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This research delves into the hypothesis that elastic contact with an external object can generate “invisible’
surface defects, consequently reducing the apparent load to failure, or strength, of glass. This theory, while
longstanding, has left the intricate details associated with such defects largely unknown. Utilizing vibrational
spectroscopic techniques—with a depth sensitivity on the order of approximately 100 nm—and chemical
etching, the study investigates subsurface structural alterations in and around the area subjected to nominally-
elastic contact with a Hertzian indenter. Direct contact with the spherical indenter led to the recovery of over
99.96 % of the surface topography, suggesting a near-perfect post-indentation surface. However, surface-
sensitive vibrational spectroscopy unveiled structural changes in the subsurface silicate network. Additionally,
a shift in the vibrational spectrum was observed in areas that had experienced elastic deformation along with the
contact region and fully recovered upon unloading. This shift indicates residual structural changes, even in these
non-contacted regions. When the indenter tip was slid across the surface under loads much lower than the
nominal yield strength, interfacial friction made the top-most region more susceptible to base-catalyzed hy-
drolysis. The depth affected by friction was significantly shallower than the length scale of the principal stress
fields at maximum load during Hertzian indentation. Despite the glass surface maintaining its microscopic defect-
free appearance, these subsurface structural changes—induced by indentation and friction—are proposed to be
key factors responsile for the decrease in the apparent load to failure of glass.

1. Introduction The difficulty in revealing chemical or structural defects in the ‘free-

of-any-visible-damage’ glass surface and understanding their impacts on

The mechanical and chemical stability as well as optical trans-
parency of silicate glasses make them ideal for use in various industrial
and engineering applications such as architectural windows, food con-
tainers, display panels [1,2], solar modules [3], and optoelectronics [4,
5]. However, physical contacts with foreign materials during storage,
transport, installation and usage can introduce defects to the glass sur-
face, which can lead to deterioration in its mechanical strength and
chemical durability [6-8]. It was hypothesized that strength weakening
and durability reduction originate from a surface damage after contact
with foreign objects [9,10]. However, unless they are optically visible,
the existence of surface defects has been difficult to verify with direct
experimental measurements. Thus, the molecular or structural origin of
strength-weakening defects are still incompletely understood.
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mechanical and mechanochemical behaviors originates mainly from the
lack of proper characterization techniques to find and analyze such
defects [6,7]. Although various spectroscopic and scattering techniques
are available to analyze the bulk structure of glass [11-13], they are
either incapable of or inefficient at examining localized or heteroge-
neous surface defects due to the lack of spatial resolution or surface
sensitivity that is needed to detect the ‘defect’ signal without contribu-
tions from the ‘defect-free’ bulk signal [14-17]. Recently, advancements
in nano-scale vibrational spectroscopy have enabled the visualization of
structural heterogeneity in glass [6,16,18]. These new techniques allow
the detection of localized subsurface damage through changes in
vibrational spectral features of a glass network.

A recent study that analyzed nanoindentation marks on a silica glass
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Fig. 1. (a) Hertzian indentation system equipped with acoustic sensor and environmental control. (b) Optical microscope image of the WC ball in contact with the
SLS glass at 40 N load taken through the glass with an inverted microscope setup, reproduced with permission from Ref. [28]. Newton’s ring fringes in the periphery
of the contact area are due to optical interferences between the WC indenter tip and the ‘sunk-in’ glass surface. (c) Deformation of the SLS surface upon indentation
with the WC sphere at 40 N calculated with the Hertzian indentation theory [33]. Note that the calculated contact diameter agrees well with the optical microscope

image shown in (b).

with scattering-based nano-scale scanning near-field optical microscopy
coupled with Fourier transform infrared spectroscopy (a.k.a. ‘nano-
FTIR’) revealed that, after indentation with a Berkovich tip, the
elastically-recovered area around the plastic deformation region had
small but measurable changes in vibrational spectral features that could
be related to the alteration of the silica network structure [6]. In the
periphery region, the indentation stress is low. Thus, the full recovery in
topography means that the contact was elastic in that region. The re-
sidual structural change observed in the elastic contact region was a
surprising discovery. In a single crystalline material, structural change
without any volume change is unlikely to occur since the system is in the
equilibrium state at a given pressure and temperature. In the case of
glass, which is in a non-equilibrium state, its physical properties are
path-dependent; in other words, the metastable nature of the amorphous
network embraces variances in the local structure which differ
depending on the history of thermal or mechanical processing it has
experienced. Therefore, structural alteration can occur in the subsurface
region after physical contacts with foreign objects even if the glass
surface looks nearly defect-free or unaltered topography-wise [7,8].

