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Abstract: The single grain scratching SPH simulation model was established to study the subsurface damage of
optical quartz glass. Based on the analysis of the stress, strain and scratching force during scratching, the generation and
propagation of subsurface cracks were studied by combining with the scratch elastic stress field model. The simulation
results show that the cracks generate firstly at the elastic-plastic deformation boundary in front of the grain (¢=28°) due
to the influence of the maximum principal tensile stress. During the scratching process, the median crack closes to form
the subsurface damage by extending downward, the lateral crack promotes the brittle removal of the material by
extending upward to the free surface, and microcracks remain in the elastic-plastic boundary at the bottom of the scratch
after scratching. The depth of subsurface crack and plastic deformation increases with rising scratching depth. The
increase of scratching speed leads to the greater dynamic fracture toughness, accompanied by a significant decrease of
the maximum depth of subsurface crack and the number of subsurface cracks. The subsurface residual stress is
concentrated at the bottom of the scratch, and the residual stress on both sides of the scratch surface would generate and

propogate the Hertz crack. When the scratching depth is less than 1.5 um or the scratching speed is greater than 75 m/s,



the residual stress value and the depth of residual stress are relatively small. Finally, the scratching experiment was
carried out. The simulation analysis is verified to be correct, as the generation and propagation of the cracks in the
scratching experiment are consistent with the simulation analysis and the experimental scratching force indicates the
same variation tendency with the simulation scratching force. The research results in this paper could help to restrain

the subsurface damage in grinding process.
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1 Introduction

Optical quartz glass is an amorphous material composed of high concentration silica. Due to its unique structural
characteristics, optical quartz glass has superior optical, physical and, chemical properties, such as high strength, high
temperature resistance, good chemical stability. It is widely used in optical fiber communication, aerospace, laser
nuclear technology, semiconductor and other fields [1-3]. However, the optical quartz glass is a typical hard-brittle and
difficult-to-machine material [4-6], the brittle fracture and microcracks inside the material can be easily generated
during machining because of its high hardness, brittleness and low fracture toughness.

At present, the research on hard-brittle materials mainly focused on improving the ductile machining capability [7-9]
and reducing or even eliminating the subsurface damage [10-12]. Existing theoretical studies have shown that when the
cutting depth is less than a certain value, hard-brittle materials could exhibit obvious plastic flow behavior under high
hydrostatic pressure [13]. Bifano et al. [14] proposed the critical cutting depth calculation formula of dc based on the
Griffth crack propagation criterion and the principle of material brittleness measurement in the indentation experiment.
Muhammad et al. [15] analyzed the plastic-brittle transition from an energy perspective, pointing out that the energy
expended in the brittle and ductile machining modes is a function of the intrinsic properties of the working material,
tool geometry and the process parameters. Guo et al. [16] achieved ductile grinding of hard-brittle materials by
analyzing the mechanism of brittle-ductile transition and strictly controlling the grinding conditions. In the ductile
machining, the hard-brittle materials undergo plastic deformation without brittle fracture, which is considered to be the

most effective machining method to achieve high-quality machined surfaces of hard-brittle materials. However, due to



the small critical cutting depth, it is highly difficult to realize the ductile machining of hard-brittle materials. Therefore,
it is critical to focus on how to reduce or even eliminate the subsurface damage.

In the process of grinding and polishing, it is inevitable to incur subsurface damage to hard-brittle materials. Optical
quartz glass is a kind of short-range ordered and long-range disordered amorphous material, with its subsurface damage
including subsurface cracks and subsurface residual stress [17]. The stress state reflects the deformation of the material
in real time during the actual machining process. Johnson [18] proposed a model to describe the elastic-plastic stress
field beneath the indenter in ideal elastic-plastic material based on the indentation experiment where the influence of
normal load is only considered. By introducing blister field model, Yoffe [19] established a perfect elastic stress field
model of indentation, which well explains the effect of residual stress on material deformation. Ahn et al. [20] proposed
the Sliding Blister Field Model (SBFM) as an extension of the indentation elastic stress field model, adding tangential
load stress field to the model established by Yoffe [19] . Some scholars have studied the material removal mechanism
[21], crack generation and propagation [22-23] of hard-brittle materials through these elastic stress field models.
However, these studies only analyzed the formation of cracks through theoretical calculations, without intuitive
demonstration of how cracks evolves and considering the effect of scratching speed on crack propagation. In order to
better investigate the subsurface damage of optical quartz glass, the meshless method-smoothed particle hydrodynamics
(SPH) is used to focus on the crack propagation and residual stress during the machining. It is adopted by many scholars
to study a variety of materials [24-26] and turns out to be effective, as is indicated by the ideal results.

