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1. Motivation 

Oxide glasses are an inconspicuous but important part of our everyday life. They accompany us 

all day long, starting with the morning coffee, which is brewed in a temperature-resistant 

Sodium-Borosilicate glass. Optical glass fibers for high-speed telecommunications are the basis 

for the networked world of the 21st century and strengthened glass serves as protective layer 

for handheld electronic devices [1]. Even though we come into contact with oxide glasses 

several times a day, they are often only noticed when it is already too late and the brittle fracture 

has caused a sudden end to life. 

Nowadays oxide glasses have also become important functional and structural materials in 

electronic devices. With the progress in the field of microelectronics, components become 

increasingly smaller. Thus, mechanical properties on the small scale are of prime importance 

for the reliability of glasses as thin film and in small scale applications [1-3]. Improving the 

damage resistance of glass is, therefore, of great scientific and economic interest. 

Nanoindentation testing is able to mimic real life damage [4-7] and provides a means to 

examine cracking on small length scales. The plastic glass response against sharp contacts is 

carried by volume conservative shear flow and / or structural densification for glasses with open 

network structure. Therefore, glasses are categorized into normal or anomalous behaving 

glasses, depending on their densification ability. For the fracture behavior of glasses the 

predominant deformation process is just as important as the surface quality, since crack nuclei 

are usually induced by scratches or deformation [8-11]. Hence, a detailed understanding of the 

material's reaction to sharp contacts is essential to design glasses with enhanced fracture 

properties [1, 12]. The influence of densification on cracking is controversially discussed in 

literature [3, 11-13]. Densification is often taken as a means for enhancing the crack resistance 

of glasses [12, 14, 15]. In this context also the applicability of indentation based methods for 

fracture toughness assessment is questioned due to the share of densification present upon 

indentation in anomalous glasses [12]. It remains unclear, however, how densification 

influences the fracture behavior of oxide glasses.  

Established strengthening techniques for oxide glasses are thermal or chemical toughening, 

where either rapid quenching or ion-exchanging generates a compressive surface layer that 

protects the glass surface against contact damage [1, 16]. Commercial display cover glasses for 

smartphones (e.g., SCHOTT1 Xensation® or Corning2 Gorilla® Glass) usually rely on those 

                                                
1 SCHOTT AG, Hattenbergstrasse 10, 55122 Mainz, Germany 

2 Corning Inc., One Riverfront Plaza, Corning, NY, 14831, United States of America 
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approaches. Intrinsic toughening represents an alternative technique based on chemistry or 

density fluctuations within the glass, which can evoke beneficial internal stresses [1].  

The intrinsic toughening approach is the centerpiece of the priority program “SPP 1594 – 

Topological Engineering of Ultrastrong Glasses” of the Deutsche Forschungsgemeinschaft 

(DFG), directed by Prof. Lothar Wondraczek, in which context this thesis was carried out. The 

project “Influence of glass topology and medium range order on the deformation mechanisms 

in borosilicate glasses – a multiple length scale approach” is a collaboration between Prof. 

Karsten Durst with Prof. Dominique de Ligny3, Dr. Doris Möncke4 and Dr. Sindy Fuhrmann4. 

Previous studies in the SPP on the sodium-borosilicate glass NBS2 have shown that faster 

cooling rates lead to enhanced fracture properties in terms of a shift in the crack initiation load, 

due to a higher network interconnectivity [17]. In the recent funding period a new series of 

NBS2 glasses was processed aiming to reproduce enhanced network interconnectivity and with 

it enhanced fracture properties via an increasing amount of the network modifier Al2O3. Glass 

synthesis and the structural analysis was performed by the colleagues at FAU Erlangen3 and 

FSU Jena4, whereas the mechanical response was characterized at TU Darmstadt5.  

In this thesis the indentation response of fused silica, taken as model system for anomalous 

glass, is investigated. The predictive capability of Finite Element Analysis (FEA) is used to 

analyze the complex elastic-plastic stress-states found during indentation with various indenter 

tip geometries. The role of hydrostatic pressure on the yield behavior and subsequent 

deformation is investigated using a Drucker-Prager cap plasticity approach which can depict the 

elliptical shaped yield surface of fused silica [18]. The cohesive zone concept is applied to model 

median-radial cracking emanating from the edges of the imprint. The densification influence 

on cracking is investigated in a comparative study with volume conservative von Mises 

plasticity. The simulations are accompanied by experimental nanoindentation and Raman 

spectroscopy. Moreover, the pillar splitting technique, an in-situ experiment which has evolved 

from indentation [19-21], is applied to oxide glass for the first time. Finally, the findings were 

used to interpret the role of densification for the fracture behavior of the sodium-borosilicate 

glass NBS2. 

 

  

                                                
3 Institute of Glass and Ceramics, Friedrich-Alexander Universität Erlangen-Nürnberg, Germany 

4 Otto Schott Institute of Materials Research, Friedrich-Schiller Universität Jena, Germany 

5 Materials Science, Technische Universität Darmstadt, Germany 
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2. Glass Structure and Mechanical Behavior 

2.1. Network and Structure 

2.1.1. Silica and Borate Glasses 

As an undercooled liquid, glass maintains the unordered structure of the liquid state on passing 

the glass transition temperature Tg to the solid state. Already in the early 1930’s people were 

aware that bonding forces in glasses are quite comparable to those in crystals. Hence, glasses 

must form some three dimensional networks, too. The atoms only do not arrange in a symmetric 

periodic structure and therefore do not exhibit a long-range-order (LRO) [22]. For oxides such 

as SiO2 or B2O3 forming polyhedra in crystalline form this means that the vitreous form should 

exhibit a glass network containing polyhedra of oxygen atoms surrounding the corresponding 

cations [22]. In vitreous silica (SiO2) this so-called short-range-order (SRO) exhibits tetrahedra 

of oxygen surrounding the center silicon atom. The tetrahedra are connected via the edge 

oxygen atoms forming ring structures, i.e. a medium-range-order (MRO). In contrast to the 

crystal configuration (Figure 1) the relative orientation, i.e. the bond angle, varies throughout 

the network forming different ordered (planar) rings, where n corresponds to the number of 

Si-atoms (n=2,3,4 and 5) [22, 23]. 

 

a) 

 

b) 

 

Figure 1: A two dimensional representation of an A2O3 network (B2O3 for instance) in a) crystal and b) vitreous 

configuration. [22]. Reprinted with permission from Zachariasen [22]. Copyright (1932), American Chemical Society. 

 

Not every oxide has the ability to form a glass structure, since not all oxides form the polyhedra 

required for this process. Zachariasen categorized cations regarding their participation upon 

glass formation. Network formers such as Si+4 or B+3 form the basis of the vitreous framework. 

Extending this framework into three dimensionality necessarily creates holes with unbalanced 
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charges. Network modifiers such as Na+, K+ or Ca+2 settle in those holes, care for charge 

compensation, but also repulsively interact with the network forming cations. They are usually 

larger than the provided space which further widens the holes and increases the cation distance. 

Doing so, their addition reduces the network interconnectivity by forming non-bridging oxygens 

(NBO) which weaken the glass network and decreases the glass-melting temperature and 

viscosity. Finally there are also intermediate oxides such as Al2O3 which may either exhibit glass 

forming or modifying character depending on their coordination number, hence they either 

strengthen or loosen the network. They are not able to form a network themselves but are 

capable to replace network formers such as Si+4 [22, 24-29]. 

 

2.1.2. Borosilicate Glasses 

Borosilicate glass is a glass type which exhibits two network forming species, SiO2 and B2O3. In 

contrast to SiO2, pure Borate glasses form a network of planar BO3 triangles with bridging 

oxygens (BO) aligned in three membered boroxol rings [25, 30]. While the addition of network 

modifying alkali oxides such as Na2O leads to a continuous property change in SiO2 glasses, 

Borate glasses behave different. Here Na2O addition results in an unexpected decreasing 

coefficient of thermal expansion which reverses into the expected increase when passing 

16 mol% Na2O. This effect is referred to as Boron anomaly [25, 30]. For low alkali Borates, 

Na2O was found to transform BO3 units into BO4
- tetrahedra without breaking oxygen bridges. 

The generated tetrahedra link a three dimensional network which in consequence strengthens 

the structure [25, 31]. Due to its negative charge each BO4
- tetrahedra needs to be linked to 

four BO3 units, which reaches a maximum at a Soda to Boron ratio R of 1:5 (i.e. 0.2) or 16 mol% 

Na2O, the Boron anomaly [30, 32]. Passing this point Na2O depolymerizes the glass and forms 

non-bridging oxygen (NBO) in form of BO2O- as a consequence [25, 33].  

The Boron anomaly is present in the Soda-Borosilicate (NBS) system as well. Borosilicate glasses 

with a soda to boron ratio R smaller than 0.5 behave like alkali borate glass diluted by silica. 

As a result, they contain almost only BO. In Borosilicate glasses with R larger than 0.5 the 

number of NBO increases with increasing soda or silica content [32, 34]. The borosilicate glass 

NBS2, having a composition of 74.0 mol% SiO2, 20.7 mol% B2O3, 4.3 mol% Na2O and 

1.0 mol% Al2O3, is located right on the Boron anomaly line and contains almost no NBO [32, 

33]. This makes the emerging glass network dependent on the glasses’ thermal history, i.e. the 

cooling rate. Quenched NBS2 glass exhibits a higher fraction of loose BO2O- units that link to 

SiO4 tetrahedra, hence creating a larger number of mixed (heteronuclear) Si-O-B bonds. Doing 

so an enhanced interconnectivity between both subnetworks is present in the glass [17, 32, 33]. 
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Slow cooling rates, in turn, favor the evolution of homonuclear bonds within the individual 

subnetworks. Almost independent borate and silica networks develop where phase separation 

is mainly prevented by the small Al2O3 content present in the glass. This evolution leads to a 

better overall packing of the network structure and therefore an increasing glass density [32].  

Besides changes in composition and thermal history, the network structure can also be altered 

during plastic deformation.   

 

2.2. The Deformation Behavior of Glass 

Glasses are often regarded as prototype of a brittle material. Nevertheless they can undergo 

plastic deformation under point loading, for example in indentation experiments. They can 

either deform via volume conservative shear flow, as metals, or via densification of their 

network structure. The deformation behavior is therefore categorized into normal and 

anomalous glass behavior, respectively [8, 35, 36]. 

 

2.2.1. Densification and Shear Flow in Oxide Glasses 

During indentation both processes, densification and shear flow, can be observed [35-39]. A 

separation of both processes can be achieved in pure hydrostatic compression experiments, e.g. 

diamond anvil cell (DAC). The hydrostatic stress state eliminates shear components and allows 

to study densification alone [40-42].  

The densification process requires open network structures with an excess of free volume that 

can be compensated during compaction. The Poisson’s ratio ν is a measure that is directly linked 

to the packing density of the glass [43-46], hence it allows to classify glasses regarding their 

densification ability (Figure 2). Densification is predominant in amorphous silicates (low ν 

materials) while shear flow is dominating in metallic glasses (high ν) materials. Rouxel and 

coworkers [46] determined an empiric relationship to estimate the maximum achievable 

density change Δρ/ρmax of the glass according to:  

  (∆𝜌𝜌 )𝑚𝑎𝑥 [%] = 𝐴 ∙ exp(−𝐵 ∙ 𝜈) 1 

 

Here A and B are fitting parameters which correspond to 150 and 13, respectively.  
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Figure 2: The Densification ability of glasses as a function of the Poisson's ratio according to Rouxel [46]. Reproduced 

with permission from Wondraczek et al. [1]. Copyright (2008), The American Physical Society. 

 

Fused silica is located in the low ν region of Figure 2. With a densification ability of up to 21 % 

it is the most anomalous behaving glass [46-48], hence densification is the major deformation 

mechanism. The recovery ability upon annealing indicates that densification is a displacive 

process during the course of which not many bonds need to be broken [8, 9]. Inter tetrahedral 

Si-O-Si bond angles are reduced and the glasses ring configuration is altered via mutual 

orientation changes of the SiO4 tetrahedra. The amount of small three membered rings 

increases upon compaction accompanied with an increasing Si coordination number [47-49]. 

Since those bonds are IR and Raman active [23, 50], changes upon densification can be studied 

with the corresponding spectroscopical method (section 2.2.2). Bond angles, however, cannot 

be reduced without limitation. Hence, it is reasonable that changes become more and more 

difficult with ongoing compaction and finally densification runs into saturation when a majority 

of the free volume is compensated. Consequently, anomalous glasses exhibit a densification 

hardening behavior which follows a sigmoidal curve (Figure 3) [46, 51-53].  

  



   

Glass Structure and Mechanical Behavior  7 

 

 

Figure 3: Sigmoidal densification hardening behavior of a variety of anomalous glasses according to Rouxel et al. [46]. 

Reprinted with permission from Rouxel et al. [46]. Copyright (2008), The American Physical Society. 

 

In contrast to densification, shear flow is considered as a reconstructive process in oxide glasses. 

Bonds must continuously be broken and reformed with new neighbors. Network modifiers do 

not only occupy vacancies within the network structure, they also provide a slip path throughout 

the actually rigid and strongly covalent bond network structure. Doing so, an increasing content 

of network modifiers favors shear deformation [8, 36]. As a consequence, soda-lime-silica-glass 

which contains a considerable amount of network modifiers behave more normal than pure 

vitreous silica [8-10]. On the other hand, also normal glasses exhibit a certain densification 

ability. Even though soda-lime-silica-glass is attributed as normal behaving glass, up to 6.3 % 

network densification (Figure 3) has been observed in literature [46, 54]. This shows that 

plastic deformation of oxide glasses usually accompanies both, densification and shear flow. 

Early studies by Cohen and Roy [55] have already shown that shear flow can affect the rate of 

densification. Shear flow triggers the densification process by supporting the network structure 

to collapse and once full compaction is reached shear flow becomes the dominating deformation 

process again. Therefore it is reasonable to view both processes, densification and shear flow, 

as unity [9, 10, 56, 57]. 

The densification process in soda-lime-silica-glass is comparable to the one of pure vitreous 

silica as it exhibits a modified silica network. During densification the amount of three 

membered rings increases at the expense of larger ring configurations with proceeding 

densification [58, 59].   
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Plastic deformation of borate glasses 

The deformation processes in borate networks strongly differ from those of silicate networks 

[60, 61]. Borate glasses arrange in planar structures of BO3 triangles. Under load those rings 

are suggested to slide on top of each other, so borate glasses exhibit a high susceptibility towards 

shear flow [60, 62]. The borate network can be strengthened via network modifiers which 

generate tetrahedra to increase the three dimensionality of the network [25, 31]. Under 

pressure borate glasses perform a coordination change from BO3 to BO4
- (Figure 4). The fraction 

of planar Boroxol rings is gradually decreased and a dense tetrahedral borate glass is formed 

[17, 41, 61, 63].  

 

 

Figure 4: Schematic visualization of pressure induced changes in B2O3 glasses according to Lee et al. [61]. Reprinted 

by permission from Lee et al. [61]: Springer Nature, Nature Materials, Copyright (2005). 

 

The deformation mechanism present in glasses containing borate subnetworks depends on the 

share of bridging and non-bridging oxygen. Glasses which mainly contain BO behave like pure 

vitreous B2O3 and deformation is carried as stated above. In sodium-borate-glasses containing 

non bridging oxygen, trigonal BO2O− can be created from non-bridging oxygen ions transferred 

from the silicate to the borate subnetwork [17, 64, 65]: 

 

SiO3O- + BO3 ⟷ BO2O- + SiO4 

 

Under large contact pressure those units can be transformed into (temporarily) over 

coordinated [BO4]- tetrahedra [17, 61, 66-68]. 
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In alumino-borate-glasses another species is present which can exhibit various coordination 

environments. Al can either exist 4 or 6-fold coordination, hence those glasses exhibit an 

enhanced densification propensity. Network modifying cations can reassociate from AlIV to BIV
 

converting triborate rings into diborate rings upon densification (Figure 5). This is accompanied 

with an increase in BO4 units since triborate rings contain two BO3 and one BO4 unit, while 

diborate rings contain the reverse composition [14, 60]. 

 

 

Figure 5: Possible borate structure units according to Markova [69]. 

 

Mechanical parameter from indentation testing 

The mechanical response of oxide glasses is linked to the predominant deformation process 

present during indentation. Fused silica with its pure vitreous SiO2 network exhibits a hardness 

H in the range of 9 to 10 GPa [70, 71]. Network modifiers usually weaken a glass network by 

providing a slip path throughout the glass network structure [8, 36]. As a consequence, those 

glasses exhibit a lower hardness. Soda lime silica glass for instance exhibits a reduced hardness 

in the range of 6 to 7 GPa compared to pure vitreous silica or fused silica, respectively [70, 71]. 

Even though those two silica based glasses behave plastically totally different, the elastic 

response expressed by the elastic modulus E is quite similar. The elastic modulus is a parameter 

which is directly correlated to the binding energy within the material [72]. As both glasses 

predominantly consist of a silica network they exhibit both an elastic modulus in the range of 

70 GPa [71]. 

In glasses with two network forming species, e.g. borosilicate glasses, the situation is more 

complex. In addition to the network modifier content, the glass network dimensionality and 

interconnectivity influence the network strength and thereby the hardness and elastic modulus 

[17, 26]. Borate glasses and borosilicate glasses for instance exhibit with a large content of 

planar BO3 units (see section 2.1.1) a less three dimensional network [25, 31] and typically 

lower hardness and elastic modulus values than pure vitreous silica [70]. 
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2.2.2. Quantification of Densification via Raman Spectroscopy 

Raman spectroscopy is a common technique to investigate the network structure of oxide 

glasses. In silicate glasses the symmetric motion of bridging oxygen atoms is Raman active [23, 

51, 73, 74]. As most of the spectroscopic methods, also Raman spectroscopy is based on the 

interaction of electromagnetic radiation with vibration- and rotational states of molecules. 

Photons may either be absorbed or scattered when a sample is radiated with light. In contrast 

to absorption, scattering does not require matching energy differences between ground and 

excited stated.  

 

 

Figure 6: Possible scattering processes of photons interacting with the vibrational states of molecules. Raman 

scattering covers the inelastic Stokes and anti-Stokes processes where the energy difference between the vibrational 

states m and n becomes visible in terms of a positive or negative frequency shift. Reprinted with permission from 

Smith and Dent [75]. Copyright (2005), Wiley Books. 

 

In Raman spectroscopy the sample is irradiated with monochromatic laser radiation, hence a 

single frequency of radiation. The exciting laser radiation lies in the visible range where a 

(green) wavelength close to 500 nm is a common choice for glasses [33, 53, 67, 76, 77]. In 

scattering the incident radiation is interacting with the molecules electron cloud. It is distorted 

or polarized into a non-stable virtual state, hence the photon is quickly re-radiated. Is the 

incident photon affecting the electron cloud only, frequency differences are comparably small 

and the process is referred to as elastic or Rayleigh scattering. If the photon scattering induces 

nuclear motion, however, energy is transferred from photon to molecule (Stokes) or vice versa 

(anti-Stokes) and frequency differences become observable (Figure 6). This inelastic scattering 

effect was first determined experimentally by the Indian physicist C. V. Raman, hence it is also 

referred to as Raman scattering. Raman spectra are plotted in terms of intensity as a function 
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of the frequency difference or shift from the incident beam. Here the largest changes are caused 

by symmetric vibrations [75].  

 

 

Figure 7: A typical Raman spectrum of vitreous silica. The two sharp defect lines D1 and D2 stem from breathing 

modes of planar four- and three-fold rings. HH (Horizontal-Horizontal) and HV (Horizontal-Vertical) describe the 

position of the polarizers of the measurement. Reprinted from Galeener [23], Copyright (1982), with permission from 

Elsevier. 

 

In vitreous silica glass the oxygen atom performs a breathing like symmetric in-plane back and 

forth motion in the Si-O-Si bond while the Silicon atoms remain in position [23, 51, 73, 74]. In 

a Raman spectrum (Figure 7) this motion causes the most intense band, the broad main band 

located at roughly 440 cm-1 [51]. Since vitreous SiO2 contains SiO4 tetrahedra forming ring like 

networks (section 2.1) the ring order affects the Raman response. While rings of order five or 

higher are lost in the main band, planar three- or four-membered SiO2 rings cause characteristic 

bands, the so-called “defect lines” D1 and D2, located at 495 cm-1 and 605 cm-1, respectively 

[23, 78, 79]. Moreover, the Raman spectrum exhibits three further bands located at 800 cm-1, 

1060 cm-1 and 1200 cm-1. Those bands can be assigned to either bending or asymmetric 

stretching motions of the Si-O-Si bonds [23, 76, 80].  

 

Densification effects in Raman spectroscopy  

As the densification process in silicate glass is associated with a decrease in inter tetrahedral Si-

O-Si angles, it becomes noticeable in the materials Raman response [50, 51, 81]. With 

increasing pressure in a DAC apparatus the main band and the D1 defect line merge and shift 

towards higher wave numbers (Figure 8), as the decreasing free volume hinders the breathing 
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motion within the ring structure. A shift towards larger wave numbers can be obtained for the 

D2 band as well. The gain in intensity, however, is much stronger indicating structural changes 

in terms of an increasing share of three membered SiO2 rings [48, 51, 79].  

 

 

Figure 8: Influence of increasing hydrostatic pressure on a typical ex situ Raman spectrum of vitreous silica according 

to Deschamps et al. [48]. Republished with permission of IOP Publishing, Ltd, from Deschamps et al. [48]; permission 

conveyed through Copyright Clearance Center, Inc. 

 

 

 

Figure 9: The main band position can be analyzed using the Raman parameter σ. Republished with permission of IOP 

Publishing, Ltd, from Deschamps et al. [48]; permission conveyed through Copyright Clearance Center, Inc. 
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Deschamps et al. [48, 58] introduced the Raman parameter σ to analyze changes in the band 

position arising from densification (Figure 9). It considers the whole peak area and was found 

to deliver a better reproducibility than considering the position of the band maxima only. First, 

a baseline is subtracted using the main band minimum (ω1) and D2 band maximum frequency 

(ω2). After this normalization procedure an integration step follows. The Raman parameter σ 

corresponds to the wave number at which half of the total peak area is reached.  

In case the initial and final density after hydrostatic compaction are known, the main band 

position change can be used to determine the corresponding densification in the intermediate 

compression states according to [48]: 

 

 
∆𝜌𝜌0 [%] = 𝜎 − 𝜎0𝜎𝑚𝑎𝑥 − 𝜎0 ∙ (∆𝜌𝜌0)𝑚𝑎𝑥 2 

 

 

Here ρ0 corresponds to the initial density and Δρ to the density change during compaction. 

Hence (Δρ/ρ0) corresponds to the densification with (Δρ/ρ0)max being the maximum densification 

upon hydrostatic compaction. The parameter σ0 corresponds to the initial main band position 

at P0, σmax to the main band position after full compaction at Pmax and finally σ corresponds to 

the main band position at the loading situation of interest. If the maximum densification 

(Δρ/ρ0)max and the corresponding σ parameter are known for a given material, Equation 2 can be 

simplified introducing a factor m correlating the Raman shift Δσ to densification (Equation 3) 

[77]. For fused silica the correlation factor can be determined to 0.2 % cm using the 

experimental data by Deschamps et al. [48]. 

 

 
∆𝜌𝜌0 [%] = 𝑚 ∙ ∆𝜎 3 

 

In a similar manner a correlation factor of 0.43 % cm can be determined for soda lime glass 

combining the experimental σ data by Deschamps [58] with the density values of Ji et al. [54].  
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2.3. The Fracture Behavior of Oxide Glass 

Despite the ability of oxide glass to deform plastically, they remain the prototype of a brittle 

material. The fracture strength σf of a glass depends in first instance on the glass composition 

and thermal history, but is highly sensitive to external factors such as flaws, surface quality and 

environmental aspects as humidity. For this reason Kurkjian et al. [82] categorized the strength 

of glass into three major categories: 

  

1. Intrinsic strength      (inert atmosphere, flaw free)  

2. Inert strength       (inert atmosphere, pre-existing flaws) 

3. Environmental strength    (environmental atmosphere, pre-existing flaws) 

 

Here, the latter corresponds to the strength which would be determined under ambient 

conditions whereas the first two require defined atmospheric conditions. The intrinsic strength 

complies with the theoretical strength of the material. It corresponds to a flaw-free sample, a 

hardly realizable condition which can be approached by reducing the test sample volume. It 

remains, however, complicated to ensure that a sample is free of all extrinsic defects [82, 83]. 

Assuming linear elastic material behavior (as common for brittle materials), failure occurs 

according to the principal stress hypothesis when the maximum principal stress σ1 exceeds the 

fracture strength σf [83, 84]. 

A common macroscopic glass specimen always contains a certain amount of volume and surface 

defects. The fracture strength is, thereby, strongly linked to distribution and size of those flaws. 

A first correlation of flaw size and fracture strength was established by Griffith in the early 

1920s [85]. He extended Inglis stress analysis of a cracked plate (the flaw was considered as 

an elliptical shaped hole) [86] with an energetic aspect. Griffith assumed an energy balance 

between the applied mechanical energy and the surface energy, which is dissipated upon 

cracking. Since two surfaces are formed upon cracking, the fracture energy corresponds to twice 

the surface energy. Typical fracture energy values for oxide glasses range from 3 to 7 J/m² [87]. 

