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Abstract: Physical flaws and defects on glass surfaces are known to reduce the mechanical

strength and chemical durability of glass. The formation of surface defects depends on not only
the mechanical conditions of the physical contact, but also the environment in which the contact
is made. In this study, the nanoscratch behavior of soda lime silica (SLS) glass was investigated
in 10% and 60% relative humidity (RH) conditions. Based on the evolution of friction and
scratch depth, the deformation of SLS glass surface could be divided into four regimes: elastic
deformation and recovery (E), RH-independent mild plastic deformation (P-1), RH-dependent
intermediate plastic deformation (P-2), and RH-independent severe plastic formation (P-3). It is
quite surprising to observe that plastic deformation of glass surface has a dependence on RH of
the environment (outside the glass) because plastic deformation is the process occurring below
the surface (inside the glass) by the externally applied load. From this result, it can be inferred
that frictional energy dissipation mode at the sliding interface, which is a function of adsorbed
water molecules, influences the subsurface deformation mode. Although friction, wear, and
subsurface deformation/damage are all coupled, there is no direct one-on-one correlation among

them.
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1. Introduction

Silicate glasses are widely used in commercial products such as windows, containers,
optics, etc. ! and their applications are being extended to medical, energy, and environmental
fields. >* In applications under extreme conditions, however, the brittleness of silicate glasses
poses technical challenges or practical limitations. > Such limitations are often related to the
reduction of usable strength of glass due to the presence of surface defects and flaws generated
by physical contacts with foreign objects. 7 Therefore, fundamental understanding of surface
damage modes is crucial for controlling or preventing strength-limiting surface defects and flaws

on glass objects.

Depending on the applied load during indentation or scratch, the deformation mode of
solid materials can be generally divided into elastic, plastic, and cracking regimes. #!! For soda
lime silicate (SLS) glass, distinct regimes of surface damage mode were observed in sequence of
elastic, plastic, micro-cracking, chipping, and micro-abrasion upon increasing the applied normal
load during the scratch test with a Vickers indenter tip. 2 Similar load-dependent surface damage
modes can be found for silica glass when scratched with a Berkovich indenter tip with a normal
load up to 300 mN. 3> When the surface of silica-based glass (such as fused silica and SLS) is
scratched with a much sharper cono-spherical indenter tip, chipping can readily occur, with an

apparent friction coefficient much higher than that in the elastic and plastic regimes. 413

Apart from the applied load, the environmental conditions, such as the presence of water
vapor, are known to alter the surface chemistry of silicate glass. Without a physical contact,
water molecules can react with silicate glass surface via diffusion and hydration as well as
hydrolysis of Si-O-Si network, '®!7 and these chemical reactions can finally alter the glass
topography,'® network connectivity, '° and nanomechanical properties.? With the physical
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contact via indentation or scratch tests, water molecules adsorbed on glass surface in humid air
can also alter the surface damage modes. For instance, the contact-induced cracking is known to
be easier to propagate in high relative humidity (RH) conditions; under the same mechanical
load, more scratch-induced cracking can be found on silica glass and SLS glass surfaces in high
RH conditions, compared to the lower RH. !? This is because the water molecules adsorbed from
the gas phase can facilitate the hydrolysis of the Si-O-Si glass network at the crack tip under the
influence of applied stress, which could be related to the classic stress-corrosion theory. 2! In
reciprocating ball-on-flat friction tests with an applied normal stress (<400 MPa) much smaller
than the indentation damage threshold, the material removal (wear) volume of oxide glasses is
also found to be sensitive to the RH level of the environment. The wear volume of most silicate
and borosilicate glasses increases with RH; 2>* in contrast, the wear volume of SLS glass
decreases as RH increases above 75-80%. More interestingly, the superior wear-resistance of
SLS glass at high RH conditions can be enhanced or deteriorated by altering the Na* ions
concentration in the subsurface region thermal poling or hydrothermal treatment. 226 These
studies 222629 collectively suggest that the peculiar wear resistance of SLS glass at high RH
conditions is related to the leachable Na* ions as well as chemical interactions with adsorbed

waters.