The previous nano-FTIR study [6] challenged the assumption that
the glass network structure will not be altered after contact with a load
that is lower than the nominal yielding threshold [19-21]. But, in that
study, the subsurface structural modification of the elastic contact re-
gion was observed within ~100 nm from the boundary of the nano-
indent. Thus, it is still possible that the subsurface region is influenced
by plastic deformation although the topmost surface is fully recovered to
the initial topography [22].

In this work, we have employed another surface-sensitive IR spec-
troscopy technique which relies on the atomic force microscopic
detection of the photothermal response of materials upon IR absorption
(abbreviated as AFM-IR hereafter) [16] in order to probe subsurface
structural changes inside and around the surface region after the contact
with a tungsten carbide sphere (Hertzian indenter) at loads far below the
crack-initiation load (CIL). Instead of fused silica, which is known as an
anomalous glass because plastic deformation is mostly through densi-
fication, in this study we used soda lime silica (SLS) glass which exhibits
the deformation behavior of normal glass [23-25]. The topographic
recovery of SLS was found to be between 99.94 and 99.97 % in the

maximum contact pressure region; thus, the Hertzian contact was
‘nearly-elastic’, not fully elastic as previously assumed. The contacted
surface region was slightly densified, and AFM-IR found corresponding
changes in the vibrational spectral features. Surprisingly, the region
outside the direct physical contact, which was elastically deformed
along with the contacted region and fully recovered after unloading of
the indenter, also showed a spectral shift that could be attributed to
subsurface structural changes. Moreover, the top few nanometers of the
physically-contacted surface region showed additional structural
modification that rendered it more susceptible to base-catalyzed hy-
drolysis. This secondary damage mode was caused by interfacial fric-
tion, and its depth was much shallower than the principal stress fields
generated by the Hertzian indentation.

2. Experimental method
2.1. Sample preparation and Hertzian indentation

Float glass panels (3.9 mm thick), obtained from the PPG Industries
Works #6 plant (now Vitro Architectural Glass), were used in this study.
The bulk composition of the glass was reported elsewhere [26]. The
tin-side versus the air-side of the float glass panels was identified by
X-ray photoelectron spectroscopy, and only the air-sides were analyzed
in this study. Prior to any mechanical tests and surface characterization,
the float glass samples were subjected to thermal annealing followed by
cleaning process involving rinsing with acetone and ethanol in a soni-
cation bath, followed by water rinsing and UV-Ozone treatment. For
Hertzian indentation, a custom-built system was used, which was
equipped with both environment control capability and an acoustic
sensor to detect crack initiation events (Fig. 1(a)). Details of the Hertzian
indentation setup can be found elsewhere [27]. An example of an in situ
contact image with the indenter, obtained using an inverted microscope,
is shown in Fig. 1(b) [28]. The maximum and average contact pressures,
as well as contact diameter and deformation depth, were calculated from
Hertzian contact mechanics [29]. An extended Hertzian theory[29] was
also utilized to estimate the applicability of Hertzian theory on the
current contact geometry. In the calculation, a 200 nm thick layer with
an altered elastic modulus (10 % of the elastic modulus of SLS glass) on
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Table 1

Maximum and average contact pressure, contact diameter, and deformation
depth of SLS indented with a WC ball (radius = 1 mm). The values are based on
Hertzian theory [29]. The Vickers hardness and elastic modulus of SLS are also
shown [26,32].

