Available online at www.sciencedirect.com

SciVerse ScienceDirect CERAMICS

INTERNATIONAL

ELSEVIER Ceramics International 38 (2012) 1463-1471

www.elsevier.com/locate/ceramint

Environment-dependent indentation recovery of select soda-lime
silicate glasses

Mirabbos Hojamberdiev * Harrie J. Stevens, William C. LaCourse

Kazuo Inamori School of Engineering, Alfred University, Alfred, NY 14802, United States

Received 3 August 2011; accepted 12 September 2011
Available online 17 September 2011

Abstract

Indentations made on silicate glasses can easily be affected by the environment. In the present work, indentations were made on select
commercial float glasses as well as on experimental soda-lime silicate glasses using a 1 mm diameter spherical tungsten carbide ball-mounted
Brinell indenter. Recovery of indentations made on the glass samples was measured in different environments, namely, 100 °C, room temperature/
room humidity and 100% relative humidity, as a function of time by using a Zygo laser non-contact profiliometer. Elastic (Young’s modulus, bulk
modulus, shear modulus and Poisson’s ratio) and indentation (Vickers hardness, fracture toughness, brittleness and fracture surface energy)
properties of the glasses were also determined by a pulse-echo and Vickers indentation methods, respectively, to correlate with the recovery of
indentations. The elastic properties and Vickers hardness are directly proportional to the packing ions present in the glass structure and the strength
of an individual bond, whereas the brittleness and fracture toughness more likely depend on molar volume of the glasses. According to the applied
environment, a recovery rate of indentations follows the order: room temperature/room humidity <100% relative humidity <100 °C, regardless of
glass composition. The reason for higher recovery rate of indentations is attributed to the structural relaxation, which is promoted by a
thermodynamic driving force at 100 °C, and stored strain energy in deformation zone, allowing the indentations to regain their original

configurations at certain points.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is known that silicate glasses normally obey Hooke’s law
and present an elastic behavior up to failure. When high
compression and shear stress are both present, failure can be
inhibited and a permanent deformation can occur [1]. In
general, the permanent deformation can be represented by
either shear flow or densification according to the glass type; for
instance, in normal glasses it appears as a shear flow (faulting),
and conversely, in anomalous glasses as a densification due to
the compaction of an open structure of the silica network [2,3].
Nevertheless, above a critical load, median-radial cracks
propagate in normal glasses whilst cone cracks form in
anomalous glasses under Vickers indentation. In most cases,
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loading a glass with a sharp indenter under high compression
ultimately leads to the permanent deformation that may chiefly
hinder an elastic restoration at low temperature. Hence, Brinell
indentation would be advantageous when investigating an
environment-dependent recovery of indentations made on
glasses without a large fraction of the permanent deformation
as well as cracks. However, the recovery rate of delayed
elasticity of the glass is associated with a number of parameters,
including temperature, atmosphere, humidity, pressure, load,
loading time, indenter type, etc.

A time-dependent deformation is characteristic of viscoe-
lastic materials, of which a mechanical analog is Voigt—Kelvin
element that displays a recoverable delayed elasticity [4].
Radok [5] suggested a simple approach to time-dependent
viscoelastic indentation, when a rigid spherical indenter is
loaded on a viscoelastic body, for finding the viscoelastic
solution in cases where the corresponding solution for a purely
elastic body is known. Theoretical considerations were also
made by Sakai and Shimizu [6] on time-dependent viscoelastic
deformation and flow during the penetration by flat-ended,
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spherical and conical indenters into glass-forming materials at
temperatures near the glass transition. Indeed, self-consistency
was experimentally proved through the Berkovich indentation
on soda-lime glass at various temperatures [7]. In addition to a
two-element (elastic-plastic) mechanical model [8], viscous-
elastic-plastic (VEP) model has shown good agreement with
nanoindentation data obtained using the Berkovich indenter
[9].

Recently, a nanoindentation technique has been popular,
particularly using a highly instrumented equipment, in
characterizing nano- and micro-scale mechanical properties,
e.g. hardness, strength, residual stress, fracture and elastic
modulus, and an elastic-plastic response of the near-surface
region of brittle materials, including oxide and metallic glasses
[10,11]. The analysis is mainly based on the Oliver—Pharr
method [12], where the load-displacement curve is used. Most
recently, a similar method has also been developed to estimate
the contact area in an elastic-plastic indentation and to extract
the elastic modulus and hardness of an ultra-thin film bonded to
the substrate [13].

