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ABSTRACT

Glass surface damage is a major issue for glass makers, suppliers, and end users. The
cracking behavior that governs glass surface damage is not yet completely understood.
In many cases, fracture results from a sharp contact loading. Nanoindentation is a
promising tool to replicate this sharp contact as it has various advantages: it does
not require complicated sample geometries nor preexisting flaws in the material, as
plasticity from the indent itself is assumed to create the precursor flaw.

Different aspects of the cracking behavior have been studied using nanoindentation
with triangular pyramidal indenters with center-line to face angles in the range of
cube corner (35.3°) to Berkovich (65.3°). Two different glass structures have been
analyzed and compared: anomalous glass (fused silica) and normal glass (soda-lime
glass), which deform primarily by densification and shearing processes, respectively.
These different deformation processes are anticipated to lead to different stress fields
around the contact resulting in different cracking morphologies. Nanoindentation at
various loads (1mN - 20 N) was used to identify a load dependency of the cracking
behavior. Subsequently, surface and subsurface cracking was documented using atomic
force microscopy, scanning electron microscopy, 3D laser scanning confocal microscopy,
and focused ion beam cross-sectioning. Results show that cracking is enhanced by
sharper indenters and higher loads. However, there exists a distinct crack initiation
threshold, below which no crack formation can be observed, which is dependent on
the glass system as well as the indenter geometry. In addition to crack initiation,
the crack propagation has been analyzed using relations for the median-radial and
Palmqvist-radial crack systems. Results show that the known relations are inadequate
to fully describe the fracture toughness of the materials. However, differences in cracking
morphology may have to be considered when determining fracture toughness obtained

from indentation experiments.
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Abbreviations

ABS alumino-borosilicate
AFM atomic force microscopy
Ca calcium

DCB double cantilever beam
DT double torsion

FEA Finite Element Analysis
FQ fused quartz

FS fused silica

Ge germanium

HPFS high purity fused silica

LEM Lawn-Evans-Marshall

NOMENCLATURE

LSCM laser scanning confocal microscope

Na sodium

Pt platinum

SEM scanning electron microscopy

SENB single edge notched beam

Si silicon

SigN, silicon nitride

SLG soda-lime glass

SLS soda-lime silicate

SLSG soda-lime silicate glass

WC tungsten carbide
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Symbols

a indentation size
ayy prefactor for the median crack theory

ap prefactor for the Palmqvist crack the-

ory
£ indenter face angle

¢ crack length

d;nqg indentation depth

Aplastic zone Plastic zone diameter
E modulus

g; effective indentation strain
H hardness

P/c’? indentation fracture parameter for

median cracks

P/a-1'* indentation fracture parameter

for Palmqvist cracks
K stress intensity factor

K, fracture toughness

ko free-surface correction factor

[ crack length

L¢/Lp bowed-in parameter

m crack depth

v Poisson’s ratio

i coefficient of friction

P load

P. cracking threshold

¢ center-line to face angle

¢ center-line to edge angle

Geffex excluded effective cone angle
¢ers included effective cone angle
Tplastic zone/ @ relative plastic zone size
o stress

o, yield stress

7. Tabor constraint factor
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Nanoindentation of Glasses

Nowadays, glasses are an omnipresent class of material in our lives. Especially the
ongoing advancements in e.g., smart devices, have made glass an increasingly important
material in today’s community. For touch-screen applications, it is necessary to have a
material that is transparent, thin, and strong. While glass certainly satisfies the first two
criteria, it is a brittle material, so it cracks easily when contacted with a sharp object.
While some of the issues are of aesthetic nature, cracks can also significantly influence the
performance of a device or become a serious safety issue. To make a glass more durable
seems to be an obvious step, but therefore, the first step is to understand the underlying
mechanisms explaining why and how cracks form. The benefits of nanoindentation as a
tool to answer these questions is two-fold. At small scales glasses deform plastically
before they fracture. In macroscopic failure analysis, such as compression testing, the
material shatters quickly into multiple pieces not allowing for a more detailed analysis
of the cracking event. Stresses around an indentation impression decay quickly, allowing
the cracks to arrest before catastrophic failure [1]. These cracks can then be analyzed
for cracking morphologies, and their lengths can be measured allowing for fracture
toughness calculations of the material. Additionally, impressions performed using
nanoindentation only probe small volumes, so it can be assumed that the indentation
itself is responsible for the crack formation and not preexisting flaws as originally
assumed by Lawn and Evans [2]. Thus, nanoindentation allows to simulate the sharp
contact event in a controlled manner. It also allows to investigate the influence of the
shape of the sharp object using different shapes of indenters (Figure 1.1).

Historically, macroscopic hardness testing was done with a Vickers indenter (Fig-

ure 1.1a), but due to its four-sided pyramidal geometry, it is prone to chisel-edge



(a) Vickers: ¢ = 68° (b) Berkovich: ¢ = 65.3° (c) Cube Corner: ¢ = 35.3°

Figure 1.1: Schematic illustration of different indenter tips typically used in nanoin-
dentation. (reprinted from [3].)

development, which gives rise to large geometrical deviations from the ideal shape.
For small-scale nanoindentation however, due to its sensitive nature, the geometry
of the indenter must be well-known, and the indenter tip must be machined with
highest precision. With advancements in nanoindentation, a three-sided Berkovich
tip (Figure 1.1b) was created, that has a similar depth-to-area ratio as a Vickers, but
due to the three-sided pyramidal shape, it allows for a precise tip manufacturing that
avoids chisel-edge development issues [4]. The cube corner indenter (Figure 1.1c) is
another common shape used in nanoindentation, which is also of three-sided geometry.
Compared to the Berkovich indenter, it has a smaller center-line to face angle ¢. This
difference in ¢ makes the cube corner indenter significantly sharper, so that during
the indentation process it displaces a larger volume, allowing certain deformation and

fracture mechanisms to occur sooner.
1.2 Silicate Glasses

Glasses are a group of materials that can be defined as amorphous solids that
only possess a short range atomic structure [5]. Silicate glasses are an important
subcategory, and they can be divided into two classes, normal and anomalous glasses
[6-8]. The respective mechanical behavior of those two categories is determined by

the molecular structure of the material as seen in Figure 1.2. High purity fused



silica (HPFS), as a representative of anomalous glasses, consists of a three dimensional
network of amorphous SiOs. Its open network structure results in a significant amount
of free volume, and it therefore deforms primarily by densification. Soda-lime silicate
glass (SLSG) on the other hand, representing normal glasses, contains metallic ions,
e.g., sodium (Na) and calcium (Ca), which occupy the free space in the network and
deformation occurs by plastic flow, rather than densification [9]. Also, Na is a network
modifier, which breaks up the strong 3D connectivity of the amorphous network and
thereby allows for more plasticity by shear. While plastic or shear flow is a process that

conserves volume, densification results in a volume change [8, 10].
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Figure 1.2: Differences between fused silica and soda-lime glass (reprinted with
permission from [9]).

1.3 Crack Morphologies

The difference in deformation mechanism is thought to result in different cracking
morphologies [11]. The most common morphologies introduced by nanoindentation are
shown in Figure 1.3. A method to distinguish the cracking morphology is grouping the
cracks by their location of occurrence. Cone (Figure 1.3a) and Palmqvist (Figure 1.3d)
cracks start at the surface close to the contact periphery of the indentation, whereas
median (Figure 1.3c¢) and lateral (Figure 1.3b) cracks initiate below the indentation at
the elastic-plastic boundary. Another criterion is the direction of crack propagation.

While cone and lateral cracks propagate predominantly parallel to the surface, median



and Palmqvist cracks propagate perpendicular to the surface and critically influence
the component strength [7, 12-14]. Thus one major aspect of the current work will be
to determine when and how the radial cracks (median and Palmqvist) form. Another
crack morphology is the half-penny crack as shown in Figure 1.3e. This morphology
could occur in two ways. It could have either started in the subsurface as a median
crack and grow towards the surface as it propagates. Alternatively, it could have started
on the surface as a Palmqvist crack and then grow down. In other words, if the load is
high enough, it can not be determined anymore if the crack is of median or Palmqvist

character.

(c) Median (d) Palmqvist (e) Half-penny

Figure 1.3: Most common crack morphologies introduced by nanoindentation (modi-

fied from [14]).

Originally, the main focus of the work was thought to be on the initiation and
propagation of the radial crack systems. An example of radial cracks is shown in
Section 1.3. However, in recent literature another crack system was discovered, which
is only reported very sparsely, but seems to play a significant role in the initiation
of radial cracks. These are called edge cracks [15-17], which grow along the contact
periphery and are therefore also sometimes referred to as borderline, picture frame,
or circular cohesive cracks [9, 18-20]. Figure 1.4b shows an example of this crack
morphology. From a sub-surface view, these cracks are very shallow and considered

surface oriented [21].
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Figure 1.4: Comparison between (a) radial and (b) edge cracks (modified from [9]).

1.4 Crack Initiation

When and how a crack initiates and which crack morphology is dominant, i.e.,
initiates first, is determined by the indented material, the indentation load, and the
indenter shape. Different research groups have found that a minimum load is needed
for cracks to form around an indentation. A model to describe crack initiation was
first presented by Lawn et al. [2, 22]. They assumed that if hardness H is a material
property describing its resistance to deformation and fracture toughness K, describes
its resistance to fracture, then there has to be a combination of these two material

properties to describe the brittleness or the onset of cracking of the material, which has

K\*
P.=Q. (== K 1.1
=0 () xe (1)

where €2 is a material independent dimensionless parameter.

the form described by

As shown in Figure 1.5a, using Hill’s expanding cavity solution to describe the stress-
field around the indentation and based on the assumption that there are preexisting
flaws conveniently located at the elastic/plastic boundary, then the non-dimensional
parameter € is about 2 - 10%.

Another critical assumption is that the preexisting flaw has to be big enough to
initiate a crack. Given that the indent itself grows slower than the crack, every flaw
smaller than the indent will be subsumed within the indentation impression resulting

in a critical flaw size of at least the size of the indentation. Hagan [23] criticized this
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Figure 1.5: Theoretical determination of the indentation cracking threshold for radial
cracks based on different assumptions.

assumption based on the fact that in some materials, those flaws of critical size would
have to be so big that they would be visible in the material. Since that is not the case,
there has to be a different mechanism responsible for the onset of cracking around the
indentation impression, which comes from the indentation process itself [23]. Hagan
attributed the initiation of cracks to the pile-up of dislocations at intersecting slip lines,
as depicted in Figure 1.5b. The intersection hinders further dislocation movement,
giving rise to locally high tensile stresses that can open up a crack. Hagan’s model also
leads to the form of Equation (1.1) by using the dislocation pile-up model developed by
Stroh [25] in the late 1950s. However, the value for © is approximately 1 - 103, which is
an order of magnitude lower than predicted by Lawn et al.. When discussing amorphous
materials, it should be noted that they do not have dislocations. However, the same
concept would apply to shear bands or slip faults.

In 1995, Harding [24] developed a model based on the assumption that the inden-

tation itself is the critical flaw and that the sharp corners of the indenter act as the



precursor. Similar to Lawn et al., Harding assumed that in presence of a load cracks
grow faster than the corresponding indentation. So, for crack initiation, the critical
point is the intersection of the crack length ¢ and the indentation size a (Figure 1.5¢).
Using the well-established equations for H [26] and K. [27] and assuming that crack
initiation occurs when

c=0-a, (1.2)

where 0 accounts for the corners of the indent not being perfectly sharp. In Harding’s
model, P, is a function of the material properties hardness and fracture toughness
once again following Equation (1.1), but instead of Q simply being a dimensionless
parameter, it is now material dependent in itself [24], through

0% H?

Here, o represents an important parameter in the fracture toughness equation and will
be discussed in detail in Section 1.5.1.

Figure 1.6a shows the dependency of the cracking threshold with respect to hardness
and fracture toughness for different silicate glasses.

When comparing the materials to the aforementioned theories, it is obvious that
Equation (1.1) describes the general trend well. However, the slope €2, determined by
the models of Lawn et al. and Hagan, significantly underestimates the actual material
behavior by several orders of magnitude [8, 13, 28-32]. Harding’s model, however,
describes the cracking behavior for silicates and sodium-aluminosilicates well. Using
9 GPa and 72 GPa as typical values for hardness and modulus for silicate glasses, as
well as 6 = 1.48 and a = 0.016 for a Vickers indenter, then Q ~ 3 - 10°, which is very
close to the slope for a fit through the data for silicates and sodium-aluminosilicates.
The extremely high cracking threshold for the PbO-ZnO-B,0O3 can not be predicted

with any of the theories.
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(a) Material dependency (modified from [31]).(b) Angular dependency (modified from [21]).

Figure 1.6: Dependencies of the radial cracking threshold for different glasses in
comparison with the theories after Lawn and Evans [2], Hagan [23], and Harding [24].

Another important criterion when determining the cracking threshold is the shape
of the indenter, the sharpness in particular, which can be described using the center-line
to face angle ¢. The smaller ¢ the sharper the indenter and the earlier the material
starts to show cracks. Hagan’s and Harding’s models allow one to correlate the cracking
threshold with ¢; specifically, P. is proportional to (tan ¢)”. The power law exponent x
can be determined to be 2/3 using Hagan’s model based on the Stroh crack approach
and Hill’s expanding cavity solution. Harding’s approach, on the other hand, leads to a
r-value of 8/3. On a log-log plot of the cracking threshold as a function of the angle
(Figure 1.6b), the slope is a measure of .

Similar to the material dependency (Figure 1.6a), experimentally observed dependen-
cies of the cracking threshold on the indenter angle indicate that the cracking threshold
does in fact scale with tan(¢). However the 2/3 prediction from Hagan significantly un-
derestimates the strong angular dependency. Harding’s 8/3 prediction describes some of
the materials better, e.g., soda-lime silicate (SLS) [33] and germanium (Ge) [34]. Finite
Element Analysis (FEA) of a model material with parameters similar to silicon (Si) can
be described as well [1]. However, experimental observations for silicon, as well as fused

quartz (FQ) and alumino-borosilicate (ABS) can not be described with either theory.



For fused quartz, Mound and Pharr [21] concluded that the power law exponent « is
significantly higher at about 9. This indicates that the fracture mechanics origin of the
cracking threshold remains not well understood, and additional work is necessary to
explain the strong angular dependency for some materials.

