fracture surface energy, as stable crack extension can be relatively
easily achieved. Nevertheless the work of fracture is fraught with uncertainty because of i)
irregularities (secondary cracks) along the edges of the notch, and ii) offset inclination angle of the
mean crack extension plane. Consequently, K. as obtained from the peak load is more reliable and
accurate than the alternate value deduced from the wof; 2) The SEPB technique is proved to be
reliable, and K. as derived from the wof is in good agreement with the intrinsic fracture toughness
value. However, as long as the peak load is used to estimate K¢, unstable SEPB final fracture (high
velocity) is recommended in order to limit stress corrosion effects. K¢ values as calculated from the
peak load associated with a stable crack extension regime is systematically ~ 20 % smaller than K¢
as derived from the peak load during unstable SEPB experiments, or during stable CNB ones. Note

that the two latter results are in excellent agreement.

I11.7 Remarks

SEPB technique has been proved to be a self-consistent and reliable method to determine K of not
only ceramics but also glasses with some modifications. The further research work is to apply this
technique to laboratory glass with different compositions. The next question is whether there is a
relation between the compositions and Kc of a glass. If we can find the major compositions that
make the stronger and tougher glass, we can then synthesis a crack resistant glass. The study of the

composition dependence of K. will be presented in the next chapter.
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IV. Elasticity, Hardness, and Fracture Toughness of Sodium
Aluminoborosilicate Glasses
IV.1. Abstract

Due to an increasing demand for oxide glasses with a better mechanical performance, there is a
need to improve our understanding of the composition-structure-mechanical property relations in
these brittle materials. At present, some properties such as Young’s modulus can to a large extent be
predicted based on the chemical composition, while others — in particular fracture-related properties
— are typically optimized based on a trial-and-error approach. In this work, we study the mechanical
properties of a series of twenty glasses in the quaternary Na,O-Al,03-B,03-Si0, system with fixed
soda content, thus accessing different structural domains. Ultrasonic echography is used to
determine the elastic moduli and Poisson’s ratio, while Vickers indentation is used to determine
hardness. Furthermore, the single-edge precracked beam (SEPB) method is used to estimate the
fracture toughness (Kc) for some compositions of interest. The compositional evolutions of Vickers
hardness and Young’s modulus are in good agreement with those predicted from models based on
bond constraint density and strength. Although there is a larger deviation, the overall compositional
trend in K can also be predicted by a model based on the strength of the bonds assumed to be

involved in the fracture process.

Keywords: Elastic moduli, Vickers hardness, fracture toughness, crack path, glass properties

IV.2. Introduction

Oxide glasses find applications in a wide variety of industries, from window panes in cars, to
protective screens in electronic devices, and optical fibers in high-speed internet cables. The
continuing demand for such products and the desire to manufacture lighter and more durable glass
materials promote the interest in designing stiffer, harder, and tougher glasses [1-3]. To some
extent, this can be achieved through sophisticated compositional design, which has led to the
discovery of oxide glasses with, e.g., high elastic moduli or crack resistance [4—6]. However, more
attention should be devoted to this topic in order to improve our current understanding of the link
between the chemical composition, the glassy network structure, and the mechanical properties in
oxide glasses. Furthermore, it should be noted that many previous studies have focused on novel
and “exotic” chemical compositions with, e.g., rare earth and transition metal elements [4-9].

Although such studies are indeed useful for providing insights into the fundamental physics,

This chapter previously appeared as: K. Januchta, T. To, M. S. Bgdker, T. Rouxel, M. M.
Smedskjaer. J. Am. Cer. Soc.,( 2019).
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chemistry, and solid mechanics of glasses, there is also a need to focus on industrially relevant

compositions, typically involving cheap, non-hazardous, and abundant oxides.

The sodium aluminoborosilicate glass family is industrially relevant, as well as scientifically
interesting due to the abundant structural features influencing the mechanical properties of the
glasses. Although the impact of composition on the glass structure in this system can be accurately
predicted [10], the speciation of the network-forming oxides is highly composition dependent [11-
15]. Any changes to the structural characteristics give rise to large differences in mechanical
properties as a function of chemical composition, as it has been shown for sodium borosilicates|
16-19], sodium aluminosilicates [20-22], sodium aluminoborates [23], and sodium
aluminoborosilicates [24,25]. Given these large variations within the quaternary Na,O-Al,O3—
B,0O3-Si0O, system, this is an interesting system for further study in order to improve our

understanding of the composition-structure-mechanical property relations.

The twenty glasses studied herein contain between 0 and 75 mol% silica and boria, while the
alumina content varies from 0 to 30 mol%. Compositions with higher Al,O3; contents are expected
to crystallize upon quenching at rates achievable using traditional melt-quenching method [15,21].
The soda content is fixed at 25 mol% in order to reduce the number of analyzed glasses, while also
eliminating the complexity of the comparison among the studied compositions. The system is
designed to cover the two binary sodium borate and sodium silicate series, several aluminosilicates,
borosilicates, and aluminoborates, as well as multiple quaternary glasses. The nominal compositions
of all glasses are tabulated in Table 1. The glasses are characterized using a variety of techniques,
including calorimetry and Archimedes principle to determine glass transition temperature (T4) and
density (p), respectively. Ultrasonic echography is used to determine the elastic properties such as
Young’s modulus (E), while micro-indentation is used to determine Vickers hardness (Hy). The
single-edge precracked beam (SEPB) method [26] is finally used to measure fracture toughness
(Kic) of selected compositions. The compositional trends in these mechanical properties are
compared against predicted values based on existing physical models [27-32]. The agreement
between the measured and predicted values in Hy, E, and Ky is discussed in terms of the cation-
oxygen bond strengths, topology of the glassy networks, and expected propagation of the crack

front during fracture.

IV.3. Structural review
In order to link the glass chemistry with different mechanical properties, the network former

speciation needs to be known. This information is typically obtained experimentally, e.g., using
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solid state nuclear magnetic resonance spectroscopy, but for the investigated sodium
aluminoborosilicate system, the correlations between chemical composition and structural
characteristics are well established. In the following, we summarize the equations used to predict
the network structure, and the assumptions associated with them. The information extracted from

the structural models is summarized in Table IV.1.

Table 1V.1: Nominal compositions (all containing 25 mol% Na,0O), fraction of four-fold
coordinated to total boron atoms (N,4), fraction of Si-tetrahedra with one NBO to total Si-tetrahedra
(Q%), density (p), atomic packing density (Cy), glass transition temperature (Tg), Young’s modulus
(E), shear modulus (G), Poisson’s ratio (v), and Vickers hardness (Hy). All glasses contain 25 mol%
Na,O. The composition marked by * is taken from Ref. 22. The errors in p, Cg, Ty, E, G, v, and Hy
do not exceed 0.01 g/cm®, 0.002, 2 °C, 2 GPa, 1 GPa, 0.01, and 0.2 GPa, respectively.

[ALOs] | [B20s] |[SiOs] [Ns [Q° [p Co(-|Ty |E G v() | Hy
(mol%) | (mol%) | (mol%) | (-) ) (g/cm®) |) (°C) | (GPa) | (GPa) (GPa)
0 0 75 0.00 | 0.50 | 2.43 0.49 | 475 |56 22 0.25 | 4.4
0 12.5 62.5 0.77 | 0.45 | 2.49 0.52 [ 539 |73 30 0.22 | 6.4
0 25 50 0.63 | 0.38 | 2,51 0.55 | 544 |73 30 0.22 | 6.6
0 375 375 0.56 | 0.21 | 2.47 0.56 [ 525 |75 30 0.24 5.8
0 50 25 0.50 | 0.00 | 2.40 0.56 [ 511 |69 28 0.25 | 6.2
0 62.5 12.5 0.40 | 0.00 | 2.33 0.56 | 495 |62 25 0.25 | 5.5
0 75 0 0.33 | 0.00 | 2.25 0.56 | 473 |53 21 0.27 | 4.7
12.5 0 62.5 0.00 | 0.33 | 2.45 0.49 | 567 |67 27 0.23 | 5.6
12.5 12.5 50 0.75 | 0.13 | 2.45 0.51 [ 545 |69 28 0.24 | 6.5
12.5 25 37.5 0.50 | 0.00 | 2.42 0.52 | 514 |64 25 0.25 | 6.1
12.5 375 25 0.33 | 0.00 | 2.35 0.52 | 493 |56 22 0.26 | 5.4
12.5 50 12.5 0.25 | 0.00 | 2.28 0.52 | 480 |50 20 0.27 | 4.5
12.5 62.5 0 0.20 | 0.00 | 2.22 0.52 | 465 |44 17 0.29 |38
25* 0* 50* 0.00 | 0.00 | 2.50 0.49 [ 792 |72 30 0.21 | 6.6
25 12.5 37.5 0.00 | 0.00 | 2.42 0.49 | 611 |62 25 0.25 | 6.0
25 25 25 0.00 | 0.00 | 2.36 0.49 [ 511 |51 21 0.26 | 4.9
25 375 12.5 0.00 | 0.00 | 2.29 0.50 | 468 |46 18 0.28 | 4.0
25 50 0 0.00 | 0.00 | 2.25 0.50 | 459 |44 17 0.29 |35
30 45 0 0.00 | 0.00 | 2.36 0.50 | 528 |55 22 0.27 | 4.9
30 32.5 12.5 0.00 | 0.00 | 2.28 0.50 | 469 |47 18 0.29 |3.7

Oxygen atoms in oxide glasses can act as bridging (BO) or non-bridging (NBO) units depending on
whether they link two network-forming cations together or they depolymerize the network by
linking a network-forming cation with a modifying cation. Schematic drawings of such structural

units can be seen in Fig. IV.1la. The distribution of these oxygen species has an impact on the
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flexibility of the network, which in turn affects the mechanical properties. For sodium
aluminosilicate glasses, the fraction of Si-tetrahedra containing NBOs can be accounted for by
considering the Na,O and Al,O5 contents. As [Na,O] is constant in the present series (25 mol%),
only units with zero or one NBO per Si tetrahedron (Q* and Q3, respectively) are expected. These
can be calculated based on the assumption that each mol of added Al,O3; consumes one mol of
Na,O to charge stabilize AlO,:[10,33,34]

3 _ 2([Na,0]-[Al,03])
Q" = [Na,0]-[Al,03]+[Si0,] @

Q*=1-¢Q2 @
Fig. 1V.1: Schematic ball and stick representations of four different glassy networks: (a) binary

sodium silicate, (b) binary sodium borate, (c) sodium aluminoborosilicate where
[Al,O3]+[B,03]=[Na.0], and (d) sodium aluminoborosilicate where [Al,03]>[Na,O]. The O, B, Si,

Al, and Na atoms are represented by red, violet, yellow, gray, and green, respectively.

(a) (b) ®
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For sodium borosilicate glasses, the relative concentrations of SiO,, B,O3, and Na,O control the
network former speciation. This is especially important for B atoms, since these can occur in three-
or four-fold coordination with oxygen, which drastically changes the connectivity of the network.
An example of a borate network with both planar trigonal and with tetrahedral units is
schematically drawn in Figure 1b. The distribution of the B atoms also affects mechanical
properties, with higher N4 values (fraction of tetrahedral B atoms) resulting in a more rigid glassy
network, which in turn manifests itself as a stiffer material. N, depends on the values of K and R,
defined as [SiO,]/[B20s] and [Na,O]/[B,Os] ratios, respectively. The following empirical formulas
can be used to estimate N4, within the compositional boundaries given below [10,35,36]:

Rpmax = 0.5 4+ 0.0625 - K, (1IV.3)

Ry, = 0.5+ 0.25-K, (IV.4)

Ry, = 1.5+ 0.75 - K, (IV.5)

Riz=2+K . (IV.6)

N4 can then be calculated as follows [10]:

N, = %(1 - %) if Ryy < R < Rys, (IV.7)

Ny = Rpnax if Rmax < R < Ry, (1V.8)

N, = Rif R < Rypgy. (1V.9)

Similar expressions can be used to calculate the amount of trigonal B-units with zero, one or two
NBOs [10]. However, within the studied system, there is only one composition with NBOs on B-
triangles (fraction <1%). Hence, throughout this paper, all the NBOs are assumed to exist on Si-
tetrahedra for the sake of simplicity. The fraction of Si-tetrahedra containing one NBO (Q?) can be

calculated as follows [10]:

3 13 ((R—Rg1)\ .
Q® =2+ 2(522) if Ray < R < Ras, (IV.10)
Q* =2mas) yf Rty <R <Ry, (IV.11)
Q% =0if R < Rypgy. (IV.12)

When Al,O3 is introduced into the borosilicate network, Al-cations consume NBOs through
association with Na-cations (see Figure 1c). This essentially reduces the effective value of R, since
a given concentration of Na,O is unable to charge-stabilize B-tetrahedra or induce NBOs on Si-
tetrahedra. It is here assumed that each mol of added Al,O3 associates with one mol of Na,O. To

calculate N, and Q? in the glasses, Resr replaces R in Egs. (7)-(12), where Refs is given as,

_ [Na,0]-[Al,05]
Reff = —[3203] . (|V.13)
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In peraluminous glasses, where [Al,O3z] > [Na,O], Resr would become negative. In this case, all Na
cations are assigned to charge-stabilize Al-tetrahedra, with the additional Al entering a modifying
role in mostly five-fold coordination (see Figure 1d). The fraction of the latter (xAl°) is small and
herein estimated as,

_ 0.5([Al;03]—[Na,0])

xAl®
[Al;03]

(IV.14)

The formation of AI° species results in an increased network stiffness induced by the increase in
packing density [15,37]. However, any depolymerization associated with the creation of additional
NBOs on the borosilicate network due to the modifying Al° units is neglected. This is because the
high field strength of the Al cation prevents any significant weakening of the network stiffness

compared to that observed for lower-field strength Na modifier cations.

Finally, the Na-cations can play two different roles in the glasses investigated herein. They can
either depolymerize the network by forming NBOs on Si and B atoms, or they can charge stabilize
Al and/or B tetrahedra without disrupting the network connectivity. The fraction of Na-cations that
induce NBOs on Si tetrahedra (xna-nso) can thus be calculated by subtracting the fractions that are
used to charge stabilize the tetrahedral Al and B species, which are equal to the concentrations of

Al>,O3 and B,O3 in four-fold coordination,

[Na,0]-[Al;03]-N,'[B;03]
[Na30] .

(IV.15)

XNa-NBO =

IV.4. Experimental
IV.4.a. Glass synthesis

Twenty different glass compositions (Table 1V.1) were prepared by the traditional melt-quenching
technique. SiO, (SigmaAldrich, > 99.5 %), Al,O3 (SigmaAldrich, > 99.5%), H3BO3; (Honeywell, >
99.5 %), and Na,COs; (Honeywell, > 99.5 %) were used for the synthesis. For each glass
composition, adequate amounts of the above mentioned chemicals were weighed to yield ~65 ¢
batches, and mixed. The mixtures were then melted in an electric furnace (Entech) by stepwise
addition to a Pt-Rh crucible. Afterwards, the liquids were homogenized for ~2 hours between 1100
and 1600 °C (depending on composition), quenched onto a brass plate, and transferred to an

annealing furnace at their T4 values for ~3 hours.

We note that some degree of volatilization of Na,O and B,0s; is expected during melt
homogenization, resulting in a deviation between the actual and nominal compositions, in turn
affecting the material properties. However, such evaporation losses are small compared to the

differences between each of the investigated glass compositions (at least 12.5 mol% of a given
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oxide), thus not interfering with our discussion of the compositional trends in properties. All the
glasses were optically transparent and showed no evidence of phase separation or crystallization,
with exception of the peraluminous aluminoborate composition that exhibited some crystallization.
However, this was limited to a small area of the sample, which was cut and discarded. One of the
glass compositions (25Na,0-25Al1,03-50 SiO,) was taken from a previous study [22].
IV.4.b. Differential scanning calorimetry
Small disc-shaped specimens of each composition (~40 mg, @ ~ 5 mm) were prepared for
differential scanning calorimetry experiments (DSC 449C, Netzsch). The sample contained in a Pt-
Rh crucible was heated at 10 °C/min in argon atmosphere at least 60 °C above its estimated Tq. Ty
was determined from the DSC heat flow data by determining the intercept between the extrapolated
sub-Tg signal and the tangent at the inflection point of the glass transition peak.
IV.4.c. Density determination

Density of each glass composition was determined by Archimedes’ principle of buoyancy using
~20%20x5 mm? specimens, which were cut from the bulk samples. Each specimen was weighed in
air and in ethanol ten times on an analytical balance. The average weights as well as the room and
ethanol temperatures were used to calculate density. In addition, the atomic packing density (C,)
was calculated for all glasses using the molar fractions of oxides in the nominal compositions and
their respective ionic radii taken from Ref.[38]. Since the ionic radii depend on the coordination
numbers of the constituent atoms, assumptions with respect to those needed to be made. The
coordination numbers of two for O, four for Si, and six for Na were assumed, resulting in ionic radii
of 1.35, 0.26, and 1.02 A, respectively. The ionic radii used for B (0.01 and 0.11 A for three- and
four-fold coordination, respectively) and Al (0.39, 0.45, and 0.54 A for four-, five-, and six-fold
coordination, respectively) varied according to their distributions (Table 1), which were taken from

known structural data, or estimated based on existing structural models [10]. C4 was calculated as,

_ pEfi[4/3nN(xrd+yr§)]
Gy = ST , (IV.16)
where for the i oxide with chemical formula ROy, f; is the molar fraction of the oxide, rr and ro
are the ionic radii of the cation and of the oxygen anion, respectively, M; is the molar mass of the

oxide, and N is Avogadro’s number.