This paper investigates whether the material damage behavior under nano-scratch
conditions is sensitive to the RH or not, which has not been studied systematically compared to
the RH dependence of micro-cracking and mechanochemical wear behaviors of glass. The
nanoscratch tests of SLS glass surface were performed with a sharp diamond indenter (relatively
sharper than the sphere surface in the friction test; typically, a pm-scale diameter with <10 nm

room-mean-square roughness) at the elastic and plastic deformation regimes, and the effect of

3

Journal of the American Ceramic Society



oNOYULT D WN =

Journal of the American Ceramic Society

RH on the deformation, friction, and wear behavior of SLS glass were studied. The scratch
(penetration) depth, residual depth, friction force during nanoscratch and surface damage after
nanoscratch tests were quantitatively compared. The RH dependence of plastic deformation of

SLS glass, which was surprising to observe, and possible mechanisms are discussed in this

paper.

2. Experimental details

The air side of SLS float-glass panels with a thickness of 1 mm (AGC Inc., Tokyo, Japan)
was used for this test. A 60° cono-spherical diamond tip with an effective radius of ~2 um was
used as a counter-surface for the nanoscratch tests, as shown in Fig. 1a. Prior to nanoscratch tests,
SLS glass substrates were cleaned by rinsing with liquid ethanol and water followed by blow-
drying with dry nitrogen gas. More details of the cleaning of glass substrates prior to nanoscratch

tests can be found in our previous publications. 23-3%31

The nanoscratch tests of SLS glass were carried out using an Agilent G200 nanoscratch
system (Santa Clara, CA) at room temperature (~22 °C) in 10% and 60% RH conditions. The RH
in the chamber was controlled by flowing a gas stream mixed with pre-set ratios of dry air and
water vapor. The RH around the sample was monitored with a hygrometer. The RH fluctuation
was controlled within 3% from the target RH during the entire nanoscratch tests. The
nanoscratch tests were conducted by linearly increasing the normal load from 0 mN to maximum
scratch load (e.g. 10 mN, 15 mN, and 20 mN) across the lateral displacement of 50 um. As
shown in Fig. 1b, each nanoscratch experiment procedure was composed of three steps. Firstly, a
pre-scan with a constant normal load of 10 uN was performed to get the initial glass surface

morphology. Then, the tip moved back to the initial position and began to scratch the glass
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surface under a given scratch load and speed condition, then the friction force and penetration
(scratch) depth during nanoscratch were recorded simultaneously. The scratch speed varied from
0.5 to 5 um/s. Finally, a post-scratch scan was carried out with the same tip at a normal load of
10 uN to get the residual depth profile of the nanoscratch along the scratch direction. To prevent
possible artifacts of the deformed zone induced by adjacent nanoscratches, every scratch test was
conducted with at least ~30 um separation distance. Total four scratch tests were performed at
each testing condition to ensure the repeatability of the experiments, and only representative data
were shown in this paper. In addition, the surface damages of SLS glass were analyzed with

scanning electron microscopy (SEM, EVO18, Zeiss, Germany).

3. Results and discussion
3.1 Effect of RH on nanoscratch-induced deformation of SLS glass

Fig. 2 compares the scratch (indentation) depth during the nanoscratch test while ramping
the applied load at a constant rate in 10% and 60% RH conditions and the residual depth after the
test. At the applied normal load below 10 mN, the indentation depth increases (up to 1261 nm
at 10 mN) but the residual depth of the nanoscratch region remains the same as the pristine glass
surface. This implies the glass deformation is completely reversible, i.e., elastic, in this low load
regime. As the normal load increases to 15 mN, the maximum scratch depth increases to 25742
nm, and the maximum residual depth is 90+2 nm. The distinction between the purely elastic
deformation below the 10 mN load and the occurrence of plastic deformation at 10-15 mN can
be further verified by the surface damages via SEM images, as shown in Fig. S1 in Supporting
Information. Note that no difference in penetration depth and residual depth in 10% and 60% RH

conditions is observed at the load below 15 mN (Fig. 2).
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With the further increase of the normal load from 15 mN to 20 mN, the scratch depth and
residual depth continues to increase, and the humidity effect becomes prominent, as displayed in
Fig. 2. In 10% RH, the maximum scratch depth and residual depth of the nanoscratch are 477+4
nm and 294+2 nm, respectively, by the time the applied load increases to 20 mN. They decrease
to 38143 nm and 19542 nm, respectively, in 60% RH. This humidity effect does not seem to be a

function of the sliding speed in the range from 0.5 to 5 pm/s (Fig. S2 in Supporting Information).