While the median-radial crack system is most often discussed in literature, there
is some more recent research documenting the formation of the edge cracks [9, 15-21].
However, that is primarily experimental observations for glasses and a limited amount
of finite element analysis for other brittle materials, such as tungsten carbide-coatings.
Similar to radial cracks, there are certain parameters that govern the onset of cracking.
One of them is a material dependency. When comparing Figure 1.4a and Figure 1.4b,
it should be noted that radial cracks form in soda-lime glass, while edge cracks form in
fused silica, when the indentation conditions are exactly the same, namely an indentation
with a Berkovich indenter to a peak load of 500 mN.

Additionally, there is also an angular dependency on the cracking threshold of edge
cracks. Yoshida et al. suggested that the onset of cracking can be correlated to the
extent of how much the edges of the indenter bow in [16]. As shown in Figure 1.7,
the bowed-in parameter Lo /Lp is defined as the ratio between the length L., which is
measured from the center of the indent to the corner of the indent and the length Lp,
which is measured from the center of the indent to the center of the edge of the indent.
Figure 1.7 shows the dependency of the bowed-in parameter on the indenter angle for
indentations with a load of 1N in soda-lime glass. For perfectly straight edges, Lo/ Ly
= 2.00, but it increases the more the edges bow in. The blunter the indenter, i.e., the
smaller the indenter face angle 5, the more bowed in is the edge of the indentation,
increasing stresses at the midpoint of the edge. Those locations experiencing high
stresses can serve as initiation points for edge cracks to form [15]. It should be noted

that Yoshida et al. reported the exterior indenter angle 8 instead of the interior angle

¢, thus f = 90°-¢.
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Figure 1.7: Bowed-in parameter (Lc/Lp) as a function of indenter angle (reprinted
from [16]).

With increasing sharpness of the indenter, edge cracks form in an earlier stage of the
load-unload cycle (Figure 1.8). For an indenter with an indenter face angle 3 of 10°, no
edge cracks are initiated during the entire loading unloading cycle to a peak load of 10 N.
For f = 15° and B = 20°, edge cracks start to form during the unloading process at
5.8 N and 9.2 N, respectively. However, for a Berkovich indenter, with an indenter face
angle of 25°, edge cracks form during loading at 6.1 N. Once an edge crack has started,
either during loading or unloading, it continues to grow during the loading-unloading
cycle [16]. In the sharpest case for the study by Yoshida et al., namely the Berkovich
indentation, radial cracks can be observed in addition to edge cracks after full unload.
Yoshida et al. [15] states that in those scenarios radial cracks may be the extension of

the edge cracks.
1.5 Crack Propagation

Once the crack initiates, it propagates with increasing load P and arrests at distances
away from the indent where the stress drops below the critical stress intensity. This
allows for crack measurements and consequently fracture toughness K. determination.
Nanoindentation is extremely valuable when it comes to testing components at the micro-

and nanoscale, where traditional fracture toughness measurements, such as double
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Figure 1.8: Angular dependency of the edge cracking threshold in soda-lime glass
(reprinted from [16]). (a) at full load of P = 10N, (b) and (c) during unload at
P =58Nand P = 92N, (d) during load at 6.1 N, and (e-f) at full unload.

cantilever beam (DCB), single edge notched beam (SENB), or double torsion (DT),
are not easily achievable since very small components do not offer enough material to
machine the large standardized specimens required [35-37]. Additionally, machining
those standardized samples can be very expensive and time consuming. Over the last
50 years, much research has been performed to find a method based on nanoindentation
to overcome this drawback. The theory most often cited in literature is based on the
measurements of median-radial cracks and was proposed by Lawn et al. [27] in the early
1980s. It is often referred to as the Lawn-Evans-Marshall (LEM) method in which the

fracture toughness is computed from measured indentation parameters using

EN" P

where oy represents a dimensionless parameter, which was originally introduced to
correlate the indentation fracture toughness to fracture toughness determined through
conventional methods [38]. The values P, F, and H in Equation (1.4) can be determined
from the nanoindentation test itself, where E and H need to be determined with a
Berkovich tip, since the Oliver-Pharr method [26] only works well with that geometry,

but breaks down as the indenter tip becomes sharper. The crack length ¢ has to be
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measured post mortem and is measured from the center of the indent to the corner
of the crack as shown in Figure 1.9a and Figure 1.9b. Special attention has to be
given to the prefactor a;, as it is not simply a dimensionless correction parameter. Its

importance will be discussed in Section 1.5.1.

(a) Surface view. (b) Subsurface view of (c) Subsurface view of
median-radial crack. Palmqvist-radial crack.

Figure 1.9: Subsurface differences between median-radial (adapted from [27]) and
Palmqvist-radial (adapted from [39]) cracks.

Another crack system that has been used to measure fracture toughness is the one
consisting of Palmqvist-radial cracks [39]. Compared to median-radial cracks, Palmqvist
cracks form near the surface at the corner of the indentation (see Figure 1.9¢). While
both crack systems look similar when observing the surface of the material, they are
significantly different in the sub-surface. When the load is high enough, they may also
be similar in the sub-surface, but the origin of the crack is different [40, 41]. In the case
of a Palmqvist-radial crack, Niihara et al. [42] proposed a relation based on the crack
length [, see Equation (1.5), which is of similar form to the LEM-method

EN” P
Ko=ap- (=) - —, 1.
“r <H) a-['/? (1.5)

where ap represents a dimensionless parameter.
The aforementioned methods differ in how the most important characteristic value,

the length of the cracks, is measured. However, the Niihara method (Equation (1.5))
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is not based on the crack length alone, but also incorporates the indentation size a.
Furthermore, it should be noted that the exponent in £/H of the two theories differs
from 1/2 in LEM’s approach to 2/5 in Niiahara’s approach. This difference comes from
the fact that they both fit experimental results during their derivations to simplify the
equations. In fact, different research groups have adjusted the original LEM method and
determined exponents of 0, 1/4, and 2/3 in addition to the aforementioned values [43].
Compared to the difference in fitting parameters that determine the exponent of the
different theories, the ratio of modulus and hardness is of much greater importance when
comparing the different crack morphologies. The E/H-ratio describes how the material
accommodates deformation. Based on Finite Element Analysis (FEA), Johanns et al.
[44] found that if E/H is low, the material deforms primarily elastically, and is more
prone to crack median-radially. However, if E//H is high, the material deformation
is primarily plastic and the formation of Palmqvist-radial cracks is more likely (see
Figure 1.10). This difference in behavior can be attributed to the effective indentation
strain &;, which is proportional to E/H. The change in ¢; causes redistribution of the
stress and strain fields under the pyramidal indenter. If ¢; is small, median cracks start
at medium indentation depths. Large ¢; however, can not be easily accommodated by

brittle materials, so cracks initiate at small loads [1].

£7100, Looding

E 7100, Max Load

E 710 Unload £7+100, Unkoad

Figure 1.10: Influence on the E/H-ratio on the development of median-radial and

Palmqvist-radial cracks based on Finite Element Analysis (reprinted with permission
from [44]).
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1.5.1 Prefactor «

Basing their analysis on the LEM method (Equation (1.4)) to determine the fracture
toughness, Anstis et al. [36] suggested that a); = 0.016 £ 0.004 would be a good
calibration constant as an average for common brittle materials when the material is
indented with a Vickers indenter. Pharr et al. [45] showed that the same constant can
be achieved when using the three-sided equivalent Berkovich indenter and averaging
multiple materials (Figure 1.11a). However, for both Vickers and Berkovich indenters,
high loads (0.5-10N) are required to introduce radial cracks [45]. Furthermore, in
brittle materials such as FS and SLG, radial cracks are most often accompanied by
other crack systems, such as cone and edge cracks. Therefore, it is questionable if the
radial cracks alone can be used to determine the fracture toughness [38]. As a result,
much research has been done to determine whether a sharper three-sided indenter,
such as a cube corner (¢ = 35.3°) could be better suited for these measurements. In
fact, sharper indenters lead to materials cracking at lower loads, because the additional
volume displacements increase the stresses around the indentation [45]. Additionally,
Bruns et al. [38] showed that cube corner indents in fused silica only exhibit radial
cracks and no other crack systems that might have to be considered in the fracture
toughness analysis.

As shown in Figure 1.11, the prefactor aj; depends on the indentation angle and is
higher for sharper indenters. Pharr et al. [45] determined ay, for a cube corner indenter
to be 0.0319 as an average over different materials.

However, since the cracks initiate at very low loads when indenting with a cube
corner, it does not take much to bring shallow lateral cracks and chipping into the
picture. Small indentation loads yield very small indents, which can make it hard to
image them accurately for measurements of the indentation size and the crack length.
It is straight forward that finding an optimal angle forming big enough indents allowing

for accurate measurements of the necessary quantities while still only introducing
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Figure 1.11: Experimental determination of the prefactor a;, (reprinted with permis-
sion from [45]).

radial cracks during the indentation process is of great interest. Based on experimental
comparison and theoretical relations between a Berkovich and a cube corner indenter
alone, Harding [24] suggested that oy is proportional to (cot ¢)*?. Jang and Pharr
[34] verified this angular dependency using three-sided indenters with center-line to
face angles from 35.3-75° and two materials, silicon (Si) and germanium (Ge) (see

Figure 1.12).
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Figure 1.12: Angular dependency of the prefactor a;, using silicon and germanium
as material examples (reprinted with permission from [34]).
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While the angular dependency suggested by Harding [24] can be verified, the actual
magnitude of a;; for a Berkovich and a cube corner indenter do not match the values
originally reported [24, 27|. Carefully re-deriving the original analysis by Lawn et al.
[27] using a three-sided indenter instead of a four-sided indenter, Jang and Pharr [34]
showed that there might be a material dependency in the prefactor of the toughness

relation (Equation (1.4)) given by

~0.0352

Ay =
1—v

(cot @), (1.6)

where v is the Poisson’s ratio of the material [34].

It should be noted that this analysis was performed using only two different materials
(Si and Ge), so similar analyses are needed using additional materials in order to fully
verify the expression suggested by Jang and Pharr [34]. Just for a cube corner indenter
alone, a;j; can range from 0.022-0.054 as shown by many different research groups in
experimental and computational works for a variety of materials [24, 34, 45-50].

Irrespective of the exponent for the different expressions (Equation (1.4) and Equa-
tion (1.5)), it should be noted that if the crack is short (¢ < 2.5 - a), the fracture
toughness is not proportional to P/c”* anymore [42, 51, 52]. Instead, for short cracks,
Niihara has suggested that K. is proportional to P/a -1/ [42]. Figure 1.13 shows this
change in behavior for different materials indented with a Vickers indenter. The vertical
intercept on the log-log plot reflects the prefactor a when fitting the normalized fracture
toughness as a function of ¢/a for materials that exhibit median-like cracking and [/a
for materials showing Palmqvist-like cracking with a simple power-law relationship. For
median-like cracking, a;, is determined to be 0.033, and for Palmqvist-like cracking,
ap is 0.009.

In Figure 1.14, K. has been calculated as a function of load and c¢/a-ratio for

independent data sets of Vickers indentation of tungsten carbide (WC) and silicon

16



1.0 20 40 60 80
T T

006

T T T T T
>

004

T

® ®B4C |
g ool 22 o
xIx v 5iC(S) I

Evons 8 Chorles
9 Siciup) Evans & Wilshow
O ZnS

® ZnSe

B wC/ColI2%)

& WC/Co (6%)A

& WC/Co(6%)8

W WC/Co(11%)

0006 - g WC/Col15%)
L L

001

}o«-.m 8 Altmeyer

1 L4 L 1 1 1 1 1 1 1 1
02 04 06 10 20 40 60 80
l/a

Figure 1.13: Normalized fracture toughness as a function of ¢/a and [/a showing
the change in behavior for materials with median-like and Palmqvist-like cracks,
respectively (reprinted with permission from [42]).

nitride (Si3N,). WC and SigN, are representative of the short crack range and long

crack range in Figure 1.13, respectively.
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Figure 1.14: Fracture toughness K. measured using the different models [27, 42]. The
gray dotted line shows the value of K. determined with conventional methods.

The different expressions developed by Niihara et al. [42] and Lawn et al. [27] were

used to calculate K, using the prefactors determined by averaging over a variety of
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materials. It is important to point out that for WC, the fracture toughness calculated
assuming a median crack system decreases with increasing load, whereas K, is constant
when basing the calculations on the assumption of a Palmqvist-like cracking behavior
(Figure 1.14a). In Figure 1.14b, on the other hand, SizN, exhibits the reverse behavior.
Median cracking assumptions yield an approximately constant K., whereas, for the
Palmqvist equation, K. increases with increasing load. It should also be noted that
this behavior is true for a range of ¢/a beyond 2.5. In the literature, this value is
often suggested to be the transition value between median- and Palmqvist-like cracking
behavior [52].

