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Abstract: The regularity of glass surface fracture and resistance to destruction were investigated by
the methods of progressive and static microscratching with the Berkovich indenter. The research
hardware was the original nanoindentation/microscratching devices and a non-contact interference
profilometer for studying the morphology of the formed microscratches. The regularities of the
fracture stages and the cracks growth along the microscratch were established depending on the
indenter applied load. Based on analysis of the microcracks profile formed at various loads on
the indenter immediately after the process of applying these scratches and after several hours of
rest, it was found that the process of crack propagation along the scratch continues for a long time.
Taking into account this established fact, a discrete-statistical method of the cracks formation for a
long time is proposed. In accordance with this method, scratching is carried out with a constant
load on short and separated tracks. The load on the indenter in each track increases discretely with
a certain step. The influence of the medium on the scratching process is analyzed. The breaking
mechanism in the glasses scratching process is formulated as the load on the indenter increases, and a
model of the glass fracture stages is proposed.
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1. Introduction

The study of the fracture process of brittle materials’ surface layers, in particular various glasses,
is of fundamental interest for developing an assessment of their scratch resistance. Glasses are
widely used in terrestrial and space conditions as structural materials and the scope of their practical
application is expanding more and more, although they are characterized by brittle fracture and low
strength [1,2]. The rapid development of information technologies is inextricably connected with the
use of fiber optic communication lines, the most important element of which is highly transparent
quartz glass. The strength and abrasion resistance of the optical connectors’ polished tips (ferrule)
largely depends on the bandwidth of the transmitted data. In addition, glass is used to create promising
discs for recording and storing information, where high microhardness, mechanical strength and
abrasion resistance are the most important requirements. The widespread use of glass displays in
modern mobile communications determines the relevance of their scratch resistance [3-5]. Safety
glasses of solar panels are also exposed to sand and dust, which adversely affect the efficiency of solar
panels, because microcracks prevent light from entering. Over the past several decades, the mechanical
properties of glasses have been largely improved to find application in different areas [6]. Therefore,
the study of the fracture mechanism and the causes of crack propagation in brittle materials is of
significant interest for a large number of different scientific fields and the practical application of such
materials [7].
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This article explores the features of fracture and resistance of the glass surface to fracture,
investigated by the methods of progressive and static microscratching with the Berkovich indenter.
The regularities of the fracture stages and the cracks development along the scratch are established
depending on the indenter-applied load. A discrete-statistical method is proposed for studying the
glass damage stages during scratching as the load increases.

2. Glass Breaking Research Methods

There is great need for numerical methods capable of predicting the fracture behavior of glass [8].
G. Gogotsi studied the fracture toughness of ceramics and glasses using the single edge V-notched beam
(SEVNB) test, which is based on the breakage of a bent rectangular sample with a V-shaped notch [9].
Later, to study the resistance of brittle materials to the formation and propagation of fracture cracks the
edge, a flaking (EF) method was proposed, the essence of which is to determine fracture toughness
by flacking the rectangular specimen edge with a standard diamond indenter [10]. During such a
test, the surface layer of investigated material is firstly destroyed by a sharp indenter, and only then
does a crack propagate in the bulk material. Surface fracture resistance does not consider the fracture
toughness of the material, which is determined as the ratio of the fracture load to the fracture distance
from the specimen edge [11].

The scratch test is well established technique for material surface layer mechanical properties
investigation [12,13], as well as to study the wear of glasses because of its negative impact on service
life and product performance [14]. This technique is successfully used to evaluate the condition of
a material’s subsurface layers by means of establishing the material’s resistance to scratching [15].
By using this method, it is possible to map the microhardness of the examined material and determine
the tribological properties of subsurface layers [16-18]. This technique also allows one to study the
micromechanical properties of glasses, crack resistance, fracture toughness, fatigue and abrasion
resistance at the micro and nano scales under experimental conditions that are closest to the actual
operational or technological processes [19].

It should be noted that there is some difference between indentation and scratch hardness in
glass [20]. S. Sawamura and L. Wondraczek studied scratch and indentation hardness of a broad variety
of glassy materials and found that there is no simple relation between both values [21]. This should be
taken into account when developing new materials with improved mechanical properties [22,23].

