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ABSTRACT Fracture toughness is an important index in safety evaluation for materials and
structures. Its convenient and accurate characterization has attracted extensive attention. For
small specimens, traditional testing methods of fracture toughness are not suitable due to limita-
tions in sample size and shape. In this work, a new formula is proposed to determine the fracture
toughness of glasses using scratch tests with a Vickers indenter based on dimensional analysis
and finite element analysis. Fracture toughness of glasses could be calculated with elastic mod-
ulus, crack depth of scratched materials and normal force applied during the scratch tests. The
effects of plastic deformation and interfacial friction between the Vickers indenter and scratched
materials are considered, and the crack shape is consistent with experimental observations. The
proposed formula is verified by comparing the fracture toughness of soda-lime and borosilicate
glasses obtained from scratch tests with those obtained via indentation tests. This work provides
an alternative method to determine the fracture toughness of glass materials.

KEY WORDS Scratch test, Fracture toughness, Glass, Dimensional analysis, Finite element
analysis

1. Introduction

As an index for characterizing crack propagation resistance, fracture toughness is one of the most
important material parameters of engineering materials, including glass [1-3]. The single-edge-notched
beam and compact tension methods are frequently used to determine the fracture toughness of engi-
neering materials [4-6]. However, owing to the high cost and inconvenience of preparing standard
specimens for these methods, the indentation and scratch methods have been developed to character-
ize the fracture toughness of engineering materials [7-9].

The convenience of performing the indentation test has made it a widely used method to determine
the fracture toughness of brittle materials [10-12]. Using a Vickers indenter, Evans and Charles [13]
proposed an empirical formula to relate the fracture toughness of materials to the crack length under
an indentation load with the condition that the crack length is much larger than the half diagonal of
the impression. Based on the analysis of stress field and crack evolution during indentation tests, Lawn
et al. [14] obtained an expression to determine the fracture toughness of ceramics. Furthermore, Feng
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et al. [15] developed an indentation method to estimate fracture toughness based on loading work.
Feng et al. [16] and Ostojic et al. [17] made detailed reviews on determining fracture toughness of
brittle materials via the indentation method.

In addition to studying the wear behaviors of polymeric materials [18-20] and interfacial adhesion
between film and substrate [21], the scratch test has also been used to determine the fracture toughness
of materials [22-24]. Analyzing the scratch results of ceramics, Subhash et al. [25] proposed a new
brittle measurement based on the ratio of the energy contained in the driving frequency to the total
energy in the spectrum. Cook [26] performed a complete theoretical and experimental analysis of
scratch damage by a Vickers indenter to investigate the strength of polycrystalline alumina containing
controlled scratches. Liu et al. [27] investigated the fracture properties of a surface modification layer
with a modified bi-layer beam model for scratch tests. Neglecting the effects of plastic deformation and
interfacial friction, Akono et al. [28, 29] adopted the scratch test to determine the fracture toughness
of engineering materials. However, Lin and Zhou [30] argued that the assumptions made for the crack
location and contact condition between the scratch probe and scratched materials in the work of
Akono et al. [28, 29] may not be appropriate. Liu et al. [31, 32] used Rockwell C diamond indenter to
investigate the scratch behaviors of copper and polycarbonate under continuous loading and determine
their fracture toughness through scratch tests. Using finite element simulation and dimensional analysis,
Liu et al. [33] proposed two concise formulas to characterize the yield stress of glass and the interfacial
coefficient of friction between scratch tip and glass. However, the scratch-induced cracks were not
considered in the work of Liu et al. [33] and thus, fracture toughness cannot be determined .

In this paper, a formula based on finite element simulation and dimensional analysis is proposed to
determine the fracture toughness of glass via scratch tests with a Vickers indenter. The crack shape
refers to the experimental observations of glasses in the process of obtaining the formula, and the
effects of plastic deformation and interfacial friction are also considered. The paper is organized as
follows: Sect. 2 introduces the formula obtained from the finite element and dimensional analysis, and
Sect. 3 describes the experimental verification of the formula on soda-lime and borosilicate glasses.
Finally, conclusions are drawn in Sect. 4.