In this paper, the subsurface damage of optical quartz glass was studied by establishing a single grain scratching SPH
simulation model. By analyzing the stress and strain during the scratching process and combining with the scratch
elastic stress field model, the generation and propagation of subsurface cracks were studied in detail. The influence of
scratching depth and scratching speed on crack formation and scratching force was discussed, and the subsurface
residual stress was also analyzed. The scratching experiment was carried out. The simulation analysis was verified to be
correct with the experimental results basically consistent with the simulation results. The research results in this paper
could provide a theoretical basis for reducing the subsurface damage in grinding process.

2 Scratch elastic stress field model

In the grinding process, the mutual movement between the grain and workpiece can be simplified as a scratching



process [27-29]. The scratch elastic stress field model was proposed by Ahn et al. [20], which mainly includes
Boussinesq field stress field caused by normal load, Cerruti field stress field caused by tangential load, and blister field
stress field caused by residual stress. The geometric characteristics of the stress field cannot be well described because
of the complicated formulas of these models in rectangular coordinate system. In order to better describe the stress field
during scratching, the elastic stress field model in this paper was established in the cylindrical coordinate system (7, z, 6),
as shown in Fig. 1. The scratching depth is d, and the scratching direction is parallel to the workpiece surface.

In the cylindrical coordinate system, the expression of Boussinesq field and Cerruti field analytical model [30] are as

follows:
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Where F, isnormal load, F, istangential load, v is Poisson'sratio, r = psing,z = pcos¢. The analytical model

can be described as a general formula by
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In addition to the influence of scratching force on the formation of the elastic stress field, the residual stress generated
by the plastic deformation area after scratching would also affect the formation of elastic stress field, which is blister

field stress field proposed by Yoffe [19].
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Where v is the Poisson's ratio, B=0.026fE(F,/H)¥* is the blister stress strength [22], and f is the compaction
coefficient. The model can be written as a general formula by
B
Yii :Ehij (¢’9)v' (4)
The scratch elastic stress field of single grain scratching is obtained by superposition of formula (1) and formula (3).

Its general formula is
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It can be concluded from the formula (5) that the stress field intensity decreases with the increase of p in the process
of single grain scratching. Therefore, stress concentration is most likely to occur in the elastic-plastic deformation
boundary (p=Db), leading to the generation and propagation of cracks. According to fracture mechanics, the principal

stress affects the generation and propagation of cracks. The principal stress calculation formula is given by
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3 SPH simulation model of single grain scratching

3.1 SPH method theory

The SPH method, first proposed by Gingold and Monaghan in 1977, is to discrete a continuous object into a series of
movable particles which carry the physical properties of the original object [31]. The core of SPH method is the
interpolation algorithm. The interpolation function is used to represent the interaction between the particles, which
constitutes Lagrange algorithm. Each particle has a core estimate in the quantity field described by the interpolation

function. By converting the conservation law of continuous medium dynamics from the differential form to the integral



form [32-34], the dynamic behavior of the whole system is obtained. The approximate kernel function of a particle is
" (1,) = [ £(1) W(r,—r,h)dr. @)
Where W is a smooth function (or kernel function), as shown in Fig. 2, h is the smooth length, f is a function of the

three-dimensional coordinate vector r, r, is the position vector of the arbitrary point, and r is the position vector of

the approximate calculated point.
The most commonly used smooth kernel function is the smooth function of the cubic B-spline [35-36], which is

defined as follows
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Where a,= is a constant of normalization in three-dimensional space.
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3.2 SPH geometric model