It is well known that fracture properties of glass are affected by the environment [24]. The results
of experimental studies of glasses by sclerometry in various media show that the presence of water in
the contact changes the damage mechanisms and the need for further research in this direction was
noted [25,26]. Studies of scratching the glass surface and adjacent boundary layers have established
differences in fracture resistance depending on the humidity and glass composition [25]. W. Gu and
Z. Yao studied the types of surface crack on the surface of optical glass BK7 when scratched by a
Vickers indenter [27]. The influence of the load and loading time of the Vickers indenter on the
mechanical properties of the glass was studied by J. Guin et al. [28]. The critical loads of the appearance
of microcracks during scratching, as well as Young’s modulus and micromechanical properties during
instrumental indentation on the protective glasses of solar cells, were studied in [29,30]. The study
of the indenter geometry influence on crack formation mechanisms was the subject of T. M. Gross’
investigation [31]. The results of experimental and theoretical studies of the fracture stages laws and
development of cracks in the surface layer of brittle materials depending on the load and external factors
by the method of progressive scratching were described in [27,32,33]. At the same time, increased
resistance to the damage of the glass subsurface layer, which is not characteristic of subsequent layers
of this material, was noticed. A significant amount of research has been devoted to experimental and
theoretical studies of the damage stage laws and the growth of cracks in the surface layer of brittle
materials depending on the load and external factors by the method of progressive scratching. In this
case, the load causing the crack formation was determined directly during scratching.



Surfaces 2020, 3 213

The influence of the load and the scratching rate on the fracture mechanisms of glass was presented
in [34]. The study [35] was devoted to the crack formation particulars during progressive scratching
by a spherical indenter. K. Li with colleges studied the effects of water, the indenter shape, and the
scratching rate on the glass damage mechanism [36].

The significant variety of factors, such as the environment, scratching speed, indenter shape,
load time, and others that affect glass damage during scratching, as well as the large dispersion of
experimental results, necessitate an additional study of the damage mechanisms of glasses and crack
formation during scratching.

3. Experimental Set-up

The glass damage process was studied by depth-sensing indentation (nanoindentation)
and microscratching techniques by various types of indenters using multifunctional instrument
“Micron-gamma”, which is designed for determination of physical and mechanical properties of the
material surface layers [37]. The linear translational worktable of the instrument moves with a constant
speed of 22 um/s. The indenter is loaded by an electromagnet unit with maximum load 4 N. Normal
and tangential indenter displacements are measured by inductive sensors with resolution 5 nm.

During translational movement of the work-table with specimen, any loading law can be applied
to the indenter with simultaneous registration of its displacement and tangential force (FF) (Figure 1).
To measure the surface profile (profilogram), the scanning mode is performed under the small load
FNmin = 1 mN to avoid surface damage (Figure 1a). In the progressive scratch mode, the load applied
to the indenter increases up to preset value Fy and then decreased (Figure 1a). In the static scratch
mode (Figure 1b), the indenter load during the first second increases from zero up to the preset value
Fn and then with constant load continues to scratching the surface of the test specimen for a given
length. The dependence of changes in friction force Fr (tangential force, s. Figure 1b)—tribogram
and indenter penetration depth under load during scratching—in the sclerogram was continuously
recorded during testing.
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Figure 1. Schemes of progressive (a) and static (b) specimens scratching.
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For a detailed analysis morphology of the scratches formed on the tested specimens surfaces
the three-dimensional optical profilometer “Micron-alpha” was used (Figure 2). The instrument
was designed on the base of Linnik interferometer and allows us to measure surface topography
with nanometer axial resolution. The principle of its operation is based on white lite interferometry,
an established and proven method for the precise measurement of surface shape [38].
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Figure 2. General view (a) and schematic diagram (b) of the three-dimensional interference profilometer.

A white light source emits a light to the beam splitter. The brightness of this source is controlled
by a computer through digital-to-analog convertor (DAC). It divides the beam into two parts and
directs them to sample surface and reference mirror. The light is reflected back to the beam splitter
joint and forms interference fringes focused by the lens on the camera. Scanning is achieved by an
electromagnetic reference mirror actuator which changes the optical path length of the reference beam.
The scanning is controlled by software via 24-bit DAC. During scanning, the light intensity is recorded
by camera. The interference signal has a maximum intensity when the optical path difference is equal
to zero. A general view of the optical profilometer and its main functional components is shown in
Figure 2a. Figure 2b shows the schematic diagram of this profilometer.
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Studies were carried out on different float, optical and other glasses (Table 1). The experimental
tests were performed on polished specimens with surface roughness parameters R, = 0.003-0.01 pm
and R, =0.02-0.05 pm. The specimens have a rectangular bar shape with length 20-40 mm and 3—4 mm
cross section (earlier tested by EF [11]). The features of glass failure were studied due to the changes in
penetration depth of diamond Berkovich indenter during its edge forward movement. The scratch
tests were done in progressive mode. The scratch length was 2 mm (Figure 1a) with maximum normal
load on indenter 1200 mN, which is similar to the data according to the accepted world practice of
glass failure investigation [25,27].

Table 1. Mechanical properties of the studied glasses.