2. Method Development

The scratch process of a brittle material such as glass with a Vickers indenter under linearly increas-
ing normal load can be divided into three stages according to the deformation and failure mode, i.e.,
micro-ductile regime, micro-cracking regime and micro-abrasive regime [34, 35], as shown in Fig. 1.
Elastic-plastic deformation dominates in the stage of micro-ductile regime, and no crack occurs. In the
second stage, a median crack can be observed in the early stage of micro-cracking regime. As the normal
force increases, lateral crack occurs. Microfracture chips can be observed in the stage of micro-abrasive
regime [33]. Since the critical load for crack initiation of median crack is lower than that of lateral crack
[36], a median crack without lateral cracks and microfracture chips can be observed along the scratch
path within a specific normal load range according to the mechanical properties of scratched materials
in the second stage. Figure 2a shows a schematic plot of a scratch test using a Vickers indenter under a
constant normal load, which could be classified into the second stage. Figure 2b shows the longitudinal
section of such a scratch-induced crack. The shape of the crack front is assumed to be an ellipse with a
major radius R, and a minor radius Ry, as shown in Fig. 2b. The parameter R}, can also be described
as the crack depth.

For a steady scratch test under a constant normal load, the corresponding scratch depth is constant.
Thus, the normal load does not do work in the scratch process. Only the tangential force F; does work.
In the scratch process, elastic deformation stores energy, while plastic deformation and friction work
consume energy. The rest of the work is consumed to create new crack surfaces in this scratch test
with a crack. From the viewpoint of energy conservation, the energy consumed by crack propagation
G (Rbl + wRaRb/4) equals the total energy input, Fil, subtracting the elastic energy restored AWj,
the energy dissipation during the scratch process (i.e., the plastic energy) AW, and the work consumed
by interfacial friction AW%. The specific expression is given as

G (Ryl + 7R, Ry [4) = Fil — AW, — AW, — AW} (1)
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Fig. 1. Three stages during the scratch process of soda-lime glass with a Vickers indenter under a linearly increasing
normal load. First stage: micro-ductile regime, Second stage: micro-cracking regime and Last stage: micro-abrasive regime
(33]
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Fig. 2. Schematics of a a scratch test with a Vickers indenter under a constant normal load; b scratch-induced crack

where [ is the moving distance of the Vickers indenter. For the steady-state crack growth, | equals the
crack propagation distance. R, and Ry, are constants. Eq. (1) could be rewritten as follows.

G = (Fl — AW, — AW, — AW;)/(Ryl + wR. Ry, /4) (2)

Due to the brittleness of scratched material, the crack size is far larger than the size of yield area.
Under linear elastic fracture mechanics, the relationship between the stress intensity factor, Ky, and
the energy release rate, GG, can be represented as

Ky = VEG = \/E (Rl - AW, - AW, — AWy)/(Ryl + 7R Ry, /4) (3)

It should be noted that it is impractical to determine AW,, AW}, and AW} from the scratch test.
Dimensional analysis and finite element analysis are used to determine these values and then obtain a
formula to characterize the fracture toughness of brittle materials.

2.1. Dimensional Analysis

In the scratch test, the normal force and scratch velocity should be given. For the condition that
the scratch velocity is sufficiently small, the scratch progress can be viewed as a quasi-static state. For
simplicity, the effect of indenter shape on the scratch results is not considered. Here, a Vickers indenter
is adopted. The ideal elastic-plastic constitutive relation, as characterized by the elastic modulus (E),
Poisson’s ratio (v) and yield stress (o), was adopted to describe the mechanical properties of scratched
materials. In the scratch test with a crack, material properties (F, v, and o), external load (F},), crack
geometry (R, and R},) and interfacial coefficient of friction (us) may have effects on the stress intensity
factor (K1), as shown in Eq. (4).

KI - f(E7 v, Os, Fna Ray va MS) (4)
Applying the m-theorem and choosing E and R}, as independent variables, other parameters could
be expressed as [Ki] = [0,] [Ro]* = \/[E] [Fu]/[Ru], [E] = [oJ] [Ro]’, [V] = [is] = [00]" [Re]", [Fu] =

(0] [Rb)?, and [Ra] = [05]° [Ry). The effect of Poisson’s ratio on K can be neglected because its effect
on the stress intensity factor is not apparent [37, 38]. Eq. (4) can be expressed in a dimensionless form
as
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The specific form of Eq. (5) will be investigated according to the finite element results.