IV.4.d. Ultrasonic echography
The specimens (20x20x5 mm®) were ground using SiC paper to obtain co-planar surfaces. The
pulse-echo technique was then applied to determine the longitudinal and transverse sound wave
velocities through the specimens (V. and Vr, respectively) using an ultrasonic thickness gauge
(38DL Plus, Olympus). 20 MHz delay line transducers were employed to induce the longitudinal
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and transverse waves. Vi and Vt were calculated using the specimen thickness (measured using a
digital micrometer) and the time between the initial wave impulse and echo. Using V., V1, and p,
the shear modulus (G), Young’s modulus (E), bulk modulus (B), and Poisson’s ratio (v) were
calculated as follows:

G = pVZ, (Iv.17)
_vi-ovf
=) (1V:19)
E=2G(1+v), (1IvV.19)
E
=302 (1v.20)

IV.4.e. Vickersindentation
The specimens (20x20x5 mm?®) were polished in water using SiC paper with increasing decreasing
abrasive particle size (up to 4000), followed by polishing in a water-free 1 um diamond suspension.
Twenty identical Vickers indentation cycles (CB500, Nanovea) were performed for each glass
composition at ambient conditions (relative humidity = 35-50%). The applied indentation cycle
consisted of loading (10 N/min), dwell (15 s) at 1 N target load (P), and unloading (10 N/min).
Optical images of the indentation imprints were captured under 480x magnification using a lens
attached to the indentation apparatus (Olympus). The indent diagonal lengths (d) were measured to

determine Vickers hardness,

1.8544-P
HV = 42

(IV.21)

Additional indentation cycles at higher loads were performed for six selected compositions (see
Table S1 in Supporting Information) to probe the indentation cracking behavior. The target load
was progressively increased, until images of indentation imprints with radial cracks emanating from
the corners were captured. The distance from the center of the indent to the tip of the crack (c) was
recorded in each case. The fracture toughness, as obtained by means of indentation (K/f") was then
calculated [39],

IFT _ (E 1/2, 3/2
K;;" =(0.016 + 0.004) - P/c>/<, (v.22)

where H is the Meyer’s hardness (H = 2P/d?, not to be confused with Hy).

IV.4.f. Single-edge precracked beam (SEPB) specimen
Parallelepipedic specimens (25x3x4 mm?®) of six selected compositions were prepared by grinding
appropriately sized bars on SiC paper with varying grit size (up to 4000), and polished in water-free
1 pum diamond suspension to an optical finish. At least four specimens were prepared for each of the

investigated compositions.
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The prepared glass bars were then subjected to indentation (VMT-7S, Matsuzawa). A line of
indents was placed through the middle of the specimen on one of the 25x3 mm? faces. The applied
indentation load depended on the cracking behavior of the investigated glass. The desired load was
chosen as low possible, but sufficiently large to induce radial cracking. The indents were separated

from each other by a distance corresponding to ~3c.

The indented bars were finally subjected to bridge compression in order to induce a precrack using
a grooved WC fixture. Each bar was placed on a lower WC support with the indent line situated on
top of a groove. An upper WC support was then placed on top of the glass bar. The precrack was
obtained by loading the fixture with a SiC pusher using a loading rate of 0.05 mm/min. An optical
camera was used to monitor the “pop-in” and growth of the crack, which initiated from the indent
line. The loading was stopped immediately after the precrack was visible. The load corresponding
to the event of precrack pop-in was recorded in each case. More details on the procedure can be
found in Ref. [26].

IV.4.g. Three-point bending
The precracked parallelepipedic specimens, now referred to as SEPB specimens, were subjected to
failure mechanical testing by means of a three-point bending setup. The setup consisted of
piezoelectric displacement actuator (N-216 NEXLINE® Linear Actuator, Physik Instrumente), laser
interferometer displacement sensor (LK-G5000 equipped with a LK-HO08W head sensor, Keyence
Corporation), and load cell (MS02, Scaime) with 6.7 MN/m stiffness and 1 kN capacity. The SEPB
specimens were placed on SiC rollers with 19 mm span and precrack front aligned with the ball

pusher, and loaded at crosshead speed of 2 to 8 um/s. The load-deflection curves were recorded.

Depending on the nature of fracture (stable or unstable), fracture toughness (K,) was calculated
using the work of fracture (WOF) or maximum load (Pmax), respectively [26]. Examples of stable
and unstable load-deflection curves are given in Figure S1 in Supporting Information. For stable
fracture, WOF is calculated from the load-deflection curve as,

WOF = [V P du, (IV.23)
where P is the load, u is the deflection, and us is the final deflection (i.e., where the specimen is
fractured completely). Then, the fracture surface energy (y) is calculated from WOF and the
geometrical area of the fracture surface (Sg,) determined from a cross-section view of the broken

specimen (Figure 2),
_ WOF
" 25frq

(IV.24)
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K. can then be calculated as,
KWor = |2E (IV.25)

Figure 1V.2: Cross-section view of an SEPB specimen of the 25Na,0-25Al1,03-25B,03-25Si0;
glass composition. Cross-sections of the Vickers indents used to induce the precrack are visible at
the top edge of the specimen. The precrack obtained during bridge compression proceeded through
approximately ~1/3 of the specimen height. The fracture surface is determined by measuring the

area of the cross-section from the precrack front to the bottom edge of the specimen.

Precrack front"
e

Fracture surface

[4]2987um

For unstable fracture, K. is calculated from the values of Pma (i.e., load at fracture), specimen
width (B) and height (W),

Pmax v«
Kllz.max = WYC’ (|V26)

where Y¢  is a scaling factor calculated as,[40]

« 35S all?

Yo =swaamrf (@ (v.27)
Here S is the span between the two rollers supporting the SEPB specimen, « is the ratio between the

crack length and specimen height W, and f(«) is given by,
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fla) = Ay + Aja + Aya? + Aza® + Aa* + Aga®, (28)
where the coefficients A through As are equal to 1.9109, —5.1552, 12.6880, —19.5736, 15.9377,
—5.1454, respectively, in the case where S/W = 5.[40] The value of the scaling factor Y¢~ was also
calculated from finite element analysis [26], and found to be in agreement with that calculated using
Eq. (27) within £1%.

The fracture angles (As,) were determined by post mortem examination of the specimen side views
(see Figure S2 in Supporting Information). Specimens with variations of A, > 10° were discarded.
More detail on the procedure can be found in Ref. [26].

IV.5. Experimental results
IV.5.a. Density and glass transition

Fig. 1V.3a shows a contour plot of the density variation of the nineteen glasses synthesized for the
purpose of this study, and one composition taken from a previous study [22]. The data is plotted in
the pseudoternary diagram for constant Na,O content of 25 mol%. The density values (and other
property data) are also given in Table 1V.1. Along the borosilicate edge in Figure 3a, there is a
maximum in density around the borosilicate composition with equal Na,O and B,O3 contents, in
agreement with the fact that mixing of the two network formers SiO, and B,Oj3 results in a more
efficient packing (Figure 3b). Upon addition of Al,O3; to the sodium silicate glass, the density
increases slightly due to the larger weight of Al compared to Si. On the other hand, when Al,O3 is
added to a borosilicate network, the density decreases, which indicates that a more open structure is
achieved in aluminoborate and aluminoborosilicate networks compared to the Al-free ones. This is
also evident from Figure 3b. However, for the sodium borate and borate-rich borosilicate glasses,
the effect is reversed at higher Al,O3 content. This is due to the increasing fraction of higher
coordinated and thus more efficiently packed Al-species [15,37]. As a result, the maximum and
minimum in density within the investigated compositional range are situated around the borosilicate
glass with [Na,O] = [B,03] and the metaluminous aluminoborate compositions, respectively. It
should be further noted that the C4 values are calculated based on several assumptions with respect
to the ionic radii, which depend on their chemical environment. Especially the variation in the
radius of oxygen anions, which are the largest and most abundant in the investigated glasses, could

have a significant impact on Cq [41].

Fig. 1V.3: (a) Density (p) and (b) atomic packing density (Cy) dependence on composition of the

sodium aluminoborosilicate glasses. The contour map represents a pseudoternary slice through the
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quartenary phase diagram with [Na O] = 25 mol%. The isocontours are drawn as a guide for the
eye, and are based on linear interpolation between the experimental data points marked by green

diamonds.

@ p(glem’)

B,O, (mol%)

The compositional variation in Ty (Figure 4) differs from that in density. Starting from the binary
sodium silicate composition, Ty increases upon incorporation of Al,Oz or B,Os oxides (up to 25
mol%), which coincides with the increase in connectivity associated with the consumption of NBOs
and formation of rigid Al- and B-tetrahedral units.[10,35,42] The binding energy of highly
coordinated networks is larger than in depolymerized ones since the weak Na-O interactions do not
participate in the network formation, which justifies the increase in Tq. Upon further addition of
B,O3, Ty decreases again towards the value for the binary sodium borate glass with a relatively large
fraction of flexible trigonal B-species. Addition of Al,O; to the sodium borate or borate-rich

borosilicate compositions yields an initial decrease in Tg, followed by an increase upon crossing the
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metaluminous joint (i.e., [Al,O3] = [Na,0]), where there is no longer a sufficient amount of Na-
cations to charge-stabilize the Al-tetrahedra, causing Al to increase its coordination with oxygen.
As such, the lowest recorded T value within the investigated system is found for the metaluminous
sodium aluminoborate (459 °C), while the highest is found for the metaluminous sodium

aluminosilicate (792 °C).

Fig. 1V.4: Glass transition temperature (Ty) dependence on composition of the sodium
aluminoborosilicate glasses. The contour map represents a pseudoternary slice through the
quartenary phase diagram with [Na,O] = 25 mol%. The isocontours are drawn as a guide for the
eye, and are based on linear interpolation between the experimental data points marked by green

diamonds.

B,O, (mol%)

1VV.5.b. Elastic moduli

The overall compositional dependences of elastic moduli (Figure 5) resemble that observed in
density (Figure 3a). There are two local maxima in both E and G within the investigated range of
chemical compositions. That is, around the 25Na,0-25Al,03-50Si0O, and 25Na,0-25B,03-50Si0,
compositions. The latter exhibits higher E and G values than the former, in agreement with its
slightly higher density (Table 1), and with the fact that the strength of B—O bonds exceeds that of
Al-0.[27,43] Two local minima in E and G can also be observed, situated around the 25Na,O—
75Si0, and 25Na,0-25Al,03-50B,0; compositions. The network of the former glass is
significantly depolymerized with many NBOs, while the latter consists mainly of trigonal B-units.

Both of these structural features are expected to decrease the glass stiffness [28,44,45].
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The compositional trend in v (Figure 5d) appears inverted compared to those found in E and G. This
is in agreement with the expected composition dependence of network dimensionality, since high
dimensionality generally leads to a low Poisson’s ratio.[46] In other words, the stiff and highly
cross-linked networks that exhibit high Tg, E, and G values have low v values (~0.21-0.22), while
the more flexible networks exhibit higher v values (up to 0.30). In general, the B-rich glasses have
higher v values compared to those rich in Si. It should be noted that incorporation of Al,O3 in the
glasses yields a decrease in v for the binary sodium silicate glass, but an increase in v for the binary
sodium borate and B-rich borosilicate glasses. The former effect can be explained from the changes
in connectivity, since Al-for-Si substitution leads to consumption of NBOs and formation of rigid
Al-tetrahedral species [22]. However, the connectivity along the aluminoborate edge in the present
system is expected to be constant, as Al-for-B substitution results in an approximately one-to-one
exchange of tetrahedral units [23]. The compositional variation in v of aluminoborate and B-rich
aluminoborosilicate glasses can also be affected by the differences in C4 (Fig. 1V.3b), since there is

an overall positive correlation between Cy and v when considering different types of glasses [46].

Fig 1V.5: (a) Young’s modulus (E), (b) shear modulus (G), (c) bulk modulus (B), and (d) Poisson’s
ratio (v) dependence on composition of the sodium aluminoborosilicate glasses. The contour map
represents a pseudoternary slice through the quartenary phase diagram with [Na,O] = 25 mol%. The
isocontours are drawn as a guide for the eye, and are based on linear interpolation between the

experimental data points marked by green diamonds.

B,O, (mol%)
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IV.5.c. Vickers hardness

Vickers hardness exhibits a significant compositional variation within the investigated system. The
values measured at 1 N span from 3.5 GPa (metaluminous aluminoborate glass) to 6.6 GPa
(metaluminous aluminosilicate glass), as illustrated in Fig. 1VV.6. Again, the impact of addition of
Al,O3 and/or B,O3 on the role of the Na-cations needs to be considered. While these additions only
induce NBOs in the binary sodium silicate glass, the formation of Al- and/or B-tetrahedral species
requiring charge compensation results in a rearrangement of the Na-cations, resulting in a more
constrained network. This manifests itself as a pronounced increase in Hy from 4.4 GPa (binary
sodium silicate) to ~6.6 GPa (for the three compositions with [Na,O] = [B,O3] + [Al,O3]). Upon
further addition of B,O3, Hy gradually decreases due to the formation of flexible trigonal boron
units. There is, however, one notable exception, as Hy increases upon addition of B,0O3 to the
25Na,0-37.5B,05-37.5Si0, composition (Figure 6), although this apparent increase in Hy is on
the same order of the experimental error (~0.2 GPa).

Fig. IV.6: Vickers hardness (Hy) dependence on composition of the sodium aluminoborosilicate
glasses. The contour map represents a pseudoternary slice through the quartenary phase diagram
with [Na,O] = 25 mol%. Hy has been measured at a load of 1 N. The isocontours are drawn as a
guide for the eye, and are based on linear interpolation between the experimental data points

marked by green diamonds.
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1V.5.d. Fracture toughness
Due to the time-consuming nature of the fracture toughness determination using the SEPB method,

only six selected compositions were characterized. These compositions include a sodium
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borosilicate, two sodium aluminoborates, and three sodium aluminoborosilicates to ensure a
reasonable coverage of the phase diagram (see compositions and data in Table 1V.2). Depending on
the type of fracture (stable or unstable) for a given specimen, either K. or K;™** was used to
compute the average K EPB value for each composition. Glass beams with uneven or twisted
precracks were discarded from further analysis, following the guidelines described in detail

elsewhere [26].

Table 1V.2: Nominal compositions of the six glasses (all containing 25 mol% Na,O) selected for
fracture toughness measurements along with the predicted fracture surface energy (“°°F) and
fracture toughness (K}OPEL), as well as fracture toughness measured by means of indentation
(K'FT) and fracture toughness measured using the SEPB technique (K;;PB). The errors in K/FT and
KZEPE do not exceed 0.11 and 0.05 MPaVm, respectively. Note that different loads have been used

to evaluate K/IT (see Supporting Information).

[Al2O] [B205] [SiO7] K" Kj'PP yMOPEE K{ZOoPEL
(mol%) (mol%) (mol%) (MPa-Vm) | (MPa-Vm) | (3/m?) (MPa-Vm)
0 50 25 0.53 0.66 4.72 0.83

12.5 12.5 50 0.80 0.79 3.71 0.73

12.5 62.5 0 0.56 0.67 4.49 0.65

25 12.5 375 0.52 0.58 3.51 0.68

25 25 25 0.70 0.58 3.74 0.65

30 45 0 0.64 0.67 3.98 0.64

The highest KEPE value (0.79 MPavm) is observed for the 25Na,0—12.5Al,03-12.5B,03-50Si0;
glass. The two aluminoborate compositions and the B-rich borosilicate composition display similar
Kic values (0.66-0.67 MPavm), suggesting that the borate-rich network governs the fracture
characteristics in these glasses. Finally, the two metaluminous aluminoborosilicate glasses display
the lowest K. values (0.58 MPaVm). Overall, the results show that K. features pronounced
composition dependence, with similar K. values for similar compositions. We also find that K.
does not scale very well with any of the other properties measured experimentally in this study.

In order to supplement the SEPB toughness measurements, toughness was assessed on the same
glasses by means of an indentation cracking technique. These results are also given in Table 1V.2.
Due to the difference in indentation cracking threshold, crack length data are extracted from
different loads to compute K/fT for different compositions, which may lead to erroneous
comparison across the compositional range. The different loads were selected for different

composition to enable an accurate assessment of the indent characteristics, which would be
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challenging for some of the composition at high loads (>10 N). This indentation analysis confirms
that the 25Na,0-12.5Al,03-12.5B,03-50Si0O, composition exhibits the highest toughness (0.80
MPavVm), although the large experimental error associated for this measurement should be
considered (0.11 MPavm). The remaining glasses display K/FT values in the range from 0.52 to
0.70 MPaVm. It is noteworthy that dissimilar compositional trends in fracture toughness are
observed for the SEPB and indentation techniques. For instance, the two metaluminous
aluminoborosilicate glasses display equal K;EPB values, while their KT values differ by 0.18
MPaVm. This discrepancy supports the notion that determination of fracture toughness using
indentation should be treated with caution. This is due to the complexity of the elastic stress field
surrounding the indentation imprint, and the composition-dependent densification contribution to
the indentation deformation mechanism in oxide glasses [47,48].

IV.6. Mechanical property prediction

1V.6.a. Atomic packing density
In previous studies concerning mechanical properties of oxide glasses, Cy was proven to strongly
influence elastic moduli, deformation mechanism, as well as fracture toughness [7,46,49]. It is

therefore relevant to evaluate how Cgy affects the properties within the system investigated herein.

In Ref. [46] a clear sigmoidal trend was shown to exist between v and Cy when a broad range of
different glass compositions is examined. In other words, more densely packed glasses are more
keen on changing their shape upon loading trying to keep their volume constant, while loosely
packed networks are maintaining their shape while changing their volume. For the glasses
investigated in this study, there is no overall correlation between v and Cy (Fig. 1V.7a). However, a
more detailed inspection of the scatter plot shows that there is a systematic change of v with
increasing Cy within each series of fixed Al,O3; content. In general, Al-rich glasses exhibit a large
systematic increase in v, while glasses with low or zero Al,O3 content show a more complicated
behavior with either a low initial increase or initial decrease in v, followed by a steep increase. This
suggests that Al controls the correlation to some extent, but the three different trends in Figure 7a
might indicate that this influence is only indirect. We suggest that v exhibits an increase upon
increasing Cq in every case, but with a shift on the primary axis according to the fraction of
tetrahedral boron content. In Figure 7b, it is evident that when data is indexed according to the
product of molar B,O3 content and the corresponding N4 values, three distinct trend lines emerge.
Glasses with no tetrahedral boron have low Cq values, while glasses where approximately 25% of

the available oxide consists of tetrahedral B,O3 exhibit ~0.05 higher Cy values. This is consistent
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with the fact that increasing the coordination number of the network former results in a more
efficient atomic packing [15,46]. We further note that the calculation of Cy is sensitive to the
selected size of the ionic radii, especially the O anions [41]. Recalculation of Cy with a variable O

ionic radius (here fixed at 1.35 A) would change the v vs. Cq correlation.

Fig. 1V.7: Correlation between atomic packing density (Cy) and Poisson’s ratio (v) visualized in
two ways. In (a), the data points are indexed according to [Al,Oz], while in (b) the data points are

indexed according to the molar content of B,O3 in tetrahedral coordination (N4 [B,O3]).
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1V.6.b.