Elastic Load of Fracture Fracture

. Microhardness, Modulus, E  Lateral Crack, Resistance, Toughness, Penetration Ducfll.lty
Material H (GPa) (GPa) Fr (mN) Fr (N/mm) K Work, Ag Coefficient,
(Dispersion) . . L R . 1c 12 (n]) 5 ()
(Dispersion)  (Dispersion)  (Dispersion) (MPaem'/*)
Flint TE-1 5.6 (<1%) 58.7 (<1%) 700 (45%) 192 + 41 0.85 45.30 0.478
Heavy flint F-2 5.9 (<1%) 60.7 (<1%) 1000 (40%) 192 + 31 0.83 43.78 0.473
Heavy crown TK-14 8.9 (<1%) 96.2 (<1%) 400 (30%) 171 + 48 0.51 35.90 0.492
Fused silica KI 11.3 (<1%) 71.2 (<1%) 300 (20%) 224 + 66 0.77 37.07 0.326
Float glass 8.4 (<1%) 76.9 (<1%) 600 (30%) 241 +55 1.03 37.76 0.425
Light krone LK-5 8.8 (<1%) 78.1 (<1%) 400 (25%) 219 + 62 0.91 37.90 0.406
Neodymium glass 7.8(<1%) 73.1(<1%) 300 (35%) 228 + 50 0.84 38.87 0.441
Quartz glass 11.1 (<1%) 69.7 (<1%) 500 (30%) 220 + 66 0.80 36.46 0.311
Soda-lime glass 6.5 (<1%) 73.4 (<1%) 800 (45%) 241 £ 55 0.66 41.96 0.482

Instrumented indentation measurements of glasses were performed using a Berkovich diamond
tip. Microhardness, modulus of elasticity and plasticity characteristic were calculated from indentation
diagrams with method of Oliver W. C. and Pharr G. [39]. Microphotographs of the scratches and
indents were registered using the instrument’s build-in microscope.

4. Results

Before studying the fracture process of glasses, their mechanical properties were determined using
a depth-sensing indentation test at a maximum load of 500 mN with a loading rate of 50 mN/s using
“Micron-gamma” instrument. The maximum indentation depth was from 1.85 to 2.3 um, depending
on the glass material. Figure 3 shows nanoindentation diagrams of the glasses test.
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Figure 3. Diagrams of the indentation into the studied glasses surface.

Mechanical properties of the studied glasses, determined by instrumented nanoindentation
tests, are presented in the Table 1. Additionally, Table 1 shows the previously measured results of
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fracture resistance Fr and fracture toughness K;c using Rockwell indenter [10,11]. The plasticity
index & determines a part of the work expended on material plastic deformation during indenter
penetration [40]. To understand the load influence on the glass surface failure during scratching, tests
were done in progressive mode with a loading rate of 5 mN/s. As an example, tribogram is presented
in Figure 4, and Figure 5 shows a sclerogram of the scratch in the glass.
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Figure 4. Tribogram and micro photo of the scratch in the glass light krone LK-5 by the progressive method.
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Figure 5. Diagrams and scratch micro photos immediately after scratching (a) and after 20 h of rest (b)
in the quartz glass by the progressive method.

Three stages of micro-failure of the glasses test are formed as the load on the indenter increases
during the scratch test. Similar stages, however, under different test conditions, were observed in the
study [12]. The initial stage of viscous-brittle micro-fracture (Stage I) ends at the scratch length 440 pum,
when the load reaches 500 mN (Figure 4). Then, the second stage of lateral crack formation begins
(Stage II), as the load increases to 1000 mN in the area from 440 to 820 pm. A further increase in load to
1200 mN, in the area from 820 to 1000 um, leads to the third (Stage III) stage of fracture. At this stage,
the growth of lateral crack stops and radial cracks begin to form, creating a narrow and deep part of
the scratch with fragile shores. Moreover, this stage continues despite a decrease in load to 750 mN in
the area 1000-1370 pum. Further load decreasing leads to the second stage of lateral crack formation in
the area 1370-1660 um (Stage II) and then to the first stage (Stage I). During load decrease in the area
from 1000 to 1600 pm, the third stage, missing the second one, passes into the first. In this case, lateral
cracks do not form.

It should be noted the further propagation of lateral cracks formed in the second stage of fracture.
These cracks continue propagate after the scratch test for a long-time followed formation of chips
(Figure 5). The crack propagation time ranged from a few seconds to many hours (Figures 4 and 5).
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Quartz glass was used as a reference material for a closer look at the mechanism of crack initiation
and propagation in glasses. Preliminary studies have shown that lateral cracks initiate in this glass
at lower loads on the indenter than in such glasses as light krone LK-5, heavy flint F-2 and others.
Therefore, a progressive scratch test on the quartz glass was carried out at a maximum load applied to
indenter of 400 mN in the center of the scratch. The scratch test includes three steps, which follow the
same path over the surface.

In the first step, the surface profile and slope were measured at the load on the indenter of 1 mN
(Figure 5, pre-scan). Such a small load makes it possible to measure the initial surface profile without
visible damage. Pre-scan is an analogue of profilogram, taking into account the Berkovich indenter tip
geometry. Then, returned to the initial position, progressive scratching was performed on the same
path with a maximum indenter load of 400 mN in the middle of the scratch and the sclerogram was
recorded during testing (Figure 5). At the end of this test, the third step (post-scan) was performed
with an indenter load of 1 mN. After the indenter had been returned to the starting point, a post-scan
was performed in order to measure scratch profile and the resulting damages (Figure 5, post-scan).