2.2. Finite Element Simulation
2.2.1. Finite Element Model

Figure 3a shows the 3D finite element model used to simulate the scratch process. Considering sym-
metry, a half model with the dimension of 224 pym x 112 pm x 112 pm was created in the commercial
finite element software Ansys R18.0. Solid186 element was adopted for the scratched material. Only the
elements along the scratch path were refined to improve computational efficiency. A minimum mesh
size of 1 pm x 1 pum x 1 pm was utilized. The Vickers indenter with a face angle of 136° was modeled
as a rigid body. The TARGET170 and CONTACT174 elements were used for the contact surfaces of
the Vickers indenter and the scratched material. The freedoms in the y-direction at the bottom were
constrained, so were the right and left sides in the z-direction. The freedoms in the z-direction of gray
areas in the plane of symmetry were unconstrained because of the existence of the crack, while other
areas were constrained, as shown in Fig. 3b. It should be noted that there is initial crack on the plane
of symmetry of the scratched material before scratching in the simulation. R,, R}, and the distance
between the crack tip and the Vickers indenter are kept unchanged during the scratch process by con-
trolling the release of constraints of the nodes in the plane of symmetry according to their coordinates.
The process is automatically executed by applying the if-statement using APDL (ANSYS Parametric
Design Language). Thus, the crack shape can be modeled.

Plastic deformation exists in the scratch process of brittle materials, such as glass [34, 35]. According
to Lacroix et al. [39], the compressed glass pillars in the microscale act like an elastic-perfectly plastic
material. Thus, the ideal elastic-plastic constitutive relation was adopted. To cover the ranges of F
and oy of the prepared glasses, the values of E used in the finite element simulations ranged from 50 to
200 GPa, and those of o4 ranged from 200 to 1200 MPa. Poisson’s ratio was set to 0.25. Corresponding
to normal forces, constant normal scratch depths were applied on the scratch tip for the consideration
of convergence. The scratch distance was 32 ym with a scratch velocity of 1 pm/s. The scratch depth
varied from 0 to 20 pm, while the range of the interfacial coefficient of friction was from 0 to 0.1.
Parameters used in the finite element simulation are shown in Table 1.

2.2.2. Finite Element Results

Figure 4 shows that an increase in the normal force F,, causes the stress intensity factor Kj, as
calculated from Eq. (3), to increase remarkably. From Fig. 4a, elastic modulus has a significant effect
on Kj. Figure 4b and d shows that the influences of yield stress and interfacial coeflicient of friction
on K7 are not obvious. Figure 4c indicates that the effect of Ry, is much larger than R, on K.
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Table 1. Parameters used in the finite element simulation

Elastic Poisson’s Yield stress Scratch Coefficient R, (pm) Ry, (um)
modulus ratio (MP.,) depth (pm) of friction
(GP,)
0
2 0.01
4 0.02
200 6 0.03

50 400 8 0.04 30 20
75 600 10 0.05 60 40
100 0.25 800 12 0.06 90 60
150 1000 14 0.07
200 1200 16 0.08

18 0.09

20 0.1

From Fig. 5a, the interfacial coefficient of friction has a significant effect on the normalized tangential
force F/F,. Because the normalized friction work AW / Fil is almost proportional to the normalized
tangential force, the increase in work owing to increasing the interfacial coefficient of friction is con-
sumed in the form of friction work during the scratch test. As the friction work is subtracted in Eq.
(3), the interfacial coefficient of friction has little effect on the stress intensity factor. From Fig. 5b,
with the increase in interfacial coefficient of friction, the proportion of elastic energy, plastic energy
and energy consumed to create new surfaces in total energy decrease, while the proportion of friction
work in the total energy increases significantly. As the plastic energy and frictional energy account for
a large proportion of the total energy, their effects on the scratch results could not be neglected. Using
different cutters with different number of sidewalls, i.e., U-cut, L-cut and slab-cut, Lin and Zhou [40]
suggested that sidewall friction during scratch test is substantial. This work also confirms that the
friction work accounts for a large part of the total energy, especially for a large interfacial coefficient
of friction. Its influence on the scratch responses cannot be ignored.

Figure 6 shows that the normalized stress intensity factor Kj / (EFn / Rb)0'5 is a nearly constant
value for various values of F,,, E, Ry, os and us. A crack propagates if the stress intensity factor K
reaches the critical stress intensity factor Ki.. Based on the results above, the critical stress intensity

factor can be expressed as
Kic =0.314/EF, /R, (6)

As R}, can be measured in the scratch test, F is a mechanical parameter of the scratched material
and Fj, is the applied normal load, K. can be determined conveniently via scratch tests. It should be
noted that, according to the assumption, the proposed formula is appropriate for a scratch test with
a median crack located at the center of the scratch-induced groove.