Applied load Hertzian contact Contact diameter ~ Deformation depth
N pressure (GPa) (pum) (um)
Maximum  Average
30 3.0 2.0 137 4.7
70 4.0 2.7 182 8.3
135 5.0 33 227 13
232 6.0 4.0 271 18.5

Vickers hardness = 5.8 GPa, Elastic modulus = 73 GPa.

top of the bulk SLS glass was assumed based on our previous work [30,
31]. The results in Tables S1-3 demonstrated that the presence of a 200
nm thick top layer has negligible impact on the contact diameter, con-
tact pressure, and deformation depth. Calculated results for a few
representative load conditions are shown in Table 1, along with the
reported values of Vickers hardness and elastic modulus of SLS [26,32].
Fig. 1(c) illustrates the topography of SLS surface deformed at a 40 N
load, as calculated from Hertzian contact mechanics [33].

The indent tip was a 2-mm-diameter tungsten carbide (WC) sphere
(ISO grade 3 with average roughness 10 nm). The load ramp rate for all
the indentation testing was approximately 2 N/s. The crack initiation
load (CIL) measurement was carried out with pristine samples and with
the samples that were pre-indented with a pre-set load of 25 N or 100 N,
which corresponded to the maximum Hertzian contact pressure of 2.8 or
4.5 GPa, respectively. The pre-indentation was done prior to the CIL
measurement at the same indentation position. In brief, the sample was
indented to the pre-set load, and the indenter was fully retracted. Then
at the same location, the CIL measurement was done by ramping up the
load at 2 N/s until a crack was detected by the acoustic sensor. All
indentation tests were done in dry nitrogen environments (dew point
<—30 °C). In order to produce control samples subjected to interfacial
friction, the sample was contacted with the Hertzian indenter with an
applied load of 3.5-5 GPa in paraffin oil and displaced laterally at a
sliding speed of 0.1 mm/s. The topography and spherical depression of
SLS glass surface were measured using an optical profilometer (Zygo
NexView 3D optical profilometer) after the indentation. The residual
depth of a spherical depression was determined from the local minimum
height of the topography near spherical depression. Whenever crack
appeared and a distinct roughness showed up within the residual
depression, a baseline of the untouched surface was recorded at least
1000 pm away from the center of the depression. The residual depres-
sion was calculated by comparing the local minimum height of the
topography near the spherical depression to the height of the baseline.

2.2. Photothermal AFM-IR and Raman spectroscopy measurements

The photothermal AFM-IR analysis was conducted using a Bruker
IconIR system with a gold-coated PR-U-CnIR probe (spring constant =
0.2 N/m; resonant frequency = 13 kHz) in contact and surface-sensitive
modes. The IR laser beam incidence angle was 72° (+8° based on the
instrument specification). In the contact mode, the IR laser beam was
modulated at the contact resonance frequency of 213.8 kHz and the
signal was detected at the same frequency. In the surface-sensitive mode
[34,35], the AFM probe was in contact with the surface in a
force-modulation mode with a modulation frequency of 1823.9 kHz and
the height change signal was detected at 413.7 kHz (which was close to
the second harmonic of the contact resonance), while the IR laser
repetition rate was adjusted automatically to the difference of the force
modulation and detection frequencies (i.e., 1410.2 kHz). The probe
depth of the contact mode was estimated to be >1 pm at the maximum
peak position of the Si—O stretch mode based on the complex refractive
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Fig. 2. Weibull plot of crack initiation load of pristine SLS glass (3.9 mm thick)
and the surface contacted with the Hertzian indenter up to 2.8 GPa or 4.5 GPa
maximum contact stress.

index of SLS and the previous theoretical calculation of the subsurface
temperature rise upon irradiation of the sample with 100 ns IR pulse
[16]. The probe depth of the surface-sensitive mode was estimated to be
~150 nm based on a calibration experiment performed with a polymer
film on the same SLS glass (see Fig. S1 in the Supporting Information).

In addition, confocal Raman spectroscopy was performed for a
selected SLS sample set using a Horiba LabRam system equipped with a
monochromatic 229 nm laser and a 100x objective lens with a nu-
merical aperture (NA) of 0.9. The data acquisition time was 180 s, and
the laser power was set at 8 mW. Based on the excitation laser wave-
length and the NA of the objective lens, the probe depth was estimated to
be ~200 nm [36].