In case the strain energy exceeds the surface energy of the material, the flaw becomes unstable 

and fracture occurs [83, 85, 88]. Griffith’s model works reasonable well for brittle materials 

such as oxide glasses but failed to predict fracture in ductile materials such as metals, where 

crack tip plasticity occurs [88]. 
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For fracture analysis the crack tip is of major importance. In the K-concept the stress 

concentration at the crack tip is characterized by the stress intensity factor K (KI for mode I 

loading) [84].  

 𝐾 = 𝜎𝑎√𝜋𝑙 4 

 

The stress intensity factor is a state variable for the region close to the crack tip, depending on 

both the applied stress σa and the crack length 2l. Crack propagation occurs once the stress 

intensity exceeds a material-specific critical value KIc, the fracture toughness [84]. In oxide 

glasses the fracture toughness is determined by the bond strength and the glasses’ atomic 

packing density and a crack is expected to follow the weakest path through the atomic glass 

network [89]. Typical fracture toughness values reported in literature for fused silica range 

from of 0.58 to 0.78 MPa m1/2 [87, 90-94]. An overview over the fracture toughness range for 

a variety of different glass systems is provided in Figure 10.  

 

 

Figure 10: The fracture toughness KIC for a variety of glasses. Reprinted from Rouxel [89], Copyright (2017), with 

permission from Elsevier. 
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2.3.1. Indentation Cracking 

 

 

Figure 11: The five major crack types in indentation cracking according to Lee et al. [95] (after Cook and Pharr [96]). 

Lawn, Evans and Marshall (LEM) model is based on radial crack length as shown in the top left corner. Reprinted 

from Lee et al. [95], Copyright (2012), with permission from Elsevier. 

 

In brittle materials indentation testing is accompanied by crack nucleation and propagation. 

The five major crack types that can occur are Hertzian cone-, median-, half-penny-, radial- and 

lateral cracks (Figure 11). The respective crack system active depends on material properties, 

environment and the chosen indenter geometry. They are not necessary active alone, 

combination of several systems is common [96].  

The indentation cracking sequence is strongly material dependent and hard to generalize. Cone 

cracks are typically generated by elastic loading with spherical or flat punch indenters, where 

tensile stresses open a ring crack at the surface, which penetrates the material with a 
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characteristic angle towards the loading axis with ongoing loading. Elastic-plastic contacts 

realized by small spheres or sharp pyramidal indenter behave different.  

The crack systems are usually activated at different stages upon the indentation cycle. Median 

crack formation is predominant upon loading, radial cracks typically form while unloading. 

Radial cracks can either initiate surface localized in so-called Palmqvist geometry or if a median 

crack is present, originate from that spreading towards the surface when compressive stresses 

in vicinity of the contact vanish during unloading, leaving a half-penny geometry. This system 

is also referred to as the median-radial system. At high indentation peak loads the subsurface 

tension component is sufficiently great to open lateral cracks beneath the plastic zone, which 

are the basis of material removal process such as chipping. Lateral cracks may, however, also 

open during unloading [38, 96-98]. No matter which crack system is active, crack initiation is 

usually not accompanied with sudden displacement drops. As a consequence during indentation 

the load-displacement (LD) curve is flat and offers no traces of cracking for a variety of indenter 

angles Ψ. Only material removal via chipping becomes for some materials visible when sharp 

cube corner geometry is used [96, 99].  

 

 

Figure 12: The crack resistance (CR) studied by Vickers indentation. Reprinted from Kato et al. [100], Copyright 

(2010), with permission from Elsevier. 

 

Glasses usually exhibit three damage states. There is (1) no cracking below a critical load Pc. 

(2) Surpassing Pc results depend on ν in either median-radial or Hertzian cone cracking (see 

Figure 13) and above a load P* (3) additional chipping occurs [101]. Due to the variety of crack 

systems that can appear during indentation testing (Figure 11) a quantification of indentation 
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cracking is not straightforward. For glasses that exhibit radial cracking Wada et al. suggested 

to use a series of Vickers indentations at various loads to determine a cracking resistance (CR) 

[100, 102], a corresponding value to Pc in the damage stages stated earlier. After unloading the 

number of cracks originating from the corners is counted and referred to the total number of 

corners in terms of a crack probability (Figure 12). The crack resistance is then defined as the 

load where 50 % of the indent corners have shown cracking. The CR value is not only material 

but also strongly indenter geometry dependent. A change from blunt Berkovich or Vickers to 

sharp cube corner geometry was found to decrease the onset of crack formation by several 

orders of magnitude [93, 99].  

 

Influence of the Predominant Deformation Process on Cracking 

The crack system which is active during compressive loading situations is strongly linked to the 

predominant deformation process since crack nuclei are likely to be induced by deformation. In 

normal glasses cracks are usually generated on planes of shear displacement while in anomalous 

glass cracks initiate preferentially in near surface regions where tensile stresses are present 

during indentation testing [8, 37]. Thus, normal behaving glasses exhibit median-radial 

cracking and cone cracks are preferentially found in anomalous glasses [8, 10, 11, 37].  

The predominant deformation process and with it the cracking behavior can be influenced by 

adjusting the glasses chemical composition [103]. If the predominant deformation process can 

be linked to Poisson’s ratio ν (Figure 2), it is not surprising that also the predominant crack 

system can be linked to ν. Sellappan et al. [101] characterized oxide glasses into three major 

groups with regard to their resistance against median-radial cracks emanating from the corners 

of Vickers indents: Resilient glasses for ν ranging from 0.15 to 0.20, semi-resilient glasses for ν 

ranging from 0.20 to 0.25 and finally easily-damaged glasses for ν ranging from 0.25 to 0.30. In 

this range the predominant crack type changes from cone and median cracking to median and 

radial cracking to finally lateral and radial cracking with increasing ν (Figure 13). This change 

is accompanied by a change of the deformation process from densification to located shear flow 

(see section 2.2.1), favored by an increasing network modifiers content providing a slip path 

for instance [8, 36]. Therefore, it is assumed that densification impedes median-radial crack 

extension [89, 104]. In this manner also shifts in the CR have often been referred to changes in 

the densification ability of oxide glasses [12, 14, 17, 104]. For ν larger than 0.3 (e.g. in metallic 

glasses) the contact load is accommodated via isochoric shear, those glasses are classified as 

highly resilient [13, 101]. 
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Figure 13: The predominant crack type upon Vickers indentation as a function of the Poisson’s ratio ν. Reprinted 

from Barlet et al. [104], Copyright (2015), with permission from Elsevier.  

 

2.3.2. Fracture Toughness from Indentation Cracking 

Attempts to quantify fracture toughness KIc based on indentation experiments also rely on the 

median-radial crack system. The model proposed by Lawn, Evans and Marshall (LEM) [105] 

relates indentation load P to the elastic-plastic material properties, H and E, and the crack 

length c for “well-developed” radial cracks (Figure 11 and Figure 14). Indentation cracking has 

to face both crack initiation and crack propagation. This is a fundamental difference to the 

conventional fracture toughness, which is defined as the resistance of a material to extend a 

preexisting flaw or crack. In indentation cracking the failure is less controlled than in 

standardized fracture toughness tests, hence a factor α was introduced to compensate those 

uncertainties when relating the indentation fracture toughness to the conventional KIc: 

 

 𝐾𝐼𝑐 = 𝛼 ∙ 𝐾𝐼𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝛼 ∙ (𝐸𝐻)1/2 ∙ 𝑃𝑐3/2 5 

 

The indenter geometry is a significant factor influencing α. It is strongly linked to the indenter’s 

centerline-to-face angle Ψ. For Vickers geometry this factor was determined to α = 0.016 [106]. 

With decreasing opening angle Ψ, factor α increases, hence values ranging from 0.032 to 0.053 

are reported for sharper cube corner geometry in literature [93, 107-110]. This is based on an 

about three times larger volume displaced at a given load for cube corner compared to Vickers 
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geometry. Higher local stress beneath the indenter and hence a larger driving force for cracking 

is present which triggers radial crack initiation, reduces the cracking threshold and results in 

longer cracks [99, 111]. This makes cube corner popular to study cracks in thin films and small 

volumes [110, 112, 113]. 

 

 

Figure 14: Indentation cracking pattern in soda-lime-silica-glass after a 10 N Berkovich indentation.  

 

According to Lee at al. [95] α is proportional to cot(Ψ)3/2 and can be estimated for any given 

opening angle Ψ using the following Equation:  

 

 𝛼𝐿𝐸𝑀 = 0.03 ∙ (cot𝜑)2/3 6 

 

The accuracy of LEM approach to determine fracture toughness is controversially discussed in 

literature [12, 89, 114, 115]. Yoshida stated the LEM method should not be used in the context 

of oxide glasses due to densification processes beneath the indenter [12]. Moreover, Quinn and 

Bradt have shown that the output is strongly material dependent which questions the 

assumption of a generally valid α parameter for all material classes [114]. Studies based on 

Cohesive Zone Finite Element Modelling further revealed a strong dependency of parameter α 

on the elastic plastic material properties (i.e. Poisson’s ratio ν, Elastic Modulus E and Hardness 

H) [95, 111, 116]. Parameter α, for instance, decreases with increasing ν [111]. For Vickers 

geometry Johanns found the linear assumption with a slope α = 0.016 to be valid only in a 

certain range of E/H between 10 and 25. For smaller values of E/H elasticity dominates 
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accompanied with pronounced median cracking, while for large values of E/H plasticity 

dominates accompanied with Palmqvist cracking [116]. 

 

2.3.3. Advanced Indentation Cracking Techniques: Micro Pillar Splitting 

In oxide glasses indentation testing leads only in rare cases to pure median-radial cracking 

(Figure 14), which can be used to quantify a fracture toughness from indentation experiments. 

And even in cases pure radial cracks are available, their extension can be time and humidity 

dependent [117]. The pillar splitting technique developed by Sebastiani and coworkers is an 

advanced indentation cracking method which relies on the median crack forming during 

loading only [19, 20]. It was initially developed for thin film materials where fracture toughness 

is hardly accessible with conventional methods due to geometric limitations and residual 

stresses within the coating.  

 

 

Figure 15:  A CrN micro pillar splitted into three segments with Berkovich tip geometry (left). The instability load of 

about 45 mN can be determined from the corresponding load-displacement curve (right). Reprinted from Sebastiani 

et al. [20] with permission from Taylor & Francis (www.tandfonline.com).  

 

During pillar splitting an indentation test is performed on a freestanding circular volume. The 

preparation of a micro pillar is usually performed via focused ion beam (FIB) milling. When the 

indenter is loaded, a median crack forms within the volume and grows stably until it reaches 

the side walls of the micro pillar. At this point the crack becomes instable and the micro pillar 

is spitted into three fragments if a three-sided indenter tip is used (Figure 15). Post-test 

measurements of the crack length are not required, since the crack extension is limited by the 

micro pillar dimensions, i.e. the pillar radius R. This allows to relate the instability load Pinstability 

directly to fracture toughness K, using a gauge factor γ. 
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 𝐾 = 𝛾 ∙ 𝑃𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑅3/2  7 

 

Even though the pillar splitting technique has (for the best of the authors knowledge) never 

been applied to oxide glasses before, the given benefits make pillar splitting attractive for 

glasses as well as it resolves some of the drawbacks of conventional indentation cracking based 

approaches. The gauge factors required to correlate the pillar splitting load to fracture 

toughness has been determined via cohesive zone finite element modelling (see section 0) [19, 

20]. In contrast to the gauge factor α in the LEM indentation cracking approach (Equation 5), 

γ depends on the elastic-plastic material response (E and H). So, a variety of γ values has been 

determined as a function of the E/H ratio (Figure 16). With those γ values Sebastiani et al. were 

able to replicate fracture toughness values of a variety of brittle materials in good accordance 

with independent K measurements from cantilever bending experiments.  

 

 

Figure 16: The gauge factor γ for different three sided pyramidal indenter geometries as a function of E/H ratio. 

Reproduced with permission from Ghidelli et al. [118]. Copyright (2017), Journal of the American Ceramic Society. 

 

Recently the pillar splitting technique was transferred to bulk materials and expanded to 

sharper indenter geometries such as cube corner [118, 119]. Increasing indenter sharpness was 

found to reduce the instability load due to the higher local stresses [99]. As a consequence 

higher γ values are reported for sharp indenters (Figure 16). Furthermore Poisson’s ratio was 

found to increase γ. This effect however is more pronounced for high E/H ratios and can be 

neglected for small values of E/H [118].   
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3. Finite Element Modelling of the Indentation Process 

In the past decades Finite Element Analysis (FEA) has become a popular tool to study the 

indentation response of a variety of materials [54, 95, 120-126]. FEA provides valuable 

information about the complex stress state within the material during loading and unloading 

[127]. In this context FEA has also been applied to investigate deformation processes in oxide 

glasses [18, 54, 120, 121, 128, 129]. In general the Finite Element Method (FEM) is a numerical 

analysis technique for solving partial differential equations (PDE) based on constitutive 

relations. It is capable to solve approximate calculations at complex boundary conditions where 

simple analytic procedures fail. Thereby, the numerical approximation relies mainly on two 

discretization procedures. First, the problem is discretized into a finite number elements and 

during computation the constitutive material response is approximated in discretized time 

increments [130]. Nowadays the implementation of cohesive connections into the finite 

element model even enable to model fracture processes [122, 125, 131-133]. 

When modelling the indentation process, the contact situation is usually simplified to benefit 

from the indenter symmetry. Therefore, a representative six- or eight-fold segment of pyramidal 

indenters is commonly used in FEA (Figure 17, red area). For some applications also a 2D 

axisymmetric representation using the equivalent cone, which shares the same projected 

contact area as the corresponding three- or four-sided pyramid, may exhibit the required 

accuracy. 

 

 

Figure 17: The symmetry of a a) three-sided (i.e. Berkovich or Cube Corner) and b) a four-sided indenter geometry 

(i.e. Vickers). Symmetry planes are sketched as dashed lines. A representative six- or eigth-fold segment, which is 

often used in FEA, is marked red. 

 

The constitutive relation contains all information required to describe the elastic-plastic 

material behavior in a scale independent manner. In addition to an elastic law it may also 

contain a yield criterion, a plastic flow rule and a hardening law [130]. As deformation 

processes in solid materials can differ significantly, a variety of constitutive relations exist. The 
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equivalent stress concept is thereby used to relate yield information from uniaxial (compression 

or tension) experiments to three dimensional stress states, which are usually present in 

application. The von Mises shear stress yield criterion is a common constitutive relation for 

metal plasticity. Yielding initiates as soon as the equivalent von Mises stress q exceeds some 

critical value qc [88, 134, 135].  

 

 𝑞 = 1√2 ∙ √(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2 8 

 

 

3.1. Pressure Dependent Constitutive Relations  

3.1.1. Constitutive Relations for Oxide Glasses 

In contrast to metals, oxide glasses have the ability to densify their network structure as 

depicted in section 2.1. As a consequence, the constitutive description of their yield surface has 

to exhibit a pressure dependency to account for density changes. A pressure independent 

description as the von Mises plasticity model (which is usually used to describe the plastic flow 

of metals) is therefore not able to represent this behavior.  

Constitutive relations which exhibit a pressure dependency are usually described in meridonal 

p-q plane (Figure 18). Here q represents the equivalent von Mises stress q whereas p represents 

the equivalent hydrostatic pressure [18, 56, 136]. In p-q plane a pure shear experiment is 

located right on the q-axis as it exhibits no hydrostatic stresses. Vice versa a hydrostatic 

compaction experiment is located on the p-axis as shear stresses are zero in this set-up. The 

stress trajectory for uniaxial compression, for instance, exhibits a slope of 3 (Figure 18, dashed 

blue line). Indentation experiments exhibit stress trajectories surrounding the uniaxial loading 

case depending on the indenter tip geometry [56, 136]. From those examples it is evident that 

a single experiment is not sufficient to predict the yield surface progress. The more experiments 

with different stress trajectories are carried out, the more accurately the yield surface can be 

predicted. A minimum number of three experiments is suggested to calibrate those models 

[137]. The brittle nature of oxide glasses, however, limits the number of applicable loading 

scenarios for those materials [138]. A two parameter approach in terms of a combination of 

DAC data with high shear containing experimental data, i.e. from indentation experiments, is 

often used instead [18, 129, 139, 140].  
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Dislocation based plasticity in metals is almost pressure independent. As a consequence metals 

exhibit a constant yield strength in p-q plane. A dependency on p is not given, so the yield 

surface would correspond to a line parallel to the hydrostatic pressure axis, passing the von 

Mises stress axis at the constant critical value qc. The yield surface of amorphous materials, in 

turn, depends on the loading scenario or the stress state, respectively. In pressure sensitive 

materials yielding is imagined as the result of frictional sliding between material atoms, 

particles or clusters [130]. In this manner, Schuh et al. found a Mohr-Coulomb yield criterion 

to describe the shear transformation zone based deformation behavior of bulk metallic glasses 

(BMG) [141, 142]. Oxide glasses additionally exhibit pressure dependent densification 

processes which have to be taken into account. As the most anomalous behaving oxide glass, 

almost any study on constitutive laws for oxide glasses relies on fused silica as model system 

[18, 129, 136, 138-140, 143, 144].  

 

 

Figure 18: Constitutive approaches for the pressure dependent deformation behavior of anomalous glasses [18, 129, 

144]. Reprinted from Lacroix et al. [56], Copyright (2012), with permission from Elsevier. 

 

The constitutive relations for oxide glasses are typically based on Mohr-Coulomb or Drucker-

Prager type behavior with varying degrees of modifications. As a consequence, the pressure 

dependency in the yield criteria exhibit various complexity. It ranges from pure linear 

approaches (Figure 18, red dashed line) [129, 139, 144], over elliptical approximations [18] 

(Figure 18, black line) to complex yield surface shape transformations occurring upon 

proceeding densification (not shown here) [136, 138]. The direction of plastic strain is 

indicated as arrows normal to the yield surface (associated flow) in Figure 18. Here curved 

yield surfaces exhibit the ability to account for pressure dependencies of the direction of the 

plastic strain, whereas linear approaches assume the flow direction to be constant with pressure 
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[18]. Owing to the nature of the different approaches a variety of constitutive parameter for 

yielding of fused silica are found in literature. The yield strength under pure shear qc, 

determined by fitting experimental nanoindentation load displacement curves, ranges from 6.0 

to 7.0 GPa for the linear and elliptical approaches [18, 56, 128]. Those values are in good 

accordance with uniaxial micro pillar compression experiments which report equivalent von 

Mises stresses in the range of qc = 7 GPa [56, 145]. The input for the yield strength under 

hydrostatic compaction pc is based on results from diamond anvil cell experiments [46, 47, 54]. 

Even though densification is a gradual process which follows a sigmoidal progress (Figure 3), 

also simple linear approximations may deliver appropriate representations of the indentation 

behavior. The approach by Kermouche et al. [18] for instance spans an elliptic yield surface 

from qc = 6.5 GPa to pc = 11.5 GPa with a linear isotropic densification hardening 

implementation with a hardening slope of 100 GPa. Doing so they were able to reproduce the 

load displacement curve as well as the densification field beneath the indentation with 

reasonable accuracy (Figure 19) [18, 138].  

 

 

Figure 19: Densification map beneath a Vickers indent in fused silica. Experimental results from Raman peak shift 

(left) are compared to FEM results (right). Reprinted from Kermouche et al. [18], Copyright (2008), with permission 

from Elsevier. 

 

Irreversible bond breaking into smaller rings, however, has been reported to occur near 9 GPa 

hydrostatic pressure [47]. This behavior and also densification saturation can better be 

considered by implementing the full sigmoidal densification hardening shape as it has been 

done in recent studies [128, 140]. Keryvin et al. [140] realized further improvements by also 

taking changes in elastic modulus and Poisson’s ratio upon densification into account. Nearly 

all of those studies investigated fused silica only, constitutive parameter for oxide glasses other 

than fused silica are rare in literature. Perriot et al. [128] have transferred Kermouche’s 

approach of an elliptical yield surface [18] to soda lime silica glass. They used a yield strength 
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under pure shear of qc = 3.5 GPa and the sigmoidal densification hardening behavior by Ji et al. 

[54] as input for yielding under hydrostatic compaction. 

 

3.1.2. Modified Drucker-Prager Cap Plasticity 

Constitutive relations developed for oxide glasses were often based on Drucker-Prager like yield 

criteria [18, 129, 136, 138]. Those criteria were usually implemented in the FEM solver via user 

defined material models [18, 136]. The modified Drucker-Prager Cap (DPC) plasticity is a 

material model available in commercial FEM solvers such as ABAQUS [137]. This section 

provides a detailed description of the DPC model and shows how it can be altered to represent 

the elliptical yield surface of fused silica, as it has been proposed by Kermouche et al. [18]. 

 

 

Figure 20: The von Mises and Drucker-Prager yield surfaces in principal stress coordinates (tension positive). J2 

corresponds to the second invariant of the stress tensor, yielding occurs when the square root of J2 corresponds to 

qc. Reprinted under the terms of CC BY-NC-ND License from Nevitt et al. [146]. 

 

The Drucker-Prager yield criterion was first introduced by Drucker and Prager in 1952 [147] 

and was initially developed for granular geologic materials such as sandstone. In those pressure 

sensitive materials yielding is imagined as the result of frictional sliding between material 

atoms, particles or clusters [130]. As a consequence, the Drucker-Prager yield criterion 

incorporates frictional properties in contrast to the von Mises formulation. Hence, the yield 

strength is sensitive to mean normal stresses or pressure, respectively. This is illustrated by a 

cone shape in principal stress coordinates where the radius increases with mean normal stress 

(Figure 20) [146]. The opening angle of the cone is defined by the angle of friction β, d 
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corresponds to the material cohesion and p to the equivalent pressure [137]. The Drucker-

Prager failure surface FS is given by: 

 

 𝐹𝑠 = 𝑞 − 𝑝 ∙ tan𝛽 − 𝑑 = 0 9 

 

The Drucker-Prager yield criterion has been modified over the decades. A cap yield surface was 

added to provide an inelastic hardening mechanism during compaction and thereby limit the 

yield surface under hydrostatic compaction [137, 148, 149]. A transition surface was 

introduced to connect the two main segments. The final modified Drucker-Prager cap yield 

surface is sketched in meridonal (p-q) plane in Figure 21. The three segments are indicated by 

different colors.  

 

 

Figure 21: Modified Drucker-Prager cap plasticity in meridonal (p-q) plane. Reprinted from Han et al. [150] , Copyright 

(Year), with permission from Elsevier 

 

The Drucker-Prager failure or yield surface Fs (orange) follows the relation according to 

Equation 14. The cap yield surface Fc (blue) is written as: 

 

 𝐹𝑐 = √[𝑝 − 𝑝𝑎]2 + [ 𝑅 ∙ 𝑞1 + 𝛼 − 𝛼/ cos𝛽] ² − 𝑅(𝑑 + 𝑝𝑎 tan 𝛽) = 0 10 
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In this relation parameter R controls the shape of the cap. The position of the cap is defined by 

the evolution parameter pa, a measure for the volumetric inelastic strain, and the hydrostatic 

compression yield stress pb. Parameter α (not to mix up with α in indentation cracking, LEM 

model) defines the transition yield surface Ft (red) [137]: 

 

 𝐹𝑡 = √[𝑝 − 𝑝𝑎]2 + [𝑞 − (1 − 𝛼cos𝛽)(𝑑 + 𝑝𝑎 tan𝛽)]2 − 𝛼(𝑑 + 𝑝𝑎 tan𝛽) = 0 11 

 

The elliptical yield surface of fused silica, as it has been proposed by Kermouche et al. [18], can 

be replicated with modified Drucker-Prager Cap plasticity using the cap yield surface Fc only. 

The yield surface Fs is not required for this purpose. Therefore, Fs can be transferred into a von 

Mises like yield criterion by reducing the angle of friction to the required minimum value of 

10-4
 and then shifted into the tensile region. This procedure makes the transition yield surface 

Ft obsolete. Only the cap failure surface remains in the pressure region of the meridonal (p-q) 

plane. Then only two parameters, the yield strength under hydrostatic compaction pb and under 

pure shear d are required to define the ellipsis.  

 

3.2. Cohesive Zone Finite Element Analysis 

Cracking processes during indentation testing are usually modelled by introducing cohesive 

connections along planes where crack propagation is expected to occur [19, 95, 111, 123, 125, 

151]. In a similar manner this procedure has already been successfully applied to ASTM 

standard geometries such as the Center Crack Tension (CTT) specimen [123], delamination 

problems [152, 153] or tensile cracking in hard thin film coatings [133, 154]. The use of 

cohesive connections in FEA allows to model fracture processes and to correlate the elastic-

plastic material response to incipient cracking. 

Cohesive zone models (CZM) are nowadays implemented in commercial FEM solvers such as 

ABAQUS [137]. The concept of cohesive connections has first been introduced by Dugdale 

[131] and Barenblatt [132]. Cohesive zones can either be modelled surface or element based. 