The SPH simulation model of single grain scratching is shown in Fig. 3. In this model, the density of diamond grain
is 3.52 g-cm™, the modulus of elasticity is 1140 GPa, and Poisson's ratio is 0.07. The diamond grain is simplified to an
ideal rigid body and modeled by a finite element mesh method. Its movement direction is horizontal (X direction).
The optical quartz glass is modeled by SPH method, its size is 70 pm x 30 um x 35 pm, and the total number of
particles is 588,000. All degrees of freedom of SPH particles at the bottom and right of the simulation model are
constrained to prevent the workpiece movement during the scratching. In the simulation, the grain and workpiece are
contacted through "*Contact_eroding_nodes_to_surface”, whose mechanical parameters are transferred by penalty
function. The "*Contact_eroding_nodes_to_surface" in the LSDYNA software is an asymmetric contact method with
excellent computational efficiency and can be used for the processing with material damage.
3.3 JH-2 material model

The JH-2 material model [37] is adopted in the simulation of optical quartz glass, which is widely applied to
hard-brittle materials such as glass and ceramics. It mainly describes the strength, pressure and damage of the material,

including the internal damage accumulation of the material. In addition, it possesses good effect, according to the

specific parameters in Table 1 [38]. In this model, the equivalent stress can be expressed as follows
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Where o, is the complete strength and o is breaking strength, D is the damage variable (0<D<1) whose

expression is
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Where, Aeg® is the strain increment and &7 is the strain when plastic fracture occurs.
4 Simulation results and discussion
4.1 Subsurface Crack generation and propagation

Fig. 4 shows the single grain scratching process at the scratching speed of 45 m/s and different scratching depths.
Only plastic deformation occurs and no obvious crack exists on the subsurface when the scratching depth is 1 pm,
which indicates that the material is removed in ductile mode. When the scratching depth is 1.5 um, an obvious extended
plastic strain band appears under the surface, which indicates the initiation of crack [26, 34]. Then, brittle removal
occurs in the process of material removal. When the scratching depth is 3 um or 4.5 pum, it can be seen that deep median
cracks exist on the subsurface, generating complicated material deformation. And the material removal mode is brittle
fracture. The simulation presents that ductile removal mode occurs when the scratching depth is less than 1 um, which
is basically consistent with the experiment results obtained by Zhao et al. [39].

In order to better analyze the crack generation and propagation, this paper only studies the principal tensile stress that
causes crack opening [40]. According to the formula (6) constructed by scratch elastic stress field model, the normalized
distribution of the principal stress o, 7b°/ F, at the elastic-plastic boundary (p=>b) is shown in Fig. 5. It can be seen
that in the plane of =0, the maximum and second principal stresses reach the maximum value near the location ¢=28°.
Due to the influence of tensile stress concentration, the crack would generate near this location when the stress exceeds
the material fracture stress.

Fig. 6 shows the cracks generation and propagation at the scratching depth of 3 pm and scratching speed of 45 m/s.
As presented in Fig. 6a (t=0.65 ps), crack generate at the location ¢=26°in front the grain, consistent with the above
theoretical analysis. The crack then propagates along this direction with the grain movement, similar to the loading
stage in the indentation experiment. Besides, as shown in Fig. 6b, cracks could be formed in the peak deformation zone

[41]. When t=0.9 ps (Fig. 6¢), the grain just moves over the crack and is about to leave in the unloading stage, and the



crack begins to propagate downward. When t=1.15 pus (Fig. 6d), the grain is completely unloaded after scratching, while
the crack which propagates downward closes to form a median crack, causing the subsurface damage. As presented in
Fig. 6e (t=0.9 us), when the grain is about to unload, elastic recovery occurs and the lateral crack parallel to the surface
generates on the subsurface. In the following scratching process, the lateral cracks gradually expand to the free surface,
resulting in the brittle removal of material, as shown in Fig. 6f-6h (t=0.95 ~1.05 us). Some microcracks remain in the
elastic-plastic boundary after the grain is completely unloaded, as shown in Fig. 6h.

4.2 Subsurface crack depth and plastic deformation depth

Fig. 7 shows the depth of maximum subsurface crack and plastic deformation on the subsurface at the scratching
speed of 45 m/s and different scratching depths. The Fig. 7 indicates that when the scratching depth is less than 1 um,
no crack exists on the subsurface. When the scratching depth is 1.5 pm, the maximum subsurface crack depth is 6.5 um.
However, when the scratching depth is 4.5 pm, the maximum subsurface crack depth reaches 14 um. The results show
that with the increase of scratching depth, the material removal mode changes from plastic deformation to brittle
fracture, which leads to the rise of the depth of subsurface crack.