Indentations made on silicate glasses can fully or partially be
recovered owing to the structural relaxation caused by
environmental factors, namely, temperature, humidity, pressure
and atmosphere. Because the glass structure can easily be
displaced and the original configuration can readily be
recovered by supplying sufficient activation energy with heat
treatment [14]. For example, Mackenzie [15] showed that more
than 99% of the original volume of a hydrostatically densified
silica could be recovered after annealing at 1000 °C for 1 h.
Yoshida et al. [16] described that more than 65% of Vickers
indentation volume was recovered for borate glass by annealing
the indentations at T, x 0.9 K for 2h. By measuring the
indentation volume before and after heat treatment at
T, x 0.9K for 2h using atomic force microscopy (AFM),
the contribution of indentation-induced densification to total
indentation deformation beneath a Vickers indenter was
estimated to be 92% for silica glass, 61% for soda-lime
silicate glass and 4.6% for bulk metallic glass [17]. Sawasato
et al. [18] studied the volume recovery of Vickers indentations
made on soda-lime silicate glass as a function of annealing
temperature and time and estimated the ratio of volume
recovery to be 27% after annealing at T, x 0.6 K and 71% after
annealing at T,. Besides, they also noted that the elastic
recovery of a diagonal length was more limited than the elastic
recovery of the depth due to the difference in the density
distribution under the indentation impression. Most recently,
Yoshida et al. [19] evaluated the indentation-induced densifica-
tion of soda-lime silicate glass under the diamond indenters
with different geometries from the volume recovery of
indentations by thermal annealing. They found that with the
increase in the inclined face angle, the densification contribu-
tion decreased and the shear-flow contribution increased. This
significant indenter-geometry dependence of densification in
glass could be explained by stress distribution under the
indenter.

Since soda-lime silicate glass products are widely used in
diverse applications and have a direct contact with various

environments, it is therefore of interest to investigate the
indentation recovery of these glasses in different environments
as a function of time. In this work, physico-mechanical
properties and indentation recovery of select commercial float
glasses and experimental soda-lime silicate glasses are
comparatively investigated at 100 °C, room temperature/room
humidity and 100% relative humidity as a function of time. The
possible mechanisms for the indentation recovery of these
glasses are also discussed.

2. Experimental

Three commercial float glasses (ComGlass) and six
experimental (ExpGlass) glasses were employed in this study.
Their chemical compositions on molar basis are listed in Table
1. An air side of the commercial float glasses was applied for
the indentation due to the presence of chemically different
surface on the tin side, which could additionally influence on
the mechanical properties during the experiment [20].
Experimental glasses were produced by melting 100 g batches
of the given compositions in Pt crucibles. Filled crucibles were
inserted into a preheated electric furnace at 1000 °C and melted
at 1450 °C for 4 h. Melts were poured on a preheated steel plate,
held at their respective annealing temperatures for 1 h and then
slowly cooled to room temperature. The glass bars were cut into
the 25 mm x 20 mm X 3 mm slices by a Buehler IsoMet low-
speed saw using a cutting fluid, and the surfaces of glass slices
were thoroughly ground and polished using first 180/320/600/
800/1200 SiC grit and then 6/3/1/0.25 p.m diamond paste. The
polished glass slices were ultrasonically cleaned in acetone and
re-annealed at 10 °C above their respective T, determined by
using a STA 409CD differential scanning calorimeter (Netzsch-
Geritebau GmbH, Germany).

The densities of the glass samples were measured using the
Archimedes method, with kerosene as the liquid medium.
Elastic moduli (Young’s modulus, bulk modulus, shear
modulus and Poisson’s ratio) of the glass samples of known
thickness were calculated by measuring their longitudinal and
shear wave sound velocities by a pulse-echo method [21] using
a TDS420 oscilloscope (Tektronix, USA). Indentation proper-
ties (Vickers hardness, fracture toughness, brittleness and
fracture surface energy) of the glass samples were measured by
a Vickers indentation method using a HMV-2000 Micro
Hardness Tester (Shimadzu, Japan) with the load of 200 g
applied for 15 s.

