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ARTICLE INFO ABSTRACT

Keywords: When glasses resist permanent deformations, for applications such as a windshield or the cover of a touch-screen
Hardness device, it is important to understand how they respond to inelastic energy dissipation processes. Many glasses
AFM exhibit the so-called Indentation Size Effect (ISE), where the indentation hardness is dependent on the maximum
I]\)/Il:iittlllllttl}sl force exerted on the probe. In this study, we perform microindentation on silica and soda lime silicate glasses

Energy dissipation

over a wide range of maximum forces and extract the Vickers hardness by the Oliver and Pharr method. The
inelastic volume responsible for dissipating the inelastic energy is decomposed into densification and plastic

flow, using surface topography and annealing. We show that the ISE is intimately linked to these mechanisms.
Finally, we hypothesize the cause of the ISE is an increase in plasticity in a zone of material under the indenter
probe experiencing reduced viscosity due to high strain rates and shear thinning.

1. Introduction

At the scale of human interaction with glasses, failure at room
temperature is widely considered to be brittle [1]. However, it has been
shown that on smaller scales, permanent deformation can occur in
glasses by means of a sharp contact with a diamond indentation probe
[2-7] and has specifically been previously shown to be present in pure
glassy SiO, [8], soda lime silicate glass [9-11]. Of all the mechanical
properties that are of interest to glasses, the material hardness plays a
critical role in determining this ductility, as it is a measure of the ma-
terial resistance to permanent deformation. Historically, the hardness
and amount of ductility was assumed to be a material property and
dependent only on the glass composition [2,12,13]. However, as me-
chanical investigations grew to smaller scales, it was soon found that
the hardness of glass has a dependence on the maximum pressure on the
indenter probe. This phenomena, commonly referred to as the In-
dentation Size Effect (ISE), was also discovered to occur in other ma-
terials too, such as metals and ceramics [10,14-17]. The origin of ISE
has been widely discussed in different studies and has been attributed
to surface energy, subsurface cracking, friction at the indenter-material
interface and dislocations [17-21], although friction has since been
thought to play a very limited role once the hardness has reached a
constant value, independent of the applied load [22]. Since glass has an
non-crystalline structure (lack of long range order) the origin of ISE was
thought to be mainly compositionally dependent, specifically on the
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atomic packing density of the glass [23,24].

Deformations under the indenter can be divided into two main de-
formation processes: reversible, and irreversible [25]. Yamane and
Mackenzie took this one step further and classified deformation of glass
under induced stress into three distinct processes: elastic (classified by
deformation that is instantaneously recovered after removal of the
load), densification (a hemispherical area where interatomic bonding
distance decreases), and plastic or shear-flow (characterized by in-
elastic deformation where volume is conserved) [24,26,27]. Unlike
densification, which has a displacement transformation origin, shear
flow is due to elastic/plastic mismatch [28,29]. When under stress,
densification of the atomic structure has been found to be the dominant
inelastic dissipation process for glasses with low Poisson's ratio. In
contrast, plastic deformations play more of a role as the structure of the
glass gets denser and is more prominent in glasses with a high Poisson's
ratio [2,30,31]. Since the Poisson's ratio and hardness are both de-
pendent on the composition of the glass, we see this as an opportunity
to explore the very roots of the indentation size effect. Specifically, this
investigation departs from the following points of inquiry:

e What extent do inelastic deformations play a role in the Indentation
size effect in glasses?

e Can classical methods used to quantify volumes of plastic de-
formation and densification be used for a wide range of maximum
indentation loads?
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To answer these questions, we employ a combination of micro-
indentation with a Vickers probe, stress relaxation and Atomic Force
Microscopy (AFM). The surface topographies before and after in-
dentation are then used in an analytical method proposed by Yoshida
[30] to quantify inelastic deformations. In order to simplify this in-
vestigation, we focus on maximum indentation forces small enough to
ensure cracking and fracture is not a dominant energy dissipation me-
chanism. Material, sample preparation and methods are first presented,
before the possible causes of the indentation size effect are elucidated
and discussed.

