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Abstract

Borosilicate glasses are used ubiquitously for a wide range of applications, where their
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mechanical properties play a critical role. However, the deformation mechanism governing

the sharp contact response of these glasses remain poorly understood. Herein, we analyze the
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role of elasto-plastic response in determining the indentation deformation mechanisms for a
range of borosilicate glass compositions. The series of glasses were made by varying the SiO;
to B>O3 molar ratio while maintaining a constant content of network modifying alkali and
alkaline earth oxides. We employed nanoindentation followed by annealing below the glass
transition temperature to quantify the contribution of densification and shear flow as a
function of glass composition. Interestingly, we observe that the volume recovery upon
annealing is inversely proportional to the hardness of the glasses. This suggests that the
resistance to permanent deformation is closely related to the network connectivity of the
glasses, which in turn governs the mechanism of deformation under sharp contact
loading. Overall, we show the important role of alkali and alkaline earth modifiers in

governing the composition dependent indentation behavior of borosilicate glass series.

1. Introduction

Borosilicate glasses, with boron and silicon as the major network formers along with alkali or
alkaline earth modifier species, form a major family of glasses with several commercial
applications 2. Such glasses offer high resistance to chemical attack, good glass forming
ability, and low coefficient of thermal expansion 3, Owing to these desirable properties,
borosilicate glasses are used in laboratory glassware >*, household cooking utensils 2,
automobile headlamps >, biomedical applications *, and are a highly preferred candidate for
nuclear waste immobilization >®, In addition, borosilicate glasses provide a range of physical
and chemical properties with the interaction of alkali and alkaline earth ions with boron and
silicon structural units ' . For instance, alkali borosilicates have been used as thermal shock-
resistant glasses, whereas alkaline earth borosilicate glasses are used as substrate glasses for
liquid crystal displays when also mixed with alumina '°. Understanding the structural origin
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of the properties of borosilicate glasses, such as hardness, is also significant in developing
improved glass compositions that exhibit higher mechanical strength and scratch resistance
wherever contact deformations are involved, for example, pharmaceutical packaging such as

. : 10,11
syringes, ampoules, and cartridges '*'".

One of the primary reason why borosilicate glasses exhibit a unique range of properties could
be attributed to the well-known “boron anomaly”, i.e., the non-monotonic variation in glass
properties with composition . This anomaly is related to the composition dependent
behavior of boron speciation, which takes a coordination number of four or three depending

on the availability, or lack, of network modifiers. ''*"3

.. Glassy B,0; consists mostly of
planar trigonal BOs layers. These trigonal layers are connected by bridging oxygens (BO) at
their corners and a large fraction of these connect to form three-membered boroxol rings '*.
This structure makes the boron network undergo permanent deformation easier compared to
the four-fold coordinated silicate network '. However, the presence of network modifiers in
the borosilicate glass network acts as charge compensators in increasing the network
connectivity rather than the role of breaking the connectivity as in silicate network .
Specifically, the three-coordinated boron network (B®) transforms to a four-coordinated
boron network (B*). This charge compensation role of network modifiers acts until the boron
anomaly boundary beyond which it plays the role of depolymerizing the silicate/boron

17-19

network '*'*!¢. Several studies, including both computer simulations and experimental

1,13,20,21

work , confirm this boron speciation transition between three-fold coordinated

(trigonal) and four-fold coordinated (tetrahedral) structural motifs with the addition of alkali

22,23

and alkaline earth network modifiers , which in turn affect their physical, mechanical,

thermal, and optical properties.
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Hardness is an important mechanical property of glasses that affect their durability and
service lifetime. In addition, hardness is occasionally used as a proxy to understand the
scratch or wear resistance of glasses **. The ease of operation, sample requirements, and short
experimental duration have made the indentation technique popular among glass researchers
for measuring glass mechanical properties °°. During the last few decades, the indentation
technique has been implemented for measuring various properties such as scratch hardness **,
normal hardness 27, elastic modulus 28, indentation fracture toughness 23 , and crack resistance
29, to mention a few. Besides, instrumented indentation technique, such as nanoindentation, is
useful for understanding the elasto-plastic behavior of glasses *°. Researchers have also
applied the elasticity data acquired from load-displacement curve for studying the
composition dependent mechanical behavior of glasses *' . For instance, Miura et al. ** have
used elastic recovery data obtained from nanoindentation load-displacement curves to reveal
the composition-dependent deformation behavior of copper phosphate and silicate-based
glasses. Indeed, elasto-plastic data can give indirect insights into the deformation modes of

glasses™.