The Vickers hardness, Hy, was obtained using
Hy = %2(0/2), where P is the applied load, 6 is the included
angle between the opposite faces of the pyramid and d is the
average diagonal of the indentation impression. Brittleness was
first defined by Lawn and Marshall [22] in the late 1970s as the
ratio of hardness to fracture toughness (B = H/K) and later
intensively discussed with an indentation technique by Sehgal
and Ito [23]. Brittleness of the glass samples was calculated
using B = (0.02)56)3/2 (%)3/2(P)7l * where B-brittleness, m ™~ "?;
C-crack length, m; a-indentation diagonal length, m; P-
indentation load, N; the quantity (1/0.0056) has units of N/
% m~ 3. The indentation fracture toughness, K¢, was calculated
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Table 1
Chemical compositions of glass samples (mol%).
Sample SlOz AIQO'; Fezo3 CaO MgO Na20 Kzo leO
ComGlass1 71.46 0.98 0.05 9.09 4.98 13.18 0.26 -
ComGlass2 71.13 0.86 0.04 8.34 5.70 13.30 0.63 -
ComGlass3 100.0 - - - - - - -
ExpGlass1 73.00 - - 3.00 7.00 17.0 - -
ExpGlass2 73.00 - - 3.00 7.00 13.0 4.00 -
ExpGlass3 73.00 - - 3.00 7.00 13.0 - 4.00
ExpGlass4 75.00 - - 10.0 - 15.0 - -
ExpGlass5 75.00 - - 10.0 - 7.50 7.50 -
ExpGlass6 75.00 - - 10.0 - - 15.0 -

using the equatiqn developed by Anstis et al. [24]
Kc = w(g)l/ 21%?, where v is a material-independent
constant (=0.0MN for Vickers produced radial cracks), E is
Young’s modulus, H is Vickers hardness, ¢, is the average
length of the radial crack. The fracture surface energy, y, was
calculated using y = ZK’C 21;} , where v is Poisson’s ratio.

Indentation experiments were performed on an Instron 5566
universal hydraulic testing machine (Instron, USA) fitted with a
1 mm diameter spherical tungsten carbide ball-mounted
indenter. The indenter was driven at a load rate of 0.015 kIN/
s with a 15 s dwell time at the maximum load of 0.09 kN, which
was further used as an optimum load for indenting glass
samples without initiating any significant cracks. Before
starting the indentation, a correction was accomplished by
measuring a displacement drift. Prior to indentation, all the
glass samples were carefully cleaned with acetone one more
time and dried with a warm air blower in order to remove any
debris/dirt on the surface. Just after indentation the glass
samples were separately subjected to three different environ-
ments (100 °C, room temperature/room humidity and 100%
relative humidity) for 0.25, 1, 6, 12, 24 and 48 h to investigate
an environment-dependent indentation recovery as a function
of time. The residual indentations in the glass samples were
scanned after above-mentioned treatment times using a laser
non-contact profilometer (Zygo Corporation, USA). After
defining the surface plane, the area scan yielded the maximum
depth of the indentation. Based on the depth change of the

indentations in different environments, recovery of indentations
was evaluated as a function of time.

3. Results and discussion

The chemical composition and physico-mechanical property
of a glass have a profound impact on indentation recovery.
Therefore, the physico-mechanical properties of commercial
float and experimental glass samples were first determined, and
the average values are summarized in Table 2. For all the glass
samples, a close relationship between density, Vickers hardness
and elastic moduli can be noticed. The densities of glass
samples differ according to the increase in the concentration of
the modifiers and the intermediates with high or low atomic
weights in the glasses. Because of the absence of the modifier
and the intermediate ions in the silica network, the ComGlass3
sample has the lowest density of 2.20 g/cm® among all the
samples. Compared to the ComGlassl and ComGlass2, the
ExpGlass1-3 samples with higher magnesium content and
lower calcium content have relatively lower densities. The
ExpGlass2 has a lower density of 2.447 g/cm® compared with
that of the ExpGlass1 because relatively large effective radii of
the two monovalent alkali metals normally reduce the density
and increase the specific volume. In the ExpGlass3, the density
further decreases to 2.432 g/cm’ with a partial replacement of
sodium by lithium which is one of the four lightest metals. As is
known, the structural contraction caused by the small lithium

