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Chemical strengthening via ion exchange, thermal tempering, and lamination are proven 
techniques for the strengthening of oxide glasses. For each of these techniques, the 
strengthening mechanism is conventionally ascribed to the linear superposition of the 
compressive stress (CS) profile on the glass surface. However, in this work, we use 
molecular dynamics simulations to reveal the underlying indentation deformation mech-
anism beyond the simple linear superposition of compressive and indentation stresses. 
In particular, the plastic zone can be dramatically different from the commonly assumed 
hemispherical shape, which leads to a completely different stress field and resulting crack 
system. We show that the indentation-induced fracture is controlled by two competing 
mechanisms: the CS itself and a potential reduction in free volume that can increase 
the driving force for crack formation. Chemical strengthening via ion exchange tends 
to escalate the competition between these two effects, while thermal tempering tends 
to reduce it. Lamination of glasses with differential thermal expansion falls in between. 
The crack system also depends on the indenter geometry and the loading stage, i.e., 
loading versus after unloading. It is observed that combining thermal tempering or high 
free volume content with ion exchange or lamination can impart a relatively high CS 
and reduce the driving force for crack formation. Therefore, such a combined approach 
might offer the best overall crack resistance for oxide glasses.

Keywords: oxide glass, surface strengthening, indentation, densification, MD simulation

inTrODUcTiOn

Intrinsic damage resistance by composition design and extrinsic surface strengthening methods, 
such as ion exchange (Cooper and Krohn, 1969; Mackenzie and Wakaki, 1980; Price et al., 2009; 
Varshneya, 2010) and thermal tempering (Gardon, 1980), are the key for improving the performance 
of oxide glasses against contact cracking. Such strengthening methods are ubiquitous in commercial 
applications, including cover glasses for electronic devices, high pressure windows, security and 
safety glasses, etc. Emerging demand for stronger and lighter car windshields and other novel trans-
parent structural materials further stimulates a need for deeper understanding and improvement of 
glass strengthening techniques. Studies of contact cracking (Lawn and Wilshaw, 1975; Ostojic and 
McPherson, 1987; Cook and Pharr, 1990) date back at least one century (Johnson, 1985; Lawn, 1998) 
and tremendous progress has been achieved to understand the shear flow, densification, and crack-
ing under indentation in brittle solids (Lawn and Swain, 1975; Lawn and Wilshaw, 1975; Marshall 
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and Lawn, 1978; Hagan, 1979; Lawn et al., 1983; Johnson, 1985; 
Ostojic and McPherson, 1987; Cook and Pharr, 1990; Lawn, 
1998, 2004; Perriot et al., 2006; Gross and Tomozawa, 2008a,b,c; 
Gross et al., 2009; Kato et al., 2010; Gross, 2012a; Kassir-Bodon 
et al., 2012; Niu et al., 2012; Tran et al., 2012; Kjeldsen et al., 2013; 
Smedskjaer et al., 2013; Striepe et al., 2013b; Aakermann et al., 
2015; Rouxel and Yokoyama, 2015). It is commonly believed that 
the surface strengthening against contact cracking comes from the 
linear superposition of a compressive stress (CS) profile onto the 
surface of the glass (Marshall and Lawn, 1978; Lawn and Fuller, 
1984). This raises the question of whether there is any difference 
among various surface strengthening methods beyond the mag-
nitude and profile of the CS (Zijlstra and Burggraaf, 1968, 1969). 
For a given glass composition, the crack resistance of a thermally 
tempered sample can sometimes be better than its chemically 
strengthened counterpart, despite the much higher values of CS 
in the latter (Koike et al., 2012). Such a counter-intuitive observa-
tion hints at the existence of additional non-linear effects induced 
by the various strengthening techniques. For example, the ion 
exchange process introduces a composition gradient in the 
glass that is known to change the local intrinsic properties such 
as elastic constant, hardness, and flow mechanism (Mackenzie 
and Wakaki, 1980; Calahoo et  al., 2016; Svenson et  al., 2016). 
Importantly, it has been observed that the equilibrium density 
of ion-exchanged glass fibers is larger than that of glasses with 
equivalent compositions (Mackenzie and Wakaki, 1980). It has 
been established that densification during indentation is crucial 
for crack resistance (Kato et al., 2010) and affects the yielding and 
constitutive law (Mantisi et al., 2016). Therefore, the densification 
caused by ion exchange might limit the ability of the glass to densify 
during indentation, an effect that may act to compromise crack 
resistance. In isostatically compressed glasses, crack resistance is 
indeed observed to be lower (Striepe et al., 2013a,b; Aakermann 
et  al., 2015). This raises the question of whether there are any 
differences in the effect of densification caused by mechanical 
compression versus ion exchange.

