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A B S T R A C T   

Many glasses exhibit the so-called indentation size effect (ISE), where the indentation hardness decreases with 
the maximum applied force. Here, we seek to uncover the connection between the ISE and strain rate in soda- 
lime silica (SLS) glass using micro-indentation. Two different loading protocols: constant loading rate (CLR), 
resulting in a nonlinear strain rate through the depth of indent, and a non-linear loading rate that gives a 
constant strain rate (CSR) with depth, are used to determine Hardness for six different strain rates and seven peak 
forces. A modified Bernhardt size effect law is then used to determine the extent of the ISE and load-independent 
hardness. We show that a small increase in micro-ductility, which can be achieved by either switching from a 
CLR to CSR protocol or by increasing the applied rates, can greatly reduce the extent of the ISE and slightly 
reduce the load-independent hardness.   

1. Introduction 

Transparent oxide glasses find extensive utility in diverse sectors 
such as windows, eyeglasses, lenses in telescopes, automotive applica-
tions, engineering materials and many more [1–4]. This societal impact 
has not diminished as humans physically interact with glass surfaces 
now more than ever—for instance, the use of glasses for panels and 
damage-resistant protective covers have profoundly transformed the 
way in which humans interact with modern touchscreen computing 
devices [5]. However, the increasing number of applications of glass 
presents numerous challenges that require careful consideration and 
solutions to ensure its successful integration and optimal performance. 
Most application design processes require the strength of a glass to be 
known. Indentation has been widely adopted as a well-controlled lab-
oratory test to evaluate the strength, often measured as hardness, and 
other mechanical properties of glass like stiffness and ductility. Having a 
clear understanding of the mechanical properties of the glass is crucial 
when designing and selecting a glass composition for an application. 
One of the most challenging aspects is to understand the sensitivity of a 
glass’s hardness not only to small variations in composition, but also 
testing conditions (applied force, indenter geometry, role of the envi-
ronment, etc.). In particular, glass hardness often exhibits a decrease 

with an increase in the applied force—a behavior known as the inden-
tation size effect (ISE1). 

ISE is a phenomenon which is not only seen in glasses [6–11] but also 
observed in ceramics [12–14], metals [15–17] and crystalline materials 
[18]. It is defined as the measured indentation hardness of a material 
being dependent on the maximum load exerted by the indenter probe on 
the material. More specifically, when applied forces are small, the 
hardness is greater than what would be measured when the applied 
force is larger. The ISE usually disappears for larger forces where the 
hardness becomes load independent [6–8]. Understanding the ISE, 
especially knowing at what force the load-independent hardness regime 
begins, is of great importance because ignoring the ISE can lead to 
inaccurate predictions of the glass’s hardness. 

The origin of the ISE in materials is a complex and highly debated 
topic [18–22]. Many approaches have been proposed to study and un-
derstand it including developing empirical equations [19] and using 
modern computational techniques like machine learning [23]. While 
different theories related to material behavior have also been proposed 
for the cause of ISE, such as subsurface cracking [22], dislocations [18], 
open structures [20], friction [21] and surface energy [19], further 
research is needed to fully understand the underlying mechanisms. 
Elucidating the physical nature of the ISE requires a precise 
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understanding of the various types of deformations that are at play upon 
indentation. During the process of indentation of glass, both elastic and 
inelastic deformation takes place [6,24,25]. All elastic deformation re-
covers during the unloading phase, whereas the inelastic deformation 
does not. The amount of irrecoverable inelastic deformation has been 
shown to depend on glass composition [8,26–28], maximum load 
applied, indenter tip sharpness, loading rates [7,24,29] and on the strain 
rate of the indenter probe [7]. 

The deformations taking place during the indentation process of 
silicate glass are quite complex [30]. When loads are too small for 
cracking to occur, it was shown that two types of irreversible deforma-
tion processes are taking place during contact loading [31]: i) shear, or 
plastic flow [30,32–34] that commonly results in a raised rim of glass 
(pile up) around the indent; and ii) densification [35–40], which can 
manifest as a significant increase in the refractive index, a hemispherical 
area of increased density, a decrease in inter-tetrahedral bonding angles 
and/or interatomic bonding distances, or as an increase in atomic co-
ordination numbers. Later, it was proposed by Rouxel, Yoshida and 
others [25,41,42] that densification is often the controlling deformation 
process for glasses with low Poisson’s ratio and/or low packing fraction, 
whereas shear flow is increasingly important for glasses with high 
Poisson’s ratio and/or high packing fraction. It was recently revealed 
through using Yoshida’s thermal annealing method [41] by Kazembeyki 
et al., that when loads are small enough to not promote cracking, the ISE 
in silicate glasses is controlled by the propensity for favoring either 
densification or shear flow [7]. In that study, the maximum force 
increased from 12.5 g-force (grf) up to 100 grf, and the time to reach 
peak loads for all tests was constant at 15 s. It was then shown that the 
volume fraction of glass deformed by shear flow increased with increase 
in peak load. It was hypothesized that this increasing shear flow volume 
fraction caused a reduction in viscosity of the glass near the indenter tip, 
resulting in the indenter probe traveling deeper than it would have if the 
viscosity of the glass remained high, causing lower hardness for higher 
peak loads. Additionally, the authors observed that the 
load-independent region of the ISE began when the ratio of volume 
densified and volume deformed by shear flow, both normalized by the 
total inelastically deformed volume, approach constant values. The au-
thors then showed that when comparing a deeper indent to a shallower 
one, at any fixed depth, the strain rate was always higher for higher peak 
loads, which was hypothesized to be caused by shear thinning, resulting 
in lower hardness values for higher peak loads. Other previous studies in 
the literature [43,44] have also shown that the formation of shear bands, 
one of the primary features that forms when glass undergoes shear flow, 
is strain rate dependent. Poisson’s Ratio has also been shown to be a 
good indicator of sensitivity to strain rates [24,45], with the range of 
highest strain rate sensitivity found in glass with Poisson’s ratio values 
between 0.3 and 0.4 [45]. These previous studies thus suggest that shear 
flow is linked to strain rate, and this prompted us to investigate this 
further. In this work, we introduce the term “Indentation Strain Rate 
Effect” (ISRE2) to describe a change in hardness when only the strain 
rate is changed in the loading protocol. 