The effect of humidity on the residual depth of nanoscratch of the SLS glass surface
could be explained with the difference in mechanochemical reactions at the sliding interface. It
was found, from reactive molecular dynamics (MD) simulations, that there are substantial shear
strains in the subsurface region upon frictional sliding in the dry condition and such strains are
greatly reduced in humid conditions. *® This difference was attributed to the formation of
interfacial bridge bonds which could be suppressed in the presence of interfacial water. 2°
Although the previous MD simulations were for a sodium silicate glass, a similar trend is
expected for the SLS surface. It is known that the about 10% of the surface carbon atoms of the
diamond surface are oxidized. 3>33 Although the diamond surface with such a low degree of
surface oxidation would be much less reactive than the silica surface in terms of interfacial
bridge bond formation in tribochemical reaction conditions, 3* similar reactions could still occur.
In fact, the oxidation state of the diamond surface is known to affect the interfacial adhesion.
Unfortunately, the current study cannot provide any information how efficiently and
quantitatively such interfacial bond formation reactions can occur at the diamond/glass interface
during the nanoscratch. Nonetheless, our experimental data imply that the probability of forming
chemical bonds between the oxidized functional groups of the diamond tip surface and the SLS

glass surface is suppressed upon the adsorption of water molecules on the glass surface.
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Therefore, in a relatively dry condition (10% RH), interfacial friction may induce a large degree
of subsurface strain, thus it may lead to a deeper penetration depth and the correspondingly
larger residual depth (Fig. 2). In contrast, when nanoscratch tests are performed in a relatively
humid condition (60% RH), the subsurface strain will be significantly lower due to the presence
of water molecules adsorbed at the sliding interface, resulting in lower probabilities of bond

dissociation of glass substrate during friction and thus smaller plastic deformation.

3.2 Effect of RH on friction of SLS glass during scratching

The friction forces recorded as a function of normal load in 10% RH and 60% RH
environments are compared in Fig. 3. The coefficient of friction (COF, u) is defined as the slope
of the linear regression between friction force and normal load, i.e., i = AFy/AFy. Based on the
magnitude of g, four regimes of the nanoscratch can be identified in Fig. 3: elastic deformation
regime (E), and three plastic deformation regimes which are marked as P-1, P-2, and P-3,

respectively, in Fig. 3.

In the elastic deformation (E), the friction force is initially below the detection limit of
the lateral force sensor (when the normal load is <5 mN) and then gradually increases as the
normal load further increases from 5 mN to ~11 mN; in this regime, the slope (=COF) is 0.12. It
is noted that typical COF values measured for boundary lubrications are around 0.15 in the
absence of plastic deformations and wear of the substrate, regardless of the substrate materials. 3¢
When the ethanol vapor was used to lubricant SLS glass/Pyrex glass interface, a COF of ~0.2
was obtained, along with ~5 nm depth subsurface damage which was revealed through a

hydrothermal treatment. ¢ Thus, the COF of 0.12 in the E regime could be interpreted as the
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boundary lubrication effect of adsorbed (adventitious) molecules on the SLS glass surface. 37
Note that some subsurface damage in the silicate network may occur near the transition from E
to P-1, 3 but its contribution to friction might be negligible, so the topography of the outmost

surface remains unchanged.

In the P-1 regime (between 11 mN and 15 mN of the applied normal load), the plastic
deformation begins to become prominent in the topography profile (Fig. 2), and the friction force
increases with the normal load with a corresponding COF of ~0.5. As shown in Fig. 2, the tip
penetration rate (= slope in the indentation depth vs. load plot) suddenly increases upon the
transition from the E regime (with a COF of 0.12) to the P-1 regime (with a COF of 0.5). In Fig.
2, the tip penetration rate in 10% RH (~30 nm/nN) is slightly larger than that in 60% RH (~24
nm/nN) in the P-1 regime. This must be due to the difference in the interfacial bond formation
and transfer of shear stress into the subsurface region. 2 The different penetration rate means that
the rate of increase in contact area between the tip and the substrate is different (Fig. 2); however,
the COFs does not seem to be sensitive to such a minute difference (Fig. 3). This implies that the
COF does not solely depend on the total contact area. 3° As discussed earlier, ? there are larger
subsurface damages expected in 10% RH than 60% RH; thus, the resistance to tip sliding (shear

stress) might be lower for the subsurface region damaged in 10% RH, thus the overall friction

might be similar to the 60% case even though the total contact area might be slightly larger in 10%