Typically, during indentation, glasses undergo permanent (plastic) deformation through two
major indentation deformation mechanisms, namely densification and shear flow >°-°.
Research in the past revealed that the part of the deformed zone can be recovered through
thermal annealing, as the energy required to initiate volume recovery is much lower than the
energy required to initiate viscous flow®. Later, Yoshida et al. *” proposed a protocol for
quantifying such indentation deformation mechanisms for a variety of glasses by combining
microindentation technique with annealing and atomic force microscopy (AFM). Thereafter,

this technique has been successfully applied by other glass researchers '***** for a variety of

glass compositions. Although various studies exist in the literature on understanding the
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14,15,21,43,44

composition-dependent indentation deformation of borosilicate glasses , these

studies focus mostly on ternary alkali borosilicate glass systems.

Specifically, there are very few studies on the indentation deformation mechanisms of
quaternary alkali-alkaline earth borosilicate glass series, although these are more prevalent in
practical applications, for example, in nuclear waste immobilization applications or
pharmaceutical packaging. The quaternary borosilicate series can be considered as the
simplest representation of the nuclear waste glass for waste immobilization ***®. Further, the

presence of the higher field strength alkaline earth Ca®" ions along with Na™ may potentially

7 48-50

improve the chemical durability**’ and mechanical response of the quaternary

borosilicate glasses.

To address this knowledge gap, we here use nanoindentation technique with Berkovich
indenter followed by the annealing protocol to study the composition dependent mechanical
behavior of alkali-alkaline earth borosilicate glass series. By analyzing the governing
densification and shear flow mechanisms, we show that the glass hardness is inversely
proportional to the volume recovery for the alkali-alkaline borosilicate glass compositions
used in this study, which, in turn, correlates with the network connectivity. Considering the
significance of borosilicate glasses, we believe that the present work may give more insight
regarding their structure-hardness relationship toward developing glass composition with

improved hardness and strength for practical applications.
2. Experimental details
2. 1 Materials

All the glasses used in the borosilicate series were prepared by traditional melt-quenching

technique and annealed at their respective glass transition temperature (7,) as given in Table

This article is protected by copyright. All rights reserved.



Accepted Article

1. In a previous study ', the fractions of four-coordinated boron (N*) and silicon with four
bridging oxygens (Q*) were determined using ''B and *’Si magic angle spinning (MAS)
NMR spectroscopy, respectively. The elaborate glass preparation procedure and detailed

MAS NMR spectra discussions is given elsewhere "'

. The compositions of the borosilicate
glass series were determined through wet chemical analysis'~' using ICP-OES (Inductively
coupled plasma - optical emission spectrometry) for which the uncertainty is within +0.5%
(see Table 1). Hereafter, the glasses used in the present study will be recognized by the glass

ID as shown in Table 1. The glass series was selected to illustrate a constant network

modifier content (Na,O, CaO) with varying network former ratio (Si0,/B,05).

2. 2 Sample preparation

The prepared glass bars were wet polished (Buehler, Metaserv, 250, Grinder-Polisher) using
ethanol to avoid the glass dissolution 2. The glass surfaces were successively polished using
400/800/1200 grit size silicon carbide (SiC) emery papers. Then, cloth polishing was
performed with grade-1 alumina for at least an hour until the satisfactory surface quality was
achieved to proceed with the final cloth polishing step using 0.05 um alumina suspension
(Chennai Metco, India). After cloth polishing, the polished borosilicate glass specimens were
ultrasonicated in ethanol for at least 15 mins to remove any surface contaminants associated
with polishing. Then, the surfaces were dried using nitrogen gas before the nanoindentation
and AFM experiments. To make the surface suitable for these measurements, the average
surface roughness (R,) on a 10x10 ;,Lm2 area measured by contact mode AFM was ensured to

be less than 3 nm.

2. 3 Nanoindentation

This article is protected by copyright. All rights reserved.