In any case the cohesive input is defined with a traction-separation law. A typical traction-

separation (TS) law is sketched in Figure 22a. The TS law can be imagined as stress-strain curve 

of the cohesive connection. Here the penalty stiffness Kn corresponds to the elastic stiffness of 

the connection, meaning exposure to stresses within this region remains reversible. A high 
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initial Kn value guarantees reasonable pre-crack behavior [152], governed by the material 

properties of the surrounding elements. First damage is introduced when σmax is reached. 

Deformation becomes irreversible. The cohesive connection, however, remains intact. This 

regime is also referred to as process zone of the cohesive connection. Finally, full failure of the 

cohesive connection is reached when the critical separation δfail is exceeded. In ABAQUS the 

SDEG parameter describes the scalar stiffness degradation within the process zone, ranging 

from 0 to 1. A SDEG value of 1 corresponds to full stiffness degradation and therefore a broken 

connection [137].  

 

a)  b)  

Figure 22: a) The traction-separation law for a cohesive connection. The area beneath the curve corresponds to 

the fracture energy G. b) The process zone in front of a crack tip under load. The corresponding positions in the 

TS law are sketched below. (Sketch redesigned from Lee et al. [95], Copyright (2012), with permission from 

Elsevier.) 

 

The area underneath the TS law (Figure 22a) corresponds to the fracture energy G. For isotropic 

linear elastic materials in plane stress condition G is calculated from the elastic modulus E and 

the fracture toughness Kc according to Equation 12 (in plain strain condition the reduced elastic 

modulus ER is used instead of E). Besides G, either σmax or δfail need to be defined to complete 

the traction separation response using Equation 13. 

 

 𝐺 = 𝐾𝑐2𝐸  12 

 

 𝐺 = 1/2 ∙ 𝜎𝑚𝑎𝑥 ∙ 𝛿𝑓𝑎𝑖𝑙 13 

 

In application the process zone of the cohesive connection creates a process zone in front of the 

crack tip as well (Figure 22b). Stresses below the separation value δinit where the process zone 

is entered remain purely elastic, stresses exceeding δfail cause full stiffness degradation. Hence, 
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δfail marks the starting point of the crack. The length of the cohesive process zone ρDugdale 

corresponds to the distance between the two extreme cases in which the stress rises from zero 

at the point δfail to the maximum cohesive strength σmax at point δinit. The size of this crack 

bridging zone ρDugdale can be estimated according to Dugdale’s strip-yield model [88]. 

 

 𝜌𝐷𝑢𝑔𝑑𝑎𝑙𝑒 = 𝜋8 ∙ ( 𝐾𝐼𝐶𝜎𝑚𝑎𝑥)2 14 

 

Johanns et al. [123] have shown the breakdown of linear elastic fracture mechanics (LEFM) 

when ρDugdale becomes a significant percentage of the crack length of a CCT specimen. In this 

case plasticity plays a predominant role and the input fracture toughness is underestimated. 

This indicates that only in cases where ρDugdale approaches zero a cohesive zone model can 

reproduce the desired input fracture toughness. The use of an effective crack length aeff has 

been found to correct for process zone influences by adding the size of the process zone ρDugdale 

to the length of the crack a [88, 123, 131]. Dugdale’s process zone correction applies to CCT 

geometry only. The fracture toughness estimate, however, remains within 95% of the input 

value when the size of the process zone ρDugdale is smaller than 10 % of crack length a [123]. 

For computation the sharp transition in the TS law at σmax can cause convergence problems as 

unstable softening and crack propagation initiates. A viscous regularization adds additional 

energy dissipation µ to the computation and can help to stabilize the tangent stiffness of the 

softening material for small time increments [137, 155]. The viscosity µ, however, is an artificial 

term which has no physical meaning. The amount of added energy has to be as little as possible 

as it adds excess energy to the system, which can heavily affect the mechanical response. As a 

consequence the viscosity term should not exceed some percent of the total physical energy 

within the system [152, 155]. An appropriate choice of µ can be cross checked by analyzing the 

response of a single cohesive element regarding element overloading [123]. 

In the recent years cohesive zone FEA investigations of the indentation cracking process along 

median-radial plane have clarified how the elastic-plastic material behavior, described by the 

E/H ratio, influences the evolving crack pattern (i.e. median, radial, half-penny or Palmqvist 

geometry) and the correlation of it to fracture toughness KIC (via gauge factor α in LEM model). 

It was found α depends among others on the indenter geometry, the E/H ratio and the Poisson’s 

ratio ν [95, 116, 123, 151]. Yet, the indentation cracking process in pressure sensitive materials 

such as oxide glasses has, to the best of the author’s knowledge, not been studied so far.  
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4. List of Publications 

The cumulative dissertation summarizes the essential scientific findings reported in the peer-

reviewed publications listed below. The publications themselves are attached as full-text in the 

chapter “9.2 List of selected reprints” at the end of this dissertation. 

 

Publication A: 

Constitutive modeling of indentation cracking in fused silica 

Sebastian Bruns, Kurt E. Johanns, Hamad ur Rehman, George M. Pharr, Karsten Durst 

Journal of the American Ceramic Society, 2017. 100(5): p. 1928-1940. DOI: 10.1111/jace.14734 

 

The elliptical yield surface of fused silica was implemented into ABAQUS using the cap section 

of modified Drucker-Prager cap plasticity. The yield strength under hydrostatic compaction was 

defined based on diamond anvil cell literature data. Densification hardening was linearly 

approximated. The yield strength under pure shear was determined based on nanoindentation 

load-displacement data for various tip geometries. The indentation cracking response of fused 

silica was modelled with cohesive zones aligned along the indenter edges to model median-

radial cracking. In a comparative study to von Mises plasticity (which considers volume 

conservative shear flow only) the influence of densification on radial crack extension and the 

applicability of Lawn, Evans and Marshall model was investigated. Densification was found to 

reduce the radial crack extension. The fracture toughness, however, has been overestimated for 

both constitutive relations using gauge factors from literature.  

 

Publication B: 

Indentation Densification of Fused Silica assessed by Raman Spectroscopy and 
constitutive Finite Element Analysis 

Sebastian Bruns, Tobias Uesbeck, Sindy Fuhrmann, Mariona Tarragó Aymerich, Lothar Wondraczek, 

Dominique de Ligny, Karsten Durst 

Journal of the American Ceramic Society, 2020. 103(5): p. 3076-3088. DOI: 10.1111/jace.17024 

 

The indentation densification field of fused silica was investigated with Raman spectroscopy for 

various indent sizes. In the course of this the influence of averaging over a structural 

(densification) gradient within the Raman laser spot was studied. The maximum densification 
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achievable by indentation testing was determined and a rule of thumb for choosing an 

appropriate indent size for Raman spectroscopical investigations has been proposed. Moreover, 

the stress field beneath the indenter was evaluated using Finite Element Analysis. For this 

purpose the constitutive relation for fused silica based on Drucker-Prager cap plasticity has been 

improved by implementing sigmoidal densification hardening and thus densification saturation. 

A good reproduction of the experimental indentation densification field was achieved.  

 

 

Publication C: 

Fracture toughness determination of fused silica by cube corner indentation cracking and 
pillar splitting 

Sebastian Bruns, Laszlo Petho, Christian Minnert, Johann Michler, Karsten Durst 

Materials & Design, 2020. 186: p. 108311. DOI: 10.1016/j.matdes.2019.108311. 

 

For the first time the pillar splitting technique was applied to oxide glass. Micro pillars have 

been prepared on a fused silica wafer with a lithographic method. The micro pillars were 

splitted with cube corner tip geometry into three fragments fitting the model assumptions. 

Conventional indentation cracking was performed on the fused silica wafer, too. The gauge 

factors required to convert splitting loads or crack lengths into fracture toughness were 

delivered by Cohesive Zone Finite Element Analysis. The influence of densification on the 

cracking response was investigated comparing two constitutive relations, von Mises and 

Drucker-Prager cap plasticity. Densification has been found to reduce the radial crack extension 

in case of indentation cracking, whereas it plays a negligible role in case of pillar splitting. 

Moreover electron beam irradiation was found to influence testing inside the SEM. Enhanced 

fracture properties were found under irradiation.   
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5. Synopsis of Publications 

The following section provides a synopsis of the published articles where a brief overview of 

the main results is given. The present work focuses on the cracking behavior of oxide glasses. 

Plastic deformation in those glasses can either be carried via volume conservative shear flow or 

inelastic densification [8, 10, 36]. In this context densification has been attributed to hinder 

median/radial crack extension [8, 89, 96] and enhanced fracture properties of certain glasses 

have been attributed to densification contribution [12, 17]. A quantification of the densification 

effect, however, remains unknown. In this study, the FEA aims to close this gap. 

Fused silica is an anomalous oxide glass system with a densification ability of up to 21 % [46-

48, 139]. The densification behavior of vitreous silica has widely been studied in literature [46, 

52, 53], which makes it a perfect model system for densifying oxide glasses to study the effect 

of densification on the indentation (cracking) behavior.   

 

5.1. Computational Methods and Models 

 

 

Figure 23: Six-fold FEA models for pillar splitting (left) and indentation cracking (right). The cohesive zone is visualized 

in dark grey with a light grey radial crack propagating along the plane. 

 

The indentation behavior of fused silica was simulated using the commercial FEM solver 

ABAQUS [137]. A two-dimensional axisymmetric model was used to model the load-

displacement response as used in publications A and B. Indentation cracking and pillar splitting 

experiments in publications A and C were modelled three dimensional to account for the 

pyramidal nature of the corresponding indenter tip geometry. The indenter symmetry was taken 
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into consideration, hence only a six-fold segment was modelled. A plane of cohesive elements 

was aligned to the indenter edge to enable the simulation of median/radial cracking (Figure 

23).  

 

5.2. Implementation of Densification in FEA 

 

 

 

Figure 24: a) Nanoindentation load displacement curves (open circles) are fitted to calibrate d, the yield strength 

under pure shear, exemplarily shown for Berkovich indentation. b) The final Drucker-Prager-Cap in p-q plane 

including sigmoidal densification behavior as input for yielding under hydrostatic compression (blue). With starting 

densification, pb shifts towards higher pressures as indicated by the “densification hardening” labelled arrow. The 

DPC calibration with linear densification hardening implementation and von Mises plasticity are sketched as dashed 

and dotted lines for comparison.  
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Kermouche’s approach of an elliptical yield surface of fused silica [18] was implemented into 

ABAQUS using the cap yield surface Fc of Drucker-Prager cap plasticity as depicted in section 

3.1.2. The two parameters required to define the ellipsis are the yield strength under hydrostatic 

compaction pb and under pure shear d. The hydrostatic compaction yield strength is set based 

on diamond-anvil cell data from literature [18, 46-48]. Densification hardening was 

approximated by linear densification hardening in publication A, whereas the sigmoidal 

densification hardening behavior (Figure 3) was realized with a stepwise linear implementation 

in publication B. Doing so, also densification saturation has been implemented. The more 

detailed representation of the sigmoidal densification hardening behavior causes that 

densification starts at a lower hydrostatic compaction, pb (Figure 24b). In this manner a 

hydrostatic pressure of 8 GPa, which corresponds well to the onset of densification reported in 

literature [18, 46, 47, 58], was used in the sigmoidal densification hardening approach whereas 

densification initiates at 11.5 GPa in the linear approximation. The second required input, the 

yield strength under pure shear, is estimated based on fitting nanoindentation load-

displacement curves (Figure 24a), as suggested by Kermouche et al. [18]. For both approaches 

a similar d value of 7.5 GPa, in good accordance with literature [18, 56, 156], was determined.  

 

5.3. The Indentation Densification Field  

The macroscopic load-displacement behavior is reproduced remarkably well with both DPC 

approaches, the linear and sigmoidal densification hardening, and even the volume 

conservative von Mises plasticity exhibits only a small offset (Figure 24). In the indentation 

densification field, however, the differences in the densification hardening behavior become 

visible. As the linear isotropic hardening approach does not consider densification saturation, 

densification could theoretically continue unlimited. As a result densification values of up to 

170 % are reached in indentation center (Figure 25, left side). Using the sigmoidal densification 

hardening an indentation densification maximum in the order of 18 % is found at the indent 

center (Figure 25, right side). This value is well below the saturation densification of fused silica 

(21 %) and in good accordance with experimental data from literature [18, 51, 128, 129]. 

Moreover, the densification field exhibits a larger extension at a similar penetration depth as 

densification initiates earlier due to the smaller onset of densification, expressed in the pb value.   
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Figure 25: FEA densification profile beneath the impression of a Berkovich equivalent cone with an opening angle of 

70.3° in fused silica (side view) after unloading. Drucker-Prager-Cap plasticity with linear (left) and sigmoidal (right) 

densification behavior are compared. The densification was visualized in ABAQUS using the PEQC4 parameter at a 

similar penetration depth. The scale was chosen to represent the max. nodal output of the sigmoidal approach. The 

dashed box provides a scale oriented on the max. nodal output of the linear hardening model.  

 

The indentation densification field was investigated experimentally using Raman spectroscopy. 

A quantification of densification via macroscopic methods such as Archimedes principle (as used 

for bulk densified glass samples from diamond anvil cell experiments) is not applicable as 

indentation testing creates a local densification gradient in the contact zone. The application of 

Raman Spectroscopy to this structural gradient, however, is by no means trivial. The Raman 

spectrum is delivered from a finite volume element given by the Raman laser spot size. For 

small indents with respect to the size of the Raman laser spot, the obtained spectrum stems 

from information averaged over a structural gradient. As a result, the densification gradient is 

smeared. 

The problem of structural averaging for various indent sizes is studied in publication B. A depth 

profiling technique (Z-scan) at the indent center is used to determine the position of the most 

densified region within the indent. The Raman spectra were analyzed according to Deschamps 

et al. [48, 58] to determine the main band half integral parameter σ (Figure 9). The Z-scans 

exhibit an initial increase in σ, followed by a maximum and a subsequent decrease. The scans 

started focused at the pristine surface level which implies primary focus position located slightly 

above the surface at indent center. The maximum in σ is related to the most densified region 

and, finally, σ decreases following the densification gradient beneath the indent (Figure 26). 
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Figure 26: a) Raman Z-scan at the center of Vickers indentations in fused silica for a variety of indentation loads. Δσ 

is larger in big indents, i.e. at higher loads. The hatched regions represent the positions of the residual indentation 

depth hr taking the error on the determination of the surface level into account. The Raman spectra (baseline 

corrected and normalized) at maximum position (indicated by a star) are shown in b). A reference spectrum of the 

pristine fused silica surface is shown in black. The spectra of 5 N and 10 N are almost identical. 

 

 

The main band shift Δσ is calculated from the Z-scan maximum σ value and a reference scan on 

the pristine fused silica surface. Figure 26a shows that larger band shift Δσ are observed in larger 

indents, i.e. at high indentation loads. Within the indent the Raman laser spot interacts with a 

densification gradient. For a given laser spot size averaging over a gradient is more pronounced 
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in small indents, which also becomes noticeable in the Raman spectra presented in Figure 26b. 

It can be seen that the main band shifts towards larger wavenumbers with increasing indent 

size, i.e. indentation load. Thus, a more pronounced band shift (and with it densification) can 

be resolved with increasing indentation load. This effect becomes even more obvious plotting 

the Raman evaluated densification (calculated via Equation 3) for various indent sizes as a 

function of the normalized interaction volume size, expressed by ratio r/hr: the Raman laser 

spot divided by the residual indent penetration depth (Figure 27). For this operation the Raman 

laser spot radius r was assumed to correspond to a sphere and the residual indentation depth 

hr was used as easy accessible measure for the size of the indentation. The Raman evaluated 

densification increases with decreasing r/hr ratio. For r/hr values smaller than 0.3 the obtained 

Raman evaluated densification converges to a value of 18.4 ±0.8 %, indicating that a 

homogeneously densified region is probed (Figure 27). This observation agrees well with the 

Raman spectra in Figure 26b, where no further band shift can be noticed between 5 and 10 N 

indentation load. For a given Raman set-up this indicates that the residual depth of the 

indentation hr has to be more than three times larger as the laser spot size r in order to resolve 

the densification maximum of 18.4 % which is present at indent center. This value agrees well 

to the densified region estimated via FEA. 

 

 

Figure 27: The Raman evaluated densification at indent center as a function of the laser spot size r normalized by the 

residual indentation depth hr. The maximum densification evaluated via Raman spectroscopy is plotted as dashed 

white line with the corresponding standard deviation as light grey background.  
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The FEA analysis of stress trajectories in p-q plane enables to study the link between the stress 

state and the deformation processes present upon indentation. The example provided in Figure 

28a shows the stress evolving in a single element at indent center while loading.  

 

 

 

Figure 28: a) Stress trajectory of a single element at indent center while loading with the eq. cone of 

Berkovich / Vickers geometry. b) The progress of densification evolving during indentation, including the data from 

DAC for comparison. 

 

Initially the material deforms only elastic with a stress below the yield surface. Yielding, and 

with it densification, initiates once the yield surface is surpassed at a hydrostatic pressure of 

2 GPa roughly. Compared to DAC densification initiates in the indentation experiment at an 

about 6 GPa lower hydrostatic stress (Figure 28b). Densification at lower hydrostatic stresses 

can be attributed to the shear component present in indentation testing. With ongoing 
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penetration the stress trajectory (Figure 28a) propagates almost horizontical along the p axis, 

while the densification saturates at a value of about 18 % at a corresponding hydrostatic 

pressure of 9.3 GPa. Interestingly this value corresponds almost to the indentation hardness of 

fused silica. This can be understood by Johnson’s expanding cavity model [157]. A hydrostatic 

core develops at indent center and pressure within this core region is limited by the mean 

contact pressure (i.e., the indentation hardness). Therefore, also the densification below the 

indent is limited. In Raman spectroscopy the hydrostatic core becomes noticeable as 

homogeneousely densified region as it was found for r/hr values smaller than 0.3 in Figure 27.  

 

5.4. Consequences of Densification for Cracking 

Constitutive FEA modelling with cohesive zones was used to study the influence of densification 

on indentation cracking (publication A and C). Volume conservative shear flow was modelled 

with von Mises plasticity whereas Drucker-Prager cap plasticity, as introduced in section 5.2, 

was used to implement inelastic densification.  

 

5.4.1. Indentation Cracking  

 

 

Figure 29: Crack pattern along the cohesive plane generated by Berkovich indentation. A median crack develops 

during loading (blue), extending to a radial crack after unloading (grey).  
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To study indentation cracking a crack path is predefined by the plane of cohesive elements. For 

indentation cracking this plane is aligned along the edges of a pyramidal indenter to model 

cracking along the median-radial crack plane (as shown in Figure 23). The crack length can be 

analyzed according to the Lawn, Evans and Marshall model [105]. The indentation cracking 

behavior was studied for a variety of pyramidal indenter geometries. Most indenter geometries 

generate a median crack during loading, which extends to a radial crack when the compressive 

stresses in the vicinity of the contact vanish (Figure 29). The only exception is the sharp cube 

corner geometry, where the radial crack is directly generated during loading and the shape of 

the crack is unaffected by unloading. This effect can be attributed to the plastic zone which 

reaches the surface for cube corner geometry and reduces the compressive stresses in the 

vicinity of the contact. 

For all examined indenter geometries densification was found to reduce both the median and 

the radial crack extension (Figure 29). This effect is more pronounced for blunter indenters (i.e. 

Berkovich) where the plastic zone is more confined, but also noticeable for sharp cube corner 

indenter tips. Crack opening in the median-radial plane is evoked by the hoop stresses acting 

normal to the crack plane. The hoop stress distribution exhibits distinct differences for both 

constitutive relations (Figure 30). The hoop stress maximum upon Berkovich indentation is 

reduced by about 20 % if densification is considered in the constitutive relation, hence the 

driving force for crack extension is reduced. 

 

 

Figure 30: Hoop stress distribution along the cohesive plane for both constitutive relations: a) Drucker-Prager cap 

plasticity (shear flow and densification) and b) von Mises plasticity (shear flow only). 
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The indentation fracture toughness can be estimated based on the radial crack extension c, 

following the approach by Lawn, Evans and Marshall [105]. The LEM relationship (Equation 

5) predicts a linear relationship between the crack length c3/2 and the indentation load P. This 

linear scaling was found for all examined indenter geometries (Figure 31). In the LEM model a 

gauge factor α is required to correlate indentation fracture toughness to the conventional 

fracture toughness KIc. The FEA model is used to review this gauge factor for fused silica. As 

densification provokes a reduction of the crack extension, Drucker-Prager cap plasticity 

approach exhibits a smaller slope in Figure 31. As a consequence, α factors of 0.055 and 0.052 

are determined for von Mises and DPC plasticity using cube corner indenter geometry. A similar 

tendency was obtained for the blunter Berkovich geometry. The data is summarized and 

compared to α values from literature in Table 1. 

 

Table 1: Indentation cracking gauge factors as determined by FEA. 

Indenter geometry αLiterature αVon Mises αDrucker-Prager cap 

Berkovich / Vickers 0.016 [95, 106] 0.011 ±0.001 0.009 ±0.001 

Cube Corner 0.032 - 0.054 [93, 107-110] 0.055 ±0.002 0.052 ±0.002 

 

 

 

Figure 31: Indentation cracking results for cube corner tip geometry in fused silica. Densification reduces the crack 

length, hence slightly smaller crack extensions can be determined with Drucker-Prager-Cap plasticity (dark grey). 

 

The α estimates from FEA are located at the upper end of the α range reported for cube corner 

geometry and do not reach the values reported for Berkovich geometry in literature (Table 1). 
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Those deviations are noticeable regardless of the constitutive relation used in FEA, hence they 

are no effect of densification alone. Recent studies [95, 111] renounce the general validity of 

the gauge factor α and emphasize that α depends on the elastic plastic material properties such 

as E, H and ν. Therefore, the FEA estimate represents the gauge factors inherent for fused silica. 

 

 

Figure 32: Indentation cracking in fused silica. Multiple crack systems are activated by Berkovich indentation (a). 

Radial cracking dominates Cube Corner indentation (b) but is to about 90 % accompanied by chipping (c). 

 

In an indentation experiment the failure pattern of fused silica is more complex as assumed in 

FEA. A mixture of various crack systems is active upon Berkovich indentation testing (Figure 

32a) but a fracture toughness treatment according to Lawn, Evans and Marshall [105] is only 

applicable to indents which exhibit pure radial cracking. Each simultaneously active crack 

system consumes energy, which impedes the radial crack extension. As a consequence, fracture 

toughness would be overestimated. For this reason it is not feasible to apply LEM approach to 

Berkovich indents. The FEA determined gauge factor α, therefore, remains of a theoretical 

nature. The use of sharper indenters, i.e. cube corner geometry, triggers radial cracking which 

unifies the crack pattern (Figure 32b). Those indentations, however, are mostly accompanied 

by chipping (Figure 32c), so new approaches are welcome.  
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5.4.2. Micro Pillar Splitting  

The pillar splitting technique developed by Sebastiani and coworkers [19, 20] overcomes some 

of the previous mentioned problems of indentation cracking. It relies on median crack formation 

during loading only, hence the variety of crack systems emerging in the unloading step during 

conventional indentation testing (and their time and humidity dependence [117]) can be 

avoided. The micro pillar used for pillar splitting in this study were prepared via Deep Reactive 

Ion Etching (DRIE). In contrast to FIB milling, where Ga+ ions are used to mill a circular trench 

around the micro pillar, the entire surrounding surface level is lowered with DRIE and only the 

micro pillar remains without the implementation of Ga. The indentation experiments were 

performed at the micro pillar center using cube corner tip geometry causing pillar splitting at 

loads up to 20 mN, well below the chipping initiation load. Investigations inside the SEM have 

shown that the micro pillar were splitted into three fragments according to the model 

assumptions of a median crack extension (Figure 33). 

 

  

Figure 33: Pillar splitting experiment inside SEM. a) The cube corner tip is carefully aligned in the center above the 

micro pillar. b) After splitting only a single 1/3 fragment remained close to the previous pillar location.  

 

Pillar splitting experiments were performed for micro pillar radii ranging from 2.25 to 3.25 µm. 

The splitting event is associated with a sudden displacement bursts at the instability load. Two 

representative load displacement curves related with the largest and smallest pillar diameter 

within the test series are plotted in Figure 34. The average instability load for the given micro 

pillar geometry is sketched as dashed line. 
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Figure 34: Representative load displacement curves for the largest (green) and smallest (blue) micro pillar geometry 

within the test series. The average instability loads for the given geometries are sketched as dashed lines.  

 

A derivation of fracture toughness from pillar splitting experiments requires knowledge of the 

materials gauge factor γ. The dependence of γ on the E/H ratio has been widely studied in 

literature [20, 118]. Those FEA studies, however, rely on volume conservative von Mises 

plasticity and the influence of fused silica’s densification ability on parameter γ remains unclear. 

For this reason the influence of densification on γ was investigated in a comparative FEA study 

using the Drucker-Prager cap model for fused silica, as introduced in section 5.2, and von Mises 

plasticity.  

