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A B S T R A C T   

Mechanical properties of glass are critical for technical applications, thus comprehending the material response 
to mechanical tests is of great importance. In this study, we employ the nanoindentation combined with 
nanoscale infrared (nano-IR) spectroscopy combined with scattering-type scanning near-field optical microscopy 
(s-SNOM) and ToF-SIMS, to elucidate the nanoindentation rate dependence of plastic deformation of soda lime 
silicate glass. Experiment results show that the nanohardness and elastic modulus of soda lime silicate (SLS) glass 
exhibit a strong dependence on loading rate, while those of fused quartz (FQ) shows a much weaker dependence. 
The residual indent volume at fast loading conditions is smaller for SLS glass than FQ; but as the loading rate 
decreases, the residual indent volume of FQ and SLS glass becomes similar. The indent volume of SLS glass after 
sub-Tg annealing (reverting subsurface densification) shows negligible dependence on the loading rate, sug
gesting that the densification of SLS glass is strongly enhanced at lower indentation rate, but the shear flow is 
independent or weakly dependent. Using nanoscale infrared spectroscopy and ToF-SIMS techniques, the sodium 
ion migration in SLS glass surface in the indent is found to be associated with the subsurface densification. These 
results suggest the possible role of highly mobile sodium ions on in nano- and micro-scale plastic deformation 
behavior of SLS glass.   

1. Introduction 

Silicate glasses are widely used in commercial products such as 
windows and optics [1], and their applications rely on the surface 
strength [2]. Thus, the need to better understand mechanical properties 
of silicate glass is increasing. To that end, indentation tests are widely 
used to characterize hardness [3], stiffness [4], crack initiation resis
tance [5], susceptibility to densification [6], and indentation fracture 
toughness [7]. Nonetheless, the subtlety of the indentation method or 
data interpretation still needs to be investigated further, which include 
effects of sample preparation history [8], indenter tip geometry [9], and 
ambient temperature and humidity [10]. Thus, it is of critical impor
tance to fully comprehend how the glass material responses to 

indentation in various test conditions. 
When an indenter tip is pressed into the silicate glass surface, the 

plastic deformation of silicate glass surface can occur, which leaves an 
imprint (indent) [11]. Generally, two types of plastic deformation can 
take place during indentation of silicate glass: subsurface densification 
and isochoric flow [12]. Under the indentation, normal glasses exhibit 
significant isochoric flow a with small degree of densification, while 
anomalous glasses exhibit primarily densification with little isochoric 
flow [13]. Silica and borosilicate are typically considered as anomalous 
glass, and soda lime silicate (SLS) is considered as a good example of 
normal glass. But can we really say the degree of subsurface densifica
tion is much smaller for SLS than silica based on measurements at a 
single indentation rate suggested in the ASTM standard [14]? 
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Many details of the indentation behavior of glass are found to be 
dependent on the applied load and indenter tip geometry. For instance, 
the Vickers hardness (Hv) of silica and SLS glass decreases as the 
indentation depth increases at higher applied load, which is often called 
indentation size effect (ISE) [15]. It was believed that the decrease in Hv 
was linked to the increase in volume fraction of plastic flow [16]. The 
increase in indenter sharpness can reduce the magnitude of the ISE and 
densification, thus lowering the crack initiation resistance of oxide glass 
[17]. 

In addition to the applied load and glass composition, the indenta
tion time is also an important factor influencing the plastic deformation 
of silicate glass. With the increase in holding time, the Young’s modulus 
of hydrated SLS glass decreased due to the water in the glass promoted 
the viscous flow during the indentation process [18]. With the loading 
rate increasing from 1 to 1000 mN/s, the nanohardness and elastic 
modulus of SLS glass was reported to increase by ~9 % and ~7 %, 
respectively [19]. In the case of aluminosilicate glass, the nanohardness 
and elastic modulus were reported to increases by ~10.9 % and ~2.3 % 
with an increase of loading rate from 100 to 20,000 μN/s, respectively 
[20]. After the Na+-K+ ion exchange treatment for 48 h, the increase
ment in nanohardness and elastic modulus of aluminosilicate glass was 
reduced to ~8.5 % and ~1 % at the same range of loading rate condi
tion, respectively [20]. These findings imply the contact time during the 
indentation process play an important role in the plastic deformation 
behaviors of glass. 