Irrespective of which cracking behavior is observed in a material, Figure 1.14 shows
that simply using « as a dimensionless calibration constant does not yield a reliable
value for the fracture toughness as determined through other conventional techniques
(gray dotted line). Therefore, it is critical to continue research on « and its influential

factors, such as the material dependency suggested by Jang and Pharr [34].
1.6 Summary and Proposed Work

Since its commercialization at the end of the 20" century, nanoindentation has been
proven to be a promising tool to probe the mechanical behavior of materials. For brittle
materials, glasses in particular, it is most critical to understand the cracking behavior.
Much research has been performed using nanoindentation which indicates different
crack morphologies are observed. The activation of these crack morphologies depends
on the indented material and the indenter geometry. Radial and edge cracks are the two
most important crack systems in the present work. It has been shown that for these
cracks, there are distinct thresholds, which depend sensitively on the indenter angle and
the indented material. However, conventional theories of the cracking threshold seem
to fall short when describing the actual material behavior of normal and anomalous
glasses. Theoretical relations between load, modulus, and hardness can be used to

estimate the fracture toughness K, of different materials, even for ¢/a < 2.5.
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While past research has made significant progress on understanding the cracking
phenomena in silicate glasses, there are several aspects that remain unclear. To gain
further understanding on the mechanisms that govern cracking, the present research

work is designed to answer the following questions:

o Which crack morphologies are activated in fused silica and soda lime glass? Do
they affect each other’s initiation?

o What are the cracking thresholds (radial and edge cracks) and the fracture
toughness of soda lime glass and fused silica?

o Can existing theories be used to determine cracking threshold and fracture
toughness? How can they be improved?

o What are factors that influence cracking threshold, fracture toughness, and crack

morphology?
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2. MATERIALS AND METHODS

To investigate the cracking behavior, systematic nanoindentation experiments on
soda-lime glass (SLG) and fused silica (FS) were performed using a KLA iMicro
Nanoindenter and a Zwick hardness tester with a customized indenter head. The
resulting indents were then carefully imaged with different microscopy techniques, in
particular atomic force microscopy (AFM), scanning electron microscopy (SEM), and
3D laser scanning confocal microscope (LSCM). The images were analyzed using a
custom program developed in WaveMetrics Igor Pro to measure indentation size a and
crack length c¢. Three key aspects that influence indentation cracking were considered.
These were a material, load, and angular dependency as specified below in Section 2.1

and Section 2.3.
2.1 Materials

Two different glass structures with chemical compositions given in Table 2.1 were
tested. These were soda-lime glass (SLG) microscope slides (type II per ASTM 438 —
92 [55]), representative of a normal glass, made by Corning Inc., and fused silica (FS)
disks (HPFS 7980), representing anomalous glasses, likewise made by Corning Inc.
Both materials belong to the group of silicate glasses, but they fundamentally differ in
their primary deformation mechanisms, as discussed in Section 1.2. Indentation was

performed on the as received samples.

Table 2.1: Chemical compositions for soda-lime glass (SLG) and fused silica (FS).

Mass / wt%
Material | SiO0; NayO CaO MgO Al,O3 K,O
SLG 72 16 5 4 2 1
FS 100 - - - - -
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2.2 Sample Preparation

The glass samples were mounted on an aluminum SEM pin stub mount using
Crystalbond™ 509. Typically, the sample is directly mounted on a standard aluminum
puck. Mounting the sample directly on the SEM mount saves the step of heating the
sample to remove it from the standard puck and transfer it to the SEM mount for
imaging. This ensures that the crack growth is not influenced by heat and manual
handling during remounting. Special aluminum pucks as shown in Figure 2.1 that fit in
the sample tray of the nanoindenter were machined. They were designed to have a hole
in the center to fit the SEM mount, which was secured by an M3 set screw coming in

from the side. It was verified that the frame stiffness was not significantly influenced by

this set-up.
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Figure 2.1: Custom aluminum puck for indentation.
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Figure 2.2 shows that copper tape was generously applied on the glued sample,
leaving enough room for indentations. The copper tape helped with charging issues and
hence image quality in the subsequent SEM imaging, and it provided an easy reference

point for finding indentations during imaging at small scales.

Figure 2.2: Samples prepared for indentation and subsequent imaging.

2.3 Indentation

During the indentation process, two different aspects that influence the cracking
behavior were investigated, load and angular dependency. First, 10 indents each were
performed at different peak loads (1 mN - 20 N), as seen in Figure 2.3a. Once severe
cracking was observed, no additional load increase was performed. Additionally, the
center-line to face angle (¢) was varied in four discrete steps ¢ = 35.3°, 45.0°, 55.0°,
and 65.3°. According to ASTM C1327 — 15, the indents were spaced at least five times
their crack length apart (Figure 2.3b) to ensure they do not influence each other’s
behavior. Although this standard was developed for the four-sided Vickers indenter [56],

the same convention was used for the three-sided pyramidal indentations in this work.

22



v
&

. |

(a) Exemplary array of indents showing peak (b) Permitted minimum spacing.
loads.

Figure 2.3: Indentation according to ASTM C1237 - 15 [56].

2.3.1 Nanoindenter

Indentation in the smaller loading range was performed using a KLA iMicro Nanoin-
denter equipped with a 1N load cell (Figure 2.4a). Peak loads of 1, 3, 10, 30, 100, 300,
500, and 1000 mN were tested for all indenter angles whenever possible depending on
the severity of cracking. The 45.0° indenter yielded a distinct cracking threshold P, for
FS within a load range of 30-100 mN. These loads resulted in indentations big enough
to image in great detail in the SEM, but at the same time small enough to perform
automated serial sectioning, as discussed later in Section 2.4.1. For a more accurate
determination of P. and thus being able to perform subsurface analysis right at P.,
additional indents were performed at peak loads of P = 65, 70, 75, 80, and 85 mN.
In order to analyze a material dependency of the subsurface cracking behavior, the
same additional peak loads were tested for SLG. In addition, peak loads of 5, 7, and
9mN were tested for SLG to determine P, for the 45.0° indenter more accurately, as
well. However, since P, is relatively low and the indents were therefore relatively small,
automated serial sectioning could not be performed around the cracking threshold for
SLG.

The loading profile for the indentation with the iMicro is shown for a 100 mN indent

in Figure 2.4b and can be described as follows: first, the sample was loaded using a
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constant P/p = 0.05s7! to the desired peak load, here 100 mN. The peak load was held
for 10s. Before fully unloading, the sample was partially unloaded to 10 % of the peak

load in 0.9s, at which it was held for 80s to measure for thermal drift.
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(a) Detailed view of KLA iMicro nanoindenter. (b) Typical loading pattern.

Figure 2.4: Indentation at low loads (1mN < P < 1N).

Using a Berkovich indenter (¢ = 65.3°), material properties such as modulus £ and
hardness H were determined according to the Oliver-Pharr method [26]. E and H are

needed for different analyses throughout the dissertation.
2.3.2 Hardness Tester

Indentations were also performed with a Zwick hardness tester to achieve higher
loads (Figure 2.5a). This hardness tester is a dead-weight system and capable to apply
nine discrete loads of 10, 25, 50, 100, 200, 300, 500, 1000, and 2000 gf (=~ 100 mN - 20 N),
which were all tested for the 55.0° and the 65.3° indenter in SLG and FS. However,
this hardness tester is only equipped with a four-sided Vickers tip. Consequently, a
specialized adapter (Figure 2.5b) was manufactured, which allows the Zwick tester to
be used with the same tips as used in the iMicro nanoindenter.

Since the Zwick hardness tester is calibrated for a specific indenter, it was deemed

necessary to verify that the combination of adapter and tip in the Zwick tester yields
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(a) Detailed view of Vickers hardness tester. (b) Custom made adapter for testing with tri-
angular pyramidal indenters.

Figure 2.5: Indentation at higher loads (100mN < P < 20N).

the same results as when only the tip is used in the iMicro. In doing so, it was assumed
that the tested materials are strain rate insensitive, since the loading profiles differ
between the two instruments. For the hardness tester the load is applied in accordance
with ASTM Standard E384 — 17 [57]. For accurate load measurements, the adapter was
designed so that the combined weight of adapter and tip meets Zwick’s requirements
of (1.50 £ 0.15) g. Figure 2.6 shows the comparison in terms of measurements of the
indentation size a and the crack length c. A detailed description on how a and ¢ were

measured is provided later in Section 2.5.1.
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Figure 2.6: Comparison between Zwick Vickers hardness tester and KLA iMicro
nanoindenter for indentation with a 55.0° indenter in SLG.
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The Zwick hardness tester also allows to induce cracks with a Vickers indenter.
The symmetry of this geometry may aid to distinguish whether the crack system in

soda-lime glass and fused silica show median-radial or Palmqvist-radial characteristics.
2.4 Microscopy

Imaging was performed at least 12 h after indentation to account for delayed crack
initiation and propagation [33]. Depending on the size of the indentation, imaging
techniques of different resolutions were available for capturing the indentations and
their surrounding cracks. Atomic force microscopy (AFM) was performed using either
a Bruker Dimension Icon AFM or a MFP-3D™ Origin AFM by Oxford Instruments
(Figure 2.7a). For best results, 512x512 scans were taken in tapping mode at a scan
speed of 0.5 Hz. Prior to imaging the indentation, the condition of the tip was verified
using a standard sample. Scanning electron microscopy (SEM) was performed on either
a Tescan Lyra3d FIB-SEM or a Thermo Scientific™ Helios™ G4 CX DualBeam™ FIB
(Figure 2.7b). To achieve the highest image quality, a working distance of 4mm, an
acceleration voltage of 2kV, and a beam current of 170 pA was chosen for the SEM
imaging. Lastly, for relatively large indents, a 3D laser scanning confocal microscope
(LSCM) of type VK-X1100 manufactured by the Keyence Corporation was used (see
Figure 2.7c). Due to the transparent character of the tested materials, the LSCM could

also be used to draw some first order conclusions of the subsurface cracking behavior.

(a) AFM (b) DualBeam FIB/SEM (c) 3D LSCM

Figure 2.7: Different imaging techniques available for analysis.
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In oder to be able to use data sets acquired from the different imaging techniques
in the same analysis, it was verified that they do yield identical measurements of the

indentation size a and the crack length ¢, as shown in Figure 2.8.
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Figure 2.8: Comparison of measurements from images acquired from atomic force
microscopy (AFM), scanning electron microscopy (SEM), and laser scanning confocal
microscope (LSCM) for indentations with a 55.0° indenter in SLG.

2.4.1 FIB Tomography

Detailed subsurface analysis of both, three- and four-sided indentations, was per-
formed using a gallium focused ion beam cross-sectioning in the Helios™ G4 CX
DualBeam™ microscope. In order to perform fully automated serial sectioning, the
samples were coated with a 4nm Au/Pd coating to mitigate charging and drift is-
sues. Figure 2.9 shows the benefits of the coating, as the charging streaks present in
Figure 2.9a were prevented, as shown in Figure 2.9b.

For ten indents, each at three different loads (P = 30, 100, and 300 mN), indentation
size and crack length were measured and compared between the coated and uncoated
sample. Figure 2.10 shows that no significant difference could be observed. While the
coating benefits the image quality enormously, it did not close up the cracks, which

was initially a point of concern.
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(a) Uncoated (b) Coated with 4nm Au/Pd.

Figure 2.9: Coating influences on image quality exemplified for a 45.0°-indent in F'S.
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Figure 2.10: Comparison of measurements before (orange) and after (blue) a 4 nm
Au/Pd coating for three different indentation loads. The indentation size a is displayed
by the darker region, whereas the crack length c is displayed by lighter regions. The
error bars describe one standard deviation for 10 indents.

Automated serial sectioning was performed using the Thermo Scientific Auto Slice
and View 4 (AS&V4) software. The initial set up for the automation is displayed in
Figure 2.11. Before preparing the sample for the serial sectioning, every indent was

aligned so that one face was parallel to the cutting direction (see Figure 2.11a). In a
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first step, a traveling fiducial for the e-beam as seen in Figure 2.11b is created. The
traveling fiducial facilitates sectioning bigger indents, that are too large to use a digital
beam shift. They can also be used in the subsequent three dimensional reconstruction,
as it helps to align the individual slices in the Avizo software by ThermoFisher Scientific.
Creating the traveling fiducial is described for a 25 um x 25 um big area of interest as
follows: a 2 pm platinum (Pt) layer was deposited over the area of interest. Two micro
trenches (100 nm wide and 1 pm deep) were cut into that platinum layer. The trenches
were then filled with a 300nm carbon layer, after which the entire area of interest
was coated once more with a 2pum platinum layer. The sequence platinum, carbon,
platinum was chosen for maximum contrast between the sample and the protective Pt
layer. Then trenches around the area of interest were milled. Those trenches allow
for two things: the front trench reveals the subsurface of the site of interest and the
side trenches act as areas for excess material re-deposition as the area of interest is
milled. The depth of the trenches was chosen based on the crack length ¢ around the
indentation. Under the assumption of a perfect half-circular geometry of the crack, the
trenches were cut at least as deep as c¢. As a final step, a static fiducial marker for the
ion beam was prepared just above the area of interest, as shown in Figure 2.11a.

During the automated serial sectioning, 20-50 nm thick slices were milled, and after
each milling process the new cutting face was imaged. The range in slice thickness
results from the size difference of the indents that were analyzed. For run time purposes,
it was chosen to acquire approximately 250 slices per indent; hence the slice thickness
was adjusted accordingly.

Using the cross-sectional images that were taken during the automated serial
sectioning, the crack morphology could then be reconstructed in all three spacial
dimensions using state-of-the-art visualization and analysis techniques (Avizo). After
the cross-sectional images were aligned using the traveling fiducial, the segmentation

tool of the software allowed to trace the indentation itself and the individual cracks
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(a) FIB image of the prepared indentation. (b) Cross-sectional SEM view showing the trav-
eling fiducial.

Figure 2.11: Overview of the initial set up to perform automated serial sectioning.

around it. The Avizo software also enabled visualization from the side as well as a top
down view at different depths into the material based on interpolation of the initial
images acquired during the serial sectioning. For improved image quality of the 3D

visualization, the indentations and cracks were also traced in these two additional views.
2.5 Data Analysis

The micrographs acquired by the different imaging techniques were evaluated to
determine the indentation sizes a and crack lengths ¢ and [. These were then used to

determine relevant aspects of the fracture process.
2.5.1 Indentation Size and Crack Length Measurements

As depicted in Figure 2.12a, a is measured from the center to the corner of the
hardness impression. The difference in the crack lengths is that ¢ is measured from the
center of the hardness impression to the tip of the radial crack, whereas [ is measured
from the corner of the impression to the tip of the radial crack.

For statistical relevance, a significant number of images needed to be taken and
analyzed. Commercially available software for image analysis is not capable of efficiently
analyzing and storing the acquired results in a single file format. As a result, profes-
sional analysis software WaveMetrics Igor Pro 8 (Figure 2.12b) was used to develop a

customized program to help facilitate the analysis. An easy to operate user interface
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that provides clear instructions on the necessary steps for the analysis was included.
Using Igor’s project files, measurements are easily stored and could be reopened allowing

all analysis steps to be retraced or adjusted if necessary.

Skipto wront free ing nesting L Back 1o Man

(a) Definition of the indentation size @ and  (b) Customized analysis program built in Wave-
the crack lengths c and [. Metrics Igor Pro 8.

Figure 2.12: Measurements of the important dimensions needed for analysis.

