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We provide a comprehensive description of the defect tolerance of sodium-borosilicate glasses upon sharp con-
tact loading. This is motivated by the key role which is taken by this particular glass system in a wide variety of
applications, ranging from electronic substrates, display covers and substrates for biomedical imaging and sens-
ing to, e.g., radioactive waste vitrification. The present report covers the mechanical properties of glasses in the
Na2O–B2O3–SiO2 ternary over the broad range of compositions from pure SiO2 to binary sodium-borates, and
crossing the regions of various commercially relevant specialty borosilicate glasses, such as themulti-component
Duran-, Pyrex- and BK7-type compositions and typical soda-lime silicate glasses, which are also included in this
study. In terms of structure, the considered glasses may be separated into two groups, that is, one series which
contains only bridging oxygen atoms, and another series which is designed with an increasing number of non-
bridging oxygen ions. Elasticmoduli, Poisson ratio, hardness aswell as creep and crack resistancewere evaluated,
as well as the contribution of densification to the overall amount of indentation deformation. Correlations be-
tween the mechanical properties and structural characteristics of near- and mid-range order are discussed,
fromwhichwe obtain amechanistic view at themolecular reactionswhich govern the overall deformation reac-
tion and, ultimately, contact cracking.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Multi-component alkali-borosilicates represent one of the most
prominent types of specialty glasses. They are an indispensable compo-
nent in a wide variety of technical applications such as substrates in elec-
tronic devices or displays, household or laboratory ware, or cover glasses
[1–3]. For example, they enable relatively high softening temperatures
and low coefficient thermal expansion (or also matching the coefficient
of thermal expansion to that of silicon), but also very specific mechanical
properties [4]. This has made them a key substrate material for silicon-
based electronic circuits and, e.g., photolithographic masks. Furthermore,
a high transmission in the UV and low susceptibility to defect formation
designate low alkali borosilicate glasses as a very suitable material for
high performance optics. The comparably weak auto-luminescence has
also resulted in dedicated applications as substrate for biomedical imag-
ing and sensing. Due to their comparably high chemical and thermo-
shock resistance, hardness and fracture toughness, they are also consid-
ered for waste immobilization [5,6]. At present, the understanding of
the correlation between intrinsic strength, structure and mechanical
properties is the key factor in the further advancement of design tools
ondraczek).

. This is an open access article under
for such glasses [4,7–9]. Depending on composition, temperature or pres-
sure, B2O3 containing glasses show severe structural changes, i.e., the
change from three-fold (B3) to four-fold coordinated boron (B4), and
also distinct variations of structural homogeneity [10–18]. This prevents
simplistic theoretical approaches towards correlations betweenmechan-
ical properties and intrinsic material characteristics [19]. Nevertheless,
somemodels allow, up to a certain degree, the estimation of specific me-
chanical properties (like Young's modulus). Such a correlation was
established by Phillips and later extended by Williams and Scott for
alkali-free high-modulus glasses [20,21]. Their model is based on the as-
sumption that the elastic modulus is changed in an additive manner by
chemical composition. Another approach was proposed by Soga et al.
[22], who correlated the packing density with the mechanical properties
based on a mathematical equation representing the potential between
two charged particles. Similar to this model, Bridge et al. [23] have
taken the cation–anion stretching force constants to estimate elastic
properties formanydifferent network formers. Nevertheless, all these ap-
proaches regard only first neighbor influences and are therefore restrict-
ed to within certain limits. The simplistic temperature-dependent bond
constraint theory as derived by Mauro and Gupta [24] on the basis of
Phillips and Thorpe's topological constraint theory [25], tries to integrate
the short- andmid-range architecture as definedby the presence of struc-
tural constraints, resulting in surprisingly good theoretical predictions of
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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experimental hardness data [26–29]. More unifying efforts have been
made by Rouxel et al., who tried to correlate mechanical properties
such as elastic modulus and Poisson ratio to structural parameters
such as the structural dimensionality, the free volume, the atomic pack-
ing density Cg, or the volume density of energy [6,30]. However, the
present understanding of themechanical response and, specifically, de-
formation processes in borosilicate glasses is still dominated by approx-
imate and phenomenological expression such as, e.g., the notion of
normal and anomalous behavior for describing shear and compaction-
driven deformation procedures, respectively [31].

The ternary diagram of alkali-borosilicate glasses is quite complex,
and offers different areas of interest. To differentiate between certain
structural species that are dominant in certain compositions, two values
have been established on the basis of molar composition, R = Na2O/
B2O3 and K= Si2O/B2O3. Based on NMR data, Bray et al. [10] postulated
a first model, which enabled the estimation of the fraction of fourfold
coordinated boron (N4=B4/(B3+B4) and the number of non-bridging
oxygen ions in the silica sub-network (NBOSi), from the R-value, that
is, from the amount of network modifier oxides. Addition of modifier
oxides to borate glasses or borosilicate glasses with R b 0.5 initially cre-
ates charged [BØ4]− tetrahedra fromneutral trigonal BØ3 groups in pure
vitreous B2O3 (where Ø stands for bridging oxygen atoms). That is, in
contrast to vitreous SiO2, which becomes more depolymerized with
the addition of any amount of modifier oxide, the network connectivity
in borate-containing glasses initially increases. However, highermodifi-
er oxide concentrations (R N 0.5) cause NBO to form on trigonal borate
groups, and/or on silicate tetrahedra. This coordination change makes
borate containing glass systems very interesting for studying the
material's response to indentation deformation, as the network can be
manipulatedwith respect to the degree of polymerization, not only con-
sidering the number of non-bridging oxygen ions, but also considering
the BO3/BO4 ratio [32–34].

In the present study, we provide systematic data on the elastic
properties, Poisson ratio, hardness, the relation between densification
and volume conservative shear flow, and correlations to damage toler-
ance for a range of compositions of the well investigated alkali-
borosilicate system [11,12,34]. We focus on variations of the R- and
K-values, i.e., BO3/BO4 ratios and also varying amounts of NBO, with-
in the technologicallymost relevant part of the ternary (which also con-
tains the regions of immiscibility). These data are discussed in the
context of short- and mid-range structure.
Table 1
Nominal compositions, preparation conditions (melting temperature Tm andannealing tempera
Tg, density ρ and atomic packing density Cg, of the investigated glasses. Data on Tg and ρ are ta

2N8B NBS A NBS B NBS C NBS D NBS1

SiO2 (mol%) – 25.0 48.5 42.5 60.0 74
B2O3 (mol%) 80 62.5 48.5 42.5 33.5 16
Na2O (mol%) 20 12.5 3.0 15.0 6.5 10
Al2O3 (mol%) – – – – – –

CaO (mol%) – – – – – –

K (SiO2/B2O3) – 0.40 1.00 1.00 1.79 4.63
R (Na2O/B2O3) 0.25 0.20 0.06 0.35 0.19 0.63
N4 (B)c 0.28 0.20 0.06 0.35 0.19 0.82
OH− (mol%)d 0.400 0.190 – 0.210 0.160 0.12
Tg (°C) ± 2 K 412 415 380 490 445 550
Tm (°C) ± 2 K 1200 1580 1300 1300 1580 1450
Tcast (°C) ± 2 K 500 – 500 – – 600
ρ (g/cm3) ± 0.2% 2.07 2.18 2.04 2.31 2.15 2.45
Cg 0.521 0.532 0.485 0.534 0.490 0.52

a Glass composition was determined experimentally by Energy Dispersive X-Ray Spectrosco
b The values include 0.5 mol% K2O in Duran, 5.4 mol% Li2O in LBS and 0.8 mol% Li2O as well
c NMR results for 2N8B, NBS1, NBS2, KBS and BK7 were taken from Refs. [11,36,37]. Values f

?id=1&committee=TC03:_Glass_Structure.
d The OH− content was calculated from the optical spectra, using the molar extinction coeffi

tively, as reported in Ref. [38].
2. Experimental

2.1. Glass preparation

Glasses from the sodium-borosilicate system were prepared from
high purity (optical grade) raw materials (SiO2, CaCO3, Na2CO3,
H3BO3). Batches of 100–250 g were melted in Pt or Pt-Rh20 crucibles
in a conventional muffle furnace, with melting temperatures between
800 and 1750 °C, depending on the silica content. The KBS glass was
prepared by melting batches of 4 l in a Pt crucible for 8 h at 1630 °C.
To avoid phase separation, Al2O3 was added as Al(OH)3 to the silica-
rich glasses (NBS2, Duran, LBS and KBS). To ensure homogenous
melts, the glasses with SiO2 contents higher than 70 mol% were
quenched in water and re-melted after drying. All melts were poured
into preheated graphitemolds (~20–50K above the glass transition tem-
perature) and cooled down to room temperature at a rate of 30 K/h,
except for the Duran-type composition, which was cooled in the cruci-
ble, and the model glasses NBS A, C and D, which were quenched
down to room temperature [33,34]. For comparison, commercially
available SiO2 (Suprasil, Heraeus Quarzglas GmbH & Co. KG) was an-
alyzed as well.