2. Materials and methods
2.1. Sample preparation

Two widely available commercial silicate glass samples were used in
this study: soda lime silicate glass (here noted as SLS) (percent com-
position by weight: 73% SiO,, 14% Na,O, 9% CaO, 4% MgO, 0.15%
Al;03 0.03% K0, 0.1%Fe,03, 0.02% TiO,) in the form of a typical
microscope slide 75x25x1 mm manufactured by VWR Scientific Inc.,
and 25.4 X 25.4 x 6.35mm polished glassy silica (S) plates, (weight
percent composition: > 99% SiO,) manufactured by Technical Glass
Products, Inc. All sample surfaces were smooth and free of imperfec-
tions from the manufacturer. To remove any residual internal stresses
created during the manufacturing process, all glass samples were an-
nealed prior to indentation. The annealing temperature profile con-
sisted of heating the samples at a rate of 300 K/h until a max tem-
perature equal to 90% of their glass transition temperature (Tg) in
Kelvin was reached. This sample temperature was held constant for 2h
and then furnace cooled [30,32,33].

2.2. Mechanical property assessment via indentation testing

Traditionally, the Vickers Hardness (Hy) of a material was calcu-
lated by dividing the maximum force (Pp,y) on the indenter probe by
the surface area of the residual footprint, typically calculated as a
function of the average diagonal length of the square residual footprint
[34]. In this investigation, we use the approximation that the area A is
in function of the contact depth h, so that Hy is obtained by Hy = P,/
A(h.) [35]. In this study, all tests were performed at room temperature
(~20°C). To avoid any effects of humidity contaminating the results, as
previously shown through Fourier Transformation Infrared (FTIR) ex-
periments [8], Iso-Propyl Alcohol (IPA) was pooled on top of the sample
surface to prevent possible infiltration of water. This also ensured that
Hy was load-rate independent [36], which has been previously shown
to exist [9]. To avoid surface misidentification due to the IPA, the de-
tection parameters were set to a contact stiffness rigid enough to ensure
the indenter probe was in contact with the glass prior to the loading
protocol initiating. All data was recorded using a Micro Combi Tester
(MCT3) from Anton Paar (formerly CSM, Neuchatel, Switzerland) [37].
All indents were made with a four-sided pyramid (Vickers) indenter
with a known projected area shape function (A. = 24.5h.%) [38], where
h. is the indentation contact depth as illustrated in Fig. 1. All indents
were loaded in force-control up to their limiting maximum force Py,y.
At the peak load, the force was held constant for 10s before the load
was removed. The loading rate prescribed ensured that the maximum
load was reached at approximately 15 s. This allowed the entire grid to
be performed without significant evaporation of the IPA.

On each specimen, at least 15 indents were performed for each
different maximum load. The raw data output was a load versus load
point displacement curve at every indentation point. Fig. 1 shows a
typical load vs. load point displacement curve for SL and FS where
Pax = 50 g-force (grf). The general shape of all curves was judged for
consistency before extracting the material properties. In all cases, all
curves were consistent and lying on top of one another and used for
post processing calculations. The results were also consistent for
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Fig. 1. Typical load vs. penetration depth (load point displacement) indenta-
tion response curve for each glass: the slope S = dP/dh and contact depth h, is
marked for soda lime silicate.

different loading/unloading times. A broad range of maximum forces
were chosen to not only replicate typical load ranges in existing lit-
erature [30,36] but also to ensure that a consistent value for Hy was
reached, which was only possible for higher peak forces. The range for
P ax Was from 12.5 grf up to 200 grf for S but only up to 100 grf for SLS.
The stopping point for the force range was the limit beyond which
cracking was no longer insignificant (i.e. there were discolorations in
the optical images that indicated that cracking might have taken place,
but the AFM images indicated that no material was “chipped” away).
The indentation modulus (M) and Vickers hardness (Hy) were calcu-
lated by the software provided with the MCT3 by applying the con-
tinuum Oliver and Pharr model [35,38] using the following equations:

_yrE__ S
2 JAc(he) €))
H= Bhax
T Ac(ho) 2

where S = dP/dh is the measured initial slope of the unloading branch
of the P-h curve, see Fig. 1; P, is the measured maximum load at the
limiting maximum penetration depth and A, is the projected area of the
indenter probe on the sample surface and is a function of the maximum
contact depth, h,.