The Igor program allows one to load multiple images simultaneously. For each
image, the indentation load in mN was entered in the user interface, and the scale
factor in pixels per pm was determined using the image scale bar. Then, markers for
the center of the indent (green C), corners of the indent (blue D , turquoise F and pink
H), and tips of the cracks (blue E, turquoise G and pink I) were carefully placed in the
image as shown in Figure 2.12b. Indentation size and crack lengths were computed as
the length between the individual markers using Pythagorean theorem and the scale
factor. The scale factor is needed because the distance between the markers is by default
measured in pixels. For each indentation, all three indentation sizes and crack lengths
were measured and averaged. The averages together with the stored loads were then

used for continued analysis, likewise in Igor.
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2.5.2 Cracking Threshold Determination

A cracking threshold P, for each indenter geometry was initially determined optically
based on the appearance of the first cracks. P. in this work is defined as the load
at which at least 50 % of the indentations show at minimum one crack. In a later
stage, P. was also determined using theoretical relations. For other aspects of analysis
(e.g., determining the a-values, as seen in Figure 3.16 and Figure 3.30), « is a fitting
parameter. The error of these a-values can be easily evaluated as the software used
for data analysis (WaveMetrics Igor Pro 8) provides an error for the fitting parameter.
Determining the error of P., however, is not straight forward. Therefore, the following
method was used to establish the error. First, the ¢/a data was fitted using a linear fit of
the logarithmic values. In doing so, the 95 % confidence bands were chosen to establish
the error of the fit. The upper and lower confidence band were then approximated
with a 5th degree polynomial fit. Multiple order fits were tested, but the 5th order fit
described the behavior of the confidence bands most accurately. Lastly, the roots of the
polynomial fits were calculated to find the upper and lower error of P.. The individual

steps of the method are shown in Figure 2.13.

A SLG, @=55°
95 % confidence band
4 5th degree polynomial fit of confidence band

clal/-
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Figure 2.13: Method to determine the error for the cracking threshold P. exemplified
for soda-lime glass data using a 55.0° indenter.
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3. RESULTS AND DISCUSSION

3.1 Crack Morphologies

Figure 3.1a shows an scanning electron microscopy (SEM) image of a cube corner
indent in soda-lime glass (SLG) with a peak load of 100 mN. Radial cracks (red arrows
in Figure 3.1a, b, and d) are observed at each indentation corner growing radially
outward, which is a primary characteristic of the radial crack system.

This crack morphology can be observed at each peak load starting at 3 mN, before
the material starts chipping at around 300 mN (Figure 3.3). When blunter indenters
are used, the radial cracks initiate not exactly from the corners, but slightly offset
along the edge of the indentation. Figure 3.1b shows an example of this behavior for
indentation with a 45.0° indenter to a peak load of 10 mN in SLG. In some cases, there
are additional cracks that also start offset from the indentation corner, or two cracks at
each side of the corner with no crack emanating from the corner exactly. Shear faults,
which have been discussed as initiation points for radial cracks [58], are a possible
explanation for this kind of behavior. In the case of SLG, shear faults or any other
obvious feature that could act as an initiation point for those radial cracks have not
been observed in the surface image (e.g., Figure 3.1b) and might therefore not explain
this atypical behavior. However, the discussed shear faults might be sub-resolution in
size or apparent in the subsurface and could still act as crack starters.

In fused silica (FS), the lesser documented edge cracks (yellow arrows in Figure 3.1¢c
and d) are also observed. For the given set of parameters (¢ = 45.0° and P = 65 mN,
see Figure 3.1c), edge cracks are already well developed, but they start at a low load of
3-10mN. They typically begin in the center of the contact edge and grow outwards
towards the corner, similar to observations in literature [15-17, 59]. When the load P

is increased by 10mN to 75 mN, Figure 3.1d shows that radial cracks start to initiate
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(a) SLG, ¢ = 35.3°, P = 100 mN (b) SLG, ¢ = 45.0°, P = 10mN

(c) FS, ¢ = 45.0°, P = 65 mN (d) FS, ¢ = 45.0°, P = 75mN

Figure 3.1: Scanning electron microscopy images revealing differences in crack mor-
phology between soda-lime glass (a and b) and fused silica (¢ and d). Red and yellow
arrows indicate radial and edge cracks, respectively.

and they seem to grow off of the edge cracks, which makes this sparsely documented
crack system an important morphology in understanding the initiation of the radial
crack system.

Figure 3.2 shows another example of the interaction between the edge and radial

cracks as previously described. In Figure 3.2a a P = 85 mN indentation with a ¢ = 45.0°
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(a) Complete indent (b) Detailed view of top corner.

Figure 3.2: SEM images showing the influence of edge cracks on the initiation of
radial cracks for an 85 mN indent in FS using a 45.0° indenter.

indenter in fused silica is shown, and in Figure 3.2b a magnification of the top corner of
the indentation is depicted showing clearly that the radial crack is emanating from the
edge crack that has formed prior to the initiation of the radial crack. To verify this
observation, subsurface analysis is necessary and of major importance to improve the
understanding of the cracking behavior during nanoindentation, which will be discussed
in section 3.5.

Figure 3.3 - 3.6 show an overview of the cracking behavior of SLG (Figure 3.3
and 3.4) and FS (Figure 3.5 and 3.6) for the four different angles and various discrete
loads P = 3mN - 5N. The lowest load depicted is always the load just before which
the first important crack morphology occurs. No further load increase was performed
when severe chipping occurred around the indentation. The figures contain important
cracking features for the two materials. However, here they present an overview of the

cracking sequences and will not be discussed in detail, but will be referred to elsewhere.
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Figure 3.3: Influences of indenter angle and indentation load on the cracking behavior
of soda-lime glass at low loads (1-300 mN).
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Figure 3.4: Influences of indenter angle and indentation load on the cracking behavior
of soda-lime glass at high loads (500 mN - 5N).
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Figure 3.5: Influences of indenter angle and indentation load on the cracking behavior
of fused silica at low loads (3-300 mN).
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Figure 3.6: Influences of indenter angle and indentation load on the cracking behavior
of fused silica at high loads (500 mN - 5N).
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3.2 Indentation Size and Crack Length

Indentation size a and crack length ¢ are displayed on a double-logarithmic scale as

a function of load P in Figure 3.7.
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Figure 3.7: Indentation size a and crack length ¢ as a function of load P for the
studied materials.

In the tested loading range (1 mN-20 N), the indentation size a ranges from about
0.3-50 pm for SLG and FS in Figure 3.7a and c, respectively. For both materials tested
the slope is close to the expected value of 1/2 for the indentation size. When the

magnitude of the two different parameters is considered, it can be concluded that no
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visible angular dependency is apparent for the indentation size, but there is one for the
crack length. For blunter indenters, i.e. bigger ¢, a lower crack length c is observed
when compared at the same indentation load P (Figure 3.7b and Figure 3.7d). From
the hardness equation, it follows that indentation size is proportional to P'2. The

prefactor of the fitted relations is dependent on the hardness through

a= (3\/§LH>/ . P2 (3.1)

Using the hardness values from Table 3.2, the prefactors for soda-lime glass (SLG)
and fused silica (F'S) are 0.33 and 0.29, respectively. This is in good agreement with the
fitting parameters in Figure 3.7a and c. In Figure 3.7b and d, the crack length c increases
with decreasing ¢ for both materials tested. Since there is an angular dependency for
the crack length, a similar analysis to compare the prefactor to a theoretical value is
not easily achievable. However, it is important to note that the expected relationship
between ¢ and P can be verified with a slope close to 2/3 for ¢= 35.3-55.0°. For both
materials, the relation for the Berkovich tip deviates from this theoretical value. It is
slightly bigger for SLG (0.71) and slightly smaller for FS (0.58).

Figure 3.8a - d shows a direct comparison for the crack length ¢ for the two tested
silicate glasses, soda-lime glass (SLG) and fused silica (F'S), at the four indenter angles
tested. For all angles, the crack length for SLG is higher than for F'S. The lower crack
length for F'S could come from the fact that FS as an anomalous material densifies
during the indentation process. The densification reduces residual stresses around the
indentation, which is a major driving force for crack propagation [62]. The shorter
cracks resulting from the densification could also cause an overestimation of the fracture
toughness [16].

Figure 3.8 also includes a comparison between the crack length measured in this

work with experimental and FEA results from literature for the four different angles
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Figure 3.8: Crack length ¢ measurements for different indenters in comparison with
measurements reported in literature [38, 50, 60, 61].

tested [38, 50, 60, 61]. For the cube corner indenter (¢ = 35.3° in Figure 3.8a) and the
45.0° indenter in Figure 3.8b, experimental results reported in literature [38, 60, 61] are
similar to crack lengths measured here. Additionally, for the cube corner indenter, the
FEA results of Bruns et al. [38] are in line with the current work, although calculated for
higher loads. Typically, the von Mises criterion is used to describe normal deformation
by shear flow, i.e. simulate SLG, whereas the Drucker-Prager-Cap model is used to
include deformation by densification, as is the case for F'S [9]. For the two other angles,
FEA results are available, namely 55.0° in Figure 3.8c and 65.3° in Figure 3.8d, there

exists an obvious offset to lower values from experimental to the FEA results. The offset
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seems to yield a more severe angular dependcy of the crack length, but it could also
just be a factor of the modeling parameters, since for the cube corner a true three-sided
pyramid was used for the analysis [38], but an effective cone was used for ¢ = 55.0° and
65.3° [50]. The extra edges would introduce increased stresses in the edge area that
would propagate cracks more easily. In addition, Yoshida et al. have shown that conical
indentation produces more densification than pyramidal indentation, which would yield

lower stresses around the indentation and ultimately shorter cracks [63].
3.3 Cracking Threshold

Analyzing all the images as exemplified in Figure 3.3 - Figure 3.6 for the different
angles, loads, and materials, it can be concluded that it takes a specific condition for a
crack to start, in particular, a certain load which is referred to as the cracking threshold
P.. The cracking thresholds for radial and edge cracks in soda-lime glass and fused
silica are summarized in Table 3.1. P. in this work is defined as the load at which a

minimum

Table 3.1: Cracking Thresholds for edge and radial cracks based on surface observa-
tions.

Qb / o Pc,radial / mN Pc,edge / mN
SLG FS SLG FS
35.3 1-3 3-10 X 3-10
45.0 3-95 65 - 75 X <3
55.0 10 - 30 500 - 1000 X <3

65.3 3000 - 5000 1000 - 2000 100 - 250 <3
X: No cracks observed in tested load range (P = 1 mN-20N)

of half the indents analyzed show at least one crack. It should be noted that P, is given
as a range because only discrete loads were tested. The lower end of the range is the

lowest tested load value that did not show any cracks, whereas the higher end of the
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range represents the lowest tested load value for which cracks were observed. Hence,
somewhere in this range the cracks initiated.

For radial cracks (left side of Table 3.1), it can be concluded that for both SLG and
F'S, the load necessary to initiate the crack increases with decreasing sharpness of the
indenter, i.e, smaller center-line to face angles ¢. Furthermore, when using the same
indenter geometry, F'S generally requires a higher load than SLG for ¢ smaller than
55.0°. That is expected as F'S is assumed to densify and the densifation is thought to
reduce residual stresses around the indentation [8, 16, 31, 62-66]. For the Berkovich
indenter (¢ = 65.3°), however, P. is lower for FS. This observation is not a single
occurrence in this work, but has also been documented by Harding [24].

On the right hand side of Table 3.1, the observations for edge cracks are summarized.
While a significant angular dependency can not be determined, it should be noted that
for sharper indenter tips (¢ < 65.3°), edge cracks initiate early on in F'S (Figure 3.5), but
there are no edge cracks in SLG(Figure 3.3 and Figure 3.4). Only with the comparatively
blunt Berkovich tip, can edge cracks be initiated in SLG. In cases when edge cracks
initiate they typically initiate prior to initiation of the radial crack (see Figure 3.3 -
Figure 3.6 for detail). For 35.3° < ¢ < 55.0° in SLG, the tested load is not high enough
to initiate edge cracks, which is in accordance with observations by Yoshida et al. They
concluded that a blunter tip has more bow-in and higher localized stresses yielding
cracks that initiate at lower loads [16].

To determine if the surface observations for the cracking threshold P, of radial cracks
summarized in Table 3.1 can be described using theoretical relations, P, is estimated
using Harding’s approach that the crack initiation occurs when the dimensions of the
crack length ¢ and indentation size a are identical (Figure 1.5¢) [24]. If ¢ < a, then
the crack is subsumed in the hardness zone [22]. Compared to Figure 1.5¢, where the
intersection point is evaluated to determine P., ¢/a is shown as a function of load P in

Figure 3.9. P. can then be evaluated when the data is extrapolated to ¢/a = 1.
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Figure 3.9: Determination of the cracking threshold based on Harding’s Theory [24].

From theoretical derivations the dimension c/a is expected to increase with P/
[34], which is in good agreement for both materials and angles up to ¢ = 55.0°. This
relationship breaks down for the Berkovich indenter (¢ = 65.3°). However, the deviation
from the theoretical trend is different for the two tested materials. In SLG (Figure 3.9a)

the slope is bigger than the expected value, whereas in FS (Figure 3.9b) it is smaller.
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Figure 3.10: Cracking threshold P, for radial cracks as a function of angle for soda-
lime glass and fused silica. The error bars for the theoretical values are based of the
95 % confidence interval. For the observed values the data points are the averages

of the provided loading ranges in Table 3.1, with the error being the minimum and
maxium values of the range.
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Similar to the conclusions from Table 3.1, Figure 3.9 shows a significant angular
dependency of the cracking threshold. Different theoretical relations predict that the
cracking threshold is proportional to (tan¢)® [23, 24, 34]. Hence the different P,
determined by extrapolating the data for the tested angles is shown as a function of
(tan¢) in Figure 3.10. Given that the data is represented in a double logarithmic
manner, it can be concluded that P. o (tang)”, and & is represented by the slope of the
log-log plot. The theory developed by Hagan [23] predicts a slope of 2/3, but none of
the data follows that relationship. For the cracking threshold determined in Figure 3.9,
both SLG and FS follow the angular dependency developed by Harding [24], as the
slopes of the light blue diamonds and pink circles are close to 8/3. At least up to
¢ = 55.0°. When the material is indented with a Berkovich indenter, the slope increases
significantly to a value closer to 9. This drastic change in behavior can potentially
be explained as follows: in the case of SLG, only radial cracks but no edge cracks are
detected for angles up to ¢ = 55.0° (Figure 3.11a). For the Berkovich geometry in
Figure 3.11b however, edge cracks initiate prior to the initiation of radial cracks (see
also Figure 3.3 and Figure 3.3 and Figure 3.4), potentially already releasing stresses.
Therefore, additional load is necessary to initiate the radial crack. For F'S those edge
cracks are present for every indenter geometry (e.g., Figure 3.5 and Figure 3.11c), but
in the case of Berkovich indentation, an additional crack system is initiated prior to
the initiation of the radial cracks, namely the so-called cone crack (Figure 3.11d). In
summary, the introduction of an additional crack morphology influences the initiation
of the radial cracks.