 

Table 2: CZ FEA results for Indentation cracking and pillar splitting experiments 

Constitutive Model HOP[GPa] E/H γ 

Von Mises 10.05 6.96 0.486 ±0.007  

Drucker-Prager-Cap 9.60 7.29 0.490 ±0.007 

 

The load displacement curves derived in the cohesive zone FEA study are very similar for both 

constitutive descriptions. In this manner γ parameter of 0.486 and 0.490 were determined for 

von Mises and Drucker-Prager-Cap plasticity, respectively (Table 2). The uncertainty of this 

estimate can be assessed introducing the size of a single cohesive element (which roughly 

corresponds to the process zone size) as uncertainty for the micro pillar radius R. This has an 

effect of ±0.007 on γ. Hence, it can be concluded that the choice of the constitutive description 
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has a negligible effect on the pillar splitting response of the material. This behavior can be 

attributed to the vanished constraining effect of surrounding material when the micro pillar 

were cut free. This agrees well to observations on micro pillar compression experiments were 

densification was found to be less pronounced compared to indentation experiments [56]. 

 

5.4.3. Fracture Toughness from Indentation Cracking Techniques 

The cohesive zone FEA has delivered a set of gauge factors to determine the fracture toughness 

from indentation cracking and pillar splitting experiments using Equations 5 and 7. The results 

are shown in Figure 35 and depict that both techniques are capable to deliver fracture toughness 

values in good accordance with the experimental fracture toughness range of 0.58 to 

0.78 MPa m1/2 reported for fused silica in literature [87, 90-94]. Densification plays a negligible 

role in pillar splitting experiments and has only a small effect in indentation cracking. Hence, 

densification is not alone responsible for deviations between the FEA determined gauge factors 

(α) and values reported in literature, as a significant offset was observed for both constitutive 

models. Those results emphasize that a general validity of a single gauge factor α for all kinds 

of material classes is not given, which is in good accordance to recent reports in literature [95, 

111, 114, 116]. For this reason it is worth thinking about treating α as a function of the material’s 
E/H ratio: α(E/H), similar as it is done with γ(E/H) in the evaluation of pillar splitting 

experiments.  

 

 

Figure 35: Fracture toughness estimated using the gauge factors from cohesive zone FEA. The fracture toughness 

range for fused silica reported in literature [87, 90-93] is sketched light grey in the background. 
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5.4.4. Fracture Behavior of the Sodium Aluminoborosilicate Glass NBS2  

As an outlook for this thesis the correlation of glass topology and the mechanical response was 

investigated in a series of sodium aluminoborosilicate glasses. In collaboration with FAU 

Erlangen-Nürnberg6 a series of glasses was prepared in which the NBS ratio (74 SiO2-20.7 B2O3-

4.3 Na2O in mol%) was kept constant while the Al2O3 content was successively increased from 

1.0 to 4.0 mol%. Here the glass with an Al2O3 content of 1. 0 mol% is referred to as conventional 

NBS2 glass. For comparison with earlier studies [17] a quenched condition of the conventional 

NBS2 glass was prepared as well. The mechanical response was studied via nanoindentation 

testing. The study was accompanied by NMR, Brillouin and Raman spectroscopy by FAU 

Erlangen5 to investigate the correlation between mechanics and glass topology.  

The structural investigations reveal that Al is mainly four-fold coordinated, so Al2O3 serves as 

network former in the NBS2 glass. Doing so Al is preferred for charge compensation of the Na+ 

species. This indirectly influences the boron coordination where the majority of the four-fold 

boron is transformed into three-fold B units due to the lack of remaining Na+ [158]. As a 

consequence, more flexible trigonal borate units are formed with increasing Al2O3 content. Due 

to its planar nature the stiffness of the glass network is reduced which manifests in lower H and 

E values [27, 28, 159]. In this manner an increasing Al2O3 content has a similar effect on the 

mechanical properties as it was found for increased cooling rates, i.e. quenching, in NBS2 glass. 

The fracture response of those glasses was studied with various indenter tip geometries. 

Multiple crack systems were activated upon indentation with blunt indenter geometries 

whereas indentation with sharp cube corner geometry was found to unify the crack pattern by 

triggering radial cracking in a similar manner as it was found for fused silica (Figure 32). Since 

most radial cracks were accompanied by chipping, a fracture toughness estimate according to 

LEM approach [105] was not feasible. Instead, the crack initiation resistance was determined 

following the approach by Wada et al. (Figure 12) [102] but with the modification that already 

a single crack present on the indent was counted as 100 % damaged. Hence, the fracture 

probability was estimated by referring the number of damaged indents to the total number of 

indents for a given load. 

The fracture probability profiles (Figure 36) were fitted with a sigmoidal function to determine 

a crack resistance (CR), defined as the corresponding load for 50 % fracture probability. The 

furnace cooled conventional NBS2 glass exhibits the lowest cracking threshold value whereas 

quenching shifts the threshold values towards higher loads as reported in the literature [17]. 

                                                
6 Institute of Glass and Ceramics, Friedrich-Alexander Universität Erlangen-Nürnberg, Germany 
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Al2O3 addition a similar effect as quenching. The NBS2 glass containing 4.0 mol% Al2O3 exhibits 

the largest CR even though it was processed in furnace cooled condition. 

 

 

Figure 36: Fracture probability for three representative NBS2 glasses tested with cube corner geometry. 

 

Enhanced crack initiation properties of the quenched state have in literature been attributed to 

both an increased interconnectivity between the borate and silicate subnetworks and the 

smaller packing density and the accompanied larger densification ability within the quenched 

NBS2 glass [17]. Therefore, the deformation behavior of the three representative NBS2 

conditions presented in Figure 36 was investigated in a comparative Raman study of spectra at 

indent center and those of the pristine glass, exemplarily shown for the 4.0 mol% Al2O3 NBS2 

glass in Figure 37.  

The Raman spectra exhibit a shift of the silica main band (200 to 600 cm-1) towards larger 

wavenumbers but also changes in the borate unit configuration upon indentation (760 to 

805 cm-1), hence deformation is carried by both subnetworks within the glass. Therefore, it is 

questionable whether an analysis of the silica main band shift according to Deschamps et al. 

[48, 58] is able to accurately represent the densification ability of borosilicate glass. 

Nevertheless, a Δσ in the order of 40 cm-1 was determined for all three NBS2 conditions. This 

indicates that the densification contribution to the indentation deformation behavior is almost 

identical within whose glasses. Variations in the densification ability are too small to be 

responsible for the large improvements in the crack initiation resistance. This agrees well to the 

FEA results on fused silica, where a densification of 18 % reduced the crack length by less than 

10 % (with cube corner geometry), especially when it is kept in mind that borate glasses exhibit 
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a significantly lower densification ability than pure vitreous silica [46]. This indicates that the 

enhanced crack initiation properties shall rather be attributed to a shear softening effect evoked 

by the reduced three dimensionality of the boron network than to an enhanced densification 

ability. 

 

 

Figure 37: Indentation induced changes in the Raman spectra of furnace cooled NBS2 glass (4 mol% Al2O3). The black 

curve represents the pristine bulk condition while the red curve is measured at indent center. The SiO2 main band is 

located between 200 and 600 cm-1. Moreover, boroxol- (805 cm-1) and tri- or diborate units (~770 and 760 cm-1) are 

observable.    



  

52 

  



   

Summary and Conclusion  53 

6. Summary and Conclusion 

The fracture behavior of oxide glasses during indentation is strongly linked to the processes 

that accommodate plastic deformation within the material, i.e. shear flow or densification. 

Therefore, knowledge of the link between the predominant deformation processes and the glass 

topology is essential to engineer new ultra-strong glasses. The DFG priority program “SPP 1594 

– Topological Engineering of Ultrastrong Glasses”, in which context this PhD thesis was carried 

out, aims to address this topic for a wide variety of glass systems. In the context of oxide glasses 

an improved fracture resistance has often been attributed to the glasses densification ability 

[12, 14, 17, 104]. It is, however, not straightforward to prove this correlation. In this thesis the 

indentation response of oxide glasses was studied using a constitutive finite element analysis 

approach with fused silica as model system. FEA was accompanied by experimental 

nanoindentation testing with a wide variety of indenter geometries and loading conditions. The 

FEA modelled indentation densification field was compared to experimental observations using 

band shifts in Raman spectroscopy. Furthermore, cohesive zone FEA models were used to 

investigate the influence of densification on indentation cracking.  

The densification behavior of fused silica was successfully described by the cap section of 

modified Drucker-Prager cap plasticity in FEA. The densification hardening behavior was 

implemented into FEA with a linear (publication A) and a sigmoidal approach (publication B). 

Sigmoidal densification hardening is capable to reproduce the experimental findings of a 

maximum densification in the range of 18 % at indent center for Berkovich or Vickers geometry. 

This indicates that full densification of 21% as obtained under hydrostatic compaction in DAC 

experiments cannot be reached using indentation testing. According to Johnson’s expanding 

cavity model stresses within the hydrostatic core are limited by the hardness of the material 

and the homogeneously densified region resolved via Raman spectroscopy at the center of large 

indents is likely to be attributed to this limit of the hydrostatic stress component. 

The influence of densification on cracking is controversially discussed in literature [11, 12, 89, 

96, 104]. The cohesive zone FEA modelling of the indentation cracking process (publication A 

and C) has revealed that densification reduces the radial crack extension by 10-20 % 

(depending on the tip geometry). This effect is significantly smaller than crack resistance 

improvements (of up to several hundred percent) as they have been reported in literature [12, 

14, 15, 17, 104] or the CR improvement that was observed in the sodium aluminoborosilicate 

glasses series within the present study (Figure 36). At this point it is worth to mention that the 

CR concept addresses crack initiation whereas the cohesive zone FEA approach is capable to 

model crack propagation only. So, it remains unclear to which extent the FEA finding can be 
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transferred to understand the significant CR improvements observed in some oxide glasses. It 

can be stated, however, that densification alone cannot explain the CR increase in oxide glasses. 

In this context it has already been found that besides shear flow and densification also phase 

effects may play a significant role in multi-component glasses [13]. Yet, it has already been 

stated in literature that the crack resistance is not a criterion for a better fracture toughness in 

oxide glasses. Structural changes which are beneficial for crack initiation may even be 

disadvantageous in terms of fracture toughness as a measure of the crack propagation resistance 

[3, 26, 160].  

A quantification of fracture toughness according to LEM approach has received much criticism, 

specifically in the context of densifying oxide glasses [3, 12, 13]. Yoshida stated that the term 

(E/H)1/2 may not cover densification effects as there is no direct correlation between the 

densification ratio and the hardness of the glass [12]. Hence, it may be expected that gauge 

factor α determined from cohesive zone FEA differs from the literature value in case 

densification is considered in the model. However, an offset between αliterature and αFEA was found 

for both constitutive descriptions, pure shear von Mises and densifying Drucker-Prager Cap 

plasticity (Table 1). Those results indicate that a material independent validity of α (as assumed 

in earlier studies [106]) is not given. The densification process only induces a further reduction 

of α but is not alone responsible for the deviations between αliterature and αFEA. Those results 

suggest that α needs to be determined for each material individually. This agrees well to 

observations that LEM approach offered a good correspondence with materials included in the 

calibration procedure (soda-lime glass), but offered significant offsets for others [3]. For 

Berkovich geometry, the αF estimate remains of a theoretical nature since pure radial cracking 

cannot be observed experimentally. This observation agrees well with reports in literature that 

the anomalous nature of fused silica impedes median-radial crack formation [89]. Yet 

indentation with sharper cube corner indenters was found to trigger radial cracking even 

though densification was observable in those indents as well. The contact situation, however, 

is less confined and the shear component is larger which leads to a cracking behavior similar to 

normal glasses. This makes the cube corner geometry likely capable to unify the variety of crack 

patterns emerging upon indentation in oxide glasses [101]. Cube corner indentation is therefore 

a good approach for consistently quantifying crack formation in oxide glasses. In this manner 

fracture toughness data in good accordance with literature [87, 90-94] was found for fused 

silica using αDrucker-Prager cap for cube corner tip geometry.  

The pillar splitting technique overcomes some limitations of conventional indentation cracking 

techniques since the median crack is induced in the loading segment. A post indentation crack 

length measurement is not required, so time and humidity effects  common in oxide glasses can 
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be avoided [117]. It was initially developed for thin film materials by Sebastiani et al. [19, 20] 

and for the first time applied to fused silica glasses in the present study (publication C). The 

successful application on fused silica indicates, that micro pillar splitting is a promising small 

scale mechanical testing technique for oxide glass as well. For fused silica fracture toughness 

values in good accordance with literature were observed. However, irradiation effects inside 

the SEM have to be carefully taken into account. On the other hand pillar splitting experiments 

inside the SEM (and likely also other geometries for small scale mechanical testing; i.e. micro 

cantilever bending [20, 21]) offer the opportunity to characterize the fracture behavior of oxide 

glass under conditions which are likely to occur in modern processing routes and applications. 

The increasing demand of oxide glasses as structural and functional members in micro-

electronics highlights the significance of small scale mechanical testing methods for this class 

of materials.  
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7. Appendix 

The appendix section provides an overview of the constitutive material parameters and cohesive 

zone input values used in this thesis in a way as it is defined in the ABAQUS input (.inp) files. 

 

7.1. Publication A 

7.1.1. Constitutive description 

Drucker-Prager Cap plasticity: 

** 
*ELASTIC 
70, 0.18 
Elastic modulus E [GPa], Poisson’s ratio ν [-] 
** 
*CAP PLASTICITY 
7.5, 1E-4, 1.533333, 0.0, 1.0, 1.0 
Material cohesion d [GPa], Angle of friction β [deg], Cap eccentricity R [-], Initial cap position pa [GPa], Transition 
surface radius parameter α [-], Flow stress ratio K [-] 
** 
*CAP HARDENING 
11.5, 0 
12.5, 0.01 
Hydrostatic pressure yield stress pb [GPa], Volumetric inelastic strain [-] 
** 

 

A sketch of the modified Drucker-Prager-Cap yield surface in p-q plane is shown in Figure 21. 

 

Von Mises plasticity: 

** 
*ELASTIC 
70, 0.18 
Elastic modulus E [GPa], Poisson’s ratio ν [-] 
** 
*PLASTIC 
7.5, 0.0 
Yield stress [GPa], Plastic strain [-] 
** 
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7.1.2. Cohesive zone definition 

** 
*COHESIVE SECTION, ELSET=COHESIVE_ELEMENTS, MATERIAL=C_ELEM, RESPONSE=TRACTION 
SEPARATION, CONTROLS=CTRLS, THICKNESS=SPECIFIED 
1.0 
Initial constitutive thickness of the cohesive element [µm] 
** 
*SECTION CONTROLS, NAME=CTRLS, VISCOSITY=1E-5 
** 
*MATERIAL, NAME=C_ELEM 
*ELASTIC, TYPE=TRACTION 
1E4, 1E4, 1E4 
Penalty stiffness components Enn [GPa], Ess [GPa], Ett [GPa] 
*DAMAGE INITIATION, CRITERION=MAXS 
0.3, 5, 5 
Maximum nominal stress in the normal-only mode [GPa], Maximum nominal stress in the first shear direction 
[GPa], Maximum nominal stress in the second shear direction [GPa] 
*DAMAGE EVOLUTION, TYPE=ENERGY, SOFTENING=LINEAR 
0.0125 
Fracture energy [GPa µm] 
** 

 

Besides 0.0125 GPa µm also values of 0.0062 and 0.025 GPa µm were used as fracture energy 

input for DAMAGE EVOLUTION in publication A to analyze different fracture toughness values.  

 

7.2. Publication B 

7.2.1. Constitutive description 

Drucker-Prager Cap plasticity with sigmoidal densification hardening: 

** 
*ELASTIC 
70, 0.18 
Elastic modulus E [GPa], Poisson’s ratio ν [-] 
** 
*CAP PLASTICITY 
 7.5, 1E-4, 1.06666, 0.0, 1.0, 1.0 
Material cohesion d [GPa], Angle of friction β [deg], Cap eccentricity R [-], Initial cap position pb [GPa], Transition 
surface radius parameter α [-], Flow stress ratio K [-] 
*CAP HARDENING 
8.0, 0.0 
9.0, 0.0098 
10.0, 0.017 
11.0, 0.0288 
12.0, 0.0467 
13.0, 0.0715 
14.0, 0.1011 
15.0, 0.1314 
16.0, 0.1577 
17.0, 0.1773 
18.0, 0.1905 
19.0, 0.1987 
20.0, 0.2035 
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21.0, 0.2063 
22.0, 0.2079 
23.0, 0.2088 
24.0, 0.2093 
25.0, 0.2096 
Hydrostatic pressure yield stress pa [GPa], Volumetric inelastic strain [-] 
** 

 

The Drucker-Prager Cap plasticity with linear densification hardening relies on the same 

definition as used for Drucker-Prager Cap plasticity in publication A. 

 

7.3. Publication C 

7.3.1. Constitutive description 

Drucker-Prager Cap plasticity: 

** 
*ELASTIC 
70, 0.18 
Elastic modulus E [GPa], Poisson’s ratio ν [-] 
** 
*CAP PLASTICITY 
7.5, 1E-4, 1.533333, 0.0, 1.0, 1.0 
Material cohesion d [GPa], Angle of friction β [deg], Cap eccentricity R [-], Initial cap position pb [GPa], Transition 
surface radius parameter α [-], Flow stress ratio K [-] 
** 
*CAP HARDENING 
8.0, 0.0 
9.0, 0.0098 
10.0, 0.017 
11.0, 0.0288 
12.0, 0.0467 
13.0, 0.0715 
14.0, 0.1011 
15.0, 0.1314 
16.0, 0.1577 
17.0, 0.1773 
18.0, 0.1905 
19.0, 0.1987 
20.0, 0.2035 
21.0, 0.2063 
22.0, 0.2079 
23.0, 0.2088 
24.0, 0.2093 
25.0, 0.2096 
Hydrostatic pressure yield stress pa [GPa], Volumetric inelastic strain [-] 
** 

 

The von Mises plasticity input relies on the same definition as used for von Mises plasticity in 

publication A. 
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7.3.2. Cohesive zone definition 

** 
*COHESIVE SECTION, ELSET=COHESIVE_ELEMENTS, MATERIAL=C_ELEM, RESPONSE=TRACTION 
SEPARATION, CONTROLS=CTRLS, THICKNESS=SPECIFIED 
1.0 
Initial constitutive thickness of the cohesive element [µm] 
** 
** 
*SECTION CONTROLS, NAME=CTRLS, VISCOSITY=1E-6 
** 
*MATERIAL, NAME=C_ELEM 
*ELASTIC, TYPE=TRACTION 
1E4, 1E4, 1E4 
Penalty stiffness components Enn [GPa], Ess [GPa], Ett [GPa] 
*DAMAGE INITIATION, CRITERION=MAXS 
0.3, 50, 50 
Maximum nominal stress in the normal-only mode [GPa], Maximum nominal stress in the first shear direction 
[GPa], Maximum nominal stress in the second shear direction [GPa] 
*DAMAGE EVOLUTION, TYPE=ENERGY, SOFTENING=LINEAR 
0.0047 
Fracture energy [GPa µm] 
** 

 

Besides 0.3 GPa also a value of 0.5 GPa was used as maximum nominal stress in the normal-

only mode input for DAMAGE INITIATION in publication C.  
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Abstract

Fused silica shows three distinct regimes during nanoindentation, that is, plastic

deformation, inelastic densification, and cracking. Cohesive zone FEM is used to

study these regimes for different indenter geometries. In a three-dimensional

model, the median/radial cracking is considered by introducing cohesive element

planes that are aligned along the indenter edges perpendicular to the indented sur-

face. In addition to comparing indentation cracking data with experimental data,

the role of densification on indentation crack growth is critically examined using

a pressure independent von Mises and a pressure dependent Drucker-Prager Cap

constitutive model. The results show that the Drucker-Prager Cap model delivers

an accurate description of the elastic-plastic deformation conditions for all exam-

ined indenter geometries. Material densification leads to shorter crack lengths and

thus the approach by Lawn et al. (J Am Ceram Soc, 1980;63:574-581) results in

larger indentation-based fracture toughness values. Once the crack was initiated

its propagation is comparable for blunt indenter geometries (Berkovich), while

densification leads to a slower crack propagation for sharper indenter geometries.

KEYWORD S

cracks/cracking, densification, finite element analysis, fused silica, indentation

1 | INTRODUCTION

Amorphous silicates are traditionally categorized as brittle

materials due to their low fracture toughness and minimal

flaw tolerance. During uniaxial and flexural mechanical test-

ing, these properties result in failure within the elastic limit.

The failure strength is well described by flaw size, loading

conditions, and fracture toughness with limited need for

elastic-plastic constitutive descriptions.1 Strengths in amor-

phous silicates have been documented to increase through

reduction in specimen size with respect to the flaw size dis-

tribution, and are well described by stochastic weakest link

arguments.2,3 Furthermore, fracture surfaces are consistent

with unstable crack growth described by linear elastic frac-

ture mechanics (LEFM). Structural applications of silicate

glasses are thus limited by the introduction of flaws during

processing/fabrication, and lifetime prediction can be unreli-

able with abrupt failure within the linear elastic regime.

Significant plastic deformation has been observed in sili-

cate glasses under deformation conditions where tensile

stresses are suppressed, for example, diamond anvil cell

(DAC),4 micropillar compression,5 and pyramidal indenta-

tion experiments.6-8 Neely et al.7 and Arora et al.6 have clas-

sified the behavior of silicate glasses during Vickers

indentation according to their deformation mechanisms.

“Normal” glasses, for example, soda-lime silicates, exhibit

shear-driven deformation with permanent shape changes and

flow of material around the contact similar to metal plastic-

ity. The so-called “anomalous” glasses, for example, fused

silica and borosilicates, show signs of permanent densifica-

tion beneath the contact in addition to shear-driven plastic

flow.1,6,9-12 Lacroix et al.10 concluded from pillar compres-

sion experiments that volume conserving shear flow beneath

the indenter tip indirectly induces inelastic densification. Sig-

nificant hydrostatic stresses build up in the confined material

which results in material densification. If free plastic flow is
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DOI: 10.1111/jace.14734
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possible, like in pillar compression experiments, shear defor-

mation is the dominant deformation process in fused silica.

Despite these observations, few constitutive descriptions

of plastic flow in silicate glasses are found in literature.

Several constitutive models13-16 have been developed to

describe the plastic flow behavior of fused silica. First

attempts only considered volume-conservative plastic

flow.14 Enhancements were made including densification.13

Kermouche et al.15 also included densification-induced

hardening. In recent studies, Keryvin et al.16 published a

constitutive description accounting for changes in Young’s

modulus and Poisson’s ratio upon densification as well as a

saturation in densification.

Our research follows the approach by Kermouche

et al.15 They were able to reproduce both the elastic-plastic

response during indentation and the densification gradient

inside the material determined by Raman measurements.17

The phenomenological constitutive yield surface they pro-

posed for fused silica includes the second invariant of the

stress tensor, that is, the equivalent or von Mises stress as

well as the hydrostatic pressure, in a formulation similar to

the Drucker-Prager Cap plasticity models. Their model

stems from observations of permanent deformation during

pure hydrostatic compression in DAC experiments4 com-

bined with indentation hardness measurements. The yield

surface thus provides for permanent shape changes through

shear deformation and permanent volume changes through

hydrostatic pressure. From a continuum modeling perspec-

tive, permanent densification can be described by yield sur-

faces with nonassociated plastic flow rules.15,18,19

In addition to the plastic flow and deformation of the

glasses, pyramidal indentation also leads to crack nucle-

ation and growth in silicate glasses.8,20 Recent results from

cohesive zone finite element modeling of indentation crack-

ing based on volume-conservative von Mises plasticity

have shown a strong relationship between the yield criteria,

fracture toughness, and crack geometry.21,22 Convention-

ally, indentation fracture toughness measurement is based

on the length c of radial surface cracks and the maximum

applied load on the indenter Pmax. Lawn, Evans, and Mar-

shall (LEM)23 proposed that fracture toughness is propor-

tional to Pmax/c
3/2 and depends on material parameters

through:

KIC � c3=2

Pmax

¼ k �
E

H

� �1
2

; (1)

where k is an indenter geometry-dependent constant. How-

ever, it is not clear how densification will influence the

cracking behavior.

This work is motivated by observations that the way a

material accommodates deformation during indentation is

related to the onset and propagation of indentation cracks.

Malchow et al.1 have shown that chemistry and processing

influence crack geometry in sodium borosilicates. Ulti-

mately, we expect that indentation using multiple tip

geometries is a controlled way of representing contact con-

ditions found during the processing, handling, and use of

glasses in engineering environments. This approach can be

used to investigate formation of flaws under such condi-

tions.

In the present work, results from 3D cohesive zone

finite element indentation cracking simulations and 2D

axisymmetric simulations of four different indenter geome-

tries are presented. Drucker-Prager Cap model is used to

phenomenologically approximate the deformation behavior

of fused silica, while von Mises plasticity model serves as

reference. In addition to comparing indentation cracking

data with experimental data, the role of densification on

indentation crack growth is critically examined. The impor-

tant goals are to determine (1) the parameters required to

describe the deformation behavior of fused silica during

indentation using the von Mises and pressure-dependent

Drucker-Prager Cap models, (2) the influence of densifica-

tion on crack length, c, and the fracture mechanical proper-

ties of fused silica, (3) the relative importance of

densification and shear driven flow with changing indenter

angle and mechanical loading environment, and (4) identify

deformation behavior that aids the link between experi-

ments and the elastic-plastic constitutive behavior.