Prediction of elastic moduli is important for the design of glasses for specific applications. For

Elastic moduli

instance, glass fibers used for reinforcement of load-bearing structures need to be stiff, while glass
used for protective screens need to be more flexible [50]. Elastic moduli depend on the bonding
energy between the atoms constituting the material and the packing density of those atoms [46].
Bulk modulus, as a straightforward example, is thus related to the ratio of the interatomic bonding
energy (Up) and the molar volume (V). These can in turn be calculated based on the dissociation
enthalpies of the constituent oxides (4H;), their molar fractions, molar masses and the glass density
leading to Eqg. (29):

Up _ X fibHgi

x =2 = .
B Vm  CfiMp/p

Using enthalpy values from Ref. [43] and the measured density values (Table 1V.1) results in a

(IV.29)

poor correlation between B and Uo/V, (Figure 8a). We note that similarly to the trend in Figure 7Db,
the data falls into three domains depending on the molar content of B,Os; in tetrahedral
coordination, which is why the data points are indexed according to the product of N4 and [B,0s]
taken from Table 1. This suggests that Eq. (29) fails to predict the correlation between molar
energy content and elastic moduli for the glasses investigated herein. Indeed, B,Os-rich glasses are
sometimes deviating from the predicted trend [27,46,51]. This is probably due to the lack of
consideration of network topology. As discussed in section 2, boron atoms can be coordinated to
three or four oxygen atoms depending on the chemical composition. When large amounts of B,Os
in trigonal coordination are available in the glass, the dimensionality of the network decreases since
two adjacent boron atoms are not necessarily linked by an oxygen atom (Fig. 1V.1b). This must
have an impact on the overall stiffness of the network. Eq. (IV.29) however, does not take this into
account.

Fig. 1V.8: Correlation between bulk modulus (B) and the molar energy content (Uo/Vpy). In (), the
dissociation enthalpy values from Ref. [43] were used, whereas in (b) the dissociation enthalpy for

B,O3 in trigonal coordination was adjusted to optimize the fit. The data points are indexed

according to the molar content of B,Oz in tetrahedral coordination (Ns [B203]).
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In order to optimize the fit, we suggest to use the B,O; dissociation enthalpy taken from Ref. [43]
for tetrahedral boron (2979 kJ/mol), and use a lower value for B,O3 in trigonal coordination. Using
regression, we calculated this value to be 1719 kJ/mol (i.e., ~0.6 times that of tetrahedral boron).
Applying this correction to Eq. (1V.29), the correlation between B and Uy/V,, improves significantly
(Figure 8b). While this value is arbitrary and selected by minimizing the sums of errors, it is worth
noticing that a boron atom in trigonal configuration has three atomic angular constraints, whereas a
rigid tetrahedron exhibits five angular constraints per atom according to Philips-Thorpe
methodology [52], which is in good agreement with the 3/5 ratio of the two dissociation enthalpy

values.

Reducing the energy content in trigonal boron has been applied earlier by Makishima and
Mackenzie [27], who suggested a semi-empirical methodology to predict elastic moduli of oxide
glasses based on a similar approach. In their case, however, the ratio of the molar energy contents in
trigonal and tetrahedral B,O3, respectively, is ~0.2 [27].
IV.6.c. Vickers hardness

Another mechanical property of industrial interest is hardness, as it relates to the resistance to
scratching of exposed glass surfaces. Topological constraint theory [52,53] has been proposed and
tested as an approach to predict Hy [29,30,54], with success for various oxide glasses [29,55-58],
but also with some deviations for, e.g., aluminosilicates [59]. This approach reduces the complex
atomic structure to a mechanical truss that is made rigid by bond stretching and bending constraints.
The more constraints, the higher the resistance to deformation. In the original work of Smedskjaer
et al. [29], Hy is calculated as,

_ dHy

Hy = 3 X (ne = necrie), (1V.30)
where dH\/dn. is a scaling factor, n. is the average number of constraints per atom, and nc it IS @
critical number of constraints required to build a three-dimensional network (equal to 2.5,
corresponding to 2-dimensional rigidity). Following the original work of Phillips and Thorpe
[52,53], the number of constraints per atom is determined based on the coordination numbers (CN)
of the atoms contributing rigid constraints, with nc = CN/2 for bond-stretching constraints and n; =

2CN-3 for bond bending constraints.

Using this approach, a positive correlation between the experimentally determined and predicted Hy
values is observed (Figure 9a). However, as in the case of E, the model tends to underestimate

hardness for the Al-free glasses. Considering that the measured values of both E and Hy for the
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borosilicate glasses are larger than those from the existing predictive models, it is possible that the
actual fraction of tetrahedral B units is larger than that estimated from Eqgs. (IV.7)-(1V.9). On the
other hand, the model for hardness can be significantly improved by incorporating the adjustments
suggested by Zheng et al. [30], as shown in Figure 9b. The adjustment is achieved by calculation of
constraints per unit of volume rather than per atom, and by only counting the bond bending

constraints (following the work of Bauchy[54]),

__dHy

Hy = dn., (ncr - ncr,crit)’ (Iv.31)
where n¢ refers to the angular constraint density, while dH\/dn.- and n¢ i correspond to a scaling
factor and a critical constraint density. It has been suggested that hardness relates to the resistance
to shear flow during indentation [60]. The propensity of a material to shear is governed by the three-
body angular constraints, which is why the two-body radial constraints can be neglected [54]. Using
Eq. (IV.31), the hardness of borosilicate and phosphosilicate series has previously been successfully
predicted [30], as also found in the present case (Fig. 1V.9b).

Another approach which could rationalize the deviation between experimental and predicted values
of mechanical properties is the concept of granularity [61], which focuses on the heterogeneous
structure of oxide glasses, resulting in fluctuations in rigidity on the nano-scale. In other words,
some domains of the glass are more rigid than others, resembling granular media. The magnitude of
a given local deformation may thus be dictated by the mechanical behavior of a certain domain of
the glass rather than a mean average of the entire bulk [61,62]. Hence, medium-range order
structures of the glasses investigated in this study may affect the properties as well, and could be

investigated further in future work.

Finally, we note that Hy, and E exhibit a strong positive correlation (inset of Fig. 1V.9b). According
to Baker [59], this criterion needs to be fulfilled in order to achieve accurate hardness predictions
based on topological constraint theory. Furthermore, the correlation could suggest that within the
aluminoborosilicate glass series investigated herein, the resistances to plastic and elastic
deformations have common structural origin. In other words, the elastic moduli may be modelled by
the application of topological constraint theory, while hardness can be modelled based on the
dissociation energies of the constituent oxides. In both cases, the bond density is an important
parameter, with more densely packed networks exhibiting higher resistance to deformation. This
agrees with the positive correlation between E and Cq4 reported for a wide range of different
materials including oxide, oxynitide, and metallic glasses [46]. Furthermore, it is known that both
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hardness and elastic moduli increase linearly with increasing density upon isostatic pressure
treatment [63].

Fig. 1V.9: Correlation between values of Vickers hardness determined through indentation (Hy exp)
and the theoretically predicted ones (Hv,smedskjaer aNd Hy zheng). In (@), the hardness is modelled by
counting the number of constraints per atom following Eq. (1V.30) with dH\/dn. = 5.8 GPa. In (b),
the density of the angular constraints is used instead following Eqg. (IV.31) with dH\/dn.- = 0.21
GPa/nm and n. i = 18 nm™. The data points are indexed according to [Al,Os]. Inset in (b):

Correlation between the experimentally determined values of Young’s modulus (Eexp) and Hy exp.
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1V.6.d. Fracture toughness
Besides hardness and elastic moduli, fracture toughness is another important mechanical property.
Nevertheless, there have only been few attempts to predict the compositional scaling of K¢ in
glasses based on chemical and structural information [31,49,64]. Most recently, Rouxel [31] used
the strength of the bonds involved in the fracture process and the overall packing density to
calculate the fracture surface energy (y),

2/3
r=3(0) " N xin o (1V.32)

2 \M,
where My is the molar mass of a representative unit (gram-atom of glass), V' is the Avogadro
number, X; is the fraction of the i'th constituent, n; is the number of bonds involved in the fracture
process, and U, is the dissociation energy of a single cation-oxygen bond. Then, following fracture

mechanics, K. can be calculated as,

K,= |2 (1V.33)

1—-v2

In this model, the glass structure needs to be considered to predict the probable path of the crack
front. However, this is a complicated problem, since it is currently impossible to experimentally
detect which bonds are being broken during fracture. Hence, for the present estimation, it is
assumed that (i) no bonds are favored over others (i.e., the stoichiometric ratio of the bonds
involved in the fracture matches that of the chemical composition), and (ii) the fracture proceeds
through one cation-oxygen bond per structural unit (i.e., one Si-O bond needs to be broken to
surpass a Si-tetrahedron). Inserting the bond strengths for the diatomic cation-oxygen molecules
[65] into Eq. (1VV.32) yields systematic compositional trends in y. The energy spent on new surface
formation (i.e., y) increases with increasing B,O3 content and decreases with increasing Al,Os;
content (Fig. 1V.10a). The same trend is found using the bond strengths of Sun [43], if a correction

factor of ~1.43 is applied (see Chapter S3 in Supporting Information) [31].

Fig. IV.10: (a) Fracture surface energy (y) and (b) fracture toughness (K\c) predicted based on the
model of Egs. (IV.32)-(1V.33). The bond strength energies are taken from Ref. [65], and it is
assumed that the crack front proceeds through one cation-oxygen bond per structural unit, and that
the stoichiometric ratio of the bonds involved in the fracture process corresponds to that found in
the bulk composition of the glasses. The isocontours are drawn as a guide for the eye, and are based

on linear interpolation between the modelled data points marked by green diamonds.
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As K. depends on the product of y and E, the maximum predicted K¢ value is situated around the
borosilicate composition with equal amounts of SiO, and B,O3 (Fig. 1V.10b). The lowest toughness
is predicted to be found around the metaluminous aluminoborate composition, which is notable
considering that this glass exhibits very high resistance to indentation cracking (i.e., high minimum
indentation load needed to initiate radial cracks) [23]. However, there is not necessarily a positive
correlation between these two quantities, mainly due to the large extent of energy dissipation aided
by densification during an indentation process [5]. This is also reflected in the toughness values
determined by means of indentation, which do not scale with the values determined using the SEPB
technique (Fig. 1V.11). The poor correlation between indentation and self-consistent methods to

evaluate toughness has been intensively discussed [47-49]. Quantification of the indentation
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deformation mechanisms could provide more insight into the correlation between crack resistance

and fracture toughness, but this is beyond the scope of the present investigation.

Fig. I'V-11: Correlation between fracture toughness determined using the SEPB technique (K;;ZFB),
indentation (K/fT), and predicted according to the model of Egs. (IV-32)-(1V-33) (KRo%¥¢l), Note

that K/FT is calculated using different indentation loads for different glasses due to the difference in

their resistance to indentation cracking (see Supporting Information).
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The model of Egs. (IV-32)-(1V-33) yields realistic K,c values (i.e., within the range expected for
most oxide glasses) [49], but relatively poor agreement between the absolute values of K. from
model and SEPB experiments (Fig. 1V.11). Therefore, we reconsider the two model assumptions
noted above. The first assumption is that the crack front proceeds through different cation-oxygen
bonds with a probability corresponding to their abundance in the glassy network. However, as
described in Ref. [31], an improved agreement between theoretical and experimental toughness
values is obtained when the crack front is assumed to proceed through the weak modifier-oxygen
bonds in highly modified sodium titanosilicate glasses. This adjustment is relatively simple to
introduce into the model by setting up the following criterion for the sodium aluminoborosilicate
glasses: the crack front proceeds through one Si-O bond when facing a Q* silicate unit with four
bridging oxygens, while no Si-O bonds are broken when facing a Q* unit with three bridging
oxygens and one NBO. In the latter case, only a Na-O bond is broken. This is schematically
illustrated in Fig. 1V.12a. Following this new assumption, the predicted value of K. decreases by
up to 0.15 MPaVm (in case of the binary sodium silicate glasses with largest Q* content). The K.

dependence on the oxygen speciation could also be investigated for the breakage of Al-O and B-O
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tetrahedral bonds. However, it is assumed herein that all oxygen anions on tetrahedral Al and B

units are bridging, yielding no dissimilar cation-oxygen bonds and thus no difference in K;; values.

Fig. 1'V-12: Ball and stick representations of two different glassy networks, which are shown to
facilitate the discussion in the text about fracture toughness prediction (i.e., the structures are not
obtained from any atomistic simulations). The O, B, Si, and Na atoms are represented by red, violet,
yellow, and green, respectively. In (a), the crack front could propagate through the weak Na-NBO
bonds rather than the strong Si-NBO bonds in order to separate Si-atoms 1 and 2 from 4 and 5. This
illustrates that high content of NBOs can decrease the fracture surface energy by lowering the
average bond strength. In (b), the crack could proceed through the network by separating B-atoms
2, 3, and 4 from 6, 7, and 8 without breaking any B-O bonds between two adjacent three-
coordinated B-atoms. This illustrates that if the orientation of planar B-units is appropriate, the
fracture can occur by breaking significantly fewer bonds than one bond per cation.
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The second assumption relates to the number of cation-oxygen bonds to be broken per structural
unit and it also impacts the predicted value of K. In the initial calculation used to construct the iso-
contour map in Fig. 1V.10Db, it is assumed that exactly one cation-oxygen bond is broken to surpass
a given structural unit regardless of the coordination number of the cation. In other words, the crack
front needs to break the same number of B-O bonds for both trigonal and tetrahedral boron units. As
discussed in previous section, the stiffness of the network depends largely on the coordination
number of boron. It is assumed herein that the same holds for the fracture surface energy, especially
when considering the geometrical arrangement of the structural units relative to each other. As
schematically illustrated in Fig. 1VV-12b, the crack front always needs to break a B-O bond to
surpass a rigid tetrahedron, while bond breakage might be avoided in the case of trigonal units. That
is, borate rings can easily be “opened” by the application of tensile stress, since only van der Waals
forces act between the planar rings. For example, if a particular borate ring is situated
perpendicularly to the crack front, local fracture might be inevitable. We here incorporate the
assumption that only a fraction z of B-O bonds in trigonal B units (ranging between zero and one)
participate in the fracture process. Indeed, the predicted K. value for the binary sodium borate glass
(highest trigonal B content) can vary between 0.48 to 0.76 MPaVm for z values of 0 and 1,
respectively. We also note that K. in these glasses strongly depends on Cg, which is in turn

controlled by the coordination of boron.

The pronounced impact of the assumed crack path on the predicted K. values suggests that the
model contour maps of y and K. should be considered as estimates only (Fig. 10a-b). Alternatively,
the model could be empirically optimized against the experimental values determined from the
SEPB technique. However, in this study, the comparison of theoretical and experimental toughness
values is limited by the fact that K. has only been determined for six glass compositions. Hence, the

validity of the model cannot be assessed across the entire compositional range studied herein.

IV.7. Conclusion

We have investigated twenty different sodium aluminoborosilicate glasses at fixed soda content,
covering a large part of the glass-forming region. Ultrasonic echography, Vickers microindentation,
and SEPB methods were used to evaluate the mechanical properties of the glasses. The sodium
borosilicate glass with equal amounts of soda and boria exhibits the highest elastic moduli and
hardness, which is ascribed to its high degree of cross-linking. The metaluminous aluminoborate
glass displays the lowest elastic moduli and hardness, in agreement with its relatively flexible

network compared to the remaining glasses investigated in this study. Both Young’s modulus and
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Vickers hardness could be predicted to a satisfactory degree using existing semi-empirical models
when the glass network topology is taken into consideration. The SEPB measurements show that
the metaluminous aluminoborosilicate glasses exhibit relatively low toughness values, which are
smaller than the predicted ones, while the 25Na,0-12.5Al,03-12.5B,03-50SiO, composition
shows the highest toughness of the glasses selected for toughness experiments. The experimental
and theoretical fracture toughness values feature relatively poor agreement, when assuming that one
cation-oxygen bond per structural unit is broken during fracture and that the crack proceeds through
a random path with no preference for weak bonds. Adjusting the crack path to follow weaker bonds
when favorable is found to have a pronounced impact on the toughness values, but more
experimental data is needed to develop a predictive toughness model for aluminoborosilicate
glasses.
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V. Fracture toughness and crack behavior of dense SiOC glass ceramics”
V.1 Abstract

Four different SiOC glass ceramics were synthesized and investigated on their fracture behavior.
Toughness of C1-SiOC (Csree < 1 vol.%) and C12-SiOC (Cyree ~12 vol.%) has been studied to
highlight the impact of varying amounts of segregated carbon. It has been shown that C12-SiOC
(three phases — SiO,-SiC-C) has greater toughness (about 1 MPa-m®®) comparing to that (about 0.7
MPa-m?) of C1-SiOC (two phases — SiO,-SiC). The impact of zirconium and hafnium modification
has also been studied by adding about 5 vol.% of HfO,/ZrO, into the materials, which results in
four phases glass ceramics (SiO,-HfO,/ZrO,-SiC-C). These four phases glass ceramics have the
same toughness as the three phases materials. It is believed that the amounts of HfO,/ZrO, are not
enough to significantly increase the toughness. Moreover, predicted toughness by assuming the
crack travels through the easiest crack path has been shown to have a good agreement with the

experimented toughness.
Keywords: Fracture toughness; Glass ceramic; Silicon oxycarbide; Zirconium; Hafnium

V.2 Introduction

As a concept of mechanically improved vitreous silica glass, SiIOC glasses were developed mainly
starting from the late 1980s. It was expected that the partial substitution of bivalent oxygen atoms
for tetravalent carbon atoms will lead to an increase of the network connectivity and hence
improved mechanical properties [1]. This was demonstrated in the following years for example in

the light of higher Young’s modulus [1], viscosity [2] and hardness [3].