2.3. Quantifying inelastic volume deformations through AFM and annealing

The volume and topography of the residual indentation imprints
were measured before and after annealing [14,30,32] by AFM. The scan
was performed in contact mode at room temperature with an aluminum
cantilever tip before and after the samples were annealed. Surface
correction and flattening modifications included in the open source
software Gwyddion were used to prepare all AFM images for analysis.
Following the procedure proposed by Yoshida et al. [30], and later
demonstrated for many glass compositions [11,26,39,40], the so-called
volume recovery ratio (V) and plastic shear flow deformation volume
(Vp) were calculated:

Vi -V + -V

Vo =
8 Vi 3)

Vo=V = (Vi = V) + (Vg =V) [€))

where subscripts i and a indicate initial volume and volume after an-
nealing, respectively. The superscripts — and + represent the indenta-
tion cavity volume and pile-up volume, with respect to the sample
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Fig. 2. (a) Schematic of a Vickers indenter and its

” s residual impression on a sample surface. The shaded

areas above and below the surface represent volumes
V* and V~, respectively. (b) Profiles taken along
AFM images for an indent on glassy silica (Ppe = 50
grf) (c) before and (d) after annealing. The profile
section is shown by the solid and dashed lines in (c
and d).
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surface, see the cartoon in Fig. 2(a). Vp is the volume material under-
going plastic shear flow during indentation and Vj is defined as the
ratio of the recovered volume during annealing with respect to the
initial volume of the indentation cavity V;~ [26,30]. In other words, the
volume permanently densified (V4) during indentation can be calcu-
lated by the product of Vz X V;~. For better illustration of how the
indent footprint changes due to the annealing process, see the before
and after AFM images of the same indent on fused silica with maximum
load of 50 grf in Fig. 2(c and d). Fig. 2 (b) shows an elevation view of
the same cross-section that originates on opposite edges of the footprint
and passes through the point of maximum penetration depth before and
after annealing. The horizontal grey line in Fig. 2(b) at Elevation = 0 is
the material virgin surface.

The piled-up material along the edges of the impression after the
annealing process can clearly be seen. There is no considerable change
in the length of the cross section diagonal dimensions after annealing,
however the distance between the two opposite faces of the footprint
has decreased. In addition, the deepest point in the cavity has moved
closer to the elevation of the virgin surface; meaning that the densified
material underneath the indenter was recovered.

3. Results
3.1. Indentation size effect on vickers hardness

The results of this investigation are summarized in Table 2, and
graphically displayed in Fig. 3 through Fig. 6. The ISE on Hy, for S and
SLS in function of Py, in gram-force is shown in Fig. 3(a and b). The
vertical lines represent the P,,,, where possible evidence of small closed
cracks started to emerge at the corners of the indentation footprint, but
there was no evidence of material being “chipped” away or lost due to a
dominant fracture mechanism. The included pictures are residual
footprints at various loads, showing the initial appearance of cracking
at higher loads. The black circles represent the mean values from each
family of tests and the error bars have length equal to twice the stan-
dard deviation of the family. The grey dashed lines are meant to just
guide the eyes. It should also be noted that some of the previous studies
on ISE in SLS and S have primarily been performed using probes dif-
ferent from a Vickers tip [8,9] and are thus not directly comparable to
the results we present here.

There are two main observations considering the trends and values
in Fig. 3(a and b). First, the Hy values for S are consistently larger for
the same P, when compared to SLS. This is because SLS has a larger
Poisson's ratio (v) than S (0.23 compared to 0.16) and is more com-
pressible. This allows the indenter probe to travel deeper below the
sample surface resulting in a larger contact depth (h.) and contact area
(A.) and, recalling Eq. (2), a lower Hy [31,35,38]. Second, in both
glasses Hy for small P,,,,, starts off relatively large but steadily decreases
and eventually becomes constant as P,y increases. The overall de-
crease in Hy for S is approximately 12% and for SLS is about 8%. This is
consistent with what has been seen in the literature, for example in the
work of Gross and Tomazawa [36]. While not a direct comparison, as
their study replaced SiO, with equal parts CaO and Al,O3, they showed
that any replacement of SiO, causes a decreased in the drop in Hy when
compared to the ISE of pure SiO,.