RH. 40

When the applied normal load increases above 15 mN, the COF abruptly increases from
the value of the P-1 regime and there is a large difference between two RH conditions as the load
increases up to ~18 mN. Above the 18 mN, the COF (=4Fy /AFy) becomes similar again.

Hereafter, the 15-18 mN region is called the P-2 regime and the region above 18 mN is called the

8

Journal of the American Ceramic Society

Page 8 of 27



Page 9 of 27 Journal of the American Ceramic Society

P-3 regime. In 10% RH, the transition from P-1 to P-2 coincides with the change in the tip

penetration rate from ~30 nm/nN to ~39 nm/nN (Fig. 2); in 60% RH, however, this transition in

oNOYTULT D WN =

COF occurs without any noticeable change in the tip penetration rate (~26 nm/nN in Fig. 2). The
10 tip penetration rate is significantly higher in 10% RH, as compared to 60% RH, due to more
severe subsurface damage as indicated from reactive MD simulations. ?° Unlike the P-1 regime,
15 it appears that the faster increase in the tip-surface contact area upon increasing the load becomes

17 a dominant factor determining the magnitude of COF.

20 In the P-3 regime, the COFs (=4F;/AFy) at 10% and 60% RH becomes similar to each
other, although their actual friction forces are different. Interestingly, the tip penetration rates
25 also become similar in the 18-20 mN region in Fig. 2, although their actual penetration depths
27 are different. It is somewhat surprising that the COF values at different RHs are close to each
other because the penetration depth (which determines the contact area and the degree of

32 subsurface deformation) as well as the magnitude of friction force are all different in this regime.

35 Similar to the COF, the plastic deformation of nanoscratch can also be divided into three
37 regimes according to the evolution of plastic fraction of nanoscratch (Fig. 4). The plastic fraction
is defined as the ratio of the residual depth after the scratch to the penetration depth during the
42 scratch. Obviously, this fraction is zero in the E regime. In the P-1 regime, the plastic fraction
44 increases with normal load at the almost identical rate in 10% and 60% RH conditions, which is
similar to the COF change in this regime (Fig. 3). Reflecting the higher tip penetration rate in 10%
49 RH, the plastic fraction in the P-2 regime is higher in 10% RH. Because more plastic
51 deformation occurs in 10% RH, more energy must have consumed than 60% RH, thus it will

contribute to a larger increase in friction (thus, higher COF) in 10% RH. 4!
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This RH-dependence of plastic fraction in the P-2 regime is quite surprising. One may
question whether water molecules ingress into the glass faster during the plastic deformation in
higher RH conditions. If that happened, then those water molecules could have facilitated the Si-
O-Si hydrolysis, according to the stress corrosion theory, 2! and prevented the reformation of the
Si-O-Si bridging bonds of the network. ?° Then, the penetration depth would have been larger
and the plastic fraction would have been larger in higher RH conditions. However, this is
opposite to the experimental observations (Fig. 2 and 4). Thus, it is unlikely that the water
molecules impinging from the gas phase will ingress into the glass (underneath or near the
nanoscratch tip) during the plastic deformation in the P-2 regime, although it cannot be ruled out
the possibility of more water ingress into the damaged subsurface region in high RH condition

after the nanoscratch tip is removed.