The main synthesis approach for SiOC materials relies on the thermal conversion of
polyorganosiloxanes or precursors derived from sol-gel synthesis of organically modified
alkoxysilanes under inert atmosphere [4,5]. Depending on the precursor used, different chemical
composition can be achieved. This rather chemical approach additionally opens the possibility of a
homogeneous modification with additional elements like alkali, earth alkali and transition metals at
an atomic level, resulting in finely dispersed nanocomposites [6]. A significant amount of Si-O and
Si-C bonds present in the polymeric precursors is preserved during the heat treatment to yield black
SiOC glasses at 1000 °C. The partial substitution of oxygen for carbon was demonstrated by means
of 2Si MAS NMR measurements, where in SiOC glasses the chemical shifts related to so-called

mixed-bonds SiO4<Cx tetrahedra (with x = 0 to 4) are clearly visible [7]. In addition to this sp*-

This chapter has been submitted to: T. To, , C. Stabler, E. lonescu, R. Riedel, F. Célarié, T. Rouxel,
Fracture toughness and crack behavior of dense SiOC glass ceramics, J. Eur. Cer. Soc., (2018).
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hybridized network carbon, Raman spectroscopy [8,9] typically reveals the presence of a sp*
hybridized segregated carbon phase. While SiOC glasses are fully X-ray amorphous, starting at a
synthesis temperature of around 1250 °C broad reflections related to B-SiC nanoparticles are
evolving in the diffractograms [10]. At the same time, the amount of SiO4 and SiC, tetrahedra starts
to increase at the expense of the SiO3C, SiO,C, and SiOC3; mixed-bonds tetrahedra, as monitored by
2%Sj MAS NMR [9,10]. This phase separation is a continuous process and is not finished at
temperatures below 1400 °C [9]. Consequently, SIOC samples prepared at T > 1400 °C can be
regarded as SiOC glass ceramics, where B-SiC nanoparticles and a segregated carbon phase are

homogeneously dispersed in a vitreous silica matrix [11].

Whereas SiOC glass ceramics were already demonstrated to yield as well higher hardness and
viscosity in comparison to vitreous silica [12-15], the fracture behavior of SiOC glass ceramics is

not yet widely investigated in literature.

In the present study, we synthesized four different SIOC glass ceramics with varying chemical and
phase composition. The aim was to highlight the impact of varying amounts of segregated carbon
on the fracture behavior of SiOC glass ceramics. Moreover, the effect of the incorporation of

ZrO2/HfO2 nanoparticles into SiOC was investigated.

V.3 Materials and Experimental Procedure

Table V.1: Chemical composition of the investigated glass ceramics and molar fractions of silicon
oxide (SiOy), silicon carbide (SiC), free carbon (Csree), and metal oxide (MO;) phases (from [11]
and [13]).

Sample Chemical Sio, SiC ‘ Chree MO,
formula mol % [vol%] | [mol %] | [vol%6] | [mol %] | vol.% | [mol %] | [vol%]

C1-sioC Si01.41Co3 70.2 83.0 29.3 16.8 0.5 0.2 / /
05 21 2.7

C12-SiOC | SiO16Coss 54.8 75.7 14.1 12.3 311 11.9 / /
+0.3 14 17

SiHfOC SiOy 77Co4oHf00s | 63.2 80.5 13.4 7.8 18.7 7.2 4.6 45
+04 11 14 05

SizZroC Si016,Co42Zr01 60.8 77.6 14.5 8.5 16.9 6.5 7.8 7.4
+0.3 +0.7 0.9 +04

Glass ceramics with four different compositions within the Si(-M)-O-C (M = Hf, Zr) chemical
system, namely C1-SiOC, C12-SiOC, SiHfOC, and SiZrOC were synthesized from polymeric
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precursors or using the sol-gel route. The preparation process of these glass ceramics was
previously reported in detail [10,11,13,16,17]. Briefly, the C1-SiOC grade was derived from a sol-
gel process involving the mixing of triethoxysilane and methyldiethoxysilane under vigorous
stirring in a molar ratio of 2:1. The SiOC glass obtained from this process was later crushed to
powder (< 40 um), with subsequent densification using the field assisted sintering technique FAST
at 1600 °C (50 MPa, argon atmosphere, dwell time of 15 minutes). The C12-SiOC grade was
prepared from a commercially available polymethylsilsesquioxane Belsil PMS MK (Wacker
GmbH, Burghausen, Germany). The polymer was cross-linked at 250 °C for two hours and then
heated at 900 °C with dwell time of two hours. The obtained material was used to prepare a powder
(< 40 pm) that was further hot-pressed (30 MPa, argon atmosphere, dwell time of 15 minutes). The
SIHfOC and SiZrOC grades were prepared in a way similar to the one for C12-SiOC. The
difference was that the PMS was modified with Zr(O"Pr), or Hf(O"Bu), (Sigma-Aldrich, Minchen,
Germany) prior ceramization and subsequent densification in the hot press. The chemical
compositions of the synthesized glass ceramics with the molar fractions of SiO,, SiC, Cyee, and
MO; (HfO; in SIHFOC and ZrO, in SiZrOC) phases are given in Table V.1.

The density of the samples (p) was measured by means of Archimedes’ method in distilled water in
room condition (20.5 °C) and averaged from three measurements of three different pieces (same
batch) for each glass ceramic. The elastic moduli of the materials were estimated with different
methods depending on the limitation due to the sample size and geometry. For C1-SiOC, Young’s
modulus (E) and shear modulus (G) were obtained from the measurements of the mechanical
resonance frequencies of rectangular plates using an impulse excitation testing apparatus (RFDA
HT 1050). Let m, b, L, t, f;, T1 and T, be the mass, width, length, thickness, fundamental resonant
frequency in flexion, correction factor for fundamental bending mode and correction factor
dependent on the width-to-thickness ratio (typically T, ~ 0.01 — 0.02) of the rectangular specimen,
respectively, E and G are then obtained by means of Eq. (V.1) and Eq. (V.2). For C12-SiOC and
SiZrOC, E and G were measured by means of ultrasonic echography using 10 MHz piezoelectric
transducers. In this measurement, velocities of longitudinal (V) and transverse (V1) waves were
calculated from the sample thickness (L) and transit time (t). E and G were then obtained by means
of Eq. (3) and Eq. (V.4), respectively. For SiIHfOC, the sample size was too small to allow for the
measurement of the elastic moduli. Hence, for any future calculation concerning the SiHfOC grade,
the elastic moduli of the SiZrOC grade will be taken as approximate values of the actual ones for
the SIHFOC grade. Poisson’s ratio (v) and bulk modulus (K) were further deduced from E and G by
means of Eq. (V.5) and Eq. (V.6).
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Vickers indentation experiments were also conducted at ambient conditions (50 % RH, 20.5 °C)
using a hardness tester (Matsuzawa, model VMT-7s, Japan) with a pyramid shaped diamond
indenter (Vickers type). Five indents were made on the polished (2 pm diamond paste finish)
sample surface with a load (P) of 9.81 N. Corner crack length (c) and diagonal length (d) were
measured using an optical microscope (Keyence, model MVH 5000, Japan) with x2000
magnification. Meyer’s hardness (H), which represents a mean normal stress (Eq. (V.7)) and
fracture toughness (K}.F) measured from Vickers Indentation Fracture (VIF) (Eq. (V.8)) [18] were

derived from the indentation imprint and from the radial/median crack length respectively.

H=2P/d* (V.7)
K =0.016 (E/H)Plc!' (V.8)

h +—————— pusher (SiC)

Fig. V.1: Compression fixture with indented specimen (C1-SiOC with the dimension of 2x2.6x25

mm?®)
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After the indentation process, surface investigations were performed by means of optical
microscopy (Keyence MVH5000). K, was further determined by means of the single-edge
precrack beam (SEPB), by far more reliable than the indentation cracking methods [8,9], following
the experimental procedure give in [19,20], with some adjustment for the precracking detection to
non-transparent materials (present situation). K. was also predicted ab-initio from the chemical
composition of the materials, following [21]. In the SEPB method, the C1-SiOC and SiHfOC
rectangular specimens were obtained from the pellets having a thickness of 3 mm, and C12-SiOC
and SiZrOC rectangular specimens from the pellets having a thickness of 4 mm. The 3 mm
thickness pellets were cut into a beam of 3x4x25 mm?, and the 4 mm thickness pellets into 4x5x25
mm?® that were further grinded and polished down to 2x3x25 mm?® (except for C1-SiOC, where
2x2.6x25 mm® beams were used) and 3x4x25 mm?®, respectively. The final stage is a mirror
surface finish using a 0.25 pum diamond paste. An indentation line consisting of up to 30 Vickers
indents was performed on one of the side face (Broadness B = 2 for C1-SiOC and SiHfOC, B = 3
for C12-SiOC and SiZrOC) of the polished beam with a force of 9.81 N for a dwell of 5s (using 5 s
instead of 15 s for sake of rapidity). The distance from one indent to the adjacent one was 100 pum,
which resulted in 19 and 29 indents for beam with B = 2 mm and B = 3 mm respectively. The
indented beam was then set in the compression fixture (Fig. V.1) to initiate the precrack. The
indented surface was placed over the lower support and the indentation line was carefully
positioned in the middle of the groove. On loading, the lower part of the beam is in tension whereas
the upper part is in compression. This situation promotes the initiation of a precrack from the
indentation line. The precrack propagates until its front reaches the compressive upper part of the
beam. An acoustic emission sensor was placed beside the lower support to detect the precrack pop-
in sound. Once the sound was detected, the loading was immediately interrupted. The length of the
obtained precrack depends on the groove’s size (b) and the tensile stress (T¢). To fulfill the ASTM
standard requirements [22], the precrack length should be in between 0.35W and 0.60W (in the
present case where the indentation load (9.81 N) is at least 5 times smaller than the values
considered in the standard, it is anticipated that a larger range from 0.20W to 0.80W may be
acceptable). This limitation is to ensure that the precrack is long enough to avoid some residual
stress effects stemming from the Vickers indent and short enough so that there is no perturbation
from the upper “free” surface. Fig. V.2 shows the dependence of the stress intensity factor (K
normalized by T¢) on the crack ratio (a/W) for different b, where T is computed by means of finite
element calculation for a crack-free sample. Since K, and T, are unknown, a preliminary test needs

to be performed before using the K,/T.- a/W curves.
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Fig. 2: Stress intensity factor as a function of the length of the precrack (from To et al., 2017 [20]).

The precrack beam was then fractured with three-point bending with the span length (S) of 20 mm
and the cross-head speed of 0.05, 1 and 15 um-s™. The 15 pm/s speed was used on all glass
ceramics in this study to avoid the stress corrosion whereas the 0.05 and 1 pm-s™ speeds were used
on the small (2x2.6x25 mm?® and 2x3x25 mm®) and the large (3x4x25 mm?®) beams, respectively, to
investigate stress corrosion effects. Three-point bending was chosen since it favors a stable crack
propagation [20]. According to the precrack length, the cross-head speed and the sensitivity to
humidity, test can be stable or unstable. In case of a stable test, toughness was calculated by means

of the similarity principle,

KSEPB = [ovE’ (V.9)

The work of fracture (wof), where y = wof/24 is the fracture surface energy, is expressed as,
of
wof = f Pdd (V.10)
0

where o, is beam deflection at complete fracture. A is the area of one free surface, and factor 2

accounts for the resulting in two complementary free surfaces. £’ is taken equal to E/(1 - 1?) for the
plan strain behavior. In the case of unstable test, the toughness was calculated from the maximum

applied load (Pmax) to fracture the beam in the three-point bending and thus as in Eq. (V.11) [23].
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where f(a) = Ag + Ara + Azo® + Aza® + Aga® + Aso®. The (Ao, A1, Az, As, Ay, As) coefficients are
equal to (1.9109, —5.1552, 12.6880, —19.5736, 15.9377, —5.1454) respectively in the case where
S/W =5 and (1.9322, -5.1007, 12.3621, —19.0071, 15.4677, —4.9913) in the case where S/IW =7,

f(or) (V.11)

The theoretical value for toughness (Kin*) was calculated by means of Eq. (V.10), using
experimental values for the elastic moduli and from an estimation of the theoretical fracture surface
energy (y,,.) based on the interatomic bond strength and the bond concentration along a fracture
surface, assumed to follow the easiest path [21]. In the case of a multi-constituent material, the
relevant bond strength (Uowa) 1S calculated by estimation the elementary bond density along with
the fracture path. Let x; be the i stoichiometric fraction of the main atom in a unit (taken as the
central atom in tetrahedral units; for instance Si in SiO,, C in SiC where CSi, units form, Hf in
HfO, and Zr in ZrO,), Uqi be the i™ bonding energy that bonds the main atoms to the other atom in
the unit, and n; be the number of the i bonds supposed to occur along with the fracture path. Then,

Uototal 1S €Xpressed as,

Uptota1 = 2%i; Ui (12)
The volume concentration (p,) of the gram-atom of the glass ceramics is equal to (p/M,)N, where p

is the glass ceramic density, My is the molar mass, and N is the Avogadro number. The surface

concentration (p,) and theoretical fracture surface energy (y,, . ) are then expressed as,

P Q%N)m (V.13)
1

Vihe. E Py UOtotal '.N-l > (V 14)

where the 1/2 pre-factor on the right-hand side member accounts for the fact that fracture produces
two complementary surfaces. In the first approach, we assume that the presence of carbon and MOy
defines the structure of the materials. Containing less than 1 vol. % of carbon, sample C1-SiOC can
be depicted as a two-phase composite where B-SiC nanoparticles are dispersed in the continuous
silica matrix and between B-SiC and silica, there is an interface consisting of mixed-bonds SiO4.xCx
tetrahedral [3,13,15]. On the other hand, the C12-SiOC with 12 vol. % of carbon is depicted as a
three-phase composite where sp’-hybridized segregated carbon and p-SiC are embedded in the
glassy SiO, matrix. Interfaces between carbon and silica are the mixed-bonds SiO4.xCx [24]. The B-
SiC nanoparticles exist in smaller amount in the glass matrix as 1) in C12-SiOC there are SiC 5 vol.
% less than that in C1-SiOC and 2) the mixed-bonds SiO.xCyx along sp?-hybridized segregated
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carbon consume a few of Si-C bonds. SIMOCs can be regarded as four-phase composite with
smaller amount of B-SiC and sp?-hybridized carbon in comparison to C12-SiOC. Using this picture,
a crack is supposed to proceed through different tetrahedral units namely SiO4; and SiOy.4Cy,
polygonal unit namely HfOg or ZrOg, and the segregated carbon layers (turbostratic carbon, sp*
hybridized).

Indeed, Uy (Eq. (V.12)) is never accurately known. Nevertheless, the approach was previously

shown in [21] to provide sound values for v, , and further for K, with an excellent agreement with

experimental values obtained from self-consistent method such as the SEPB ones. In this study Uy;
was taken as the fission enthalpy associated with the diatomic molecules, where the thermo-
chemical characteristics were taken from ref. [25]. For example, Ugio Of SIHFOC was calculated
using Eq. (V.12) considering that one Si—O, one Si—C, one Hf-O and one C=C were broken per
Si—QOyp2, Si—Ox—C4.x, HF—Og/, polygonal unit and C=C bond (Fig. V.4), respectively; it means that n;
= 1 for Si—Oup, Si—Ox—Ca and Hf~Og, and C=C. The stoichiometric fraction of the elementary
relevant unit (centered on the so-called “main” atoms) is calculated from the molar fraction. This
gives x; = 0.254, 0.054, 0.075 and 0.020 for Si—Qy2, Si—Cysp, Hf—Og, and C=C, respectively. With
diatomic bond energy (the choice for the diatomic value was discussed in [21]) of 799.6, 447, 801
and 2x614 kJ-mol™ for the Si—O, Si—C, Hf-O and C=C bonds, respectively, this gives a Upital
value of 333 kJ-mol™. To calculate Yo USING Eq. (V.14), it is necessary to calculate p_using Eq.
(V.13). With a density of 2.63 g-cm™ and a gram-atom weight of 22.21 g-mol™ for SiHfOC

(Sio.s1Hf0.020054Co.13), @ value of 1.72x10" m? for p,_ of the gram-atom unit. Values of 4.75 J-m™
for vy, and 0.92 MPa-m™® for Kin. were then calculated by means of Eq. (V.14) and Eq. (V.9),

respectively.

V.4 Results

The mechanical properties of the investigated glass ceramic materials are given in Table VV.2. The
density of C1-SiOC is larger than the one of C12-SiOC. This is likely because the C12-SiOC has
more Cree than C1-SiOC (i.e. C1-SiOC has more SiC) and carbon density (pc = 1.4-2 g-cm™) is
lower than SiC density (psic = 3.21 g-cm™). Similarly, the density of SiHfOC is larger in
comparison to sample SiZrOC as the density of crystalline HfO (prto. = 9.68 g-cm™) is higher than
that of crystalline ZrO, (pzo. = 5.68 g-cm™). There are only small differences in the elastic moduli
between the four glass ceramics. It is noteworthy that in the case of C1-SiOC, E as measured by

resonance frequencies is a bit larger than as measured by ultrasonic echography, and both C1-SiOC

" x is in between 0 and 3. We assume that the crack will break Si—C bond (BDE = 447 kJ/mol) rather than Si—O bond
(BDE = 799.6 kJ/mol).
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and C12-SiOC have v as low as that of silica glass. This can be explained by the large fraction of
amorphous silica in these two glass ceramics. Regarding hardness, C1-SiOC shows an increased
value as compared to that of silica and this can be correlated to the reinforcing effect of the 16.8
vol% SiC hard nanoparticles present in the silica matrix. The decrease in SiC volume fraction (from
16.8 to 12.3 vol%) as well as the introduction of segregated carbon (11.9 vol%) induces a decrease

of the hardness in C12-SiOC (as compared to C1-SiOC) and pushes it back to the level of silica.

KM is much greater than K5F

B It is very likely that densification, which occurs to a great extent in
the present materials, impedes (prevents) the dissipation of the mechanical energy through crack
formation. A large fraction of the mechanical energy is spread in the densification process that is
not taken into account in Eq. 8. Vickers indentations, obtained with a 9.8 N load, are shown in

Table 2. K;EPB and K are in good agreement.

Table 2: Mechanical properties of the investigated glass ceramics. Average * standard deviation.
Values without standard deviation are either purely theoretical or estimated from a single

measurement. Number of tests is in bracket. nm = not measured.