2.3. Aqueous corrosion test

The corrosion solutions (0.2 M NaOH) were prepared by mixing 300
g of ASTM Type 1 DI Water (LabChem Inc) with 5 g of a 50 wt.% solution
of sodium hydroxide in water (Acros Ogranics) in a pre-cleaned 500 mL
perfluoroalkoxy (PFA) jar (Savillex Corporation) containing a perme-
able Teflon sample holder [8]. The solution was then allowed 24 h to
reach the target temperature, either in a fume hood with the tempera-
ture monitored by a thermometer (20 °C) or in an oven (Fisherbrand)
maintained at the target temperature (90 °C). The cleaned and indented
SLS samples were then lowered into the pre-heated solution on top of the
Teflon sample holder, to allow for complete exposure of the sample to
the solution. The containers were then returned to their isothermal
condition (20 °C or 90 °C) for 2 h, after which the SLS samples were
removed, rinsed with DI water, and blow-dried with nitrogen gas to
remove excess water. Three-dimensional scans of the indents before and
after corrosion and annealing were collected using an optical profil-
ometer (Zygo NexView 3D optical profilometer). Data processing was
performed with the Gwyddion software [37]. The height of
never-touched flat region was offset to zero, and a low-pass gaussian
filter (filter length = 2.3 nm) was applied to filter out noise at the
sub-nanometer scale.

A control experiment was designed to verify if preferential corrosion
occurs on the previously-indented glass surface after being subjected to a
post-indentation annealing cycle. For this experiment, the glass was
annealed at 520 °C. The temperature was gradually increased from 20 °C
to 520 °C over a period of 1 hour, after which it was held at 520 °C for 2
h. Subsequently, the glass was cooled down slowly from 520 °C to 20 °C
over a period of 16 h.
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Fig. 3. (a) Deformation depth, maximum surface depression, and (b) depth recovery of SLS as a function of maximum pressure exerted on SLS surface upon

indentation.

3. Results and discussion
3.1. Invisible defects weakening glass strength

When a foreign object come into physical contact with a glass, they
can create surface defects that weaken the mechanical strength and
chemical durability of the glass [6-10]. These surface defects can be
manifest as plastic deformation [8,38,39] or surface cracking [40,41]. A
control experiment was conducted to demonstrate that
optically-invisible damage can also be made after nearly-elastic contact,
which can weaken the apparent load to failure of glass. The SLS glass
surface was pre-indented with a load low enough that no visual damage
was observed under the optical microscope (inset image in the top left
corner of Fig. 2, note that the inspection was done using a 20x objective,
bright-field, transmitted-light microscope) and the same location was
indented again until cracking was initiated (inset image in the bottom
right corner of Fig. 2). Fig. 2 compares the Weibull plots of CIL measured
for the pristine sample and the samples pre-indented at a maximum
contact pressure of 2.8 and 4.5 GPa. The CIL at 50 % failure decreased
from 5.94 GPa for the pristine surface to 5.78 GPa for the 2.8 GPa
pre-load surface, and down to 5.32 GPa for the 4.5 GPa pre-load surface.
In the low load regime, the change in the slope of the Weibull plot may
suggest the presence of a secondary damage mode, but its origin could
not be determined unambiguously. When the entire data set was used for
statistical analysis, the changes in the Weibull modulus (i.e., the spread
of data) were found to be statistically significant [42]. The confidence
level of the difference in Weibull modulus was <95 % between the
pristine and the 2.8 GPa pre-loaded samples and >95 % between the
pristine and 4.5 GPa pre-loaded samples [42]. To better understand the
surface defects created by the pre-indent load which weakened the glass
strength, we have analyzed the indentation regions with
surface-sensitive vibrational spectroscopy.

3.2. Subsurface structural change in nearly-elastic contact region and
fully-elastic periphery

First, we checked if the topography of the pre-indented region was
fully recovered, which will determine if the pre-indentation step at a
light load really meets the formal definition of ‘elastic’ contact. For these