In this study, we use molecular dynamics simulations (MD) 
to investigate the change in deformation mechanism in glass that 
results from the use of different strengthening methods. Our 
study reveals dramatically different stress fields that cannot be 
explained by a simple superposition of a CS profile. Hence, dif-
ferent crack resistance during loading or after unloading can be 
caused by different strengthening methods even for the same CS 
profile. The stress field difference is found to be controlled by the 
change in plastic zone shape and densification pattern underneath 
the indenter. The underlying deformation mechanism change is 
controlled by two competing mechanisms, i.e., the gain from CS 
and the potential increase in driving force for crack formation 
during loading or after unloading largely due to free volume 
reduction. Based on the simulation results, strategies to improve 
crack resistance are discussed.

MaTerials anD MeThODs

In this study, for the silicate glass from the sodium end-member 
in the series of standard Na–K aluminosilicate glasses (Kjeldsen 
et  al., 2014) with the mole % composition of (Na2O)15(MgO)5

(Al2O3)11(SiO2)69, we generate two samples with very different 
free volume content. The high free volume (HFV) content glass 
is intended to mimic a glass with native damage resistance or a 
tempered normal oxide glass with very high fictive temperature 
(Gross et  al., 2009). The low free volume (LFV) content glass 
can be viewed as a model for pressure quenched glass (Yuan and 
Huang, 2014) or hot compressed sample (Striepe et al., 2013b; 
Aakermann et al., 2015). The free volume content is controlled 
via a constant volume quenching process in an NVT ensemble 
(constant number of atoms, constant volume, and constant 
temperature) (Nosé, 1984) by specifying the initial density of 
the melts to be 2.34 and 3  g/cm3. The difference in the initial 
densities is chosen to be large to amplify the possible effect of 
free volume. The quenching process starts with a slab sample 
made of approximately 20,000 atoms with random coordinates 
equilibrated at 4000 K for 1 ns. Then, the high temperature melt 
is quenched to 300 K continuously over a period of 8 ns. Finally, 
the glass is relaxed at 300 K under atmospheric pressure for 1 ns. 
The as-quenched density of two samples is 2.47 and 2.91 g/cm3, 
respectively. Periodic boundary conditions are applied in all 
directions.

As shown in Figure  1, we use mechanical compression to 
obtain the CS introduced by thermal tempering or differential 
CTE lamination, and we use direct atom swapping to mimic ion 
exchange (Tandia et al., 2012a; Vargheese et al., 2014). Uniaxial 
compression in x direction (see the coordinates in Figure 2) is 
applied to achieve a CS from −1 to −2.7 GPa. Stress in z direction 
is kept at 0. Plane strain conditions are applied in xz plane so that 
the thickness in y direction is kept as a constant. Ion exchange 
can be mimicked by directly replacing all Na+ ions with K+ ions 
(Vargheese et al., 2014). Then, a relaxation time of 0.4 ns allows for 
the stress in the z direction to be relaxed to 0, and the dimensions 
in the x and y directions are kept as constant. During the relaxa-
tion, the stress in x direction (see the coordinates in Figure 2) first 
decreases and then stabilizes at −1.5 GPa for the HFV content 
sample and at −2.7  GPa for the LFV content sample. The ion 
exchange process can be viewed as a through-thickness, full ion 
exchange with the sample confined in a frame with infinite stiff-
ness. Therefore, no force balance from central tension is modeled, 
so the CS from ion exchange will be higher than what is achieved 
in experiment. Furthermore, no gradient is modeled in both the 
mechanical and chemical cases with the assumption that a CS 
profile with gradient can be modeled by different thin layers with 
uniform CS (Lawn and Fuller, 1984). Note that the ion-exchanged 
sample is denser than its compositionally equivalent as-melted 
counterpart under the same stress state, in agreement with 
previous experiment (Mackenzie and Wakaki, 1980) and simula-
tions (Tandia et al., 2012a; Vargheese et al., 2014). In short, ion 
exchange densifies the sample beyond the mechanical stress. It is 
also interesting to note that the sample with HFV acquires lower 
CS after ion exchange. In other words, increasing free volume 
(for example by tempering in normal oxide glasses) decreases the 
network dilation coefficient, also known as the Cooper coefficient 
(Cooper and Krohn, 1969; Svenson et al., 2014).