Details on the glass compositions and their melting parameters are
listed together with elected physical properties in Table 1. The glass
transition temperature Tg was determined by differential scanning calo-
rimetry (DSC) and the density ρ was measured by the Archimedes
method, using ethanol and distilled H2O, respectively, as immersion liq-
uid. All experiments were conducted in laboratory air at an ambient
temperature of around 25 °C.

2.2. Ultrasonic echography

The elastic properties were investigated by ultrasonic echography
using an echometer (Echometer 1077, Karl Deutsch GmbH & Co KG)
equippedwith a piezoelectric transducer (f=8–12MHz), for the deter-
mination of the longitudinal tL and transversal tT sound wave propa-
gation time with an accuracy of ±1 ns. Prior to the measurements
the glass specimens were polished co-planar to an optical finish
and the exact thickness d of the 1–2 mm thin plates was measured
with an accuracy of ±2 μm using a micrometer screw. The longitudi-
nal cL = 2d/tL and transversal wave velocities cT = 2d/tT were obtained
from the specimen thickness and the time between two consecutive
ture Tcast), andphysical properties, including the fraction of [BØ4]− unitsN4, glass transition
ken from Refs. [33–35].

NBS2 Duran BK7 LBS KBSa NCS SiO2

74.0 81.5 74 81.5 72.6 74 100
20.7 11.8 16 11.8 19.0 – –

4.3 5.4b 10 5.4b 6.4b 10 –

1.0 1.3 – 1.3 2.0 – –

– – – – – 16 –

3.57 6.91 4.63 6.91 3.82 – –

0.21 0.46 0.63 0.46 0.24 – –

0.20 – 0.82 – 0.35 – –

0 0.180 0.250 – 0.120 0.140 – 0.003
442 540 550 489 523 530 1130
1750 1750 1450 1750 1630 1450 2000
500 600 600 600 – 600 –

2.18 2.22 2.45 2.14 2.26 2.48 2.20
8 0.479 0.462 0.485 0.490 0.480 0.528 0.457

py (EDX).
as 4.9 mol% K2O in KBS.
or NBS A, NBS B, NBS C and NBS D are from http://www.icglass.org/technical_committees/

cients ε2800 = 42 L mol−1 cm−1 for borosilicates and 155 L mol−1 cm−1 for SiO2, respec-

http://www.icglass.org/technical_committees/?id=1&committee=TC03:_Glass_Structure
http://www.icglass.org/technical_committees/?id=1&committee=TC03:_Glass_Structure
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echoes. The shear modulus G, bulk modulus K and elastic modulus E
as well as the Poisson ratio νwere calculated using the following re-
lations, which are applicable for isotropic materials [39]:

G ¼ ρ � cT2 ð1Þ

K ¼ ρ cL
2−4

3
cT

2
� �

ð2Þ

E ¼ ρ
3cL

2−4cT
2

2

" #
ð3Þ
cL=cTð Þ −1

ν ¼ cL
2−2cT

2

2 cL
2−cL

2� � : ð4Þ

2.3. Nanoindentation

Nanomechanical properties were characterized with a nanoindenter
(G200, Agilent Inc.), equipped with a three-sided Berkovich diamond
tip and a continuous stiffnessmeasurement (CSM) option. Depth profiles
of hardness H and elastic modulus E were obtained by applying a weak
oscillation (Δh = 2 nm, f = 45 Hz) to the indenter tip [35]. On each
glass specimen, 15 indentswith a depth of 2 μmwere generated at a con-
stant strain-rate of ε

� ¼ 0:05 s−1. The resulting load–displacement curves
were analyzed using the Oliver and Pharr method [40], where H is de-
fined as the load P divided by the projected contact area of the in-
denter tip Ac:

H ¼ P
Ac

: ð5Þ

The elastic modulus E was derived from the combined elastic
response of the tested material and the diamond indenter (Ei =
1141 GPa, νi = 0.07) by means of the following equation:

E ¼ 1−ν2
� � 1

Er
−1−νi

2

Ei

" #−1

; ð6Þ

with the reduced elastic modulus Er,

Er ¼
S
2

ffiffiffiffiffi
π
Ac

r
: ð7Þ

The symbol S represents the contact stiffness of the material and
corresponds to the initial slope of the load–displacement curve upon
unloading. The contact area used in Eqs. (5) and (7) was determined
prior to the measurements by calibration of the Berkovich diamond tip
on a fused silica reference glass sample (Corning 7980, Corning Inc.).

The indentation creep behaviorwas studied using a nanoindentation
strain-rate jump test, as introduced by Maier et al. [41] and transferred
for application on glasses by us in a previous study [35]. In this test, a
three-sided Berkovich diamond tip penetrates the glass surface at a con-
stant strain-rate of 0.05 s−1 down to 500 nm. During further penetra-
tion into the material, the strain-rate is changed every 250 nm, and
the alteration of the hardness is determined with the CSM equipment
(Δh = 5 nm, f = 45 Hz). On every glass specimen, 10 such tests with
strain-rates of 0.05; 0.007 and 0.001 s−1 were performed. With the
assumption of a depth-independent hardness (Ḣ/H = 0) the applied
strain-rate, defined as the loading rate divided by the actual load Ṗ/P,
can be translated into the indentation strain-rate ε

�

i by [42]:

ε
�

i ¼
h
�

h
¼ 1

2
P
�

P
−H

�

H

 !
¼ P

2 P
� ¼ 1

2
ε
�
; ð8Þ

where the parameter ḣ/h represents the indentation rate divided by the
actual displacement of the indenter. Subsequently, the logarithm of the
hardness lnH can be plotted against the logarithm of the indentation
strain-rate lnε

�

i and the strain-rate sensitivity m can be derived from
the slope of the linear regression curve [43,44]:

m ¼ ∂ lnH
∂ lnε

�

i
: ð9Þ

An increase in the strain-rate sensitivity can be treated as the transi-
tion from a rigid-perfectly plastic material withm=0 to an ideal New-
tonian viscous solid withm = 1 [45,46].

2.4. Microindentation

TheVickers hardnessHVwas determined using amicrohardness tes-
ter (Duramin-1, Struers GmbH). On each specimen, 15 indents with a
maximum load of 981mN (=100 g) were generated. The loading dura-
tion and dwell time were set to 15 s and 10 s, respectively. The residual
imprints were subsequently analyzed with an optical microscope
(AxioLab A1, Carl Zeiss Microscopy GmbH) and HV was calculated
from the following equation:

HV ¼ 1:8544
P
d2

; ð10Þ

where d stands for the length of the projected indent diagonals.
The crack resistance CR was approximated via Vickers indentation

tests, according to Kato et al. [47]. For this purpose, the glass specimens
were indentedwith stepwise increasing loads, and the amount of radial
cracks emanating from the corners of the residual imprints were count-
ed. From this, the probability of crack initiation PCI was derived as the
ratio between the number of corners where a radial crack was formed
and the total number of corners on all indents. The crack resistance is
defined as the load at which an average of two cracks (PCI= 50%) oc-
curred. The probability of crack initiation was determined for loads be-
tween 49.05 mN (=5 g) and 19.62 N (=2 kg). Indents with small
loads up to 981 mN were generated in the nanoindenter. For higher
loads, the microhardness tester was used. On every specimen, at least
25 indents with loading durations of 25s and dwell times if 10s were
generated.