A micro photo of the scratch in the quartz glass immediately after the carrying out of progressive
scratch test is shown in Figure 5a. It can be seen on the photo that above the lateral crack, a pill-up of
the glass surface area (as indicated by arrow on post-scan profile) relative to the initial surface (pre-scan
profile) is observed. A micro photo of the same scratch after 20 h of rest is presented in Figure 5b.
The micro photo shows that the chip was formed due to the further propagation of the lateral crack.
This chip was probably formed under the influence of residual internal stresses, as well as a result of
water vapor adsorption from the air in accordance with the well-known Rehbinder effect.

As can be seen from the sclerogram (Figure 5), the indenter smoothly penetrates into the
sample surface and only closer to the middle of the scratch, when the load reaches maximum value,
the smoothness (slope) of its penetration changed due to the glass fracture. However, the micro photo
(Figure 5a) and post-scan scratch profile indicate that glass fracture was initiated much earlier and at
lower indenter loads. This indicates that the fracture zone propagates along the scratch for some time
in the direction opposite to the indenter movement (Figure 5b).

Therefore, it is difficult to reliably measure the value of lateral crack initiation load. A lateral
crack is initiated under moving indenter and begins to propagate after the load is removed. A further
propagation of the lateral crack occurs within the next 20 h after the load is removed.

Similar failure stages during scratching are observed on almost all studied glasses, even obsidian
glass. For example, scratch diagrams for obsidian glass are presented in Figure 6. Micro photo and
scratch profiles clearly demonstrate three stages of glass fracture: Stage I—viscous-brittle fracture;
Stage Il—lateral crack initiation; Stage Ill—radial crack initiation.
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Figure 6. Diagrams and micro photo of the scratch in the obsidian glass by the progressive method.
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To assess the effect of the time factor on the lateral crack propagation in glass (Figures 5 and 6),
scratch tests were performed at a load that did not instantly initiate cracks (Figure 7).
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Figure 7. Scratch micro photos immediately after scratching (a) and after 20 h of rest (b) as well as
enlarged 3D images (c) and (d) and 2D images (e) and (f) of selected areas of the profile at a maximum
load of 200 mN.

Therefore, scratching of quartz glass surface using progressive method were performed at a
maximum normal load of 200 mN. Such a load is not enough for lateral crack initiation, as can be seen
in the micro photo, which was obtained immediately after scratching (Figure 7a). However, the lateral
cracks were found along the same scratch 20 h after the experiment. Most of these cracks are turned
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into chips (Figure 7b). A part of the lateral crack is formed at a lower load, raising the upper glass
layer above the surface by approximately 1 pum (Figure 7c). Another part of the crack throws the
material in different directions, forming chips (Figure 7d). Such a fracture mechanism is confirmed by
profile analysis of the formed scratch (Figure 7e,f). These chips are located along the scanning path.
They have almost vertical shores with a depth of 4-5 um and consist of two parts, alternating elevation
in the middle.

During progressive scratching of quartz glass, three stages of its destruction are also observed
(Figures 5 and 7). At Stage I of scratching, the damage is viscous-brittle. The load on the Berkovich
indenter was less than 200 mN and the scratch profile was similar to the indenter shape (Figure 7c,e).
At Stage II, when the indenter load reaches values from 200 to 300 mN, two symmetrical, with respect
to the scanning path, lateral cracks are formed. These cracks can grow over time, turning into oval
craters (chips) with widths from 100 to 200 um and depths from 3 to 4 pm. With an increase in normal
load over 300 mN, Stage III of glass failure occurs. At this stage, the brittle fracture of the glass surface
layers occurs, caused by the formation of radial cracks under the moving indenter. A narrow scratch
with sharp edges and width from 20 to 30 um that does not change over time is formed (Figure 7d,f).

The fixed fact of lateral crack propagation along the scratch for a long time allows us to make the
assumption that the scratch length has an effect on the consistent patterns of such crack initiations.
To assess the effect of scratch length on the lateral crack propagation in glass, studies were made
of scratch behavior with scientifically shorter length compared to conventional practice (1 mm and
longer) [21,23].