The indentation simulation details follow our previous study 
on crack nucleation (Luo et  al., 2016c). Here, we use a wedge 
indenter with the speed of 5 m/s. The indenter speed equals that 
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FigUre 1 | stress-number density plot during mechanical compression (black curves) and ion exchange (red curves) for the sodium aluminosilicate 
glass (nas) with high free volume in (a) and the sample with low free volume in (B). The mechanical compression curve for the as-quenched potassium-
aluminosilicate glass (KAS) with the same composition as the ion-exchanged NAS is also shown for comparison (green curves). Note that the ion exchanged sample 
has a higher number density than its compositionally equivalent as-quenched counterpart at the same compressive stress. In short, ion exchange densifies the 
sample beyond the mechanical stress. The sample with low free volume has higher compressive stress after ion exchange. In other words, decreasing free volume 
increases the Cooper coefficient.

FigUre 2 | example representations of in-plane stress field under 
indentation with penetration depth of 10 nm and indenter angle of 
120°. First principal stress field is shown in (a,c) and second principal stress 
field in (B,D). In (a,B), the magnitude of the local stress field averaged over 
2 nm × 3 nm × 2 nm voxels is denoted by the color bar. Tensile stress is 
positive and compressive stress is negative. In (c,D), in addition to the color, 
the direction of the stress is denoted by the line. The length of the line is 
proportional to the magnitude of the stress. The sample size is chosen so 
that the indentation stress field is away from the boundary of the simulation 
box. In the rest of the paper, close-up views of first principal stress field with 
overlapping color and line representations will be used.

3

Luo et al. Competing Indentation Deformation Mechanisms

Frontiers in Materials | www.frontiersin.org November 2016 | Volume 3 | Article 52

of an object dropping from 1  m height and is three orders of 
magnitude slower than the elastic wave speed. Following previ-
ous MD studies (Shi and Falk, 2007; Shi et al., 2014; Yuan and 

Huang, 2014; Luo and Shi, 2015b), we replicate the small slab 
sample in x and z directions to make the sample large enough 
for indentation testing. The indentation depth is 10 nm, and the 
sample size is up to 170 nm for the widest indenter angle 120° as 
shown in Figure 2. The periodicity in the replicated sample will 
be canceled by the inhomogeneous stress field under the indenter 
(Shi and Falk, 2007). We keep the surface atomically smooth so 
that we can avoid the complication from surface cracks. In this 
way, we can focus on the deformation mechanism, which is the 
theme of this study. We use carbon atoms to explicitly simulate 
the indenter (Luo et al., 2016c). The carbon atoms interact with 
the glass via the ZBL potential, which describes the screened 
nuclear repulsion between atoms (Ziegler and Biersack, 1985).