The topography of the residual Vickers hardness imprints was ana-
lyzed using an Atomic Force Microscope (M5, Park Scientific Instru-
ments), equipped with a MSCT microlever tip (Bruker Nano Analytics)
with a specified tip radius of approximately 10 nm. All measurements
were performed in contact mode. A calibration grid was measured be-
fore and after each run to validate the tip conditions. For the evaluation
of the Vickers indents an area of 10 × 10 μmwas scanned with a resolu-
tion of 0.25 Å and 0.025 Å in the lateral and vertical directions, respec-
tively. Indents with a peak load of 100 mN were created initially using
the nanoindenter as described above. After this, the indentation volume
Vi
−, which forms below the specimen surface, as well as the pile-up vol-

ume Vi+, which can be observed at the periphery of the indent, were de-
termined from the AFM profile. Subsequently, the indented glass
specimen was annealed for 2 h at a temperature of T/Tg ~ 0.9 and both
the indentation volume, now Va

−, and the pile-up volume, now Va
+,

were determined once again. During this thermal treatment, a part of
the total compaction is recovered due to structural relaxation,
yielding the actual densified volume Vd [48–51]. The contribution of



Table 2
Mechanical properties of glasses in the systemNa2O–B2O3–SiO2: ShearmodulusG, bulkmodulusK, elasticmodulus E, Poisson ratio v, hardnessH, strain-rate sensitivitym, Vickers hardness
HV and crack resistanceCR. LBS andKBS aswell as the soda-lime silicate glass, NCS, are added for comparison. Data on v, E,H andm are taken fromRef. [35], except for 2N8B, KBS andDuran.

Glass G (GPa) K (GPa) E (GPa)b v E (GPa)c H (GPa) m HV (GPa) CR (N)

2N8B 17.8a 35.2a 45.8a 0.283a 41.3 ± 0.2 4.09 ± 0.03 0.0283 3.53 ± 0.20 3.30
NBS A 16.8 ± 0.1 30.6 ± 0.5 42.6 ± 0.7 0.268 ± 0.006 41.6 ± 0.2 3.96 ± 0.03 0.0259 3.58 ± 0.12 6.55
NBS B 13.3 ± 0.1 23.0 ± 0.3 33.5 ± 0.5 0.257 ± 0.005 32.1 ± 0.1 3.68 ± 0.03 0.0270 3.15 ± 0.15 12.16
NBS C 23.1 ± 0.2 36.5 ± 0.7 57.3 ± 1.0 0.238 ± 0.007 57.1 ± 0.2 5.33 ± 0.03 0.0279 5.35 ± 0.33 7.26
NBS D 18.6 ± 0.1 29.1 ± 0.5 46.0 ± 0.7 0.237 ± 0.005 44.4 ± 0.1 4.98 ± 0.03 0.0240 3.75 ± 0.18 6.83
NBS1 32.7 ± 0.2 44.4 ± 0.6 78.8 ± 1.0 0.204 ± 0.004 81.4 ± 0.3 7.26 ± 0.04 0.0211 6.20 ± 0.32 0.41
NBS2 23.0 ± 0.2 32.1 ± 0.6 55.7 ± 1.0 0.210 ± 0.006 50.6 ± 0.2 5.89 ± 0.04 0.0209 4.25 ± 0.22 3.44
Duran 26.7a 35.6a 64.0a 0.200a 61.9 ± 0.2 7.18 ± 0.03 0.0180 6.47 ± 0.28 4.41
BK7 32.5 ± 0.3 44.4 ± 0.9 78.4 ± 1.5 0.206 ± 0.007 84.4 ± 0.3 7.97 ± 0.05 0.0223 6.62 ± 0.26 0.20
LBS 23.9 ± 0.2 32.0 ± 0.6 57.5 ± 1.0 0.201 ± 0.006 56.7 ± 0.3 7.01 ± 0.07 0.0149 6.42 ± 0.34 2.14
KBS 26.3 ± 0.2 36.0 ± 0.6 63.5 ± 1.1 0.206 ± 0.005 64.0 ± 0.2 6.92 ± 0.03 0.0181 6.33 ± 0.29 6.49
NCS 28.9 ± 0.2 42.3 ± 0.8 70.7 ± 1.3 0.221 ± 0.007 76.0 ± 0.4 6.67 ± 0.04 0.0164 5.36 ± 0.27 1.09
SiO2 29.9a 35.4a 70.0a 0.170a 71.6 ± 0.3 9.30 ± 0.12 0.0068 7.53 ± 0.51 –

a Elastic constants of 2N8B, Duran and SiO2 were taken from Ref. [55] and the corresponding data sheets, respectively.
b Values of E were determined by ultrasonic echography.
c Values of E were determined by nanoindentation.

1 For ringmember classification the nomenclature of silicate glasses is employed,which
counts the number of SiO4-tetrahedra or network forming polyhedra per ring, not the no-
menclature commonly used in borate chemistry, in which the number of participating
atoms per ring unit is counted, e.g., six-membered ring for boroxol.
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densification to the overall indentation deformation can finally be esti-
mated from the temperature-induced volume recovery VR, [49]

VR ¼ Vd

V−
i

¼ V−
i −V−

að Þ þ Vþ
a −Vþ

i
� �

V−
i

: ð11Þ

With the progressive penetration of the indenter tip into the glass sur-
face a part of thematerial deformedby volume-conservative shearflow is
pushed out of the indent, leading to pile-up along the edges of the resid-
ual imprints [51,52]. The pile-up ratio VP can therefore be regarded as an
indicator for the shear-mediated deformation of the material [53]:

VP ¼ 2Vþ
i −Vþ

a

V−
i

: ð12Þ

3. Results

Experimental data on the physical and mechanical properties of the
studied glasses are summarized in Table 2. The compositional depen-
dence of some selected physical and mechanical properties in the
sodium-borosilicate system is presented in Fig. 1. In a first consideration,
the experimental results of Tg, ρ, E, ν andHV are in a good agreementwith
literature data. Only small variations can be seen between the values of E
determined by ultrasonic echography and by nanoindentation. However,
for all glass compositions tested, the values of H are higher than HV. The
origin of this lies in the large contribution of elastic deformation to the in-
dentation response of glasses, which results in a discrepancy between the
contact area under load and the size of the residual hardness imprint [54].

In the context of deformation behavior, sodium-borosilicate glasses
are commonly referred-to as so-called anomalous glasses, where the
plastic deformation is controlled by the compaction of the free volume
inside the glass network. This argumentation is based on the observa-
tion of ring and cone cracks around the indentation marks in vitreous
SiO2 and other commercially available glasses with high free volume
and containing only small amounts of network modifiers, e.g., the
Duran-type composition presented in Fig. 2a [53,71,95,105–107]. On
the other hand, a pronounced contribution of volume-conservative
shear flow to plastic deformation was observed for glasses with high
modifier concentrations, e.g., BK7-type composition (Fig. 2b), or small
values of K, e.g., NBS D (Fig. 2d) and NBS A (Fig. 2e) [34,68,71,108].

To obtain a systematic and clearer view at this classification, the
influence of densification and shear-mediated plastic deformation was
evaluated for the present series of sodium-borosilicate glasses. Data on
the as-obtained indentation volume Vi

− and pile-up volume Vi
+, and on

the post-annealing volumes Va− and Va
+, the resulting volume recovery
VR and the pile-up ratio VP of two technical glasses (Duran, BK7) as well
as three model glasses (NBS A, C, D) are summarized in Table 3. Values
for sodium borate [72] and vitreous silica [49,53] can be found in the
literature.

