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Understanding cracking behavior of glass from its response to hydrostatic compression
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Under sharp contact loading, glass deforms elastically and then plastically in the form of densification, shear
flow, and network structure changes, which interplay with each other and lead to stress/residual stress buildup and
cracking. Vickers indentation is often used to study the deformation and cracking behavior of glass; however, it is
not easy to delineate the individual contribution of each deformation mode under indentation due to experimental
difficulties associated with in situ investigations at a local scale (tens of microns) under nonuniform stresses.
Given the stress field under an indenter is largely compressive, hydrostatic compression and decompression in a
diamond anvil cell (DAC) were used in this work to help understand the response of glass to indentation during
the loading and unloading process. To this end, an optical microscopy technique was developed to measure the
volume of glass under pressure in the DAC by using argon as a pressure transmitting medium. This provided
the densification and recovery of glass under hydrostatic compression and decompression. In situ Brillouin light
scattering experiments were carried out at the same time to measure the elastic response of glass to pressure. A
few multicomponent glasses with vastly different indentation cracking behaviors were selected for study in this
work. Our experiments reveal that glass with a high ability to undergo reversible structure changes in response
to hydrostatic compression and decompression shows a high cracking resistance under sharp contact loading.

DOI: 10.1103/PhysRevMaterials.4.063607

I. INTRODUCTION

Glasses have become ubiquitous in a wide range of high-
tech applications, but the main challenge in their end use
is their low resistance to damage in the form of cracks or
scratches [1]. A variety of postprocessing techniques such as
ion exchange and thermal tempering are employed to intro-
duce surface compressive stresses to improve damage/crack
resistance [2,3]. Recently, much attention has been drawn
towards using composition and thermal history to optimize
the damage resistance of glasses without the need for ex-
tensive postprocessing techniques [4–14]. Especially, B2O3-
containing glasses have been extensively studied for their
exceptional crack resistance [12–15]. Designing glasses with
high damage resistance is critical for their applications, but
the underlying cracking mechanisms are complex to under-
stand and analyze. Before cracking under a sharp contact
load, glasses undergo elastic and inelastic deformation with
densification and shear flow being the main deformation
mechanisms. Glasses with low Poisson’s ratios tend to den-
sify, whereas those with high Poisson’s ratios tend to shear
flow under indentation [16]. Apart from densification and
shear flow, network adaptivity was recently proposed to be
an additional deformation mechanism [6,17]. The interplay
between these different deformation mechanisms leads to the
buildup of stress and residual stress, and ultimately results
in cracking. A fundamental understanding of crack initiation
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can help improve the performance of glass against contact
cracking by optimizing the composition and thermal-history
design.

Traditionally, Vickers indentation has been used to under-
stand plastic deformation in glasses, but the stress state as
well as the deformation mechanism under an indenter are ex-
tremely complex. In addition, there are several difficulties as-
sociated with experimental investigation at a local scale (tens
of microns) with varying stress distribution under a Vickers
indenter. Given that the stress field under an indenter is largely
compressive, but very hard to quantify, cold-compression
and hot-compression treatments were previously used to
gain insights into the response of glass to high compressive
loads [18,19]. Insight from pressure processing techniques
was linked to glass deformation/cracking because stresses on
the same order of magnitude develop in glasses under sharp
contact loading [4–7,18]. However, in such experiments, ob-
servations were made ex situ after the compression treatment
was completed [4–7]. In situ experiments that provide a more
comprehensive picture of the response of glass to loading
and unloading at room temperature are limited, motivating
our efforts to close this gap and pave the way for a better
understanding of glass cracking. In this work, we used Bril-
louin light scattering (BLS) and optical microscopy in situ in a
diamond anvil cell (DAC) to study the elastic response of glass
to pressure and the pressure dependence of volume [equation
of state (EOS)] [20–25], respectively. EOS and elastic moduli
of glasses under pressure will help us understand how the
structure and properties of glass evolve under indentation [18].
In addition, they serve as critical inputs for developing force
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TABLE I. Physical properties of glasses studied in this work.