For the sharper angles, P. of FS is higher than for SLG, but for the Berkovich
geometry, P, for SLG exceeds the one for FS.

While theoretical relations can be used to describe the angular dependency for P, in
SLG, another interesting value is the actual magnitude of the threshold load. Jang and

Pharr [34] used an approach similar to Harding’s [24] and determined P, to be the point
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(a) SLG, ¢ = 55.0°, P = 250 mN (b) SLG, ¢ = 65.3°, P = 5N

(¢c) FS, ¢ = 55.0°, P = IN (d) FS, ¢ = 65.3°, P = 2N

Figure 3.11: SEM images extracted from Figure 3.3 - 3.6 revealing differences in
crack morphology between soda-lime glass (a and b) and fused silica (¢ and d).

at which the crack length ¢ and indentation size a have the same length (Figure 1.5¢),
i.e., ¢/a = 1. The cracking threshold P. determined in this way is represented by the
light blue diamonds in Figure 3.10 for SLG. The magnitude predicted by the theory
is lower than observed optically, suggesting that assuming ¢/a = 1 is not valid, and it

should rather be about 1.4, even higher for the Berkovich indenter (see Figure 3.12).
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Harding [24] likewise has determined, that ¢/a needs to be bigger than unity to be able
to describe experimental values more accurately. He attributes this higher value to
the fact that among other things the indentation corners are not perfectly sharp [24].
However, since the value is only slightly bigger than unity, it is valid to assume that

the indentation itself can initiate the cracks and no preexisting flaws are needed [24].
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Figure 3.12: Cracking threshold P, for radial cracks as a function of angle for soda-
lime glass for different ¢/a ratios. The error bars for the theoretical values are based of
the 95 % confidence interval. For the observed values the data points are the averages
of the provided loading ranges in Table 3.1, with the error being the minimum and
maxium values of the range.

Determining P, by optically observing the first appearance of cracks for F'S exhibits
a significantly stronger dependency with ¢, as the slope of the vermilion circles in
Figure 3.10 is closer to 9. Mound and Pharr [21] have already reported this high deviation
from theoretical relations. However, they did not explain its origin. Speculations on
what could cause this discrepancy are three-fold. First, FS behaves anomalously as it
densifies during indentation [31, 63, 64]. Densification reduces the crack driving residual
stresses around the indentation, thus increasing P. [8, 16, 31, 62, 65, 66]. Densification
also reduces the number of shear faults on the subsurface. If shear faults can act as

initiation sites for radial cracks, glasses with fewer shear faults should show higher crack
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resistance [67]. Second, as shown in Table 3.1, edge cracks form in FS before radial
cracks initiate. Potentially, edge cracks have already released the stresses that are built
up, so the stresses need to build back up, requiring higher loads until a critical threshold
is reached again. However, one could also argue that the edge cracks are pre-cursors to
the radial cracks. If they form first, the radial cracking threshold would be reduced.
Hence, whether edge cracks increase or decrease P, remains inconclusive. Third, it could
be possible that the underlying crack morphology in FS is not median-like, which could
result in a different angular dependency. To verify the cracking morphology, subsurface

analysis is required, as will be discussed in Section 3.5.
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Figure 3.13: Cracking threshold P, for radial cracks as a function of angle for soda-
lime glass and fused silica in comparison with values reported in the literature [21,
24, 33, 68]. For the values observed in this work the data points are the averages
of the provided loading ranges in Table 3.1, with the error being the minimum and
maxium values of the range.

Figure 3.13 helps to put the P, values from the present work into perspective with
values reported in literature [21, 24, 33, 68]. Gross conducted experiments with two
different four-sided pyramidal indenters, i.e., ¢ = 60.0° and 68.0° on SLG [33]. For
the comparison in Figure 3.13, those two angles were converted to their three-sided

equivalent using the assumption that the triangular pyramids need to yield similar
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area-to-depth ratios as their four-sided counterparts [4]. His results do not agree well
with the present work. One reason could be that although the angle was converted in
terms of geometry, the cracking behavior is most likely different between three-sided
and four-sided indenters. Using Harding’s modification of the Ouchterlony approach to
account for the difference in the number of corners and hence number of cracks around
the indentation, the stress will be distributed amongst the number of cracks [24, 69].
Thus, the fracture toughness of a four-sided indenter should appear higher than the
one for a three-sided indenter. Jang and Pharr developed a correlation between the
cracking threshold and K., where P, scales with K, [34]. Therefore P, should be lower
for a three-sided indenter. Additionally, Vickers indentation shows a larger amount
of densification than Berkovich indentation, which should likewise result in a higher
P. [63]. On the other hand, from this work it was determined that P. and K. do not
necessarily scale with one another, as SLG exhibits a higher fracture toughness, but a
lower P, than F'S.

Direct three-sided comparison can be done with work by Mound and Pharr [21],
Harding [24], and Jung et al. [68]. Harding only performed tests with a cube corner
and Berkovich tip [24], and Jung et al. only tested SLG with a Berkovich indenter. For
SLG, Harding and Jung et al’s results agree fairly well with values determined in the
present work. However, the trend over the entire angular range has not been previously
reported. The only work that considered the same angles is that of Mound and Pharr
for F'S [21]. For the 55.0°-indenter (= tan ¢ = 1.4), a similar value was observed, but
for sharper angles Mound and Pharr observed smaller values for FS. Harding also
reported P, values for F'S. However, once again just for the cube corner and Berkovich
indenters. For both indenters, Harding reported P. values that are about an order of
magnitude lower than the ones determined in the present work. A potential reason
for the difference could be the condition of tip, i.e., rounding of the tip and the edges,

which is unknown for experiments conducted elsewhere in literature. Another reason
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could be that imaging techniques have improved in the last 30 years, potentially making
the measurements in the current work more accurate.
Using the Palmqvist theory and following similar ideas to Harding and Jang and

Pharr [24, 34], the crack length [ should be linearly proportional to the load P through

B\%5\ 2
zz(a”'(ﬁ) ) BVEH (3.2)

K. 4

This is in fact the case for both materials analyzed as shown in Figure 3.14. However,
to determine the cracking threshold P, in this way, one would have to determine the
load at which { = 0. Since the relationship given in Equation (3.2) does not have
a constant term, the load would always be zero using the aforementioned criterion.

Therefore, this approach can not be used to determine a cracking threshold P..
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Figure 3.14: Crack length [ as a function of load P for the studied materials.

Edge cracks as a rather new concept do not have an underlying theory yet to be
compared to, and there also does not exist a significant angular dependency for the
tested materials for the cases in which edge cracks are present (see Figure 3.3 - 3.6
and Table 3.1)pre. More important is the fact, that the edge cracks seem to play a

significant role in the initiation of radial cracks.
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3.4 Fracture Toughness

In addition to analyzing the crack initiation loads for soda-lime glass and fused silica,
the crack propagation characteristics have also been investigated. In terms of fracture
toughness measurements, typically two different crack morphologies are considered for
the analysis. The different phyiscal mechanisms behind the crack systems result in

different equations to use. Both approaches will be considered.
3.4.1 Median-Radial Cracks

Assuming the radial cracks around the indent are median-like, the relation developed

by Jang and Pharr [34] to measure the fracture toughness is

EN"” P
where
0.0352
ay = =R (cot ¢)*F* (3.4)

The mechanical properties needed to compute K. are summarized in Table 3.2. Values
for Poisson’s ratio v are taken from literature, whereas modulus £ and hardness H
are determined from nanoindentation experiments with a Berkovich indenter using the

Oliver-Pharr method [26].

Table 3.2: Mechanical properties for soda-lime glass (SLG) and fused silica (FS).

Material v /- E /GPa H / GPa

SLG 0.23 74.16 6.97
FS 0.188  70.02 9.22

To determine the prefactor ay, experimentally, Equation (3.3) can be rearranged

to achieve a linear dependency between the normalized crack length and the load P
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(Figure 3.15), with ay; being the proportionality constant. Due to having to display
a loading range of multiple orders of magnitude, a logarithmic scaling was chosen.
With the change to a logarithmic scale aj; can be determined from the y-intercept in
Figure 3.15. For ¢ = 35.3-55.0° the linear dependency suggested by the theory describes
the data well. In case of Berkovich indentations (¢ = 65.3°), a linear fit does not quite
represent the data. The slope in case of SLG would need to be slightly bigger than unity,
and in the case of F'S slightly smaller than unity. This deviation comes from the fact
that a perfect relation between the crack length ¢ and the load P (c oc P*?) is assumed
to calculate the normalized crack length. As seen in Figure 3.7b and Figure 3.7d this
assumption is not valid for the data conducted using a Berkovich indenter. In order to
be able to use theoretical relations for comparison, the true linear fit will be maintained

and oy, values will be reported as such (see insets in Figure 3.15a and Figure 3.15b).
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Figure 3.15: Normalized crack length following the median theory as function of load
to determine experimental values for oy, K. was assumed to be 0.84 MPa - m'/? and
0.69 MPa - m'/? for SLG and FS, respectively [13, 24, 28, 31, 70-72].

The aps-values determined in Figure 3.15 are summarized in Table 3.3. For both
materials, SLG on the left and FS on the right of the table, one can observe that

oy decreases with increasing center-line to face angle ¢. That behavior is reasonable,
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since ayy is needed as a calibration constant in the fracture toughness equation (Equa-
tion (3.3)). From observations in Figure 3.7b and Figure 3.7d follows that a blunter
indenter results in a shorter crack when compared at the same load. A smaller crack
length ¢ results in a higher value for P/c** and therefore a lower a; is needed to result

in the same fracture toughness for one material.

Table 3.3: Summary of a-values for median crack configuration. Theoretical values
are computed using Equation (3.4).

SLG (v = 0.23) FS (v = 0.188)
Qlex Qn % diff ., Qup % diff
35.3 0.0612 0.0580 5.4 0.0491 0.0550 11.3
45.0 0.0476 0.0457 4.1 0.0299 0.0433 36.6

55.0 0.0347 0.0360 3.7  0.0232 0.0342 38.3
65.3 0.0266 0.0275 3.3  0.0097 0.0261 91.6

¢/°

Comparing the values for the two materials shows that at each angle ay, is lower
for FS than for SLG. Again, carefully looking at Equation (3.3) gives an explanation
for that difference. Similar to the angular dependency described previously, F'S exhibits
a shorter crack. In addition, FS has a lower K, than SLG [13, 24, 28, 31, 70-72].
Although FS exhibits a slightly smaller H/FE value than SLG the significantly lower
fracture toughness and crack length could explain that a;; is smaller for FS than for
SLG. For comparison, Harding [24] determined 0.0371, 0.0183 and 0.0421, 0.0076 for
cube-corner and Berkovich indentations in SLG and FS, respectively. That means, that
for the Berkovich indenter the same trend is observed (SLG > FS), but for cube corner
an opposite trend is reported.

Finally, Table 3.3 also includes a,-values computed using Equation (3.4). Like the
ar-values determined experimentally, these values decrease with increasing angle and
they are larger for SLG than for FS. However, a direct comparison of the magnitude

yields a significant higher deviation between experiment and theory for FS (11-92 %)
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than for SLG (3-6 % ). In addition the % difference decreases slightly with angle for
SLG and increases significantly with angle for FS. This might be a good indication,
that the median crack theory can be used to describe the cracking behavior of SLG,

but not so much the one of FS.

Similar to the cracking threshold in Section 3.3, the prefactor for the median
crack theory aj; is dependent on the center-line to face angle ¢. Theory predicts a
proportionality of ap; with cot ¢ (see Equation (3.4)). Hence «ayy is plotted as a function
of cot ¢ in Figure 3.16 to determine if the angular dependency can be described by

theoretical approaches.
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Figure 3.16: Comparison of a-values for median crack configuration. Theoretical
values are computed using Equation (1.6).

SLG (blue diamonds) is well described by the theory, both regarding the angular
dependency as well as the magnitude of ;. The difference between experiment (dark
blue diamonds) and theory (light blue diamonds) for SLG is relatively low and on
average at around 5 %. In FS (red circles) the error increases significantly with increasing
angle, resulting in a significantly higher slope than the predicted 2/3. This might be an
indication that SLG behaves median-like and F'S does not.

Figure 3.17 compares the toughness measured for each angle at which cracks could
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be introduced in the material. The gray range represents the range of K. determined

with conventional methods for the two materials [13, 24, 28, 31, 70-72].
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Figure 3.17: Fracture toughness K. calculated using Equation (3.3). The gray area
represents the range of literature values for K, measured with traditional techniques.

When comparing the results determined here with values found in literature, it
should be noted that Equation (3.3) can generally be used to calculate the fracture
toughness of SLG, even at ¢/a < 2.5. When the relation is used for FS, however, the
calculated fracture toughness is not constant over the c¢/a-range but rather increases
as ¢/a decreases. Since this behavior is similar to the behavior for tungsten carbide in
Figure 1.14a when a median-radial crack assumption is used, it could be suggested that
the material shows Palmqvist-like behavior in those scenarios. Once again, subsurface
analysis is of significant importance here to confirm or deny this suspicion. Although
the fracture toughness is not constant over the c¢/a-range for FS, the theoretical value
for ap; accounts appropriately for the angular dependency and K. is similar irrespective
of angle, with the exception of the Berkovich data red diamonds. In that case the

fracture toughness is overestimated by theoretical relations.