2 | PHENOMENOLOGICAL
CONSTITUTIVE MODELS

For the present study, two phenomenological rate-indepen-

dent constitutive models are selected to examine the plastic

flow behavior of fused silica during indentation, namely

the elastic-perfectly plastic von Mises model and a modi-

fied Drucker-Prager Cap model adapted from Kermouche

et al.15 In the volume-conservative von Mises criterion

yielding occurs when the second invariant of the deviatoric

stress q reaches the uniaxial yield strength ro
24:

q ¼ ro (2)

Such a criterion can obviously not account for densifica-

tion. However, cohesive zone finite element modeling was

successfully applied,21,22 and it can serve as a reference

model to determine the influence of densification has on

cracking during indentation.

The yield criterion of the pressure-independent Drucker-

Prager model is equivalent to the elastic-perfectly plastic

von Mises given in Equation (2). However, the dilation

angle can be changed such that the flow rule is not associ-

ated with the yield criterion, which results in volume
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expansion during plastic deformation for positive values of

the dilation angle b, for instance. In the modified Drucker-

Prager Cap model, a further pressure-dependent cap yield

surface is added to the model, which provides a hardening

mechanism to account for plastic compaction and helps to

control volume dilatancy during plastic deformation.25

Kermouche et al.15 provided a description of the yield

surface of fused silica that accounts for the observation of

yielding under conditions of pure hydrostatic compression.

The simplified Drucker-Prager Cap plasticity model can be

described as the intersection between the elastic-perfectly

plastic von Mises model and a constant hydrostatic pres-

sure yield curve. As such, the yield surface can be split

into two surfaces: the Drucker-Prager and the cap yield sur-

face. Kermouche et al.15 suggested that the yield surface in

the meridional stress plane (p-q) has an elliptical shape, for

which the yield criterion for the elliptical Drucker-Prager

Cap model is given by:

q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2 1�
p

pc

� �2
" #

v

u

u

t (3)

where pc is the hydrostatic pressure yield strength and the

parameters d, p, and q are the yield strength under pure

shear, the hydrostatic pressure, and deviatoric stress as

described in the von Mises criterion, respectively. Ker-

mouche et al.15 also accounted for densification-induced

hardening described by the linear relation.

pc ¼ n � evolpl þ pc0 (4)

where pc0 is the hydrostatic pressure for which first plastic

deformation occurs, ξ is the hardening slope, and e
vol
pl is the

volumetric plastic strain. The parameters required for

describing the elliptical Drucker-Prager Cap model are d

and the hardening parameters ξ and pc0, which describe the

hydrostatic pressure pc.

Initial yield surfaces in the meridional plane (q-p) for the

elastic-perfectly plastic von Mises and the pressure-depen-

dent Drucker-Prager Cap models are shown in Figure 1.

The hardened Drucker-Prager Cap yield surface after a volu-

metric plastic strain of 1% is sketched as the dashed line.

3 | MATERIALS AND METHODS

The finite element software package ABAQUS/Standard25

(Dassault Syst�emes (Simulia), V�elizy-Villacoublay, France)

was used for all simulations in a manner similar to Johanns

et al.21 Elastic isotropy was assumed, with an elastic modu-

lus E of 70 GPa and a Poisson’s ratio m of 0.18. The com-

mon forms of fused silica show a variation in elastic

modulus between 66 and 73 GPa, and a variation in

Poisson’s ratio in the range 0.16-0.19.3,5,11,26 All material

parameters were assumed to be rate insensitive and repre-

sentative of room-temperature values. Frictionless contact

conditions were assumed between the rigid indenter and

the sample surface for indenter centerline-to-face angles

from 55° upward. For sharper indenters, as cube corner, a

coefficient of friction of 0.1 was assumed. A total of

1 9 105 full-integration axisymmetric elements (CAX4)

were used in the conical indentation simulations. The mesh

was refined near the contact to account for the large strains

and strain gradients arising from indentation (Figure 2). A

minimum of 20 elements in contact was ensured for each

simulation, though often the actual number was much lar-

ger. Axisymmetry was enforced on the indentation axis,

and a roller boundary condition was applied to the sample

base. The applied force in the indentation direction, P, and

the indenter displacement into the surface, h, were

extracted from ABAQUS for both loading and unloading

of the indenter. The unloading contact stiffness, S, was cal-

culated from the slope of the upper 40% of the unloading

load and displacement data.

3.1 | Constitutive parameters and finite
element inputs

The constitutive parameters for the Drucker-Prager Cap

plasticity were taken from the previous work of Kermouche

et al.15 They estimated the hydrostatic pressure yield

strength pc to be 11.5 GPa using DAC experiments. How-

ever, the yield strength under pure shear d was adjusted

(from 6.5 GPa) to a value of 7.5 GPa, as it was found to

FIGURE 1 Initial yield surfaces in the (q-p) plane of both

constitutive models described in Section 2. The Drucker-Prager Cap

model exhibits a slight hardening behavior (sketched as a dashed line

for 1% volumetric plastic strain)
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provide a better fit to the experimental data (E. Barthel,

personal communication, 2015). Densification-induced lin-

ear isotropic hardening was assumed with a hardening

parameter ξ of 100 GPa4,15 reported for fused silica. This

results in a hydrostatic flow stress of 12.5 GPa at 1% volu-

metric plastic strain. Under the assumption that the initial

Drucker-Prager Cap yield surface is an ellipse, the descrip-

tion is complete with d and pc.

Application of the yield surface in a finite element code

such as ABAQUS is complex because the required inputs

are for a generalized model that incorporates standard

Drucker-Prager flow behavior that transitions to a hydrostatic

cap surface. In addition to the yield strengths and hardening,

ABAQUS requires the definition of a friction angle b, a tran-

sition yield surface parameter a, a material parameter that

controls the shape of the cap R, a parameter that describes

anisotropy of the yield surface in the deviatoric plane K, and

the initial state of volumetric inelastic strain e
vol
pl

�

�

�

0
.25 How-

ever, many of these parameters are unimportant and negligi-

ble when an elliptical yield surface is assumed. In this

manner, the friction angle b can be minimized (a minimum

of b=1E�4° is required by ABAQUS) and a transition to the

cap yield surface is not present (a=1). An isotropic yield sur-

face in the deviatoric plane (K=1) and no initial volumetric

elastic strain, that is, evolpl

�

�

�

0
¼ 0 is assumed. Finally, the shape

of the yield surface is forced to be elliptical with the length

of the major axis of the ellipse being the hydrostatic yield

strength and the length of the minor axis being the shear

yield strength, forcing R to be pc/d or ~1.53 in this specific

case. The shape parameter R would take on a value of 1.0 in

the case of a spherical Drucker-Prager Cap model.

The constitutive parameters of the elastic-perfectly plas-

tic von Mises model were estimated by approximating

experimental indentation results with axisymmetric finite

element simulations of conical indentation. An yield

strength, ro, of 7.5 GPa was found to minimize the differ-

ence in S2/Pmax values between the finite element model

and the experiments. Experimental values of S2/Pmax mea-

sured in this work with three-sided pyramidal indenters

having centerline-to-face angles of 35.3°, 55°, 65.3°, and

75° were used for calibrating the finite element data with

equivalent conical indenter centerline-to-face angles of

42.2°, 61.4°, 70.3°, and 78.2°, respectively. S2/Pmax is a

parameter unique to the combination of indenter geometry

and material that is a constant with applied load or inden-

tation depth for bulk, homogeneous materials with no

indentation size effect.27 Experimental values of S2/Pmax

with an error of �10 GPa for fused silica were found to

be 571 GPa,28 600 GPa, 607 GPa, and 938 GPa for the

35.3°, 55°, 65.3° and 75° pyramidal indenters, respec-

tively.

The inelastic material parameters for both constitutive

models are given in Table 1. Of particular importance to

the indentation cracking analysis is the hardness H or the

mean contact pressure at maximum load, which was calcu-

lated from S2/Pmax using the approach of Joslin and Oli-

ver27,29 or

S2

Pmax

¼
4 � Er

2 � b2

p � H
(5)

The geometrical correction factor b30,31 was assumed to

be 1.0 for both FEM and experimental calculations.

FIGURE 2 Example of a cohesive zone finite element model of pyramidal indentation cracking with a Berkovich indenter. (A) Mesh

showing crack plane aligned with edge of indenter [21] and (B) close-up view of a resulting crack geometry (red regions) after complete

unloading of the indenter
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Once the constitutive parameters were established, finite

element simulations of conical equivalent indenters were

carried out to examine load-displacement curves, plastic

zone geometries, and densification (Table 1, Figure 3 and

Figure 4).

3.2 | Cohesive zone modeling of indentation
cracking

Three-dimensional (3D) cohesive zone finite element simu-

lations of indentation with rigid, three-sided pyramidal

indenters having centerline-to-face angles of 35.3° (cube

corner), 55°, and 65.3° (Berkovich), as well as a four-sided

pyramidal indenter with a centerline-to-face angle of 68°

(Vickers) were used to examine the indentation cracking

behavior of the constitutive models. Planes of cohesive ele-

ments were aligned along the indenter edges, perpendicular

to the indented surface. Thus, the median/radial crack sys-

tem, commonly observed in indentation of amorphous sili-

cates, was studied.8,32-34 Sixfold and eightfold symmetric

models were used for the three-sided and four-sided simu-

lations, respectively. A maximum cohesive strength crite-

rion (MAXS in ABAQUS, Dassault Systèmes (Simulia))

was used for the onset of debonding and a mode I fracture

energy was specified for crack nucleation with a linear soft-

ening criterion.22 Crack initiation and growth were dictated

by material properties, indenter geometry, and loading con-

ditions, but were constrained to remain within the defined

crack plane, noting that cracking in experiments may

develop more complex geometries. Therefore, the cohesive

elements were utilized in a manner that resulted in brittle

material behavior that could be described by LEFM in the

limit that the crack length was at least 10 times greater

than the cohesive zone size.21,22 The indentation cracking

simulations in the current formulation do not explicitly

consider the processes involved in crack nucleation.35

Details of implementing cohesive zone finite elements

into indentation cracking simulations can be found else-

where.21,22,36 In all simulations, a cohesive strength rc in

the direction normal to crack opening of 0.30 GPa, an

TABLE 1 Constitutive parameters in finite element simulations and the resulting stiffness squared over load and hardness parameters.

Experimental results24 are provided below the simulation results

Constitutive model Inelastic parametersa
Uniaxial flow

stress (GPa)

Conical FEM S
2/P (GPa) Conical FEM hardness (GPa)

35.3° 55° 65.3° 75° 35.3° 55° 65.3° 75°

von Mises ro=7.5 GPa 7.50 563 572 627 820 11.82 12.2 11.64 8.12

Drucker-Prager Capb d=7.5 GPa

pc=11.5 GPa

pc(1%)=12.5 GPa

7.36 (0% epl)

7.44 (15% epl)

643 639 678 846 10.37 10.43 9.82 7.86

Experimental data 571 600 607 938 10.89 10.36 10.24 6.63

aSee text for parameter descriptions and details.
bAdapted to fit the model proposed by Kermouche et al.12

FIGURE 3 Normalized load-displacement curves for (A) a 55° indenter and (B) a Berkovich equivalent conical indenter. The colors blue

and green represent the von Mises and Drucker-Prager Cap model, respectively. Experimental results determined on a fused quartz reference

sample are sketched as circles
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initial cohesive element stiffness of 1 9 104 GPa, and a

viscous dissipation of 1 9 10�6 s�1 were applied.25 The

mode I fracture energy GIC was varied to three specific val-

ues: 6.2 9 10�4, 1.25 9 10�3, 2.5 9 10�3 GPa lm.

Under the conditions of LEFM, that is, small-scale yielding

relative to the crack length, the fracture energy can be

related to fracture toughness through:

KIc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EGIc

1� m2ð Þ

s

; (6)

resulting in fracture toughness of 0.95, 1.34, and 1.90 MPa

m1/2. An oversimplified, but effective, estimate of the size

of the cohesive zone at the crack tip for the indentation

cracking simulations, q, has been given by Dugdale37 as:

q ¼
p

8

KIc

rc

� �2

; (7)

from which cohesive zone sizes were estimated as 1.96,

3.95, and 7.89 lm for the three values of GIC, in ascending

order. Mesh sizes were adjusted depending on the indenter

geometry and fracture energy to ensure accurate modeling

of the tractions within the plastic zone and the large strain

and strain gradients near the contact, while also being large

enough to ensure cracks could grow to appropriate lengths

and boundary conditions with negligible influence on cal-

culations. To guarantee that crack length and indenter load

are related through LEFM, the crack process zone has to

be negligible compared to the crack length. Therefore, only

crack lengths that fulfill the c>10 q criterion were investi-

gated.

An example of an indentation cracking mesh with a

Berkovich indenter along with the resulting cracks is illus-

trated in Figure 2. The contact between the Vickers,

Berkovich, and the three-sided 55° indenter was assumed

to be frictionless since friction plays a smaller role for

blunter indenters.38 For the sharp cube-corner indenter, for

which friction is important, a coefficient of friction of 0.1

was used. This value has been reported for the diamond/

fused silica interface.39

Fracture toughness measurements from indentation

cracking are based on the lengths of radial surface cracks,

where the crack length c is defined as the radial crack

extension in the surface measured from the center of the

indentation to the crack tip. In the FEM simulations, the

crack tips were defined as the last traction-free node along

the crack at the surface and were exported using the SDEG

parameter. The dimensionless parameter KICc
3/2/Pmax

(Equation 1) was used for comparing indentation cracking

results, where KIC is the fracture toughness calculated from

simulation inputs (Equation 6) and Pmax is the maximum

applied load on the indenter. The cohesive zone was not

considered to be part of the crack in these calculations.

4 | RESULTS

4.1 | Uniaxial compression and inelastic
densification

The assumed uniaxial compressive flow stress for the von

Mises model is 7.50 GPa. For the Drucker-Prager Cap

model, the flow stresses are 7.36 GPa at yield and

7.44 GPa at 15% plastic strain, thus providing densifica-

tion-induced hardening during indentation. The flow stres-

ses are listed in Table 1. In ABAQUS,25 the flow rule for

von Mises plasticity is determined by the yield surface.

The plastic strain increment vector lies normal to the pres-

sure axis in Figure 1, resulting in volume conserving

FIGURE 4 Representation of the plastic zone size using equivalent plastic strain (1 9 10�3) contours beneath (A) a 55° equivalent 61.4°

conical indenter and (B) a Berkovich equivalent 70.3° conical indenter. The colors blue and green represent the Drucker-Prager Cap and von

Mises constitutive models, respectively
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plastic flow. The ratio of the increment of plastic strain in

one direction depl,i to the increment in plastic strain in the

compression direction depl,1 is given by:

von Mises:
depl;i

depl;1
¼ ½ 1 �0:5 �0:5 �

and the resulting volumetric plastic strain Dpl is 0.

The flow rule for the Drucker-Prager Cap model is simi-

larly associated with the yield surface in the cap region of

the model, which in this specific case accounts for the

entire yield surface. However, unlike the von Mises model,

the direction of the plastic strain increment vector depends

on the position at the yield surface. Note that the plastic

strain increment vector must always have a positive compo-

nent in the pressure direction, except in the absence of any

hydrostatic stress. The ratio of the plastic strain increments

in the Drucker-Prager Cap model is more complicated in

the presence of strain hardening, but under uniaxial com-

pression at 15% plastic strain, ratio is given by:

Drucker-Prager Cap Plasticityð15%eplÞ :

depl;i

depl;1
¼ ½ 1 �0:452 �0:452 �

The volumetric plastic strain increments under uniaxial

compression were negative and the magnitude increased

with increasing applied plastic strain, resulting in inelastic

densification of material.

4.2 | Conical indentation simulations

Normalized load-displacement curves for the conical equiv-

alents of the 55° and Berkovich pyramidal indenters are

presented in Figure 3, together with experimental values.

Nanoindentation experimental results determined on a fused

silica reference material demonstrate an elastic displace-

ment recovery of about 38% and 52% for the 55° and Ber-

kovich equivalent conical indenters, respectively. The

Drucker-Prager Cap plasticity model offers a remarkably

good match with the experimental load-displacement curve

for both equivalent conical indenter, whereas the von Mises

model overestimates the elastic recovery by 12% and 13%

for the Berkovich and 55° equivalent conical indenters,

respectively (Table 2).

Extrapolating the results from uniaxial compression tests

to the plastic volumetric strain distribution inside the plastic

zone of an indentation is complicated by the triaxial stress

state and the presence of residual stresses. Furthermore, the

geometry of the plastic zone and pile-up or sink-in of mate-

rial at the contact periphery is of great importance to inden-

tation cracking. The shape of the plastic zone is examined

here by plotting the equivalent plastic strain (PEEQ in

ABAQUS) contour with a magnitude of 1 9 10�3 shown

in Figure 4.

Interestingly, the plastic zones do not breach the free

surface outside of indenter contact for Berkovich indenta-

tion (Figure 4B), but approach the free surface for the 55°

indenter (Figure 4). This finally leads to a slight breach of

the surface for cube-corner indentations (not shown). After

unloading, breaching to the surface results in pile-up for-

mation for cube-corner indentations, while blunter indenters

tend to sink-in for all the constitutive models.

The von Mises relation offers the largest extension of

the plastic zone in the downward direction compared to

Drucker-Prager Cap plasticity. On the other hand, these

roles are interchanged toward the surface, where Drucker-

Prager Cap plasticity offers the largest extension of plastic

zone. However, with decreasing indenter centerline-to-face

angle, the differences in radial extension decrease till they

finally meet at an almost equal radial extension for the

cube-corner indenter.

The densification map obtained using the Drucker-Pra-

ger Cap constitutive model was extracted from ABAQUS

using the PEQC4 parameter (total volumetric inelastic

strain) and plotted for both an equivalent conical 55° and

Berkovich indenter in Figure 5. The amount of densifica-

tion is proportional to plastic deformation (Figure 4).

Therefore, it is largest right below the tip and decreases

with distance from it. This is also the reason for the smaller

amount of elastic recovery observed in the load-displace-

ment curves.

The maximum densification resulting from the FEM

simulations is larger than the maximum densification of

about 20% reported for fused silica in literature,13,17,40

because a saturation of the densification process is not

taken into account.15 The zone of largest densification

(>20%) spreads more toward the free surface, as it can be

seen for the sharper 55° indenter (Figure 5A). However,

the densification maps for both indenter angles offers a

concentric shape for low densifications and become more

and more compressed in y direction toward larger densifi-

cations while offering a smooth gradient in radial direction.

TABLE 2 Portion of elastic recovery for the equivalent conical 55° and Berkovich indenters

Conical 55° indenter Conical Berkovich indenter

Experimental data Drucker-Prager von Mises Experimental data Drucker-Prager von Mises

Elastic recovery (%) 38 38 43 52 52 58

1934 | BRUNS ET AL.



4.3 | Indentation cracking

Three-dimensional pyramidal indentation was simulated to

examine the indentation cracking behavior with and with-

out densification, to investigate the difference between

three- and four-sided pyramidal indenters, and to study the

influence of different centerline-to-face angles on the crack-

ing behavior. All the pyramidal indenter geometries show

median-type dominated cracking during loading, which is

maintained up to the maximum load and during unloading,

the median crack extends radially to the surface forming a

median/radial crack morphology. During loading, the ten-

sile component of the hoop stresses induces a subsurface

median crack,41 while the compressive component in sur-

face direction has a crack-closing effect that suppresses

crack extension to the surface. During unloading, the

decreasing compressive stresses cause the crack to extend

upward and radially to form a median/radial crack mor-

phology (see Figure 6).

The crack length depends on densification, as shown for

the Berkovich indenter under loading and after unloading

in Figure 6. During both loading and unloading, the von

Mises constitutive model results in a larger crack extension

in both the downward and radial directions. This behavior

was found for all indenter geometries. In addition, the

extent of cracking for the Berkovich indenter is approxi-

mately 10% greater than that observed from Vickers simu-

lations, which is consistent with experimental results of

Dukino, Swain, and Harding.33,34

Using the finite element results for fused silica gener-

ated for different indentation depths, plotting the crack

length c3/2 against the maximum force Pmax (Figure 7)

FIGURE 5 Densification map below an equivalent conical (A) 55° and (B) Berkovich indenters after unloading. The results are extracted

from ABAQUS using the PEQC4 parameter

FIGURE 6 Crack propagation along the cohesive zone of a Berkovich indenter at (A) full load and (B) after full unloading. The colors blue

and green represent the Drucker-Prager Cap and von Mises constitutive models, respectively
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reveals a linear relationship and therefore validates the

LEM approach and Equation (1).

von Mises plasticity results in larger crack lengths for

any indentation depth for all indenter geometries (Figure 6

and Figure 7). While cracking can be observed for all

indentation depths examined here using von Mises plastic-

ity, the onset of cracking seems to be shifted to larger

loads Pmax in the case of Drucker-Prager Cap plasticity.

The linear fit in Figure 7 only considers well-developed

crack lengths that fulfill the c>10 q criterion. For the 55°

indenter, crack propagation (as given by the slope of the

linear fit) is more pronounced in the case of von Mises

plasticity, while the slope is almost equal in the case of

Berkovich indenter geometry.

In order to use LEM model (Equation 1) to calculate

fracture toughness, Anstis et al.32 have experimentally cali-

brated the model for a Vickers indenter over a wide range

of brittle materials given by the calibration constant

k=0.016. The hardness in Equation (1) refers to that mea-

sured from with a Vickers indenter. Applying their calibra-

tion to our results from equivalent conical simulations

(Table 1) gives KICc
3/2/Pmax values of 0.039 and 0.043 for

von Mises and Drucker-Prager Cap model, respectively. In

contrast KICc
3/2/Pmax values calculated using the crack

lengths, peak load, and the cohesive definition (Equation 6)

from FEM results in more than 50% larger values of the

dimensionless parameter (Figure 8). Furthermore, it was

found that a variation in fracture energy GIC has negligible

influence on KICc
3/2/Pmax. The influence of a variation in

fracture energy GIC on KICc
3/2/Pmax is balanced out by a

variation in c and Pmax, hence KICc
3/2/Pmax was almost

constant. Therefore, all presented values were averaged

over the variation in GIC. Using von Mises constitutive

model, the simulation results in roughly 9% larger values

of KICc
3/2/Pmax with respect to Drucker-Prager Cap plastic-

ity in the case of Vickers indentation.

Chen42 has also calibrated indentation cracking data for

the cube-corner indenter, where the coefficient k in Equa-

tion (1) is replaced with a value of 0.033. Using H from our

simulations, KICc
3/2/Pmax values of 0.080 and 0.086 are pre-

dicted for the von Mises and Drucker-Prager Cap, respec-

tively. Comparing those predictions to our simulation results

for the cube-corner indenter, the prediction is quite close to

the simulation results for the von Mises constitutive model

(Figure 8). The LEM/Chen calibration overestimates the

simulation results by only 8%, which lies within the range of

measurement scattering. For Drucker-Prager Cap plasticity,

however, simulation results are overestimated by 30%. It

FIGURE 7 Crack length c to the power of 3/2 as a function of the maximal load Pmax of individual simulations for (A) a 55° indenter and

(B) a Berkovich indenter. A fracture toughness of 1.32 MPa m1/2 was used to generate the data in (A) and (B)

FIGURE 8 The dimensionless parameter KICc
3/2/max for different

indenter geometries. The LEM calibrations by Chen and Anstis and

their predicted values are sketched as dotted lines
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should be noted that the cube-corner results presented here

using Drucker-Prager Cap plasticity are based on a small

number of simulations, since convergence problems using

Drucker-Prager Cap plasticity were often encountered.

5 | DISCUSSION

In the present work, the plastic flow behavior of fused silica

during indentation was modeled using different constitutive

material models. The effect of geometrical and model

parameters on the formation and growth of median-radial

cracks during indentation was studied using cohesive zone

finite element modeling. Different indenter geometries, that

is, cube corner, 55°, Berkovich and Vickers were simulated.

5.1 | Choice of the constitutive model

For all examined indenter geometries, the Drucker-Prager

Cap plasticity model describes the load-displacement curve

remarkably well. This also becomes noticeable in the

degree of elastic recovery during unloading (Figure 3),

which is quite close to the experimental values for

Drucker-Prager Cap plasticity. In contrast, von Mises plas-

ticity overestimates the recovery by 12% for the Berkovich

indenter tip. This behavior is also observed for sharper

indenter geometries. The FEM hardness values using

Drucker-Prager Cap plasticity, which matches the experi-

mental values over a wide range of indenter geometries,

confirms this observation.

In contrast to von Mises plasticity, the Drucker-Prager

Cap model considers material densification. The extent of

densification at the contact periphery decreases toward the

free surface of the material as shown in Figure 5. For a

given load, a sharp indenter displaces a larger amount of

volume compared to a blunter one and thus produces larger

stress beneath the indenter tip.43 Once full densification is

achieved, then the deformation process is dominated by

shear flow.44 In this manner, full densification is reached at

lower indentation depths for sharp indenters and shear flow

subsequently becomes the dominating deformation process.