We use first principal stress field to predict the crack system 
during and after indentation. The local stress and densification 
field can be obtained by averaging the corresponding quantities 
in a voxel of 2  nm ×  3  nm ×  2  nm (Luo and Shi, 2015a). For 
example in Figure  2, we show the first principal and second 
principal stress field during loading under a 120° indenter. The 
first principal stress exhibits a tensile zone under the compressive 
zone below the indenter, and the tensile stress is predominately in 
the hoop direction. The second principal stress is almost entirely 
compressive and in the radial direction. Note that due to the 
small sample size and lack of defects, no direct crack formation 
is observed, which is quantitatively explained in our previous 
study on crack nucleation (Luo et al., 2016c). Provided the self-
similarity in the stress field, cracking in larger defected samples 
can be evaluated (Lawn and Evans, 1977). In other words, we 
can use the stress field to infer the crack system. For example, in 
Figure 2, it is readily seen that median crack is the major crack 
system. In the following sections, we show the close-up views 
of first principal stress field under different indenter geometry 
during loading and after unloading for different samples. We use 
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FigUre 3 | close-up view of the first principal stress field during loading for the base glass with high free volume in (a) and low free volume in (B). 
The indentation depth is 10 nm. The apparent voxel size is rendered proportional to the number of atoms it contains in order to better depict the sinking-in and 
pileup on the surface of the sample. Sinking-in is more apparent in (a), and pile-up is more apparent in (B). Sinking-in increases with increasing indenter angle, while 
pileup decreases with increasing indenter angle. The color bar is the same as in Figure 2. From left to right, each column corresponds to a different initial σxx as 
labeled on the top. The last two columns have the same initial σxx, which is achieved via mechanical and ion exchange methods, respectively. From left to right, the 
free volume effectively decreases. From top to bottom, each row corresponds to the indenter angle of 60°, 90°, and 120°, respectively.
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in the HFV sample in Figure  3A than in the LFV sample in 
Figure  3B. The stress field and the crack system also depend 
on the indenter geometry. For both non-strengthened glasses, 
increasing indenter angle reduces the magnitude of the tensile 
stress, which is in agreement with previous experiments and 
simulations (Gross, 2012a; Luo et al., 2016c). Moreover, for the 
high density glass, the major crack system changes from median 
and lateral cracks under 60° indenter, to lateral crack under 90° 
indenter and back to median crack under 120° indenter. A similar 
trend is also observed in both the low and high density glasses 
with initial CS of −1  GPa. Note that the location of the stress 
concentration for lateral crack is observed to be beside the com-
pressive (plastic) zone, which is in agreement with the “shallow 
lateral crack” observed in experiment (Arora et al., 1979; Cook 
and Pharr, 1990; Gross and Tomozawa, 2008c), although lateral 
crack can also go through the bottom of the compressive zone 
(Lawn and Swain, 1975; Cook and Pharr, 1990). Increasing the 
CS beyond −1 GPa will completely suppress tensile stress during 
loading except for extremely sharp indenter with angle equal or 

atomic shear strain to characterize the plastic zone shape under 
indentation (Falk and Langer, 1998; Falk, 1999; Shi and Falk, 2005; 
Luo et al., 2016a). The Green strain tensor is calculated for each 
atom from the deformation gradient tensor, which represents 
the affine deformation that best describes the transformation 
from the initial neighboring atomic configuration to the current 
neighboring atomic configuration (Falk and Langer, 1998). The 
shear strain is the Von Mises equivalent strain in the Green strain 
tensor (Shimizu et  al., 2007; Bower, 2009). Following previous 
MD studies on the mechanical properties of oxide glasses (Tandia 
et al., 2012a,b; Vargheese et al., 2014; Luo et al., 2016c), the Pedone 
force field (Pedone et al., 2006) is employed. All the simulations 
were conducted using LAMMPS (Plimpton, 1995).

resUlTs

stress Field during loading
Comparing the stress field in the base glass with no initial CS, 
it can be seen that the tensile stress buildup is less pronounced 
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FigUre 4 | close-up view of the first principal stress field after unloading for the base glass with high free volume in (a) and low free volume in (B). 
The apparent voxel size is rendered proportional to the number of atoms it contains in order to better depict the profile of the surface of the sample. The color bar is 
the same as in Figure 2. From left to right, each column corresponds to a different initial σxx as labeled on the top. The last two columns have the same initial σxx, 
which is achieved via mechanical and ion exchange methods, respectively. From left to right, the free volume effectively decreases. From top to bottom, each row 
corresponds to the indenter angle of 60°, 90°, and 120°, respectively.
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smaller than 60°. For the practically achievable CS at −1 GPa, not 
much tensile stress is observed under 120° indenter for both the 
low density and the high density glasses. Therefore, it is expected 
that a crack can hardly form during loading under Vicker’s 
indentation in ion-exchanged (IOX) glasses with relatively high 
CS, which is supported by an experiment observation (Tandon 
and Cook, 1993).