This work investigated two important questions: (1) How does the 
indentation rate or time affect the subsurface densification and plastic 
flow of glass? (2) How is the atomic structure in the subsurface region 
changed in response to contact stress during the indentation process? To 
answer these questions, the nanoindentation behavior of SLS glass at 
different loading rates were systematically analyzed. The corresponding 
nanohardness and elastic modulus under various loading conditions 
were compared. The post-indentation and post-annealing imprints were 
analyzed with atomic force microscopy to determine the degree of 
subsurface densification and plastic flow. To reveal the contact time 
dependence of subsurface chemical structure evolution of SLS glass, the 
nanoscale IR spectroscopy (nano-IR) and the scattering-type scanning 
near-field optical microscopy (s-SNOM) imaging as well as time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) imaging of indented area 
of SLS glass were analyzed. As a reference, the loading rate dependence 
of nanoindentation behavior of FQ was also studied. The comparison of 
the SLS glass and FQ data provided an important insight into the role of 
highly mobile modifier ion (sodium ions) in plastic deformation 
behavior of SLS glass. 

2. Materials and methods 

The glass samples used in the present study were SLS float glass 
(Asahi Glass Company, Tokyo, Japan) with 2 mm thickness and FQ 
substrate (Corning 7980, Corning, USA) with 1 mm thickness. To avoid 
the effect of tin [21], only the air-side of the float glass substrates was 
used in the present study. The nominal bulk composition of the glass 
substrate by weight% was 72.3 % SiO2, 13.3 % Na2O, 7.7 % CaO, 1.9 % 
Al2O3, 4.4 % MgO, 0.3 % K2O, and 0.1 % Fe2O3, as measured with X-ray 
fluorescence. To remove the surface contamination on the sample sur
faces which may affect the experiment results, the glass substrates were 
ultrasonically cleaned sequentially in acetone and ethanol solutions, and 
finally rinsed by deionized water before drying with nitrogen gas. 

Nanoindentation experiments were performed with a nanoindenter 
(G200, Agilent Technologies, Inc., Santa Clara, CA) and a three-sided 
pyramid shape of Berkovich tip with a nominal radius of 200 nm. The 
normal load was set as 8 mN, and the loading time was set as 5 s, 30 s, 
and 120 s, which corresponded to a loading rate of 1600 μN/s, ~267 
μN/s, and ~67 μN/s, respectively. Both the holding time and unloading 
time were 5 s. Based on the typical Oliver-Pharr model [22], the elastic 
modulus and nanohardness were calculated from unloading curves. The 

Poisson’s ratio of SLS and FQ was set as 0.23 and 0.17, respectively [23]. 
All the nanoindentations tests were performed at room temperature (22 
± 0.3 ◦C) and room humidity (40 ± 2 % RH), and each experiment under 
the given conditions was repeated individually at least 20 times to 
ensure the reproducibility. To eliminate the effect of thermal drift on 
nanoindentation, thermal drift correction was reduced to ≤0.05 nm/s 
before each test. Vickers indentation tests were performed by a Qness 
Q60 A+ microindenter (QATM, Mammelzen, Germany) equipped with a 
four-sided pyramidal diamond Vickers indenter tip. The normal load 
was set to 0.25 N, which resulted in uniform indents with no cracking at 
ambient relative humidity (~40 % RH). While the loading time was kept 
constant, instead the holding time (time the indenter spent at maximum 
indentation depth) was adjusted to either 10 s, 60 s, or 240 s. The vol
ume and size of the indents was then evaluated using a Zygo NexView 
3D Optical Surface Profiler (Zygo Corporation, Middlefield, USA). 

After the nanoindentation tests, the residual indentation imprints 
were scanned by atomic force microscopy (AFM, SPI3800 N, Seiko, 
Japan) in the tapping mode with a sensitive silicon nitride tip (μ-Masch 
Technologies, USA). The tip curvature was checked with a reverse- 
scanning tip topography sample-TGT1 (NT-MDT, Moscow, Russia), 
and the radius of silicon nitride tip was found to be ~8 nm. The nominal 
spring constant of silicon nitride tip was 40 N/m. The scan size of all 
AFM images was 3 × 3 μm2. To reveal the nanoindentation-induced 
subsurface damage, both the SLS glass and FQ were annealed at 0.9 
× Tg (K) for 3 h and then the nanoindentation marks were re-imaged by 
AFM. To differentiate the nanoindentation marks before and after 
annealing treatment, those samples before and after the sub-Tg anneal
ing treatment will be referred as ‘pristine’ and ‘annealed’, respectively, 
hereafter. 