Strain rate (ε̇) is defined as change in strain per unit time (ε̇=dε ⁄dt). 
Previously, many indentation experiments have been performed using a 
strain rate jump protocol to understand the strain rate sensitivity 
[45–47], time dependent deformation [48] and creep properties of 
materials [49]. However, in this study, we focus on silicate glass and do 
not perform the strain-rate jump test. Instead, we start by considering 
only protocols that involve continuous loading functions, which are 
typical of what most indenters can likely perform without the indenter 
tip suffering any damage. To accomplish this, we focus on two kinds of 
strain rate experiments: 1) a constant strain rate though the entire indent 
formation process; and 2) a traditional strain rate that decays as a 
power-law function, arising from applying a constant loading rate [7] 

with an increasing force as the probe travels deeper into the glass. Since 
the subsurface strain profile can be complex [50], we rely on the 
indentation strain-rate (ε̇i) being derived from the time-derivative of the 
indentation depth dh/dt. The latter is also a measure of the velocity of 
indenter probe divided by the displacement at time t [51], as 

ε̇i =
1
h
(dh

dt
)

≅ ḣ
h = 1

2
(Ṗ

P − Ḣ
H
)

(1)  

where h is indentation depth, and Ḣ and Ṗ are the time derivatives of the 
hardness and force, respectively. Ṗ is the loading rate of a force- 
controlled indent. The term Ḣ/H is usually very small and thus is typi-
cally neglected. The indentation strain rate can then be maintained 
constant simply by keeping Ṗ/P constant [51]. In a typical 
force-controlled indentation test, Ṗ is prescribed constant throughout 
the loading and unloading range; most indenters can keep Ṗ constant. 
This leads to a strain rate profile that is monotonically decreasing with 
higher forces, arising from deeper penetration depths. For the strain rate 
to be kept constant throughout the loading range, a unique loading 
protocol is required to maintain Ṗ/P constant. To simplify this investi-
gation, we will focus on soda-lime silica (SLS3) glass as it is one of the 
most widely used glasses and has already been shown to deform pre-
dominantly through shear flow [7,52]. 

In summary, the work in this paper attempts to address the following 
questions:  

1) How does the ISE evolve when changing the strain rate and how is 
this behavior different when maintaining a constant strain rate 
during the loading phase?  

2) Can the term Ḣ/H be neglected when calculating strain rates in SLS?  
3) What differences in material behavior are occurring due to different 

strain rates and loading protocols? 

To answer these questions, we perform micro-indentation over a 
wide range of strain rates and maximum forces with a Vickers probe 
with two different loading protocols: 1) where the loading rate is kept 
constant throughout the depth of an indent, which is what is commonly 
done in most indentation testing; and 2) where strain rate is kept con-
stant throughout the entire indent formation process. The mechanical 
properties are then extracted from the load-depth response curves. We 
then quantify the μ-ductility of each indent and discuss the handshake 
between strain rate, ISE, and the μ-ductility. Note that the term 
‘μ-ductility’ here refers to ductility on the micron scale, which is the only 
scale considered in this work. 

2. Materials and methods 

2.1. Sample preparation 

In this study, we used a commercially available soda lime silica glass 
sample (SLS). The SLS sample had a composition of (in mol%) 73 % 
SiO2, 14 % Na2O, 9 % CaO, 4 % MgO, 0.15 % Al2O3, 0.03 % K2O, 0.1 % 
Fe2O3, and 0.02 % TiO2. The glass samples were obtained in the form of 
standard microscope slides measuring 75 × 25 × 1 mm3, purchased from 
VWR Scientific Inc. Prior to experimentation, all sample surfaces were 
inspected and found to be smooth and free of deep scratches and cracks. 

The Young’s modulus of soda-lime silica is 70–72 GPa [53,54] and 
Poisson’s ratio is 0.23 [7]. To prepare the glass samples, both sides were 
polished using a 1-micron abrasive disc from Buehler to achieve a 
smooth surface finish. The polished samples were then cleaned with 
isopropyl alcohol (IPA). To remove any residual internal stresses from 
the manufacturing process, the samples were annealed at a rate of 300 
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K/h until they reached a temperature equal to 90 % of their glass 
transition temperature (Tg = 806 K) in Kelvin [7,8,41,55,56]. The 
temperature was then maintained constant for a duration of 2 h, after 
which the samples were gradually cooled in a furnace. Once the 
annealing process was completed, the glass samples were subjected to an 
additional round of polishing using the same method as before. 
Following this, they were again cleaned with IPA. To ensure stability 
and to help reduce flexure of the sample during the indentation process, 
the annealed glass sample was rigidly attached to a metal substrate with 
cyanoacrylate (super) glue. This setup and preparation process was used 
for all experiments. 

2.2. Mechanical property determination through micro-indentation 

All instrumented indentation tests were conducted using the Micro 
Combi Tester (MCT3) from Anton Paar (formerly CSM, Neuchatel, 
Switzerland) [57]. The temperature in the lab during the experiments 
was approximately 20 ◦C and the relative humidity was approximately 
20 %. We used a Vickers probe for all indents, which is a four-sided 
pyramid shape with an apical angle of 136◦ between opposite pyramid 
faces, as illustrated in Fig. 1(a). To minimize the negative influence of 
humidity, as shown by Fourier Transformation Infrared (FTIR) experi-
ments [58], IPA liquid was added to the top of the sample to prevent 
water infiltration as seen in Fig. 1(a). When the probe makes contact 
with the sample, it presses into the glass creating recoverable elastic 
deformation (see green line in Fig. 1(b)), and permanent deformation 
that remains when the probe is removed from the material (Fig. 1(c)). 
Before any indents were performed, the tip shape function of the Vickers 
probe was calibrated using a fused silica standard and the software that 
came with the testing equipment, which followed the process described 
in [59]. The raw data output from each indent was a load vs. displace-
ment curve. The influence of the compliance of the machine was sub-
tracted out of each indentation curve before any mechanical properties 
were determined. Fig. 1(d) illustrates a typical curve for the SLS sample, 
where the maximum force applied was 50 grf. 

The Vickers hardness (Hv) of a material is a measure of its resistance 
to permanent deformation and is generally used to determine a mate-
rial’s mechanical strength. It is calculated by dividing the maximum 
force applied by the indenter probe (Pmax) by the surface contact area 
(Ac) formed when the force is equal to Pmax, calculated by the known 
projected contact area shape function Ac = 24.5 h2c , where (hc) is the 
contact depth [54,59], 

Hv = Pmax
Ac(hc)

(2) 

The indentation modulus (M) is a measure of the elasticity of SLS and 
is calculated as, 

Er =
̅̅̅

π
√

2
S

̅̅̅̅̅̅̅̅̅̅̅̅̅Ac(hc)
√ , & M = E

1 − ν2 = 1
1
Er

− 1 − νi2

Ei

(3)  

where Er is the reduced modulus which is obtained using properties of 
both the indenter tip and the material that is being indented thereby 
representing combined elastic response of the system. E and ν are the 
Young’s modulus and Poisson’s ratio of the material and Ei and νi are 
elastic constants for the indenter tip. Here, S represents the initial 
unloading slope from the load-displacement curve, as depicted in Fig. 1 
(d), and Ac is the projected area calculated as previously described. The 
surface detection parameters used in all tests were configured with a 
contact stiffness that was high enough to ensure the probe contacted the 
glass before initiating the indentation protocol, while also preventing 
surface misidentification in the presence of the IPA. 