Nanoindentation measurements were made using a universal nanomechanical tester
(ASMEC, Germany). A Berkovich diamond probe having a nominal radius of approximately
300 nm was used. Before the experiment on the borosilicate glass specimens, tip area
function and machine compliance were calibrated on the standard fused silica glass specimen
with known elastic properties (Young’s Modulus £ = 72.1 GPa, Poisson’s ratio v = 0.17) as
per the well-established Oliver-Pharr method **. The observed deviations with respect to the
known property (£) of the fused silica glass specimen was around 3-5%. Further, during
calibrations the modulus profile obtained using QCSM (quasi continuous stiffness
measurement) was not deviating significantly even 30 nm from the surface till the maximum
depth of penetration. After ensuring the standard observations, nanoindentation experiments
were carried out on the borosilicate glasses. Indentations were performed at a loading rate of
5 mN/s until the defined normal load of 50 mN*'. The defined maximum load was held
constant for a duration of 5 seconds before unloading at 5 mN/s. For all the experimental
data, thermal drift correction at a standard rate of 0.1 nm/s was carried out post-indentation.
Note that the indentations were performed at least on 5 different locations. Hardness was

determined from the load-displacement curve based on the Oliver-Pharr method as **:

H= (1)

Accepted Article

where P, 1s the maximum applied normal load, and 4, is the projected contact area at
maximum defined load. The projected contact area A, is calculated by evaluating an
empirical indenter shape function A, = f(h.). In this study, as hardness is not an intrinsic
material property’', the bluntness of the tip was not considered in the measurement of

hardness. Hence, for an ideal Berkovich indenter,
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Ap = 24.56 h (2)
where 4. is the contact depth between indenter and the glass specimen at P, which is

estimated by using the equation as follows:

—_— Pmax
hc - hmax - £

3)

In the above Eq. (3), ¢ is a geometrical constant (¢ = 0.75 for a Berkovich indenter), %, 1s
the maximum penetration depth, and § is the contact stiffness estimated from the initial slope

of the unloading curve at the P,,.

The indentation elastic modulus (Ejt) of the glass sample can be estimated as,

-1

Er=Q1- v?) [Eir - 1;;?]

“)

where E;, v; represent the elastic modulus (1140 GPa) and Poisson ratio (0.07) of the diamond

indenter probe used for indentation, respectively. E; is the reduced elastic modulus,

S T

)

Accepted Article

2.4 Indentation deformation analysis

To understand the nanomechanical response of the borosilicate glass series as a function of
the composition, at least 10 crack-free indents were made using a Vickers indenter at a

normal load of 100 mN with a dwell time of 15 s, employing a manual microhardness tester

This article is protected by copyright. All rights reserved.
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(HMV-2, Shimadzu, Japan). A load of 100 mN was selected for making Vickers imprints that
are large enough to be clearly discernable, yet a small enough load to ensure no radial/median

14
cracks '*°,

Also, previous theoretical and experimental analysis suggests that the strains
under Vickers and Berkovich indenter tips are comparable >*. Hence, the Vickers impression
used in the indentation deformation analysis was corelated to the nanoindentation data
obtained through Berkovich tip. Imaging of the residual Vickers imprints was carried out
using an integrated AFM module (Nanite, Nanosurf, Switzerland). AFM imaging was
executed over the indents at an imaging load of 20 nN in contact mode. Silicon cantilever tip
with aluminum reflex coating having a nominal tip radius of 20 nm was used for imaging.
The sharpness of the cantilever tip was also verified while switching between two glass
compositions using a standard tip check sample (Budgetsensors, Bulgaria). Scanned AFM
impressions were analyzed using a commercial software package (Scanning Probe Image

Processing, Horsholm, Denmark) for image processing. Figure 1(a) shows the processed

image.
2.4.1 Densification estimation

To determine the indentation deformation mechanism as a function of composition, the
protocol established by Yoshida et al. 37 was applied. This protocol helps in quantifying the
densified volume upon annealing of the residual indents below the glass transition
temperature (7,), where only the recovery of the densified volume takes place and no
structural relaxation *°. Hence, the borosilicate glasses were annealed at 0.97, ¢ for 2 hours at
ambient atmosphere. For every glass composition, topographic images of the indents were
captured and analyzed before and after annealing. Figures 1 (c¢) and (d) shows the comparison

of the 2D surface topographic images before and after annealing. Similarly, Figs. 1 (e) and (f)
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reveals the comparison of the surface 3D topographic images before and after annealing,

respectively.