For the last two columns in Figures 3A,B, the stress field at peak 
loading is shown for the same CS level induced by mechanical 
compression and ion exchange. No major differences are observed 
for the glasses with different initial density, as hardly any tensile 
stress is caused by indentation with all three geometries except 
for the high density glass with mechanical compression under 
60° indenter, where minor tensile stress shows up. The difference 
in residual stress is larger as discussed in the following sections.

stress Field after Unloading
As shown in Figure 4, dramatic differences can be seen in the 
residual stress field after unloading between the two samples with 

different levels of free volume. For the sample with HFV, very lit-
tle residual stress is observed for almost all the initial stress levels 
except the sample under initial tension. More indentation-induced 
densification leads to lower tensile stress, which is in agreement 
with experimental observations (Gross and Tomozawa, 2008a,b; 
Gross et  al., 2009; Kato et  al., 2010). For the sample with LFV 
content, large residual tensile stress shows up after unloading. As 
expected, increasing CS decreases the driving force for median 
crack formation. But it is interesting to note the increase of the 
driving force for lateral crack formation after increasing the 
CS in the LFV glass. Such trend is especially prominent when 
the indenter angle is 120°. The trend is in agreement with the 
experimental observation that ion exchange can promote lateral 
crack formation (Gross, 2012b). By comparing the HFV glass at 
−1 and −1.5 GPa initial CS, we can also see a tendency for the 
lateral crack driving force to increase with increasing CS. But, the 
tendency is much weaker in the HFV sample, indicating that the 
embrittlement brought about by ion exchange can be alleviated 
by increasing free volume, for example via thermal tempering 
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FigUre 5 | close-up view of the net first principal stress field after unloading in rows 1–3, the local number density change in rows 4–6, and the 
local shear strain in rows 7–9 for the base glass with high free volume in (a) and low free volume in (B). The net stress field is defined as the current stress 
field subtracted by the initial stress field. The apparent voxel size is rendered proportional to the number of atoms it contains in order to better depict the profile of 
the surface of the sample. From left to right in (a,B), each column corresponds to a different initial σxx as labeled on the top. The last two columns in (a,B) have the 
same initial σxx, which is achieved via mechanical and ion exchange methods, respectively. From left to right, the free volume effectively decreases in (a,B). From top 
to bottom, every three rows correspond to the indenter angle of 60°, 90°, and 120°, respectively. The net residual stress field correlates strongly with the dilation 
zone in blue, especially for the sample with low free volume. The plastic zone shape indicated by the local shear strain changes dramatically for the sample with low 
free volume content, when CS is increased or the sample is ion exchanged. Note the correlation between the net residual stress field with the corners of the plastic 
zone in red, especially for the sample with low free volume content.
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for normal oxide glasses. Comparing to annealed glass, the glass 
made by fusion draw process might also possess an advantage due 
to the fast quenching rate. When we include the non-strengthened 
glass in the comparison, it is interesting to note that the residual 
stress seems to exhibit a minimum for the intermediate CS level 
at −1 GPa. Decreasing or increasing the CS from −1 GPa tends to 
increase the residual stress. Apparently, the direct reason cannot 
be a linear superposition of CS; rather, there are two competing 
mechanisms at work. In a later section, we will show that the 
change in the stress field is correlated with the densification and 
shear deformation change under indentation.

The indenter geometry also has interesting effects on the 
residual stress field and resulting crack system. For the non-
strengthened glass with HFV, increasing indenter angle reduces 
the magnitude of the residual tensile stress. In contrast, for the 
high density glass, the effect of indenter geometry is manifested 
in the change of the major crack system from lateral cracks under 
60° and 90° indenters to median crack under 120° indenter. At 
higher CS, the effect of indenter geometry diminishes as the lateral 
cracking becomes the main crack system, as discussed above. The 
simulation result suggests that the effect of the indenter geometry 

depends on the thermal history and strengthening state of the 
glasses.

We examine the difference between mechanical compres-
sion and ion exchange by comparing the last two columns in 
Figures 4A,B. The residual stress field after loading is shown for 
the same CS level induced by mechanical compression or ion 
exchange. No major differences can be observed for the sample 
with HFV content. A noticeable difference shows up in the 
residual stress field for the LFV sample under 120° indenter. In 
the following sections, the difference is correlated with the change 
in the amount of densification and shear deformation.

The Deformation Mechanism change
The comparison between the stress fields in samples with differ-
ent CS levels can be made “unbiased” if the initial CS is removed. 
Therefore, we define the net stress field as the current stress field 
subtracted by the initial stress field. If the linear superposition 
of CS is the only effect induced by strengthening, then the net 
stress field will be the same for all the samples with different 
initial CS values. However, as shown in rows 1–3 in Figure 5, it 
is clearly not the case, especially for the glass with LFV. In rows 
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1–3 in Figure 5B, when the sample is subjected to increasing CS, 
it tends to have less driving force for median crack formation and 
more driving force for lateral cracking even after the effect of CS 
is removed. The trend is the same but much weaker in the sample 
with HFV content shown in Figure  5A, as not much residual 
stress is observed after unloading. Comparing the net stress 
field in samples with the same CS level induced by mechanical 
compression or ion exchange under 90° and 120° indenter, we 
see that ion exchange tends to shift the driving force of lateral 
cracking further away from the center.