In recent years Jang and Pharr’s approach to determine the value for oy, has been
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criticized by Hyun et al. [73]. They claim that the logarithmic approach is not valid,
since a ¢/a dependency is not considered properly in the analysis by Jang and Pharr.
Hence, to achieve accurate as-values, they argue it is necessary to use data in the linear
plot [73]. This actually is the same approach that Anstis et al. used in the early 1980s
to determine an a-value for the four-sided Vickers indenter for a variety of materials
[36]. Based on Hyun et al’s criticism, the linear approach is considered in Figure 3.18

and compared to the logarithmic approach in Table 3.4.
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Figure 3.18: Indentation fracture parameter P/c? vs c¢/a for the median crack
morphology. Arrows are guides for the eye closely following true fits through the
data.

Figure 3.18 shows the indentation load normalized by the crack length for both
materials, SLG in Figure 3.18a and F'S in Figure 3.18b, for the different indenter angles.
For both materials, P/c*? increases with increasing center-line to face angle ¢. The FS
data is slightly higher than for SLG for 35.3° < ¢ < 55.0°. For the Berkovich indenter,
the F'S data lies well above the SLG data by a factor of about 2 higher at approximately
23kPam!/2. Angular and material differences are expected, as the crack lengths depend
on those parameters (see Figure 3.7).

As a first approximation, P/c*? is assumed to be invariant with respect to c/a.
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This assumption is more valid for SLG than for FS, since as shown by the arrows in
Figure 3.18b, P/c*? decreases with increasing c/a. If assuming a perfect invariance, the
mean through the data for each angle can be computed. These average values can be
used in Equation (3.3) to calculate the aj,-values. They are summarized in Table 3.4,

which shows that the two appropaches yield similar results.

Table 3.4: Comparison of experimentally determined a-values for the median crack

configuration using a log-log approach according to [34] and a linear approach
according to [73].

SLG FS
¢/°

Oéeav,log—log Qey lin % dlff aex,log—log ey lin % dlﬁ

35.3 0.0612  0.0676 9.9 0.0491  0.0448 9.2
45.0 0.0476  0.0472 0.8 0.0299  0.0294 1.7
55.0 0.0347  0.0354 2.0 0.0232  0.0235 1.3
65.3 0.0266  0.0244 8.6 0.0097  0.0109 1.2

3.4.2 Palmqvist Cracks

Niihara [74] has performed a corresponding analysis to the LEM theory [27] based
on fracture mechanics principles for Palmqvist cracks. However, the derivation assumes
four-sided indenters, so it would be necessary to establish relations for three-sided
indenters. The derivation for three-sided indenters to determine a respective prefactor

for the Palmqvist crack theory ap will be discussed in detail below.

Palmquist Crack Derivation

To determine the fracture toughness of a material using a four-sided Vickers tip,

Niihara [42, 74] suggested a relation based on the Palmqvist crack configuration:

EN” P
KC:OZ o T, 35
P<H) a1 50
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where ap is a calibration constant for the Palmqvist crack theory, £ and H are the
material’s modulus and hardness, respectively, while P, a, and [ describe the load,
indentation size, and crack length, respectively. For indentation with a Vickers indenter,
experimental and theoretical analysis lead to an ap-value of 0.009 [42, 74]. The following
derivation should allow one to determine a similar relationship for triagonal pyramidal
indenters using similar fracture mechanics principles.

Similar to Niihara [74], it will be considered that the Palmqvist crack system can be
represented by a semi-elliptical surface geometry as shown in Figure 3.19. The stress

intensity factor K for this system is

2

K = kov2r0 - (”%)W , (3.6)

where [ and m are defined in Figure 3.19, ky is the free-surface correction factor typically
approximated with kg = 1.12 [75], and o is the stress around the indentation. However,
when carefully deriving the equation for the stress intensity factor from Broek [75], the
factor /2 in this work is in the numerator, whereas in Niihara’s work it was in the

denominator.

Figure 3.19: Semi-elliptical representation of the Palmqvist crack (modified from
[74]).

To describe the stress around the indentation, Niihara utilizes a relation for the

maximum residual stress developed by Perrott [76], that is a major contributor of crack
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propagation and has the form

H ETctan@ffex)
oy R In : , 3.7
N ( i (3.7)

where 7, represents the Tabor constraint factor and ¢.s., the excluded effective cone
angle (see Figure 3.20a) for the pyramidal indenter geometry depicted in Figure 3.20b

[76]. Modulus and hardness are described by E and H, respectively.

¢eff,ex

(a) Effective Cone Indenter (b) Trigonal Pyramidal Indenter

Figure 3.20: Definition of the various angles used in the derivation. Like it has been
done by Niihara [74], the external angle (¢effe.) Was used for the effective cone and
the internal angle (¢..) was used for the pyramid. At the end of the analysis in this
work, all angles will be converted to the commonly used center-line to face angle ¢.

Niihara [74] states that Figure 3.21 allows to approximate

ETC tan ¢eff ex ETC tan (beff - 2/5
n|{ ———— | =063 | ————— . 3.8
o (e ) o (F (38)

However, careful investigation of Figure 3.21 shows that Equation (3.8) is flawed and
rather needs to be approximated using a prefactor of 0.9 (Figure 3.22). Furthermore, it
needs to be considered, that for the materials investigated in this work, namely fused
silica and soda-lime glass, 7. should be on the order of 1.3-1.6 instead of 3 [77-79].

Keeping that in mind and following the idea in Figure 3.21 for an angular dependency
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Figure 3.22: Digitized version of Figure 3.21.

(Figure 3.23), rather than a material dependency, Equation (3.8) would need to be
rewritten to
E’TC tan ¢eff ex ETC tan gbeff - 1/2
n|————= | =07 ———=— 3.9
() =0 (A 3
where 7. is assumed to be 1.6. Although only slightly contributing to the relation,
the dependency through Poisson’s ratio v is included for completeness, while it was

neglected by Niihara [74].
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Figure 3.23: Influence of 7. and v when simplifying the logarithmic term in Equa-
tion (3.7).

Finite Element Analysis (FEA) has shown that it is not valid to use just one
Tabor constraint factor 7, when considering the angular dependency while simplifying
Equation (3.7) [80, 81]. Using FEA for conical indenters, Shim et al. determined 7.
for the different angles used in this work, namely ¢ = 35.3°, 45.0°, 55.0°, and 65.3° for
single-crystalline silicon carbide [81]. For ceramic materials (low E/o,), 7. can also
depend significantly on E/c, [80, 82]. Based on Shim et al’s analysis, silicon carbide
typically has a E/o, of 30. Likewise using FEA, Bolshakov and Pharr calculated
E/o, = 28.1 for SLG [82]. Since the values for SLG and silicon carbide are very similar,
it will be assumed here that the Tabor constraint factors determined by Shim et al. can
also be used for SLG. In a first approximation, it will be assumed that the same values
can also be used for F'S.

Shim et al. [81] also include friction influences in their analysis. However, in the
remainder of the analysis friction is not considered, also because hardness is constant
as a function of indenter angle for the materials tested (Figure 3.7a and Figure 3.7c)
and an angle invariant hardness in silicon carbide is only achieved when the coefficient

of friction is p = 0.0.
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Figure 3.24: Influence of frictional effects while determining a simplification for
Equation (3.7).

Shim et al. [81] do provide a Tabor constraint factor for an indenter with a center-line
to face angle ¢ = 75.0°, and at first it was included in the analysis and derivation
(Figure 3.25). However, no radial cracks could be introduced using this indenter
geometry in the tested loading range. Because of that and since the inclusion of the

75.0° indenter changes the necessary relations quite a bit, it will be excluded in the

further analysis.

Figure 3.25: Influence of the bluntest indenter angle (¢ = 75.0°) on the simplification

of Equation (3.7).
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The Tabor constraint factors for fused silica (F'S) can not be assumed to be the

same values as the ones for SLG or silicon carbide respectively given FS has a significant

different value for E/o,. Different groups have determined a yield stress of about

5.5 GPa [83-85]. Using £ = 70 GPa (table 3.2) yields E/o, = 12.7, which is less than

half the values of those for soda-lime glass or silicon carbide. For FEA with a conical

indenter and included effective cone angle (¢.rr) = 68.0°, Cheng and Cheng show the

material dependency of the Tabor constraint factor [80]. For their case, 7, is 2.28 and

1.87 for SLG and FS, respectively. Assuming that the difference between these values

does not change as a function of angle, the values for F'S in this work will be assumed

to be 82 % of the values provided by Shim et al. [81].
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Figure 3.26: Adjustment of the Tabor constraint factor for FS and its effects on the
simplification of Equation (3.7).

Including the adjustments in Figure 3.26, namely accounting for the material and

angular dependency of the Tabor constraint factor 7. and excluding the bluntest indenter

angle, Equation (3.8) finally becomes

i

ETC tan ¢eff,ex

H(1 - 1?)

) 0.9 (ETC tan ¢eff,e:c>2/57
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where 7, itself is dependent on the indenter angle. Note that the prefactor of 0.9 was
also achieved when refitting the data provided by Niihara [74] (Figure 3.22), showing
that material and angular dependency give rise to similar relationships.

Since the Palmqvist crack was observed to be approximately as deep as the indenta-
tion d;,g itself [86], the crack depth m can be directly related to the indentation size a

through
k‘la
m = :
tan gce

(3.11)

where k; is a geometry constant and ¢.. is the center-line to edge angle of the pyra-
midal indenter (Figure 3.20b). Experimental observations of Vickers (Figure 3.27)
and Berkovich (Figure 3.28) indentation in FS support the experimental observa-
tions by Ogilvy et al. [86]. The average value for the depth of the three Palmqvist
cracks around a Berkovich indentation is m4,, = 3.39 pm = 1.63-d;nq and the average
value for the depth of the four different Palmqvist cracks around a Vickers indent
is Mgy = 2.720m = 1.67-d;nq, which makes k; = 1 a reasonable assumption moving
forward.

If Equation (3.7) (Equation (3.10) for approximation of In-term) and Equation (3.11)

are used for ¢ and m, the stress intensity factor becomes

= . 3.12
Tc3/5<1 — V2)2/5 tan ¢ce ( )

0.9kok1v/2r  tan o)., (E>/ aH
H Vi
Using the hardness equation for the three-sided pyramidal geometry (Equation (3.1))

and converting the given angles to the commonly used center-line to face angle ¢ as

defined in Figure 3.20b yields

A453kok EN” P
K = —395 53 0™ cot ¢7/5 . (_) R (313)
7" (1 — v2)*s H avl

Using Ouchterlony [69] to account for the fact that n radial cracks open up around

the indentation modifies the stress intensity factor to
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(a) Surface view.

(b) Cross-section of top-left crack. (c) Cross-section of top-right crack.

ding = 1.63 pm

(d) Cross-section of indent at apex. (e) Cross-section of bottom cracks.

Figure 3.27: Measuring indent and Palmqvist crack depths for a 1N Vickers indent
in fused silica. The depicted cross-sections are at maximum depth for the respective
dimensions.
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ks

dina = 2.08 pm '

(d) Cross-section of bottom-left cracks. (e) Cross-section of bottom-right crack.

Figure 3.28: Measuring indent and Palmqvist crack depths for a 2 N Berkovich indent
in fused silica. The depicted cross-sections are at maximum depth for the respective
dimensions.
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0 0.453kok E\”" P
K=- i — Lot (=) — (3.14)
n\ 1+ g-sin =t 7—6/5(1 — v2)%s H avl

Note the additional 1/n factor to divide the point expansion pressure into n forces
acting radially between each crack as introduced by Harding [24]. With each additional
crack the stress intensity needs to decrease, and that only occurs if the extra term is

included. Around a threes-sided indentation n = 3, so

0.156kok EN” P
K= _OA56kokL (_) P (3.15)
(1 — v2)h H avl
Assuming ko = 1.12 and k; = 1 yields
0.175 EN” P
K=——""cotg”- (—) - (3.16)
70/5(1 - V2)2/5 H a\/z
Finally, comparing Equation (3.16) to Equation (3.5) yields
0.175
ap = cot ¢ (3.17)

7'3/5(1 — v2)%s

Equation (3.17) indicates that there exists an angular dependency through the center-
line to face angle ¢ as well as a material dependency through the Poisson’s ratio v. An
additional geometry and material dependency comes in through the Tabor constraint

factor 7.
Palmquist Crack Analysis

When rearranging the general equation for the Palmqvist crack configuration (Equa-
tion (3.5)), theory suggests a linear increase of the normalized crack length with
increasing indentation load. This is indicated by a slope of one in Figure 3.29.

The data was fitted with a linear regression and it shows that the linear dependency
works well for ¢ = 35.3-55.0°, but the slope deviates slightly from unity for the

Berkovich indenter (¢ = 65.3°). Similar to the median crack approach, this discrepancy
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Figure 3.29: Normalized crack length following the Palmqvist Theory as function of
load to determine experimental values for ap.

can be explained by the fact that in calculating the normalized crack length a perfect
relation between crack length and load is used. However, Figure 3.14 shows that this
relationship is not quite fulfilled for the Berkovich indenter. Again, the linear fit will be
used nonetheless to determine the values of the ap and they are summarized in Table 3.5.
Similar to the a,/-values in Table 3.3, the ap-values with increasing center-line to face

angle ¢ and the values for SLG are higher than the ones for F'S.

Table 3.5: Summary of a-values for Palmqvist crack configuration. Theoretical values
are computed using Equation (3.17).

SLG (v = 0.23) FS (v = 0.188)
ey Qy % diff e, oy, % diff
35.3 0.0210 0.1880 160 0.0159 0.2158 173
45 0.0188 0.1116 142 0.0115 0.1248 166

55 0.0123 0.0675 138 0.0084 0.0755 160
65.3 0.0091 0.0391 124 0.0044 0.0437 163

¢ /°

In comparison to the aj; values determined in Section 3.4.1, however, a significant

difference of more than 100 % between the experimentally determined and computed
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values is noticeable. There are several possible explanations for the difference in
magnitude. One is that Ouchterlony’s star-shape crack relations could be used to
account for multiple cracks around the indentation [69]. However, a translation from
one to three cracks is necessary in the derivation and Ouchterlony is only valid for
two and more cracks. Therefore, using Ouchterlony as done in section 3.4.2 might not
be valid. Second, the assumption for the crack depth in relation to the indentation
depth has been adapted from Niihara’s derivation [74] and was only validated with two
subsurface investigations of a Vickers and a Berkovich indentation, since those indents
show Median and Palmqvist cracks that are clearly distinguishable. Lastly, Niihara [74]
uses the far-field maximum residual stress around the indentation to describe the stress
necessary for the Palmqvist crack to grow. The true stress field around the indentation
is much more complex, but might scale with the stress used for the derivation.