In this study, we elucidate the dependence of ISE on the following 
strain rates: ε̇ = 1, 0.5, 0.25, 0.05, 0.025, 0.005 s−1. This range of strain 
rates was chosen to keep the loading rate well within the safe operating 

range of the MCT3. Two different sets of tests were conducted. In the first 
set, all the indents were loaded in force-control at a constant loading rate 
until they reached their prescribed Pmax. Once Pmax was reached, the 
force was maintained constant for 10 s, and then the probe was unloaded 
at the same rate at which it was loaded. The loading rate was selected 
such that the maximum force was attained at 2, 4, 8, 40, 80, and 400 s 
for the strain rates investigated. These times were chosen to ensure that 
the average of the instantaneous strain rates during the loading segment 
would be approximately equal to the desired average constant strain 
rate from our second protocol. This first set of tests is referred to as 
“constant loading rate” (CLR4). The instantaneous strain rate during an 
indent at given time (t) can be determined using Eq. (1) [60], where ḣ 
refers to the velocity of the probe moving through the glass and the unit 
of ε̇ is in s−1. 

In the second set of tests, all the indents were loaded in force-control 
using a loading function that ensured the instantaneous strain rate was 
constant up until Pmax was reached. This protocol is referred to as 
“constant strain rate” (CSR5). At Pmax, the force was held constant for 10 
s, and then the probe was unloaded with a linear unloading rate within 
10 s. The load vs. time and strain rate vs. depth profiles for both CLR and 
CSR tests are shown in Fig. 2 (a-d). 3D images of the indents were ob-
tained using Atomic Force Microscopy (AFM) and an open-source soft-
ware named Gwyddion was used for surface correction to prepare the 
images as shown in Fig. 2(e and f). The cross-section profiles of these 
images at section Z-Z are shown in Fig. 2(g). 

For each value of strain rate in each set of tests, an ISE study was 
performed. To ensure statistical significance and reliable data, a mini-
mum of 20 indents was performed for each Pmax (12.5, 25, 35, 50, 60, 75, 
and 100 grf) and at each strain rate. A diverse range of peak loads was 
selected, in contrast to the typical load ranges reported in the literature 
[41,61], while also ensuring the attainment of the load independent Hv 
regime. Altogether, these seven values of Pmax and six values of ε̇ yielded 
42 different families of tests for each set (CLR and CSR). Throughout the 
indentation process, it was ensured that IPA remained on top of the 
sample to maintain consistent conditions. The overall shape of the curve 
was assessed for consistency before any further analysis took place, but 
it was typically found that most (if not all) curves from a single family 
overlapped with each other, indicating consistency in the indentation 
behavior. These curves served as the basis for subsequent calculations. 
The M and Hv values were determined using the continuum Oliver and 
Pharr model [54,59] using the software that came with the MCT3 

instrument. 

3. Results 

3.1. Verification of Constant Loading Rates and Constant Strain Rates 

We begin by first verifying that our loading protocols achieved the 
desired strain rates. Results are shown for both CLR and CSR testing 
protocols for two strain rates (ε̇ = 0.005 and 0.5 s−1) in Fig. 3. Fig. 3(a, b, 
e, and f) show the mean penetration depth vs. time curves, obtained 
from the average of 20 indents, for each value of Pmax during the loading 
phase. This small sampling of raw data is used to explain the method that 
we apply to verify the strain rates; note that this analysis was performed 
for every family of data. We first extract the raw h and time data for 
every indent performed. The raw data belonging to a single family are 
then averaged to get the mean h vs. time curve. We then fit a function of 
the form h(t) = A × (t)B + C × t to each of these mean curves, where A, 
B, and C are fitted constants, h is the penetration depth and t is time. The 
R-square value for all curves was greater than 0.98. The velocity curve h ̇
is then calculated from the time derivative of this function. After finding 
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both h and h ̇, ε̇ is calculated using Eq. (1) under the assumption that Ḣ is 
small. Here, we present ε̇ vs. h curves from protocols designed with CLR 
and CSR of ε̇ = 0.005 s−1 and 0.5 s−1, see Fig. 3(c, d, g and h) respect-
fully. The CSR show an asymptotical approach of ε̇towards the constant 
value that was prescribed at high penetration depth. For the CLR curves, 
the ε̇ is monotonically decreasing for increasing h. However, for each 
Pmax, taking the average of all ε̇ and excluding values for very small h, 
which mathematically gives an infinite ε̇, yield the desired average value 
of ε̇ With our strain rate protocols verified, we next discuss the differ-
ences in ISE and ISRE trends to answer research question (1) from the 
Introduction section. 

3.2. Evolution of Indentation Size Effect trends 

3.2.1. Differences in ISE by CLR and CSR protocols at a fixed strain rate 
The mean and standard deviation of Hv obtained from both CLR and 

CSR protocols are listed in Tables 1 and 2, respectively. The ISE (Hv vs 
Pmax) for CLR and CSR tests are shown in Fig. 4(a, b) respectively, and 
the ISRE (HV vs ε̇) data are shown in Fig. 4(c, d). The circular points 
represent the mean values from each family of tests and the error bars 
have length equal to twice the standard deviation of each family. Several 
overall observations can be made from these data. First, for both loading 
protocols in Fig. 4(a, b), a general ISE is observed for all strain rates, 
where Hv is larger when Pmax is small, but the hardness decreases with 
increasing Pmax until it eventually becomes load independent. Second, 
the ISE plots for both protocols show a load-independent Hv that is 
larger for smaller ε̇, which results in a vertical separation of the curves 
for each protocol. Third, there is a general ISRE, which seems to be 
stronger for smaller ε̇ (e.g., see the steep slope in Fig. 4(c)), and 
diminishing for larger ε̇. Finally, the scatter for all families seems to 
decrease as both ε̇ and Pmax increase with the highest data variation 
being observed when ε̇,` is 0.005 s−1 and Pmax is 12.5 grf. 