Table 2
Physico-mechanical properties of glass samples.
Property Com Com Com Exp Exp Exp Exp Exp Exp
Glassl Glass2 Glass3 Glassl Glass2 Glass3 Glass4 Glass5 Glass6
Density, -£0.007 g/cm? 2.528 2.530 2.200 2.448 2.447 2.432 2.481 2.479 2.466
Young’s modulus, +4.83 GPa 74.04 74.15 71.78 68.68 65.98 75.96 72.38 71.11 62.54
Bulk modulus, +2.94 GPa 45.67 46.07 36.06 43.58 40.02 44.25 46.16 45.32 41.28
Shear modulus, +1.68 GPa 30.10 30.10 30.72 27.67 26.99 3143 29.23 28.71 25.07
Poisson’s ratio, £0.015 0.229 0.231 0.168 0.223 0.210 0.236 0. 247 0.238 0.238
Vickers hardness, +£0.08 GPa 5.31 5.37 - 5.27 5.14 5.48 5.36 5.25 4.82
Brittleness, £0.170 pum ™"/ 7611 7.882 7.222 6.743 7.486 7.394 7.279 6.689
Fracture toughness, £0.018 MPa m'/? 0.697 0.682 - 0.729 0.760 0.725 0.724 0.721 0.721
Molar volume, cm? 23.75 23.73 27.32 24.06 24.60 23.70 24.17 25.16 26.28
Fracture surface energy, J/m> 3.11 297 - 3.68 4.21 3.33 3.40 3.45 3.93
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and magnesium ions is not restricted to silicate glasses. Quite
similar trends are observed in the ExpGlass4-6 samples with a
partial and complete substitution of sodium by potassium. In
the absence of magnesium, the densities of the ExpGlass4-6
samples (2.466-2.481 g/cm®) measured are higher than those of
the ExpGlass1-3 samples.

As can be seen in Table 2, the elastic properties and Vickers
hardness of glass samples are directly proportional to the
packing ions present in the glass structure and the strength of
the individual bonds, respectively. Note that the indentation
properties for the ComGlass3 (vitreous silica) were not
obtained. In the absence of Al,Os;, the substitution of
magnesium for calcium resulted in lower elastic moduli and
Vickers hardness in the ExpGlassl and ExpGlass2 samples
compared to those of the ComGlass1-3 and ExpGlass3 samples.
Normally, Al,O5 eliminates non-bridging oxygens, and hence,
enhances the connectivity of glasses. Although the field
strength of Mg?* is greater than that of Ca**, molar volume
shows a negligible difference. This indicates that the glass
structure is not what would be expected based on the smaller
size and higher field strength of Mg?*. In contrast, the
ExpGlass3 sample shows the highest elastic modulus
(75.96 GPa) and Vickers hardness (5.48 GPa). The stronger
field strength of smaller alkali modifier (Li*) ions to the oxygen
ions leads to the formation of stronger bonds as well as to the
decrease in the size of the interstices near the non-bridging
oxygens in the silica network. So the molar volume decreases
and the structure becomes more compact, resulting higher
resistance to deformation. On the contrary, when the sodium
ions were partially or completely replaced by the potassium
ions in the ExpGlass5 and ExpGlass6, respectively, in the
absence of magnesium ions, elastic moduli and Vickers
hardness were much lower than those of the ExpGlass4
containing only sodium as an alkali modifier. Because the
potassium ions are larger than the sodium ions and have lower
field strength leading to the formation of weaker K—O bonds in
the glass structure that gives higher molar volume. The studies
focused on the compositional effects of glass on the elastic
properties have also confirmed that the glasses containing
cations of high field strength and high coordination number
have higher elastic moduli than the glasses containing cations
of low field strength and low coordination number [25-27].

As shown in Table 2, brittleness of each glass sample is
directly proportional to elastic moduli and Vickers hardness,
that is, brittleness increases with the increase in elastic moduli
and Vickers hardness. Compared to the ComGlass1-3 samples,
brittleness is comparatively lower in the ExpGlass1-6 samples,
and the reason for that may be associated with the increase in
molar volume of the ExpGlass samples. It has been reported
[23] that a higher molar volume implies that the glass structure
is more open and deformation precedes easily; a large
deformation thus results in the suppression of a median
cracking and a lowering of brittleness. Since higher molar
volume (27.32 cm®) of silica glass provides higher brittleness
(~9 pm~"?), this concept cannot be applied to all glasses.
Kurkjian et al. [28] described that the Si-based glasses with the
densities approaching that of silica glass are considered to be

anomalous. According to the classification made by Sehgal and
Ito [29], our experimental glasses are considered to be in an
‘intermediate density case’ in which low brittleness is caused
by the presence of both densification and plastic flow. So far, the
lowest brittleness values have been reported to be 1.2 wm™ ">
for 100% B,03 sample and 4.7 pbm_l/2 for 76Si0,-14Li,0-
10 K,O glass owing to the simultaneous existence of
densification and plastic flow [29-31].