Nanoscale IR spectroscopy analysis was performed using a custom- 
made neaSNOM microscopy (-neaspec GmbH) equipped with atomic 
force microscopy (AFM), and combined UV-Vis-NIR-MIR system of 
pulsed and continuous-wave (CW) laser sources. More details about the 
nanoscale IR spectroscopy could be found in our previous publication 
[24]. To obtain background-free nano-FTIR spectra, the AFM of the 
s-SNOM setup was operated in intermittent contact mode, where the 
AFM tip was oscillating vertically (~50 nm) with a frequency Ω close to 
the mechanical resonance frequency of the cantilever. For separating the 
near-field signal from spurious far-field signal contributions, demodu
lation of the detector signal at a higher harmonics n of Ω (n > 1) was 
used. Each sample spectrum was normalized to a reference spectrum 
measured on a clean silicon sample surface, yielding normalized 
near-field amplitude and phase spectra, Sn/Sn(Si) and φn-φn (Si), 
respectively. Near-field amplitude and phase spectra with demodulation 
order n = 2 was plotted. The data was recorded with a spectral resolu
tion of 8 cm−1. For s-SNOM imaging, an 8-chip set of mid-IR tunable 
quantum cascade lasers (Daylight Solutions) generated MIR CW illu
mination with wavenumbers ranging from 800 cm−1 and 1400 cm−1. 
The back-scattered IR amplitude (Sn) and phase (φn) signals were 
recorded in a pseudo-heterodyne detection mode at the second har
monic (n = 2) of the tapping frequency of the AFM probe to extract the 
near-field signal without background interference. Pt-coated Si AFM tip 
with an apex radius of ~25 nm (Arrow NCPt, Nanoworld) was used and 
operated with a tapping amplitude of ~50 nm. The scanned area was 3 
μm × 3 μm for the nanoindentation mark. 

ToF-SIMS was conducted with a PHI nanoTOF II instrument. The 
samples were analyzed with a Bismuth liquid metal ion gun (LMIG) 
tuned at 30 kV for Bi1+. The indented areas were located from a 200 μm 
× 200 μm scan and then the data was collected with a raster of 50 μm ×
50 μm with 1024 × 1024 pixels density. The sample was charge 
compensated using low energy electrons (<5 eV) and low energy Ar ions 
(<10 eV) between pulses of the primary ions. Since the micro indents 
result in a localized change in surface topography, the sodium positive 
ion signal was normalized to 28Si to mitigate this effect. The dynamic 
SIMS analysis for depth profiling was not performed because the sput
tering process would alter the sodium ion distribution [25,26]. 
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3. Results and discussion 

3.1. Loading rate dependence of nanomechanical properties 

Fig. 1a shows the typical load-displacement curve of SLS and FQ 
glass measured at three different loading rate conditions. Based on the 
force-displacement curve in Fig. 1a, the elastic and plastic energy of 
glass during nanoindentation could be estimated [27]. It is found that as 
the loading rate increases from 67 to 1600 μN/s, the elastic energy of SLS 
glass increases from ~3.9 × 10−10 J to ~4.4 × 10−10 J and the plastic 
energy increases from ~4.1 × 10−10 J to ~6.4 × 10−10 J (Fig. 1b). In the 
case of FQ, the elastic energy of FQ increases from ~4.8 × 10−10 J to ~5 
× 10−10 J and the plastic energy increases from ~2.5 × 10−10 J to ~2.9 
× 10−10 J (Fig. 1c), under the same loading rate range conditions. 
Clearly, the SLS glass dissipate the indentation energy through both 
plastic and elastic deformations, while the FQ dissipates more indenta
tion energy through elastic deformation than plastic deformation. While 
the hf of FQ seems to be unchanged with loading rate, the hf of SLS in
creases when the loading rate is decreased (i.e., longer loading time). 
Note that the indentation size effect (ISE) or penetration depth depen
dence can be ruled out. The nanohardness and elastic modulus of SLS 
glass and FQ as a function of penetration depth are shown in Fig. S1 in 
Supporting Information. This data suggests that ISE is most significant 
for indentation depths less than ~50 nm for SLS and ~30 nm for FQ. In 
the present study, the maximum penetration depth of SLS glass and FQ is 
about 250–300 nm, which is far beyond the critical depth of ISE in SLS 
glass and FQ. 