3.2.2. Differences in ISE caused by different ε̇ values at a fixed protocol 
Focusing specifically on the ISE trends, we observe in Fig. 4(a) that 

the CLR protocol shows a very strong dependence of the ISE on ε̇, with 
the slower strain rates having higher hardness values for a fixed Pmax. 
For faster strain rates, the ISE diminishes and Hv becomes more load 
independent. In Fig. 4(b), all CSR curves show a much flatter ISE, 
compared to the CLR protocol, and a similar decrease in Hv for all ε̇ 

values. Both CLR and CSR protocols also show a vertical shift in the load- 
independent Hv, with the smaller ε̇ values resulting in higher Hv at a 
fixed Pmax. Similar observations can be seen in the ISRE curves. In Fig. 4 
(c), the CLR protocol demonstrates a very strong dependence of the ISRE 
on Pmax, with the lower Pmax having higher hardness values for a fixed ε̇ 

However, as Pmax increases, the ISRE becomes less sensitive to strain rate 
variations, showing a flatter trend. In Fig. 4(d), all CSR curves exhibit a 
much less pronounced ISRE, compared to the CLR protocol, and a similar 
decreasing Hv strain rate effect for all Pmaxvalues. The primary differ-
ence between one ISRE curve and another is a vertical shift in the load- 
independent Hv, where smaller Pmax results in higher Hv values at a fixed 
ε̇. Interestingly, for any value of ε̇ except for 1 s−1, Hv found by the CSR 
protocol is consistently lower than that found with the CLR protocol at 
any Pmax, with the largest difference in value of Hv being between the 
lowest Pmax of slower ε̇ tests of both protocols. Similarly, the standard 
deviation, for almost any ε̇ family, is smaller for the CSR protocol than 
the CLR protocol. 

The percentage drop in Hv for each ISE and ISRE curve can be seen in 
Fig. 5(a, b). It is consistently about 5–6 % for all CSR tests, except for ε̇ =
0.005 s-1 in Fig. 5(a) where it is about 9 %, and for Pmax = 100 grf in 
Fig. 5(b) where it is about 3.3%. For CLR ISE tests, the percentage drop 
in Hv is relatively small, about 4 % for ε̇ = 1 s−1 but it increases 
dramatically to 23 % for ε̇ = 0.005 s−1. For the CLR ISRE tests, the drop 
in Hv increases from 7 % to 25 % as Pmax decreases from 100 to 12.5 grf. 

Fig. 1. (a) Schematic illustration of Vickers probe about to make contact with IPA covered glass. (b) 2D schematic illustration during maximum loading, showing 
contact depth (hc), maximum penetration depth (hm) at Pmax and the amount of elastically recovered depth when the probe is under max force (hs), calculated as hm −
hc . (c) 2D schematic illustration of the probe and residual footprint after unloading. (d) Typical load vs. penetration depth indentation response curve for SLS at Pmax 
= 50 grf. The contact stiffness (S), permanent depth of penetration (hf) after the load is removed, hm and hc are marked. 
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4. Discussion 

Several ISE studies on silicate glasses that have been carried out 
using micro-indentation [6–8,53]. However, some have been conducted 
using nano-indentation, see for example [10], due to concerns of contact 
area accuracies. We previously described in Section 2.2that precautions 
were taken, in the form of tip area function calibrations and subtraction 
of the frame compliance, to help minimize the inaccuracies of the 
technique, although we must admit that no test is perfect. Further 
inaccuracies can arise if large pile-up, quantified by the ratio of the final 
indentation depth to the depth of indentation at peak load (hf /hmax) 
having a value of 0.7 or greater, is observed [59]. We have calculated 
that in these tests, all hf/hmax values are less than 0.56 even for the 
highest amount of pile-up. Therefore, the accuracy of the contact area 
measured by the method provided in [54,59] works well for this study. 
We now seek to answer research questions (2) and (3) from the Intro-
duction section. To do this, we first consider the possibility of setting Ḣ 
/H equal to zero. The discussion follows by analyzing all ISE curves and 
linking the trends to inelastic energy dissipation mechanisms during 
indentation. 

4.1. Is it appropriate to set Ḣ/H equal to zero? 

Based on the data, it indeed seems appropriate to set this term equal 
to zero as discussed in the following. First, examining all the ISE trends 
for both CLR and CSR protocols in Fig. 4(a, b), we find the largest change 
in Hv arises from the CLR ε̇ = 0.005 sec−1 protocol, between 12.5 and 25 
grf. The total loading time for this protocol was 400 seconds. Since we 

are looking for the largest Ḣ, we focus on the ε̇ = 0.005 sec−1 protocol for 
Pmax = 100grf, which will make the time between P = 12.5 and 25 grf the 
shortest for this particular ε̇ and Pmax. It takes 50 seconds to reach P =
12.5 grf and another 50 seconds to reach P = 25 grf. However, we do not 
know the Hv at this instant and in order to find Ḣ, we can approximate 
the value of Hv when Pmax = 12.5 grf and the time to reach it is 50 
seconds by interpolating the Hv achieved from CLR 0.05(t = 40 sec) and 
CLR 0.025(t = 80 sec) for given Pmax. Similarly, to find Hv when Pmax =
25 grf and time to reach it is 100 seconds by interpolating the Hv ach-
ieved from CLR 0.025(t = 80 sec) and CLR 0.005(t = 400 sec) for given 
Pmax. We get the approximate values of H12.5= 762 kgf/mm2 and H25=
744 kgf/mm2. The change in the mean Hv in this range of Pmax is thus 
roughly 18 kgf/mm2. This change takes place over a time of 50 seconds, 
making Ḣ approximately equal 0.36 kgf/mm2/sec. Assuming this to be 
constant between 12.5 and 25 grf, the largest value of Ḣ/H would then 
occur when Hv is minimum at 25 grf. This yields a value of Ḣ/H of 
approximately 0.000484 sec−1. In this same range, Ṗ/P = 0.01 sec−1, 
which is a factor of ~21 higher than Ḣ/H. This is the significantly largest 
change in Ḣ. The second largest Ḣ occurs between 25 and 35 grf for the 
same strain rate where H25= 744 kgf/mm2 and H35= 754 kgf/mm2 and 
this change takes place over a time of 40 s. For this range, Ḣ/H becomes 
0.000338 sec-1 and Ṗ/P becomes 0.00714 sec-1 for 35 grf, which is a 
factor ~21 higher than Ḣ/H. Therefore, this is a sufficient difference to 
demonstrate that Ḣ/H is much smaller than Ṗ/P, meaning, Ḣ/H is 
neglected in all calculations. For CSR tests, Ṗ/P was kept constant to 
yield a constant ε̇. This agrees with the findings of Lucas and Oliver [51], 

Fig. 2. (a-b) Load vs. time profile for (a) constant loading rate and (b) constant strain rate tests. (c-d) Strain rate vs. penetration depth profile for (c) constant loading 
rate and (d) constant strain rate tests subjected to ε̇ = 0.5 and Pmax = 50grf. (e-f) 3D AFM images of the indents (ε̇ = 0.005 and Pmax = 25grf) for (e) constant loading 
rate and (f) constant strain rate tests. (g) Cross-section profile at Z-Z section for (e) and (f). 
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and is further justified by the asymptotic flat line that approaches 0.005 
s−1 in Fig. 3(g). Now that we have justified that Ḣ/H can be set equal to 
zero, we proceed with discussing the overall trends of the ISE due to 
different strain rate effects. 