For volume estimation, indent data before and after annealing was processed using Gwyddion
software package. All the surface corrections and modifications which include flattening of
the surface, averaged levelling of data points by fitting a plane was accomplished by the
aforesaid software package. Further, the imported data from the software package was
analyzed in a custom written programming code in MATLAB, which enabled the estimation
of volumes below and above the surface. Figures 1(a) and (b) show a 2D glimpse of the
volume estimation before and after annealing by the consideration of the volume above and
below the surface. The densified volume can then be determined as *’.

_ (T -va)+(vd-vh)

Vi

Ve

(6)

where Vg is the recovered volume, and ¥; and V;" represent the volume estimated below and
above the surface, respectively, before annealing. Similarly, ¥,” and V," represent the volume

below and above the surface, respectively, after annealing.
2.4.2 Shear flow estimation

To also estimate the shear flow or permanent plastic flow around the impression, the protocol
proposed by Sellappan et al. >> was followed, which also relies on AFM imaging of annealed
indentation profiles. The volume of pile-up or shear flow above the surface can be estimated

as,
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_ (v -vy)
==L 22

(7

where Vp indicates the volume pile-up ratio, for which volume of the pile-up above the
surface before and after annealing are normalized by the densified volume before annealing

as in Eq. 6.

3. Results and discussion
3.1 Nanoindentation of borosilicate glasses
3.1.1 Analysis of load-displacement curve

First, we focus on the elastoplastic behavior of the glasses obtained through depth sensing
instrumented nanoindentation technique °. Figure 2 shows the load-displacement (P-h)
curves obtained from the elastoplastic response of the borosilicate glasses used in this study.
From the P-h plot, we observe that the curves corresponding to 37B-37Si, 24B-50Si, and
12B-628Si glasses nearly coincide with each other, showing a lower maximum penetration
depth (A.x) In comparison to the other compositions. Similarly, the curves of 50B-24Si and
6B-68Si glasses coincide with each other with an intermediate 4., value. Finally, the 62B-
1281 glass exhibits the maximum #4,,,.. This implies that the hardness of the 62B-12Si should
be low due to its lower resistance to penetration as confirmed by the /4, '. Accordingly, the
hardness of 37B-37S1, 24B-50S1, and 12B-62S1 must be higher, due to their lower penetration
depth, followed by 50B-24Si and 6B-68Si. However, elastic behavior of glasses can also play

30,31,33 oo
7. Hence, it is necessary to understand the elasto-

a role in governing the hardness values
plastic behavior in detail.
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3.1.2 Elasto-plastic analysis

Table S1 shows the hardness values of the alkali-alkaline borosilicate glass specimens used in
this study. The hardness values are computed based on the contact area estimated from the
initial slope of the unloading portion from the respective P-4 curves as proposed by Oliver-
Pharr”®. Note that the tip roundness effect was ignored in the calculation of these hardness
values. The results presented confirm that the calculated hardness values are as expected

based on the P-4 curves discussed earlier.

One of the major advantages of using nanoindentation technique in comparison to
microindentation is that the elasticity values can be obtained from P-4 curves along with the
hardness **>***7. To investigate the elasto-plastic behavior, we quantify the hy/hmax 1atio,
which assesses the elastic behavior while retracting the indenter °’. If no elastic recovery
takes place, then the material is perfectly plastic with the 4/h,,. ratio equal to unity 3057,
Based on this ratio, the elastic recovery index, (hmax-hy)/hmax OF 1-hy/hpay, can be defined as a
parameter that measures the relative elastic recovery upon unloading *'. In this case, a
perfectly plastic material gives elastic recovery index of 0 and vice versa. Likewise, the
elastic deformation index (hyax-hc)/hmax O 1-ho/hmqe measures the relative elastic deformation

surrounding the indented region .