In Fig. 3 the probability for the formation of radial cracks PCI is shown
for the glasses investigated in the current study.With increasing load, the
values of PCI increase for all glass compositions tested, but the onset for
the initiation of the first radial crack differs significantly. In order to get
some information on the compositional dependence of the radial crack
initiation, the experimental data was fit to a sigmoidal function of the
form y= A2 + (A1 − A2) ∕ [1 + (x ∕ x0)p], where A1, A2, p as well as x0
are fitting constants, and the crack resistance CR was derived from the
load, at which an average of two radial cracks were formed.

4. Discussion

4.1. Physical and mechanical properties

The physical and mechanical properties of glasses in the sodium-
borosilicate system are well known to exhibit a strong compositional de-
pendence. It has been shown, e.g., by Inoue et al. [109] and Barlet et al.
[76], that this dependence can be attributed to distinct structural changes
within the glass network. Amorphous B2O3 consists of corner-sharing BØ3

triangles for which a major fraction (40–80%) is arranged in three-
membered boroxol rings (B3O6)1 [110–113]. The incorporation of a
small amount of networkmodifier oxides, such as Na2O, initially converts
neutral BØ3 units into charged [BØ4]− tetrahedral units (see Fig. 1a) [10,
114], which results in a continuous increase of ρ [55,56,72,76], but also
of the network connectivity up to a maximum at R=0.2. The latter rep-
resents the line of the boron oxide anomaly [32,34]. As a consequence, Tg
[57,58,62,72], E [55,90,91,115] and HV [72,90] increase as well. With the
further addition of Na2O (R N 0.2) the network connectivity starts to de-
crease due to the formation of BO3 units containing non-bridging oxygen
ions, such as (BØ2O)−, (BØO2)2− and (BO3)3− [33,34]. However, this ef-
fect is initially counterbalancedby the progressive conversionof addition-
al BØ3 units into [BØ4]− tetrahedra, until a sudden decrease in the
mechanical stability of binary sodium borate glasses can be observed for
values exceeding R N 0.5, where the formation of non-bridging oxygen
ions becomes detectable by NMR spectroscopy [36,116].

Referring to the ternary system, sodium-borosilicate glasses with
low concentrations of Na2O (R≤ 0.5) can be treated as a binary sodium
borate glass diluted by SiO2 [36,116,117]. SiO2 builds-up a network of



Fig. 1. Structural, physical andmechanical properties of glasses in the systemNa2O–B2O3–SiO2: (a) Fraction of [BØ4]− units per network former [BØ4]−/(BØ3+ [BØ4]−+SiØ4), according
to Ref. [56], (b) glass transition Tg, (c) density ρ, (d) elastic modulus E, (e) Poisson ratio ν, (f) Vickers hardness HV and (g) strain-rate sensitivity m. The ternary contour diagrams of Tg
[33–35,53,57–74], ρ [33–35,53,55,56,64–73,75–88], E [53,55,67–71,77–83,86–95], ν [35,53,55,67–69,79–83,86–89], HV [31,53,68–73,84–86,95–104] and m [35] are derived from inter-
and extrapolation of experimental results from the current study and literature data from previous studies. The black dots represent the glass compositions investigated in this work,
where minor amounts of Al2O3 or other network modifier oxides (e.g. Li2O, K2O) are treated as B2O3 and Na2O, respectively. In total, the contour diagrams result from (b) 226, (c) 184,
(d) 127, (e) 77, (f) 97 and (g) 10 data points, respectively. Data of LBS (1) and KBS (2) as well as of the soda-lime silicate glass, NCS (3) are also shown for comparison. Drawn lines cor-
respond to the different glass-forming regions, as proposed by Yun and Bray [36], region I: 0.5≤ R (dotted line), 0.5 b R b Rmax = 0.5 + 0.0625K (dashed line), region II: Rmax b R b R1 =
0.5 + 0.25K (solid line) and region III: R1 b R b R2 = 1.5 + 0.75K. R = Na2O/B2O3 and K = SiO2/B2O3.
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fully polymerized interconnected SiØ4 tetrahedra, where the presence
ofNa2O converts BØ3 triangles into [BØ4]− tetrahedra [36,116,117].With-
in this region Tg [61–67,109], ρ [56,64–67,85,87,109], E [67,87,109], and
HV [85,87,98,99] increase, while ν decreases [67], regardless of whether
B2O3 is substituted by Na2O (increasing R) or SiO2 (increasing K).
On the other hand, the indentation creep response seems to be affected
primarily by the amount of SiO2 inside the glass network. With increas-
ing SiO2 concentration at the expense of Na2O and B2O3, respectively, the
network dimensionality increases [56,76] and associated with this the
values of m continuously decrease from 0.0283 for sodium borate down
to 0.0067 for vitreous silica. This result is in accordancewith our previous
findings on the indentation creep response of glasses with small Poisson
ratios up toν ~ 0.33,where a higher indentation creep resistancehas been
noticed for glasses with a low atomic packing density and a highly cross-
linked network [35].

In contrast to binary sodiumborate glasses, themaximumamount of
Na2O that can be introduced in the glass network, before NBO formation,
depends not only on R but also on K. According to the NMR-based struc-
tural model for sodium-borosilicate glasses proposed by Yun and Bray
[36], the [BØ4]− tetrahedra are initially present in the form of tetraborate
and diborate groups. With the progressive incorporation of Na2O,
diborate groups are created at the expense of tetraborate groups. At
R = 0.5, only diborate groups exist (Fig. 1, dotted lines). For values of
R N 0.5 these diborate groups are converted into loose [BØ4]− units,



Fig. 2. Optical micrographs of the characteristic crack pattern formed by a Vickers indenter at a peak load of 9.81 N: (a) Duran, (b) BK7, (c) NBS2, (d) NBS D and (e) NBS A.
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which allegedly bind to four SiØ4 tetrahedra on the one hand to create
reedmergnerite-like groups [BSi3Ø8]− [36,116]. On the other hand
danburite-like groups [B2Si2Ø8]2– can form, which consist of two [BØ4]−

units connected to two SiØ4 tetrahedra [118,119]. At Rmax =
0.5 + 0.0625K, when all SiØ4 tetrahedra are consumed by this process,
the upper limit of the glass-forming region I (Fig. 1, dashed lines) is
reached. In the glass-forming region II, additional Na2O is shared between
the borate and silicate networks, which leads to the formation of non-
bridging oxygen ions at the SiØ4 tetrahedra [36,116]. As a consequence
of the decreasing connectivity in the silicate network ν increases and Tg
[59–62,64–66,68], E [68,78,109] as well as HV [68,85,98] exhibit a maxi-
mum in the region in-between Rmax and R1 = 0.5 + 0.25K (Fig. 1, solid
lines). Afterwards, within the subsequent glass-forming region III, the
mechanical properties decrease significantly due to the formation of
non-bridging oxygen ions in both the borate and silicate networks
[116]. On the contrary, ρ still increases slightly with the replacement of
the light boron atoms by the heavier sodium ion, and the molar volume
decreases as the large voids in the loosely packed silica network are filled
by the modifier cations [56,85,109].

Based on the structural models of Yun and Bray [36] as well as
Budhwani and Feller [56], several authors tried to calculate the physical
Table 3
Indentation volume analyses of glasses in the systemNa2O–B2O3–SiO2. The diagonal length d, in
peak load of 100 mN as determined from AFM analyses are given. Subscripts “i” and “a” indica
respectively. For comparison, values for 2N8B [72] and SiO2 as taken from Ref. [49] are also repo
ratio, respectively.