4.2. Analysis of Indentation Size Effect 

Fig. 4(a, b) show the dependence of ISE on not only protocol (CLR vs. 
CSR), but also the dependence on the chosen strain rate value. A 
generally accepted way to characterize the ISE [6] is the empirical 
equation proposed by Bernhardt et al. [19], 
P = a1 ∗ l + a2 ∗ l2 (4)  

where P represents the indentation load, l is the length of the indentation 
diagonal in a Vickers indent footprint, a1 represents the extent of ISE (in 
units of force per length), and a2 represents the load-independent value 
of hardness. This equation uses the maximum force as the dependent 
variable and the diagonal length l as the independent variable. However, 
in this work, we modified this equation slightly to fit the ISE data in 
Fig. 4 directly. Dividing Eq. (4) by l2, yields 
P
l2 = a1

l + a2 (5)  

where P/l2 is proportional to the ratio of load and contact area and the 
equation now carries the units of hardness instead of force. Re-writing 
Eq. (5) using force as the independent variable yields what we refer to 
as the modified Bernhardt size effect law (BSEL): 

Fig. 3. (a, b, e, f) Mean penetration depth (h) vs. time (t) curves during loading phase for all Pmax for (a, b) CLR and (e, f) CSR testing protocols for the two prescribed 
strain rates,ε̇ = 0.005 and 0.5 s−1. Note the legend in (a) applies for all subfigures. (c, d, g, h) Resulting strain rate (ε̇) vs. penetration depth (h) curves corresponding 
to h vs. t curves in subfigures (a, b, e, f). 

Table 1 
Mean Vickers hardness (HV), in kgf/mm2, for all 42 families of CLR tests with 
standard deviation.  

Pmax 
(grf) 

ε̇ = 1 
(sec−1) 

ε̇ = 0.5 
(sec−1) 

ε̇ = 0.25 
(sec−1) 

ε̇ = 0.05 
(sec−1) 

ε̇ =
0.025 
(sec−1) 

ε̇ = 0.005 
(sec−1) 

12.5 679 ±
41 

709 ±
32 

718 ±
25 

750 ±
63 

798 ± 88 909 ±
148 

25 667 ±
26 

678 ±
24 

692 ±
18 

704 ±
29 

742 ± 52 785 ± 67 

35 659 ±
27 

681 ±
19 

688 ±
19 

707 ±
24 

752 ± 49 767 ± 95 

50 666 ±
17 

677 ±
14 

682 ±
16 

694 ±
25 

712 ± 34 765 ± 43 

60 665 ±
13 

675 ±
10 

673 ±
16 

692 ±
18 

700 ± 23 720 ±
107 

75 663 ±
13 

674 ±
11 

677 ±
15 

682 ±
16 

700 ± 29 711 ± 55 

100 654 ±
11 

669 ± 8 672 ±
10 

684 ±
15 

686 ± 26 703 ± 48  

Table 2 
Mean Vickers hardness (HV), in kgf/mm2, for all 42 families of CSR tests with 
standard deviation.  

Pmax 
(grf) 

ε̇ = 1 
(sec−1) 

ε̇ = 0.5 
(sec−1) 

ε̇ = 0.25 
(sec−1) 

ε̇ = 0.05 
(sec−1) 

ε̇ =
0.025 
(sec−1) 

ε̇ =
0.005 
(sec−1) 

12.5 701 ±
34 

704 ±
25 

709 ±
36 

711 ±
30 

718 ± 36 746 ± 87 

25 674 ±
17 

687 ±
15 

677 ±
21 

694 ±
22 

713 ± 41 717 ± 63 

35 666 ±
13 

664 ±
20 

671 ±
18 

678 ±
21 

689 ± 38 704 ± 77 

50 668 ±
11 

669 ±
13 

671 ±
15 

677 ±
14 

692 ± 25 699 ± 60 

60 671 ±
14 

672 ±
12 

676 ±
17 

678 ±
15 

685 ± 15 699 ± 25 

75 664 ±
14 

669 ±
11 

672 ± 8 683 ±
13 

688 ± 18 696 ± 30 

100 659 ±
10 

669 ±
13 

670 ± 9 679 ±
11 

681 ± 13 682 ± 12  
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H = A
P + C (6)  

where H is the Hardness, P is the Pmax used to determine H, C is the load 
independent hardness (having the same unit as Hardness) and A is a 
measure of the extent of the ISE (in units of force2 per length2) and 
controls the curvature of the ascending part of the ISE. In the following 
discussion, we interpret the word “extent” to mean one parameter that 
controls the curvature of the ISE. The greater the “extent”, the smaller 
the radius of curvature in the ascending transition of the ISE, resulting in 
a larger% drop in Hv. By this definition, the CLR protocol with a ε̇ of 
0.005 s−1 has the greatest “extent”. 

We have fit all the ISE curves from both CSR and CLR tests using Eq. 
(6), an example of which is shown in Fig. 6, where it is demonstrated 
that C is the load independent Hv. We then fit Eq. (6) to all ISE curves 
obtained in this study, and find the parameters A and C, which are then 

graphed as the function of ε̇ for both CLR and CSR protocols, see 
Fig. 7(a-d), note that for clarity, the raw data is not shown in 
Fig. 7(a, b). Note that all the curves were fitted using Trust-Region 

Algorithm in MATLAB with R-square value greater than 0.92 for CLR 
and greater than 0.81 for CSR tests. All obtained A and C values are also 
listed in Table 3. 

The CSR ISE curves in Fig. 7(b) look very similar, with the only 
difference being a vertical offset between each ε̇. This is evidenced by 
the fact that there is only a small change in A -values, see Fig. 7(c). The 
slight vertical shift can be explained by the decreasing C value. Inter-
estingly, the C values for both CLR and CSR are roughly the same for 
each ε̇. The biggest observed difference is the trend in A value between 
CLR and CSR. In log scale, the values of A from the CLR tests descend in 
almost a linear trend in log scale. This drastic increase in A with a 
decrease in ε̇ implies the extent of the CLR ISE curves are very strong for 
slower strain rates, which is why the curvature for slower strain rates 

Fig. 4. (a, b) Indentation size effect on Hv for (a) CLR and (b) CSR tests. All results of the same marker color were tested with the same strain rate. (c, d) Indentation 
strain rate effect for (c) CLR and (d) CSR tests. All results of the same marker color were tested up to the same Pmax. Note the strain rate axis is in logarithmic scale. For 
all subfigures, the markers are the mean Hv of each family of data, and the length of error bars is twice the standard deviation of that family presented in the Tables. 
The connecting dashed lines are to guide the eyes. 