In ExpGlass3 sample, the brittleness value notably decreases
to 7.486 wm % with a partial substitution of calcium and
sodium by magnesium and lithium, respectively. This is
attributed to an insignificant increase in the openness of the
glass structure that resulted from the introduction of the smaller
modifier (Li*) and intermediate (Mg>*) ions into the silica
network. In particular, a partial and complete substitution of
sodium by potassium decreases the brittleness value up to
6.743 wm~ "% in the ExpGlass2 sample and 6.689 wm ™" in the
ExpGlass6 sample, respectively. According to the Phillips and
Thorpe’s rigid percolation theory [32,33], the high values of
Young’s modulus represent more rigid structure for glass that is
more resistant to deformation, and brittleness therefore
increases with increasing Young’s modulus. Interestingly, the
addition of the lithium ions decreases fracture toughness as well
as fracture surface energy in the ExpGlass3 in comparison with
the ExpGlass1 and ExpGlass2 samples. Generally speaking, the
basic glass composition with sodium consists of alkali-rich
pathways with isolated silica-rich regions and adding a small
amount of lithium may change this structure, i.e., the silica-rich
regions become more connected and the alkali-rich pathways
become less connected. Probably, this may cause the fracture
toughness and fracture surface energy to decrease because the
glass becomes more rigid.

The fracture surface energy is the energy required to
generate Orowan stress that can break the bond and create two
new surfaces due to the fracture. The fracture surface energy is
different than the thermodynamic surface energy because it
takes into account plastic deformation and chemical reaction at
the tip of a propagating crack. The calculated fracture surface
energies are consistent with the values of fracture toughness and
brittleness of the glass samples. Wiederhorn [34] observed the
increase in fracture surface energies of glasses with decreasing
temperature and increasing Young’s modulus. According to the
glass type, the fracture surface energies obtained in nitrogen at
27 °C follow the order: 3.50 J/m”® for lead-alkali silicate,
<3.82 J/m? for soda-lime silicate, <4.42 J/m? for vitreous
silica, <4.51 J/m? for borosilicate and 4.63 J/m? for alumino-
silicate glasses. In that work, it was also mentioned that the
fracture surface energy may have been affected by small
amounts of plastic deformation generated at the crack tip by the
high stress fields. Also, Miyata and Jinno [35] estimated the
fracture surface energies for lead borate glasses and found that
the fracture surface energy decreased with the addition of
17 wt% PbO, increased till 32 wt% PbO and then decreased
again with increasing PbO content. This tendency was clarified
in terms of the residual stress in the matrix and dispersed
particles due to thermal expansion and elastic modulus
mismatches. The calculated fracture surface energies for the
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-40.00

Fig. 1. Landscape (a), trace (b) and optical micrograph (c) of the indentation
made on ExpGlass2 sample.

ComGlass and ExpGlass samples are in the range of 2.97-
4.21 J/m?. In our case, the fracture surface energies of the glass
samples increase as fracture toughness increases but elastic
moduli decrease. The increase in fracture surface energy and
fracture toughness with the decrease in elastic moduli may have
been caused by the ‘looser’ glass structure that supports less
brittleness. This phenomenon was explained by Kennedy et al.
[36] as a result of the processes, such as plastic flow,
densification and non-recoverable elastic strain energy. More-
over, moisture-containing air can also reduce the force required
for the catastrophic failure of glass. According to Shand [37],
the lowering of the fracture surface energy is seen to be greater
for the high-lead and soda-lime glasses, indicating that these
glasses are more sensitive to the presence of water vapor than
the other glasses tested.