Properties C1-SioC C12-Si0C SIHfOC SiZroC

p [g.cm™] 2.38+0.01(3) 230£0.01(3) 263+0.02(3) 254+0.02(3)
E [GPa] 96.70 88.13+0.68 (3) nm 85.39 + 0.98 (3)
G [GPa] 40.97 37.66 +0.33(3) nm 35.29 + 0.48 (3)
K [GPa] 50.36 4451 +0.24 (3) nm 49.07 +0.34 (3)
v 0.18 0.17+0.02(3) nm 0.21+0.02 (3)
E’ [GPa] 99.94 90.75+0.68 (3) nm 89.33 +0.98 (3)
H [GPa] 10.50+0.37(5) 6.29+0.37(5) 9.88+150(5) 9.63+0.97 (5)
Yseps [3-m7] 2.68 354+035(3) 6.95 5.43+0.64 (2)
Yie. [3-M?] 3.71 5.71 4.75 4.66

K [MPa-m ™3] 2.08+0.12(5) 135+0.04(5) 155+0.38(5) 1.56+0.18 (5)
KSEPB [MPa-m™9] 0.73 0.99+0.02(3) 0.99+0.01(3) 0.91+0.04(3)
K [MPa-m 7] 0.86 1.02 0.92 0.91

V.5 Discussion

Glasses contain some free volume, to an extent that scales with the quenching rate from the melting
temperature. The free volume provides some room for a densification process under hydrostatic
pressure. For instance, a density change as large as 21 % is achieved in amorphous silica at pressure
above 20 GPa [26]. Large hydrostatic pressure develops beneath the indenter upon sharp contact

loading. As a matter of fact, the contribution of densification to the permanent deformation
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(imprint) observed after complete unloading is as large as 80 to 90 % for a SiO, (~ 60 to 70 % for a
soda-lime-silica glass) [27]. Densification in glass was found to correlate with Poisson’s ratio [26—
30]. Densification is favored in glasses exhibiting small v values, such as amorphous silica (v ~
0.16) and silica-rich glass, as opposed to precious metal based metallic glasses for instance (v ~
0.4). Indeed, densification significantly reduces the residual stress that arises at the indentation site
and contributes to the indentation cracking. The occurrence of densification is thus a major obstacle
to the assessment of K¢ by the indentation cracking methods, where the deformation is assumed to
be isochoric [27,31]. In this study, C1-SiOC (silica-rich), with v ~ 0.18, shows a similar surface
cracking indentation pattern to that of silica glass, and its K calculated from Vickers indentation
cracking methods is greatly overestimated. Similar discrepancies were reported recently by
comparing K. as obtained by means of differences methods (including indentation) for a
borosilicate glass (Borofloat 33) with v ~ 0.20 [20]. In the elastic-plastic stress analysis used by
Lawn et al. [31], which is inspired by the Hill’s inclusion approach, the relation between the plastic
zone size (e) and the materials characteristics (E, H) is expressed as e/d oc (E/H)%°, where d is the
indentation diagonal. This relation derives from the assumption that the indentation volume (Vi) is
totally distributed, uniformly, along the border of the plastic zone (volume V), inducing a strain
scaling with Vi/Vp, and further a stress E-V;/V,. A more suitable approach consists in accounting
for densification (and pile-up) in the mechanical analysis, and following the method proposed by

Yoffe (Love-Yoffe-Boussinesq) model.

At this stage one suitable tool allows characterizing the crack path at the atomic scale, and further
investigates the physics and the chemistry of the cracking process, especially for complex chemical
system. In this study we attempted to make a schematic drawing accounting for the available

structural information and assuming that a crack tends to follow the easiest path (most favorable

from an energy point of view). This model explains the good agreement between K-8 and K. In
MK-SIOC, there are 12 vol.% of segregated carbon and 12 vol.% of SiC. It is proposed that the
interface SiC/SiO; is consisting of remaining mixed-bond SiO4.xCy tetrahedra, whereas segregated
carbon and silica matrix share a few mixed-bond SiO4.xCy tetrahedra [3,15,32]. Hence, to finish a
journey, the crack needs to travel through the silica domains, the interfaces and the segregated
carbon phase as in Fig. 4, in which the blue dashed line is an example of the propagation path of the
crack. The modification of SIOC with Hf/Zr as in SIHfOC/SiZrOC results in the decrease of the
volume fraction of carbon from 12 vol.% to 6 vol.% and the existence of about 6 vol.% of
HfO,/ZrO,. This modification enlarges the silica domains and introduces the HfO,/ZrO, into these

larger silica domains. In C1-SiOC, there is less than 1 vol.% of carbon, which results in
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discontinuous segregated carbon phase. The energy to break through C1-SiOC is then in the same
amount of that needed to break through silica glass whose fracture toughness is known to be about
0.73 MPa-m°°,

SRR i A o :
Fig. 3: Vickers indentation (9.8 N) of C1-SiOC, C12-SiOC, SiHfOC and SiZrOC.

V.6 Conclusion

In the present study, the impacts of varying amounts of segregated carbon and of zirconium and
hafnium modification on the fracture behavior of SiOC glass ceramics were investigated by means
of a self-consistent method (SEPB). The fracture toughness value obtained from the experiment was
compared to that obtained from the theory by assuming that the crack goes through the weakest
bonds in the glass ceramic system. The toughness from the two methods has a good agreement. By

presenting 12 vol.% of segregated carbon into the glass ceramic (< 1 vol.% for C1-SiOC to 12
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vol.% for C12-SiOC), the fracture toughness increases from about 0.7 MPa-m®® to about 1
MPa-m®°. The incorporation of HfO,/ZrO, (about 5 vol.%) into the SiOC glass ceramics shows the
same increase in the toughness. The conclusion of the modification should be further investigated

with greater amount of HfO,/ZrO,.
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Fig. 4: Tentative schematic drawing of the atomic organization (structural model) together with the
predicted crack path (blue dashed line) for a vertical tensile loading axis. a) C1-SiOC; b) C12-
SiOC; c¢) SIMOC; d) the SiOy; e) the SiO,C, and f) the C=C. The carbon content in the C1-SiOC
grade is < 1 vol% and is thus not depicted in the drawing. In the case of the C12-SiOC grade, the
silica domains are enclosed by carbon network and Si-O-C bonds (between carbon and silica). In
the case of SIMOC, there are HfO,/ZrO, in the silica domains.
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V1. Temperature and environment dependence of K. of glass
V1.1 Abstract

The fracture toughness (Kc) of glass with different compositions was measured by means of the
single-edge precracked beam (SEPB) method. The temperature dependence of K. was investigated
by performing the up to 800 °C in air, with a loading rate of 10 MPa-Vm-s™. The influence of the
environment was studied at room temperature, performing both precracking and final fracture
stages in a glass box (dry argon gas), and by comparison of the results attained in ambient
atmosphere (relative humidity of about 60 %).

Keywords: Fracture toughness, single-edge precracked beam (SEPB), temperature dependence,

environment dependence

V1.2 Introduction

The temperature and environment dependences of the fracture behaviour of glass is not well
understood, and were investigated in a very limited number of publications, mostly focused on
ceramics concerning the effect of temperature [1-8], and a-SiO, and window glass for the incidence
of humidity [9-11]. Single-edge precrack beam (SEPB) is a reliable and self-consistent method to
measure the fracture toughness of brittle materials [12—-15]. However, to the best of our knowledge,

the SEPB method was never performed at elevated temperature or in a glove box.

The present study focuses on 1) applying the SEPB method on glasses at different temperature up to
1.11Ty and compare to previously published reports and 2) performing the SEPB method
(precracking and final fracture) in controlled atmosphere, especially in dry argon gas. SEPB tests
were already performed with the final fracture step in dry N, atmosphere in previous works [14,16],
but this is the first time that both precracking and bending steps were performed in a humidity-

controlled atmosphere.

Regarding the temperature dependence, fracture toughness was measured from room temperature to
1.11Tg4 for two glasses in SiO,-CaO-Na,O and SiO,-MgO-Na,O chemical systems. As far as
relatively small loading rates are applied (quasi-static regime), typically for dK,/dt < 10 MPa-Vm-s°
! which corresponds to strain-rates, ¢, below 1072-s™, the brittle to ductile transition temperature is
expected to be at around Ty For environment dependence, the fracture toughness of four
commercial glasses was studied in controlled atmosphere. Cross-head speeds as small as 0.01 pm/s

and as large as 15 um/s were applied during the SEPB bending experiment to investigate the

This chapter is a manuscript prepared for publication as T. To, F. Célarié, Y. Gueguen, N'G.
Brou, V. Burgaud, M.l Le Fur, J. Chollet, H. Orain, T. Rouxel, (2019)
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possible influence of the crack velocity. Finally, the results from the previously published
“unstable™ test (the unloading curve is continue from maximum load) in the ambient atmosphere
and the test with only the final fracture stage in dry N, atmosphere from the literatures, and the
present results in this study (both precracking and final fracture steps in dry argon atmosphere) were

compared.

V1.3 Experimental Procedures

VI.3.a. Kic at elevated temperatures

Table VI.1: Compositions, mechanical properties and transition temperatures of studied glasses;
UStandard window glass, St-Gobain company; 2Silicon oxy-nitrite glass

Glass compositions E(GPa) |v G (GPa) | T4 (K)
SiNaMgO Si0,(80)Na,0(14)MgO(6) 66 0.17 |28 773
Planilux” Si0,(71)Na,0(13)MgO(6)CaO(10) | 72 0.23 |29 813
N-Glass? Si0,(56)Al,03(14)Y,03(24)SisN4(10) | 137 0.29 |53 1207

Kic of three different glass compositions, with three different glass transition temperatures (Tg) as
shown in Table V.1, were investigated by means of the SEPB method at elevated temperatures. The
temperatures that were selected according to the T, of the investigated glasses are room temperature
(291 K = 0.35Ty), 0.93Tg, Ty 1.03Tgy 1.05Ty 1.07T4 and 1.11T,. In order to use the SEPB
technique, parallelepiped bars were cut from glass batches using a diamond saw to get 3 x 4 x 20
mm? bars and polished down to 3 um diamond paste. A series of 10 N Vickers indents, each 200
um apart from the adjacent ones, were aligned at the center of the 3 x 20 mm? tensile face, along
with broadness (B = 3 mm) as detailed in Ref. [15]. The bar specimens were then positioned in
bridge-flexure anvil [17] to produce precracks as long as about half of the specimen width (W = 4
mm). The precracked specimens were finally fractured at elevated temperatures with a three-point
bending device made of aluminum with a span length of 15 mm. A heating rate of 12 K-min™ was
used and a thermocouple was positioned close to the precracked specimens to measure the actual
specimen temperature in-situ before fracture. After, the fracture specimens were cooled down to
room temperature, the precrack length was measured (fractography), and K. was calculated from
the maximum load [15]. All experiments were conducted in ambient atmosphere (~ 60 %) with the
cross-head speed of 15 pum-s™ (loading rate of about 10 MPavm-s™), and the test temperature was

known with an accuracy better than + 1 K.
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VI1.3.b. K¢ in argon gas atmosphere

Table VI1.2: Compositions and mechanical properties of studied glasses

Glass Composition E v G
(GPa) (GPa)
Planilux SiO2(71)Na,0(13)MgO(6)Ca0(10) 72+2 (0.23+0.01 46 £ 2
Silice SiO; (100) 70+2 |0.15+£0.01 30+2
Borofloat 33 | SiO,(81)Na,0O(4)B,05(13)Al,03(2) 64+2 |0.20+£0.01 272
BK7 SiO2(70)Na,0(9)B,03(11)BaO(2)K,0(8) | 82+2 |0.21+0.01 34+2

Gloves.to work
inside the box

Fig. VI.1: Argon gas box with gloves

In order to study the environmental effects, and more specifically the effect of humidity, three glass
compositions were chosen and further characterized both in dry argon gas (T = 20 °C; RH ~ 0) and
in ambient atmosphere (T = 20 °C; RH = 60 %). The experimental protocol for the SEPB technique
in ambient condition was detailed in Ref. [15]. In the case of experiments conducted in dry argon
gas, both precrack and final fracture steps were performed in a glove box filled with high purity dry
argon. After indentation in the ambient conditions (to ease the precrack formation), the bar
specimens were placed in the glove box (Fig. V1.1) and positioned in the anvil and loaded by means
of a portable uniaxial testing machine (Deben, UK). During the precracking stage, a camera was
used and focused on the middle of the specimen (where indentation was performed) to observe the
pop-in of the precrack. The machine was manually stopped once the precrack appeared. The
precracked specimens were then positioned in a three-point bending device with a span length of 15
mm, and the load was monitored by means of a 50N capacity load cell (K25, Scaime company,
France) with an accuracy better than 0.02 N. The broken specimens were then taken out of the
argon gas box to measure the precrack length and fracture toughness was calculated from the

maximum load and the measured precrack length using Eqg. (VI1.5) in Ref. [15]. In the ambient
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conditions (RH = 60 %), To et al. have shown that, with their stiff testing apparatus (6.7 MN-m™),
unstable test result is independent of slow crack growth as it is corresponding to high crack
velocity. In order to produce the unstable test in the ambient conditions, a cross-head speed of 15
um-s™* was used. The cross-head speed for the experiments in the glove box was set at 0.05 pm/s,
but for 1 extra experiment conducted on a Planilux with the cross-head speed of 5 um/s (100 times

faster than for other experiments) for comparison.

V1.4 Results

Vi.4.a. Temperature dependence of K.

Table VI1.3: Fracture toughness and relative temperatures; K. is in MPa-\m.

T/T, 0.35 0.93 1 1.03 1.05 1.07 .11
Kie(Planilux) 0.73 0.66 0.64 0.63 0.63 / /
Ki(SiNiMgO) | 0.7 / 0.68 / / 0.62 0.73

The dependence of Kj. on temperature is illustrated in Fig. VI.2 (data in Table VL.2). At high
temperature, viscous flow induces same energy dissipation, hence reducing the energy available for
the crack propagation. As a result, the experimental values for Ky, are no longer intrinsic. Recall that

K is related to Young’s modulus and to the intrinsic fracture surface energy, v, following:

Kiptrinsic = 2y F, (4.1)
where £’ = E in plane stress and £’= E/(1-V?) in plane strain, than, since both E’ and y are expected
to decrease was the temperature is increased, Ky, is also expected to decrease. This is actually the
observed tendency from RT to ~0.8T,. However, experimental investigation reported on glasses
mostly show a rapid increase of Kj. above T, [10,11,18], but for fused silica glass [9,10]. This is
because glasses do not behave in a purely elastic manner anymore! Actually, above 0.8T,, Kic
becomes also loading-rate dependent. A transition temperature is observed above which some
viscous relaxation and some crack tip blunting occur: this is the brittle-ductile transition (BDT)
[11]. The loading rate dependence of the effective fracture toughness (Kic(T)/Ki(Trr) is illustrated
in Fig. VL.2. With a loading rate of 2 MPavVm/s, the BDT of SLS glass is at ~0.89T, and with a
loading rate of 4 MPa\m/s, it is at ~0.97T, [11]. With the loading rates of 5 and 8 MPaVm/s, the
BDT is at ~T, [10,11]. With the loading rate of 10 MPavVm/s, the BDT of SLS (more particularly
Planilux) could not be detected. However, the BDT of SiNaMgO is at ~1.07T, as shown in Table 2
and Fig. VL.2. From RT to ~1.07T,, Kj. of SiNaMgO slightly decreases, whereas from ~1.07T, to
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~1.11T,, K slightly increases, and at above 1.11T,, there is no available data due to the limited

number of specimens.

16 T ARouxeletal. [17], dK/dt=2 MPavm/s (CNB)
[ #ibid., dK/dt= 4MPaVm/s (CNB)
1.5 +  xibid., dK/dt=8MPaVm/s (CNB)
[ Shinkai et al. [18], dK/dt = 5 MPa\m/s (SCF)
= ® This study, dK/dt = 10 MPaVm/s (SEPB)
E 14T 0SiNaMgO, this study, dK/dt =10 MPavm/s (SEPB)
<
E 1.3 + A
" : {
12 1
11 ¢
I e
1+ :
0.9 +
08 A ey
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Fig. VI.2: Temperature dependence of the apparent fracture toughness of soda-lime-silica (all data
except the orange circle) and SiNaMgO (the orange circle) glasses. Rouxel et al. [11] used chevron-
notched beam (CNB) method and Shinkai et al. used surface crack in flexure (SCF) method [10].

V1.4.b. Environment dependence of K¢

Table VI1.4: Cross-head speed dependence of K of Planilux in argon and ambient atmospheres

Argon atmosphere Ambient atmosphere
Cross-head speed (um/s) Kie (MPa.\m) Cross-head speed (um/s) K. (MPa.Vm)
0.05 0.71 £0.03 < 0.3 (stable test) 0.55+£0.02 [15]
5 0.70 £ 0.02 > 1 (unstable test) 0.70 £ 0.01 [15]

The cross-head speed dependence of K. of Planilux (a soda-lime-silicate glass (SLS)) is shown in
Table 3. In ambient conditions, the results of the experimented K;. depend much on the cross-head
speed. With the cross-head speed of lower than 0.3 um/s, the test is stable and the Ky of glass is
0.55 MPaVm. On the other hand, with the cross-head speed of above 1 pm/s, the test is unstable and
the Kj of glass is as high as 0.7 MPaVm. The unstable test was shown to have the crack velocity
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fast enough to result in the K;. independent of stress corrosion (in the region 3 of the Wiederhorn v-
K curve [19]) [15]. Besides, the dependence is not found in case of the experiment performed in the
argon atmosphere. The Ky, of the glass is 0.70 + 0.02 MPa\Vm with the cross-head speed of 5 um/s,
and 0.71 + 0.03 MPaVm with the cross-head speed of 100 times slower (0.05 pm/s). It can be

concluded that there is no stress corrosion phenomenon in the dry argon atmosphere.

Table V1.5: Fracture toughness of glass by SEPB and theoretical prediction

Kic (MPa. V\m) by means of SEPB method and Theoretical values

) ) Dry N, atmosphere | Theoretical
Materials Dry Argon Ambient atmosphere
_ [14] values
atmosphere (Instable experiment) ) )

(4-point bending) (Eq.4.1)
Planilux 0.71+£0.03 0.70 £ 0.01 [15] 0.76 £ 0.03 0.72+0.01
Silice 0.68 + 0.04 0.69 + 0.02 0.78 £ 0.06 0.72+0.01
Borofloat 33 | 0.66 £ 0.02 0.65 + 0.03 [15] 0.71+£0.03 0.73 +£0.02
BK7 0.81+0.03 0.82 £ 0.02 0.92 £ 0.05 0.85+0.01

The comparison of fracture toughness measured by means of SEPB in different atmosphere together
with the predicted values from theory (follow the concept in Ref. [12]) is shown in Table V1.4. The
Kic values of all the four studied glasses measured in the argon atmosphere are in good agreement to
those measured in the ambient atmosphere with unstable test and to those measured in N,
atmosphere. Moreover these experimental values are in good agreement to the theoretical values
predicted from the diatomic energy. It is noteworthy to say that the average values measured in N,
atmosphere is slightly smaller than the other values in Table 4. This might result from the use of the
4-point bending device (in [14]) instead of the 3-point bending one (in this study).Recall that Quinn
et al. [14] performed only the final fracture stage in dry N, while both precracking and final fracture
stages were performed in dry argon, this means that the experiment with only final fracture stage in
the controlled atmosphere is enough to get rid of the stress corrosion. Moreover, the experiment can
be done in the ambient atmosphere once the crack velocity (by modifying the cross-head speed) is

high enough to position the results in the region III of the Wiederhorn’s v-K curve.