Fig. 5. Percent drop in Hv due to (a) ISE, from 12.5 to 100 grf for all ε̇, and (b) ISRE, from 0.005 to 1 s−1 for all Pmax. Results are shown for both CLR (red) and CSR 
(black) loading protocols. 
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shows a sharper assent to higher Hv in Figs. 4(a) and 7(a). 

4.3. What differences in material behavior are occurring due to different 
strain rates and loading protocols? 

4.3.1. Invoking M/H as a measure of μ-ductility 
Now, the ISE test results from both CLR and CSR protocols leads us to 

ask why these trends exist? To help answer this, we turn to a measure 
that implies μ-ductility, namely, the ratio of indentation modulus to 
Hardness (M/H) where both parameters are in the same units. In me-
chanical terms, M/H is equal to the inverse of yield strain and this ratio 
was used originally to determine different phases of heterogeneous 
materials [62]. It was also shown that for a purely elastic material, with 
no permanent deformation, M/H is equal to 2 tan θ = 5.59 for a Ber-
kovich tip with a half apical angle of 70.32◦ [62]. Since the half apical 
angle for the Vickers tip used in this study is equal to 68◦, the minimum 
value of M/H is 2 tan θ = 4.95. For a material experiencing ductile 
plastic deformation, the value of M/H increases beyond this minimum. 

The increase of M/H has also been demonstrated to be positively 
correlated with other μ-ductility indicators like Poisson’s ratio and the 
measure of material pile-up around the perimeter of an indent footprint 
[7,8,63–65]. For soda-lime silica glass, it was demonstrated in [7,8] that 
an increase in M/H is positively and linearly correlated with the increase 
in volume of shear flow (VP), normalized with the total inelastically 
deformed indentation volume (Vin = VD + VP) at loads small enough to 
not cause significant cracking, where (VP) is a direct measure of the 
material deformed by shear flow and (VD) is the volume of densified 
material. These studies also showed that a smaller M/H corresponds to a 
higher VD/Vin and lower VP/Vin. As M/H increased, it was observed that 
VP/Vin increased and VD/Vin decreased, indicating that the favored in-
elastic deformation mechanism transitions from a densification mech-
anism at low M/H, to having more influence of shear flow at higher 
M/H. The strong linear correlation between M/H and VP/Vin was also 
shown to exist for fully compensated calcium aluminosilicate glasses 
with increasing proportion of SiO2 for a fixed peak force [8]. In this 
study, we simply aim to use the concept of M/H to find out if each indent 
favored a more densification or shear flow driven response, as this was 

Fig. 6. Plot showing ISE in Hv using a CLR for ε̇ = 0.25 s‑1. The black markers 
are the mean Hv and the error bars have a length of twice the standard devi-
ation for each Pmax. The dashed lines are to guide the eyes. The red curve is the 
fitted Eq. (6) for the given ε̇. C is the load-independent hardness in the modi-
fied BSEL. 

Fig. 7. (a, b) Fitted Eq. (6) of Hv vs. Pmax curves for (a) CLR and (b) CSR protocols. (c, d) Strain rate dependence of the fitted parameters (c) A and (d) C from Eq. (6) 
for both CLR (red) and CSR (black) protocols. Note the strain rate axis is logarithmic. 

Table 3 
Fitted parameters A and C from Eq. (6) for all ISE plots. The fitting is shown in 
Fig. 7.  

Type of Test Strain Rate (ε) A -value (kgf-grf/mm2) C -Value (kgf/mm2) 
CLR 0.005 2857 ± 239 680.6 ± 9 

0.025 1522 ± 223 681.8 ± 8 
0.05 937.5 ± 82 674.1 ± 3 
0.25 649.4 ± 47 666.9 ± 2 
0.5 521.5 ± 68 664.7 ± 3 
1 263.6 ± 77 656.8 ± 3 

CSR 0.005 817.9 ± 73 681.9 ± 3 
0.025 526.9 ± 112 679.5 ± 4 
0.05 493.8 ± 78 671.1 ± 3 
0.25 538 ± 88 661.8 ± 3 
0.5 532 ± 104 660.3 ± 4 
1 533 ± 68 656.1 ± 3  
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linked to the cause of the ISE in [7]. 
We consider the modulus M to be a material property, that is, a 

quantity that, at fixed temperature, solely depends on the composition 
and structure of the material rather than on the testing conditions (un-
like hardness). Calculating the average M for the entire collection of tests 
performed here yields M = 80.73 ± 3.2 GPa. All Hv values are converted 
to units of GPa by multiplying by the acceleration of gravity. The mean 
and standard deviation of M/H are then calculated for all 42 families and 
plotted against Pmax for both CLR and CSR protocols as shown in Fig. 8(a, 
b). We also plot the evolution of M/H for each constant Pmax as a func-
tion of strain rate for both CLR and CSR protocols as shown in Fig. 8(c, 
d). We notice that all M/H values are greater than 4.95 and fall within 
the range of 8–12, which implies that microscale plastic deformation is 
always taking place even for the smallest applied Pmax and ε̇. This is 
consistent with previous observations that glasses exhibit ductility on 
the micro and nano-scales [6–8,32]. 

4.3.2. Linking M/H trends to Indentation Size Effect behavior 
Since M is a material constant that is independent of the strain rate 

and maximum load, M/H in this study on SLS glass solely depends on the 
value of Hv. If Hv is small, M/H will be large, indicating that the indent 
will favor a more ductile response than one with a higher Hv. First, 
focusing on the ISE plots for both protocols in Fig. 8(a, b), we find that M 
/H increases with an increase in Pmax up to a certain point and then 
seems to asymptotically approach a constant value. Interestingly, the 
load independent force range of M/H for each strain rate is same as the 
load independent range for Hv for a given strain rate, indicating a strong 
link between the ISE and evolution of μ-ductility. The transition to a 
more ductile behavior at a higher peak force was first shown in [7] to 
also be linked to the cause of the ISE, i.e., the more ductile the response, 
the lower Hv. For example, the largest increase in M /H observed for the 
CLR protocols is found between 12.5 - 60 grf for ε̇ = 0.005 s−1 (Fig. 8(a)). 
This is the same force range where a steep decrease is noticed for Hv in 

Fig. 4(a). Such a large increase of M/H in this force range suggests a 
large increase in VP/Vin and a transition to a much more ductile behavior 
at higher loads. Beyond 60 grf, both M/H and Hv remain approximately 
load independent, indicating no further increase in μ-ductility. A pre-
vious study [43] demonstrated that with longer time available at lower 
loading rates, a higher concentration of shear bands was observed near 
the top periphery of indents and vice versa for higher loading rates. This 
higher number of shear bands might be attributed to some portion of 
inelastic energy being used in creating a greater number of shear bands 
at lower loading rates. This could explain why M/H or the μ-ductility of 
the glass is lower for slower strain rates. Invoking the conclusions from 
[7], the load independent range is also when the proportions of VP/Vin 
and VD/Vin are constant. 