This results in a pile-up formation, as observed for the

cube-corner indenter tip. Our results clearly show that the

load-displacement behavior of sharp indenter geometries

can be described using Drucker-Prager Cap plasticity as

well. This indicates a saturation of densification is not nec-

essarily required or has little influence on the results pre-

sented in this study. As the location of maximum

densification is far away from the crack tip, we neither

expect severe influence on indentation cracking analysis.

5.2 | Indentation cracking

Analyzing the surface crack length c as a function of the

peak load Pmax (Figure 7) gives some understanding about

the influence of densification on the various stages in the

cracking process. For various indenter geometries, von

Mises plasticity was found to result in larger crack exten-

sions compared to the Drucker-Prager Cap model for a

given applied load. This is due to the magnitude of the

hoop stress (Figure 9), which is responsible for crack open-

ing in the cohesive plane.41 von Mises plasticity results in

roughly 25% larger tensile stresses for a variety of indenter

geometries compared to the Drucker-Prager Cap model.

Although cohesive zone FEM does not capture crack initia-

tion in detail, clear differences between both constitutive

models can be observed for the smallest indentation depth

using exact the same cohesive zone input parameters. At a

FIGURE 9 Hoop stress r33 contour plot of a Berkovich equivalent conical axisymmetric simulation using (A) the Drucker-Prager Cap and

(B) the von Mises constitutive model at similar loading of 2 N
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certain indentation depth, von Mises plasticity leads to

cracking, while no crack was observed at the same load

using Drucker-Prager Cap plasticity. In cohesive zone mod-

eling, crack initiation takes place when the maximum sepa-

ration dc is reached.21 This maximum separation is reached

at a higher load in the Drucker-Prager Cap model, which

indicates a less expanded plastic zone, that is, the volume

of the plastic zone is smaller than that of the von Mises

model at a given load, as seen in Figure 4. As a result,

crack initiation is suppressed. Interestingly, similar observa-

tions were made in the current studies by Malchow et al.,1

who investigated the onset of cracking in borosilicates. The

larger the ability to densify, the more is the onset of crack-

ing shifted to larger loadings. In our study, a shift in crack

initiation load was observed for both indenter geometries,

55° and Berkovich, as shown in Figure 7. Once the crack

is initiated, the cracking path is only slightly influenced by

densification within the material for blunt indenters like the

Berkovich geometry (Figure 7B). For sharper indenter

geometries (Figure 7A), however, linear regression shows a

pronounced reduction in the crack length increase with load

for densifying materials. The crack length increase with

load is even further reduced for sharper indenters, as can

be shown in analyzing the percent difference between the

dimensionless parameter KICc
3/2/Pmax for the von Mises

plasticity with respect to the Drucker-Prager Cap model

(Figure 10).

Fracture toughness measurements from indentation

crack lengths are prone to errors. The constitutive models

examined here result in small differences in the H values,

thereby influencing
ffiffiffiffiffiffiffiffiffiffi

E=H
p

(in Equation 1) and the KICc
3/2/

Pmax parameters (Figure 8). The cohesive zone simulation

data for Berkovich and Vickers indenter, however, produce

values for KICc
3/2/Pmax that are 30% to 40% smaller than

the LEM/Anstis prediction. However, the deviation is a lit-

tle larger for the Drucker-Prager Cap model that considers

densification. A similar tendency can be observed for cube-

corner indentation and the LEM/Chen model. In this case,

the larger deviation in terms of hardness becomes visible in

the KICc
3/2/Pmax prediction for both constitutive models

(Figure 8). While cohesive zone simulation data for the

Drucker-Prager Cap model is far below LEM/Chen predic-

tion, the von Mises simulation is remarkably close to it.

This is also apparent by comparing input and output frac-

ture toughness KIC. The output fracture toughness is calcu-

lated based on the LEM model (Equation 1) and input

fracture toughness is defined by the cohesive parameters

(Equation 6). Interestingly, the simulation output matches

quite well for the von Mises model and overestimates the

fracture toughness by almost 40% for Drucker-Prager Cap.

The large elastic strains during indentation lead to errors

in the LEM/Anstis model. This effect becomes most pro-

nounced for indenters with large centerline-to-face angles

like blunt Vickers and Berkovich geometries. An increasing

elastic component in the deformation leads to lower values

of KICc
3/2/Pmax than those predicted by the Lawn, Evans,

and Marshall model (Equation 1). This has often been

attributed to “anomalous behavior,” that is, inelastic densi-

fication of fused silica during indentation.45 The results

here clearly show that this is not a necessary condition for

the low values. All the models give rise to significantly

lower values than those predicted, including the von Mises

model, which does not account for any densification. Lee

et al.22 also found that the LEM model with Anstis32 cali-

bration did not match their fracture toughness simulations.

Rather, they found a significant dependence on Poisson’s

ratio and proposed that a parametric study of either k

(Equation 1) or the dimensionless parameter KICc
3/2/Pmax

was needed to evaluate fracture toughness from indentation

cracking simulations. By evaluating multiple indenter

geometries, we also found that the relative fractions of elas-

tic-plastic deformation influence the fracture toughness

measurements. The angular dependence can be incorpo-

rated in the k parameter, which increases with decreasing

centerline-to-face angle and thus decreasing elastic defor-

mation.43 In this manner, Chen et al.42 offer what appears

to be a more accurate calibration of k for the cube-corner

indenter geometry, which might explain the better fitting

prediction toward the FEM simulations.

6 | CONCLUSIONS

The presented results clearly show that:

1. Using the Drucker-Prager Cap constitutive model,

which includes densification as well as densification-

induced hardening, we obtain a very close agreement

FIGURE 10 Percentage difference in the dimensionless

parameter KICc
3/2/Pmax for von Mises plasticity with respect to

Drucker-Prager Cap plasticity
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between the FEM simulations and experimental load-

displacement data for both loading and unloading for

indenter geometries ranging from 35.3° to 75°.

2. Using S2/Pmax over multiple indenters is an appropriate

way of calibrating fused silica constitutive behavior in

the absence of uniaxial data. In the regime where S2/

Pmax of a given constitutive model fits to the experi-

mental data, the simulated material response also corre-

sponds quite well to experimental observations.

3. Densification results in shorter crack length for all

indenter geometries. We conclude that densification

reduces the hoop stresses and crack initiation is post-

poned to larger indentation depths. Similar observations

were made in former studies for borosilicates exhibiting

different densification abilities,1 so we propose those

finding can be extended to other silica-rich glasses.

4. The influence of densification on crack propagation

depends on the centerline-to-face angle of the indenter

tip. Our results indicate that the influence on crack

propagation is smaller in case of blunter indenter (i.e.,

Berkovich), while the densification-induced reduction in

relative crack length increase per load is strong for shar-

per indenter geometries (i.e., 55°).

5. Based on our FEM simulations, the Lawn-Evans-Mar-

shall model for measuring fracture toughness from

indentation surface crack lengths may produce errors

when applied to fused silica. This deviation occurs for

both elastic-plastic constitutive models, and it is not a

result of densification during deformation.
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1 |  INTRODUCTION

Plastic deformation in oxide glasses can occur through vol-

ume-conservative shear flow or through structural densifica-

tion (depending on the availability of free volume). Glasses 

in which the densification effect is dominant are often  

referred to as anomalous.1‒3 The densification capability of 

a glass reflects in its Poisson ratio ν, which in turn is linked 

to atomic packing density.4‒7 Shear flow plays a major role 

in the deformation behavior of bulk metallic glasses (with a 

high Poisson ratio), whereas substantial densification occurs 

in classical network-forming glasses with a low Poisson ratio.

Fused silica exhibits a Poisson ratio ranging from 0.15 to 

0.18. It can be densified by up to 21%7‒10 and is often taken 
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Inelastic deformation of anomalous glasses manifests in shear flow and densification 

of the glass network; the deformation behavior during indentation testing is linked 

strongly to both processes. In this paper, the indentation densification field of fused 
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spot size determine the spatial sampling resolution, leading to a certain degree of struc-
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of 21%. This procedure significantly improved the reproduction of the experimental 
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as a model for studying the densification behavior of glasses. 

Diamond anvil cell (DAC) experiments are typically employed 

for this purpose. Figure 1 shows the progress of densification 

with applied hydrostatic stress for fused silica according to pre-

vious studies. 7,11,12 For describing the progress of densifica-

tion, an empirical sigmoidal fit is usually used, 7

Here, P is the hydrostatic pressure, and α, β, and P0 are fitting 

parameters. The value of α is usually small compared to the 

value of β and corresponds to the maximum densification (i.e. 

α = 21% for fused silica). P0 represents the hydrostatic pressure 

at the onset of densification. It was observed experimentally 

that irreversible densification initiates between 8 and 9  GPa 

under pure hydrostatic pressure.7,9

Densification of glasses can also be studied in situ, for 

example, by combining a DAC with a Raman spectrome-

ter. The high achievable hydrostatic pressure (about 25 GPa) 

allows one to study the full densification of the mate-

rial.7,9,12,13 In this way, structural changes such as in the in-

ter-tetrahedral Si–O–Si angle or variations in ring statistics 

can be directly monitored using the Raman spectrum.14‒16 

Most studies on fused silica focus on the positions of the 

defect lines D1 (at ambient pressure found at ~470  cm−1) 

and D2 (~600 cm−1).15‒17 However, since the D1 line merges 

with the main band for pressures above p ~ 12 GPa, band 

assignments become less clear.10 In the simplest case, densi-

fication causes a band-shift to a higher energy wavenumber, 

reflecting the more constrained lattice with higher vibra-

tional resonance energies.10,15,16,18 Deschamps et al. 10,18 pro-

posed a procedure to determine a Raman parameter σ, which 

corresponds to the main band centroid and is determined by 

the inflection point of the integral of a Raman spectrum over 

a certain spectral range (~200-~700  cm−1). The shift of σ 

with applied hydrostatic pressure (Δσ) was found to be pro-

portional to the degree of densification Δρ/ρ0,
10,18

In this relation σ0 represents the initial main band centroid 

at ambient pressure, σ the current main band centroid at the 

applied pressure, and σmax the maximum band centroid of the 

fully densified glass (at densification (Δρ/ρ0)max). Then, a sin-

gle factor m can correlate Δσ to densification. For fused silica, 

a value m = 0.2% cm was found to yield a satisfying agreement 

with studies relying on the analysis of individual band max-

ima (see Figure 1).7,10 Moreover, it was argued that by using 

Equation 2 a higher experimental reproducibility is achieved 

compared to using the positions of a single defect line alone.10 

In addition to fused silica,19‒21 this method was successfully 

applied to soda lime silicate18 and other glass systems.22

In Raman spectroscopy lateral and depth resolution are 

limited by the experimental setup, ie the wavelength of the 

laser and the numerical aperture (NA) of the objective. This 

is a minor problem for DAC experiments, which generate a 

hydrostatic stress distribution and a homogeneously densified 

material. During indentation, a shear component can trigger 

the densification process23 and once densification saturates, 

shear flow becomes the predominant deformation process.24 

Therefore, both shear and densification need to be considered 

as deformation mechanisms in fused silica upon indentation, 

resulting in complex densification gradients.16,18,25 Especially 

for small indents, such as generated at low loads (eg, in 

nanoindentation testing), a Raman laser probe typically av-

erages structural information over a significant portion of the 

indent. In such a case the maximum band shift Δσ, which is 

present within the indent, cannot be resolved. This effect has 

to be taken into account when low-load indentation experi-

ments are combined with Raman spectroscopic investigations.

Several constitutive models8,26‒32 have been developed to 

describe the anomalous plastic flow behavior of fused silica. 

First attempts considered volume-conservative plastic shear 

flow using von Mises plasticity.26 Later, densification-induced 

hardening8,27,28 and densification saturation, as well as changes 

in elastic modulus and in Poisson ratio were implemented.29 

Molnar et al. even found complex yield surface shape trans-

formations which occurred upon densification.30,31 In direct 

comparison to this advanced model, the simpler approach by 

Kermouche et al.,27 who approximated the yield surface of fused 

silica using an ellipse, still reproduces the load displacement 
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F I G U R E  1  Change of densification as a function of applied 

hydrostatic pressure for fused silica. Data points are taken from Refs. 
7,9,10 and the dashed line is produced from a fit to a sigmoidal function 

according to Equation 1 with α = 21%, β = 4059, P0 = 1.7 GPa [Color 

figure can be viewed at wileyonlinelibrary.com]
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behavior in Berkovich indentation experiments remarkably 

well31; this model was successfully transferred to soda lime 

glass.33 In addition, it has been shown34 that the cap section of 

the modified Drucker-Prager-Cap (DPC) plasticity theory is able 

to replicate the elliptical yield surface for fused silica.

In the present study, the densification field below indents in 

fused silica was analyzed using both Raman spectroscopy and 

FEA constitutive modeling. The obtained results are compared 

to DAC experiments from literature. Different indent sizes and 

Raman laser spot sizes were used to study the influence of struc-

tural averaging within the Raman signal. Based on experimen-

tal DAC results, the Drucker-Prager-Cap approach in FEA was 

extended by implementing sigmoidal densification hardening 

followed by densification saturation (Figure 1). The densifica-

tion profiles from FEA and Raman spectroscopy are evaluated, 

compared, and discussed. Finally an alternative way to extract 

the empirical correlation factor m on the basis of FEA densifi-

cation and Raman spectroscopic band shift data is suggested.

2 |  EXPERIMENTAL METHODS

Commercial silica glass (Corning 7980) was employed 

throughout this study. Nanoindentation testing was performed 

using a Keysight G200 nanoindenter at room temperature 

under ambient pressure. Three-sided pyramidal diamond tips 

having centerline-to-face angles θ of 65.27° (Berkovich), 

50°, and 35.26° (Cube Corner) produced by Synton-MDP 

were used for indentation testing. Machine compliance and 

tip area function were calibrated in Continuous-Stiffness-

Measurement (CSM) mode according to the procedure of 

Oliver and Pharr.35 Indentation testing was conducted in 

Constant-Strain-Rate (CSR) mode with an indentation strain 

rate of �̇� = 0.2 seconds−1. At least nine indentations were exe-

cuted and the median load-displacement (LD) curve was used 

for comparison to FEA. The indents for subsequent Raman 

spectroscopic investigations were conducted in high load 

mode (up to 10 N) using a constant loading rate of 0.1 N/s. A 

Vickers indenter geometry was used to ensure comparability 

with densification maps available in literature.16,18,25,36

Raman spectroscopy was performed on a Thermo Fisher 

Scientific Nicolet Almega XR Raman spectrometer coupled 

to an Olympus microscope. The preparation of unaltered 

cross sections of indents for investigation with Raman spec-

troscopy is rather difficult. Instead, Vickers indents with 

loadings ranging from 0.3 to 10 N were scanned from a top 

view. The spectra were collected for 532 nm laser excitation 

through either a 50× (NA = 0.75) or a 100× (NA = 0.9) ob-

jective with three consecutive measurements of 300 seconds 

for each point. A pinhole was used to achieve confocal con-

ditions. The objectives exhibited a depth of focus (DOF) of 

3.78 and 2.63  µm and a spot diameter (waist) of 0.87 and 

0.72 µm, respectively, taken as the diffraction limits.37

Depth profiles (Z-scan) were recorded starting at the 

pristine glass surface by moving the stage with a step size of 

0.5 µm until a total displacement of up to 35 µm was reached. 

Figure 2 shows a sketch of such a Z-Scan.

The spectra were processed according to the method 

described by Deschamps at al.10,18 in order to determine 

the centroid σ of the main band (region between ~200 and 

~700 cm−1). The Z-scans were used to determine the maxi-

mum band shift observable upon indentation.

3 |  COMPUTATIONAL METHODS

Finite element analysis was performed using the software 

package ABAQUS/Standard. The indentation process was 

modeled in a two dimensional (2D, x/y−z) axisymmetric 

model using the corresponding equivalent cone for the exam-

ined indenter geometries. It is worth mentioning that Vickers 

and Berkovich indenter exhibit the same projected contact 

area. Hence, both geometries share the same equivalent-con-

ical indenter with an opening angle of 70.3°. Axisymmetry 

was enforced along indentation axis Z and the base was 

fixed with an encastre boundary condition. A total number 

of 3.5 × 105 full integrating axisymmetric elements (CAX4) 

was used to model the indentation process with a refined 

mesh in the vicinity of the indenter/material contact where 

mesh size dependency was checked. The contact between in-

denter and material surface was assumed to be frictionless.

All material properties were presumed to be rate insensi-

tive, elastically isotropic, and representing room-temperature 

values. An elastic modulus E of 70 GPa and a Poisson ratio 

of 0.17 were used as input for simulation. The yield model is 

described in section 4.2.

4 |  RESULTS AND DISCUSSION

4.1 | Indentation densification field of silica 
glass by Raman spectroscopy

Raman spectroscopy has become a popular tool to investi-

gate the indentation densification behavior of normal and 

F I G U R E  2  Schematic of the Z-scan. The red rectangle is a very 

simplified representation of the laser spot [Color figure can be viewed 

at wileyonlinelibrary.com]
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anomalous glasses.16‒18,25,36,38 However, the application of 

Raman spectroscopy for this purpose is by no means trivial. 

Especially for small indents (where the Raman laser spot size 

is large compared to the indent size), the structural signal of 

different densification states will be averaged. This effect is 

studied for a variety of indentation loads and different Raman 

excitation spot sizes in this section.

A Z-scan profiling procedure was performed at the indent 

center to determine the band shift as a function of the laser spot 

depth. Therefore, a reference Z-scan on a pristine fused silica 

surface was measured and σ0 was determined and averaged to 

398.4 ± 0.4 cm−1 over 5 µm starting at the sample surface. 

At the indent center the σ value exhibits an initial increase, 

followed by a maximum and a subsequent decrease with 

decreasing Z (Figure 3A). The zero level of the Z-scan was 

determined optically at roughly the pristine glass surface level 

with a precision of ±0.5 µm. The Z-position of the maximum, 

Zmax (where the largest σ value was measured, σZmax) corre-

sponds approximately to the residual indentation depth hr, 

identified as the color hatched regions in Figure 3A. Thus, the 

densification maximum, identified by σZmax, is located close to 

the tip of the indent.16,27 This implies that the first focal loca-

tions at the indent center is positioned in air above the surface. 

Similar observations have been made on the pristine surface 

when the reference profile was recorded. Even 5 µm above the 

surface low-intensity spectra of fused silica were detectable 

when using a defocused laser beam (Figure S1F). This implies 

that the defocused beam interacts with the material already at 

focal distances above the actual sample surface.

In a first approximation, the focus region is taken as a 

rectangle (Figure 2). At hr only half of the DOF has pene-

trated into the glass. Full interaction will take place at focal 

positions below the surface only. For a more exact analysis, 

the change in refractive index between ambient air and the 

glass need to be taken into account.39 As for the present case, 

we have an indent shape with tilted walls partially reflecting 

the laser beam and further enhancing the complexity of the 

situation. Yet, it is clear that the largest σ value, σZmax, is 

related to the most densified region within the indent.

The problem of structural averaging within the Raman 

laser spot becomes obvious when comparing Z-scans for 

different indentation loads. The value of σZmax increases 

with increasing indent size (Figure 3A). This indicates that 

structural averaging over a densification gradient is more 

pronounced in small indents where the laser spot size is big 

compared to the indent size. The Raman spectra at Zmax, 

which correspond to σZmax, indicated by a star in Figure 3A, 

are shown in Figure 3B. With increasing indentation load 

the shift of the main band toward lager wavenumbers be-

comes more pronounced (with respect to the black reference 

spectrum). The spectra for 5 and 10 N are almost identical 

(orange vs blue spectrum). A similar structural averaging 

effect can be observed when the laser spot size is increased 

by switching objectives from 100× to 50× (Figure S2F).

The densification was determined from the Raman 

main band shift using Equation 2 with a correlation value 

m  =  0.2%  cm with Δσ  =  σZmax  −  σ0. This densification 

value is henceforth referred to as “Raman evaluated den-

sification”. A spherical equivalent laser focus spot with 

a radius r (half the average of DOF and laser waist) was 

assumed in this analysis. This laser spot size r was nor-

malized to the size of the residual indentation depth hr.
35 

In reality, the laser spot geometry is more complex and fur-

ther refraction effects occur. The obtained densification as 

a function of the normalized parameter r/hr is plotted for a 

variety of indentation loads and two different objectives in 

Figure 4 and summarized in Table 1.

F I G U R E  3  (A) Raman Z-scan of σ at the center of Vickers 

indentations in fused silica for a variety of indentation loads. A larger 

Δσ is found in larger indents. The hatched regions represent the 

expected positions of the residual indentation depth hr taking the error 

on the determination of the surface level into account. The Raman 

spectra (baseline corrected and normalized) at σZmax position (indicated 

by a star) are shown in (B). A reference spectrum of the pristine glass 

surface is shown in black. The spectra for loading at 5 or 10 N are 

practically identical [Color figure can be viewed at wileyonlinelibrary.

com]
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With decreasing r/hr the extent of structural averaging 

decreases, consequently larger Raman evaluated densifica-

tion values are obtained for larger indent sizes. The normal-

ization procedure aimed to achieve comparability between 

the 50× objective and 100× objective data. A small off-

set remains, which is likely based on simplifications made 

regarding the laser spot geometry. For r/hr values smaller 

than 0.3 the obtained Raman evaluated densification con-

verged to a single value indicating that a homogeneously 

densified region is probed. Those findings are supported 

by the Raman spectra, where no further band shift can be 

observed between 5 and 10 N of normal load (Figure 3B). 

Similar densification values were found at the center of the 

10 N indent even for different objectives (Figure 4). Results 

within this range (r/hr < 0.3) were averaged to a maximum 

Raman evaluated densification value of 18.4%  ±  0.8% 

(dotted white line with light grey border in Figure 4). This 

evaluation corresponds well to values reported for macro-

scopic Vickers indents in literature16,27,40 and indicate that 

a densification of 21% as found in DAC7‒10 is not reached 

by (Vickers) indentation after unloading.

High indentation loads are required to develop a homo-

geneously densified region large enough to be resolved by 

the Raman microscope setup. Figure 5 shows that indents 

satisfying r/hr < 0.3 are heavily affected by cracking. For 

smaller indentation loads, it is possible to find occasional 

indents without cracking (Figure 5A). Indents produced at 

loads below 3 N are mostly affected by edge cracks only, a 

crack type known to penetrate the material only to a rela-

tively low depth.41 The present dataset indicates that crack-

ing does not affect the determination of σZmax. Yet, cracking 

can introduce local shape modifications and thereby affect 

the expected laser spot position and the shape of the σ 

depth profile. Moreover, energy release upon cracking may 

affect the observed degree of densification. Indentation 

under inert atmosphere and using advanced preparation 

techniques might shift the onset of cracking toward higher 

loads42‒44 and could therefore improve laser positioning. 

For fused silica, 3 N appears to be a good compromise be-

tween averaging of structural information within the laser 

spot (the max. Raman evaluated densification is underesti-

mated by less than 10%) and incipient cracking.

4.2 | Drucker-Prager-Cap plasticity with 
sigmoidal densification behavior

The anomalous flow behavior of fused silica is implemented 

into FEA following the approach by Bruns et al.34 It could be 

F I G U R E  4  The Raman evaluated densification at the indent 

center as a function of the laser spot size r normalized by the residual 

indentation depth hr The residual indentation depth hr was varied 

by applying different indentation loads, hence the laser spot in 

Raman spectroscopy averages over different densification gradients. 

Additionally, the laser spot radius was varied by using different 

objectives. The dotted lines represent the corresponding linear fits. 

The maximum Raman evaluated densification is plotted as dashed 

white line with the corresponding standard deviation as light grey 

background [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  Vickers indentation crack pattern in Corning 7980 fused silica loaded with (A) 3 N, (B) 5 N, and (C) 10 N. Indents loaded with 

less than 3 N exhibit mostly a similar crack pattern as shown in A). Edge cracks are to some extent already present at 300 mN
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shown, that the cap section of modified Drucker-Prager-Cap 

plasticity is suitable to depict the elliptically shaped yield sur-

face of fused silica with a two-parameter model. For this pur-

pose the DPC model was modified in a way that only the cap 

surface remains in the positive sector of the meridional (p-q) 

plane (Figure 6B). This is realized by assuming an initial-volu-

metric-inelastic strain pa = 0, shifting both the Drucker-Prager 

failure surface and transition failure surface into the tensile re-

gion. The pressure dependency of the Drucker-Prager failure 

surface was eliminated by minimizing the friction angle to 

10−4: doing so a von Mises like failure behavior is achieved. 