The creep distance during the 5 s holding between loading and 
unloading steps decreases as the loading rate decreases (Fig. 1b). This 
means that when the indentation rate is fast, the plastic deformation 
could not occur to its full capacity and additional deformation (either 
densification or isochoric flow) takes place even though the applied load 
is kept constant. Overall, the creep distance of SLS glass is slightly higher 
than FQ under the same loading conditions. This could be related to the 
displacement and reorganization of sodium modifier ions in the SLS 
glass network [13]. 

The unloading part of the load-depth curve in Fig. 1a was processed 
with the standard Oliver-Pharr model [28] to quantify the dependence 
of nanohardness and elastic modulus of SLS glass and FQ changing on 
loading rate. The results are shown in Fig. 2. As the loading rate de
creases by ~24 times (from 1600 μN/s to ~67 μN/s), the nanohardness 
and elastic modulus of SLS glass decreases by ~15 % (from ~6.66 to 
~5.67 GPa) and ~6.4 % (from ~79.3 GPa to ~74.2 GPa), respectively. 
For the same change in the loading rate, FQ shows a much smaller 
decrease in nanohardness (~0.5 %) and elastic modulus (~2.5 %). The 
most significant change occurred between ~267 μN/s and ~67 μN/s, 
which corresponds to an average penetration rate of ~9 nm/s to ~2 
nm/s (ignoring the nonlinearity seen in Fig. 1a). 

The plastic deformation of FQ during the indentation is mostly 
through subsurface densification [3,13]. So, very little dependence of 
nanohardness and elastic modulus means that the rate of subsurface 
densification of FQ is faster than the probe rate used in this study (1600 
μN/s loading rate, which corresponds to ~53 nm/s in penetration rate). 
In contrast, SLS can dissipate the indentation energy through both 
subsurface densification and isochoric flow. Thus, we hypothesized that 
the indentation rate dependence of SLS – more plastic deformation and 
less creep at lower indentation rate (i.e., longer indentation time) – is 
due to a change in the relative extent of these two competing processes 
during the indentation. To test this hypothesis, we measured the volume 
recovery upon annealing of nanoindented surfaces and determined the 
percentage of densification and isochoric flow at a given indentation 
rate. 

3.2. Loading rate dependence of plastic deformation 

Fig. 3a compares the cross-section line profile of residual nano
indentation imprints on SLS glass surface. There is slightly pile-up 
around the periphery of pristine nanoindentation of SLS glass 
(Fig. 3a). Since the pile-up is small, it had a negligible impact on the 
nanohardness and elastic modulus of SLS glass using the Oliver-Pharr 
model [29]. The residual depth of nanoindentation of SLS glass is 
found to significantly increase as the loading rate is changed from ~267 
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Fig. 1. (a) Nanoindentation load-displacement curve of SLS glass and FQ under various loading rate conditions. Insets show the magnified load-displacement curve 
at the maximum load-displacement curve regime. (b) Creep distance of SLS glass and FQ under various loading rate conditions. 
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Fig. 2. (a) Nanohardness and (b) elastic modulus of SLS glass and FQ under various loading rate conditions.  

Fig. 3. Cross-section line profile of pristine nanoindentation and annealed nanoindentation of (a) SLS glass and (b) FQ under various loading rate conditions. Inset 
images show the corresponding typical AFM images of pristine (up) and annealed (down) nanoindentation. The white dotted lines show the position where the cross- 
section line profiles are taken. 

Fig. 4. (a) Indented volume Vi
−, (b) densified volume Vd, (c) isochoric flow volume Vp, and (d) volume recovery ratio VR of SLS glass and FQ under various 

nanoindentation loading rate conditions. 
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μN/m to ~67 μN/s, while only a marginal increase is observed when the 
loading rate is changed from 1600 μN/s to ~267 μN/s. This is consistent 
with the trend seen in the nanohardness data in Fig. 3a. In contrast, there 
is no pile-up around the periphery of pristine nanoindentation of FQ 
surface and the residual depth of the nanoindentation shows a weaker 
loading rate dependence (Fig. 3b). 