Separate scratches with lengths of 270 pm were applied on the surface of the quartz glass specimens
with discretely increasing normal load (Figure 1b). Lateral cracks resulting from this were localized
within these short scratches. During the scratch test with a constant load pf 150, 250 and 350 mN,
sclerograms and scratch profiles (post-scans) were recorded (Figure 8). Additionally, scratch micro
photos are shown near the corresponding scratch profile. A lateral crack propagating along a scratch is
localized around a short scratch. Therefore, such a discrete loading of the indenter when applying short
scratches makes it possible to more accurately determine the magnitude of the lateral crack formation
load. Micro photos of scratches in glasses at different normal loads shows three stages of glass fracture:
Stage I—viscous-brittle fracture; Stage II—lateral microcrack initiation; and Stage Ill—radial crack
initiation. Moreover, the area of surface damage in Stage II is much larger than the area on Stage III.
This indicates a disproportionate increase in the failure area of the scratch with increasing load on the
indenter. Apparently, this phenomenon is associated with the presence of a significant gradient of
residual stresses in depth.
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Figure 8. Scratching sclerogramm and micro photos of short scratches in the quartz glass.
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Similarly, destruction of glasses such as light krone LK-5, float glass, heavy flint F-2, flint TF-1,
obsidian, neodymium, F2 and quartz glass was investigated. During tests, lateral crack initiation loads
were recorded (Figure 9). Formed lateral cracks in different glasses have a similar look and shape of
the chips. The differences are observed only in crack initiation load.
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Figure 9. Lateral cracks by discrete scratching of glasses.

Two constant load scratches were made on the glass surfaces to verify the assumptions of lateral
crack propagation after the tested sample surface was scratched. The first scratch was made on the
heavy flint F-2 surface with a constant indenter load of 400 mN. A second scratch was made with
the same indenter load, but after a pause of 10 s and at a distance 5 um from the first one (Figure 10).
Thus, the two scratches were separated relative to each other. The distance between the two identical
scratches that have the length 270 um was approximately 5 um. The time of scratch test procedure
for one scratch was 12 s and the indenter movement speed was 22 um/s. The total time of the test for
two scratches was 34 s, respectively. The next pairs of scratches were done with an indenter load of
100 mN, in exactly the same way (Figure 10).

The obtained experimental results (Figure 10) confirm the assumption on the long period of
time lateral crack propagation initiated by the scratching. Crack propagation can take several days.
Two scratches that were made with insufficient load for lateral crack initiation 400 mN stay separated
(Figure 10). Scratches, which were made with the load 500 mN, which was sufficient for lateral crack
initiation, were combined into one large chip. In the same way, two separate scratches that were
made in the sample at indenter loads of 600 and 700 mNN were combined together into one large chip.
However, increasing the scratching constant load to more than 700 mN (from 800 to 1200 mN) leads to
the radial crack initiation causing brittle fracture under the indenter (Figure 10). This happens because
high stresses instantly destroy the specimen surface, bypassing the conditions for the formation of
lateral cracks on its surface.

To study water’s effect on the glass surface’s destruction processes during scratching, additional
studies with an indenter load of 1600 mN and scratch length of 150 um were carried out (Figure 11).

On the float glass surface cleaned by acetone, a scratch was applied by eight repeated passes.
Three-dimensional surface topography of the obtained scratch is shown in Figure 11a. Then, a series of
repeated scratches were made in the drop of water at a distance 300 pm. Brittle fracture of glass in the
water was observed after the second pass (Figure 11b).
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The obtained results confirm the significant influence of water on the glass destruction during
scratching. Significant glass surface fracturing in water occurred after the second indenter pass,
whereas after eight repeated indenter passes in the absence of water, a straight scratch without visible
brittle fracturing of its shores was formed. Water contributes to glass surface destruction, penetrates
into the micro cracks formed during scratching, and has a wedging effect.

o

200 400 600 800 1000 mN 1400
Indenter load

Figure 10. Micro photos of two adjacent scratches 270 um long, obtained by scratching heavy flint TF-2
glass with different indenter loads.

(@) (b)

Figure 11. Scratch profile on the float glass surface in the air (a) and in the water (b).
5. Discussion

It can be assumed that the stages of lateral chip formation are strictly sequential and they are
formed not only during the scratching process, but also after the sample surface was scratched. Lateral
cracks could propagate along thin scratch shores over time and then are turned into large chips.
Lateral crack initiation and propagation contributed by the stresses are formed during scratching,
exacerbated by adsorbed water vapors from the air. Surface-active water molecules penetrate into the
micro cracks and push them apart, due to the wedging action better known as the Rehbinder effect [41].
This contributes further to crack propagation.
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Based on the experimental studies’ results, a model is proposed for the glass destruction during
scratching by the Berkovich indenter (Figure 12).

a) b) <) d)

Figure 12. Glass breakage model when scratched: Stage I (a), Stage II (b), grow of cracks (c), formation
of brittle fracture and sharp edges (d).

Glass failure goes through three stages during load increasing. At Stage I, with small indenter
loads, viscous-brittle fracturing occurs, which forms a scratch similar to the indenter tip shape
(Figure 12a). In Stage II, as the indenter load increases, lateral cracks are initiated at the depth from
2 to 5 um (Figure 12b). These cracks grow over time under the influence of residual stresses and the
wedging effect of absorbed water vapor from the air (Figure 12c). Cracks are turned into wide chips
with a width from 150 to 300 um. At Stage III, with a further increase in indenter load to the critical
value, the mechanism of crack formation changes. Radial cracks appear and brittle chipping of glass
fragments occurs directly under the indenter during the scratching process. Scratches with a brittle
fracture and sharp edges are formed (Figure 12d).