The shape of the cap is controlled by parameter R, the cap ec-

centricity, which forces the yield surface to be elliptical. It cor-

responds to the ratio of the hydrostatic yield strength pb to the 

yield strength under pure shear d. Further details on this consti-

tutive description can be found elsewhere.34,45,46

The input for the hydrostatic yield strength pb is based 

on diamond anvil cell densification data from literature.7,9,10 

Previous computational studies27,34 used a simplified linear 

approximation of the sigmoidal densification hardening be-

havior where yielding was assumed to initiate at 11.5 GPa 

followed by linear isotropic densification with a hardening 

slope of 100 GPa. Since this approach considers no satura-

tion to occur, densification could theoretically continue until 

infinity. The present study aims to include densification sat-

uration by a less simplified implementation of the densifi-

cation hardening behavior. The fused silica hardening data 

from literature (Figure 1) is fitted according to Rouxel7 using 

Equation 1. Values of 21%, 4059 and 1.7  GPa were deter-

mined for α, β and P0 respectively (Table 2). A stepwise 

linear approximation was used to implement the sigmoidal 

densification behavior as input for yielding under pure hy-

drostatic compression into ABAQUS. A plastic strain εpl 

exceeding 1% was assumed as the onset point for densifica-

tion pb. This corresponds to a hydrostatic pressure of 8 GPa, 

which corresponds well to the onset of densification reported 

in literature.7,9,18,27

The input for the yield strength under pure shear d is deter-

mined following the approach proposed by Kermouche et al.27  

using an inverse analysis of nanoindentation load displace-

ment (LD) curves. Experimental LD curves were recorded for 

three different indenter geometries (ie Cube Corner, 50° and 

Berkovich) and compared to the FEA LD output for different 

values of d. The best fit was found for a d value of 7.5 GPa 

(Figure 6A), comparable to d values found in literature.23,34,47 

With the given pair of yield strengths (pb and d), the cap eccen-

tricity R can be calculated by pb/d ≈ 1.067. The resulting yield 

surface for fused silica is sketched in Figure 6B. All material 

parameters used in the present study are summarized in Table 2.

T A B L E  1  A summary of the σ data for the 100× objective Raman test series on Vickers indentations

Indentation load 300 mN 1 N 3 N 5 N 10 N

Residual depth hr 0.85 µm 1.6 µm 2.7 µm 3.5 µm 5 µm

σZmax 421.5 ± 18.7 cm-1 477.8 ± 2.9 cm-1 482.9 ± 3.2 cm-1 490.2 ± 4.8 cm-1 490.4 ± 3.2 cm-1

Δσ 23.1 ± 18.7 cm-1 79.4 ± 2.9 cm-1 84.5 ± 3.3 cm-1 91.7 ± 4.8 cm-1 92.0 ± 3.3 cm-1

Raman evaluated 

densification

4.6 ± 3.7 % 15.9 ± 0.6 % 16.9 ± 0.7 % 18.4 ± 1.0 % 18.4 ± 0.7 %

F I G U R E  6  A, Nanoindentation load displacement curves 

(open circles) are fitted to calibrate d, the yield strength under pure 

shear, exemplarily shown for Berkovich indented fused silica. B, The 

final Drucker-Prager-Cap including sigmoidal densification behavior 

as input for yielding under hydrostatic compression is sketched 

as open blue symbols. The onset of densification pb shifts toward 

higher p as indicated by “sigmoidal hardening” labeled arrow. The 

calibration of a previous study34 (with linear densification behavior) is 

sketched as dotted line for comparison [Color figure can be viewed at 

wileyonlinelibrary.com]
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A 2D axisymmetric model with a 70.3° Berkovich/

Vickers equivalent conical indenter is used to study the 

influence of the densification hardening behavior on the 

indentation response. The implementation of sigmoidal in-

stead of linear densification hardening has a small influence 

on the nanoindentation load displacement response (Figure 

6A). This agrees well with Molnar's31 observation that small 

changes in the densification behavior exhibit only a negli-

gible effect on the macroscopic LD response. The densifi-

cation field beneath the residual impression (Figure 7) can 

be visualized using the volumetric inelastic strain, which 

is given by the parameter PEQC4 in ABAQUS. The linear 

densification DPC model does not consider densification 

saturation. Thus, densification values in the range of up to 

100%-170% are reached in the zone immediately beneath 

the indenter tip at the indent center (Figure 7, left side). 

Consequently, densification is strongly overestimated. 

The sigmoidal hardening DPC model in turn delivers a  

maximum densification value of 18.2% at the indent center 

(element face output). This value is in good agreement with 

both the maximum Raman evaluated densification value of 

18.4% (Figure 4) and the densification profiles present in 

literature.16,27,28,33,40 Furthermore, the input densification 

saturation value of 21% is not reached in the simulation. 

With sigmoidal densification hardening the densification 

field penetrates deeper into the material and spreads larger 

toward the surface while maintaining the half penny con-

tour shape longer with ongoing densification. This effect 

can be attributed to the earlier onset of densification pb (8 

vs 11.5 GPa) considered in the sigmoidal hardening law.

The sigmoidal densification hardening implementation 

gives a far better description of the experimentally observed 

anomalous deformation behavior of fused silica and will be 

used in all further investigations.

4.3 | Influences of FEA tip geometry on the 
densification maximum in indentation testing

The FEA indentation simulation (Figure 7, right side) did 

not achieve the densification saturation value of fused silica 

(21%) from literature7‒10 when using the equivalent cone 

of Berkovich/Vickers geometry. Stress trajectories in p-

q plane provide additional insight into the plastic flow and 

densification behavior during deformation.23,31 Figure 8A 

shows exemplarily a stress trajectory for a single element 

at the indent center upon loading. The initial deformation 

is purely elastic until the trajectory enters the yield cap at a 

hydrostatic pressure of about 1.5 to 2 GPa. Yielding is fol-

lowed by densification, showing that the shear stress com-

ponent (about 7.35  GPa) causes densification to initiate at 

a lower hydrostatic pressure component compared to DAC. 

T A B L E  2  Drucker-Prager Cap calibration with sigmoidal densification hardening data for fused silica

Glass Poisson's ratio ν E [GPa]

Drucker-Prager-Cap Sigmoidal hardeninga

d [GPa] pb [GPa] α [%] β P0 [GPa]

Fused Silica 0.17 70 7.5 8 21.0 4059 1.7

aDensification data taken from the studies by Rouxel, Deschamps and Sonneville,7,9,10 see also Figure 1. 

F I G U R E  7  A PEQC4 contour plot export from ABAQUS showing the FEA densification profile beneath the indent of a Vickers/Berkovich 

equivalent cone with an opening angle of 70.3° in fused silica after unloading (side view). Drucker-Prager-Cap plasticity with linear (left) and 

sigmoidal (right) densification behavior is compared. A similar view was used for both exports in order to visualize differences in densification 

field expansion. The scale was chosen to represent the max. nodal output of the sigmoidal approach. This has the consequence that all larger 

densification values present in the linear approach are not visible. Therefore, the dashed box provides a scale oriented on the max. nodal output of 

the linear hardening model [Color figure can be viewed at wileyonlinelibrary.com]
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With ongoing (sigmoidal) densification the stress trajectory 

propagates almost parallel to the p-axis. The shear compo-

nent rises, roughly at a point where the slope in the sigmoidal 

densification hardening curve is steepest, and the densifica-

tion limit of about 18% determined for Berkovich/Vickers 

geometry is approached at a hydrostatic pressure of about 

9.3 GPa. From this point on, the deformation consists mainly 

of growth of the plastic zone without a further increase of 

the densification maximum value. This behavior is similar 

to Johnson's expanding cavity model, which describes the 

self-similar extension of the plastic zone below the indenter 

for elastic-plastic materials.48 The densification as a function 

of the hydrostatic stress component is shown in Figure 8B. 

Starting from a hydrostatic stress of about 2 GPa an increase 

in density becomes noticeable, which corresponds to those 

data points in Figure 8A which have passed the yield surface. 

Densification proceeds along the stress trajectory in a sig-

moidal manner until a saturation in densification is achieved 

at about 18%. Compared to the pure hydrostatic DAC input, 

the shear component in Berkovich/ Vickers indentation low-

ers the onset of densification by about 6 GPa.

The data presented in Figure 8 shows the loading history 

of the stress states in a single element at indent center. The 

stress states of all elements below the indenter at maximum 

penetration depth can provide further useful insight into the 

plastic deformation.23,31 This corresponds to the loading situ-

ation in Figure 7 (right side). The stress state of all elements 

in the vicinity of the contact is therefore plotted in Figure 9A. 

It can be seen that the onset yielding varies with the position 

beneath the indenter. Areas which appeared blue in Figure 7 

remained fully elastic, hence corresponding data points are 

located within the yield ellipse in Figure 9A. Elements which 

are located close to the contact situation exhibit a larger shear 

component than elements located deeper in the material. 

They require a larger hydrostatic component to initiate plas-

ticity. The densification maximum in the range of 18% is, 

however, not exceeded in any of the elements.

Sharper indenter geometries are known to displace 

more volume and to introduce higher stresses at a given 

load.49 It is unclear, however, how the changed stress field 

affects the densification field beneath the impression. For 

this purpose, simulations of sharper (θ = 35.3°, cube cor-

ner) and blunter (θ = 75° and θ = 85°) pyramidal indenter 

geometries with respect to the Berkovich/ Vickers geome-

try were performed as well. In all cases the corresponding 

F I G U R E  8  A, Stress trajectory of a single element at indent center while loading with the eq. cone of Berkovich/ Vickers geometry. B, The 

densification state within the single element at indent center as a function of the hydrostatic pressure. The densification input from DAC7,9,10 is 

sketched for comparison [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  9  The stress states within all elements in the vicinity 

of the contact situation exported at maximum indenter penetration 

for A, Berkovich/ Vickers indenter geometry and B, a variation of 

the indenter centerline-to-face angle [Color figure can be viewed at 

wileyonlinelibrary.com]
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2D axisymmetric equivalent cone was used for simulation. 

The stress state distribution at peak load (Figure 9B) indi-

cates that a decreasing indenter opening angle introduces a 

larger shear component. Consequently, the yield ellipse is 

surpassed at a smaller pressure and densification is initi-

ated earlier for cube corner geometry (red). The maximum 

indentation densification interestingly does not exceed 18% 

either. The plastic zone expansion (sketched grey in Figure 

10) covers the whole contact zone in case of cube corner 

geometry. The plastic zone approaches the free surface 

and is therefore less confined. As a result, slight pile-up 

formation can be observed and the position of maximum 

densification shifts toward the surface. For blunter indent-

ers the plastic zone size decreases with increasing indenter 

opening angle. It covers a smaller part of the contact area 

with increasing elasticity. Therefore, higher pressures are 

required to introduce densification. As a result, a slightly 

smaller indentation densification maximum of 17.3% is 

observed for θ = 75°. This effect is even larger if blunter 

indenters are used, eg for θ = 85° a densification value of 

5% is not exceeded.

Changing from one indenter geometry to another does not 

necessarily result in higher densification values. The simu-

lations indicate that the extent of densification is strongly 

linked to the hydrostatic pressure below the indenter, which 

does not exceed P = 10 GPa for all examined indenter ge-

ometries (Figure 9B: light grey sketched vertical line). 

Interestingly, this hydrostatic pressure corresponds remark-

ably well to fused silica's indentation hardness of about 

9.6 GPa.50 According to Hill51 and Johnson48 the hydrostatic 

pressure saturates in a central region (inside the plastic zone) 

below the indenter. In Johnson's expanding cavity model 

the pressure acting within this so-called hydrostatic core 

corresponds approximately to the mean indentation contact 

pressure, ie the indentation hardness H, which is defined as 

the applied load per projected contact area of the indenta-

tion.48,52,53 If p = H is reached, the hydrostatic core expands, 

causing thereby the extension of the plastic zone. The hy-

drostatic stress is thus limited, which thereby also limits 

the amount of densification below the indenter. Materials 

which exhibit a higher hardness should also sustain larger 

hydrostatic stresses and exhibit larger densification values. 

This behavior is confirmed via FEA simulations where the 

hardness of the material is altered by changing the input for 

the yield strength under pure shear in Figure SF 3. Johnson's 

expanding cavity model has also been applied to pressure 

sensitive54 and strain hardening materials.53 Due to the 

self-similarity of the indenter this behavior is independent of 

the indent size.53

For indenter geometries which are mainly used in exper-

iments, ie θ ranging from 75° to 35°, this results in small 

variations of the maximum densification value, as the onset 

of densification differs by about 1  GPa only (Figure 8B). 

The plastic zone spread suggests that Berkovich/Vickers or 

the θ = 75° geometry are nicely suited to investigate inden-

tation densification experimentally using Raman spectros-

copy. Their plastic zone does not reach the surface and is 

aligned more horizontally as compared to cube corner geom-

etry. This facilitates improved lateral resolution for Raman 

spectroscopic investigations. The plastic zone size and with 

F I G U R E  1 0  Plastic zone spread for eq. cones of various three 

sided pyramidal indenter geometries. The corresponding centerline-

to-face angles θ are listed in the figure. The indenter is sketched in red 

[Color figure can be viewed at wileyonlinelibrary.com]
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it the densification field decrease for blunter tip geometries. 

Consequently, Raman spectroscopy would reach the resolu-

tion limit earlier.

4.4 | Relating FEA densification to Raman 
spectroscopy Z-profiling

The results presented in the previous sections have shown 

that FEA is capable to reproduce the indentation densification 

maximum determined via Raman spectroscopy with reason-

able accuracy. The densification estimate from FEA exhib-

its both a similar dependency on the investigated volume as 

observed with Raman spectroscopy (not shown here) and a 

similar densification-depth profile (Figure 11). A normaliza-

tion of the densification-depth profile to the indent size (hr) 

allows comparison between different indentation loads and 

FEA. The Z positions of the depth profiles from Raman spec-

troscopy (Figure 3) were corrected with hr in order to set the 

surface level to zero. The FEA profile affirms this assump-

tion as it can only depict the densification gradient within 

the material. This section agrees reasonably with the Raman 

densification profile from Zmax position onwards into the ma-

terial. For larger depths, however, deviations between Raman 

and FEA can be noticed in Figure 11. Those deviations might 

either be attributed to simplifications in the FEA constitutive 

model or the complicated laser spot geometries and refrac-

tive effects in Raman spectroscopy (i.e. changes in the index 

of refraction with densification55) which are not taken into  

account in this analysis.

The good correlation among the densification profiles 

between FEA and Raman spectroscopy at the indent center 

suggests the use of simulations for Raman density calibration. 

The correlation factor m (Equation 2) is usually determined 

from Raman peak shifts measured on bulk densified samples 

from high-pressure experiments (eg DAC, Multi-Anvil press, 

etc). Density is measured with conventional methods, such 

as Archimedes' principle, and related to the Raman shift Δσ 

using a linear fit (Figure 12). Using literature, this method 

provides a correlation constant m of 0.2%  cm for fused 

silica.10

As already noted, the m factor from DAC experiments 

is useful for quantifying indentation-induced densification 

from band shifts in Raman spectroscopy. However, data on 

m are scarce and presently not available beyond fused silica 

and soda lime silicate glass.10,19,25 The present results have 

shown that FEA is able to provide the densification state at 

the indent center, hence, it can be used for densification scal-

ing. Associating the obtained maximum of densification to 

the observed Raman band shift Δσ at the center of 3 to 10 N 

indents produces three new data points (blue open hexagons) 

in Figure 12 (through the intersection of maximum Raman 

band shift with maximum densification data from simula-

tion). The blue error bars represent the standard deviation and 

the light grey hatched area indicates data scatter. Then, using 

Equation 2 and the FEA densification value, m is estimated 

at 0.198 ± 0.015% cm for 5 and 10 N indentation loads. For 

3 N, a different value of 0.216 ± 0.015% cm is obtained. All 

three indentation loads are located within the scatter field 

of Deschamps data (black squares) based on DAC experi-

ments,10 showing in fact very good agreement between both 

methods. Thus, the procedure enables determination of the 

empirical m parameter without using extensive high-pressure 

experimentation such as DAC studies. Previous results have 

F I G U R E  1 1  Densification-depth profiles normalized by the 

residual indentation depth hr Densification is estimated from the 

σ-profiles presented in Figure 3 using Equation 2. The Z position is 

corrected by the residual indentation depth hr The FEA densification 

estimate is based on face element output [Color figure can be viewed 

at wileyonlinelibrary.com]

F I G U R E  1 2  DAC densification data of fused silica (black 

symbols) according to Deschamps et al10 with linear fit as black dotted 

line. Correlating the Raman shift in Vickers indentation center to the 

densification value delivered by FEA (open blue symbols) matches 

the DAC data surprisingly well. The standard deviation from Δσ in 

indentation center is sketched as hatched area
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shown that indentation does not reach densification satura-

tion, so a direct correlation of Δσ at the indent center to the 

model-predicted densification saturation value7 is not possi-

ble. The model prediction, however, can be used for FEA to 

construct the yield surface of a given glass (Figure 6). The in-

dentation simulation can then provide the indentation densi-

fication state which belongs to the Δσ determined by Raman 

spectroscopy. Its accuracy, however, is determined by the 

careful analysis of the spatial resolution of the Raman set-up.

5 |  CONCLUSIONS

The investigation of densification-induced Raman band 

shifts requires deeper knowledge on the spatial resolution 

of the experimental set-up. This includes consideration of 

the laser focal position and spot size relative to the indent 

size and shape. Z-scans at the indent center are useful for  

examining the maximum degree of densification. For Vickers 

indentation on fused silica, as a practical guide, the Raman 

laser spot radius r should not exceed 0.3 times the residual 

indentation depth hr so as to not underestimate the maximum 

densification by more than 10%. We observed a maximum 

densification value of 18.4% for indentations loads exceeding 

5  N. The loading range used in conventional nanoindenta-

tion testing (<1 N) produces indent sizes which are typically 

too small to resolve the given indentation densification maxi-

mum when conventional Raman microscopes are used.

The implementation of sigmoidal densification hardening 

for hydrostatic compaction is an effective approach in FEA 

to improve the Drucker-Prager-Cap constitutive description 

of fused silica. Even though the nanoindentation load dis-

placement behavior is affected only slightly, the consideration 

of densification saturation leads to a significantly improved 

reproduction of the densification profile beneath (Vickers) 

indents. A densification value of 18.2% is determined at the 

indent center, a value matching the Raman evaluated densifi-

cation and data presented in literature.16,28,33,40 The amount 

of densification is strongly linked to the hydrostatic pressure 

component below the indenter. For fused silica a pmax in the 

range of 10 GPa was observed, which is close to the indenta-

tion hardness H of the material. This observation agrees well 

to expanding cavity models,48,53,54 where the pressure compo-

nent within the hydrostatic core is limited. Further penetration 

expands those zones, but the hydrostatic pressure and thus the 

densification is limited. The homogeneously densified region 

found in indents satisfying r/hr < 0.3 can be attributed to this 

behavior. The indenter geometry affects the indentation den-

sification maximum only slightly. The plastic zone shape of 

various indenter geometries indicate that the Berkovich or 

Vickers indenter geometry are well-suited to study densifi-

cation by Raman spectroscopy. Blunter indenter tips exhibit a 

smaller plastic zone size while for sharper indenters the plastic 

zone is less confined and more vertically aligned, which are 

both disadvantages for Raman spectroscopic investigations.

The close agreement between Raman spectroscopy and 

FEA suggests that the FEA densification field can be used to 

estimate the empirical density correlation factor m for scaling 

the Raman shift to structural densification.
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H I G H L I G H T S

• The pillar splitting technique is applica-

ble to anomalous behaving glasses.

• Densification plays a minor role in in-

dentation cracking and is negligible for

pillar splitting.

• Indentation cracking and pillar splitting

deliver similar fracture toughness

values.

• Electron beam irradiation affects exper-

iments inside the SEM.
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In this paper the applicability of the pillar splitting technique for fracture toughness determination on anomalous

behaving bulk fused silica glass is explored. The results are compared to conventional cube corner indentation

cracking analyzed using the Lawn, Evans andMarshall model (JACerS, 63 (1980) 574). The experimental analysis

is supported by constitutive Finite Element Analysis with cohesive zones to determine adequate gauge factors to

correlate the load instability upon splitting to the fracture toughness Kc. The role of densification on pillar split-

ting was critically examined.

The results show a fragmentation of the micro pillar into three parts, a failure pattern as proposed by Sebastiani

et al. (Philos. Mag., 95 (2014) 1928). Therefore, the applicability of pillar splitting to (anomalous) glasses is

confirmed. Cohesive zone FEA delivered the gauge factors required for fracture toughness calculation. The influ-

ence of densification on those factors, however, was found to be small for indentation cracking and negligible for

pillar splitting. With the corresponding set of gauge factors fracture toughness values in good accordance with

literature could be determined. Inside the SEM, moreover, electron beam irradiation has been found to enhance

the fracture properties of fused silica.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In nowadays electronic devices oxide glasses are important struc-

tural and functional members. The fracture toughness is a key design

parameter for the reliability of glasses in thin film and micro or nano

electromechanical applications [1–3]. The determination of fracture

toughness on the small length scale has achieved significant advances

in the last years [4–6]. New methods like the pillar splitting technique

have been developed [4,7] which, however, have never been applied

to oxide glasses so far. The mechanic response of glasses is strongly

linked to the deformation processes. Normal glasses deform mainly

via volume conservative shear flow whereas anomalous glasses as

fused silica additionally exhibit the ability to densify their network

structure under hydrostatic pressure [8–10]. The influence of densifica-

tion on indentation cracking is controversially discussed in literature
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[3,11]. However, the densification influence on the pillar splitting tech-

nique remains unclear [12].

The indentation cracking behavior of oxide glasses has widely been

studied [10,13–15]. It is well known that cone cracking is the predomi-

nant crack system active in anomalous glasses as fused silica whereas

median/radial cracking with cracks emanating from the corners of the

pyramidal indenter dominates in soda lime silica glass, a prototype nor-

mal glass. Lawn, Evans andMarshall (LEM) [16] set up amodel to quan-

tify indentation fracture toughness relating radial crack length c to

indentation load P and the elastic plastic material properties Elastic

Modulus E and Hardness H:

Kc ¼ α � E

H

� �1=2

� P

c3=2
ð1Þ

Since indentation cracking deals with crack initiation and propaga-

tion, a fundamental difference to conventional fracture toughness test-

ing, a factor α is introduced to correlate indentation fracture

toughness to the conventional Kc. Lawn et al. [16] already proposed

the correlation factor α to depend on the indenters centerline to face

angle Ψ. Anstis et al. determined α to 0.016 for Vickers geometry [17].

According to Lee et al. [18]α is proportional to 0.03∙cot(Ψ)3/2which re-

produces the value for Vickers geometry remarkablywell and delivers a

α value of 0.038 for the sharper cube corner tip geometry (Ψ = 35°).

This is in good agreementwith experimentally determined values rang-

ing from 0.032 to 0.054 [19–23]. The wide range of values indicates that

α is material dependent and the linearity ofαwith
ffiffiffi

E
p

=H is only valid in

a small regime and fails when elasticity or plasticity dominate [24]. Also

Poisson's ratio was found to influence α [18,25], disproving the general

validity of a single α value for a certain indenter geometry.

Equation (1) applies to the median/radial crack system only where

the median crack develops during loading followed by a radial crack

extension upon unloading when compressive stresses in the vicinity

of the contact vanish [11,15]. Simultaneously active other crack systems

may be expected to impede the radial crack extension in a way that the

Kc estimate is being overestimated using LEM approach [3]. In fused

silica, pure radial cracking cannot be realized using Berkovich indenter

geometry, since cone cracking is predominant and always present

[10]. Switching to sharper indenter geometries such as cube corner trig-

gers radial crack initiation [26]. The cube corner geometry displaces

more than three times more material for a given load compared to

Berkovich [26]. This reduces the cracking threshold in silica glass by

three orders ofmagnitude from 0.5 to 1.5 N to about 1mNbut increases

the likelihood for chipping to occur [19,26–28]. This also applies for

othermaterials andmakes the cube corner geometry popular for testing

thin film materials and small volumes [23,29,30].

Fracture toughness testing using indentation cracking, however, is

influenced by various factors like residual stresses, substrate influences

and geometric limitations of thinfilmmaterials. The pillar splitting tech-

nique developed by Sebastiani and coworkers [4,7] overcomes some of

the previousmentioned problems. Pillar Splitting is an advanced inden-

tation cracking technique where the indentation test is performed in

the center of a freestanding micro pillar. Pillar preparation is usually

performed using focused ion beam (FIB) milling but has also been suc-

cessfully applied using lithography techniques [31–34]. During indenta-

tion testing a median crack is forming inside the pillar and it becomes

unstable when reaching the sidewalls. The instability load PInstability
can directly be linked to Kc using a parameter γ for correlation:

Kc ¼ γ � PInstability

R3=2
ð2Þ

The parameter γ is usually determined using cohesive zone (CZ)

finite element analysis (FEA) [4,7,12]. Thereby γ is determined as a

function of the elastic-plastic material properties (E/H). The pillar split-

ting approach and was recently extended to sharper indenter geome-

tries [12,31] and applied to silicon bulk material [31]. Those studies

further question the influence of densification on the γ estimate [12],

since γ values present in literature were determined using von Mises

plasticity representing volume conservative shear flow only [4,7,12].

In the present paper, the pillar splitting technique is applied to an

oxide glasses for the first time. The micro pillar were prepared using

the lithography process deep reactive ion etching (DRIE). With this

technique a large number of micro pillar can be produced in a single

process [32] and a potential damage from FIB milling [31,35] can be

avoided. Fused silica is used as model material, thus the question how

densification affects the micro pillar cracking behavior is addressed.

Pillar splitting experiments are performed under ambient conditions

using cube corner geometry as well as inside a scanning electronmicro-

scope (SEM). The results are compared to indentation cracking while

constitutive cohesive zone FEA is used to study the densification influ-

ence on the gauge factors γ and α for pillar splitting and indentation

cracking, respectively. Finally those factors are used to calculate fracture

toughness values for both approaches.