V1.5 Conclusion

The temperature dependence of K. of two glasses, and the environment dependence of K. of four
commercial glasses were studied by means of the SEPB method. Regarding the effect of the
temperature, we found that with a loading rate of 10 MPaym-s™, the transition temperature of the
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studied glasses is at about 1.07T, However, more experiments are needed to support these

preliminary investigations. Regarding the effect of the environment, the following conclusions were

drawn: 1) As long as both the precracking stage and the final fracture in bending are conducted

within a on hour period, it is found sufficient to only perform the bending fracture stage in the dry

atmosphere to avoid stress corrosion; 2) it is sufficient to perform the SEPB experiment in the

ambient atmosphere once the cross-head speed (or crack velocity) is fast enough (e.g. > 2.4 x 10™

m-s™ for SLS glass) to have the result values in region III of the Wiederhorn’s v-K curve.

V1.6 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

J.B. Quinn, LK. Lloyd, Comparison of Methods to Determine the Fracture Toughness of
Three Glass-Ceramics at Elevated Temperatures, J. Am. Ceram. Soc. 83 (2000) 3070-3076.
A. Ghosh, M.G. Jenkins, K.W. White, A.S. Kobayashi, R.C. Brad, Elevated-temperature
fracture resistance of a sintered a-silicon carbide, J. Am. Ceram. Soc. 72 (1989) 242-247.

M. Mizuno, H. Okuda, VAMAS round robin on fracture toughness of silicon nitride, J. Am.
Ceram. Soc. 78 (1995) 1793-1801.

T. Fett, D. Munz, Determination of fracture toughness at high temperatures after subcritical
crack extension, J. Am. Ceram. Soc. 75 (1992) 3133-3136.

K.D. McHenry, R.E. Tressler, Fracture Toughness and High-Temperature Slow Crack
Growth inSiC, J. Am. Ceram. Soc. 63 (1980) 152-156.

A. Micski, B. Bergman, High temperature strength of silicon nitride HIP-ed with low
amounts of yttria or yttria/alumina, J. Eur. Ceram. Soc. 6 (1990) 291-301.

J.J. Brennan, K.M. Prewo, Silicon carbide fibre reinforced glass-ceramic matrix composites
exhibiting high strength and toughness, J. Mater. Sci. 17 (1982) 2371-2383.

J.L. Henshall, D.J. Rowcliffe, J.W. Edington, Fracture Toughness of Single-Crystal Silicon
Carbide, J. Am. Ceram. Soc. 60 (1977) 373-375.

S.M. Wiederhorn, H. Johnson, A.M. Diness, A.H. Heuer, Fracture of Glass in Vacuum, J.
Am. Ceram. Soc. 57 (1974) 336-341.

N. Shinkai, R.C. Bradt, G.E. Rindone, Fracture toughness of fused SiO2 and float glass at
elevated temperatures, J. Am. Ceram. Soc. 64 (1981) 426-430.

T. Rouxel, J.-C. Sangleboeuf, The brittle to ductile transition in a soda-lime-silica glass, J.
Non. Cryst. Solids. 271 (2000) 224-235.

T. Rouxel, Fracture surface energy and toughness of inorganic glasses, Scr. Mater. 137
(2017) 109-113.

T. Rouxel, S. Yoshida, The fracture toughness of inorganic glasses, J. Am. Ceram. Soc. 100

118



[14]

[15]

[16]

[17]

[18]

[19]

(2017) 4374-4396.

G.D. Quinn, J.J. Swab, Fracture toughness of glasses as measured by the SCF and SEPB
methods, J. Eur. Ceram. Soc. 37 (2017) 4243-4257.

T. To, F. Célarié, C. Roux-Langlois, A. Bazin, Y. Gueguen, H. Orain, M. Le Fur, V.
Burgaud, T. Rouxel, Fracture toughness, fracture energy and slow crack growth of glass as
investigated by the Single-Edge Precracked Beam (SEPB) and Chevron-Notched Beam
(CNB) methods, Acta Mater. 146 (2018) 1-11.

J.A. Salem, Transparent armor ceramics as spacecraft windows, J. Am. Ceram. Soc. 96
(2013) 281-289.

T. Nose, T. Fujii, Evaluation of Fracture Toughness for Ceramic Materials by a Single Edge
Precracked Beam Method, J. Am. Ceram. Soc. 71 (1988) 328-333.

Q. Zheng, Y. Yue, J.C. Mauro, Density of topological constraints as a metric for predicting
glass hardness, Appl. Phys. Lett. 111 (2017) 011907-1-5.

S.M. Wiederhorn, Influence of Water Vapor on Crack Propagation in Soda Lime Glass, J.
Am. Ceram. Soc. 50 (1967) 407-414.

119



VII. Concluding remarks

VI1.1. Conclusions

Most effort in this thesis is devoted to the determination of fracture toughness and fracture
surface energy of glasses. Self and non-self consistent methods to determine these parameters are
presented in chapter 2 and 3 (paper | and Il). Chapter 4 and 5 (paper Il and IV) focuses on
composition dependence of fracture toughness and chapter 6 (paper V) focuses on temperature

and environment dependence.

VIl.l.a. Surface flaw, strength and fracture toughness

The experimented strength of glass is not intrinsic, but dependent on the size of the surface flaw.
A window float glass, with the as-fabricated surfaces, has the size of the critical flaw (tin side) of
about 8 to 12 um as estimated by biaxial flexure test on 35 mm diameter disks. Fused silica
glass, with a surface polished down to 6 pm, has the same strength as that of the window as-
fabricated float glass; when the sand blasting is applied on the surface of the described fused
glass, the strength is 25 % lower. As strength is not intrinsic, it is needed to find the critical stress
intensity factor (or fracture toughness Kyc) of glass. To challenge the difficulty in determination
of K, we found that SEPB and CNB methods are self-consistent. The stiff loading set-up,
combined with a careful choice on the experimental and geometrical parameters, results in a
stable fracture regime for SEPB specimens, especially when fracture is performed at low velocity
in three-point bending. In such conditions, by means of an in-situ camera, a single SEPB
experiment allows to obtain an entire fatigue resistance curve (V-K) for crack extension
velocities (V) ranging between 10° and 10° m.s™. K. as derived from the wof is in good
agreement with the intrinsic fracture toughness value. However, as long as the peak load is used
to estimate K, unstable SEPB final fracture (high velocity) is recommended in order to limit
stress corrosion effects. K\ values as calculated from the peak load associated with a stable crack
extension regime is systematically ~ 20 % smaller than K. as derived from the peak load during

unstable SEPB experiments, or during stable CNB ones.

VIl.1.b. Composition dependence of fracture toughness

Fracture behavior of sodium aluminoborosilicate glasses
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Twenty different sodium aluminoborosilicate glasses at fixed soda content, covering a large part
of the glass-forming region, were studied. Ultrasonic echography, Vickers microindentation, and
SEPB methods were used to evaluate the mechanical properties of the glasses. The sodium
borosilicate glass with equal amounts of soda and boria exhibits the highest elastic moduli and
hardness, which is ascribed to its high degree of cross-linking. The metaluminous aluminoborate
glass displays the lowest elastic moduli and hardness, in agreement with its relatively flexible
network compared to the remaining glasses investigated in this study. Both Young’s modulus
and Vickers hardness could be predicted to a satisfactory degree using existing semi-empirical
models when the glass network topology is taken into consideration. The SEPB measurements
show that the metaluminous aluminoborosilicate glasses exhibit relatively low toughness values,
which are smaller than the predicted ones, while the 25Na,0-12.5Al,03-12.5B,03-50Si0,
composition shows the highest toughness of the glasses selected for toughness experiments. The
experimental and theoretical fracture toughness values feature relatively poor agreement, when
assuming that one cation-oxygen bond per structural unit is broken during fracture and that the
crack proceeds through a random path with no preference for weak bonds. Adjusting the crack
path to follow weaker bonds when favorable is found to have a pronounced impact on the
toughness values, but more experimental data is needed to develop a predictive toughness model

for aluminoborosilicate glasses.
Fracture behavior of dense SiOC glass ceramics

The impacts of varying amounts of segregated carbon and of zirconium and hafnium
modification on the fracture behavior of SIOC glass ceramics were investigated by means of a
self-consistent method (SEPB). The fracture toughness value obtained from the experiment was
compared to that obtained from the theory by assuming that the crack goes through the weakest
bonds in the glass ceramic system. The toughness from the two methods has a good agreement.
By presenting 12 vol.% of segregated carbon into the glass ceramic (< 1 vol.% for C1-SiOC to
12 vol.% for C12-SiOC), the fracture toughness increases from about 0.7 MPa-m®° to about 1
MPa-m®°. The incorporation of HfO,/ZrO, (about 5 vol.%) into the SiOC glass ceramics shows
the same increase in the toughness. The conclusion of the modification should be further

investigated with greater amount of HfO,/ZrO,.
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VIl.1.c. Temperature and environment dependence of K¢

The temperature dependence of K. of two glasses and environment dependence of K. of four
commercial available glasses were both studied by means of SEPB. For the K¢ in the elevated
temperature, we found that with the loading rate of 10 MPaVm/s, the transition temperature of
studied glasses is at about 1.07T4; however, more experiments should be perfumed in the future
to verify this summary. For the environment dependence, the following conclusions were drawn:
1) it is sufficient to just perform the bending stage in the non-humidity influence atmosphere to
avoid the stress corrosion; 2) it is sufficient to perform the SEPB experiment in the ambient
atmosphere once the cross-head speed (or crack velocity) is fast enough to have the result values

in region III of the Wiederhorn’s v-K curve.

VI1.2. Future research
The experiments performed in this thesis focus on the fracture toughness of glass in ambient,
inert and elevated temperature environments. However, there is still room for more

developments and enhancements.

Previous work from Wiederhorn et al. [1] focused on the crack velocity dependence of stress
intensity factor (v-K) in elevated temperatures of some commercial glasses by using double-
cantilever-cleavage technique, which by general requires large specimens (a normal specimen
has the dimension of 75 x 25 x 2 mm?®). By means of SEPB method, this kind of experiment can

be applied on laboratory glass scales.
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VIIl. Summary in French

VII11.1. Introduction général

Le verre est un matériau fascinant en raison d'une combinaison unique de propriétés, telles que la
possibilité d'étre faconné a une température relativement basse (~1,1Tg) par formage
viscoplastique, transparence, dureté, rigidité et durabilité. Au fil des années, le verre a été largement
utilise dans de nombreuses applications en tant que matériau de structure dans le secteur de
I’automobile ou du batiment, ainsi que pour le confinement des déchets nucléaires, 1’optique, les

télécommunications, la médecine et les arts.

Face a cette forte demande, les scientifiques du verre ont recherché des verres plus solides et plus
résistants pour améliorer la durée de vie des pieces en verre et réduire la consommation de
matériaux de départ [1]. Afin de répondre a ces objectifs, plusieurs techniques ont été développées.
La trempe thermique ou chimique induit des contraintes de compression a la surface du verre. Au
moyen de particules ou de fibres de la seconde phase (voie composite) ou de la précipitation in situ
d’une phase cristallisée (voie vitrocéramique), il a ¢été tent¢ d’améliorer les performances

mécaniques (dureté, dureté, résistance) avec un succes remarquable [2-6].

Néanmoins, la résistance intrinseque (c'est-a-dire la résistance optimale atteinte en I'absence de tout
défaut extrinseque) du verre, mesurée par exemple sur des fibres cristallines, est bien supérieure a
celle utilisée par les ingenieurs verriers et a celle résultant des expériences de rupture conduites sur
des échantillons relativement grands [7-13]. La résistance théorique calculée du verre-a-vitre est
d'environ 35 000 MPa [14], tandis que la résistance a la traction expérimentale d'un verre-a-vitre
flotté est d'environ 125 MPa [9]. Des défauts sur la surface du verre (dus a la fabrication ou au
transport) empéchent le verre d’atteindre sa résistance intrinseque. La résistance a la traction d'une
fibre de verre de silice, a surface immaculée, a été mesurée sous vide a 77 K et trouvée d'environ 14
000 MPa [15], tandis que celle d'une plagque de verre de silice polie normale est d'environ 100 MPa
[10].

Comme pour tout matériau fragile, la résistance du verre dépend en grande partie des
caractéristiques de la population de défauts (distribution, taille, etc.). En outre, les fissures sont
géneralement trés vives (méme considérées comme atomiquement nettes) et se fracturent avec les
caractéristiques typiques associées a la fragilité (faible énergie de surface et ténacité). Par
conséquent, il est primordial d'estimer la résistance intrinseque du verre a la fracture et d'examiner

plus avant ce qui peut étre fait en jouant sur la composition et la microstructure.
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VIll.1.a. Fondements de la mécanique de la rupture
Un article classique de Griffith en 1921 [16] expliquait le réle des défauts dans la fracture des
matériaux fragiles. L'analyse des contraintes réalisée par Inglis en 1913 en était un précurseur [17].
Inglis a analysé une plaque contenant un défaut elliptique de longueur 2c (le long de I'axe Y) et
d'une largeur 2b (le long de I'axe X) sous une contrainte de traction appliquée uniforme o (Fig.
VIII-1). Le rayon de courbure minimal (p) est situé au sommet de I'axe principal de la faille

elliptique et est exprimé par p = b?/c. La contrainte au coin de la faille (o) est exprimée comme suit

C C
GC=0(1+ZZ)=G 142 |- (VIIL1)

Dans le cas b << ¢ (pour un défaut étroit), 2\(c/p) >> 1 et Eq. VIII.1 peut étre réduit & oc/c = ~2c/b
= 27(c/p). Ce rapport est le facteur de concentration de contraintes au bord du trou elliptique

(extrémité longue).

v4 Fig. VIIVIII-1 : Plague contenant un défaut elliptique
sous contrainte de traction uniforme.

En se basant sur I'analyse Inglis, Griffith a examiné le cas d'un défaut elliptique «infiniment» étroit
de longueur 2c, en supposant que b — 0 sur Fig. VIII-1, soumis a une contrainte de traction
constante. Dans son étude, Griffith a choisi le verre comme matériau modeéle car il est supposé que
le verre se comporte de maniére élastique et linéaire et que le fond de la fissure dans le verre est
extrémement pointu [18,19]. Une relation entre la résistance a la rupture et 1’énergie de surface de
rupture a été formulée a partir des lois de la conservation de 1’énergie. La contrainte critique a

laguelle se produit la défaillance (of) est exprimée comme suit :

2EYy
or= |—> (1.2)
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ol E’ est le module de Young E en contrainte plane, et E/(1+v%) en déformation plane, ou v est le
coefficient de Poisson, y est I’énergie de surface de la fracture et ¢ est la longueur critique de la
fissure. Eq. VII1.2 indique la dépendance de la résistance a la taille de la fissure, tandis que E’ et y
dépendent des compositions de verre. “c” dans Eq. VIII.2 est généralement beaucoup plus grand
que l'espacement interatomique, de sorte que la force est beaucoup plus petite que la force

intrinséque idéale.

VII1.1.b. La point de la fissure et la fracture du verre
Quelle netteté la pointe de la fissure du verre et comment le verre casse sont toujours controversées.
Irwin-Orowan [20] proposé une zone a petite échelle pour les éléments non linéaires, qui élimine la
singularité du fond de fissure. Dans cette situation, la contrainte appliquée est transmise a la zone de
traitement du fond de fissure par la région élastique linéaire. Deux hypothéses peuvent étre
envisagées. Dans le premier cas, la fracture se produit de maniere fragile, ¢’est-a-dire G. = 2y, ou G
est la force critique d’extension de la fissure et y est I’énergie de surface, et le fond de la fissure est
atomiquement coupant. Dans le second cas, la fracture se produit de maniére plastique ductile,

c¢’est-a-dire G, >> 2y, et le fond de la fissure est émoussé.

Dans le cas des matériaux métalliques et polymeres, G a plusieurs ordres de grandeur supérieurs a
2y car la fracture se produit conformément au processus de séparation des fonds de fissures par des
matiéres plastiques [18]. Cela signifie que la plus grande partie de I'énergie disséminée dans le
processus de fracture n'est pas utilisée pour créer la nouvelle surface mais se dissipe a la place de la
déformation irréversible de la région environnante. Dans le cas de matériaux fragiles, la valeur de
Gc mesurée est généralement 2 ou 3 fois supérieure a la valeur prédite 2y, et les mesures (ainsi que
les prédictions) ne sont généralement pas trés précises. Dans une étude classique sur la fracture du
verre, Marsh [21] a suggéré que la fracture du verre était un plastique ductile et que le fond de la
fissure était émoussé. Au contraire, Hillig [22] a conclu que la fissure est tres pointue. Lawn et al.
[18] ont observé la zone de traitement du fond de fissure dans quatre céramiques différentes au
moyen de la microscopie électronique a transmission (MET) et ont conclu que le fond de fissure est

extrémement pointu pour des solides parfaitement cassants.

VII1.1.c. Corrosion sous contrainte
Lorsqu'un échantillon de verre est fracturé & une vitesse relativement faible (typiquement < ~10
m-s™) dans un environnement humide, on observe principalement une propagation lente de la
fissure (corrosion sous contrainte), a K, << K¢, ce qui s'explique par les molécules d'eau réagissant

avec verre au fond de la fissure, selon un procéde chimique de corrosion sous contrainte.
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Wiederhorn [23] a utilisé la méthode DCB (double
cantilever beam) pour étudier ce comportement de
type "fatigue”. Il a constaté que le facteur d'intensité
de contrainte, K;, augmentait avec la vitesse de la
fissure jusqu'a ce que certains seuils soient atteints,
ou la fissure est trop rapide pour que les molécules
d'eau atteignent son front (Fig. VIIVIII-). De plus,
pour atteindre les seuils, il faut produire une vitesse
de fissure plus grande lorsque le taux d’humidité est
élevé; par exemple, pour atteindre le seuil, il faut
une vitesse de fissure de ~2:107 m-s* & une
humidité relative de 0.017 % tandis que ~ 2-10™

m-s™ est requise & un niveau relatif humidité de100
%. Plus tard, Michalske and Freiman [24] ont créé
un modele réussi (Fig. VIIVIII-) pour étudier I'effet

de I'hnumidité.
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VI11.1.d. Ténacité a la rupture des matériaux fragiles
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Fig. VIIVIII-2 : Données de croissance
des fissures dans le verre sodocalcique-
silice. Apres Wiederhorn [23]. [100]

Fig. VIIVIII-3 : Représentation de
la réaction proposée entre I’eau et
une liaison contrainte S;-O-S; au fond
de la fissure. Etape de réaction
impliquent; (a) adsorption de I'eau sur
la liaison S;-O, (b) réaction concertée
impliquant un transfert simultané de
protons et délectrons et (c)
formulation d'hydroxyles de surface
[24].