Fig. 4a compares the residual indentation volume (Vi
−) of SLS and FQ 

glasses after nanoindentation at three different loading rates. As the 
loading rate is decreased from 1600 μN/s (≈ 53 nm/s penetration rate) 
to 267 μN/s (≈ 9 nm/s), the Vi

− of SLS glass does not change much (from 
~1.1 × 10−2 μm3 to ~1.2 × 10−2 μm3); but then as the rate is decreased 
from 267 μN/s to 67 μN/s (≈ 2 nm/s), it increases significantly from 
~1.1 × 10−2 μm3 to ~2.57 × 10−2 μm3. In contrast, the Vi

− of FQ is 
~1.64 × 10−2 μm3 at the highest loading rate used and gradually in
creases to ~2.45 × 10−2 μm3 at the lowest loading rate. It is intriguing to 
note that although the elastic-plastic deformation mechanisms of SLS 
and FQ glass are quite different [3,13], the residual volume becomes 
comparable when the loading rate is sufficiently low enough. 

To quantitatively compare the subsurface densification and plastic 
flow, the nanoindentation volume change before and after sub-Tg 
annealing are measured following the methods by Yoshida et al. [30, 
31]. The line-profiles of the annealed nanoindentation are compared 
with those of the pristine nanoindentation in Fig. 3, from which the 
densified volume (Vd), plastic flow volume (Vp), and volume recovery 
ratio (VR) were calculated [30,31]. 

As the loading rate is decreased, the Vd of SLS increases from 0.61 ×
10−2 μm3 at 1600 μN/s, marginally to ~0.70 × 10−2 μm3 at ~267 μN/s, 
and suddenly to ~1.8 × 10−2 μm3 at ~67 μN/s. Meanwhile, the Vp of 
SLS remains relatively constant at ~0.5 × 10−2 μm3 when the 

indentation rate is equal to or lower than ~267 μN/s, and marginally 
increases to ~0.73 × 10−2 μm3 at the ~67 μN/s rate. This leads to only 
marginal change in VR within the 57–58 % at the indentation rate below 
~267 μN/s and a sudden increase to ~70 % at the ~67 μN/s rate. In 
contrast, the VR and Vp of FQ remained relatively constant in the 80–84 
% and 0.32–0.39 × 10−2 μm3, respectively, while the indentation rate 
changed by ~25 times (Fig. 4). Moreover, when the environment hu
midity is decreased to 10 %, similar VR dependence on the loading rate 
of SLS glass and FQ could be found (Fig. S2 in Supporting Information). 

FQ consists of the amorphous network of Q4 species only, so it has a 
relatively large free volume in the network [13]. In contrast, the SLS 
glass has a distribution of Q2, Q3 and Q4 species and the space between 
Si–O–Si networks is occupied by modifier ions (sodium and calcium 
ions); thus, SLS has much less free volume than FQ [13]. When the FQ 
surface is compressed by an indenter, the network in the subsurface 
region can easily be densified because it has a large free volume. In the 
case of SLS with much less free volume, its network is less prone to 
densification and more prone to isochoric flow (thus, VR is much lower 
than FQ). 

However, this simple picture cannot explain the indentation rate 
dependence of the VR of SLS glass, especially the sudden increase at a 
very low indentation rate (Fig. 4d). It must mean the occurrence of a 
secondary densification process which takes place very slowly. It is 
speculated that it might be due to the migration of sodium ions under the 
applied stress gradient [32,33]. Such a process is expected to be slow at 
room temperature. The diffusion of sodium ions from the high stress 
region to the lower stress region may occur, which may be accompanied 
with structural rearrangement of the glass network since there is no 
other cationic species that can diffuse into the high stress region to 

Fig. 5. (a) Optical image of nanoscratch lines made with a cono-spherical tip at a constant load of 7 mN SLS glass and cross-sectional line profile of one of the scratch 
lines. (b) Imaginary part (k) of complex refractive index (n + ik) calculated from the measured amplitude (S2) and phase (φ2) of the nano-FTIR signals at the pristine 
surface (blue dot position) versus the pile-up (orange) and valley (red) of the nanoscratch track. (c) S2-intensity map at 980 cm−1 obtained over a 3 μm × 3 μm area of 
nanoindentation made with Berkovich tip on SLS at three loading rates. (d) Cross-sectional line profiles of the S2 images shown in (c). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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compensate the remaining Si–O- nonbridging oxygen species. 