In contrast, the load dependence of M/H dissipates for higher strain 
rates, which is accompanied by a reduction in the load dependence of Hv 
(Fig. 5(a)), indicating a minimal increase in μ-ductility. Additionally, it 
is observed that higher ε̇ values, for both protocols, also have larger M/H 
values for each Pmax when compared to protocols with lower ε̇ values, as 
demonstrated in Fig. 8(c, d). This suggests that at a fixed Pmax, a higher ε̇ 

induces a more ductile response than a lower ε̇. Finally, the error bars for 
slower ε̇ are longer than for faster ε̇, which suggests that the randomness 
of the indentation results on SLS could also be strain rate dependent. At 
faster ε̇, M/H is higher which implies that μ-ductility of material is 
higher, and indent is subjected to larger plastic zone under the indenter 
tip. The enhanced μ-ductility at these faster ε̇ allows the material to yield 
more readily, effectively smoothing out any surface imperfections or 
irregularities during the indentation process. This smoothing effect, 
caused by the material’s increased plastic flow under higher strain rates, 
is likely the reason why the faster ε̇ tests exhibit shorter error bars and 
reduced data scatter in the measured Hv. Conversely, at the slowest ε̇, 
the material’s ductility is relatively lower, and the smaller plastic zone 
generated during indentation is less effective in mitigating the influence 
of surface imperfections or material variability, leading to longer error 

Fig. 8. (a, b) Evolution of M/H for each ε̇, with respect to increasing Pmax for (a) CLR and (b) CSR protocols. (c, d) Evolution of M/H for each Pmax, with respect to 
increasing ε̇, for (c) CLR and (d) CSR protocols. All values of M/H are above 4.95 even for small values of Pmax, indicating presence of μ-ductility. 
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bars and larger variability in the results. Similarly, at lower Pmax, the 
indenter penetrates to shallower depths into the material surface. This 
shallow indentation depth makes the measurement of Hv highly sensi-
tive to any potential surface imperfections or small variations in mate-
rial properties arising from factors such as non-uniform surface 
polishing or pre-existing deformities resulting in longer error bars for 
lower Pmax. 

Combining these observations, it becomes evident that for the CLR 
protocol, the ISE is strongly dependent on the strain rate. That is, the 
smaller the strain rate, the larger the change in favored inelastic energy 
dissipation, accompanied by a large drop in Hv. The largest ISE is 
observed for the slowest ε̇ of 0.005 s−1. The largest ε̇ of 1 s−1 is high 
enough to cause the indentation response for all forces in the investi-
gated range to be dominated more from μ-ductility, thus effectively 
reducing the effect of ISE. All strain rates between these two values 
experience a transition from a strong change in favored inelastic energy 
dissipation mechanism, causing a strong ISE, to almost no change in 
favored inelastic energy dissipation mechanism resulting in weak or no 
ISE. 

Focusing next on the CSR ISE data in Fig. 8(b), we note four primary 
observations. First, like the CLR protocol, at each Pmax the faster the 
applied ε̇, the larger the value of M/H, supporting the conclusion that 
higher ε̇ induces a more ductile response than a lower ε̇. Second, the 
range of values of M/H for the CLR protocol was observed to be ~8–12, 
whereas for the CSR protocol, this range is narrower, usually ranging 
from 10 to 11, with values consistently exceeding the minimum value of 
4.95. Third, all load dependent M/H values for a fixed ε̇ are lower for the 
CLR protocol than for the CSR protocol. This suggests that the CSR 
protocol induces a more ductile response when compared to the CLR 
protocol at a fixed ε̇. Finally, and perhaps the most noticeable difference 
between the CLR and CSR test results, the change in M /H through the 
force range at a fixed strain rate is essentially the same for all ε̇. In other 
words, each CSR used in this study appears to have the same small 
transition to a slightly more ductile response throughout the same force 
range, resulting in roughly the same small change in Hv for all CSR ISE 
results (see the almost equal% drop in Hv for all CSR protocols in Fig. 5 
(b)). 

4.4. Evolution of A and C parameters in modified Bernhardt Size Effect 
Law 

Finally, we attempt to link the parameters of the modified BSEL to 
the changes in μ-ductility and observations from the ISE and ISRE. We 
first consider the load independent regions in the ISE data in Fig. 4(a, b) 
and in the μ-ductility evolution in Fig. 8(a, b). In this load-independent 
range, at a fixed Pmax, the μ-ductility M/H increases with increasing 
strain rate, whereas C, the load independent hardness, decreases for 
both CLR and CSR protocols. This shows an inverse relationship between 
μ-ductility and C for all strain rates. 

Considering Fig. 7(c), a higher A value corresponds to a larger 
transition (change in M/H) from brittle to ductile for a given strain rate. 
For strain rates that show almost no change in μ-ductility, including all 
tests in the CSR protocol, A is very small. However, for strain rates that 
show a large change in μ-ductility, A is significantly larger. 

4.4.1. Linking load independent Hardness to material behavior 
First, we discuss the trend for the load-independent hardness 

parameter C. Consider a fixed Pmax, in both protocols, M /H increases 
with an increase in strain rate, as observed in Fig. 8(c, d). Invoking the 
idea of the shear thinning thought model summarized for SLS and glassy 
silica from [7], we consider the link between stress, strain rate, and 
viscosity. For lower strain rates, the stress will increase proportionally 
with the applied strain rate, an indication of a Newtonian response. The 
viscosity, which is the stress divided by the strain rate, will thus remain 
constant for small strain rates. Shear thinning is a phenomenon where 
the viscosity of the glass decreases with increasing strain rates. This is 

caused by the stress, or in the case of indentation Hv, asymptotically 
approaching a constant value for increasing strain rates. More infor-
mation on shear thinning can also be found in [66,67]. We then consider 
the instantaneous strain rates reached for the CLR protocol for 0.005 and 
0.5 s − 1 in Fig. 3(e, f). At any fixed depth, the instantaneous strain rate 
for the 0.5 s − 1 rate is higher than that for the 0.005 s − 1 rate. As an 
example, at 200 nm, the instantaneous strain rate for the applied 0.005 s 
− 1 rate is approximately 0.45 s − 1, whereas for the 0.5 s − 1 rate, it is 
approximately 20 s − 1. The same observation is made for the CSR 
protocol, where the instantaneous strain rate is equal to the applied 
strain rate. Coupling this observation with the fact that μ-ductility in-
creases with strain rate gives the hypothesis that the viscosity of a 
certain zone or volume of the glass under the indenter tip must decrease 
for increasing applied strain rates, independent of the protocol. 