Studies in the past have indicated that parameters such as elastic recovery index and elastic
deformation index can be used for understanding the composition-dependent hardness and

- . 30,31,33,44
plastic behavior of glasses *" ™

. Hence, we here compute the elastic recovery index and
elastic deformation index for the present glasses and relate these to the respective hardness
values as shown in Figs. 3 (a) and (b). However, in the glass series used in our study, we
observe that all the borosilicate glass specimens exhibit almost similar elastic recovery and

deformation index. In other words, no composition-dependent trends in terms of the elastic
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deformation or recovery behavior are observed (refer Fig. S1), although the glasses feature
different hardness and elastic moduli (refer supplementary material Fig. S3). We observe that
hardness and the indentation modulus exhibit a similar trend with composition. In general,
hardness is governed by the network connectivity in glasses. However, elastic modulus is
governed by the energy density. When the hardness of glass is mainly governed by
densification—that is, the deformation of the network—then the elastic modulus can exhibit a

trend similar to hardness.

The maximum penetration depth (4,4) has also been reported to be one of the critical
parameters obtained from the load-displacement curves >’. Hence, to understand the
composition dependence, we plot /e against the [SiO,]/([SiO>] + [B203]) molar ratio '°.
Intriguingly, three distinct hardness regimes are observed as discussed previously. That is, the
glasses [(37B-37S1), (50Si-24B), (62Si-12B)] that exhibit higher hardness values appear to
have maximum resistance to deformation, and hence the lower penetration depth as shown in
Fig.S2. In other words, 4, decreases with increasing SiO, content until it reaches a minima
at [S10,]/([S10;] + [B203] ~ 0.5, after which it increases with increasing SiO, content. This
clearly reveals the role of composition in governing the elasto-plastic behavior upon

indentation. The role of composition in governing the hardness is discussed in detail in the

next section.
3.2 Effect of composition on microhardness and nanohardness
3.2.1 Microhardness and nanohardness

Figure 4 shows the nano and microhardness values for the glass compositions considered in
the present study. The comparison shows that the hardness values obtained from

nanoindentation and microindentation are different. As hardness is not an intrinsic material
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property, the variation can be explained based on differences in the tip geometry, tip
bluntness, and the load applied ***°. In our present experiment, we have used 50 mN load
whereas in the compared microindentation data, 250 mN' load was used. Variation could
also be possible due to the difference in tip geometry, i.e., Berkovich tip used in this
nanoindentation experiment versus Vickers tip used in the compared microindentation data .
Three-sided Berkovich indenter has a relatively sharper tip than the four-sided Vickers
indenter ®. Even though our nanoindentation observation statistically follows the similar
trend as the previously published result on the same compositions, the relatively higher
sharpness/pointedness of the Berkovich indenter tip ®' might also be a reason for such

pronounced boron anomaly transition at ratio = 0.7.
3.2.2 Role of R and K ratios on hardness

To investigate the role of composition on the hardness, we analyze the variation of hardness
with the K ratio defined as K = [SiO5]/([SiO4] + [B,05]) '#2%214462 and the R ratio defined as
R = ([Na,O] + [Ca0])/[B,05] "'****'** a5 shown in Figs. 4 and 5, respectively. These ratios
have been widely adopted in the glass literature to understand the governing role of structural
species in the borosilicate glass compositions. As shown in Fig. 4 (triangle legend), we
observe that hardness exhibits a non-monotonic response with K, that is, increasing from a
minimum value of 7.62 GPa to attain a maximum value of 9.27 GPa before decreasing
further to 8.50 GPa. Specifically, the hardness value increases until the K ratio equals 0.7 (see
Fig. 4), which can be considered as boron anomaly boundary, and thereafter, a dip in the
hardness values is observed. Previous research has indicated that the transition from B’ to B’
increases monotonically with the K ratio "'’, suggesting that the decrease in hardness values

with K-ratios above 0.7 can be attributed to the depolymerization of the silicate network.
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Further, to understand the role of network modifiers (CaO, Na,O) on boron network,
hardness values are plotted against the R ratio (Figure 5). Figure 5 reveals a pronounced
boron anomaly boundary at R ratio of 1, beyond which the hardness tends to decrease. This
can be understood by the fact that, at composition with higher concentration of B,Os (62B-
12Si with R ratio of 0.4), the shortage of Na and Ca cations for charge compensation of B’
units makes the structure more open (and less polymerized) due to the presence of more
trigonal planar structures. Such lower compactness results in a decreased resistance of the
structure to plastic deformation, and hence lower hardness values. In addition, from thereon,
the hardness values tend to increase with R-ratio until the boron anomaly line, that is, from
boron-rich glass composition to relatively less boron concentration. Here, Na” and Ca>" ions
will be available for charge compensating the B’ structural units to B* structural units.
Therefore, an increase in hardness is observed due to such increased connectivity offered by
the B* structural units. However, after crossing the boron anomaly boundary (R > 1),
hardness reduces with excess availability of charge compensators like Na and Ca cations. The
region beyond the boron anomaly line is rich in silica (lower boron concentration).
Consequently, the excess charges are responsible in depolymerizing the silicate network,

ultimately leading to a drop in hardness values.