experiments, glass specimens were first indented in strategic locations
until visible cone-cracks were generated that could be used as fiducial
markings for location reference. A series of pre-indentation tests were
then conducted at lower loads, at known distances from the fiducial
cracks. In this way, we were able to locate the nominally-elastic-
indented regions with sufficient precision, even though they could not
be found visually under the optical microscope with the highest possible
magnification. A few topographic line profiles of the pre-indented re-
gions are shown in Fig. S2, as obtained by optical profilometry. After
indenting at low loads, there were very small residual indentation marks
left on the surface. As shown in Fig. 3(a), the depths of the indents were
only on the order of a few nanometers. When the residual indentation
depth was compared with the Hertzian deformation depth [29], the
depth recovery was found to be more than 99.94 %. It is interesting to
note that when the maximum contact pressure was below 4.5 GPa, the
recovery was 99.96-99.97 %; but as the contact load increased further,
the recovery was decreased to approximately 99.94 %. Conventionally,
there are three deformation processes that can occur during indentation
on glass: plastic flow, densification, and elastic deformation. It has been
reported that all three processes can occur for sharp indentation on SLS
glass; however, for blunt (spherical) indentation with low compressive
loading in elastic regime, it is not surprising that elastic deformation is
the most dominating deformation process in the current study.

Comparing the residual indent diameter with the calculated Hertzian
contact diameter, the plastically-deformed region was confined to the
direct contact area. In other words, the region outside the contact which
had no direct contact with the indenter (Fig. 1(c)) is fully recovered.
Upon thermal annealing at sub-glass transition temperature (520 °C,
which corresponded to 90 % of the glass transition temperature) [8,43],
the residual indent disappeared completely (Fig. S2). This indicated that
the plastic deformation in the direct contact area was mostly due to
densification, resulting in a deficit of 0.03-0.06 % from the full recovery.
There was no pile-up around the pre-indent area which could be iden-
tified within the height resolution of our optical profilometer. Thus,
there was minimal to no plastic flow occurred. In other words, it can be
concluded that topography-wise, the direct contact area is
nearly-elastically recovered, and the never-touched periphery area was
fully elastically recovered.

The direct contact and periphery areas of pre-indented samples were
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Fig. 4. AFM-IR spectra, collected with (a—c) contact mode (>1 pm probe depth) and (d-f) surface-sensitive mode (~150 nm probe depth), of SLS glass surfaces pre-
indented with a tungsten carbide sphere up to (a, d) 3.5 GPa, (b, €) 5 GPa, and (c, f) 6.2 GPa. The spectra were collected at four locations per indent, which are color-
coded as marked in the figure panel. The signal intensities were normalized to compare peak shape and position more easily.

analyzed with AFM-IR. Since the Hertzian deformation area (130-270
pm in diameter) was significantly larger than the scan range of AFM-IR
(80 pm at maximum), full-scale imaging was not attempted. Instead,
single-spot spectral analysis was conducted at the center of the direct
contact area, 50 pm from the center, 200 pm from the center, and far
away from the contact (reference point at which the pristine spectrum
was collected). Fig. 4 displays the AFM-IR spectra of the SLS surfaces
that were pre-indented with the maximum Hertzian contact pressure of
3.5 GPa, 5 GPa, and 6.2 GPa. Note that the maximum intensity position
of the Si—O stretch band of SLS appears at ~960 cm ! in AFM-IR, while
it is ~1030 cm™! in the optical extinction coefficient (k, imaginary part
of complex refractive index) spectrum [44]. This is due to the convo-
lution with optical reflection at the grazing incidence angle (72° from
the surface normal axis) of the IR irradiation. Due to the same effect, the
maximum intensity position of the Si—O stretch band appears at ~1200
em™! in the specular-reflection infrared spectrum (SR-IR) if the IR
incidence angle is 70° [45].

In the locations where cracks were made (illustrated with gray
shading on top of Fig. 4), both the contact mode (Fig. 4(b) and (c)) and
surface-sensitive mode (Fig. 4(e) and (f)) detected evident changes in the
Si—O stretch spectrum. This means that the subsurface region affected
by indentation extends quite deep at this high load condition (maximum
Hertzian contact pressure = 5.0 and 6.2 GPa). The peak position of the
center region spectrum was slightly red-shifted, and the lower

wavenumber region of the peak was significantly enhanced compared to
the outside region (at least 5 mm away from contact region). Although it
was difficult to quantify, the overall spectral changes were larger in the
surface-sensitive mode (~150 nm probe depth) spectra than the contact
mode spectra (>1 pm probe depth). In the location pre-indented at 3.5
GPa without cracking, the contact mode spectra (Fig. 4(a)) show no
discernable difference between the center and periphery regions.
However, the spectra collected with the surface-sensitive mode (Fig. 4
(d)) exhibited evident differences between the center and outside
regions.