To further justify this, we note that the probe reaches the peak force 
within a few seconds at the higher strain rates used in this study. This 
likely results in an increase in temperature due to atomic structural 
rearrangement of the material being sheared, which is likely because 
SLS contains about 14 % Na2O and 9 % CaO that act as network modi-
fiers. The addition of these modifiers is generally done to increase the 
formability and to lower the Tg value of glasses. However, this also re-
duces the connectivity of the structure and promotes shear flow. The 
larger the strain rate, the larger the reduction in viscosity and the larger 
the zone of plastic material under the indenter tip. The lower viscosity 
allows the probe to penetrate more easily through the material, resulting 
in deeper penetration depths and, consequently, a lower load- 
independent hardness (C -value) for larger applied strain rates. This 
link demonstrates the strong connection between C, M/H and ε̇, inde-
pendent of the protocol. 

4.4.2. Linking A -value to μ-ductility and strain rate 
Next, we consider the link between the parameter A, M/H and ε̇. 

From Fig. 7(c), it is evident that A decreases rapidly for the CLR protocol 
with increasing ε̇, signifying a strong reduction in the extent of ISE for 
larger strain rates. Notably, at higher values of A, corresponding to 
slower strain rates, there is a larger transition in material behavior from 
being less influenced by μ-ductility at a lower Pmax, to being more 
influenced by μ-ductility at a higher Pmax, demonstrated by the larger 
change in M/H through the same range of Pmax (Fig. 8(c, d)). Conversely, 
we observe that faster strain rates are accompanied by lower A-values, 
indicating a smaller change in the influence of μ-ductility. Therefore, A 
can additionally be considered as a parameter that not only implies the 
curvature of the ISE trend and% drop in ISE, but also as a parameter that 
implies the transition of material behavior from less influenced by 
μ-ductility to more influenced. Specifically, the larger the A -value, the 
larger the transition in the material’s influence in μ-ductility and smaller 
is the radius of curvature in the ISE trend. These conclusions also hold 
true for the CSR protocol. We note that there is minimal change in A for 
the CSR protocol as a function of ε̇ (Fig. 7(c)). If this hypothesis is cor-
rect, it should be accompanied by a minimal variation in M/H for a fixed 
strain rate and this is what is seen in Fig. 8(d). Therefore, for any strain 
rate in the CSR protocol, there is almost no transition in material’s in-
fluence from μ-ductility, irrespective of the magnitude of applied peak 
forces applied in this study. We recognize that this hypothesis is purely 
based on the observations in this study and should be further tested on 
glasses with different compositions and deformation mechanisms. 

4.4.3. Relation between μ-ductility and strain rate for CLR and CSR 
protocols 

To further investigate the link between μ-ductility and strain rate, we 
plot the A and C values from the modified BSEL vs. strain rate and M/H, 
at Pmax of 100 grf, for both protocols (Fig. 9). Note that these plots are 
like those in 

Fig. 7(c, d), with the inclusion of the μ-ductility evolution. It appears 
that all curves in each plot (panels a through d) very closely overlap, 
further suggesting that the extent of the ISE and load-independent 
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hardness evolve as a function of M/H and ε̇ in the same way for each 
protocol. This further supports the strong link and dependence of strain 
rate on μ-ductility. It is interesting to note the overlap for the CSR pro-
tocol is achieved quite well with all the axis in linear scale. However, the 
overlap is not possible for the CLR protocol unless the strain rate and y- 
axis are both in logarithmic scale. This motivated us to remove the axis 
in common, the parameter axis, and plot how M/H evolves vs ε̇ for each 
protocol, see Fig. 9(e and f). Here, we see the trend of M /H vs ε̇ for both 
protocols. Please note that both the x and y axis for the CLR protocol are 
in log scale and are in linear scale for the CSR protocol. This mandates 
that the mathematical link between μ-ductility and strain rate is a power 
law for the CLR protocol, with an exponent equal to the slope of the 
linear trend in the log vs log scale, and a linear equation for the CSR 
protocol. We believe the reason for these trends might be due to the 
instantaneous strain rate trends through the depth of the indent, see 
Fig. 3. The CSR protocol maintains mostly a constant instantaneous 
strain rate through the indent depth. However, the CLR protocol caused 
the instantaneous strain rate to have a decaying power law trend 
through the depth. 

5. Conclusion 

Overall, our findings underscore the intimate relationship between 
strain rate (ε̇) and the extent of the indentation size effect (ISE) as well as 
the influence of μ-ductility on the indentation behavior of soda-lime 
silica glass. We demonstrated that the ISE, while more pronounced at 
slower ε̇, exhibited a diminishing influence with increase in ε̇ for con-
stant loading rate (CLR) tests whereas little influence from ε̇ was 
observed for the constant strain rate (CSR) tests. This outcome also 
validates the material’s sensitivity to different strain rate protocols, with 
slower ε̇ emphasizing large change in the influence of μ-ductility and 
higher ε̇ leading to more consistent hardness values with more constant 
influences of μ-ductility for the CLR protocol. However, for CSR proto-
col, almost no transition in material behavior was observed, empha-
sizing a more constant influence of μ-ductility throughout the range of 
forces and strain rates used in this study. 

We have also shown that the time derivative of Hardness (Ḣ) is very 
small and plays almost no role in calculating the indentation strain rate 
which is justified by the significant difference between the values of Ḣ/H 
and Ṗ/P. The analysis of ISE curves by fitting the modified Bernhardt 

Fig. 9. Evolution of parameters in the modified Bernhardt size effect law with respect to increasing M/H, taken at Pmax of 100 grf, (upper X-axis) and increasing ε̇ 

(lower X-axis). (a) A and (b) C parameters for CLR protocol, and (c) A and (d) C parameters for CSR protocol. Note the ε̇ axis and y-axis scale is logarithmic for panels 
(a) and (b) and linear for panels (c) and (d). Also note, for clarity, only the standard deviations for the A and C values are shown for all plots. (e, f) Load independent 
M/H vs ε̇ of Pmax=100 grf along with fitted curves (red) for (e) CLR protocol (f) CSR protocol. Note that both X and Y axes are in logarithmic scale for panel (e). 
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Size Effect Law parameters, helped us to further describe the material 
behavioral differences attributed to various strain rates and different 
loading protocols. We showed that increase in μ-ductility, whether by 
increasing the magnitude of peak force or strain rate, is responsible for 
mitigation of the extent of the ISE at the expense of a slight reduction in 
load independent Hardness. We have also demonstrated that the amount 
of μ-ductility can be increased by indenting at a constant strain rate 
rather than constant loading rate. This demonstrates that the intimate 
link between strain rates, loading protocols and material behavior can 
be understood from the analysis of the ISE. Overall, this study offers a 
comprehensive understanding of the intricate connections between ISE, 
strain rates, and material responses during indentation. 
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