3. 3 Indentation deformation mechanisms

For understanding the deformation mechanisms of the borosilicate glasses used in our study,
we have employed Vickers indenter tip as reported in other studies '**7*%%%% \which had
successfully demonstrated its use in the estimation of densification and shear flow

contributions to the total indentation deformation.
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3.3.1 Indentation pile-up estimation

During the process of indentation, the material beneath the indenter is heavily compressed
due to the high pressure generated by the sharp contact loading *°, which leads to an increase
in the local density of the material. Similarly, the material which manifests above the surface
around the impression edges (as clearly shown in Figs. 1(d), (f)) are identified as pile-ups *°.

Note that these pile-ups are also a form of permanent deformation *"%*.

Earlier research has suggested that such pile-ups have a strong relation with the glass
composition **. Hence, we attempted to quantify the normalized indentation pile-ups (V; /V;)
before annealing. Table 2 presents the nominal mean diagonal length (d;), indentation depth
(h;), volume below (¥;) and above (V;'), % indentation pile-up (¥;" / V;) obtained from AFM
images of the various borosilicate glasses indented using Vickers geometry before annealing.
Figure 6 shows the estimated fractional indentation pile-up (¥;'/V;) as a function of R-ratio
by considering the pile-up volume above the surface (¥;') and the densified volume below
the surface (V7;). We observe that the indentation pile-up ratio does not exhibit any
pronounced composition-dependent behavior, although it tends to decrease slightly with
increasing R-ratio. However, the hardness of the glasses indeed exhibits a composition-

dependent behavior as demonstrated earlier.
3.3.2 Estimation of volume recovery

It has been shown in various experimental observations that the impression cavity shrinks

upon thermal annealing at 0.97, 14,37,38,65

. The recovered volume measured on a 3D profile
upon annealing corresponds to the volume densified during indentation. Figure 7 reveals the

quantified recovered volume ratio (Vr) for the borosilicate glass compositions as a function

of R-ratio. Interestingly, in this plot, the composition-dependent behavior can be clearly
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observed. Apart from the volume recovery, the diagonal recovery (d,) after annealing (Table
3) also reveals the same trend as the volume recovery ratio. In addition, we can identify three
distinct different regions in Vr. The recovery behavior of boron-rich composition for R values
less than 0.5 (62B-12Si, 50B-24Si) are similar. Likewise, the recovery behavior for
compositions with R values between 0.5 to 2, i.e., 37B-378S1, 24B-508S1, and 12B-62Si, falls in
the same region. Finally, the recovery behavior of the silica-rich 6B-68S1 composition (R
value of 4) is different from the other two regions. This is because densification plays a major

. . . . . .. 14.44
role in the indentation deformation of boron-rich compositions ™.

Indentation deformation studies on boron-rich glasses have revealed that the more open
structure of borate network comprising a larger fraction of BO3 units promotes densification
6 Therefore, such larger volume recovery for boron-rich glass compositions can be
attributed to the open structure of such glasses. It has also been found that under the high
pressure generated during indentation process, local conversion of B’ units into B* units
occurs **. Even though the majority of such conversion relaxes back to B’ units after
unloading, a fraction of structural change is retained '*. Hence, it can be argued that in the
case of 62B-128Si, a fraction of retained B* structural units has resulted in reduced volume
recovery due to a minor change in free volume. As a result, the volume recovery of 62B-12Si

and 50B-24Si is almost similar. On the other hand, for intermediate R values, a minimum

value of Vi can be noticed.