The analysis in section 3.4.2 suggests that ap is likewise assumed to increase with
cot ¢ (Equation (3.17)). In the case of the Palmqvist crack morphology, however, the
exponent in the given relation should be 7/5 compared to the 2/3 for the median
crack morphology. In the double-logarithmic plot (Figure 3.30), this exponent can be
represented by the slope. For both materials tested ap increases with decreasing angle.
The angular dependency of F'S can be described by theoretical relations, as the slope of
the red circles is very close to the predicted value of 7/5. The slope for SLG on the
other hand is slightly lower than assumed by the Palmqvist theory. This once again
might allow the conclusion that F'S can be better described using the Palmqvist theory.

Although the angular dependency of ap can be described properly with theoretical
relations, the magnitude of ap is overestimated by about a factor of 10. Potential
reasons for this discrepancy have been discussed above.

Using the theoretical values for ap, the fracture toughness is calculated and depicted
as a function of ¢/a in Figure 3.31. Since it has already been discussed that ap is

overestimated, K is overestimated, as well. However, it was possible to account for the
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Figure 3.30: Comparison of a-values for Palmqvist crack configuration. Theoretical
values are computed using Equation (3.17).
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Figure 3.31: Fracture Toughness using theoretical values for ap according to Equa-
tion (3.17).

angular dependency in F'S, so that K, can be calculated to a similar value irrespective
of the angle used for indentation. Furthermore, it should be noted that now the fracture
toughness is constant over the tested c¢/a- range for FS. K. for SLG increases slightly
with increasing c¢/a. This could indicate once again that SLG shows median crack
features, whereas F'S can be described using the Palmqvist approach.

When using the experimental values for ap as determined in Figure 3.29, the fracture

toughness for the two materials is shown in Figure 3.32. In this case the calculated
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K. using nanoindentation agrees fairly well with values reported in literature and it is
independent of ¢/a and ¢ for FS. Since Figure 3.32 is technically a circular analysis
to the one performed using fitting in Figure 3.29, it is expected that K. agrees with
literature values. However, if the assumption of a Palmqvist crack morphology can
be made, the ap-values that were determined during the fitting in Figure 3.29 should
yield K.-values that are constant over the tested c¢/a range. This is true for FS in
Figure 3.32b. For SLG in Figure 3.32a however, although the majority of the data
points are close to the literature range, there is an overall increasing trend of K. with
increasing c/a, which is slightly more prominent than in Figure 3.31a. This behavior
is similar than the one for another material that should crack median-like (Si3Ny in

Figure 1.14b when analyzed using the Palmqvist approach. Hence SLG is assumed to

crack median-like and FS Palmqvist-like.
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Figure 3.32: Fracture Toughness using experimental values for ap.

Due to the criticism of the Jang and Pharr analysis to determine an « value as
expressed by [73] and as discussed above, a linear analysis to determine the ap value was
performed for completeness. For the Palmqvist morphology, the indentation fracture

parameter to consider as a function of ¢/a becomes P/a - ['/, as shown in Figure 3.33.
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Similar to the median crack analysis, this parameter increases with increasing ¢ and
is slightly higher for F'S than for SLG for ¢ = 35.3-55.0° and significantly higher for
¢ = 65.3°. However, a notable difference is that the indentation fracture parameter
now increases with increasing ¢/a for SLG in Figure 3.33a, but remains rather flat for
FS in Figure 3.33b, providing another indication for change in crack morphology from

median to Palmqvist for F'S compared to SLG.

40 * e 80 - “ m $=353°
. . ®=450°
o . S S . B 4 o-50
— < = B
E % i A E 60 3
© A Aa, 4 A © t
o A - 2 A o * “ *
X 20 A ohine. x "o
N\ “Mﬁ‘ o - =7 N\ 40 A 4 A
— A5 - oo . — ‘oA
- -
LT R ST S o0 8. W "t L.
o L o U gy B oEgy
B 0=353 o $=450 .
o A ©=550° & ©=653 0
T T T T T T T T T T T T T T
10 15 20 25 30 35 40 10 15 20 25 30 35 40
clal- c/al-
(a) Soda-lime glass (b) Fused silica

Figure 3.33: Indentation fracture parameter P/a - ['7 vs ¢/a for the Palmqvist crack
morphology. Arrows are guides for the eye closely following true fits through the
data.

If assuming, nonetheless, that the indentation fracture parameter is constant over
the tested c/a range, determining the averages of P/a - ['? for each indenter angle in
Figure 3.33, and utilizing Equation (3.5), yields ap values for the linear approach that
are summarized in Table 3.6.

Comparing the logarithmic approach with the linear approach shows again that
the values are fairly similar; however the % difference between the approaches is on
average a factor 3 higher for the Palmqvist approach than for the median approach in
Section 3.4.1. Hence, the Palmqvist approach is seemingly more sensitive to the change

of the indentation fracture parameter with changing c/a.
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Table 3.6: Comparison of experimentally determined a-values for the Palmqvist
crack configuration using a log-log approach according to [34] and a linear approach
according to [73].

SLG FS

¢/°
Uer log—log ey lin, % diff ey log—log Ueg lin % diff
35.3 0.0210  0.0274 26.4 0.0159  0.0182 13.5
45 0.0188  0.0209 10.6 0.0115  0.0128 10.5
55 0.0123  0.0149 19.1 0.0084  0.0089 5.8
65.3 0.0091  0.0092 1.1 0.0044  0.0050 12.8

3.5 Subsurface Analysis

After surface analysis of the individual indents, subsurface analysis was also per-
formed for some selected indents to reveal subsurface features of the crack morphologies
and their influencing parameters using FIB serial sectioning and subsequent 3D recon-
struction. The reconstructed indents for soda-lime glass are one 100 mN indent using a
cube corner indenter (Figure 3.34) and two indents with a 45.0° indenter (P = 75 mN
in Figure 3.35 and 100 mN in Figure 3.36).

In Figure 3.34, the 3D reconstruction of a 100 mN cube corner (¢ = 35.3°) indent
in SLG is shown. The surface image of the indent is inset in the top right corner
for navigation. Similar to the surface observation, three radial cracks (pink, orange,
and yellow) emanate radially from the three corners of the blue trilateral indentation.
However, in the subsurface it can be observed that those cracks terminate at what
is assumed to be the elastic-plastic boundary, which will be discussed in detail in
Section 3.5.1. Inside the plastic zone the high compressive stresses are assumed to either
hinder crack growth or close existing cracks as the zone increases in size [29, 87-89]. In
addition, there is another crack system that can only be observed in the subsurface at
this load of 100 mN and not on the surface. These are the shallow-lateral cracks shown

in green and light blue.
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Figure 3.34: Subsurface cracking observations for a 100 mN indentation in SLG using
a 35.3° indenter.

Figure 3.35: Subsurface cracking observations for a 75 mN indentation in SLG using
a 45.0° indenter.
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For indentation in SLG using a 45.0° indenter and a load of 75mN as shown in
Figure 3.35, similar observations can be made. The three radial cracks grow outward
and terminate at the elastic-plastic boundary, but no shallow-lateral cracks are observed

at these indentation parameters.

Figure 3.36: Subsurface cracking observations for a 100 mN indentation in SLG using
a 45.0° indenter.

Comparing Figure 3.35 and Figure 3.36 shows that the shallow-lateral crack system
also shows a cracking threshold. The shallow-lateral cracks (green, light blue, and gray)
can be observed at 100 mN (Figure 3.36), but not at 75 mN (Figure 3.35). Hence they
form at a higher load (75-100 mN) than the radial cracks (3-5mN). This order has
also been reported by Cuadrado et al. [61]. These lateral cracks are assumed to grow
towards the surface at high enough loads and create "elephant ear” looking cracks at
the surface when viewed in plan view (Figure 3.37b and Figure 3.37c). Similar behavior
can also be observed for the cube corner indenter in Figure 3.3 and Figure 3.5 and the

55.0° indenter in Figure 3.4.
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(a) P = 100 mN (b) P = 300 mN (c) P = 500mN

Figure 3.37: SEM micrographs of indentations at different loads with a 45.0° indenter
in SLG as extracted from Figure 3.3 and Figure 3.4.

For fused silica, five indents were reconstructed: two each with a cube corner in-
denter (P = 30mN in Figure 3.38 and 100 mN in Figure 3.39) and a 45.0° indenter
(P = 75mN in Figure 3.43 and 100 mN in Figure 3.44), as well as one 2N indent using
a Berkovich indenter (Figure 3.45). For cube corner indentation in FS, the general
crack observation are in agreement with observations for SLG. The difference is that
F'S shows edge cracks in addition to the radial cracks (green crack in Figure 3.38 and
Figure 3.39). The surface images show edge cracks on each edge of the indentation,
but only the crack along the left edge of the indentation could be reconstructed in
three dimensions. The other two might have been too shallow to see in the cross
section images. However, when comparing different loads for this geometry, then it
can be observed that the edge crack starts in the center of the edge (Figure 3.38) and
grows along the edge towards the corners (Figure 3.39). Furthermore, the edge cracks
can be described as surface features, since they do not grow deep into the material
(Figure 3.40). Depending on the geometry of the indenter, i.e. the center-line to face
angle ¢, the shape of the edge crack is different. For ¢ = 45.0° the edge cracks are
extremely shallow and straight as shown Figure 3.40a, whereas for ¢ = 65.3° they are

almost as deep as the indentation itself and show multiple wiggles as seen in Figure 3.40b.
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Figure 3.38: Subsurface cracking observations for a 30 mN indentation in F'S using a
35.3° indenter.

Figure 3.39: Subsurface cracking observations for a 100 mN indentation in F'S using
a 35.3° indenter.

Increasing the load also results in growth of the radial cracks, but they appear to
grow down into the material and then turn the corner underneath the indent. This
might be an indication that the cracks started on the surface, which is a characteristic of
Palmqvist cracks. Another aspect that should be noted in Figure 3.39 is, that the front

pink crack is depicted in two different shades of pink. In the individual cross sectional
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slices there was a discontinuation of the crack as exemplified in Figure 3.41, that shows
a break between the light pink Palmqvist crack and the magenta median crack. It is
assumed that for this material Palmqvist-like cracks exist. It might be, that in this case
(¢=35.3° and P=100mN) both the Palmqvist and median crack systems are initiated.
One counterargument is the fact that the previously described discontinuation could
not be observed for the smaller 30 mN indent in Figure 3.38. However, since this is a
relatively small indent, image quality issues could be a reason for not being able to
detect the discontinuation. Schiffmann likewise showed FIB tomography for a 32 mN
cube-corner indent in F'S. They concluded that the cracks around the indentation are
not perfectly semi-circular but rather of elliptical character, indicating that the crack
morphology might be rather Palmqvist-like [90]. In addition to the discontinuation
between the Palmqvist and the median crack, it can also be observed that the radial
cracks are rather curvy in the subsurface. Those cracks are indicated by magenta and
yellow arrows in Figure 3.41, although the crack indicated by the yellow is rather faint,
since it is the back end of the crack that initiated at the bottom right corner in the
inset surface image in Figure 3.39. A direct comparison of the shape of the radial crack
in the subsurface can be seen in Figure 3.42, where the radial crack in SLG (center
crack in Figure 3.42a) is almost perpendicular to the sample surface and the two radial
cracks in F'S (Figure 3.42b) curve outward away from the indentation.

Figure 3.42a also shows some pile-up just outside the hardness impression in SLG,
whereas in FS (Figure 3.42b) the sample surface around the indentation remains flat.
This difference in appearance might be one indication for the different deformation
mechanisms. SLG typically deforms through shear processes, whereas FS typically
deforms by densification [8-10]. Also, pile-up is dependent on the material properties,
in particualar E/H. Pile-up typically occurs when E/H is high. Since E/H is higher
for SLG then for FS, although only slightly (Table 3.2), it is not surprising that SLG

shows pile-up and FS does not. SLG is densely packed with network modifiers content,
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(a) ¢ = 45.0°, P = 75mN
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(b) ¢ = 65.3°, P = 1N

Figure 3.40: Edge crack morphology (highlighted by yellow arrows) for different

indenter geometries in F'S.

whereas FS has high free volume. Under high indentation compressive stress, SLG is

easy to deform, leading to a larger pile-up height than FS [64, 91-94].

\ Median Crack

Figure 3.41: Cross sectional view along the pink radial crack in Figure 3.39.
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(a) Soda-lime glass (b) Fused silica

Figure 3.42: Difference in shape of the radial crack for a 100 mN indent using a cube
corner indenter. Plastic zones (red dashed lines) and their sizes are also depicted.

When indenting with a slightly blunter 45.0° indenter at a load of 75 mN (Fig-
ure 3.43), the radial cracks do not start at the corners of the indentation, but slightly
offset along the edge of the indentation. It can also be observed that the radial cracks
are connected to the edge cracks underneath the surface. The green edge crack connects
to the pink and yellow radial crack, and the light blue edge crack connects to the orange
radial crack. The front part of the pink radial crack again is of semi-elliptical shape,
which is a characteristic of the Palmqvist crack morphology. Increasing the load by
25mN to 100mN (Figure 3.44) results in the pink Palmqvist radial growing down into
the surface and filling into the median crack. The yellow radial crack grows down some
amount as well and then turns the corner underneath the indent. The crack then grows
almost parallel to the sample surface. That part of the crack could potentially also be
a deep lateral crack that initiated from the radial crack.

The discontinuation as described before and shown in Figure 3.41 can also be
observed during indentation with a Berkovich indenter (Figure 3.45). At a load of 2N

radial cracks are initiated, but not until the additional cone crack has already initiated
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Figure 3.43: Subsurface cracking observations for a 75 mN indentation in FS using a
45.0° indenter.