3.2. Evolution of Vp and Vg

Fig. 3(c and d) shows the evolution of the volume recovery ratio
(VRr) and volume of plastic shear flow (Vp). There are three main ob-
servations that concern these trends. First, the trend for Vp in both
glasses follows a power law evolution in function of P,,,,. However, the
quantity of Vp for S is consistently less than that of SLS by approxi-
mately a factor 3.1 for the same P,,,4; for example, at 50 grf, Vp for SLS
is 7.81 um® and V;, for S is 2.55um>. To demonstrate this, a simple
power law in the form of y = Ax” was fit to the ascending trend of Vp
with respect to Py, for both glasses, shown on a logarithmic scale
graph in Fig. 4. The first two points of the S data set were excluded in
order to better demonstrate that after the decrease in Hy, Vp for both
glasses differ by a constant factor. The fitting was performed using the
trust-region reflective algorithm [41,42] implemented in Matlab® and
the optimum values for the parameters are provided in Table 1 where
the uncertainty represents the 95% confidence bounds. The value of
slope b for both glasses is nearly identical but the constant A for SLS is
approximately 3.2 times of that for S.

The second observation is that S exhibits higher values for Vx when
compared to SLS at the same P,,,,. These observations are consistent
with existing observations in literature [2,22,31,33] that describe how
glasses with a higher Poisson's Ratio tends to favor plastic shear flow
deformation at the expense of densification as an inelastic permanent
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Fig. 3. Indentation size effect on Vickers hardness for (a) silica and (b) soda lime silicate glasses. (c) and (d) shows volume recovery ratio (Vg) and the volume of
shear flow (Vp) for each Py, The markers are means and the length of all error bars is equal to twice the standard deviation. Some error bars are hidden beneath the
markers; see Table 2 for numerical values. The dashed connecting lines are only to guide the eyes and the grey boxes represent the range of Vi found in the literature.
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Table 1

Parameters for the fit lines (y = Ax®) in Fig. 4, the uncertainty in the parameters
represent the 95% confidence bounds.

A b
Silica 0.0081 =+ 0.0003 1.470 = 0.006
Soda lime silicate 0.0258 + 0.0094 1.464 = 0.083

deformation mechanism. This behavior was not unexpected and could
be inferred by examining the AFM images, or cross-section profile of an
indent as previously shown in [36], before annealing takes place. While

not necessarily true for all materials, typically when the pile up volume
is considerably small before annealing at lower loads, it is likely that
densification will dominate the permanent deformation. Third, the re-
covered volume ratio for both glasses tends to decrease, as the indenter
is pressed deeper into the material, before approaching a seemingly
constant load-independent value. Though there is a wide range of va-
lues for Vg, the grey box in each graph represents the range of values for
Vg as observed for SLS and S in the literature [2,30,32] and all values
calculated in this study are within the range observed in previous stu-
dies. All measured and calculated values (Hy, Vp, Vg and Vg) for both
glasses at each maximum force are summarized in Table 2. With these
observations in mind, we seek to answer the questions posed in the
beginning of this investigation.

4. Discussion

4.1. To what extent do inelastic deformations play a role in the indentation
size effect in glasses?

Recalling that Vj is the product of Vg X V;~ and the only primary
inelastic dissipation mechanisms happening at these lower loads are
densification and plastic shear flow, we define the total inelastic vo-
lume under deformation as Vi, = V4 + Vp. To begin our investigation,
we plot Vi, V4 and Vp in function of Py, see.

Fig. 5(a and b). Following the trend for Vp, both Vi, and V4 also
show a load dependency and follow a power law evolution in function
of Ppax- While the trend is not so surprising, what is illuminating is the
relative proportion of Vp- and Vy4-to-V;,. Focusing our attention to S, for
Pax = 100 grf, these relative proportions seem to be constant but this
trend diverges for Pp,.y lower than 100 grf where the largest drop in Hy
is see on the ISE curve. The same trend is seen for SLS, except with the
transition happening at Pp,., = 60 grf. To help see this clearer, we
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Table 2
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Mean and standard deviation for Hy, Vp, Vg and V4 for each max indentation load P,.,. M for silica (S) was 72.2 + 2.9 GPa and 74.3 * 4.5 GPa for soda lime silicate

(SLS).

Prax (grf)  Hy = Std. (kgf/mm?)