Hardness at Young’s Bulk Shear
Density 4.9 N modulus modulus modulus
(g/cm3) (kgf/mm2) Poisson’s ratio (GPa) (GPa) (GPa)

As-drawn 20% B2O3 2.231 518 (±21) 0.239 (±0.003) 56.3 (±0.4) 36.0 (±0.2) 22.7 (±0.2)
Annealed 20% B2O3 2.240 507 (±39) 0.237 (±0.001) 59.3 (±0.1) 37.5 (±0.1) 24.0 (±0.1)
10% B2O3 2.385 556 (±16) 0.236 (±0.002) 73.0 (±0.2) 46.2 (±0.2) 29.5 (±0.1)
0% B2O3 2.432 582 (±32) 0.212 (±0.001) 73.0 (±0.1) 42.3 (±0.1) 30.1 (±0.1)

fields with accurate short- and long-range interactions for
molecular dynamics simulations of glasses [26], and for val-
idating constitutive models in finite element analysis of glass
mechanics [27].

In this work, a few multicomponent commercial glasses
with vastly different indentation cracking behaviors were
selected. In situ experiments conducted on these glasses re-
vealed that a glass network with a high ability to undergo
reversible structure changes in response to hydrostatic com-
pression and decompression shows a high cracking resistance
under sharp contact loading. It is of critical importance to
develop a fundamental understanding of the factors that con-
trol crack resistance because this knowledge will facilitate
the design of glasses with high damage resistance by tuning
chemical composition, thermal history, and network structure
in a controllable manner.

II. EXPERIMENTAL METHOD

Commercial multicomponent oxide glasses containing dif-
ferent B2O3 contents were chosen for this study [1,28,29]:
20% B2O3, 10% B2O3, and 0% B2O3. 20% B2O3 glass
samples with different fictive temperatures were considered
here because previous studies have shown that structure and
properties of glasses containing a high content of boron are
very sensitive to thermal history [12,13]. The 20% B2O3

sample with a higher fictive temperature, synthesized by the
Corning fusion-draw process without annealing, is labeled
“as-drawn 20% B2O3 glass” hereafter. The 20% B2O3 sam-
ple with a lower fictive temperature, obtained by annealing
below the glass transition temperature (Tg) for 2 h, is re-
ferred to as “annealed 20% B2O3 glass.” The 10% B2O3 and
0% B2O3 samples used for mechanical tests are as-drawn
glasses synthesized by Corning’s fusion-draw process without
annealing.

A six-pass high-contrast Fabry-Perot interferometer from
JSR Scientific Instruments was used for measuring Brillouin
frequency shifts in this study. BLS experiments in the em-
ulated platelet geometry (EPG) were carried out to measure
both longitudinal (VL ) and transverse sound (VT ) velocities at
room temperature for all samples. Details of the experimental
setup, the light scattering geometry, and its applications can be
found elsewhere [30–32]. From the sound velocities measured
in BLS, together with the density (ρ), the longitudinal elastic
modulus (C11), Young’s modulus (E ), bulk modulus (K),
shear modulus (C44 or μ), and the Poisson’s ratio (ν) can be
calculated using the following equations, and are presented in

Table I.

C11 = ρV 2
L , (1)

C44 = ρV 2
T , (2)

E = C44
3C11 − 4C44

C11 − C44
, (3)

K = 3C11 − 4C44

3
, (4)

μ = C44, (5)

ν = E

2μ
− 1. (6)

A membrane-driven diamond anvil cell (DAC) was used
to generate hydrostatic stress states. Optically polished glass
samples (∼100 μm × 100 μm × 10−20 μm in size), a ruby
ball (5–10 μm in diameter) as a pressure calibrant [33], and
argon as a pressure transmitting medium [34] (PTM) were
loaded into a hole drilled in a stainless-steel gasket. The
PTM was loaded into the DAC cryogenically [19]. In situ
BLS experiments were conducted to measure the longitudinal
Brillouin frequency shift of glass as a function of pressure.
BLS measurements were taken through the diamond anvil of
the DAC in the backscattering geometry. Longitudinal Bril-
louin frequency shift (� fL) measured in the backscattering
geometry is related to VL as