The spectral changes could be attributed to subsurface structural
changes. If densification of the SLS glass occurs in a similar mode
observed previously in silica and sodium silicate glasses [46,47], the
red-shift of the Si—O stretching band can be attributed to the elongation
of Si—O bonds. Similar red-shift of the Si—O stretching band was also
observed with scattering-based nano-FTIR [6] in the periphery of the
fused quartz densified indentation region. However, the data of
nano-FTIR and AFM-IR cannot be directly correlated and compared due
to differences in detection of material responses upon IR absorption [6,
16]. To address this, we have synthesized a hypothetical refractive index
for the densified SLS glass based on the empirical correlation found in
the silica and sodium silicate glasses and simulated the transient tem-
perature profile, AT(w), of the densified SLS glass induced by the IR laser
pulse irradiation (Fig. S3) [16]. The simulated transient temperature
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change showed a red-shift of the Si—O stretch band in the AT(w)
spectrum, which was consistent with the trend observed in experimental
AFM-IR data (Fig. 4). Similar redshift of Si—O—Si stretching band has
been reported previously, where indentation on SLS glass was reported
to cause plastic dilatation that weakened the yield strength under tensile
stress [48].

To confirm the subsurface densification of the direct contact region,
we attempted to detect a spectral shift in the Si—O—Si bending mode
region using Raman spectroscopy [49-51]. Assuming that the depth of
the densified region is very shallow based on the lack of spectral changes
in the contact mode AFM-IR of the 3.5 GPa indentation case (Fig. 4(a)),
we employed the 229 nm excitation laser to ensure that the confocal
Raman probe depth is ~200 nm [36]. Unfortunately, the Si—O—Si
bending region could not be probed due to the absorption of the

Principal normal stress (o;)
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Rayleigh scattering filter in the system. Nonetheless, confocal Raman
analysis with 229 nm excitation also showed a red-shift of the Si—O
stretch mode, as exhibited in Fig. 5, which confirms that the red-shift in
the AFM-IR is indeed due to the red-shift in the k-spectrum.

In Fig. 4, it is important to note that the AFM-IR spectral features are
altered even at the position 200 pm away from the center of the contact.
This was the periphery area that was deformed along with the contact
region, but had not actually been physically touched by the probe (see
Fig. 1(c) and Table 1). Based on the spectral contrast between the con-
tact and surface-sensitive mode spectra (Fig. 4(a) vs. (d)), the depth of
subsurface structural change was estimated to be very shallow. This
spectral change in the Si—O network vibration must be due to the tensile
stress created during the Hertzian indentation. Fig. 6 shows the principal
normal stresses (maximum and minimum stresses, o1 and o3, and hoop
stress, 03) as well as the maximum principal shear stress (t13) [52,53].
Table 2 summarizes the principal stresses in the near-surface region
calculated for the 3.5 GPa maximum Hertzian contact pressure. At 200
pm from the contact center, the surface region still experiences about 70
MPa of tensile and hoop stresses. The structural changes detected with
the surface-sensitive AFM-IR in the never-touched and fully-elastic
deformation region (Fig. 4(a)) must be caused by these stresses (Fig. 6
(a) and (b)). In the previous SR-IR study investigating the flexural stress
effect, the never-touched SLS surface under a 46 MPa tensile stress
exhibited a small red-shift in the Si—O stretch peak position, although it
was much smaller than the compressive stress side [54]. In addition, the

Table 2

Principal stress in SLS calculated at a depth of 80 nm (=0.001 x a) for the
maximum Hertzian contact pressure of 3.5 GPa applied with a WC sphere with a
radius of 1 mm. Here, the Hertzian contact radius (a) is 80 pm. For the principal
normal stress, the negative sign means compressive stress and the positive sign
means tensile stress [52,53].