Fig. 1 represents the landscape, trace and optical micrograph
of the indentation made on the ExpGlass2 sample, obtained
using a laser non-contact profilometer. Quite surprisingly,
almost no material is pushed out to form a pile-up at the rim of
the indentation. The analogous behavior was observed by
Varshneya et al. [38] for a binary chalcogenide glass with the
covalent coordination number of 2.4 and is considered to be as
the similarity of a binary chalcogenide glass with ‘anomalous’
high silica glasses. Generally, the indentations made on
anomalous silica glass have sinking-in walls, but not pile-

—— T T T— T T— 71— T1—71—*+ 0.00
0.00 mm 0.72

"b)ﬂiﬂﬂ,nﬂ
+

0o
300.00
+50.00

-200.00

200 pm

Fig. 2. Landscape (a), trace (b) and optical micrograph (c) of the indentation
made on ComGlass3 sample.

ups, resulted from the reorganization of the silica tetrahedral
structural units [SiO4] by changing the angle of the Si—-O-Si
bond without breaking it during the loading. Nevertheless, the
indentation made on ComGlass3 sample showed a pile-up
followed by enormous ring-like cracks with different heights,
as shown in Fig. 2. Since the ExpGlassl-6 samples are not
anomalous, the reason might be related to the lower stress under
the applied load of 0.09 kN and the geometry of the indenter
used. Yoshida et al. [19] mentioned that with increasing the
inclined face of the indenter, the densification contribution
decreases because a large part of glass under the indenter
experiences the stress beyond the flow threshold. Howell et al.
[39] directly correlated an increasing tendency of four different
silicate glasses to pile-up with the decrease in free volume of
glass. It was found that a lower value of Poisson’s ratio was
desired to minimize the pile-up. It has also been shown that the
shear-dominated flow will mostly precede compaction in the
glass containing a significant fraction of non-bridging oxygen
[40]. This shearing along the intermolecular van der Waals
forces is easier giving rise to an extensive cracking. It must be
noted that above 0.09 kN load a ring-like cracking with
different heights around the indentation was observed, and vice
versa, below 0.09 kN load the indentations were not detectable
for almost all the glass samples. Expectedly, at 0.09 kN load no
any significant cracking around the indentation was observed,
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as shown in Fig. 1; thereby 0.09 kN was used as the optimum
load for the indentation.

As mentioned before, just after the indention all the indented
glass samples were immediately subjected to the different
environments, namely, 100 °C, room temperature/room humid-
ity and 100% relative humidity, in order to investigate their
environment-dependent indentation recovery as a function of
time. Apparently, the initial depths of the indentations
considerably vary according to their glass compositions and
are more likely correlated with the Vickers hardness and elastic
modulus. That is, the indentation made on glass possessing
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Fig. 3. Change in indentation depth of glass samples (ComGlassl-2 and
ExpGlass1-3) at 100 °C (a), room temperature/room humidity (b) and 100%
relative humidity (c) as a function of time. Lines drawn as a guide for the eye.
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Fig. 4. Change in indentation depth of glass samples (ExpGlass4-6) at 100 °C
(a), room temperature/room humidity (b) and 100% relative humidity (c) as a
function of time. Lines drawn as a guide for the eye.

higher Vickers hardness is shallow or vice versa due mainly to
the rigidity of the glass structure that can resist deformation. As
an example, oxygen in the Si—~O-K bond in the ExpGlass?2 is
more strongly deformed compared to those in the other samples
as a consequence of the weaker field strength of potassium, and
the K" ion is more deformable than the Na* and Li* ions. Owing
to their higher field strength, the addition of the Li* and Na*
ions causes much smaller decrease in surface tension.

The indentation recovery of the glass samples at 100 °C,
room temperature/room humidity and 100% relative humidity
are plotted in Figs. 3-5 as a function of time. According to the
applied environment, the recovery of indentations made on
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Fig. 5. Change in indentation depth of ComGlass3 sample at 100 °C, room
temperature/room humidity and 100% relative humidity as a function of time.
Lines drawn as a guide for the eye.

glass samples increases in the following order: room
temperature/room  humidity <100% relative humidity
<100 °C. As shown in Figs. 3a, 4a and 5, heating the
indentations made on the glass samples at 100 °C reduced the
indentation depths drastically within 6 h compared to those
indentations kept at room temperature/room humidity and
100% relative humidity. We also observed that the recovery of
indentations with enormous fractures, as shown in Fig. 2a, in
the ComGlass3 was not much affected by heating at 100 °C
(Fig. 5) due to a large fraction of permanent deformation that
might be caused by the bond breakage. As previously reported
[41], the indentations made on the lead-phosphate and lead-
borate glasses did not show any changes when heated. Glasses
with heavy cations usually do not present any thermo-elastic
effects, whereas silica glasses with low cation coordination
numbers and small Poisson’s ratios exhibit strongly.