VL = λ0� fL

2n
, (7)

where n is the refractive index and λ0 is the laser wave-
length [30]. A Horiba LabRAM HR800 Raman spectrom-
eter was used to measure the pressure-dependent ruby flu-
orescence shift to calculate the hydrostatic pressure in the
DAC [35]. A 532-nm Verdi V2 DPSS green laser was used as
the probing light source for both BLS and ruby fluorescence
measurements. A Dino-Lite microscope combined with a 20×
long working distance objective lens was set up to view the
sample in the DAC as seen in Fig. 1 (left). This optical
microscopy setup allows us to measure the sample area and
identify spots for BLS experiments under pressure. The same
magnification was maintained throughout the experiment. A
typical micrograph generated from the DAC is shown in Fig. 1
(right). The sample area was estimated by counting pixels
in the digital image using the GWYDDION program [36]. To
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FIG. 1. (Left) Optical microscopy setup for EOS measurements
and for viewing sample during BLS experiments in a DAC. (Right)
Optical micrograph showing a glass sample and a ruby ball under
pressure in a DAC.

determine the EOS, isotropic compression was assumed to
calculate the sample volume under pressure from the sample
area: VP

V0
= ( AP

A0
)3/2, where V0 and A0 are the volume and

area under ambient conditions, respectively; VP and AP are
the corresponding ones under pressure in the DAC [20,37].
Uncertainty in VP

V0
estimations is expected to be ± 0.003.

After a certain pressure was reached in the DAC, the sample
was equilibrated for 15–20 min [19,38] before any optical
micrograph or BLS spectrum was collected (pressure mea-
sured from ruby fluorescence was found to stabilize in around
15 min). BLS spectrum collection time is ∼6–10 min at each
pressure.

The advantages of using this optical microscopy setup
together with a membrane-driven DAC are that EOS and BLS
measurements under pressure can be collected simultaneously
and the ruby fluorescence can be measured in situ without
moving the DAC after each pressure increment. This will
guarantee that the same spot is measured under different
pressures.

Optical microscopy has been used for measuring EOS ow-
ing to its simplicity, but the technique was previously limited
in its implementation to pressures below 10 GPa [20,24,39].
In this work, we successfully extended this technique for
EOS measurements to pressures up to 19 GPa by using a
pixel-dense Dino-Lite microscope camera and reliable image
processing software such as the GWYDDION program [36]. A
standard high-purity silica glass, Corning 7980 fused silica,
was used to test the reliability of our setup. Figure 2 shows
excellent agreement between the EOS of silica glass measured
in our study compared to a previous work in the literature [20],
proving the feasibility of this experimental setup.

Vickers hardness (HV ) of all glass samples in this study
was calculated from image analysis of Vickers indents made
at 0.5 kgf (4.9 N) load according to

HV = 2P sin
(

α
2

)
d2

, (8)

where P is the Vickers load, α is the angle between indenter
faces, and d is the mean diagonal length of the indent. Results
presented in Table I are Vickers hardness values averaged
from at least ten indents.

To calculate the crack initiation load, Vickers indents were
made at incremental loads of 0.49, 0.98, 1.96, 2.94, 4.9,
and 9.8 N. Crack probability is determined by counting the
number of cracks emanating from the corners of the indent

FIG. 2. EOS of silica glass measured by the optical microscopy
technique in our study in comparison with data from the litera-
ture [20].

at systematically increasing indentation loads. An average of
data from at least ten Vickers indents was obtained to estimate
the number of cracks at each load.

To understand the contribution of densification and shear
flow during Vickers indentation, atomic force microscopy
(AFM) was used to profile Vickers indents immediately after
indentation and postannealing at 0.9Tg (in K) for 1 h. At
least eight indents of 0.98 N load were used for analysis
with the help of the GWYDDION program [36]. By following
the procedure established by Yoshida et al. [40], the volumes
of permanent deformation affected by densification (Vd ) and
shear flow (Vs) can be calculated.

11B magic-angle spinning (MAS) nuclear magnetic res-
onance (NMR) experiments were conducted to understand
the coordination environment of boron in boron-containing
glasses [7].