Glass Before annealing After ann

di (μm) hi (nm) Vi
− (μm3) Vi

+ (μm3) da (μm)

2N8Ba 10.89 ± 0.07 0.895 ± 0.009 8.300 ± 0.020 0.270 ± 0.020 10.13 ± 0
NBS A 7.51 ± 0.01 0.569 ± 0.003 2.759 ± 0.008 0.035 ± 0.002 6.66 ± 0
NBS C 6.12 ± 0.06 0.464 ± 0.004 1.502 ± 0.018 0.025 ± 0.011 5.64 ± 0
NBS D 7.21 ± 0.14 0.486 ± 0.017 1.904 ± 0.088 0.028 ± 0.010 6.10 ± 0
Duran 5.12 ± 0.09 0.445 ± 0.010 1.097 ± 0.023 0.031 ± 0.007 4.53 ± 0
BK7 5.20 ± 0.07 0.463 ± 0.005 1.176 ± 0.031 0.067 ± 0.003 4.94 ± 0
SiO2 5.16 ± 0.10 0.420 ± 0.025 1.030 ± 0.031 0.020 ± 0.006 4.08 ± 0

a Values were determined for Vickers indents with a peak load of 245 mN.
and mechanical properties of glasses in the system Na2O–B2O3–SiO2,
such as Tg, ρ, E or HV [56,76,109,120]. However, the application of
this model remains still questionable. It has been shown, for example,
that for glasses with R N 0.5 the silicate network is less depolymerized
than predicted. Consequently, a substantially larger amount of non-
bridging oxygen ions is attached to the borate network [34,76,116].
Another point to note is the discrepancy between the glass compositions
with theminimumvalues of ν on the one hand and themaximumvalues
of Tg, E and HV on the other hand. Makishima and Mackenzie [121] and
later on Rouxel [6] have demonstrated that glasses with a high degree
of cross-linking and a low atomic packing density (e.g. vitreous silica)
are usually associated with small values of ν, while glasses with a
lower network connectivity and a higher atomic packing density
(e.g. chalcogenide or metallic glasses) exhibit large values of ν. In bi-
nary sodium borate glasses ρ increases with increasing Na2O concen-
tration, even for R N 0.5 [55,56]. Nonetheless, with the addition of
Na2O, ν initially decreases, exhibits a minimum at around R = 0.5 and
then re-increases for R N 0.5 [55]. This result indicates that the changes
in ν can be primarily attributed to the increased connectivity in the
glass network. A similar behavior is observed in the ternary
sodium-borosilicate glass system. Here, ρ continuously increases
dentation depth h, indentation volume V− and pile-up volume V+of Vickers indentswith a
te the corresponding volumes prior to and after a thermal treatment for 2 h at T/Tg = 0.9,
rted. The parameters VR and VP represent the indentation volume recovery and the pile-up

ealing Recovery

ha (nm) Va
− (μm3) Va

+ (μm3) VR (%) VP (%)

.07 0.574 ± 0.004 2.260 ± 0.040 0.530 ± 0.040 75.9 ± 0.9 0.1

.06 0.381 ± 0.016 1.204 ± 0.147 0.030 ± 0.009 56.2 ± 6.2 1.4 ± 0.5

.06 0.307 ± 0.012 0.470 ± 0.012 0.039 ± 0.004 69.6 ± 3.8 0.7 ± 0.4

.10 0.258 ± 0.023 0.416 ± 0.025 0.034 ± 0.005 78.5 ± 10.3 1.2 ± 0.7

.03 0.221 ± 0.020 0.376 ± 0.013 0.038 ± 0.003 66.4 ± 5.6 2.2 ± 0.8

.03 0.276 ± 0.006 0.594 ± 0.016 0.022 ± 0.006 45.7 ± 6.0 8.0 ± 3.5

.15 0.230 ± 0.014 0.200 ± 0.014 0.140 ± 0.025 92.2 ± 4.0 –

Image of Fig. 2


Fig. 3. Probability of radial crack formation PCI as a function of applied Vickers indentation load P for glasses investigated in the current study. The experimental data was fit to a sigmoidal
function of the form y=A2+ (A1−A2)∕ [1+ (x ∕ x0)p] (dashed lines), and the crack resistance (solid line)wasderived from the load atwhich an average of two radial cracks (PCI=50%)
formed at the corners of the residual Vickers hardness imprints.
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with increasing R and K, while ν initially decreases until it reaches a
certain minimum in a small compositional region that coincides with
0.5 ≤ R≤ 0.5 + 0.0625K. The following re-increase of ν can most likely
be attributed to the incipient depolymerization of the glass network. Al-
though contradictory to the early NMR-based structural model for
sodium-borosilicate glasses, this assumption receives support from var-
ious studies in which the presence of non-bridging oxygen ions in the
borate [34,76,117] and silicate networks [5,34,85], respectively, was
verified.
4.2. Indentation deformation

Compared to their (hypothetic or real) crystalline analogues, glass
networks exhibit a higher degree of free volume, which results in a
notable degree of compressibility. In the case of vitreous silica, the appli-
cation of high hydrostatic pressure can lead to an increase of the density
by as much as 20% [122–124]. This behavior was confirmed for other
types of glasses as well, including vitreous boron oxide [125–127], alka-
li–alkaline earth borates [128–130] or sodium-borosilicate glasses [13,
17,128]. The ability of a glass to densify under pressure depends mainly
on the atomic packing density Cg, which is defined as the ratio between
Fig. 4. Correlation between the indentation volume recovery VR of glasses and the Po
the theoretical molar volume occupied by the ions and the effective
molar volume of the glass [6]:

Cg ¼ ρ

X
f iV iX
f iMi

: ð13Þ

In the above equation Vi = 4/3πN(xrA3 + yrB
3) represents the molar

volume of an oxide AxBy with the molar fraction fi and the molar mass
Mi and the symbol N denotes the Avogadro number. The ionic radii rA
and rB of the corresponding cations and anions, respectively, can be
found in the literature [131].

Besides atomic packing density, a correlation between compressibil-
ity and the Poisson ratio has been established, as glasses with a more
open network structure and small values of ν (such as vitreous silica)
can be densified to a higher extent than close-packed structures with
large values of ν, e.g., chalcogenide or metallic glasses [132]. A similar
behavior was found for the indentation response of glasses [49,133,
134]. Therefore, in Fig. 4 the values of VR determined for the present se-
ries of sodium-borosilicate glasses are shown as a function of ν and Cg,
together with results from earlier studies on glasses in this system [68,
69,72]. In addition, literature values from other glass systems, mostly
isson ratio ν. The inset shows VR as a function of the atomic packing density Cg.

Image of Fig. 3
Image of Fig. 4
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aluminosilicate and alkali–alkaline earth silicate glasses, were added for
comparison [47,49,53,79,135,136]. Values from Refs. [47,68] were in-
cluded using the approximation that VR is linked to the recovery of
indentation depth DR by the simple relationship DR = 2.4VR [53].

At a first glance, the contribution of densification to the indentation
deformation decreases with increasing ν or increasing Cg (see inset in
Fig. 4), which agrees quite well with the previously observed trend
described above. However, within the range of 0.2≤ ν ≤ 0.3, where al-
most all sodium-borosilicate glasses are located, marked differences in
VR are observed for similar values of ν. In contrast, little or no changes
of VR are found even for large variations in ν for other glasses. Interest-
ingly, the same observationsweremade for the dependency of VR on Cg.
These results imply a significant influence of additional parameters on
the indentation-induced densification of glasses besides the atomic
packing density and the elastic properties of the material. In earlier
studies, distinct alterations in the indentation deformation behavior
were reported depending on the experimental conditions, such as the
maximum load or the geometry of the indenter tip [50–52,134,
137–139]. Usually, blunter indenter tips (e.g. spheres) promote densifi-
cation, while the high stress concentration below sharp indenter tips
(e.g. Berkovich, Vickers) facilitates the activation of shear flow in the
material [134,138,139]. Another important aspect, which is not consid-
ered in the above analysis, is the alteration of the resistance against elas-
tic–plastic deformationwithin the densified area under the indenter tip,
as a result of changes in v, E and HV, which might affect the further
penetration of the indenter into the glass surface [17,128,130,133,140].