6. Conclusions

The experimental studies of glass microfracture have shown that with the progressive scratch
method, lateral cracks propagate further along the scratch after it has been applied. Lateral cracks
continue to develop after the end of the scratching process for a long time, up to many hours. This makes
it difficult to determine the value of the load causing the crack.

A method for scratching the surface of the test glass under constant load and on short traces
has been proposed and tested. This provides crack localization within a short scratch. As a result,
this allows for determining the load of lateral cracking.

During the experiments, a significant effect of the medium on the process of glass destruction was
found. For example, in the presence of water, the initiation and propagation of cracks in the surface
layers of glass specimens is significantly facilitated. Their brittle fracture occurs with significantly less
load on the scratching indenter. The large dispersion of the loads at which cracks initiate is explained
by the influence of environmental humidity on glass damage during scratching.

The authors plan to devote the following set of studies to the influence of the medium on the
process of glass failure.

Author Contributions: Conceptualization, I.Z.; Methodology, I.Z.; Software, M.S. and V.Z; Validation, V.Z.;
Formal analysis, M.S. and L.Z.; Investigation, .Z. and V.Z.; Resources, G.A.G. and V.Z.; Data curation, M.S., G.A.G.
and V.Z.; Writing—original draft preparation, I.Z., M.S. and V.Z.; Writing—review and editing, M.S.; Visualization,
I.Z. and M.S.; Supervision, G.A.G.; Project administration, G.A.G.; Funding acquisition, G.A.G. All authors have
read and agreed to the published version of the manuscript.

Funding: The present results were gained in the project “Study of mechanical behavior of glasses and ceramics at
their micro- and macro-destruction” (No. 1.3.4.1112), funded by the National Academy of Sciences of Ukraine
(Grant Agreement No. 0111U000373).

Acknowledgments: The authors would like to thank the National Academy of Sciences of Ukraine for the support,
which is highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.



Surfaces 2020, 3 223

References

1. Amoros, J.L.; Blasco, E.; Moreno, A.; Feliu, C. Mechanical properties obtained by nanoindentation of sintered
zircon—glass matrix composites. Ceram. Int. 2020, 46, 10691-10695. [CrossRef]

2. Chaturvedi, A.; Varma, G.S.; Asokan, S.; Ramamurty, U. Physical and mechanical properties of intermediate
phase chalcogenide glasses with centroid compositions in the Ge-Te-In-Ag system. J. Non-Cryst. Solids 2020,
543, 120112. [CrossRef]

3. Feng,J.; Wan, Z.; Wang, W.; Huang, X; Ding, X.; Tang, Y. Unique crack behaviors of glass BK7 occurred in
successive double scratch under critical load of median crack initiation. J. Eur. Ceram. Soc. 2020, 40, 3279-3290.
[CrossRef]

4. Wang, X;; Song, S.; Liu, P; Zhu, Z.; Zhang, H.; Ren, X. Shear band deformation and fatigue striations during
three-point bending fatigue crack growth in brittle metallic glass. J. Non-Cryst. Solids 2020, 536, 119988.
[CrossRef]

5. Yoshida, S.; Hidaka, A.; Matsuoka, J. Crack initiation behavior of sodium aluminosilicate glasses. J. Non-Cryst.
Solids 2004, 344, 37-43. [CrossRef]

6.  Guin, ].-P; Gueguen, Y. Mechanical Properties of Glass; Springer: Berlin/Heidelberg, Germany, 2019; pp. 227-271.

7. Buehler, M.].; Abraham, FF,; Gao, H. Hyperelasticity governs dynamic fracture at a critical length scale.
Nature 2003, 426, 141-146. [CrossRef]

8. Osnes, K.; Hopperstad, O.S.; Borvik, T. Quasi-Static and Dynamic Testing of Annealed Float Glass. Multidiscip.
Digit. Publ. Inst. Proc. 2018, 2, 495. [CrossRef]

9.  Gogotsi, G.A. Fracture toughness of ceramics and ceramic composites. Ceram. Int. 2003, 29, 777-784.
[CrossRef]

10. Gogotsi, G.A.; Galenko, V.I; Mudrik, S.P; Ozerskii, B.I,; Khvorostyanyi, V.V.; Khristevich, T.A. Glass fracture
in edge flaking. Strength Mater. 2007, 39, 639—-645. [CrossRef]

11.  Gogotsi, G.A.; Mudrik, S.P. Glasses: New approach to fracture behavior analysis. J. Non-Cryst. Solids 2010,
356, 1021-1026. [CrossRef]

12.  Ignatovich, S.; Zakiev, I.; Borisov, D.I. Assessment of the structural-deformation inhomogeneity of a thin
surface layer of materials by the method of scratching. Strength Mater. 2008, 40, 334-342. [CrossRef]