Distance from the center 80 nm 80 pm 200 pm
o1 —1.68 GPa +330 MPa +70 MPa
) —1.68 GPa —460 MPa —70 MPa
o3 —2.33 GPa —410 MPa 0

713 330 MPa 190 MPa 30 MPa

0.02a

o

-a

Principal normal stress (o3)

@
N
S
o

—0.80 0 0.34

-0.40 0417

-a 0 -a 0
~-0.40 017
Hoop stress (o) Principal shear stress (7,3)
-2a ~0.80 22 ~0.34

Fig. 6. Theoretically calculated Hertzian stress fields in the SLS glass [52,53]: (a—c) principal normal stresses where ¢; and o3 are the maximum and minimum stress,
respectively, and o5 is the hoop stress, and (d) maximum principal shear stress (z13). In the plot, the lateral length and depth scale with the Hertzian contact radius (a
= half of the contact diameter shown in Table 1) and the stress (color map) scales with the average Hertzian pressure (shown in Table 1). In each panel, stress field of
the top skin region (within 0.02 x a from the surface) is shown above the main plot covering the depth up to 2a.
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Fig. 7. Topographic line profiles of SLS glass surfaces indented with 5 GPa loading, before versus after corrosion at pH~13 for 2 h at (a) 20 °C and (b) 90 °C. The pink
shaded area represents ordinary dissolution in basic solution estimated from the hydrolysis rate of SLS [56], while the green shaded area represents the enhanced
dissolution due to the subsurface damage made during the Hertzian indentation. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

subsurface structural change may not be limited to changes in bond
length distribution. In another molecular dynamic (MD) simulation
study, Si—O—Si bond-breaking (cavity in SLS glass network) was
observed under 5 GPa of tensile stress [55]. Such formation of cavity in
the glass network can be relevant to the weakening of the glass after
nearly-elastic contact. The full interpretation of the spectral changes
observed in this untouched and fully-elastic deformation region of the
SLS glass is currently difficult to make and needs further study.

3.3. Subsurface damage due to interfacial shear during physical contact

While spectroscopic analysis can nondestructively probe subsurface
structural changes, as demonstrated in Figs. 4 and 5, chemical etching
can also be used to reveal or selectively remove the damaged region, as it
will be more susceptible to chemical attack. The pre-indented SLS
samples were treated with a pH~13 NaOH solution for 2 h at either
20 °C or 90 °C. The topographic images of SLS glass surfaces before and
after aqueous corrosion were captured by optical profilometry and
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\‘t;ors|on o

F
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: Height (nn;)
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compared to deduce the depth of the enhanced corrosion of the damaged
region. The nominal corrosion rate of SLS glass was estimated to be 0.33
nm/h at 20 °C, 0.1 pm/h at 70 °C, and ~1 pm/h at 90 °C [56]. As shown
in Fig. 7, the etching depth could be divided into ‘normal’ and
‘enhanced’ corrosion regions. The results showed that the indented re-
gions exhibited a disproportionate increase in corrosion depth when
exposed to the basic solution.

The width of the enhanced corrosion area did not increase from the
initial residual imprint which was the same as the Hertzian contact
diameter (Fig. 1(c) and Table 1). This denoted that the subsurface
damage preferentially etched at pH 13 corresponded to the region in
direct physical contact with the indenter tip. The periphery of the con-
tact region did not show any detectable enhancement in chemical
etching, which indicated that the subsurface structural changes made by
the o7 tensile stress outside the direct physical contact area (for example,
the 200 mm region in Fig. 4(a)) did not lead to detectable enhancement
of corrosion rate in the basic solution.

The maximum depth of preferential etching at pH 13 at 90° for 2 h

(C) @ 20 °C/ 2hr
10 1
Interfacial shear
(with small protrusion) e
o0
O]
G @ e Indent
54 with
e Nearly-elastic e
indent 8
e (with densification)
O T T T T T T T T
25 3.0 35 40 45 50 55 6.0 65 7.0

P ax (GPa)

Fig. 8. Topography of indentation mark (a) before and (b) after corrosion at pH 13. (c) Depth of subsurface damaged region dissolved at pH 13 for 2 h as a function of
maximum pressure exerted on SLS surface upon indentation. Another example is shown in Fig. S4.
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was about 30 nm (Figs. 7(b) and S4). Since the total dissolution depth in
this condition (~2 pm) was much larger than this value, it can be said
that the depth of chemically-etchable subsurface damage made during
the Hertzian indentation was only approximately 30 nm or less. Then,
what could be the origin for this very shallow subsurface damage? One
may question if that is due to the principal shear stress (713) generated
during the Hertzian indentation (Fig. 6(d)). We believe this is very un-
likely. First, the calculation with Hertzian contact mechanics predicted
that 7,3 increases from 460 MPa right at the surface to its maximum (1.1
GPa) at ~50 pm from the surface when the applied maximum Hertzian
contact pressure is 5 GPa. But the preferential etching stopped at ~30
nm (Fig. 7(b)). Also, it should be noted that 713 is a static stress and it
does not mean a real shear.