Despite the obvious experimental limitations of this method, a strong
compositional dependence of VR has been reported for aluminosilicate as
well as alkali–alkaline earth silicate glasses [79,135,136]. Similarly, such a
compositional dependence is confirmed also for the present system of
Na2O–B2O3–SiO2, presented in Fig. 5. Although the available data in this
system is rather limited, a local maximum of VR is clearly visible for
SiO2-rich glasses and pure SiO2 in particular [49,53,68,69]. These findings
are quite consistent with the observations made, e.g., on alkali–alkaline
earth silicate glasses [49,79]. They indicate that the SiO2 sub-network
governs the densification of SiO2-rich sodium-borosilicate glasses. This
is basically achieved by an increasing amount of smaller three- and
four-membered silicate rings at the expense of larger five- and six-
membered silicate rings, as well as by a decrease of the Si–O–Si bond
angle [33,34,141,142]. However, increasing the atomic packing density
by adding B2O3 or Na2O to the glass, or creating non-bridging oxygen
ions results in a continuous decrease of VR and the transition from
densification-controlled towards shear-mediated indentation deforma-
tion, where the minimum values of VR are located in a narrow composi-
tional range which corresponds to the region of maximum Tg, E or Hv

and minimum ν, as shown in Fig. 1 in Section 3. At first view, this result
is in contradiction to previous studies in which decreasing VR with in-
creasing ν has been reported [49,53,79]. Recalling the NMR-based struc-
tural model of Yun and Bray [36], the incorporation of Na2O initially
converts BØ3 triangles into [BØ4]− tetrahedra [36,116,117]. For R N 0.5,
the [BØ4]− tetrahedra were expected to be linked to the SiØ4 tetrahedra
Fig. 5. (a) Compositional dependence of the indentation volume recovery VR of glasses in the
current study. Lines drawn correspond to constant Na2O/B2O3 ratios of R = 0.2 (dotted line),
contour diagram is build up of 25 data points. (b) Molar fraction of four-membered borosilicate
to Ref. [143].
and form either reedmergnerite [BSi3Ø8]– or danburite [B2Si2Ø8]2–-type
structural units [118,119], which seem to impede the densification of
the silicate sub-network. However, very recent thermodynamic con-
siderations have demonstrated that these borosilicate ring struc-
tures do not form spontaneously when the Na2O to B2O3 ratio
exceeds a value of 0.5. Instead, the connectivity between the silicate
and borate sub-networks increases continuously as theNa2O and B2O3

concentrations increase (see Fig. 3b) [143], while at the same time, the
ability of the glass to densify decreases. Furthermore, a prevalent signal
due to B3–O–Si bonds was verified in a Pyrex-type glass by 2D NMR,
with no evidence for preferential B4–O–Si bonding, despite the high
N4 ratio in this glass composition [144]. With respect to these NMR re-
sults, some of the assumptions on which the empirical structural
models are based, need to be reconsidered carefully.

Besides the SiO2-rich region, a second local maximum of VR can be
seen within the B2O3-rich region. The large contribution of densification
to the indentationdeformationof B2O3-containing glasses canbe attribut-
ed to structural alterations in the B2O3 sub-network. High-pressure stud-
ies on amorphous B2O3 [145–147] as well as borate glasses [129,148]
revealed that the densification of B2O3-containing glasses is based on
the breakage of three-membered boroxol rings during loading and the
conversionof BØ3units into temporarily over-coordinated [BØ4]− groups.
Although this over-coordination of boron is released after unloading, only
a small fraction of the previously existing boroxol rings is restored and a
permanent densification is achieved as a consequence of the reduced
free volume inside the glass network [147,149]. Nonetheless, in borate
glasses with minor amounts of network modifier oxides, such as Na2O,
a slightly reduced contribution of densification to the indentation defor-
mation has been noticed in comparison to glasses with larger amounts
of Na2O [72]. It has been suggested that this effect originates from the si-
multaneous activation of a shear flow mechanism, which is thought to
proceed over a sliding motion of the planar boroxol rings [72,150].
Since the fraction of boroxol rings decreases continuouslywith increasing
Na2O concentration [143], the influence of the corresponding shear and
densificationmechanisms diminishes. At the same time, the densification
mechanismwas found to shift towards a change in the statistics of borate
rings containing at least one [BØ4]− group [33,72]. For that reason an ini-
tial increase in VR can be observed with increasing Na2O concentration,
until the creation of non-bridging oxygen ions facilitates plastic deforma-
tion through localized shear flow [72]. It is therefore not unexpected that
the high contribution of densification in the B2O3-rich region is found for
glass compositionswithNa2O/B2O3 ratios at exactly the cross-overwhere
the first non-bridging oxygen ions start to form, R = 0.2 [33,34], and at
the resolution limit for the detection of non-bridging oxygen ions by
NMR, R= 0.5 [36,116], respectively.

4.3. Crack initiation

With the progressive penetration of an indenter tip into a glass
surface the stresses are initially accommodated by elastic–plastic
deformation, visible in a residual hardness imprint [151]. However, at
system Na2O–B2O3–SiO2. Black dots represent the glass compositions investigated in the
R = 0.5 (dashed line) and R = 0.5 + 0.25K (solid line), with K = SiO2/B2O3. The ternary
rings, reedmergnerite [BSi3Ø8]– and danburite [B2Si2Ø8]2–-type structural units, according

Image of Fig. 5
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sufficiently high loads the mismatch between the plastically deformed
volume, which is assumed to be restricted to a hemispherical area
below the indenter tip, and the adjacent elastically deformed material
can cause the formation of ring, median, radial, or lateral cracks [107].
By analyzing the stress fields around the indented region, Yoffe [134]
developed amodel which has been applied successfully for the descrip-
tion of the differences in the crack initiation behavior for a variety of
glasses [53,107,139]. In Yoffe's model, the elastic stress field of a point
load P normal to the surface of a semi-infinite half-space can be de-
scribed by the combination of a Boussinesq stress field with the spheri-
cal polar coordinates r, θ and ϕ, and a blister field. The corresponding
stress components σ of this field are re-written from [134],

σ rr ¼
P

2πr2
1−2ν−2 2−νð Þ cos2θ
h i

þ 4B
r3

5−νð Þ cos2θ− 2−νð Þ
h i

ð14Þ

σ θθ ¼
P

2πr2
1−2νð Þ cosθ
1þ cosθð Þ −2B

r3
1−2νð Þ cos2θ ð15Þ

σϕϕ ¼ P
2πr2

1−2νð Þ cosθ− 1
1þ cosθ

	 

þ 2B

r3
1−2νð Þ 2−3 cos2θ

� �
ð16Þ

σ rθ ¼
P

2πr2
1−2νð Þ sinθ cosθ

1þ cosθð Þ þ 4B
r3

1þ νð Þ sinθ cosθ ð17Þ

σ rϕ ¼ σθϕ ¼ 0; ð18Þ

where the first term describes the Boussinesq stress field around a con-
ical indenter tip with the radius r and the half-included angle ψ. In par-
ticular, Yoffe'smodel can also be used to estimate the elastic stressfields
around pyramidal indenter tips, since the contact stresses induced by
both tip geometries are the same [152].Moreover, the shape of a Vickers
indenterwithψ=68° can be approximated by an equivalent conical in-
denter with ψ=70.3°, which implies that the corresponding conical in-
denter has the same projected contact area (Ac = πr2) as the Vickers
indenter (Ac = 2a2) [153]. As a consequence, the term πr2 in
Eqs. (14)–(17) can be replaced by 2a2, where a is one half of the inden-
tation diagonal d. If the hardness is load-independent, P/2a2 may be
substituted by H [53].