In addition, Fig. 7 also demonstrates that the plastic deformation depth increases in accordance with the rising the
scratching depth. That is because the material with plastic deformation will be generated by strong pressing action
which correspondingly is derived from large contact area and scratching depth. As optical quartz glass has high silica
content, it would also undergo significant material densification when it is pressed [42]. The densification is due to the
formation of over-coordination between silicon atoms under pressure, and then the dense accumulation of atoms [43],
contributing to the increase of local atomic density. It would bring about irreversible damage to the material and affect
the transparency of optical quartz glass. The results show that with the increase of scratching depth, larger pressure on
the material will generate greater densification degree.

4.3 The effect of scratching speed on subsurface crack

The subsurface crack propagation and distribution at the scratching depth of 3 um and different scratching speeds are
shown in Fig. 8. When the scratching speed is 15 m/s, many median cracks take shape on the subsurface. The maximum
median crack depth is 13 pm, indicating the serious brittle fracture on the material during scratching. When the

scratching speed is 30 m/s, the maximum median crack depth decreases to 11 um, and correspondingly the plastic



deformation degree decreases. When the scratching speed is 45 m/s, the maximum median crack depth increases slightly.
The maximum median crack depth is further reduced when the scratching speed is 60 and 75 m/s, and other subsurface
crack depths are also decreased. When the scratching speed is 90 m/s, the maximum median crack depth reduces to 7.5
um, which is 42% lower than that of 15 m/s, and the number of subsurface cracks reduces significantly.

The above analysis indicates that with the increasing scratching speed, both the maximum depth of subsurface cracks
and the number of subsurface cracks decrease. That is because the material strain rate increases at a higher scratching
speed, thus leading to the increase of the material dynamic fracture toughness [44] and inhibiting the crack generation
and propagation. Scinker et al. [45] pointed out that when the cutting speed exceeds a certain limit, the glass can be
removed in the ductile mode. Therefore, increasing the grinding speed is conducive to reducing the subsurface damage
and improving the machining quality of optical quartz glass, which provides a theoretical basis for the suppression of
subsurface damage in grinding.

4.4 Scratching force

Fig. 9a shows the tangential scratching force at different scratching depths with the speed of 45 m/s. When the
scratching depth is 1 pm, the scratching force rarely fluctuates and remains under a relatively stable state, due to the
ductile mode for material removal. When the scratching depth is 1.5 pm, brittle removal occurs and then the scratching
force begins to fluctuate. When the scratching depths are 3 and 4.5 um, the scratching force fluctuates greatly, as the
material removal is completely in the brittle mode. The average scratching force and the force fluctuation degree
increase with rising scratching depth, as shown in Fig. 9b. The reason for complicated deformation is that with the
increasing scratching depth, the amount of material removed and the maximum undeformed chip thickness
correspondingly increase, making the force needed to overcome material deformation and friction on the rise.

Fig. 10 shows the average scratching force in steady stage at the scratching depth of 3 um and different scratching
speed. With the increase of scratching speed, the normal force and tangential force decrease, and the degree of force
fluctuation decreases accordingly. That is because the maximum undeformed chip thickness decreases when speed
accelerates [46], along with the decreasing friction between the grain and the material decreases and the scratching

force. It is conducive to promoting the ductile machining of optical quartz glass.



According to formula (5), when the scratching force grows larger, the scratch elastic stress in the scratching process
would increase. It explains that the material is easy to be in brittle machining mode at low grinding speed or high
grinding depth. Therefore, in order to avoid serious subsurface damage in the grinding process, a smaller grinding depth
or a larger grinding speed should be selected.

4.5 Subsurface residual stress

Residual stress is a kind of stress remaining inside the material to maintain its own balance due to uneven
deformation after machining [47-49]. Although the residual stress has no direct effect on the crack generation, it would
affect the propagation of the existing crack, thus influencing the optical properties of the material. Therefore, as another
kind of subsurface damage, the subsurface residual stress also needs to be suppressed during machining.

The distribution of subsurface residual stress under the scratching depth of 3 um and scratching speed of 45 m/s is
shown in Fig. 11a. Fig. 11a presents that the residual stress exists widely on the subsurface, which would promote
microcracks to grow and exert a profound impact on the material performance. The maximum depth of the residual
stress is 14 um and its cross-section is shown in B-B. As shown in Fig. 11b, the distribution of residual stress on cross
section B-B is consistent with the normalized distribution of the maximum principal stress o,,7b®/F, derived from
the formula (6). It can be seen from Fig. 11a that the residual stress is concentrated at the bottom of the scratch, and the
residual stress value is the largest. Residual stress also exists on both sides of the scratch and decreases as the depth
reduces. However, the residual stress near the upper surface increases slightly, which would cause the nucleation of the
Hertz crack and then affect the surface quality.