Recalling that the conversion from B? to B* units increases with R value, it has been noticed
for higher values of R or with increasing concentration of Na,O and CaO that the created B’

. Such connectivity between silicate and borate networks

units link to silicate networks
reduces the tendency of borosilicate networks to densify '*. Hence, reduced Vi can be

observed for R values between 0.5 to 2. Lastly, the relatively higher volume recovery for

This article is protected by copyright. All rights reserved.



Accepted Article

glass with R value of 4 can be related to the higher concentration of silica >. As most of the
network modifiers will be utilized in the conversion of available B> to B* units, the remaining
modifiers will result in depolymerizing the silicate network'. Since the content of silica is

slightly higher here, the deformation mode will be primarily controlled by densification.
3.3.3 Estimation of Volume Pile-up

Sellappan et al. >> have extended the protocol proposed by Yoshida et al. *” to estimate the
plastic pile-up volume around the impression cavity to distinguish the effect of densification.
Figure 8 shows the percentage volume pile-up measured using such protocol as a function of
the R ratio. Although there is no prominent composition dependent behavior, we observe a
slight decrease in the extent of pile-up with increasing R-ratio. Similarity can be drawn
between the trend exhibited by the percentage indentation pile-up and the percentage volume
pile-up, which might be because pile-up is a form of shear flow deformation **, which cannot

be recovered by thermal activation processes such as sub-7, annealing 37,
3.3.4 Linking hardness and volume recovery

In previous work, the relation between packing density and hardness has been

14,53
d B

investigate . Here, Fig. 9 shows a strong relationship between hardness and the volume

recovery upon sub-7, annealing of indented samples. Specifically, we observe that hardness
exhibits a linear relationship with the inverse of the percentage volume recovery. Boron-rich

1,66 C
7 which, in

glass compositions exhibit an open structure offered by trigonal planar B* units
turn, makes them less rigid, allowing large deformation upon loading. This leads to an
increased densified volume, lower hardness values, and higher volume recovery. The
increased hardness for R values of 0.5 to 2 is due to the transition from B® to B4, which has

1,14

led to the drop in volume recovery . This is because of the reduced free volume by such
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transition

. Further, the hardness and densification for compositions with R values
between 0.5 to 2 are found to be comparable. Finally, the decrease in hardness is due to
depolymerization of the silicate network "'’ where the volume recovery slightly increases due
to the relatively higher availability of silicate networks for densifying. The overall
mechanism governing this observation could be explained as follows. Glasses having an open
structure exhibit decreased rigidity and increased densification upon indentation, which leads
to a reduction in hardness and an increase in the volume recovery upon annealing. On the
other hand, glasses with higher degree of polymerization exhibit increased rigidity and hence
decreased densification upon indentation, which leads to decreased values of volume
recovery and increased values of hardness. Thus, this inverse relationship between hardness

and densified volume agrees with the observation that the glasses having increased network

connectivity exhibit increased hardness.

4. Conclusion

We have analyzed the indentation deformation of an alkali-alkaline earth borosilicate glass
series. Specifically, we have employed nanoindentation for understanding the glasses’ elasto-
plastic behavior followed by thermal annealing for the quantification of indentation-induced
deformation mechanisms. The glasses exhibit a non-monotonic variation in hardness with
composition in agreement with the boron anomaly. Based on the R and K ratios, we show that
the trend in the hardness can be reconciled with the glasses having R ratio corresponding to 1,
exhibiting maximum hardness. We observe that hardness exhibits a strong inverse relation
with the indentation volume recovery in the compositions considered here, which is
explained in terms of the network connectivity. The universality of this observation to other
borosilicate glass compositions requires further experiments. In any case, the presence and
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concentration of network modifying cations is found to play a key role in governing the

indentation deformation mechanism of borosilicate glasses.
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CAPTION LIST

Table 1: Experimental glass composition in mol % and other properties '

Table 2: Experimental values of nominal mean diagonal length (d;), indentation depth (%),

volume below (V) and above (Vi'), % indentation pile-up (Vi / Vi) obtained from AFM

images of the various borosilicate glasses indented using Vickers geometry before annealing.
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Table 3: Experimental values of nominal mean diagonal length (d,), indentation depth (4,),
volume below (V,) and above (V,'), % volume recovery (V,), % volume pile-up (V,)
obtained from AFM images of the various borosilicate glasses indented using Vickers

geometry after annealing.
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Figure 1. (a) Typical AFM image of a residual Vickers impression (dotted line is drawn to
reveal the corresponding depth profile for the impression), (b) Depth profile revealing the
evolution of the impression before (red solid line) and after (black dotted line) annealing. V",