3.3. Contact time enhanced sodium ion migration at SLS glass surfaces 

Based on the amplitude (S2) and phase (φ2) spectra of the near-field 
scattered IR signals, the local optical constant (complex refractive index, 
n + ik) of the surface can be obtained, which can be related to the glass 
network structure in the subsurface region [24]. Fig. 5a shows the op
tical image and line profiles of nanoscratch lines made on SLS glass and 
Fig. 5b displays the k-spectra of complex refractive index (which is 
equivalent to IR absorption spectra in the Si–O stretching vibration re
gion) measured at the outside (reference) region and at the pile-up and 
valley regions of nanoscratch line. The details of calculating the optical 
constant spectra from the scattered IR spectra are shown in the Sup
porting Information. The peak shape of the k-spectrum of the outside 
region is somewhat different from the literature spectrum due to some 
assumptions made in the signal conversion [24], but the peak position 
with the maximum intensity outside the nanoscratch region is in good 
agreement with the literature [21]. 

The peak position of the Si–O stretch band in the k-spectra of the pile- 
up and valley regions of the nanoscratch shows a red-shift as compared 
to that of the outside reference region (Fig. 5b). This red-shift can be 
interpreted as an elongation of the Si–O bond length which should be 
accompanied by an increase in the Si–O–Si bond angle [34,35]. The 
decrease in the Si–O–Si bond angle is directly related to the densification 
process of silica glass [3,13,24]. We speculate that the same is relevant 
to the silicate glass network. 

Fig. 5c displays the 980 cm−1 S2-amplitude maps of the nano
indentation made with the Berkovich tips at three different loading rates 
and the corresponding cross-sectional intensity profiles are shown in 
Fig. 5d. This wavenumber was chosen for S2 amplitude mapping since it 
represents the characteristic of densified region (980 cm−1 in S2 
amplitude, 1000 cm−1 in calculated k spectra) and gives a large contrast 

between the pristine region and the densified region in the scattering 
amplitude raw signal (see Figs. S2–S4 in Supporting Information). It is 
clearly seen that the 980 cm−1 scattering intensity inside the nano
imprint becomes smaller at the slower loading rate, which is interpreted 
as more degree of subsurface densification. This result is in good 
agreement with the trend found from the sub-Tg annealing experiment 
(Fig. 4d). 

Note that the S2-amplitude at 980 cm−1 in the s-SNOM IR analysis 
should not be directly compared with the peak position in the k-spec
trum and cannot be interpreted in terms of changes in the NBO stretch 
mode in silicate glass [36–39]. In fact, the 980 cm−1 shoulder in the 
specular reflection IR spectrum of SLS cannot be interpreted as the local 
vibrational mode of the Si–O- (NBO) bond [40,41]. 

In addition to the changes in the bond length and angle distributions 
of the Si–O–Si network, the modifier ions migration can also occur under 
an applied stress [33]. The most likely ions to move in SLS glass under a 
stress gradient is sodium ions. ToF-SIMS imaging was used to quantify 
the extent of sodium migration inside the nanoindentation. Due to 
limitations in the spatial resolution of the instrument, the migration was 
quantified on Vickers indents of SLS with variable holding time, instead 
of loading time. However, this should still enable investigation of the 
importance of sodium migration with indents which have different 
loading-time behavior. When the Vickers indentation was done on SLS 
glass surfaces with three different holding times (10 s, 60 s, 240 s at 0.25 
N applied load), the volume recovery ratio (Fig. 6b) of SLS glass in
creases, which is qualitatively consistent with the trend found in the 
nanoindentation with varying indentation rates (Fig. 4d). 