Vp + Std. (um®)

Vq = Std. (um®) Vr = Std. (%)

Wi, = Std. (nJ)

S SLS S SLS S SLS S SLS S SLS
12.5 987.44 = 32 679.94 = 25 0.1 = 0.003 1.02 = 0.04 1.15 + 0.05 2.08 = 0.11 91.67 * 2.55 68.09 = 3.49 13.67 = 0.75 21.55 + 0.55
25 963.74 + 14 664.09 = 16 0.32 = 0.01 2.54 + 0.06 3.26 + 0.08 4.45 = 0.15 91.00 = 1.49 63.66 + 1.48 40.30 = 1.04 62.22 + 1.68
35 922.61 * 31 N.A. 1.01 = 0.01 N.A. 492 = 0.09 N.A. 82.8 = 1.08 N.A. 71.70 = 1.10 N.A.
50 890.32 = 12 636.00 = 14 255 = 0.03 7.81 £ 0.15 9.10 * 0.17 1251 = 0.35 7854 + 1.03 61.58 = 1.20 11749 = 1.60 177.78 = 3.26
60 N.A. 628.08 = 90 N.A. 10.57 = 0.14 N.A. 15.09 = 0.27 N.A. 58.80 + 0.76 N.A. 237.18 + 2.75
75 870.00 + 14 625.84 = 90 4.52 = 0.07 1448 = 0.19 14.79 = 0.31 20.25 = 0.37 76.10 = 1.13 58.30 * 0.75 217.92 + 3.86 327.97 + 4.32
100 865.50 = 15 619.88 = 11 7.25 = 0.12  21.69 = 0.34 22.28 = 0.51 29.52 = 0.66 75.44 + 1.22 57.65 + 0.92 336.17 = 3.81 506.60 = 3.21
150 865.90 = 11 N.A. 12.35 = 0.14 N.A. 41.56 = 0.65 N.A. 77.10 = 0.85 N.A. 625.67 = 6.17 N.A.
200 864.24 = 10 N.A. 19.84 = 0.22 N.A. 67.68 + 1.05 N.A. 77.33 £ 0.85 N.A. 957.70 = 15.21 N.A.

normalize Vp and V4 by Vi, and plot the inelastic volume fractions Vp/
Vin and Vg/Vi, vS. Py in Fig. 5(c and d), which allows the story to
begin emerging.

There are three key observations that can be discerned from these
plots. First, focusing our attention again on S, it can be seen that the Vp/
Vin and V4/Vj, curves are essentially mirror reflections of each other
about a horizontal line at y = 0.5, which is reassuring since their values
must sum to 1 at each Pp,,,. This offers some explanation as to the wide
range of Vg values abundant in the literature, bounded by the grey area
in Fig. 3(c and d), as Vq4 is dependent on P, and Vg is a function of Vj.
Second, both curves appear to approach a constant value at Py,,,, = 100
grf, which is exactly the same location where the ISE curve in Fig. 3(a)
reaches a constant value for Hy. The third and perhaps most striking
observation is that the overall shape of the V4/Vy, curve carries a si-
milar trend to that of the ISE curve. In fact, the location of load in-
dependency for both curves is reached at P,,, = 100 grf. Additionally,
the significant drop in ordinate also occurs between 25 grf and 50 grf
for both curves. Similar features were also noticed in the ISE and V4/Vi,
curves for SLS.
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This prompted us to overlay the ISE curves with the V4/V;, curves,
which can be seen in Fig. 6(a and b). Clearly, the V4/V;, curves for both
glasses replicate the ISE trend quite well, within experimental scatter.
This motivated us to eliminate the P, axis from Fig. 6(a and b) and
plot the functional relation between Hy and Vp/Vy, in Fig. 7(a and b).
The results are encouraging as we find Hy decreases linearly with an
increase in Vp/Vi,. The solid black lines represent linear regression fits
of the data with R? values of 0.97 and 0.95 for the S and SLS respect-
fully. This strongly suggests that these inelastic deformation processes
play a key role in the ISE. Seeing a linear dependence of M/H on energy
dissipation mechanisms is not surprising. A similar analysis was per-
formed in [43], which showed the energy dissipation mechanisms in
cement were directly linked to the densification of the cement micro-
structure. In fact, a similar result has been seen in white cement paste in
the following reference. Specifically, the inelastic volume fractions
display pressure dependence such that as Py, increases, the material
deformation mechanism transitions away from a densification domi-
nant mechanism and more towards a plastic shear flow mechanism for
high loads. The ISE disappears once the inelastic volume fractions again

Soda lime silicate
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Fig. 5. The accending trend of plastic shear flow (V},), densified (V) and total inelastic volume (V;,) as a function of Py, for (a) S and (b) SLS. The plastic shear flow
and densified volume normalized by the total inelastic volume with respect to Py, for (¢) S and (d) SLS. The markers are means and the length of all error bars is
equal to twice the standard deviation, which was calculated by using the first order reliability method for propagation of errors [52]. Some error bars are hidden

beneath the markers.
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Soda lime silicate
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stabilize to constant values.