Dans les années 1950, Irwin et Orowan [25-27] ont étendu le concept de Griffith et popularisé les

concepts de «facteur d’intensité de stress» et de «facteur d’intensité de stress critique». Le facteur
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d'intensité de contrainte critique dans le mode d'ouverture de fissure (ou la résistance a la rupture,

Kic) est principalement déterminé a l'aide de I'expression ci-dessous :
K. < ov/c ( : proportionnelle), (VIII-3)

ou o est la contrainte de fracture réelle d'un échantillon avec un defaut préexistant de longueur c
(taille critique de la fissure). La constante de proportionnalité dans Eq. VIII-3 (généralement ~1-2)
dépend des caractéristiques de chargement, ainsi que de la géométrie des éprouvettes et des fissures.

Malgré l'importance primordiale de K. pour les matériaux fragiles, la détermination de la
caractéristique intrinseque reste difficile. 1l n'y a pas encore de méthode standard dans le cas du
verre, mais pour la céramique. De nombreuses méthodes ont été développées et appliquées pour
mesurer le K des verres. Dans les années 1970-1980, de nombreux chercheurs ont utilisé des
méthodes de dalles plates, telles que Double Cantilever Beam (DCB) ou Double Torsion (DT) [28—
30]. Juste un peu plus tard, au milieu des années 1970, une autre méthode, a savoir - Indentation
Fracture (IF), principalement Vickers (Vickers Indentation Fracture, VIF), a été proposeée et calibrée
a I'aide de méthodes antérieures. VIF est rapidement devenu populaire en raison de sa facilité, de sa
simplicité, de sa perte de temps et de son codt élevé [31-35]. Plus tard (principalement aprés 1980),
les méthodes de poutre telles que le faisceau a encoche simple a bord (SENB), le faisceau a pré-
fissure a bord unique (SEPB), le faisceau a entaille chevron (CNB), la fissure superficielle en
flexion (SCF), etc. introduit et appliqué sur du verre [28,29,44-47,36-43]. Les configurations
d'essais de ténacité a la rupture, ainsi que les avantages et inconvénients de ces méthodes, sont
décrits dans [40] et [47].

1.or h

NO mole % Ba03

VIIl.1.e. Dépendance de la composition du K¢

Influence des compositions

~e
Shinkai et al. [48] ont étudié E et K|; dans des verres e
ternaires PbO-Zn0O-B,03 avec B,O3 entre 30 et 70 mol% et

PbO/zZn0 égal a 1:0, 3:1, 1:1, 1:3 and 0:1. E et K,; ont été

FRACTURE TOUGHNESS, Ky (MPa-m¥/2}
I
o

mesurés par les méthodes de la fréquence de résonance et AT R0OM TEMPERATURE [N DRY Na!
0.0 § I ) L
. . .. . 0 13 141 EX 5]
de la fissuration superficielle en flexion (SCF), PbO/Zn0 (molar ratio)

respectivement. Dans la technique SCF, lindentation Fig. VIIVIII-4 : Effets du rapport
PbO/Zn0O et de la teneur en B,O;3 sur
Kic pour les verres PbO-Zn0O-B,0;
de traction des éprouvettes testées, puis, afin d'éliminer la [48].

Vicker d'une charge de 5 N était indentée dans la surface

contrainte résiduelle, les éprouvettes indentées étaient recuites cing minutes. 1ls ont constaté que E
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et Kic augmentaient tous les deux avec l'augmentation de la teneur en B,O3 pour tous les rapports
PbO/Zn0O, et diminuaient avec l'augmentation du rapport PbO/ZnO pour tous les niveaux de B,O3
(Fig. VI111-4). lls ont également conclu que le flux visqueux au fond de la fissure dans leurs verres

étudiés était tres limité.

Influence d'une séparation de phase et d'une structure de verre

(AT PbO=-RICH PARTICLES / B,05-RICH MATRIX

tn > ap R Fig. VIIVIII-5 : Schéma des trajectoires
E:i?:. de fracture attendues pour les verres non

miscibles au PbO-B,0;. Les fléches
autour de chaque particule représentent
les contraintes thermiques résiduelles
dans la matrice. Les zones ombrées

R ¢ : représentent les régions de la matrice
(B) B:05RICH PARTICLES/ BhO-RICH MATRIX - concentrées en contraintes produites par
am< 0p {0 ' le désaccord élastique. Les indices m et p
i se référent a la matrice et a la particule,
'\T»’ “@" respectivement [49].
o J \ ‘ I Y
0

Miyata et Jinno [49] ont étudié les propriétés mécaniques des verres a séparation de phase PbO-
B,O3: particules riches en B203 / matrice riche en PbO et particules riches en PbO / matrice riche
en B,0;. L'effet de la quantité de chaque phase et de la microstructure sur les propriétés a été
prouvé. Normalement, la dispersion de la seconde phase dans le verre entraine une augmentation de
I’énergie de surface de fracture ainsi que de la ténacité. En effet, la deuxiéme phase joue le role
d’obstacle pour 1’extension de la croissance des fissures. D'autre part, la dispersion de seconde
phase peut avoir une fissure de microstructure qui conduit & une énergie de surface et a une ténacité
inférieure. Pour les composites de verre a matrice riche en B,03, la partie fracturée devrait traverser
la particule (Fig. VIII-5A). Cependant, lors de la recherche de la partie facile a casser dans le
matériau, la fissure subit une déviation locale par rapport a son plan de partie précédent. L'énergie
de surface de fracture et la ténacité se sont révelées étre dépendantes de la fraction volumique de la
dispersion. En cas de composite avec matrice riche en PbO, la théorie de Lange-Evans [50,51] peut

expliquer l'augmentation de (Fig. V111-5B).

Lorsque des cristaux ou des nanostructures apparaissent dans la matrice de verre, la ténacité a la
rupture est principalement modifiée. Schultz et al. [52] ont étudié le clivage monocristallin de
matériaux fragiles. Ils ont montré que le K,c d'un agrégat poly-cristallin fragile était supérieur a celui
d'un clivage monocristallin, car I'agrégat poly-cristallin n'avait pas la continuité de la fissure de

clivage.
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VII1.1.f. Approches de modélisation

Différentes approches ont été développées dans le monde pour prédire ou calculer la ténacité, afin
de comprendre la dépendance vis-a-vis de la composition. Certaines utilisent des images simples du
solide ou de I'organisation atomique, tandis que d'autres utilisent des outils numériques modernes
tels que la théorie de la densité fonctionnelle (DFT), la simulation de dynamique moléculaire ab-
initio (MD) et les approches de contraintes topologiques (CT) [1,53,62,54-61].

TC est une théorie dans laquelle une structure mécanique remplace et simplifie la structure
atomique complexe. Dans cette théorie, les atomes sont connectés les uns aux autres par les
interactions chimiques contraignant les longueurs et les angles des liaisons, et la connexion peut
étre présentée sous trois états: flexible, isostatique et rigide [63-65]. En connexion souple (nombre
de degrés de liberté par atome n. = 3), les degrés de liberté permettent une déformation locale; en
connexion isostatique (n. < 3), le systéme est rigide mais exempt de contrainte propre; et en rigide
(nc > 3), la connexion est bloquée et la contrainte propre est présente. Bauchy et al. [66] ont utilisé
I'approche de TC en association avec MD pour étudier la ténacité des verres de silicate de sodium
densifiés (NS) et des hydrates de silicate de calcium (CSH) densifiés. Ils ont constaté que les
résistances a la rupture pour les deux verres et leurs comportements de résistance a la rupture étaient
les plus optimaux dans le systeme isostatique. Ils ont conclu que cette théorie est prometteuse pour

la conception de la composition de matériaux plus durs.

Rouxel [54] a predit I'énergie de surface de rupture d'une variété de verres allant de la silice
amorphe aux verres métalliques et a démontré un bon accord entre I'expérience SEPB et la
modélisation lorsque I'énergie diatomique (enthalpie de fission) est prise en compte. Par ailleurs,
lorsqu’il utilise I’enthalpie de dissociation du composé, il constate que la ténacité théorique est
légerement inférieure a celle de 1’expérience (Kictheo = 0.7Kicexp). 1l @ prédit le chemin de fissure
dans la matrice de verre et a établi la relation entre la ténacité et les compositions de verre. 1l a
également recueilli des données sur la résistance a la rupture des verres d'un groupe de
chalcogénures a un groupe métallique et les a simplement résumées dans un graphique (Fig. VII1-
6).
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Fig. VIII-6 : La ténacité apparente des verres, obtenue par diverses méthodes expérimentales. Les
dessins schématiques décrivent le chemin de fissure prévu, tendant a suivre les liaisons les plus
faibles du réseau atomique (par exemple les liaisons Ba-O dans le verre BaO(30)-TiO,(30)-
Si0,(40)) [54].

VII1.1.g. Dépendance a la température des propriétés du verre
Pour un matériau homogene adaptant un comportement élastique, le principe de similarité d'Irwin-
Griffith donne : Kic = V(Ey/(1-v2)). A I’échelle atomique, le module de Young (E) peut étre mis en
relation avec la force nécessaire pour modifier 1’espacement interatomique [67]. Pour un
déplacement atomique donné a partir de I'équilibre, la force est généralement plus petite lorsque la
température augmente. Cela entraine une diminution des modules d'élasticité a mesure que la
température augmente. Une telle tendance a été observée sur un verre-a-vitre [45,68], avec une lente
diminution de E de RT a Tg, et une chute rapide au-dela de Ty Cependant, les expériences de
Shinkai [45] et de Spinner [69] sur du verre de silice fondu de la température ambiante a environ Ty
ont montré que la tendance opposée, c’est-a-dire que E du verre de silice fondu augmentait
légeérement. Le coefficient de Poisson v a température €levée, de la température ambiante a environ
Tg, a legerement augmenté dans les verres de maintien et de silice [45]. La mesure de la résistance a
la rupture a haute température est a peine rapportée et la plupart d'entre elles concernent des

céramiques et vitrocéramiques [70-77] et seulement quelques études sur des verres [29,45,68].

VII1.2. Travail de recherche

Dans cette these, le travail de recherche comprend deux parties principales. La premiére partie
concerne la résistance du verre mesurée par I'expérience de flexion bi-axiale. Dans cette partie, la
relation entre le défaut de surface, la résistance et la ténacité est traitée. Le détail de cette relation
est présenté dans 1’article I. La deuxiéme partie concerne la mesure de la résistance aux fractures du

verre et des vitrocéramiques. La mesure, ainsi que I’analyse théorique, dans 1’environnement de la
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piéce, ’environnement argon et 1’environnement a température élevée sont présentées dans cette

seconde partie (les articles II, 111 et IV).

VII1.2.a. Défaut de surface et résistance des verres a-silica et SLS
Des forces allant de 50 a 180 MPa sont rapportées dans la littérature, en fonction des conditions
d’état de surface [10,78-80]. Cependant, la taille des défauts de surface des verres flottants a-silica
et SLS n’a pas été bien étudiée. Afin de résoudre ce probléme, une expérience de flexion bi-axiale
avec une configuration en anneau sur anneau est realisée sur trois échantillons en série dans des
conditions différentes. La série 1 se compose de 20 disques d'a-silice avec les deux surfaces polies
jusqu'a une pate de diamant de 6 um afin d'obtenir une rugosité moyenne (R,) d'environ 0,001 pum.
La série 2 comprend les 20 autres disques d'a-silice avec une surface polie comme celle de la série 1
et une autre surface, qui est soumise a une contrainte de traction, traitée au jet de sable pour obtenir
la surface Ra de 0,2 um de cette derniére surface. La série 3 comprend 20 disques, soit 5 disques
avec un état de surface traité, 5 disques avec un retrait de 10 N au milieu, 5 disques avec un retrait
de 5 N, 1 disque avec un retrait de 1 N, 1 disque avec un retrait de 0,3 N, 1 avec un retrait de 0,2, 1

avec un retrait de 0,1 et I'autre 1 avec un retrait de 0,05 N.

La configuration anneau sur anneau est détaillée dans le document I ainsi que la description de
I'alignement de la charge du piston sur la charge et les bagues de support afin que la précision du
centrage soit inférieure a 2%. La résistance de I'échantillon a été calculée au moyen de réf. [81-84]

représentant la position réelle de I'origine de la fissure.

Les tailles de défauts mesurées par les profils AFM sont plus petites que celles calculées a partir de
la théorie de Griffith en mécanique de la rupture fragile. Ce désaccord suggére la présence de
défauts relativement importants qui ne sont visibles ni a la surface a étudier ni par les microscopes
optiques, ni par AFM. Sur la série 3, les longueurs de fissure d'angle mesurées a partir de
I'indentation sont en bon accord avec les tailles calculées des défauts de surface pour la charge
d'indentation supérieure @ 1 N et moins conformes pour la charge d'indentation inférieure. Cela
suggere que lorsque la charge est suffisamment élevee, le motif d'indentation est plus susceptible
d'avoir la forme d'un demi-penny. La taille critique du défaut de surface de 8 um est determinée.
Lorsque I’indentation produit une fissure d’angle supérieure a 8 um, la résistance du verre dépend
de I’indentation; toutefois, lorsque ’indentation produit une fissure de coin inférieure a 8 pum, la

résistance du verre ne dépend pas de 1’indentation.

L'énergie emmagasinée a été calculée a partir de la courbe charge-déviation, et le nombre de

fragments a été compté en considérant les gros fragments situes sur le c6té, c'est-a-dire y compris
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les petits au milieu. Le nombre de fragments s’avere indépendant de 1’état de la surface, mais de
I’énergie emmagasinée avant la fracture. En outre, I’énergie de surface de fracture, calculée en
comptabilisant I’énergie stockée divisée par la surface de fracture, est égale a 68 J/m2 pour les deux
séries et ne dépend pas du nombre de fragments. Cette valeur d'énergie de surface de fracture est
environ 20 fois supérieure a celle de la littérature (~ 3,55 J/m?) [54]. Cette grande différence
suggeére que les surfaces de fracture peuvent en réalité étre 20 fois plus grandes que les surfaces
supposeées car les surfaces de fracture angulaires, les surfaces de fracture de deuxiéme ligne et les
surfaces des pieces totalement brisées n'ont pas été comptées dans les surfaces de fracture

Supposeées.

VII11.2.b. Ténacité, énergie de rupture et corrosion sous contrainte du verre
La présente étude se concentre sur le test SEPB, examine les conditions expérimentales déterminant
la stabilité du stade de fracture ultime (a partir de la pré-fissure a l'arrachement) et analyse
lincidence des caractéristiques de fissuration d'indentation préliminaire. Les effets
environnementaux (humidit¢) sont également discutés. L’objectif ultime était d’identifier un
protocole expérimental basé sur des fissures « idéales », c’est-a-dire avec une acuité de pointe aussi
proche que possible de celle de propagation des fissures lors d’une défaillance catastrophique dans
I’hypothése de 1’élasticité pure, permettant ainsi de déterminer le Kj. dans une auto maniere
cohérente. Plusieurs chercheurs ont précédemment suggéré que de telles fissures sont nettes sur le
plan atomique dans des matériaux fragiles tels que le verre [18,19]. Les méthodes de Chevron-
Notched Beam (CNB) et de Single-Edge Precracked Beam (SEPB) sont des méthodes bien établies
auto-cohérentes qui se sont avérées appropriées pour les mesures de K. de la céramique [85-87].
Ces méthodes seront comparées aux méthodes basées sur l'indentation, qui sont beaucoup plus
courantes pour estimer le K. de matériaux fragiles. Les détails des trois méthodes sont présentés

dans I’article Il. Dans 1’article, les discussions de chaque méthode sont dessinées comme suit:

Les équations VIF actuelles reposent sur de fortes hypothéses concernant la loi de comportement:
absence de densification, écoulement plastique parfait et absence de caractéristiques du matériau
dépendant de la pression. Ces hypotheses sont évidemment discutables dans le cas du verre.
Néanmoins, pour Optiwhite ™ et Planilux®, les valeurs de Kjrans) SONt comparables aux valeurs de
Kic mesurées au moyen de la méethode auto-cohérente, par exemple celle du SEPB, probablement
parce que du verre sodocalcique-silice a été inclus dans le protocole d'étalonnage du VIF méthode
[88]. Dés que les propriétés du verre s'écartent de celles du verre sodocalcique-silice, la méthode
VIF conduit principalement a des résultats biaisés. Par exemple, dans le cas de Borofloat, la valeur

de K. dérivée de l'indentation est environ 100% plus grande. En effet, la densification et le
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cisaillement empéchent la formation de fissures radiales / médianes étendues dans ce verre, ou les
fissures de type cone de type hertzien coupant la surface pour former des anneaux sont visibles et
refletent la sensibilité de ce verre a la densification. Une revue de I'effet de la composition du verre
sur la densification et le cisaillement induits par lI'indentation (accumulation de matiére a la surface)
a été publiée ailleurs [89]. Avec un coefficient de Poisson d'environ 0,2, les deux verres
borosilicatés (Borofloat et BK7) pourraient présenter une contribution a la densification
représentant jusqu'a 70% du volume de I'empreinte Vickers, tandis que pour Planilux, la
contribution a la densification est d'environ 60% (environ 85% pour les filtres amorphes). silice)
[90].

Dans la présente étude, I'angle d'entaille (apex) est relativement petit (~ 40 °), de sorte qu'en raison
de I'épaisseur de I'entaille (0,25 mm), le chemin de la fissure peut se décaler du plan de la section
d'un angle d'inclinaison allant jusqu'a 9,5 °. Par exemple, un angle de décalage de 7,8 ° a été mesuré
post-mortem avec le spécimen Optiwhite. Cette inclinaison induit une augmentation de la charge
nécessaire au processus de déchirement et conduit donc artificiellement a une valeur de ténacité
supérieure. Selon la norme ASTM pour la méthode SEPB, le décalage doit étre inférieur a 5 °. Par
conséquent, les échantillons pour lesquels I'angle d'inclinaison était supérieur a 5 ° ont été exclus de
I'analyse et n'ont pas été signalés. Des expériences valides montrent un excellent accord entre
Kcnestea(P) et Ksepsunstanle(P). Un examen post-fracture est donc nécessaire pour valider le test CNB.
Kic tel que calculé a partir du travail de fracture Kcng(y) apparait sous-estimé, probablement en
raison de la présence de microfissures prés des bords de l'entaille qui seraient également

responsables de I'augmentation de la rugosité de la surface de fracture pres de I'entaille.