III. RESULTS AND DISCUSSION

A. Glass structure, crack resistance, and deformation
modes of glasses under indentation

Figure 3 presents 11B MAS NMR results from our samples;
the peak towards the left in the spectrum corresponds to the
trigonal boron resonance and that on the right corresponds
to the tetrahedral boron resonance. The NMR data show
that boron is primarily in the trigonal coordination state, but
there is a small fraction of tetrahedral coordinated boron that
increases as the boron content in the glasses increases or after
annealing. As-drawn and annealed glass with 20% B2O3 have
different contents of fourfold coordinated boron (3.7% and
6.5%, respectively), whereas the coordination of boron in the
10% B2O3 samples is not sensitive to the change in thermal
history (3.1% fourfold coordinated boron).

The trigonal boron resonances (peak between 0 and
15 ppm) comprise two peaks, generally attributed to ring and
nonring BO3 units. This trigonal boron resonance peak visibly
changes after annealing for the 20% B2O3 glass as seen in
the 11B MAS NMR spectrum in Fig. 3(a) which implies that
changes in the intermediate-range order (IRO) also occur with
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FIG. 3. 11B MAS NMR spectra of as-drawn and annealed (for 2 h near Tg) (a) 20% and (b) 10% B2O3 glasses. Note: The overlapping of
the BO4 peak with the BO3 peaks in (b) is due to a lower external magnetic field applied for NMR measurements [16.4 T vs 11.7 T in (a), (b),
respectively].

thermal history along with changes in the short-range order
(SRO).

Vickers indentation was performed on these glass samples
at incremental loads and typical optical micrographs of the
Vickers indents generated at 9.8 N are shown in Fig. 4.

The crack probability plotted as a function of indentation
load for these samples is shown in Fig. 5. The highest possible
load that our Vickers indenter can achieve is 9.8 N. Sigmoidal
function forms were fit to the experimental data. Crack initi-
ation load, defined as the load at which the crack probability
is 50%, is the highest for the as-drawn 20% B2O3 sample,
followed by annealed 20% B2O3, then 10% B2O3, and is the
least for 0% B2O3 glass as seen in Fig. 5.

It has generally been observed that high crack resis-
tance does not correlate with fracture toughness or hard-
ness [10,41,42]. The ratio of hardness to fracture toughness,

FIG. 4. Optical micrograph of Vickers indent in (a) as-drawn
20% B2O3, (b) annealed 20% B2O3, (c) 10% B2O3, and (d) 0% B2O3

glasses made at 9.8 N load in air.

previously defined as the brittleness [43], was also found
to not be correlated with crack resistance [42,44]. Previous
studies on glassy solids found good correlations between
Poisson’s ratio and intrinsic ductility or brittleness [45,46].
For the glasses considered here, Poisson’s ratio values are
quite close as seen in Table I, yet the crack initiation loads
were found to be very different. This shows that Poisson’s
ratio may not be a good indicator of crack resistance under
indentation, probably because of the complex nature of the
stress field underneath the indent.

Yoffe described the stress around an indent by superposing
the Boussinesq field originating from a point load normal to
the surface of a semi-infinite elastic body, and a blister field

FIG. 5. Crack probability as a function of the Vickers indentation
load. The horizontal dashed line indicates the 50% crack probability.
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FIG. 6. A schematic of the spherical coordinate system for the
stress field around an indent.

arising from the strain nucleus, created by the yield zone under
the indenter [47] according to

σrr = P

2πr2
[1 − 2ν − 2(2 − ν)cos2θ ]

+ 4B

r3
[(5 − ν)cos2θ − (2 − ν)], (9)

σθθ = P

2πr2

(1 − 2ν) cos θ

(2 + cos θ )
− 2B

r3
(1 − 2ν)cos2θ, (10)

σφφ = P

2πr2
(1 − 2ν)

(
cos θ − 1

1 + cos θ

)

− 2B

r3
(2 − 3cos2θ ), (11)

σrθ = P

2πr2

[
(1 − 2ν) sin θ cos θ

1 + cos θ

]
+ 4B

r3
(1 + ν) sin θ cos θ,

(12)

σrφ = σθφ = 0, (13)

where P is the indenter load, B is the blister field strength, and
ν is the Poisson’s ratio; the origin of the spherical coordinate
system lies on the surface at the contact point, θ is the angle to
the loading axis, and φ is the angle around this axis as shown
in Fig. 6.