Environment-dependent indentation recovery rate of the
glass samples can be placed as follows: Com-
Glass3 < ExpGlass5 < ExpGlass2 < ExpGlassl < ExpGlas-
ExpGlass6 < ComGlass2 < ComGlassl < ExpGlass4 < Exp-
ExpGlass3. Supposedly, a degree of volume instability should
be high in the ExpGlass2, ExpGlass3 and ExpGlass5 samples
containing mixed alkali ions. The mobility and bond strength of
alkali modifier ions in an electrical field take place in the
following sequence: K < Na < Li. The kinetics of volume
instability (elastic effect and relaxation) is determined by the
alkali ion mobility that varies with the size of the second alkali
ion, according to its steric requirement (K for Na and Li for Na)
and mixed alkali effect [42]. The dissimilar alkali ions are
considered to form elastic dipoles which reorient when a
mechanical stress is applied. The relaxation time for the
reorientation process seems to be determined by the mobility of
the less mobile alkali ion because a smaller alkali ion of higher
mobility moves first and then a larger alkali ion of lower
mobility migrates later. This movement, in turns, generates
structural defects. In addition, the thermal pressure caused by
thermal movement of atomic particles is completely compen-
sated by internal pressure that approximately coincides with the
Vickers hardness of the glass [43].

For those glass samples kept at room temperature/room
humidity, the indentation recovery cannot reach equilibrium, as
can be seen in Figs. 3b, 4b and 5. Because the indentation
recovery at room temperature is low, and therefore it can be
greatly facilitated by a thermodynamic driving force at elevated
temperature. Most recently, anelastic indentation recovery of
bioglass was studied at room temperature [44]. It was
experimentally proved that the recovery rate of the indentation
depth at room temperature was considered a power-function of
the indentation load, i.e. a driving force for the recovery was the
stored strain energy over the anelastic indentation zone.

At such a low temperature, the release of internal pressure is
not fully enough to support the atoms to regain their original
positions completely within the short time range due to the high
viscosity although the interatomic separation distance does not
exceed the distance corresponding to the maximum restorative
force and bonds are not completely broken. In addition to this,
the bond bending can also alter the original positions of atoms
that may counteract the expansion of the bond length due to the
increased amplitude of vibration, resulting in very low thermal
expansion coefficients. Filling the interstices inhibits this
process and tends to cause an increase in thermal expansion
coefficient.

In comparison to the indentation recovery at 100 °C, a
slower indentation recovery in 100% relative humidity, as
shown in Figs. 3c, 4c and 5, is thought to be due to the structural
relaxation caused by a stress-enhanced reaction of water with
the glass, as expressed by the following reactions [45]

=Si0—O0—Na" (K*orLi") + H,O
. =Si—OH + Na*(K*orLi*) + OH"

=Si0—0—Ca’**(Mg**) + H,0
— =Si—OH + Ca

=Si—-0-Si= + OH — =Si—OH + =Si-0~
=Si—-O0" +H,0 — =Si—OH + OH".

Once the first two reactions occur, the depolymerization
takes place continuously and then recombination starts

2Si—OH — = Si—0-Si = +H;0.

After these processes the glass surface normally becomes
softer due to the gelation and surface structural relaxation of the
glass. This may be the mechanism for the mechanical fatigue,
since the hydrated layer reduces mechanical properties [46,47].
Because the adsorption of water on the glass surface lowers the
Si—O-Si bond strength, and once this bond is broken, the
product =SiO and —O-Si= will be highly reactive and combine
with water that ultimately hampers viscoelasticity of the
indentations at certain point. In this case, the bond lengths of
different alkali ions with oxygen also play an important role; for
instance, the lithium ions have shorter bond lengths with
oxygen and higher nuclear coupling frequencies because the
polarizability of OH™ should be much stronger than Si-O™.
Furthermore, the stress gradient is known to produce ionic or
atomic motion from the compression side to the tension side. It
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is found that the diffusion of water is higher on the tensile side,
where the diffusing species are moving against the stress
gradient. The diffusion coefficient varies simply because the
glass volume changes under stress as the diffusion coefficient
changes under hydrostatic pressure [48,49].