The second term in Yoffe's stress field analysis represents the blister
field, which accounts for the free surface created by densification and
shear-mediated change of the shape and volume of the previously un-
deformed material. Here the parameter B is a measure of the strength
of the blister field. For a Vickers indenter, B can be determined from
the indentation topography by the following equation [53]:

B ¼ Ea3

2π 1þ νð Þ 1−2νð Þ tanψ 1−VR−VPð Þ: ð19Þ

Based on these considerations the elastic stress field around a
Vickers indenter can be calculated and the driving force for the initiation
of ring σrr(r = a, θ = π/2), median σθθ(r = a, θ = 0), radial σϕϕ(r = a,
θ= π/2) and lateral cracksσrr(r= a, θ=0) can be estimated, according
to Sellappan et al. [53], by:

σ rr r ¼ a; θ ¼ π=2ð Þ=H ¼ 1−2ν
2

þ 2 ν−2ð Þ 1−VR−VPð Þ
π 1þ νð Þ 1−2νð Þ tanψ

E
H

� �
ð20Þ

σ θθ r ¼ a; θ ¼ 0ð Þ=H ¼ 1−2ν
4

− 1−VR−VPð Þ
π 1þ νð Þ tanψ

E
H

� �
ð21Þ

σϕϕ r ¼ a; θ ¼ π=2ð Þ=H ¼ 2ν−1
2

þ 2 1−VR−VPð Þ
π 1þ νð Þ tanψ

E
H

� �
ð22Þ

σ rr r ¼ a; θ ¼ 0ð Þ=H ¼ −3
2
þ 6 1−VR−VPð Þ
π 1þ νð Þ 1−2νð Þ tanψ

E
H

� �
; ð23Þ
where all stress components are normalized toH. It has to be noted that
the above equations were developed for the stresses, which occur dur-
ing loading at the maximum load P. Therefore, systematic differences
occur in crack initiation as predicted by such a stress field analysis,
and as experimentally observed on crack patterns (which typically
occur after unloading): a substantial fraction of cracking occurs during
unloading rather than during loading [107,154,155]. In addition, other
effects, which have a significant influence on the indentation deforma-
tion and defect resistance, such as the indentation size effect [156], the
load-dependence of VR [50,137,138], or the presence of atmospheric
moisture [107,157], are not considered in Yoffe's model.

The initiation of cracks is driven by the presence of tensile stresses,
which continuously decrease in intensity with increasing distance
from the center of pressure r. Since the stresses within the plastically
deformed area are compressive, the highest tensile stresses can be
expected at the region between the plastically deformed volume
below the indenter tip and the surrounding elastically deformed mate-
rial, at r= a [134]. However, the exact position of the tensile stressmax-
imum depends significantly on B. Eq. (19) indicates that this value is
mainly controlled by the term (1 − VR − VP), whereas the magnitude
of this parameter continuously decreases as the contribution of densifi-
cation on the indentation deformation increases [53]. The application of
ν as an indicator for the densification and shear-mediated deformation
of glasses was discussed in the previous section. Contrary to alkali–
alkaline earth silicate glasses [79,135,136], ν is not a suitable parameter
for the description of the indentation deformation behavior of sodium-
borosilicate glasses, as seen from Fig. 5. Nonetheless, ν has become a
useful parameter for the comparison of crack formation in different
glass systems [53]. For this reason, the elastic stresses around a Vickers
indenter estimated for the present series of sodium-borosilicate glasses
are shown in Fig. 6 as a function of ν, together with literature values
from Refs. [49,53].

To obtain insights on the influence of the glass composition on the
elastic stress fields in the system Na2O–B2O3–SiO2, the further discus-
sion will focus on the technical glasses with Duran- and BK7-type com-
positions, as well as one glass series with compositions along boron
oxide anomaly (R=0.2), at which distinct changes in the glass proper-
ties have been reported previously [5,55,158]. Starting at B=0, or (1−
VR−VP)=0 (inset in Fig. 6), and for small values of ν, the tensile stress-
es exhibit a maximum at the surface σrr(r = a, θ = π/2) and the initia-
tion of ring cracks occurs during loading [134]. This result is consistent
with the observation of ring and cone cracks in so-called anomalous
glasses (e.g. vitreous silica),which are known to deformmainly by com-
paction of the free volume inside their glass network [31,107,159]. The
magnitude (1− VR − VP) and the stresses at the surface decrease rap-
idly with higher contribution of volume-conservative shear flow on
the indentation deformation, while the sub-surface tensile stresses
along the indenter axis σθθ(r = a, θ = 0) diminish only slightly. As a
consequence,median cracks formbelow the indenter tip during loading
in addition to the previously mentioned ring cracks [134]. During
unloading these circular cracks expand towards the surface and appear
as half-penny shaped cracks [107,160]. At sufficiently high loads, lateral
and radial cracks may occur, but these cracks remain relatively short
since their propagation is confined by the presence of ring and cone
cracks, as can be seen for example in the opticalmicrograph of a residual
Vickers hardness imprint in the Duran-type composition in Fig. 2a in
Section 3.

Moving from the Duran- to the BK7-type composition (Fig. 2b),
where a considerable amount of non-bridging oxygen ions has been
verified by NMR and Raman spectroscopy [11,34], the contribution of
densification to the indentation deformation becomes less pronounced
and the magnitude of (1− VR − VP) increases. In the stress field analy-
sis, such an effect is associatedwith a further decrease of the sub-surface
tensile stresses along the indenter axis σθθ(r = a, θ = 0). However, at
the same time the tensile stresses at the periphery of the indenter
σϕϕ(r = a, θ = π/2) increase and radial cracks start to emanate from



Fig. 6. Elastic stressesσ aroundVickers indents in glasses as a function of the Poisson ratioν. The stress componentsσrr(r= a, θ= π/2),σθθ(r= a, θ=0),σϕϕ(r= a, θ= π/2) andσrr(r= a,
θ=0), normalized to the hardness H, represent the driving force for the initiation of ring, median, radial and lateral cracks, respectively. Filled symbols denote the glasses investigated in
the current study and open symbols were taken from the literature [49,53]. In the inset, the parameter (1 − VR − VP) is shown as a function of ν, where VR and VP denote indentation
volume recovery and pile-up ratio, respectively.

Fig. 7. Crack resistance CR of glasses in the system Na2O–B2O3–SiO2. Black dots represent
the glass compositions investigated in the current study. LBS (1) andKBS (2), aswell as the
soda-lime silicate glass, NCS (3), were added for comparison. The contour diagram is
build-up of 17 data points.
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the corners of the indent during loading. During unloading these cracks
propagate further along the specimen surface, and the parallel initiation
of additional tensile stresses below the indenter tip σrr(r= a, θ=0) re-
sults in the formation of sub-surface lateral cracks [134]. This crack ini-
tiation behavior is typical for so-called normal glasses (e.g. soda-lime
silicates), which – as a hypothesis – deform through shear-flow along
weak ionically bonded interfaces in the network modifier-rich regions
[31,52,107].

Based on these theoretical considerations, Sellappan et al. [53] eval-
uated the transition from ring and cone cracks via median to radial and
lateral cracks and noticed a correlation with ν. On the one hand, ring/
cone (subscript “C”) andmedian cracks (subscript “M”) can be expected
for glasses with small values of ν, on the other hand radial (subscript
“R”) and lateral cracks (subscript “L”) occur predominantly in glasses
with higher values of ν. Depending on the elasto-plastic ratio E/H of
the glass, the transition from cone and median to median and radial
cracking, νCM–MR (~0.18), as well as the subsequent transition fromme-
dian and radial to lateral and radial cracking, νMR–LR (~0.21), can shift to
smaller values of ν, in the case of an increasing E/H ratio, or larger values
of ν if the E/H ratio decreases.