Different cracks are driven by different components of the
stress field around an indent. For example, ring, radial, lateral,
and median cracks are driven by σrr (θ = π

2 ), σφφ (θ = π
2 ),

σrr (θ = 0), and σθθ (θ = 0), respectively [48]. The magni-
tude of the blister field strength B controls the way glasses
crack under load; glasses with a high blister field strength
crack more readily than others [49,50]. According to the
expanding cavity model, the volume shrinkage (densification)
serves as an alternative to the plastic zone expansion under
the indenter [51]. Therefore, deformation by densification is
believed to produce less blister field stress and less subsurface
damage, so the threshold load required to initiate cracks
increases [47,49,51,52]. Cook and Pharr proposed that the
blister field strength is proportional to f E (P/H )3/2 during

indentation, where P is the indenter load, E is the Young’s
modulus, H is hardness, and f is a parameter between 0
and 1, which accounts for the densification contribution in
glass during indentation deformation [49]. f = 0 when the
indentation volume is accommodated entirely by densifica-
tion, and f = 1 when no densification occurs. Therefore, a
lot of emphasis was placed on experimentally quantifying
the contribution of densification using AFM in the literature
as discussed in Sec. II. Furthermore, Sellappan et al. [50]
provided an expression for calculating the blister field strength
according to

B = 3E

4π (1 + v)(1 − 2v)
(1 − VR − VP )V −

i , (14)

where V −
i is the volume of indent before annealing, VR is the

volume recovery ratio, and VP is the pileup ratio, calculated
from AFM profiling of indents before and after sub-Tg anneal-
ing.

VR = Vd/V −
i , (15)

VP = (2V +
i − V +

a )/V −
i . (16)

Volumes of permanent deformation through densification (Vd )
and shear flow (Vs) can be calculated by

Vd = (V −
i − V −

a ) + (V +
a − V +

i ). (17)

Vs = V −
i − Vd = V +

i + V −
a − V +

a , (18)

where V −
a is the volume of the indent after annealing; V +

i
and V +

a are the pileup volumes before and after annealing,
respectively [44]. Glass with a high VR is expected to have a
low blister field strength, a low residual stress, and therefore
a low tendency to crack. While some studies found that crack
resistance is correlated with VR or the recovery of indentation
depth (RID) [42], recent studies have contested this relation-
ship by considering a large set of glasses [6,14]. Our AFM
results in Table II also show that VR could not satisfactorily
explain the large variation in crack resistance of glasses that
were considered in this study. Annealed 20% B2O3 glass has
a higher VR than as-drawn 20% B2O3 glass, but a lower crack
resistance. Similarly, 10% B2O3 glass has a higher VR than
as-drawn 20% B2O3 glass, but also a lower crack resistance.

The above results and previous studies [5,14] suggest that
there are other factors affecting the crack resistance of glasses
besides densification and shear flow, which will be discussed
in the following sections.

B. Deformation of boron-containing glasses:
Network adaptivity and recovery

Figure 7 presents the longitudinal Brillouin frequency shift
as a function of pressure during compression. Both as-drawn
and annealed 20% B2O3 glasses were found to soften upon
initial compression (a similar behavior is seen in 10% B2O3

glass, but to a lesser extent). As-drawn 20% B2O3 glass is
softer at ambient conditions and up to ∼3 GPa, then overlaps
with the annealed 20% B2O3 sample. As-drawn 20% B2O3
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TABLE II. Indent profiling using atomic force microscopy (AFM).

Vi
− (μm3) Vi

+(μm3) Va
− (μm3) Va

+ (μm3) Vd (μm3) Vs (μm3) VR

Avg Std dev Avg Std dev Avg Std dev Avg Std dev Avg Std dev Avg Std dev Avg Std dev

As-drawn 20% B2O3 73.3 3.77 0.19 0.13 33.66 1.79 0.88 0.14 40.34 3.53 32.96 1.81 0.55 0.03
Annealed 20% B2O3 71.88 3.44 0.28 0.09 25.56 0.95 1.55 0.4 47.58 2.92 24.3 1.18 0.66 0.01
10% B2O3 71.75 1.67 0.08 0.04 27.58 1.05 0.97 0.45 45.06 1.12 26.69 1.14 0.63 0.01

glass elastically stiffens much faster than glasses with lower
B2O3 content after passing the minimum around 2 GPa.