Fig. 6c displays the ToF-SIMS mapping of the Na signal (normalized 
to the Si signal) around the Vickers indent imprints made with three 
different holding times, with the corresponding cross-sectional intensity 
profiles are shown in Fig. 6d. The ToF-SIMS analysis found that the Na/ 
Si ratio is noticeably higher inside the indented region than the outside 
region. This finding implies that as the glass is indented, sodium ions in 
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Fig. 6. (a) Cross sectional line profiles of pristine and annealed Vickers indentation on SLS glass made with three different holding times at the 0.25 N applied load. 
(b) Volume recovery ratio (VR) of Vickers indent after sub-Tg annealing treatment. (c) ToF-SIMS image of sodium ion distribution (normalized to the Si signal) around 
the Vickers indent on SLS glass surface made with three different holding times. The dotted lines show the position where the line profile of the Na/Si ToF-SIMS 
image are taken. (d) Vertical direction line profiles of the Na/Si ToF-SIMS image shown in (c). The tip used in Vickers indentation is a four-sided pyramidal dia
mond Vickers indenter tip. 
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the near-surface region in contact with the indenter tip migrate to the 
glass surface (within the depth probed by static SIMS). This process may 
be coupled with the previously discussed changes in the bond length and 
bond angle which occurs during plastic deformation of the glass. 

The migration of sodium to the SLS surface is believed to be caused 
by the subsurface densification. The densification of the silicate network 
in the subsurface region of the glass, and the accompanying structural 
changes, may drive the mobile sodium ions towards the surface. Another 
explanation is that the sodium enhancement is due to frictional shear 
between the indenter tip and the glass surface. The presence of pile-up in 
the periphery of the indent (Fig. 6a) indicates that some isochoric shear 
flow has occurred, and it is known that frictional damage can cause a 
drastic change in the chemistry of the topmost surface [42,43]. At this 
moment, it is not possible to differentiate these effects and determine 
which is the more dominant factor. While this behavior is interesting 
and warrants future study, it cannot fully explain the increase in 
densification volume (Fig. 4b) because the amount of sodium detected 
with ToF-SIMS at the topmost surface did not vary with the holding time 
(Fig. 6d). When the sodium ion is migrated to the surface during the 
indentation process, the remained subsurface region will become 
silica-rich. Since the silica-rich structure has more propensity to be 
densified, the degree of sodium ion migration may affect the VR of SLS 
glass. However, the amount of sodium ion detected with ToF-SIMS at the 
topmost surface did not vary with the holding time (Fig. 6d) and we do 
not know the exact stoichiometry from ToF-SIMS. Thus, more studies are 
needed to reveal the relationship between the sodium ion migration at 
SLS glass surface and VR during indentation process in the future. 

If sodium ions can be pushed to the glass surface during the inden
tation, it is also likely that they are displaced laterally along the stress 
gradient. It was reported that a gradient of hydrostatic pressure can 
drive the mobile sodium ions from the compressed region to the tensile 
region [44]. The mobility of sodium ions in silicate glass has also been 
reported under compressive stress [45], tensile stress [32,33], and 
frictional stress [32]. The same effect may occur in the stress gradient 
region around the indenter during nanoindentation. Such migrations 
may be exaggerated when plastic deformation occurs. 

The findings of this work add more degrees of freedom to future 
indentation studies. The extent of subsurface densification during 
indentation will be functions not only of glass composition [13], 
indenter tip geometry [17,31], and indentation load [13], but also 
indentation loading rate [19,20] and holding time [46]. It is also 
possible that the migration of modifier ions to the surface and/or 
laterally away from the compressed region impact the indentation 
behavior [32,33,44,45]. In addition, the plastic deformation of the 
subsurface region is a function of humidity outside the glass because it 
affects the friction at the indenter/glass interface during the tip pene
tration [21,39,43,45,47,48]. The comparison of indentation hardness 
among different glasses should be made by considering not only the 
glass composition, but also these extrinsic factors. 

4. Conclusions 

Nanoindentation, nano-IR, and ToF-SIMS analyses were employed to 
elucidate the loading rate dependence of plastic deformation of SLS 
glass. It was found that the nanohardness and elastic modulus of SLS 
glass shows a strong dependence on loading rate, while those of FQ 
shows a weak dependence. The subsurface densification of SLS is 
enhanced at a slower indentation rate, but the shear flow is not affected 
much. The subsurface densification appears to be coupled with the so
dium ion migration at the surface of SLS as well as changes in the silicate 
network structure. 
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