3. Determining the Fracture Toughness of Glass Materials via Scratch Tests

3.1. Experimental Details

Soda-lime and borosilicate glasses were chosen to validate Eq. (6). In order to facilitate the obser-
vation of the scratch fracture phenomenon, the sample size was set as 30 mmx 80 mmx 3 mm. Using
an optical profiler (Bruker NPFLEX), the surface roughness values of soda-lime and borosilicate glass
were 11.09+ 0.79 nm and 10.274+ 1.46 nm, respectively. Using a nanoindentation instrument (Agilent
Nano Indenter G200), the elastic moduli of soda-lime and borosilicate glasses were 63.60+ 0.27 GPa
and 79.134+ 0.26 GPa, respectively. The Vickers hardness values of soda-lime and borosilicate glasses
were 3.16+ 0.15 GPa and 5.37+ 0.24 GPa, respectively.

The scratch tests of the soda-lime and borosilicate glasses were performed on NANOVEA PB1000.
The face angle of the diamond Vickers indenter was 136° . For the normal load, 0.2 N and 0.3 N were
used for soda-lime and borosilicate glasses, respectively. The scratch velocity was 2 mm min~!, and
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the scratch length was 5 mm to obtain a stable scratch state. All of the scratch tests were performed
at room temperature. Five identical tests were performed for each scratch test condition.

To verify the fracture toughness of glasses as determined by the scratch test, indentation tests of
the two glass specimen types were also performed by the mechanical tester (NANOVEA PB1000) with
a diamond Vickers indenter. In these tests, a loading rate of 8 N/min was used, where the maximum
indentation load was 4 N. Five identical tests were performed for each indentation test condition.

To assess the surface damage features and to measure the crack length, the scratched and indented
glasses were optically scanned by a confocal laser scanning microscope (KEYENCE VHX-2000).

3.2. Results and Discussion
Figure 7 shows the results of scratch tests of soda-lime glass under a constant load of 0.2 N. From

the top view (Fig. 7a) and a longitudinal section of the crack along the scratch path (Fig. 7b), there
exists a scratch-induced crack in the scratch tests, which is consistent with the assumption regarding
the shape of crack in the finite element simulation. R}, can be determined from the scratched samples
as shown in Fig. 7b. The results of borosilicate glass are similar to that of soda-lime glass.

From Fig. 8, the fracture toughness of soda-lime and borosilicate glasses obtained from scratch

tests is 0.744 0.04 MPay/m and 1.06+ 0.09 MPa,/m, respectively. To validate the fracture toughness
values of glasses obtained from the scratch tests, the indentation method was also performed using the

relation [41]

Ke=a(E/H)"" (P/c"?) (7)
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where « is an empirical constant depending on the indenter geometry, H is hardness, and c is
crack length. For a Vickers indenter, & = 0.016 [41]. The fracture toughness values of soda-lime and
borosilicate glasses determined by indentation tests are 0.71£ 0.03 MPay/m and 1.15+ 0.15 MPay/m,
respectively. The fracture toughness values of borosilicate and soda-lime glasses obtained from scratch
tests are also similar to the results of Iwata et al. [42] and Gong et al. [43]. Besides soda-lime and
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Fig. 7. a Confocal laser scanning microscopy image of a scratched-induced groove in soda-lime glass by a Vickers indenter
under a normal load of 0.2 N and a scratch velocity of 2 mm/min; b longitudinal section of optical microscope of the
crack along the scratch path for soda-lime glass
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Fig. 8. Comparison of fracture toughness values of soda lime and borosilicate glasses obtained from indentation test and
scratch test

borosilicate glasses, quartz glass has also been used to validate the proposed scratch-based method to
characterize its fracture toughness. For the normal load, 0.097 N was used for quartz glass. The scratch
velocity was 2 mm min~!, and the scratch length was 5 mm. With E =77.8 GPa, F,, =0.098 N and
Ry, =1.601 mm, it can be obtained K. = 0.68 £+ 0.10MPa/m, which is similar to the literature [44]
using chevron-notched mirobeams. This reveals that the formula proposed in this paper is suitable to
determine the fracture toughness of glasses.

4. Conclusion

A new formula is proposed to determine the fracture toughness of glasses via scratch tests using
dimensional analysis and finite element analysis. The fracture toughness of glasses could be calculated
with elastic modulus, crack depth of scratched materials and normal force applied during the scratch
tests. The effect of plastic deformation and friction on determination of the fracture toughness of glasses
cannot be neglected. The experimental verification of the formula on soda-lime and borosilicate glasses
confirms that the proposed formula provides a convenient way to determine the fracture toughness of
glasses.
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