To better understand the crack resistance of boron-
containing glasses, we measured their EOS, shown in Fig. 8.
Below ∼7 GPa, the volumes of all three boron-containing
glasses decrease quickly with pressure, then as-drawn 20%
B2O3 and 10% B2O3 glasses become more difficult to com-
press and approach the behavior of 0% B2O3 glass when the
pressure is above 10 GPa. The smooth changes in density of
all the glasses during compression in the low-pressure region
suggest a gradual rearrangement of the glass structure with
pressure that may involve small changes in the intermediate-
range structure of the glass [53]. The sharp change in the
ease of densification near 7 GPa in as-drawn 20% B2O3 and
10% B2O3 glasses may be related to some dramatic structural
changes under pressure, such as conversion of boron atoms
from the threefold to the fourfold coordination state. In situ
neutron scattering [54] and inelastic x-ray scattering [55]
studies on pure B2O3 glass showed that fourfold coordinated
boron atoms begin to appear in appreciable amounts when
pressure is greater than ∼7 GPa. This coordination conver-
sion in pure B2O3 glass was also observed in in situ BLS
experiments in a DAC around ∼7 GPa as a sharp increase in

FIG. 7. Longitudinal Brillouin frequency shift as a function of
pressure during compression for as-drawn and annealed 20% B2O3,
and 10% and 0% B2O3 glasses.

longitudinal sound velocity [56]. Figure 8 shows that upon
initial compression, as-drawn 20% B2O3 and annealed 20%
B2O3 glass behave similarly; the small difference may be
related to differences in IRO as discussed in Sec. III A. On
further increasing pressure, it can be seen from Fig. 8 that
as-drawn 20% B2O3 glass seems to be more difficult to further
compress. There is a slightly higher concentration of threefold
boron in the as-drawn glass as compared to the annealed one
as shown in Fig. 3(a). This means that the former would have a
higher capacity to undergo structural changes and adapt to the
higher load as compared to the latter, which is in agreement
with the results in Fig. 8. The decrease in the slope of V/V0

vs P for boron-containing glasses indicates the decreased
compressibility of the high-pressure structure as compared to
the low-pressure structure. Therefore the ability of a glass net-
work to undergo significant structural changes during loading
may be quantified from this change of slope. A higher ability
of glass to undergo structural changes under pressure reflects
its higher capacity to accommodate similar changes during
indentation, dissipating energy, thus improving the damage
resistance as a result.

The ability of glass to accommodate stress in the inden-
tation process either through structural changes or through
densification was earlier recognized as network adaptivity,
and crack resistance was proposed to be correlated to network

FIG. 8. EOS of as-drawn and annealed 20%, 10%, and 0% B2O3

glasses during compression.
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FIG. 9. EOS of (a) as-drawn 20% B2O3, (b) annealed 20% B2O3, (c) 10% B2O3, and (d) 0% B2O3 glasses during compression and
decompression.

adaptivity [6]. However, the quantification of network adap-
tivity was based on changes in glass structure from hot com-
pression [6], which may not necessarily reflect the structural
changes at room temperature [19]. Methods to quantify the
network adaptivity at room temperature are needed, which are
more relevant to the indentation process. The slope change in
the V/V0 vs P curve shown in Fig. 8 may be considered as
one of such methods, which needs to be confirmed by testing
different glass systems.