To further describe this relationship, one could inquire if this in-
crease in Vp/Vy, is linked to an increase in the ductility of the material.
To answer this question, we turn to a measurement of ductility first
considered in [44] for phase identification of heterogeneous materials,
the ratio of indentation modulus over hardness (M/H) which is me-
chanically equivalent to the inverse of a yield strain. When a material is
purely elastic, meaning no residual footprint remains after an indent is
performed, M/H = 2 tan(0) = 5.59 for a Vickers probe with an
equivalent half-cone angle 6 = 70.32° [44]. It was later shown that
greater values of M/H are indicative of an increase in plastic de-
formation mechanisms [43,45,46]. To apply this approach, we first
convert all hardness values from Vickers to GPa. We then take the
average indentation modulus M (72.2 £ 29GPa for S and
74.3 + 4.5 GPa for SLS) and plot M/H versus Vp/Vy, in Fig. 7(c and d).

We again find that M/H scales linearly with Vp/V},, which means that
the ductility of each glass increases with increasing Vp/Vj,. The solid
black lines represent linear regression fits of the data with R* values of
0.97 and 0.95 for the S and SLS, respectively. While this link may have
been intuitive, it does allow us the opportunity to define the following
dimensionless relationship:

i =)=
H Vi Vin 5)
Eq. (5) highlights the relationship between the ductility and the
accumulation of plastic volume fraction. The apparent linear trend
between these dimensionless quantities is encouraging and once this is
confirmed for a larger library of glass compositions, it will be possible
to define constants m and y and relate them to other features and
properties of the glass potentially allowing the ISE and Vp/Vi, to be
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determined without having to perform a large battery of tests. For the
SLS, m and vy are 13.4 and 6.5 respectfully. For the S, m and vy are 6.4
and 7.0 respectfully. Note that both glasses have a y-intercept > 5.59,
which means that for all possible peak loads that approach P,,,x = 0,
the material response will never be purely elastic and there will always
be some volume of the material inelastically deforming due to plastic
shear flow.

Finally, we seek to explain why the glass transitions from a densi-
fication-dominated energy dissipation mechanism under low load to-
wards incorporating more plastic dissipation under high load. For that,
we turn to Fig. 8(a and b), which show the mean penetration depth vs.
time curves for each P,,,, during the loading phase. In these figures, it
can be seen that at a given depth, the velocity (calculated as the time
derivative of these curves) is increasing with increasing Pp.x. As a
background, we remind ourselves of the link between stress, strain rate
and viscosity. It is thus natural to hypothesize that the reason for the
pressure dependence of Vp/ Vi, at the expense of Vy/ Vi, is caused by a
change in the viscosity of the glass under the indenter probe, which is a
hallmark of shear thinning [47,48]. Shear thinning is a phenomenon
where at higher strain rates, the stress approaches a constant value and
independent of the applied strain rate. In other words, the ratio of stress
over strain rate, which is equal to the viscosity of the glass, decreases
with increasing strain rates. For lower strain rates, the stress will in-
crease proportionally with the applied strain rate, an indication of a
Newtonian response. A good explanation of shear thinning can be found
in [48].

We begin by first calculating the strain rates for each loading curve.
Since the subsurface strain profile can be quite complex [49], we rely
on the more classical definition of the average strain rate ¢ [50]:

) = d[Pd(t)]/dt

Pd(t) (6)
where Pd(t) is the penetration depth at time “t”. For a fixed depth, it can
be seen in Fig. 8(a and b) that the velocity (slope) is higher for in-
creasing Pp,.y, which in turn yields higher strain rates [51]. Using Eq.( )

6, Fig. 8(c and d) show the strain rates as a function of penetration
depth. Since Eq. (6) mathematically approaches infinity for small pe-
netration depths, we limit our graph to penetration depths between 100
and 500 nm. We see that at any fixed depth in this range, the strain
rates are increasing in function of Py, ,x. This observation leads us to the
hypothesis that the viscosity of a certain zone or volume of glass under
the indenter probe must decrease for increasing Pp.x, leading to a
higher accumulation of plastic shear flow volume. Based on these as-
sumptions, this transition must occur between P,,,, of 25 and 50 grf for
S and between 12.5 and 60 grf for SLS. This hypothesis is also consistent
with the observation in Fig. 3(c and d) where the evolution of Vp tends
to accumulate much more rapidly when Hy is decreasing.