13.  Pan,C,; Wu, T,; Liu, C; Su, C.-Y,; Wang, W.; Huang, J. Study of scratching Mg-based BMG using nanoindenter
with Berkovich probe. Mater. Sci. Eng. A 2010, 527, 2342-2349. [CrossRef]

14. Liu, H.; Zhao, M,; Ly, C.; Zhang, J. Characterization on the yield stress and interfacial coefficient of friction
of glasses from scratch tests. Ceram. Int. 2020, 46, 6060—-6066. [CrossRef]

15. Huang, L.-Y,; Zhao, J.-W.; Xu, K.-W,; Lu, J. A new method for evaluating the scratch resistance of diamond-like
carbon films by the nano-scratch technique. Diam. Relat. Mater. 2002, 11, 1454-1459. [CrossRef]

16. Blau, PJ.; Oliver, W.C.; Snead, L. The scanning micro-sclerometer: a new method for scratch hardness
mapping. Tribol. Int. 1997, 30, 483—490. [CrossRef]

17. Ballarre, J.; Lopez, D.A.; Cavalieri, A.L. Frictional and adhesive behavior of organic-inorganic hybrid coatings
on surgical grade stainless steel using nano-scratching technique. Wear 2009, 266, 1165-1170. [CrossRef]

18.  Bhushan, B. Handbook of Micro/Nano Tribology; CRC Press: New York, NY, USA, 1999; 880p, ISBN 0-8493-8402-8.

19. Chavoshi, S.Z.; Xu, S. A Review on Micro- and Nanoscratching/Tribology at High Temperatures:
Instrumentation and Experimentation. J. Mater. Eng. Perform. 2018, 27, 3844-3858. [CrossRef]

20. Moayedi, E.; Sawamura, S.; Hennig, J.; Gnecco, E.; Wondraczek, L. Relaxation of scratch-induced surface
deformation in silicate glasses: Role of densification and shear flow in lateral indentation experiments.
J. Non-Cryst. Solids 2018, 500, 382-387. [CrossRef]

21. Sawamura, S.; Wondraczek, L. Scratch hardness of glass. Phys. Rev. Mater. 2018, 2, 092601. [CrossRef]

22. Chorfa, A.; Belkhir, N.; Hamidouche, M.; Petit, F. Study of the glass deformation regime transition using
indentation and scratch test. Verres Céramiques Compos. 2012, 2, 19-25.

23. Dey, A.; Mukhopadhyay, A.K. Nanoindentation of Brittle Solids; CRC Press: London, UK; Taylor & Francis
Group: New York, NY, USA, 2014; 429p, ISBN 978-1-4665-9690-0/9781466596900.

24. Yoshida, S.; Hayashi, T.; Fukuhara, T.; Soeda, K.; Matsuoka, J.; Soga, N. Scratch Test for Evaluation of Surface
Damage in Glass. In Fracture Mechanics of Ceramics; Springer: Berlin/Heidelberg, Germany, 2005; pp. 101-111.

25. Le Houérou, V.; Sangleboeuf, J.-C.; Dériano, S.; Rouxel, T.; Duisit, G. Surface damage of soda-lime-silica

glasses: indentation scratch behavior. J. Non-Cryst. Solids 2003, 316, 54—63. [CrossRef]


http://dx.doi.org/10.1016/j.ceramint.2020.01.075
http://dx.doi.org/10.1016/j.jnoncrysol.2020.120112
http://dx.doi.org/10.1016/j.jeurceramsoc.2020.02.049
http://dx.doi.org/10.1016/j.jnoncrysol.2020.119988
http://dx.doi.org/10.1016/j.jnoncrysol.2004.07.019
http://dx.doi.org/10.1038/nature02096
http://dx.doi.org/10.3390/ICEM18-05412
http://dx.doi.org/10.1016/S0272-8842(02)00230-4
http://dx.doi.org/10.1007/s11223-007-0072-7
http://dx.doi.org/10.1016/j.jnoncrysol.2010.01.021
http://dx.doi.org/10.1007/s11223-008-9019-x
http://dx.doi.org/10.1016/j.msea.2009.11.070
http://dx.doi.org/10.1016/j.ceramint.2019.11.065
http://dx.doi.org/10.1016/S0925-9635(02)00045-6
http://dx.doi.org/10.1016/S0301-679X(97)00011-X
http://dx.doi.org/10.1016/j.wear.2009.03.029
http://dx.doi.org/10.1007/s11665-018-3493-5
http://dx.doi.org/10.1016/j.jnoncrysol.2018.08.032
http://dx.doi.org/10.1103/PhysRevMaterials.2.092601
http://dx.doi.org/10.1016/S0022-3093(02)01937-3