Ruling out the effect of the principal shear stress, we hypothesized
that the interfacial shear (i.e., friction) is the main cause for the sub-
surface damage associated with the accelerated chemical etching [7,8,
57,58]. In a previous study investigating the wear behavior of the SLS
surface, it was found that the friction-tested track with no visual wear
can be preferentially etched by hydrothermal treatment at >150 °C [7].
In the current study, we sometimes found that the never-touched pe-
riphery of the indent mark revealed a thin and shallow etch track in the
region that did not show any obvious damage before etching (Fig. 8(b)).
The presence of such a line was not obvious before etching in pH 13
(Fig. 8(a)). But, when the profilometry image of the pre-etch surface was
re-analyzed, a small protrusion in the region etched by pH 13 was al-
ways observed (see blue line profile in Fig. 8(a)). The protrusion of the
surface topography could mean that the subsurface region is less dense,
which may be the reason that the damaged region becomes more
vulnerable to hydrolysis at pH 13. A similar behavior was also observed
in nano-scale friction experiments [59-61]. We speculated that the
indenter tip might have slipped during the unloading due to the insta-
bility or asymmetry of the load structure of our Hertzian indentation
system; such a slip might have occurred when the elastic recovery force
of the load structure became larger than the static friction of the contact
point. A similar phenomenon was observed previously at the end of a
nanoscratch mark [6].

To further corroborate this hypothesis, we have intentionally dis-
placed the indenter at its maximum applied load and subjected the
sample to the aqueous corrosion at pH~13 at 25 °C for 2 h. The sliding
was performed in paraffin oil to prevent any physical scratching. The
data shown in Fig. S5 confirmed that the slip of the tip indeed created
the chemically-etchable subsurface damage. The etch depth observed in
the control experiment closely matched with the preferential etch depth
observed for the Hertzian indentation mark (Fig. 8(c)).

It is also interesting to note that the preferential etch depth decreased
when the cone crack was formed during the Hertzian indentation
(highlighted with a yellow background in Fig. 8(b)). Once the crack was
formed, the glass surface remained suppressed (Fig. S2(b)). Then, when
the slip occurred during the unloading step, the actual friction at the
interface between the tip and the glass surface would have been smaller.
Thus, the subsurface damage due to friction could have been less. This
further corroborated the hypothesis that the chemically-etchable sub-
surface damage is caused by interfacial friction by the indenter, not by
the compressive or shear stresses created during the indentation in ideal
condition. The preferential dissolution behavior disappeared if the
sample was annealed at a sub-T, temperature (Fig. S2(a)). This indicates
that annealing reverted all subsurface damage caused by the compres-
sive stress during the indentation along the surface-normal direction and
frictional stress due to the tip along the surface-parallel direction.

4. Conclusion

We have identified three modes of subsurface changes when the glass
is physically touched with a foreign object, which is graphically illus-
trated in Fig. 9. The first is structural changes in the glass network due to
compressive stress during the indentation along the surface normal
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Fig. 9. Schematic illustration of stresses generated during the Hertzian
indentation and subsurface structural changes revealed by surface-sensitive
vibrational spectroscopy and chemical etching.

direction. The compressive stress in the direct physical contact region
leads to a small degree of subsurface densification even though the
maximum contact pressure is far below the hardness of the glass, so the
topographic alteration of the surface is extremely small and invisible
under a typical optical microscope at the highest magnification. The
second mode is structural changes due to tensile stress in the periphery
of the indentation contact even though the glass surface had not expe-
rienced any direct contact with the foreign object and fully recovered
topography-wise. The third is the damage caused by interfacial friction;
the friction-induced damage region is very shallow (<30 nm from the
surface) and becomes more vulnerable to base-catalyzed hydrolysis.
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