Figure 9 shows the response of glasses to compression
and the resulting recovery on decompression. Hydrostati-
cally compressed glasses undergo elastic deformation ini-
tially; when pressure is increased further, they undergo plastic
deformation [27]. On decompressing after the plastic defor-
mation has occurred, initially the decompression curve traces
the compression curve. On decompressing further, some of
the changes are recovered but some of the changes become
permanent. Boron-containing glasses undergo elastic defor-
mation up to ∼7 GPa [see decompression from 6.9 GPa in
Fig. 9(a)]; permanent changes occur upon decompression
from higher pressures as seen in Figs. 9(a)–9(c). These glasses
show a sharp change in V/V0 vs P upon decompression
around 3–4 GPa, which indicates that a significant part of the
structural changes during compression are recovered on

decompression below this pressure. Previous BLS measure-
ments of pure B2O3 glass also showed that upon decompres-
sion, the longitudinal sound velocity decreases slowly first,
then exhibits a large discontinuity at about 3 GPa [56], which
was attributed to the boron coordination change from fourfold
to threefold. Similar coordination conversion possibly occurs
here in boron-containing glasses. Figure 9(d) shows that
the volume decrease (thus densification) of 0% B2O3 glass
is smaller compared to boron-containing glasses under the
same pressure, and there is no sharp change in slope seen at
∼7 GPa. Upon decompression, volume is gradually recovered
without dramatic change in slope at 3–4 GPa. Such detailed
information gained through in situ measurements in DAC is
not captured through postmortem analysis, such as the AFM
profiling of indent before and after annealing.

Figure 10 shows the change of the longitudinal Brillouin
frequency shift during compression and decompression of the
annealed 20% B2O3 glass in comparison with that of silica
glass [19]. Even though both glasses soften upon initial com-
pression, the former gets stiffer under pressure much faster
than the latter after passing through the minimum, which may
be due to the change of boron coordination from 3 to 4 [54].
During decompression, the elastic property of the annealed
20% B2O3 glass decreases much faster than silica glass as
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FIG. 10. Longitudinal Brillouin frequency shift in annealed 20%
B2O3 glass and silica glass [19] as a function of pressure during
compression (solid symbols) and decompression (open symbols).

well, indicating the possible recovering of boron coordination
from 4 to 3, as observed in previous studies [54,56–58]. In
the pressure range tested in Fig. 10, silicon is predominantly
fourfold coordinated [59]. The densification of silica mainly
occurs through the compaction in the IRO without coordina-
tion change in the SRO [60,61].

Figures 9 and 10 clearly show the different compression
and decompression behaviors of glasses with and without
boron. Different responses to loading and unloading during
the indentation process would be expected in glasses with and
without boron, which are hard to quantify during indentation,
but inevitably lead to different stress/residual stress buildup,
thus resulting in different crack resistance and cracking pat-
terns. The “reversible” boron coordination change during
loading and unloading helps increase the crack resistance of
glass in at least three ways: (1) to dissipate energy; (2) to
provide a highly compact coordination state for densifica-
tion; (3) the coordination reversal during decompression acts
like pseudoelasticity to reduce the residual stress buildup after
unloading. This is reflected in Fig. 11, which shows a clear
positive correlation between the crack initiation load and the
content of trigonal boron in the glass structure.

Further evidence that coordination change at room
temperature is mostly reversible can be found from ex situ
structural studies on boron-containing glasses compressed at
varying temperatures. Figure 12 presents NMR results from
one such study on the 20% B2O3 glass where samples were
pressure treated at 1 GPa for 1 h at different temperatures
(different as-drawn glass samples were used for experimental
results shown in Figs. 3(a) and 12, causing a slight difference
in the calculated N4 fraction). These results indicate that a
substantial increase in fourfold coordinated boron is found
with increasing temperature until 650 ◦C, but no significant

FIG. 11. Dependence of the crack initiation load on the content
of trigonal boron.

permanent changes are seen after the compression-
decompression cycle at room temperature (see the overlap of
the blue and red spectra in Fig. 12). This implies that boron
coordination change is largely reversible at room temperature,
which lends support to our observations in the DAC. More
detail on the experimental procedure used for preparing
samples shown in Fig. 12 can be found elsewhere [62].