Surfaces 2020, 3 224

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Matsuoka, J.; Guo, D.; Yoshida, S. Cross-section Morphology of the Scratch-Induced Cracks in Soda-Lime-Silica
Glass. Front. Mater. 2017, 4, 163. [CrossRef]

Gu, W,; Yao, Z. Evaluation of surface cracking in micron and sub-micron scale scratch tests for optical glass
BK?7. J. Mech. Sci. Technol. 2011, 25, 1167-1174. [CrossRef]

Guin, J.-P,; Rouxel, T.; Sanglebeeuf, ].-C.; Melscoét, I.; Lucas, J. Hardness, Toughness, and Scratchability of
Germanium-Selenium Chalcogenide Glasses. J. Am. Ceram. Soc. 2002, 85, 1545-1552. [CrossRef]

Humood, M.M.; Beheshti, A.; Polycarpou, A.A. Surface reliability of annealed and tempered solar protective
glasses: Indentation and scratch behavior. Sol. Energy 2017, 142, 13-25. [CrossRef]

Malzbender, J.; Toonder, J.D.; Balkenende, A.; De With, G. Measuring mechanical properties of coatings:
a methodology applied to nano-particle-filled sol-gel coatings on glass. Mater. Sci. Eng. R Rep. 2002,
36,47-103. [CrossRef]

Gross, T. Deformation and cracking behavior of glasses indented with diamond tips of various sharpness.
J. Non-Cryst. Solids 2012, 358, 3445-3452. [CrossRef]

De Macedo, G.N.; Sawamura, S.; Wondraczek, L. Lateral hardness and the scratch resistance of glasses in the
Na20-Ca0O-5i02 system. J. Non-Cryst. Solids 2018, 492, 94-101. [CrossRef]

Wasmer, K.; Ballif, C.; Gassilloud, R.; Pouvreau, C.; Rabe, R.; Michler, J.; Breguet, ]J.-M.; Solletti, J.-M.;
Karimi, A.; Schulz, D. Cleavage Fracture of Brittle Semiconductors from the Nanometre to the Centimetre
Scale. Adv. Eng. Mater. 2005, 7, 309-317. [CrossRef]

Bandyopadhyay, P; Dey, A.; Mukherjee, D. Novel Combined Scratch and Nanoindentation Experiments on
Soda-Lime-Silica Glass. Int. J. Appl. Glas. Sci. 2012, 3, 163-179. [CrossRef]

Sawamura, S.; Limbach, R.; Wilhelmy, S.; Koike, A.; Wondraczek, L. Scratch-induced yielding and ductile
fracture in silicate glasses probed by nanoindentation. J. Am. Ceram. Soc. 2019, 102, 7299-7311. [CrossRef]
Li, K.; Shapiro, Y.; Li, J. Scratch test of soda-lime glass. Acta Mater. 1998, 46, 5569-5578. [CrossRef]
Storchak, M.; Zakiev, I.; Tréris, L. Mechanical properties of subsurface layers in the machining of the titanium
alloy Til0V2Fe3Al. J. Mech. Sci. Technol. 2018, 32, 315-322. [CrossRef]

Zakiev, V.; Markovsky, A.; Aznakayev, E.; Zakiev, I.; Gursky, E. Micromechanical properties of bio-materials.
In Proceedings of the Congress on Optics and Optoelectronics, Warsaw, Poland, 23 September 2005. [CrossRef]
Oliver, W.; Pharr, G. An improved technique for determining hardness and elastic modulus using load and
displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564-1583. [CrossRef]

Galanov, B.A.; Milman, Y.; Chugunova, S.I.; Goncharova, 1.V.; Voskoboinik, I.V. Application of the Improved
Inclusion Core Model of the Indentation Process for the Determination of Mechanical Properties of Materials.
Cryst. 2017, 7, 87. [CrossRef]

Piggotti, M. The rebinder effect. Acta Met. 1964, 12, 803-805. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3389/fmats.2017.00008
http://dx.doi.org/10.1007/s12206-011-0306-2
http://dx.doi.org/10.1111/j.1151-2916.2002.tb00310.x
http://dx.doi.org/10.1016/j.solener.2016.12.011
http://dx.doi.org/10.1016/S0927-796X(01)00040-7
http://dx.doi.org/10.1016/j.jnoncrysol.2012.01.052
http://dx.doi.org/10.1016/j.jnoncrysol.2018.04.022
http://dx.doi.org/10.1002/adem.200500044
http://dx.doi.org/10.1111/j.2041-1294.2011.00073.x
http://dx.doi.org/10.1111/jace.16679
http://dx.doi.org/10.1016/S1359-6454(98)00163-3
http://dx.doi.org/10.1007/s12206-017-1231-9
http://dx.doi.org/10.1117/12.628396
http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.3390/cryst7030087
http://dx.doi.org/10.1016/0001-6160(64)90173-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Glass Breaking Research Methods 
	Experimental Set-up 
	Results 
	Discussion 
	Conclusions 
	References