In rows 4–6 in Figure  5, the densification map is shown 
for the samples with varying levels of free volume and CS 
after indentation with different indenter angles. Comparing 
rows 4–6 in Figures 5A,B, it is apparent that the samples with 
HFV content exhibit much more pronounced densification 
after indentation across all conditions. For each sample, going 
from left to right when the CS level increases or effectively 
the free volume decreases, the densification after indentation 
decreases, which correlates with the increase in the driving force 
for a lateral crack. For each sample, going from rows 4 to 6 in 
Figure  5 when the indenter angle increases, the densification 
region tends to increase. In the maps of local number density 
change in Figure 5B, a noticeable “dilation” zone appears. Also, 
its location changes from underneath the densification zone to 
beside the densification zone when increasing the CS level or 
indenter sharpness. By comparing the dilation zone with the net 
residual stress in Figure 5B, we can see that the tensile zone in 
the net stress field is well correlated with the dilation zone in the 
number density change map. Comparing the last two columns 
in Figures 5A,B, we see less densification in an IOX sample than 
in the mechanically compressed sample under the same CS level, 
which is in agreement with Figure 1 because the ion exchange 
consumes the free volume.

The change in densification map and stress field is further 
correlated with the plastic zone in Figure  5. In rows 7–9 in 
Figure 5A, the plastic zone is shown for the sample with HFV 
content sample under different CS levels and indenters with 
different sharpness. The plastic zone shape is similar to the con-
ventionally assumed hemispherical in almost all the conditions 
except for the 90° indenter, where a butterfly shape develops. 
When the CS level increases, the size of the plastic zone exhibits 
a minimum at intermediate CS level of −1 GPa, which is corre-
lated with the minimum in the residual stress. In Figure 5B, the 
plastic zone for the sample with LFV content can be considerably 
different from the conventionally assumed hemisphere. Going 
from left to right when the CS level increases or effectively the 
free volume decreases, the depth of the plastic zone becomes 
more and more limited. For example, when the indenter angle 
is 120° and the CS is 0, the plastic zone develops deeper into the 
sample and forms a sharp corner facing downwards along the 
center line; in the IOX sample under 120° indenter, the plastic 
zone develops laterally and forms a butterfly shape. A butterfly-
shaped plastic zone can also be seen in the non-strengthened 
sample under 90° indenter. But when the CS increases, the shear 
deformation moves toward the upper surface and pronounced 
pileup can be seen, especially in rows 8 and 9 in Figure 5B. In 
short, strengthened glass, especially IOX glass, will limit the 

shear deformation toward the surface. Comparing the last two 
columns in Figure  5B, noticeable difference can be observed 
between mechanical compression and ion exchange when the 
indenter is 120°. The shear deformation is directed away from 
the center of the indent in the IOX sample, which correlates with 
the observation that the driving force for lateral crack in the 
IOX sample is also to the side of the center of the indent. By 
comparing the plastic zone with the residual stress, it is interest-
ing to note that the tensile zone develops at the boundary and 
especially pronounced at the sharp corner of the plastic zone, 
suggesting that the plastic zone shape dictates the stress field 
and crack formation.