The indentations made on the glass samples are found to
recover by time within the limited range. The applied
environment plays a governing role in controlling the
contribution of indentation-induced densification to total
indentation deformation as well as recovery rates. The
indentation depth (d) starts decreasing rapidly with time (7)
just after unloading. The indentation recovery rate can be
calculated using Logd = —mlogt + K [50], where m and K are
constants. For all the glass samples, the recovery rate, or slope
m, is greater at first 6 h, after which it slows down drastically for
longer period, due to the high stress induced by indentation.
The indentation recovery rate slows according to the test
environment in the following order: 100 °C > 100% relative
humidity > room temperature/room humidity. Levengood and
Vong [50] studied the influence of the loading time on the
recovery rate of an indentation, and it was found that the longer
loading time could cause a slow recovery rate due to the
localized deformation in the center of the indentation.

The indented glass samples demonstrate three common
features: elasticity, viscoelasticity (delayed elasticity) and
plasticity (irreversible compaction) under hydrostatic compres-
sion. Sawasato et al. [18] observed a very fast initial recovery of
the indentation volume within the first 15 min at different thermal
treatment temperatures. The initial restoration was not measured
in this study. It is assumed that there might have been indeed a
restoration in the indentations made on the glass samples within
that period resulting from the stretching of interatomic bonds
when the indentations were first made because the indentation
has a strong ability to recover easily due to the instant spring back
of the bonds to normal lengths on the basis of restoring force,
particularly under a lower load for a shorter time [49].
Viscoelasticity is based on the gradual expansion of the structure
in the direction of the applied stress. This is resulted from the
disentangling of structural elements, that is, rings or chains. This
is the result of stress induced ion migration along with hydration
effects. Moreover, the elastic, viscoelastic and plastic behavior of
a glass can also be predicted by a Maxwell model that shows a
relationship between instantaneous modulus G, and viscosity 7
under constant stress and the time constant of stress relaxation t;
at constant strain, T = n/Gy. Oyen and Cook [9] also developed a
model incorporating in an obvious way the separate elastic,
viscous and plastic components and can be used to predict
experimental behavior.

Note that the Brinell indenter with a hemispherical tip did not
cause the glass samples to reach a critical Hookean point at
0.09 kN load, so all the indentations showed more elasticity and
viscoelasticity than plasticity. The deformation energies for
silicate glasses during loading using the Vickers indentation
technique were estimated by Suzuki et al. [3] and found to be
139 kJ/mol for total deformation, 96 kJ/mol for elastic deforma-
tion and 43 kJ/mol for plastic deformation, which is very close to
the activation energy (46-54 kJ/mol) for the recovery of

densification in silica glass reported so far. Annealing behaviors
of silicate, soda-lime silicate and potassium-lead silicate glasses
indicated that the nature of fracture-induced structural change
was observed to be densification [51].

4. Conclusions

In summary, physico-mechanical properties and environ-
ment-dependent recovery of the indentations made on the select
commercial float glasses and experimental soda-lime silicate
glasses using a 1 mm diameter spherical tungsten carbide ball-
mounted Brinell indenter was investigated. The findings from
the present work can be summarized as follows:

(1) The elastic properties and Vickers hardness were directly
proportional to the packing ions present in the glass
structure and the strength of an individual bond. The
brittleness and fracture toughness more likely depend on the
molar volume of the glasses.

(2) According to the applied environment, an indentation
recovery rate followed the order: room temperature/room
humidity < 100% relative humidity < 100 °C, regardless of
the glass composition. The reason for higher indentation
recovery rate is attributed to the structural relaxation, which is
promoted by a thermodynamic driving force at 100 °C, and
stored strain energy in deformation zone, allowing the
indentations to regain their original configurations at certain
points.

(3) The recovery rate of the indentations made on glass samples
was high at first 6 h and then slowed for longer period.
Because the indentation has a strong ability to recover
easily within shorter time due to the instantly spring back of
the bonds to normal lengths on the basis of restoring force,
which was not disturbed by applied load. The longer
recovery time is attributed to a stress-induced ion migration.

(4) Recovery rate of the indentations had a dependence on the
concentration of the alkali ions present in the silica network.
The mobility of the less mobile alkali ion had effect on the
reorientation process of the glass structure after unloading
because a smaller alkali ion of higher mobility moved first
and then a larger alkali ion of lower mobility migrated later.

(5) Although the applying of different environments, the
indented glass samples demonstrated three common
features: elasticity, viscoelasticity and plasticity.
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