The transition from an anomalous to a normal glass can also be dem-
onstrated in the present series of sodium-borosilicate glasses, when the
SiO2 concentrationdecreases along theboron oxide anomaly fromvitre-
ous SiO2 to NBS A. For high concentrations of SiO2 and large values of
K = 3.57 (NBS 2, Fig. 2c), the formation of ring and cone cracks is still
visible, butwith additional Na2O and B2O3 (and the continuous decrease
of K, NBS D: K = 1.79, Fig. 2d; NBS A: K = 0.40, Fig. 2e), ring and cone
cracks gradually disappear. Simultaneously, the initiation of radial
cracks and sub-surface lateral cracks was noticed, especially in the
NBS A glass specimen. However, in contrast to the predictions from
the stress field analyses, ring and cone cracks are still seen in the NBS
D glass sample.

Although oxide glasses are termed as brittle materials, they can un-
dergo distinct plastic deformation in the nano- and micrometer scales.
The concept of brittleness is based on the relation between deformation
and fracture [161]. Glasses with values of ν lower than ~0.31, such as
SiO2 or soda-lime silicates, exhibit only very small fracture energies.
As a consequence, catastrophic failure occurs before a permanent plastic
deformation can be achieved [162]. It is well known that the theoretical
strength of brittle materials is reduced by the presence of small micro-
scopic flaws or cracks. The resistance against the initiation and propaga-
tion of such defects, namely the toughness, is a crucial factor in technical
exploitation of high-strength glasses [4,8].
In the previous section it has been shown, that the initiation of
cracks in an indentation test can be attributed to elastic stresses,
which originate from the mismatch between the plastically deformed
volume and the surrounding elastically deformed material. Depending
on the deformation mechanism and the elastic–plastic properties of
the material, several different crack patterns can develop, but of practi-
cal importance are only median and radial cracks, since their propaga-
tion perpendicular to the glass surface is responsible for the fracture
under bending or tensile loading conditions [95,106]. The resistance
against the formation of median and radial cracks can be approximated
by a pragmatic Vickers indentation test. In this test, the glass specimen
is indented with stepwise increasing loads until the appearance of
cracks can be observed at the corners of the residual hardness imprint
[70]. In the current study, the sodium-borosilicate glasses were indent-
ed with loads ranging from ~50mN up to ~20 N and the amounts of ra-
dial cracks emanating from the corners of the indent were counted
using an optical microscope. On this basis, the crack resistance CR was
derived from the load, at which an average of two radial cracks were
formed. The results are shown in Fig. 7, together with literature values
from Kato et al. [68]. Despite the limited number of data points, some
distinct compositional trends are obvious. At first, CR seems to decrease
with increasing Na2O concentration, with the smallest values of CR cor-
responding to glass compositions with preferentially shear-mediated
indentation deformation. This result is in good agreementwith previous
observations, in which an increasing resistance against radial crack for-
mation with increasing contribution of densification to the indentation

Image of Fig. 6
Image of Fig. 7
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deformationwas reported [53,68,107,139]. Additional support for these
findings arises from the stress field analysis, where it has been demon-
strated that the initiation of radial cracks is favored in glasses which
deform through localized shear flow, while the residual stresses which
are responsible for the formation of radial cracks are substantially
reduced in glasseswith amarked contribution of densification to the in-
dentation deformation [134]. However, the highest values of CR do not
coincide with the maximum values of VR. In fact, maximum values of
CR were obtained for sodium-borosilicate glasses with small amounts
of Na2O and less than 60 mol% SiO2. In previous studies, large values
of CR were attributed to the more open structure of borate networks
containing a high amount of BØ3 units, which facilitates the plastic
deformation through densification and makes the borate network
less rigid in comparison to [BØ4]−-rich glasses [68,130]. However,
this argumentation is contradictory to the observations made by
Yoshida et al. [72], as discussed in Subsection 4.2. Furthermore, with
respect to this argument, the second local maximum of CR close to the
binaryNa2O–SiO2 glasses has to be highlighted (interestingly, both com-
positional regions fall in the compositional region corresponding to the
miscibility gaps in the system Na2O–B2O3–SiO2 [32,143,163], but a dis-
cussion of the effect of phase separation on the mechanical properties
of sodium-borosilicate glasses is out of the scope of this study).

5. Conclusions

A detailed picture of the physical and mechanical properties of
glasses from the sodium-borosilicate ternary is obtained through com-
bining new experimental data on low-alkali glasses, including some
technical multi-component alkali-borosilicates, with an extensive
literature review. It is demonstrated that physical properties such as
the glass transition temperature Tg and the density ρ can be correlated
with mechanical properties such as the elastic modulus E and the
Vickers hardness Hv predominantly through the SiO2 content and the
fraction of [BØ4]− tetrahedral units within the glass network. That is,
for low alkali-borosilicate glasses, the addition of a small amount of net-
work modifier oxides converts neutral BØ3 groups into charged [BØ4]−

units, which is accompanied by the aforementioned property increase.
However, when the Na2O-to-B2O3 ratio, R, exceeds a value of R = 0.2,
the boron oxide anomaly, the network connectivity starts to decrease
due to the formation of non-bridging oxygen ions. This effect is initially
counterbalanced by the progressive conversion of BØ3 groups into
[BØ4]− units, until a sudden decrease in the thermal (Tg) and mechani-
cal stability (E, HV) can be observed, most notably for values of R N 0.5,
where the presence of non-bridging oxygen ions is also verified by
NMR spectroscopy.

The contribution of densification to indentation-induced deforma-
tion, expressed as the indentation volume recovery VR, reaches a
maximum for silica-rich glasses, where the densification is based on
congruent compaction of the SiO2 sub-network. In such glasses, perma-
nent densification is achieved through a re-arrangement of large five-
and six-membered rings into smaller three- and four-membered ring
structures, as well as through a decrease of the average Si–O–Si bond
angle. The incorporation of Na2O and/or B2O3 reduces the silica sub-
network's ability to compact of the silica sub-network. On the one
hand, this is simply due to the increased atomic packing density. At
high networkmodifier concentrations, on the other hand, the plastic de-
formation through localized shear flow is facilitated by the creation of
non-bridging oxygen ions. Besides this, a strong correlation between
densification and the interconnectivity between the silicate and borate
sub-networks is noticed, where the formation of four-membered
reedmergnerite [BSi3O8]− and danburite [B2Si2O8]2−-type ring struc-
tures and, therefore, higher connectivity between SiØ4 groups and
[BØ4]− units seems to result in a reduced compaction capacity.

The above-mentioned correlations qualitatively hold also for the
crack initiation behavior and the phenomenological crack resistance
CR. In SiO2-rich glasses, where the deformation is mainly based on
densification, ring and cone cracks are observed upon indentation,
while the transition towards shear-mediated deformation occurs
with increasing B2O3 concentration and/or with the formation of non-
bridging oxygen species. This transition later manifests in the well-
known change from ring and cone crack patterns via median cracks to
a predominantly lateral and radial crack arrangement. Additional sup-
port for this is obtained from a consideration of the elastic stress fields
which form around the indent, where it has previously been demon-
strated that the contribution of densification to indentation-induced
deformation leads to a reduction of tensile stresses in the surface
plane, which are in turn responsible for the initiation of radial cracks.
As a consequence, high values of CR are achieved in glasses where the
indentation deformation is driven by compaction. This is in accordance
with previous observations, whichweremade in other silicate glass sys-
tems, e.g., aluminosilicates or alkali–alkaline earth silicates.

In some contrast to the classical calculations of elastic stress fields,
the appearance of cone cracks is still visible in glasses with relatively
large amounts of Na2O and B2O3. Most notably, the largest values of
CR were obtained for glass compositions, which do not exhibit the
highest values ofVR. All these findings indicate that the structural evolu-
tion, such as the conversion of BØ3 groups into [BØ4]− units, the forma-
tion of non-bridging oxygen ions or the connectivity between the
silicate and borate sub-networks, play an important role on the physical
and mechanical properties as well as the indentation deformation and
crack initiation behavior, and that for the generation of a full picture of
this complex glass system, these phenomena have to be treated equally
and beyond the simplified consideration of congruent compaction and
shear flow alone.
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