The Quantitative stress Distribution  
under indentation
In this section, we show the quantitative stress distribution under 
indentation for four representative samples: the two as-quenched 
samples with LFV and HFV content and the corresponding two 
IOX samples. To put the stress field into perspective, the fracture 
and yield loci for these four samples are also calculated and shown 
in Figure 6. Following our previous studies (Luo et al., 2016b,c), 
an independent set of simulations under homogeneous loading 
is employed to obtain the fracture and yield locus. To mimic 
the stress state in a thick sample and to be consistent with the 
indentation simulation, we consider the plane strain condition, 
and hence only two degrees of freedom exist, i.e., σ1 and σ2, which 
represent the first and second principal stresses in the plane, 
respectively. In tension and compression tests, the ratio of σ2/σ1 
is tuned from −1 to 1 in steps of 0.2. In the other half of the space 
from σ1/σ2 = −1 to 1, the yield/fracture locus can be obtained by 
symmetry since the glasses are isotropic. In Figures 6A–D, the 
stress strain curves under tension or compression with different 
ratios of σ2/σ1 are shown for the four samples. In all the four 
samples under tension, a brittle to ductile transition occurs when 
the ratio of σ2/σ1 decreases from 1 to −1. Under compression, 
all samples exhibit hardening behavior near equal-biaxial CS 
states with σ2/σ1 ≥  0.8, which is as expected. The HFV sample 
exhibits ideal plasticity with σ2/σ1 < 0.8, while slight overshoot 
and then shear softening appears in the HFV sample after ion 
exchange for −1 ≤ σ2/σ1 ≤ −0.2. Pronounced overshoot and shear 
softening behavior appear in the LFV sample with or without ion 
exchange. The peak stress states during these simulations can be 
used to form the yield/fracture locus to depict the boundary of 
accessible stress states of a given sample as shown in Figure 6E 
in the in-plane principal stress domain and in Figure 6F in the 
domain of in-plane hydrostatic stress and maximum shear stress. 
The LFV sample has a larger fracture locus than that of the HFV 
sample, which is due to a larger Young’s modulus since from 
Figure 6G we see that the LFV sample has lower fracture strain 
values. After ion exchange, however, the fracture locus of the IOX 
LFV sample becomes smaller than that of the IOX HFV sample. 
From Figure 6H, the effect of shear on fracture is manifested by 
the observation that a shear strain of around 0.1 gives the smallest 
hydrostatic fracture strain, which might be analogous to the shear 
facilitated fracture in metallic glasses (Luo and Shi, 2015b; Yang 
et al., 2016).
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In Figure 7, for the four representative samples, we show the 
scatter plot of all the local stress states under indentation during 
loading and after unloading with labeled indenter angle in the 
in-plane principal stress domain along with the corresponding 
fracture/yield locus. The meaning of the directions in the princi-
pal stress domain is illustrated in the first plot in Figure 7. Under 
60° indenter during loading, the stress states range from shear to 
uniaxial compression and to a biaxial compressive state with σ1/σ2 
around 0.5. The largest CS in the HFV and IOX HFV samples is 
slightly less than 9 GPa and that in the LFV and IOX LFV samples 
is slightly larger than 9 GPa. Increasing the indenter angle gener-
ates more CS states. For the LFV sample and LFV IOX samples, the 
peak CS approaches 15 GPa. Almost all the local stress states are 
bounded by the yield locus as expected. The outliers are probably 
due to the expected fluctuation in the local voxels with the dimen-
sions of 2 nm × 3 nm × 2 nm. Upon unloading, the CS decreases 
and most of the material returns to stress free conditions in the 
HFV sample and the IOX HFV sample. However, in the LFV 
sample and LFV IOX sample, more residual stress develops in 
the direction of uniaxial tension or even biaxial tension direction. 
Under 60° indenter, the maximum tensile stress during loading 
is larger than that after unloading for all four samples, suggesting 
that the crack is more likely to form during loading under 60° 
indenter. The difference between the maximum tensile stress 
during loading and after unloading becomes very small when the 
indenter angle is 90°. Under 120° indenter, the maximum tensile 
stress during loading is smaller than that after unloading for all 
four samples, suggesting that crack is more likely to form during 
unloading under indenter with 120° or larger angle.

DiscUssiOn

The crack resistance is controlled by the interplay between stress 
field, densification, and the shear deformation. Decreasing free 
volume will promote shear deformation, which will develop 
pileup or corners in the plastic zone and in turn will dictate 
the increase in residual stress after unloading. Increasing CS 
further regulates and limits the shear flow toward the surface 
(leading to pileup) and therefore changes the shape of the 
plastic zone. The change in plastic zone, in turn, changes the 
residual stress and leads to a transition from median crack-
ing to a lateral crack system. Shear deformation can also be 
promoted by increasing the sharpness of the indenter. In this 
process, we see the strengthening methods actually increase 
the residual stress for lateral cracking. However, we also have 
shown that by increasing the free volume of the base glass the 
competition can be alleviated as shown in Figures 4A and 5A, 
until the CS is too high and the beneficial effect diminishes. 
This might explain the minimum residual stress field observed 
in the sample with HFV and intermediate CS level. For normal 
oxide glasses, free volume can be increased by fast quenching 
via fusion draw process or during the thermal tempering pro-
cess. Free volume can also be increased by composition design, 
for example, to have 4-coordinated Al and 3-coordinated B as 
implemented in native damage resistant (NDR) Gorilla® Glass 
(Mauro et al., 2016).