If the water ingress into the subsurface region during the plastic deformation is negligible,
the RH-dependence of plastic fraction in the P-2 regime could be related to the water-induced
tribochemical reactions at the shear plane between the tip and glass surface. In low RH, the
subsurface damages underneath the nanoscratch will be larger because more mechanical energy
can be transferred to the subsurface, accompanying with more severe disruptions of the silicate
network bond.?’ Consequently, deeper scratch depth (Fig. 2) and less elastic recovery (lager
plastic fraction in Fig. 4) can occur in low RH. In high RH, more tribochemical reactions
involving interfacial water molecules take place readily at the sliding interfaces, consuming more
frictional energy at the interface and thus transferring less energy into the subsurface region;?’
this may result in less scratch depth and more elastic recovery (less plastic fraction) in high RH

(Fig. 2 and 4).
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In the P-3 regime, the plastic fractions at two different RH conditions converge to the
same value, ~65% (Fig. 4). In this regime, the tip penetration rate (Fig. 2) and the COF (Fig. 3)
are also similar in these two RH conditions. This might mean that the nanoscratch-induced
mechanical damage is so severe at this regime that the difference in mechanochemistry at the

sliding interface is not significant.

3.3 Effect of RH on wear pattern of SLS glass during scratching

In addition to the physical deformation into the substrate (Fig. 2) and the COF (Fig. 3),
the wear mode of SLS glass upon nanoscratch evolves differently depending on the applied load
and the humidity of the test condition, as shown in Fig. 5. The different regimes identified in
Figs. 2-4 are marked in the low magnification images, based on the distance from the end point
of the nanoscratch test. Obviously, there is no visible damage in the E regime. In the P-1 regime,
although the penetration depth, COF, and plastic fraction are very similar for 10% and 60% RH
(Fig. 2-4), the wear pattern observed in SEM is quite distinct. In the case of nanoscratch tracks
produced in 10% RH (Fig. 5a), the track does not have clearly-identifiable wear pattern at the
beginning of the P-1 regime and pile-ups can be seen in the region before the P-2 regime starts.
In the case of the track produced in 60% RH (Fig. 5b), wear debris can be seen right after the
transition from E to P-1. One complication here is that the SEM image in Figure 5 shows that the
pile-up shape looks quite different from that of shear flow of pure bulk materials (such as in the
case of tensile metals) due to the brittleness of glass and the mechanochemical wear in the
presence of water vapor in the environment. If this complication is ignored and we use the fact
that the densification and shear flow are a hydrostatic (volume-changing, but shape-conservative)

and deviatoric (volume-conservative, but shape-changing) process, respectively, then the relative
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densification ratio of glass can be roughly estimated by the relative ratio between the pile-up
height and residual depth of nanoscratch mark. In the P-1 regime, although the penetration depth,
COF, and plastic fraction are very similar for two RH environments, the pile-up in 60% RH is
more obvious than that in 10% RH. The same residual depth (lateral displacement 40-52 pm
region in Figure 2) and higher pile-up formation (Figure 5b) in 60% RH implies that in the P-1
regime, the nanoscratch-induced subsurface densification of SLS glass must lower in 60%

compared to 10% RH.

It is interesting to note that the shape of wear debris extruded from the nanoscratch track
is quite different depending on the RH of the environment: 10% vs. 60% RH. The wear debris
produced in 10% RH look more like micro-cracks of extrudates.’® As the applied load increases
in the P-2 and P-3 regime, there are more particles produced due to such cracking or chipping. In
contrast, the periodic break patterns in the wear debris produced in 60% RH look like ‘melt
fracture” or ‘sharkskin’ of extrudates; *> this wear debris pattern could be attributed to the
tribochemical reaction products formed at the shear plane in high humidity conditions, 4> which
may be squeezed out as a partially-wet paste that undergoes simultaneous drying. In the P-2
regime, the penetration depth, residual depth, COF, and plastic fraction in 60% RH are smaller
than those in 10% RH, but the height of wear debris and pile-up appear to be similar or slightly
larger based on the image contrast in SEM. These observations suggest that the subsurface
densification in the P-2 regime is still lower in 60% RH as compared to the 10% RH due to the
lower frictional energy dissipated at the sliding interface and transferred into subsurface. In the
P-3 regime, the subsurface densification of SLS glass in 60% RH could also be lower than that in
10% RH based on the final topography between the pile-up height and residual depth. Thus, the

experimental data presented in this study, combined with the previous study, ?° indicate the
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adsorbed water molecules on glass surfaces can mitigate the surface damage and subsurface
deformation of SLS glass during nanoscratch. More quantitative study requires sub-7, annealing

and subsequent characterizations, which will be the subject of a future study.