FIG. 12. Ambient 11B MAS NMR spectra of 20% B2O3 glass
compressed under 1 GPa for 1 h at varying temperatures indicated in
legends.
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C. Necessity for an improved description of blister field stress

In the expression for blister field stress given by Cook and
Pharr, as discussed in Sec. III A, it was assumed that this
stress remains constant during unloading, with the magnitude
of B being equal to its value at the maximum load [49].
However, Bobji and Biswas later showed that the magni-
tude of B changes during unloading and depends on the
recovery path that the material adopts when the indentation
load is removed [63]. As discussed before, densification via
intermediate-range structural changes or coordination conver-
sion in the short range are non–volume conserving, whereas
shear flow is volume conserving. The coordination conversion
during loading and its reversal during unloading should be
considered in the f parameter in order to calculate the blister
field correctly, especially for boron-containing glasses. The
difficulty is that the reversible coordination conversion during
the loading and unloading cycle could leave no trace in post-
mortem analysis such as AFM profiling of indents before and
after sub-Tg annealing, or ex situ measurement of densification
after hydrostatic compression and decompression process.

As seen in Table II, as-drawn 20% B2O3 glass has the
lowest VR, yet the highest crack initiation load. This is because
its high content of trigonal boron provides a remarkable
network adaptivity through reversible coordination conversion
during the loading and unloading process. This means that the
blister field strength or the residual stress around the indent
imprint is very low after unloading, thus exhibiting a higher
crack resistance. Previous studies on boron-containing glasses
that considered the expression in Eq. (14) for calculating the
blister field strength shared the same observation that glasses
with the highest crack resistance do not exhibit the highest
values of VR [14]. This is because VR may not reflect the
true densification during loading and unloading in boron-
containing glasses, indicating that the expression in Eq. (14)
is insufficient to describe the blister field strength in such
glass systems. These observations point towards the need to
go beyond the simplified considerations of densification and
shear flow alone to calculate residual stresses in complex glass
systems. Our study showed that the reversible coordination
conversion during loading and unloading should be consid-
ered for boron-containing glasses in order to understand their
indentation and cracking behaviors. Attention should also be
given to other species such as aluminum or germanium that
can underdo coordination changes in the pressure range (up to
∼10 GPa) relevant to indentation experiments.

D. Perspective: Case for in situ studies to understand
crack resistance

Cracks can develop during the loading or unloading pro-
cess [49]. For glasses that undergo significant structural
changes or density changes to accommodate stress on appli-
cation of an external load, a major fraction of such changes

may be reverted upon the release of the load, which cannot
be captured by ex situ analysis of the indentation imprint
left after unloading. For example, in the ex situ analysis of
Yoshida et al. that was presented in Sec. III A, VR is essentially
the fraction of permanently densified volume to the total
volume of the indent imprint [40]. VR does not capture volume
changes associated with reversible structural changes in terms
of coordination conversion, and hence may not directly relate
to the damage resistance of glass. The steep increase in
densification and elastic property in response to compression
and subsequent fast recovery during decompression seen in
Figs. 9 and 10 for 20% B2O3 glass cannot be captured by
ex situ analysis, but it is exactly this steep increase during
compression and eventual recovery during decompression
that reflects the structural adaptivity of the 20% B2O3 glass
network, which in turn leads to its high damage resistance.
Therefore, it is essential to develop in situ techniques that
enable a fundamental understanding of the elastic as well
as the plastic responses of glasses to sharp contact loading.
Easy implementation and integration of various characteriza-
tion techniques in situ in a DAC make it a valuable tool to
obtain such information. At the same time, it is essential to
extend such in situ techniques to indentation to understand the
changes in local structure and properties of glasses in response
to sharp contact loading.

IV. CONCLUSIONS

A few multicomponent glasses with vastly different inden-
tation cracking behaviors and varying B2O3 contents were
studied in a diamond anvil cell (DAC) by using integrated
in situ optical microscopy and Brillouin light scattering tech-
niques. These experiments provided the elastic and densi-
fication response of glasses to hydrostatic compression and
decompression. As-drawn 20% and 10% B2O3 glasses show
a sharp change in the ease of densification near 7 GPa, which
may be related to structural changes such as conversion of
boron atoms from the threefold to the fourfold coordination
state. Interestingly, a large part of this change was found to be
recovered on decompression, probably due to boron atoms re-
verting to the threefold coordination state. The ease of a glass
network to undergo reversible structural changes in terms of
coordination conversion during loading and unloading seems
to be correlated with high crack resistance. This is due to the
reduced stress buildup during loading and the reduced residual
stress after unloading, thus decreasing the driving force for
cracking.
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