Figure 3.44: Subsurface cracking observations for a 100 mN indentation in F'S using
a 45.0° indenter.

at a lower load of 1N (see Figure 3.6). This cone crack allows us to distinguish the
Palmqvist- from the median-radial crack, as it acts as an arrest point for both. This
discontinuation of radial cracks in Figure 3.45 was also observed by Li et al. [59] for the
four-sided Vickers indenter. They attribute this discontinuation to the fact that cone

cracks form first and then act as arrest points for radial cracks that form in a later
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Figure 3.45: Subsurface cracking observations for a 2N indentation in FS using a
65.3° indenter.

stage of the loading-unloading cycle. Similar observations are reported elsewhere in
literature [6, 13, 95, 96]. Ishikawa and Shinkai [13] clearly state that Palmqvist-radial
and median-radial cracks in fused silica grow independently and are separated by the
cone crack, as seen in this work for Berkovich and Vickers indentations. Figure 3.45 also
shows that, just at the cracking threshold for Berkovich indentation in F'S, an abundance
of cracks are initiated around the indentation, most of which have likely started prior
to the surface radial cracks. This makes it questionable if the comparatively blunt
Berkovich indenter is appropriate to use when trying to measure the fracture toughness.
This observation is in agreement with experiments performed by Bruns et al. [38]. They

show that multiple crack systems are activated during Berkovich indentation of FS.
3.5.1 Plastic Zone Sizes

When deriving equations necessary for the cracking threshold and the fracture
toughness, an important parameter is the shape and size of the plastic zone. Figure 3.42
shows a comparison of the plastic zones for soda-lime glass (Figure 3.42a) and fused

silica (Figure 3.42b). In both cases the depicted SEM image is the cross-sectional
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view right underneath the apex of the indentation made by a cube corner indenter at
P = 100mN. The plastic zone is assumed to be hemispherical and to be maximal right
underneath the indentation. No cracks are visible inside the elastic-plastic boundary;,
and therefore it is assumed that the cracks are initiated at the boundary, which agrees
well with findings in literature [21, 61, 97]. Alternatively, it could be that cracks which
have initiated previously are closed up by the growing plastic zone, which contains high
compressive stresses. The location and size of the plastic zone at the end of indentation
loading is estimated based on where the cracks terminate inside the material. The
diameter of 5.31 pm for the plastic zone of SLG in Figure 3.42 is bigger than for F'S,
which is 4.38 pm in diameter. Li et al. showed that densification does affect the size and
shape of the plastic zone. However, in their work the zone is larger when densification
is considered in the FEA [98].

For a more accurate measurement of the plastic zone for the SLG indentation in
Figure 3.46a, the side view in cross-section (Figure 3.46¢) was considered in addition
to the raw image of the bottom view (Figure 3.46b). Here the plastic zone once again
was deduced from the termination of the cracks. The measured diameter is 5.24 pm
and therefore very close to the value measured from the bottom cross sectional view
in Figure 3.46b. These results confirm that the assumption of a nearly hemispherical
plastic zone is valid.

Using the measurement from Figure 3.46 and overlaying it on the surface view of
the indentation (Figure 3.47a) shows that the plastic zone is slightly smaller than the
hardness impression. This, of course, is based on the assumption of a perfect half sphere
for the plastic zone. Under the assumption of cracks growing from the elastic-plastic
boundary, this observation is supported by the lateral subsurface view of the indentation
and the cracks around it (Figure 3.47b). It is observed that the plastic zone beneath the
surface does not extent all the way to the indentation corner. While the cracks on the

surface do extent to the indentation corners (Figure 3.47a), there is a small region of
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(b) Cross-section from bottom. (c) Cross-section from right.

Figure 3.46: Measuring the plastic zone for a 100 mN cube-corner indent in SLG.

the yellow and orange cracks that touches the edge of the indentation in the subsurface
and then grows along the elastic-plastic boundary. The horizontal distance between
the points where the front left (yellow) and front right (orange) radial crack meet the
indentation edge is 4.74 pm in Figure 3.47a and 5.55 pm in Figure 3.47b. Cuadrado et al.
also observed that the plastic zone does not fully extent to the indentation corners [61].

An angular and load dependence of the plastic zone size is shown in the subsurface
in Figure 3.48 and in the surface in Figure 3.49. For each case, the plastic zone can

assumed to be hemispherical in shape as the red dotted semi-circles contact the cracks
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(a) Surface view including plastic zone. (b) Subsurface lateral view.

Figure 3.47: Plastic zone size for a 100 mN indent in SLG using a cube corner indenter.
The plastic zone depicted is the zone measured in Figure 3.46 and the center of the
circle is chosen to be the center of the indentation.

almost perfectly. Comparing different indenter angles (¢ = 35.3° and 45.0° in Fig-
ure 3.48a and Figure 3.48b, respectively) at the same indentation load of 100 mN shows
that the plastic zone is bigger for the sharper indenter. The plastic zone also increases
with increasing load, as shown in Figure 3.48b - d. Overlaying the measured plastic
zone sizes in the surface micrographs (Figure 3.49) shows that for all investigated
indentation parameters, the plastic zone is smaller than the indentation dimension a.
When comparing Figure 3.49a and Figure 3.49b for different center-line to face angles at
the same load, the relative plastic zone size Tpjastic zone/@ is smaller for the blunter angle.
Also, the relative plastic zone size increases with increasing load (Figure 3.49b - d).
An analysis equivalent to the one in Figure 3.46 for SLG was also performed for an
indent in FS with the same indentation parameters, i.e., P = 100mN and ¢ = 35.3°.
Similar to the results reported for SLG, the plastic zone size measured from the cross-
sectional view of the raw image of the bottom view (Figure 3.50b) yields a value close
to the measurement of the cross-sectional side view (Figure 3.50c). The diameter of the

plastic zone size in Figure 3.50b and Figure 3.50c is 4.38 pm and 4.57 pm, respectively.
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(a) ¢ = 35.3°, P = 100 mN

ekt

(c) ¢ = 45°, P = 75mN (d) ¢ = 45°, P = 80mN

Figure 3.48: Subsurface view including plastic zones for different indents in SLG.

The plastic zone diameter dpjasticzone and relative plastic zone size Tpastic zone/@
were also determined for nine different indents in FS in Figure 3.51 and Figure 3.52,
respectively. Similar to the observations in SLG, a smaller load and a blunter center-
line to face angle ¢ when compared at the same load yield a smaller plastic zone
diameter. The plastic zone diameter for a cube corner indenter in Figure 3.51b is

bigger than dpgstic zone for a 45.0°-indenter in Figure 3.51c. For three different indenter
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geometries, two three-sided tips with ¢ = 35.3° (Figure 3.51a and b) and ¢ = 45.0°
(Figure 3.51c - f) and a four-sided Vickers tip with ¢ = 68.0° (Figure 3.51h and i), the
plastic zone diameter increases with increasing load. However, the relative plastic zone
size decreases with increasing load only for the cube corner indenter (Figure 3.52a and
b), whereas 7pjastic zone /@ increases with load for both the ¢ = 45.0° (Figure 3.52c¢ - f)
and ¢ = 68.0° (Figure 3.52h and i).

(a) ¢ = 35.3°, P = 100mN (b) ¢ = 45°, P = 100 mN

(c) ¢ = 45°, P = 7T5mN (d) ¢ = 45°, P = 80mN

Figure 3.49: Surface view including plastic zones for different indents in SLG.
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The material, load, and angular dependencies of the plastic zone diameter dyastic zone
and the relative plastic zone size Tpastic zone/@ are summarized in Figure 3.53a and

Figure 3.53b, respectively.

(a) Surface view.

(b) Cross-section from bottom. (c) Cross-section from right.

Figure 3.50: Measuring the plastic zone for a 100 mN cube-corner indent in FS.

89



(a) ¢ = 35.3°, P =30mN (b) ¢ =35.3°, P =100mN  (c) ¢ = 45°, P = 100mN

(d) ¢ = 45°, P = 70mN (e) ¢ = 45°, P = T5mN (f) ¢ = 45°, P = 85mN

(g) $ =65.3°, P =2N (h) Vickers, P = 500 mN (i) Vickers, P = 1N

Figure 3.51: Suburface view including plastic zones for different indents in FS.
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(a) ¢ =35.3°, P =30mN (b) ¢ =35.3°, P =100mN  (c) ¢ = 45°, P = 100mN

(f) ¢ = 45°, P = 85mN

(g) » =65.3°, P =2N (h) Vickers, P = 500 mN (i) Vickers, P = 1N

Figure 3.52: Surface view including plastic zones for different indents in fused silica.

91



1.1

14— 4 d?‘idsas‘”'a":e G|35;;_45= Soda-lime Glass:
Fused Silica: “ 1.0 1 . AN
12— ¢ ¢=353" m ¢=45 \ ¢ ©=353" m =45
E <4 $=653" @ O=68° < 094 <4 ©=653 o O=68°
< 10 . o s
2 2 0.8
R 8 S
2 . g 07— ™
£ o Z :
© 4 & 0.6 " ¢
4 ¢ .
* e 0.5
2~ <
T T ||||||| T T ||||||| T T 04 T T ||||||| T T ||||||| T T
2 4 6 8 2 4 6 8 2 4 2 4 6 8 2 4 6 8 2 4
10 100 1000 10 100 1000
P/mN P/mN
(a) Plastic zone diameter (b) Relative plastic zone size

Figure 3.53: Angular, material, and load dependency of the plastic zone.

When comparing the two materials at P = 100 mN, for both angles (¢ = 35.3° and
¢ = 45.0°) SLG shows a higher plastic zone diameter than FS. The relative plastic
zone size of SLG is higher than F'S for the 45.0°- indenter, but lower for the cube corner
indenter. The overall trend across all four angles and the two materials is increasing
with load for the plastic zone diameter (Figure 3.53a) and decreasing with load for
the relative plastic zone size (Figure 3.53b). Cuadrado et al. observed that when SLG
is indented using a cube corner indenter, the relative plastic zone decreases as load
increases and cracks propagate, which is in agreement with results in this work [61].
Utilizing Hill’s expanding cavity solution, Jang and Pharr reported a relation for the
relative plastic zone size, which shows a dependency on ¢ and E/H [34]. As ¢ increases,
their model results in a relative plastic zone size decrease, and higher E/H results in
higher relative plastic zone sizes [34]. These dependencies are in agreement with the
measurements in Figure 3.53b. Also, using the relation reported by Jang and Pharr [34]
to compute the magnitude of the relative plastic zone size yields values close to unity
for the sharp cube corner indenter and lower values at around 0.6 for the Berkovich

indenter, which is fairly consistent with the measurements here.
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4. SUMMARY AND CONCLUSIONS

The objective of this work was to further the understanding of the cracking behavior
of silicate glasses. Hence, nanoindentation and subsequent high resolution imaging
was performed on two silicate glasses, soda-lime glass (SLG) and fused silica (FS)
as representative for normal and anomalous glasses, respectively. In addition to the
material dependency, an angular dependency as well as a loading dependency were
investigated. For each material, four trigonal indenters with different center-line to face
angles ¢ and about 20 discrete indentation loads P were tested. Important cracking
parameters are summarized in Table 4.1. In all cases, the experimentally determined
values are reported here, since not all of them could be validated using fracture mechanics

theories.

Table 4.1: Overview of important fracture parameters determined in this work.

¢/ ° 35.3 45.0 55.0 65.3
P.ragiat / N 1-3 3-5 10-30  3000-5000
P, cige / mN X X X 100250

SLG ay /- * 0.0612 0.0476  0.0347 0.0266

ap [ - * 0.0210 0.0188  0.0123 0.0091

P, adgi / mN  3-10  65-75 500-1000 1000-2000

Piedge / mN 310 <3 <3 <3
ay /- % 0.0491 0.0299  0.0232 0.0097
ap /- * 0.0159 0.0115  0.0084 0.0044

* Values are reported according to the log-log approach [34].
X: No cracks are observed in tested load range (P = 1 mN-20N).

FS

In conclusion, the following key findings can be reported.

o There are distinct thresholds for radial and edge cracks in SLG and FS, which
depend sensitively on the indenter angle and the indented material. Radial

cracks typically occur at lower indenter loads for sharper indenter angles and at
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lower loads in SLG than in F'S. The only exception is the Berkovich indenter,
for which the cracking threshold P. is lower for FS than for SLG. No distinct
angular dependency could be determined for the edge cracks. However, edge
cracks occur earlier in F'S than in SLG. In SLG, only the comparatively blunt
Berkovich can introduce edge cracks around the indentation impression, but for
scenarios in which edge cracks do occur, they initiate prior to the radial cracks.
Additionally, shallow lateral cracks have been observed in SLG, which initiate in a
later stage than the radial cracks. Likewise in F'S an additional crack morphology
is introduced when the Berkovich indenter is used, the cone crack, which initiates

after the edge crack, but prior to the radial crack.

The Harding model [24] adequately describes the angular dependency of the radial
cracking threshold for soda lime glass as P, ,q4ia follows (tan (;5)8/3, but not for
fused silica, where the exponent is significantly higher at close to about 9. However,
for SLG the model can only be used for center-line to face angles between 35.3°
and 55.0°, and breaks down for the Berkovich tip. While the angular dependency
for SLG is described by the model, the magnitude of P, 44 is underestimated
when it is assumed that cracks start at ¢/a = 1. Using ¢/a closer to 1.4 seems

more appropriate to determine the magnitude of P, ,qgiai-

It is critical to know the crack morphology to measure the fracture toughness K.
adequately. SLG seems to crack median-like, whereas F'S seems to have Palmqvist-
like cracking characteristics. Utilizing theoretical relations for the correct crack
morphology, the relations can be used to estimate the fracture toughness, even
for £ < 2.5. Relations for the median crack system developed by Jang and Pharr
[34] estimate K. for SLG quite accurately. Relations based on Niihara’s work
developed in this work overestimate K. significantly, but present a good starting

point to mitigate the strong deviation with ¢/a for FS [74].
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o From subsurface investigation it is concluded that edge cracks do not extend very
far into the material, but may influence the initiation of radial cracks. Furthermore,
radial cracks are only visible in the subsurface, when they can also be observed on
the surface. This is an important observation, because this allows one to conduct
the simpler surface investigation. Lastly, radial cracks appear to terminate at
what can be assumed to be the elastic-plastic boundary, which is at most as big
as the indentation. However, as load increases the size of plastic zone relative to

the hardness impression decreases.
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