2. Experimental details

2.1. Lithography based micro pillar fabrication: deep reactive ion etching (DRIE)

A lithography based deep reactive ion etching (DRIE) techniquewas used to fabricate

fused silica micro pillar similar to the study by Ramachandramoorthy and coworkers [32].

A 500 μm thick and 100 mm diameter fused silica wafer was used as a substrate for the

microfabrication. The low etch selectivity between the photoresist and silica requires

theuse of a hardmetallicmask. For this purpose, a 500 nmthick aluminum layerwasmag-

netron sputtered onto the front side of the substrate using an Alliance-Concept DP650 de-

position system. This layer serves as the mask during plasma etching of the pillars. The

back side was coated with 100 nm aluminum in the same machine, as the electrostatic

chuck in the plasma etchers require a conductive bottom layer for holding the substrate

in place during process.

Fig. 1. a) Array of DRIE micro pillars. b) The micro pillar radius was measured in SEM at two positions, at the pillar top and bottom.
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To pattern the hardmask, the substrate was spin coatedwith a 2 μm thick photoresist

layer (AZ 1512, Microchemicals GmbH) in a Karl Suss ACS200 automated spincoater, then

soft baked at 120 °C for 90 s. A Heidelberg MLA150 direct laser writer patterned the pho-

toresist layer, using a 405 nm laser with 1 μm spot size and a dose of 44 mJ/cm2. The ex-

posed pattern was cleared by immersion into a developer (MF CD-26, Microchemicals

GmbH) in theACS200 system. The hardmaskwas patterned in a STSMultiplex ICP plasma

etcher system. A mixture of Cl2 and BCl3 gases in an RF plasma resulted in a 350 nm/min

etch rate. Next, the pattern was transferred into the fused silica substrate in a SPTS APS

plasma etcher. A combination of C4F8 and O2 gases removed the silica with a rate of

720 nm/min.

The metallic mask was removed by immersion into a commercial aluminum etchant

(ANPE, Microchemicals GmbH), then rinsed in DI water. The wafer was recoated with a

14 μm thick photoresist layer (AZ9260, Microchemicals GmbH), to protect the pillars dur-

ing thewafer dicing step. ADiscoDAD321 automated dicing sawwas used to slice the sub-

strate into 10× 10mmsquares. The protective coating is then removedby rinsing the chip

in acetone and isopropanol.

The etching procedure was performed to a depth of roughly 4.2 μm, corresponding to

thepillar height. On a single fused silicawaferfivedifferent pillar geometrieswere realized

aligned in separated rowswith radius increasing in steps of 0.25 μmstarting from 2.25 μm.

The pillar geometrywasmeasured in SEM at the pillar top and bottom and is visualized in

Fig. 1b. A taper angle of roughly 6° can be measured.

2.2. Nanoindentation testing

Nanoindentation testing under ambient conditions was performed using a Keysight

G200 nanoindenter. For indentation testing in vacuum a Nanomechanics NanoFlip inside

a Tescan Mira3 Scanning Electron Microscope (SEM) was used. Conventional nanoinden-

tation testingwasperformedwith a Berkovich andpillar splitting experimentswith a cube

corner diamond indenter tip, both produced by Synton-MDP. Tip area function and ma-

chine compliance were calibrated before testing on a commercial fused silica reference

sample according to the procedure by Oliver and Pharr [36]. Indentation testing was

performed in Continuous Stiffness Measurement (CSM) mode with a strain rate ṗ/p of

0.05 s−1, where hardness and elastic modulus were averaged over at least 9 tests. Pillar

splitting experiments were performed with constant displacement rate of 10 nm/s. Tests

inside the SEM are in the following referred to as inSEM, where imaging was performed

with an acceleration voltage of 3 kV. The testing axis was aligned 70° to the incident elec-

tron beam.

2.3. Finite element analysis

Finite element analysis with cohesive elements was performed using the software

package ABAQUS [37]. The indentation cracking process was modelled with a three di-

mensional 6-fold model exploiting symmetry of a three sided pyramidal indenter tip in

a similar manner as in previous studies [4,7,11,18,38]. A 150 μm wide and 300 μm tall

micro pillar with a total number of 15000C3D8 elements (aspect ratio 4:1) was con-

structed on top of a 700 μm wide square substrate block. A plane of square zero-

thickness COH3D8 cohesive elements with a size of 1.5 μmwas aligned along the indenter

edge to model median/radial cracking. For indentation cracking simulations a third block

was added next to themicro pillar to extend themodel for bulk indentation cracking pur-

pose (Fig. 2).

The contact between cube corner indenter and material surface was assumed to be

frictionless. All material properties were presumed to represent rate insensitive room-

temperature values with elastic isotropy. An elastic modulus E of 70 GPa and a Poisson's

ratio of 0.18 was used for fused silica [11]. The anomalous plastic behavior was modelled

using Drucker-Prager-Cap (DPC) plasticity with a yield strength under pure shear d =

7.5 GPa and a hydrostatic yield strength pb =8 GPa. Details on the densification behavior

of fused silica and the constitutive model can be found elsewhere [11,40, 41]. The influ-

ence of densification on gauge factors α and γ is investigated comparing DPC model to

perfectly plastic von Mises behavior with a yield strength of 7.5 GPa. For cohesive input

a fracture energy G = 0.0047 GPa μm representing a fracture toughness of

0.825MPam1/2. Amaximumcohesive strength (MAXS) criterionwasused for damage ini-

tiation followed by linear softening until final separation [37]. For indentation cracking

Fig. 2. FEA models for pillar splitting (left) and indentation cracking (right). The cohesive zone is visualized in dark grey with a light grey radial crack propagating along the plane.

Fig. 3. Indentation cracking in fused silica. Multiple crack systems are activated by Berkovich indentation (a). Radial cracking dominates Cube Corner indentation (b) but is to about 90%

accompanied by chipping (c).
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simulations a σmax = 0.3 GPa was used as damage criterion, while pillar splitting simula-

tionswere found to require a largerσmax of 0.5 GPa in order tominimize the process zone

and to ensure that the load instability corresponds to the pointwhen the crack reaches the

pillars sidewall. An initial cohesive element stiffness or penalty stiffness of 1 × 104 (GPa)

and a viscosity parameter of 1 × 10−6 (units of 1/time) were used in all simulations ac-

cording to literature [38].

3. Results

3.1. Indentation cracking in fused silica

Indentation cracking in fused silica results in a mixed failure pattern if blunt indenter

geometries such as Berkovich are used. Besides radial cracks, also cones, edge cracks and

chipping can be observed (Fig. 3a). Fracture toughness determination according to LEM

[16] cannot be performed, since energy dissipation is accompanied with all crack systems.

Switching to the sharper cube corner indenter unifies the crack pattern and radial cracking

becomes predominant (Fig. 3b). Indentation crackingwith cube corner geometrywas per-

formed under ambient conditions for four loadings: 75, 100, 125 and 200mN. In the pres-

ent study in more than 90% of the indentations radial cracking was accompanied by

chipping (Fig. 3c). Due to the reasons stated above only the remaining 10% which show

pure radial cracking can be used for fracture toughness investigation according to Lawn,

Evans and Marshall [16]. The crack length to the power of 3/2 plotted as a function of

the indentation load (Fig. 4) exhibits a linear slope, thus confirming the LEM supposed re-

lationship (Equation (1)).

3.2. Pillar splitting experiments on fused silica

Five different micro pillar geometries have been produced by DRIE. Conventional

nanoindentation testing reveals a hardness H = 9.56 ± 0.09 GPa and an elastic modulus

E = 72.1 ± 0.4 GPa for the used fused silica wafer. A second indentation matrix was per-

formed in the etched region revealing DRIE not to influence E and H. Pillar splitting

experiments were performed under ambient conditions on each of those geometries

and an increasing splitting load has been observed with increasing micro pillar radius.

The load displacement curves of the splitting experiments are exemplarily shown for

the largest and smallest pillar geometry in Fig. 5a, whereas on average a larger splitting

load is found for the largest pillar radius. A summary of the instability loads for all exam-

ined micro pillar geometries is provided in Fig. 5b and Table 1. The scatter is likely to be

attributed to the positioning accuracy of G200 nanoindenter, equipped with an optical

microscope.

The pillar splitting experiments were repeated inside the SEM, which allows both a

high positioning accuracy and the ability to observe the cracking process in-situ. While

the former can easily be realized (Fig. 6a), the cracking process itself is under load control

faster than the SEM scanning speed and can therefore not be recorded. Nevertheless, the

fracture pattern provides helpful information on thepillar splitting behavior of fused silica.

Inmost cases the pillar is completely vanished after testing. Fragments were rarely found,

sinceDRIE pillar are free standing. In a few lucky cases fragments of formermicro pillar can

be found in the near vicinity of initial pillar location (Fig. 6b). Those fragments exhibit

straight breaking edges along the longitudinal axis of the pillar height at an angle of

roughly 120° to each other. This is illustrating that the micro pillar splitted into three

parts, which perfectlymatches themodel assumptions [4,7] and validates the applicability

of Equation (2) to estimate the fracture toughness from the load instability.

Pillar splitting experiments inside the SEM were found to reduce scatter but deliver in-

stability loads significantly larger as those observed with the conventional nanoindenter

under ambient conditions. For the smallest micro pillar radius for instance an almost three

times larger load in the order of 13.4 mN was required for splitting the micro pillars. Even

though it is known that an off-centered pillar splitting experiment leads to a reduced splitting

load [31], it is unlikely that this huge offset can be attributed to thepositioning accuracy alone

since statistics should compensate this effect to some extent. Glass is known to be highly sen-

sitive to atmospheric conditions [42] but also electron beam irradiationhas been found to en-

hance its plasticity and fracture properties [2,35,43–46]. Indeed distinct differences can be

observed comparing experiments where the e− beam was turned on and turned off before

starting the test (Fig. 7). When the e− beam was turned off after positioning the splitting

load decreases to about 9.7 mN accompanied with a significant reduction of scatter.

3.3. A FEA review of the gauge factors for fracture toughness estimation

An estimation of fracture toughness from indentation cracking and pillar splitting ex-

periments according to Equations (1) and (2) require both knowledge of the correspond-

ing gauge factors α and γ. In the present study FEA is used to review those gauge factors

for the case of fused silica. The indentation process is modelled with both von Mises

(pure shear flow) and Drucker-Prager-Cap plasticity (shear flow and densification) to in-

vestigate the densification effect on the gauge factors.

Crack propagation along the cohesive plane is visualized using the parameter SDEG [37],

which indicates the stiffness degradation of a cohesive element ranging from 0 to 1, where a

Fig. 4. Crack length c3/2 as a function of the cube corner indentation load offers a linear

relationship.

Fig. 5. a) Pillar splitting load displacement data exemplarily shown for the largest (green) and smallest (blue) pillar geometry. The average instability loads are sketched as dotted line and

b) plottedwith corresponding standarddeviation as a function of thepillar radius. The corresponding values are summarized in Table 1. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Table 1

Summary of the instability load data for all examined micro pillar geometries.

Pillar radius r [μm] Instability load PInstability [mN]

Max. value Min. value Average value Standard deviation

3.27 ± 0.08 8.75 6.24 7.66 1.64

2.97 ± 0.07 7.73 5.36 6.56 0.87

2.69 ± 0.07 6.62 4.53 5.54 0.71

2.58 ± 0.06 6.33 4.61 5.63 1.81

2.34 ± 0.05 6.80 3.77 5.46 0.77
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value of 1 represents full stiffness degradation or rather full element failure. The indentation

cracking response with cube corner tip geometry delivers a roughly 8% smaller radial crack

extension if densification is considered in the constitutive model. This corresponds well

with observations made by Bruns et al. [11] on Berkovich geometry. The cracking sequence

between Berkovich and cube corner geometry however differs significantly. With Berkovich

geometry a subsurfacemedian crack is forming during loading, expanding to a radial surface

crack when compressive stresses in vicinity of the contact vanish upon unloading [11]. In

turn, radial cracks develop with loading for cube corner geometry and their extension is in-

terestingly unaffected by unloading (Fig. 8). This fundamental difference can be attributed

to the plastic zone reaching the surface. Hence, it is less confined as with Berkovich indenter

geometry. Tensile hoop stresses, responsible for crack opening [47], are present at the surface

since beginning of loading. This is also the reason why the cube corners geometry harmo-

nizes an indentation crack pattern (Fig. 3), whereas for blunter indenter geometries the vari-

ety of crack systems active upon unloading may demolish the residual impression and

complicate fracture toughness treatments [15].

The continuous growing radial crack enables a quasi-continuous crack length deter-

mination during loading for certain indentation depths. According to Johanns et al. only

crack lengths 10 times larger than the process zone size are considered, in order to reduce

its influence within the calculation to below 5% [38]. The process zone for the given cohe-

sive input can be estimated according to Dugdale to about 2.9 μm [11,38,48]. The linear re-

lationship given in Fig. 9, where c3/2 is plotted as function of the indentation load P,

validates the applicability of Equation (1) and the gauge factor α is calculated from its

slope. As densification slightly reduces the crack extension, von Mises plasticity exhibits

a larger slope as the Drucker-Prager-Cap plasticity approach. As a consequence, gauge fac-

tors ofα=0.055± 0.002 andα=0.052 ± 0.002 are determined for vonMises and DPC

plasticity, respectively (Table 2). So the influence of densification is only slightly larger

than the inherent uncertainty ofα. It is worth noting that the error is of the order of mag-

nitude that the consideration of a single additional cohesive element has on the α esti-

mate. Those estimates are located at the upper end of the range for α (0.032–0.054)

reported for cube corner geometry in literature [19–23]. Recent studies [18,25] renounce

the general validity of α and emphasize it rather depends on the elastic plastic material

properties such as E, H and ν. Therefore, the FEA estimate represents thematerial inherent

alpha parameter for fused silica.

A similar investigation was performed for the pillar splitting approach. In contrast to

the experimental setup (Fig. 5) the simulation is intrinsic displacement controlled. As a

consequence, the pillar instability is accompanied with a load drop instead of a displace-

ment jump (Fig. 10). Since densification enhances plasticity, the splitting event occurs at

a slightly larger displacement using DPC plasticity. Interestingly this shift has almost no

Fig. 6. Pillar Splitting inside SEM. a) The cube corner tip is carefully aligned in the center above themicro pillar. b) After splitting only a single fragment remained close to the previous pillar

location.

Fig. 7. Pillar splitting load displacement data recorded inSEMwith both electron beam on

and turned off while testing on micro pillar with a radius of 2.34 μm.

Fig. 8. Crack propagation along the cohesive plane in fused silica using cube corner tip geometry. The crack path (light grey) is visualized using the SDEG parameter while peak loading

(left) and after unloading (right).
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influence on the splitting load. In comparison to the experimental data, the splitting loads

observed here are several orders ofmagnitude larger. This is due to a larger pillar size used

in simulation to satisfy Johanns’ rule of thumb that the crack lengths (pillar radius) has to

exceed 10 times the process zone size [38]. The pillar splitting load can thereafter be used

to calculate the gauge factor γ, since pillar dimensions and the cohesive input are known.

In contrast to the indentation cracking simulations, each pillar splitting simulation allows

for one γ estimate only. As a result γ = 0.486 and γ = 0.490 were determined for von

Mises andDrucker-Prager-Cap plasticity, respectively (Table 2). The uncertainty of this es-

timate can be assessed introducing the size of a single cohesive element (which roughly

corresponds to the process zone size) as uncertainty for the micro pillar radius R. This

has an effect of ±0.007 on γ. The choice of constitutive model also affects Hardness,

hence the E/H ratio. Plotting γ as function of E/H reveals that the slightly larger γ estimate

using DPC plasticity could also be affected by the slightly larger E/H ratio (Fig. 11). In any

case the effect of densification on γ is smaller than the inherent uncertainty in γ or the ef-

fect of E/H (if you compare to the linear slope of Ghidelli analysis [12]) and can be

neglected for pillar splitting analysis. This corresponds well to investigations by Lacroix

et al. [34] who found densification less pronounced in micro pillar compression experi-

ments due to the vanished constraining effect of surrounding material.

For the given E/H ratio of roughly 7.5, a γ factor of 0.54 can be taken from the study of

Ghidelli et al. [12] for the cube corner indenter geometry. The present study delivers a

roughly 10% smaller value forγ. Pillar splitting simulationswere found to be very sensitive

to the choice of the cohesive input parameter, which most likely have caused this offset.

Once the process zone in front of the crack becomes too large, the instability load does

not correspond to thepointwhen the crack is reaching the sidewall of themicro pillar any-

more. The instability occurs earlier, therefore the process zone reduces the effectivemicro

pillar radius and theγ estimate becomes larger. This effect was strongly pronounced using

σmax = 0.3 GPa as failure criterion in the present study. Increasing σmax to 0.5 GPa was

found to shift the instability event closer to the point when the crack is reaching the side-

wall of themicro pillar. Therefore, this input parameterwas assumed to deliver amore re-

alistic description and thus more reliable γ values. Process zone effects in earlier studies

[4,7,12] are, however, difficult to estimate.

3.4. Fracture toughness from indentation cracking techniques

The set of gauge factors delivered by cohesive zone finite element analysis allows to

estimate the fracture toughness of fused silica from indentation crack lengths or pillar

splitting loads. Calculating fracture toughness according to Equation (2) creates an almost

constant values for both approaches if the scatter bars are considered (Fig. 12). The pillar

splitting experiments are accompanied with larger scatter bars. The reason for this is

mainly due to scatter in the splitting load, whereas the load is a controlled value in the in-

dentation cracking approach and the error of K relies on scatter in the measured crack

length only. In this manner average fracture toughness values of 0.68 and 0.67 MPa m1/2

can be determined for indentation cracking and pillar splitting, respectively (Table 2).

Those values are in good accordance with literature where a fracture toughness ranging

from 0.58 to 0.78 MPa m1/2 (sketched light grey in Fig. 12) is reported for fused silica

[19,49–53]. Those results show that both techniques are capable to deliver reproducible

fracture toughness data over a variety of pillar sizes and indentation loadings.

Inside the SEM, the changed atmospheric conditions and electron beam irradiation

were found to increase the instability loads for pillar splitting (Fig. 7). This affects the frac-

ture toughness estimate likewise (Fig. 13a). In fact, a fracture toughness of 1.85 MPa m1/2

was determined if the electron beam was running while testing. But also in case the elec-

tron beam has been turned off before starting testing still an enhanced fracture toughness

of about 1.25 MPa m1/2 was observed. The ambient condition fracture toughness has

therefore almost been tripled or doubled, respectively. This offset can clearly be attributed

to e− irradiation,which is known to activate (surface) atoms in silica glass. Bonds between

Si–O pairs are broken and dangling bonds are formed [44]. In nanoscale silica e− irradia-

tion has been found to trigger superplastic deformation via an e−-beam assisted bond

switching mechanism where dangling bonds recombine with neighboring defects to ac-

commodate plastic flow [2,35,43,54]. Even though the micro pillars were about an order

of magnitude larger it is conceivable that e− irradiation has increased the bond energy

in a surface layer [46]. Electron irradiation has even been found to enhance the fracture re-

sistance ofmacroscopic fused silica where irradiation has been performed in an individual

step beforemechanical testing [45,46]. Consequently, e− irradiation causes irreversible ef-

fects in glass. In thisway, the positioning procedure (with e− beamon) for the subsequent

test with the e− beam switched off before the start could also have had an influence, so

that the enhanced splitting loads between inSEM and G200 can be attributed to this effect.

Those results indicate that the inherent material properties should rather be tested under

ambient conditions in a conventional nanoindenter.

Nanoindentation testingwasperformedunder comparable conditions inside the SEM,

too. Here no significant effect of electron beam irradiation on hardness and elastic modu-

lus were noticed. This agrees well to the load displacement response of the micro pillars

where the loading path is similar for pillar under and without irradiation (Fig. 7). The ob-

served crack pattern, however, slightly differs if indentation is performed under electron

beam irradiation. Fig. 13 (b and c) shows cube corner indentations loaded with 50 mN.

A symmetric radial crack pattern as under ambient conditions (Fig. 3) is observed if the

Fig. 9. Indentation cracking gauge factor α for cube corner tip geometry in fused silica.

Densification reduces the crack length, hence slightly smaller α values can be

determined with Drucker-Prager-Cap plasticity (dark grey).

Table 2

CZ FEA results for Indentation cracking and pillar splitting experiments.

Constitutive Model HOP[GPa] E/H α γ

Von Mises 10.05 6.96 0.055 ± 0.002 0.486 ± 0.007

Drucker-Prager-Cap 9.60 7.29 0.052 ± 0.002 0.490 ± 0.007

Fig. 10. Load displacement curve of a pillar splitting experiment from FEA. The colors

indicate the different constitutive descriptions used as material input.

Fig. 11. Gauge factor γ for pillar splitting as a function of E/H ratio. The estimate for the

cube corner indenter by Ghidelli et al. is plotted for comparison [12].
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electron been has been turned off before starting indentation testing (Fig. 13b). Under ir-

radiation, however, the development of an asymmetric radial crack pattern can be noticed.

The indenter edge pointing into the direction of the incident electron beam exhibits a

roughly 30% smaller radial crack extension (Fig. 13c). A quantification of this effect is be-

yond the scope of the present study.However, there is an electron irradiation effect in con-

ventional indentation cracking, too.

4. Conclusions

Indentation cracking and pillar splitting experiments were per-

formed on fused silica in a conventional nanoindenter and inside a

SEM using cube corner tip geometry. The micro pillars were fabricated

using the lithography based deep reactive ion etching process. The

whole study was accompanied by cohesive zone finite element simula-

tions to review gauge factors under consideration of the anomalous

deformation behavior of fused silica. It is found that both pillar splitting

and cube corner indentation cracking yield similar fracture toughness

values of about 0.68 MPa m1/2 for pillar radii ranging from 2.3 μm to

3.3 μmand indent sizes from1 μmto 5 μmdepth. Themeasured fracture

toughness thereby is close to values reported in literature. Therefore,

pillar splitting as well as indentation cracking can be used to determine

the fracture behavior of oxide glasses down to the μm regime. The

detailed conclusions can be found in the following:

1. Pillar splitting experiments were found to be a promising alternative

to conventional indentation cracking based methods when analysis

becomes difficult due to simultaneously active crack systems. Espe-

cially for anomalous glasses, such as fused silica, rather a mixture

crack systems than pure radial cracking is present.While cube corner

indentation is capable to unify the crack pattern, radial cracking is

largely accompanied by chippingwhich distorts a fracture toughness

estimate. The results on pillar splitting experimentswith cube corner

tip geometry show that this technique can be applied for fused silica.

The micro pillars are nicely splitted into three fragments (Fig. 6) ac-

cording to the model assumptions [4,7] at loads too low to initiate

chipping.

2. A review of the gauge factors for both indentation cracking based

techniques using cohesive zone finite element modelling reveals

significant differences from values present in literature, which

confirms the non-existent general validity of α. Those shifts were

found for both constitutive models used in the present study, thus

they are not only an effect of densification.

3. The densification behavior of fused silica results in slightly smallerα

values for indentation cracking; an offset only a little larger than the

inherent uncertainty evoking from CZ FEA. For pillar splitting this

effect is even smaller since the constraining effect of surrounding

material is reduced and densification effects are lost in scatter and

E/H effects. While the dependency of γ on E/H was already investi-

gated in literature [12], there were still slightly smaller γ values

found for fused silica in the present study. Pillar splitting simulations

were found to be much more sensitive to the choice of the cohesive

input parameter, which most likely has caused this offset. Therefore,

both techniques, indentation cracking and pillar splitting, offer

potential for further studies on the gauge factors for broader ranges

of E/H ratios with optimized cohesive input parameters.

4. For fused silica the new set of gauge factors allows to determine

similar fracture toughness values with both techniques, pillar split-

ting and indentation cracking (Fig. 12). This shows that the pillar

splitting approach is a promising alternative to investigate fracture

toughness of oxide glasses on the small scale.

5. Pillar splitting experiments inside the SEM have shown that electron

irradiation is capable to enhance the fracture toughness of silica

glass. As e− irradiation is likely to occur in modern processing routes

for micro and nano electromechanical devices, the altering effect of

e− irradiation is of prime importance for the components mechanical

reliability. Even though thisfindingwasonly a side effect in thepresent

study, it shows that micro pillar splitting experiments (and thus

Fig. 12. Fracture toughness estimated using the gauge factors from cohesive zone FEA The

fracture toughness range for fused silica reported in literature [19,49–53] is sketched light

grey in the background.

Fig. 13. a) Fracture toughness determined from pillar splitting experiments for various micro pillar geometries. Pillar splitting was performed under ambient conditions in a conventional

G200 nanoindenter (blue) and inside the SEM with electron beam running (solid orange symbol) and electron beam turned off (open grey symbol) before testing. Bulk cube corner

indentation performed inside SEM with b) electron beam turned off and c) turned on at same load of 50 mN. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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probably also othermicro scale geometries for fracture toughness eval-

uation; i.e.micro cantilever testing [4,5]) offer the potential to quantify

fracture toughness not only after but also during e− irradiation.
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