This story suggests that the ISE arises from inelastic energy being
dissipated in a greater volume fraction due to a plastic shear flow at the
expense of densification. This increase in shear flow is caused by the
viscosity under the indenter probe decreasing, which allows more of the
glass to plastically flow. This reduction in viscosity allows the probe to
travel deeper into the glass than it would have if the viscosity was to
remain very high, thereby increasing the maximum depth the probe
travels and decreasing Hy as it is calculated from the area of the foot-
print.

4.2. Applicability of Yoshida's method to determine Vp and Vr

In this study, we used the method of Yoshida to determine Vp and
Vr. We now seek to demonstrate that, although we had some cracking
at the corners of our indents at higher loads, see Fig. 3(a and b), ap-
plying the method was still sound. First, while there was some dis-
coloration at the corners of the indents at lower loads, there was no
evidence in the AFM images that material had been “chipped away”,
suggesting that any cracks closed sufficiently when the Vickers probe
was removed. This observation motivated us to check if energy dis-
sipation through crack initiation and propagation was a dominant
mechanism. We recall that the area under the p-h curves for each indent
represents the total work done by the machine Wy = [ oh"‘“P(s)ds [53].
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The elastic energy Wk is the area bounded by the unloading slope and
the x-axis and the inelastic work W;, = Wy - Wi [54]. These quantities
were calculated by the software that came with the MCT3. The values
for Wy, are very consistent for each indent that the scatter bars, in-
dicating the standard deviation for each data point, are so small and are
hidden under the circles and triangles.

Fig. 9 shows the relationship between the inelastic work and in-
elastic volume activated for all indents performed on both glasses. The
dashed lines are the linear trends through the data. If fracture was
taking place, the total inelastic work would be the summation of the
work done to cause Vg, Vp and fracture the glass. However, this Method
can only be used to determine V4 and Vp but not the volume associated
with cracking. If fracture was a significant dissipation mechanism over
the range of P,,,y, the constant linear relationship between W;, and Vi,
would break down. Since the linear trend is uninterrupted throughout
the entire dataset for both glasses, it can be assumed that, if fracture is
taking place: a) the cracks must close sufficiently once the indenter
probe is removed, and are thus not able to be identified by the AFM
scans b) must be contributing negligibly to the total inelastic work.
With this in mind, we feel that applying Yoshida's method is justified for
the range of maximum loads used in this study.

5. Conclusions

The overall picture that emerges from this investigation is that the
indentation size effect is intimately linked to the plastic energy dis-
sipation mechanisms taking place during an indentation test. We de-
monstrated that, when indentation tests are performed on soda lime
silicate and silica glasses in load control up to a maximum force, the
Vickers Hardness decreases in function of increasing maximum force,
which is the indentation size effect. The indents were performed with
maximum loads small enough to not have fracture as a dominating
energy dissipation mechanism. We also demonstrated that, through the
use of Yoshida's Method, it was possible to determine the total inelastic
volume used to dissipate the energy and what fraction of the inelastic
volume was due to densification and plastic shear flow processes. Based
on these results, we demonstrated that the ISE is intimately linked to
the inelastic energy dissipation mechanisms and Hy is independent of
Phax only when the inelastic volume fractions are also independent of
Ppnax- The decrease in Hy is linked to the increase in ductility of the glass
due to the increase in volume fraction of plastic flow. The increase in Vp
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was hypothesized to be caused by a reduction in viscosity of the glass
under the indenter probe due to high indentation strain rates and this
was shown to be plausible as the strain rate at any depth was higher for
indents with larger peak loads. The linear correlation found between
M/H and Vp/Vy, is encouraging and once confirmed for a larger range of
glass compositions, it could provide a valuable tool to elucidate the
dependence of plastic deformation on composition. This information
would provide useful input parameters for multi-scale simulations of
the indentation process. Finally, we demonstrated that Yoshida's
Method is applicable to use on indentation footprints when fracture is
not a substantial energy dissipative mechanism, however further in-
vestigation must be performed to determine if this method is applicable
when fracture is a non-negligible energy dissipative mechanism.
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