Generally, the friction and wear behaviors of solid materials depend on not only the
mechanical contact conditions, but also the surface chemical composition, microstructures, and
the test environment. 4446 The difference in the frictional energy dissipation mode at the shear
plane will have a huge impact on the subsurface damage pattern. 4% As a result, the relationship
among the friction, wear, and subsurface damage may vary in very complicated ways. For
instance, one may find a higher COF along with lower wear rate of amorphous carbon film and
ceramic surfaces in vacuum, *° or high wear volume but low subsurface damage of phosphate
glass in liquid water. °° Overall, the data presented here reveal that although the friction, wear,
and subsurface deformation/damage of solid materials are all coupled, there is no direct one-on-

one correlation among them.

4. Conclusions

The effects of humidity on the friction, wear, and plastic deformation of SLS glass
surface during nanoscratch were investigated in the present study. Based on the evolution of
COF and plastic deformation fraction, the nanoscratch on SLS glass surface can be divided into
an elastic regime and mild, intermediate, and severe plastic deformation regimes. The plastic
deformation of SLS glass surface shows the RH dependence behavior to some extent, which can
be attributed to changes in interfacial friction and mechanochemical reactions at the sliding

interface with the environmental RH. These findings indicate that although the friction, wear,
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and subsurface deformation/damage of solid materials are all coupled, the direct one-on-one

correlation among them may not be found.
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List of figure captions

Fig. 1 (a) Schematic illustration of the nanoscratch test of SLS glass surface with a cono-
spherical nanoindenter tip. The tip image here is cropped from an SEM image of the actual
tip. (b) Load and lateral displacement functions used for the nanoscratch experiment.

Fig. 2 Penetration depth and residual depth of nanoscratch on SLS glass surface. The applied
normal load is 10, 15, and 20 mN, respectively. The contact pressure is calculated based on
the Hertz contact theory. The average contact pressure at 20 mN is 11.6 GPa when the RH is
10%.
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Fig. 3 Friction force as a function of normal load for SLS glass surface in 10% RH and 60% RH
environments. The error bar is the standard error of mean (SEM) from 4 measurements
under the given conditions.

Fig. 4 Plastic fraction of nanoscratch on SLS glass surface as a function of applied load. The
error bar is the standard error of mean (SEM) from 4 measurements under the given
conditions.

Fig. 5 SEM images of nanoscratch of SLS glass in (a) RH=10% and (b) RH=60% environments.
A nanoscratch with the same distance under the constant loading mode is made for

comparison.
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Fig. 2 Penetration depth and residual depth of nanoscratch on SLS glass surface. The applied normal load is
10, 15, and 20 mN, respectively. The contact pressure is calculated based on the Hertz contact theory. The
average contact pressure at 20 mN is 11.6 GPa when the RH is 10%.
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Fig. 3 Friction force as a function of normal load for SLS glass surface in 10% RH and 60% RH
environments. The error bar is the standard error of mean (SEM) from 4 measurements under the given
31 conditions.

33 128x90mm (300 x 300 DPI)

60 Journal of the American Ceramic Society



oNOYULT B WN =

Journal of the American Ceramic Society Page 24 of 27

—s— RH=10%
—o— RH=60%

o
o

o))
o

HoY
o

Plastic fraction (%)
N
o

o

O 5 10 15 20
Normal load (mN)

Fig. 4 Plastic fraction of nanoscratch on SLS glass surface as a function of applied load. The error bar is the
standard error of mean (SEM) from 4 measurements under the given conditions.
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Fig. 5 SEM images of nanoscratch of SLS glass in (a) RH=10% and (b) RH=60% environments. A
nanoscratch with the same distance under the constant loading mode is made for comparison.
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Fig. S1 Scratch depth as a function of lateral displacement under the ramp loading mode of (a) 10
mN, (b) 15 mN, and (c) 20 mN. The corresponding SEM images of scratch morphology of soda
lime glass under a ramp loading mode of (d) 10 mN, (e) 15 mN, and (f) 20 mN. The scratch speed
is 2 um/s, and the environment humidity is 60% RH.
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Fig. S2 Effects of scratching speed on the scratch depth as a function of lateral displacement of
the ramp loading mode in (a) 10% RH and (b) 60% RH environments. The ramp load is 20 mN.