As shown in Figure 1 and previous experiments (Mackenzie 
and Wakaki, 1980) and simulations (Tandia et al., 2012a; Vargheese 
et al., 2014), ion stuffing itself also decreases the free volume and 
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is analogous to a partial annealing process. Therefore, the ion 
exchange process will densify the glass more than mechanical 
compression and hence escalate this deleterious effect. In contrast, 
a benefit of thermal tempering can be attributed to the increase of 
free volume content resulting from high fictive temperature. The 
CS imparted by thermal tempering is typically small compared 
to that obtained from ion exchange. Higher CS can be achieved 
by combining ion exchange with thermal tempering without 
invoking the adverse effects that lead to lateral crack formation, 
as shown in Figure 4A. In addition, the time for ion exchange is 
often reduced due to the more open structure that results in easier 
diffusion (Svenson et  al., 2016). Therefore, the combination of 
thermal tempering and ion exchange or differential CTE laminat-
ing might offer the best overall crack resistance. The combination 
of a NDR glass with HFV with an appropriate level of CS is also 
a promising approach.

Glass composition also strongly influences the indentation 
fracture resistance, even though this study focuses on only 
one base glass composition. Therefore, the effect of composi-
tion is worthy of future study. One underlying assumption is 
a positive dependence of free volume on fictive temperature, 

which is applicable to normal oxide glasses with relatively high 
content of modifiers (Gross and Tomozawa, 2008b). Also, we 
want to emphasize that free volume, used here as a measure of 
densifiability, is defined relative to the state after compression 
or deformation that a given composition can achieve. The state 
after compression or deformation is found to be linked to the 
high fictive temperature state or rejuvenated state for oxide 
glasses, amorphous silicon, and metallic glasses (Demkowicz 
and Argon, 2004; Gross and Tomozawa, 2008c; Luo et al., 2014), 
which might involve dramatic structural change, such as coordi-
nation number change. Caution should be used when trying to 
access free volume difference by comparing the density, number 
density, or packing fraction across different compositions since 
the reference state can depend on composition. Moreover, oxide 
glasses can show different intrinsic toughening mechanisms via 
shear rather than by densification (Rosales-Sosa et  al., 2016), 
which is worth more attention. According to previous studies 
(Rouxel, 2007; Shi et al., 2014), the ability to shear is associated 
with the opposite glass properties, such as LFV, high packing 
density, and high Poisson’s ratio. Therefore, the trends observed 
here might have to be reevaluated to understand deformation 
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mechanisms in those glasses. We also did not distinguish the 
difference between free volume reduction achieved by pressure 
or annealing. The exact thermal history might have additional 
effects on medium-range structure (Guerette et  al., 2015) and 
crack resistance (Smedskjaer et al., 2015), which also warrants 
further study.

cOnclUsiOn

In MD simulations, rich indentation behaviors induced by 
tuning the indenter angle, free volume content, CS magnitude, 
and strengthening methods have been observed and are largely 
in agreement with experimental results. The underlying mecha-
nism is proven herein to be much more than the conventionally 
assumed linear superposition of CS. Indentation response is 
controlled by the strong correlation between densification, shear 
deformation, and stress field or crack system under the indenta-
tion. We reveal a hidden mechanism that competes against the 
strengthening effect. CS can dramatically change the shape of 
the plastic zone and limits the shear deformation toward the 
surface, which causes residual stress that produces lateral cracks. 

Free volume content is observed to mitigate such competition 
and thus can help improve the crack resistance in strengthened 
glasses. This may explain why Corning’s NDR glasses can achieve 
non-linear increase in crack resistance by ion exchange and other 
strengthening mechanisms. It also indicates an advantage of the 
high fictive temperature, which is a result of Corning’s fusion 
draw process. In a normal oxide glass, combining tempering with 
the other two strengthening methods can achieve relatively high 
CS and less residual stress after indentation, which may offer the 
optimized crack resistance.
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