Vi indicates the volume above and below the surface (blue dotted line) before annealing.
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Similarly, V,", V, represents the volume above and below the surface after annealing. h; and
h, stands for depth below the surface before and after annealing, respectively. The depth
profile corresponds to the 62B-12Si borosilicate glass specimen. (c), (e) Represents the
typical 2D and 3D view of a residual Vickers impression before annealing, respectively. (d),
(f) Represents the typical 2D and 3D view of residual Vickers impression after annealing,

respectively.
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Figure 2. Load displacement curves of borosilicate glass samples of different compositions
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Figure 3 (a) /-hy/ hya ratio showing the elastic recovery obtained from nanoindentation tests

for different borosilicate glass samples.

(b) I-h./hy. ratio obtained from nanoindentation showing the elastic deformation of

different borosilicate glasses and their dependence on the hardness
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Figure 5. Relation between hardness and network modifiers to boron molar ratio (R value).
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Figure 7. Relation between the fractional volume recovery (V%) estimated by following

Yoshida et al. >’ protocol and the network modifiers to boron molar ratio (R value).
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TABLES

Table 1: Experimental glass composition in mol % and other properties .

Glass (ID) SiO, B,0; Na,O Ca0 T,(K) N'(at%) Q*(at%)
62B-12Si 12.7 62.0 14.9 104 790 453 27
50B-24Si 24.9 493 15.0 10.8 803 48.9 33
37B-37Si 36.9 38.4 14.1 10.6 813 53.5 28
24B-50Si 51.6 21.9 155 11.0 833 65.5 37
12B-62Si 63.8 10.8 14.8 10.6 842 75.8 31
6B-68Si 69.3 4.9 16.1 9.8 837 80.8 26

Article

Table 2: Experimental values of nominal mean diagonal length (d;), indentation depth (%)),
volume below (Vi) and above (V;"), % indentation pile-up (Vi  / Vi) obtained from AFM
images of the various borosilicate glasses indented using Vickers geometry before annealing.

Accepted

Glass Mean Diagonal  Indentation Vit Vi VitV
Sample length (d;) Depth (4;) s s
(um) (um) %
(ID) (jum) (jum)
Mean S.D. Mean S.D. Mean Mean Mean S.D.
62B-12S1 5.19 0.13 300.1 8.79 0.180 1.044 17.26 2.37
50B-24S1 5.02 0.12 266.72 3.18 0.160 0.820 18.52 1.48
37B-37S1 495 0.08 275.05 7.21 0.142 0.927 15.68 2.96
50S1-24B 491 0.13 273.58 8.16 0.150 0.935 16.28 2.24
62S1-12B 4.92 0.06 277.82 3.18 0.138 0.861 16.38 1.57
68S1-6B 5.01 0.04 2929 3.01 0.126 0.876 14.55 1.39
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Table 3: Experimental values of nominal mean diagonal length (d,), indentation depth (4,),
volume below (V,) and above (V,"), % volume recovery (V,), % volume pile-up (V,)
obtained from AFM images of the various borosilicate glasses indented using Vickers
geometry after annealing.

Glass Mean Diagonal Indentation vt v, Vi Vp
Sample length (d,) Depth (h,) s s
(pm’)  (pm’) % %
(ID) (um) (pm)
Mean S.D. Mean S.D. Mean Mean Mean S.D. Mean S.D
62B-12Si 4.28 0.23 158.3 291 0.1549 0.2795 70.65 1.22 19.78 4.1
50B-24S1 3.81 0.18 139.3 339  0.1134  0.2025 70.50 2.65 23.1 3.92
37B-37S1 4.86 0.10 172.3 2.84 0.0864 04212 50.29 6.1 22.13 4.21
50S1-24B 4.71 0.13 179.2 9.38 0.1121 0.4454 48.19 4.79 20.52  1.88
62S1-12B 4.74 0.08 180.5 10.7  0.1119 0.4191 51.40 8.50 20.95 4.14
68S1-6B 4.72 0.08 172.17 474  0.1085 0.3283  60.27 3.25 16.74 391
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