Pour les vitesses transversales inférieures a 0,2 pm.s™, la rupture est stable et le K. est d'environ
0,55 MPa.m®®. En revanche, pour les vitesses transversales supérieures & 1 pm.s-1, la fracture est
instable et le K atteint 0,70 MPa.m®°, soit 20% de plus que la valeur de "fracture stable”. En effet,
une augmentation monotone de K a été constatée lorsque la vitesse transversale a été augmentée.
La corrosion sous contrainte dans ce verre est due a la réaction des molécules de H,O présentes
dans I’atmosphére avec les liaisons Si-O au niveau de la fissure. La cinétique de cette réaction
chimique est déclenchée par les fortes contraintes qui se produisent au fond de la fissure. La vitesse
du front de fissure a été controlée au moyen d’une caméra portable afin de mieux comprendre
I’effet de I’influence de la corrosion sous contrainte sur deux éprouvettes Planilux présentant le
méme rapport de pré-conditionnement a 0,50 correspondant aux essais de stabilité et d’instabilité.
La variation de la vitesse de croissance de la fissure avec K, pour le verre actuellement étudié a ~

62% d'humidité est en bon accord avec celle observée dans un verre assez similaire de Wiederhorn
134



[23] en utilisant un échantillon & Double Cantilever Beam (DCB). Une vitesse de 1,8 x 10-3 m.s-1 a
été estimée, ce qui est supérieur a la vitesse dans la région Il avec 100% d'humidité (~ 2,4 x 10-4
m.s-1, Fig. 15). Par conséquent, on suppose que Ksepsunstabie(P) €st indépendant de la corrosion sous
contrainte. L'écart type est inférieur & 0,01 MPa.m®° pour tous les verres, sauf le Borofloat 33, ou il
vaut 0,03 MPa.m®°. Une fiabilité aussi remarquable découle du controle des caractéristiques
géometriques des pré-fissures (moins de 10% de différence entre la longueur moyenne des pré-
fissures et toute mesure a 0,25, 0,50 et 0,75 de la largeur de I'éprouvette), ainsi que du raffinement
de la micro-indentation préliminaire étape. La charge d'indentation a toujours été choisie
suffisamment petite pour limiter la fissure d'indentation a une longueur inférieure a ~ 50 pm, c'est-
a-dire beaucoup plus petite que celle de pré-fissure (~ 2 mm) et l'alignement de petites indentations
a entrainé un angle entre I'enfoncement pré-fissure (angle de crochet) et la rupture finale inférieure a

5 ° (tolérance standard).

VI11.2.c. Approche théorique de la ténacité des vitrocéramiques denses SiOC

Il a déja été démontré que les vitrocéramiques SiOC présentaient également une dureté et une
viscosité supérieures a celles de la silice vitreuse [91-94]. Le comportement a la rupture des
vitrocéramiques SiOC n’a pas encore été largement étudié dans la littérature. Dans la présente
étude, nous avons synthétisé quatre différentes vitrocéramiques SiOC avec différentes compositions
chimiques et de phases. L'objectif était de mettre en évidence l'impact de quantités variables de
carbone séparé sur le comportement a la rupture des vitrocéramiques SiOC. De plus, l'effet de
I'incorporation de nanoparticules de ZrO,/HfO, dans SiOC a été étudié. Le procédé de préparation
de ces vitrocéramiques (a savoir CI-SiOC, C12-SiOC, SiHfOC et SiZrOC) est brievement décrit

dans l'article 111.

La méthode SEPB, telle que décrite dans l'article II, est utilisée pour mesurer le K. de ces quatre
vitrocéramiques et les résultats sont comparés a la méthode VIF (également décrite dans l'article 1)
et a I'approche théorique [54]. K¢, au moyen de la méthode VIF, est beaucoup plus grande que K.
au moyen de la méthode SEPB. Il est tres probable que la densification, qui se produit dans une
large mesure dans les matériaux actuels, empéche la dissipation de I'énergie mécanique par la
formation de fissures. Une grande partie de I'énergie mécanique est dispersée dans le processus de
densification et n'est pas prise en compte dans I'énergie calculée. K. par la méthode SEPB et une
approche théorique sont en bon accord. Un dessin schématique prenant en compte les informations

structurelles disponibles et supposant qu'une fissure a tendance a suivre la voie la plus facile (la plus
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favorable du point de vue énergétique) est tentée. Ce modele explique le bon accord entre K378 et

K Dans MK-SiOC, il y a 12% en volume de carbone séparé et 12% en volume de SiC. Il est
proposé que I’interface SiC/SiO, soit constituée des tétraédres SiO4.4xCyx a liaisons mixtes restantes,
alors que les matrices carbone et silice ségrégées partagent quelques tétraedres SiO4«Cy & liaisons
mixtes [94-96]. Par consequent, pour terminer un voyage, la fissure doit traverser les domaines de
la silice, les interfaces et la phase carbone séparée. La modification de SiOC avec Hf/Zr comme
dans SiHfOC/SiZrOC entraine la diminution de la fraction volumique de carbone de 12% a 6% en
volume et la présence d'environ 6% en volume de HfO,/ZrO,. Cette modification agrandit les
domaines de la silice et introduit le HfO, / ZrO, dans ces domaines de la silice plus vastes. Dans
C1-SiOC, il y a moins de 1% en volume de carbone, ce qui donne une phase de carbone séparée et
discontinue. L'énergie nécessaire pour percer le C1-SiOC est alors égale a celle nécessaire pour

percer le verre de silice dont la ténacité est connue comme étant d'environ 0,73 MPa-m°®.

VII1.2.d. Dépendance de K¢ & la température et a I'environnement
Les dépendances du comportement du verre avec fracture, liées a la température et a
I’environnement, n’étant pas bien comprises, elles ont fait ’objet d’'un nombre trés limité¢ de
publications, axées principalement sur les céramiques concernant l'incidence d’humidité [70-77]
[29,45,68]. SEPB (Single-Edge Precead Poutre) est une méthode fiable et cohérente pour mesurer la
résistance a la rupture de matériaux fragiles [41,54,97,98]. Cependant, a notre connaissance, la

méthode SEPB n’a jamais été réalisée a température élevée ni dans une boite a gants.

La présente étude se concentre sur 1) I’application de la méthode SEPB sur des verres a différentes
températures allant jusqu’a 1,11Ty et se compare aux rapports publiés precédemment et 2) la mise
en ceuvre de la méthode SEPB (pré-conditionnement et fracture finale) sous atmosphére contrélée,
en particulier sous argon sec. Des essais SEPB avaient deja été effectués avec la derniére étape de
fracture sous atmospheére séche de N, lors de travaux antérieurs [41,99], mais c’est la premiére fois
que des étapes de pré-fissuration et de flexion sont effectuées dans une atmosphere a humidité

controlée.

En ce qui concerne la dépendance vis-a-vis de la température, la ténacité a été mesurée de la
température ambiante a 1,11Tg pour deux verres de systemes chimiques SiO,-CaO-Na,O et SiO,-
MgO-Na,O. Dans la mesure ou des taux de charge relativement faibles sont appliqués (régime quasi
statique), typiquement pour dK/dt < 10 MPa-\Vm-s™, ce qui correspond & des taux de contrainte, ¢,
inférieurs & 1025, la température de transition fragile & ductile devrait se situer autour de Tg. Pour

la dépendance vis-a-vis de I’environnement, la ténacité de quatre verres commerciaux a été étudiée
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en atmosphere controlée. Des vitesses transversales aussi faibles que 0,01 pm/s et atteignant 15
pm/s ont été appliquees pendant I'expérience de flexion SEPB afin d'étudier I'influence possible de
la vitesse de la fissure. Enfin, les résultats du test "instable™ précédemment publié (la courbe de
déchargement se poursuit a partir de la charge maximale) dans I'atmosphére ambiante et le test avec
uniquement le stade de rupture final dans une atmosphére séche d'azote N, a partir des littératures,
et les résultats actuels de cette étude (les étapes de pré-fissuration et de fracture finale dans une

atmospheére d'argon sec) ont été comparées.

VI111.3. Conclusions

La plupart des efforts dans cette these sont consacrés a la détermination de la ténacité et de 1’énergie
de surface de fracture des verres. Les méthodes auto et non cohérentes pour déterminer ces
paramétres sont présentées aux chapitres 2 et 3 (articles I et Il). Les chapitres 4 et 5 (articles Il et
IV) sont consacrés a la dépendance a la composition de la ténacité et le chapitre 6 (article V) a la

dépendance a la température et a I'environnement.

VI11.3.a. Défaut de surface, résistance et ténacité
La résistance expérimentale du verre n’est pas intrinséque, mais dépend de la taille du défaut
superficiel. Un verre flotté de fenétre, avec les surfaces telles que fabriquées, a la taille du défaut
critique (c6té étain) d’environ 8 a 12 um, estimée par le test de flexion bi-axiale sur des disques de
35 mm de diametre. Le verre de silice fondue, d’une surface polie jusqu’a 6 pum, a la méme
résistance que celui du verre flotté fabriqué a la fenétre ; lorsque le sablage est appliqué sur la
surface du verre fondu décrit, la résistance est inférieure de 25 %. La résistance n'étant pas
intrinseque, il est nécessaire de trouver le facteur d'intensité de contrainte critique (ou la résistance a
la rupture Ky¢) du verre. Pour contester la difficulté de détermination de K¢, nous avons constaté que
les méthodes SEPB et CNB sont cohérentes. La configuration de la charge rigide, combinée a un
choix judicieux des parameétres expérimentaux et géométriques, confere aux spécimens SEPB un
régime de fracture stable, en particulier lorsque la fracture est réalisée a basse vitesse en flexion a
trois points. Dans de telles conditions, au moyen d’une caméra in situ, une seule expérience SEPB
permet d’obtenir I’ensemble de la courbe de résistance a la fatigue (V-K) pour des vitesses
d’extension de fissure (V) comprises entre 10° et 10° m.s™. Le K, dérivé du wof est en bon accord
avec la valeur intrinséque de la résistance a la rupture. Cependant, tant que la charge de pointe est
utilisée pour estimer Ky, une fracture finale instable du SEPB (vitesse élevée) est recommandée afin
de limiter les effets de la corrosion sous contrainte. Les valeurs de K. calculées a partir de la charge

de pointe associée a un régime d'extension de fissure stable sont systématiquement inférieures
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d'environ 20 % a celles de K. telles qu'elles sont calculées a partir de la charge de pointe au cours
d'expériences SEPB instables ou lors d'essais CNB stables.

VI111.3.b. Dépendance a la composition de la ténacité
Vingt verres différents d’aluminoborosilicate de sodium a teneur en soude fixe, couvrant une grande
partie de la région de formation de verre, ont été étudiés. Des méthodes d'échographie ultrasonore,
de microindentation de Vickers et de SEPB ont été utilisées pour évaluer les propriétés mecaniques
des verres. Le verre borosilicaté de sodium avec des quantités égales de soude et de bore présente
les modules d’¢lasticité et la dureté les plus élevés, ce qui est attribué a son degré élevé de
réticulation. Le verre aluminoborat métallique présente les modules d’¢élasticité et la dureté les plus
bas, ce qui est en accord avec son réseau relativement flexible par rapport aux autres verres étudiés
dans cette étude. Le module de Young et la dureté de Vickers peuvent étre prédits a un degre
satisfaisant a 1’aide des modeéles semi-empiriques existants, lorsque la topologie du réseau de verre
est prise en compte. Les mesures SEPB montrent que les verres aluminoborosilicates
métallumineux présentent des valeurs de ténacité relativement basses, inférieures aux prévisions,
alors que la composition 25Na,0-12.5A1,03-12.5B,03-50SiO, présente la plus grande ténacité des
verres sélectionnés pour les expériences de ténacité. Les valeurs expérimentales et théoriques de
ténacité de rupture présentent une concordance relativement faible en supposant qu'une liaison
cation-oxygéne par unité structurelle est rompue pendant la fracture et que la fissure suit un chemin
aléatoire, sans preférence pour les liaisons faibles. Ajuster le chemin de la fissure pour suivre des
liaisons plus faibles lorsque favorable a un impact prononcé sur les valeurs de ténacité, mais
davantage de données expérimentales sont nécessaires pour développer un modele prédictif de

ténacité pour les verres en aluminoborosilicate.

Les impacts de différentes quantités de carbone séparé et de modifications de zirconium et
d'hafnium sur le comportement a la rupture des vitrocéramiques SiOC ont été étudiés a l'aide d'une
méthode auto-cohérente (SEPB). La valeur de ténacité a la rupture obtenue a partir de I'expérience a
été comparée a celle obtenue a partir de la théorie en supposant que la fissure passe par les liaisons
les plus faibles du systéme vitrocéramique. La ténacité des deux méthodes est un bon accord. En
présentant 12% en volume de carbone séparé dans la vitrocéramique (<1% en volume pour C1-
SiOC & 12% en volume pour C12-SiOC), la ténacité a la rupture augmente d’environ 0,7 MPa.m®° &
environ 1 MPa.m®®. L'incorporation de HfO,/ZrO, (environ 5% en volume) dans la vitrocéramique
SiOC montre la méme augmentation de la ténacité. La conclusion de la modification doit étre

approfondie avec une plus grande quantité de HfO,/ZrO,.

138



VI111.3.c. Dépendance a I’environnement de la ténacité
La dépendance de K. de deux verres en fonction de la température et la dépendance de K. de
quatre verres disponibles dans le commerce ont été étudiées au moyen de SEPB. Pour le Ki¢ a la
température élevée, nous avons constaté qu'avec un taux de charge de 10 MPavm/s, la température
de transition des verres étudiés est d'environ 1,07Tg ; cependant, il faudrait parfumer davantage
d'expériences pour Vérifier ce résumé. En ce qui concerne la dépendance vis-a-vis de
I’environnement, les conclusions suivantes ont été tirées : 1) il suffit d’effectuer la phase de pliage
dans 1’atmosphére sans influence de I’humidité pour éviter la corrosion sous contrainte ; 2) il suffit
de réaliser I’expérience SEPB dans 1I’atmosphére ambiante une fois que la vitesse transversale (ou
vitesse de la fissure) est suffisamment rapide pour obtenir les valeurs de résultat dans la région 1l

de la courbe v-K de Wiederhorn.

VI111.3.d. Perspectives
Les expériences menées dans cette thése portent sur la ténacité du verre dans des environnements
ambiants, inertes et a température élevée. Cependant, il reste encore de la place pour plus de

développements et d’améliorations.

Les travaux antérieurs de Wiederhorn et al. [29] ont mis I'accent sur la dépendance du facteur
d'intensité de contrainte (v-K) a la vitesse de la fissure a des températures élevées de certains verres
du commerce, en utilisant la technique de clivage par double porte-a-faux, qui nécessite en général
des échantillons de grande taille (un échantillon normal a la dimension 75 x 25 x 2 mm®). Grace a la

méthode SEPB, ce type d’expérience peut étre appliqué aux balances de verre de laboratoire.
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Ténacité et énergie de surface de fracture de verres inorganiques et non métalliques

Mots clés : Ténacité, énergie de surface de fracture, SEPB, CNB, VIF, glass

Résumé :

La ténacité et I'énergie de surface de fracture de
verres, de vitrocéramiques et de composites a
matrice en verre ont été étudiées.

Tout d'abord, un test de flexion bi-axiale
(configuration anneau/anneau) a été réalisé sur des
verres de silice et des verre-a-vitres avec différentes
conditions de surface afin d’identifier la relation entre
le défaut de surface, la résistance et la ténacité du
verre. Ensuite, trois méthodes d’expérimentation ont
été mises en ceuvre, principalement la méthode de
poutre de flexion a pre-entaille droit (SEPB), la
méthode de la poutre entaillée en chevron (CNB) et la
méthode de la poutre avec indentations Vickers (VIF),
afin de déterminer la ténacité de quatre verres
produits industriellement et de déterminer les
avantages et les inconvenients des différents
méthodes selectionnées.

La méthode qui est apparue la plus fiable et
autocohérente, la méthode SEPB (Single Edge
Precrack Beam), a été appliquée a la détermination
de la ténacitté de nombreux verres et
vitrocéramiques, afin d’étudier linfluence de la
composition et de la microstructure sur les
caractéristigues de fissuration (Kc et énergie de
fissuration, vy).

Enfin, [linfluence de Ila température et de
I'environnement sur la ténacité a été étudiee a l'aide
de la méthode SEPB. Deux verres d'oxyde ont été
testés a des températures élevées et avec une
vitesse de charge de 10 MPa-Vm/s, une température
de transition de 1,11Tg a été trouvée. Quatre autres
verres d'oxyde ont été testés en environnement
inerte et les mémes valeurs de ténacité ont été
obtenues a partir de deux vitesses de charge (100
fois) différentes.

Fracture toughness and fracture surface energy of inorganic and non-metallic glasses

Keywords : Fracture toughness, fracture surface energy, SEPB, CNB, VIF, glass

Abstract :

Fracture toughness and fracture surface energy of
commercial and laboratory glasses, glass-ceramics
and glass matrix composites have been studied.

First, bi-axial bending test (RoR configuration) was
performed on fused silica and window float glasses
with different surface conditions to identify the
relationship between the surface flaw, the strength
and fracture toughness. After, three experiment
methods, mainly single-edge precracked beam
(SEPB), chevron-notched beam (CNB) and Vickers
indentation fracture (VIF) were performed to
determine the fracture toughness of four commercial
known glasses and to determine the advantages and
inconveniences of the different selected methods.

The method that is appeared as the most reliable
and self-consistent, the SEPB (Single Edge
Precrack Beam) method, was applied to determine
the toughness of the large amount of glasses and
glass-ceramics, to study the influence of the
composition and the microstructure on the
characteristics of cracking (K,c and fracture energy,
7).

Last but not least, the influence of the temperature
and environment on the fracture toughness was
studied by means of the SEPB method. Two oxide
glasses were tested in elevated temperatures and
with the loading rate of 10 MPa-Vm/s, a transition
temperature of 1.11Ty was found. Four other oxide
glasses were tested in the inert environment and the
same fracture toughness values were obtained from
(100 times) two different cross-head speeds.