The residual stress depth of subsurface at different scratching depth and speed is shown in Fig. 12. Fig. 12 shows that
with the increase of scratching depth or the decrease of scratching speed, the subsurface residual stress depth increases.
That is because the maximum undeformed chip thickness and the scratching force increase, resulting in complex
material deformation and large depth of residual stress. When the scratching depth is less than 1.5 pm or the scratching
speed is greater than 75 m/s, the residual stress value and the depth of residual stress are relatively small, thus the
subsurface damage is small. The comprehensive analysis shows that a smaller grinding depth or a larger grinding speed
should be selected in order to effectively restrain the subsurface residual stress.

5 Scratching experiment



5.1 Experiment setup

The optical quartz glass sample is 25 mm x 25 mm x 5 mm in terms of the size, and it was prepared by double-side
polishing to obtain good surface quality and flatness on both sides. The average surface roughness Ra measured by the
Zygo white light interferometer is 1.002 nm, which is in line with the basic requirements of the experiment. The
scratching experiment was carried out on a three-axis ultra-precision diamond turning machine (Fig. 13a), the precision
of the machine reached 0.1 pum, fully meeting the requirements of experimental precision. The tool used in the
experiment is a diamond indenter with a cone angle of 120° and a edge radius of 10 um, the specific geometric
parameters are shown in Fig. 13b. Kistler dynamometer instrument records the force during the scratching in real time,
and the displacement sensor records the displacement of the indenter. The schematic diagram of variable depths
scratching is shown in Fig. 13c. The scratching speed is 0.1 m/s and the scratching length is 1000 pum.

5.2 Experimental results and discussion

The overall scratch morphology of the optical quartz glass was measured by the laser confocal microscope, as shown
in Fig. 14a. When the scratching depth is small, the optical quartz glass is only plastically deformed and no cracks are
generated. As shown in Fig. 14b, the lateral crack gradually expands upward and takes shape on the scratch surface
while the median crack is formed. When the scratching depth increases further, large lateral cracks will appear, as
shown in Fig. 14c. In the stable scratching stage, the Hertz crack takes shape on the surface and interacts with the lateral
crack, resulting in brittle removal of the material, as shown in Fig. 14d. As shown in Fig. 14e, at the end of the scratch,
the number of Hertz cracks increases and the lateral cracks are cut into small pieces, leading to the microfracture
removal of the material and leaving a large number of microcracks on the surface. The generation and propagation of
cracks in scratching experiment are consistent with the simulation analysis and are similar to the experimental results of
Wang et al. [50].

Fig. 15 shows how the scratching force and the scratching depth are related in the experiment. It can be seen from Fig.
15 that the scratching force increases with rising scratching depth and fluctuates in the scratching process. The
experimental and simulation scratching force have the same variation tendency, which verifies the correctness of the
simulation analysis.

6 Conclusion



In this paper, the single grain scratching SPH simulation model of optical quartz glass was established to study the
subsurface damage of optical quartz glass combined with the scratch elastic stress field model. To verify the SPH
simulation model, the scratching experiment of optical quartz glass was carried out to investigate the generation and
propagation of the cracks. The comparison between the experiment results and the simulation results had verified
correctness of the simulation analysis.

Simulation and theoretical analysis show that the cracks generate firstly at the elastic-plastic deformation boundary
(p=b) in front of the grain (¢=28°) due to the influence of the maximum principal tensile stress. The median crack is
closed to form the subsurface damage, while the lateral crack propagates to the free surface to promote the brittle
removal of material, and microcracks remain at the elastic-plastic boundary. According to the analysis of subsurface
crack depth, scratching force, and subsurface residual stress, it is found that a smaller grinding depth or a larger grinding
speed is conducive to reducing the subsurface damage and improving the machining quality of optical quartz glass.
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Figures and Table:

Fig. 1. Diagram of single grain scratching in the cylindrical coordinate system (7; z, 9).

Fig. 2. SPH smooth kernel function.

Fig. 3. SPH model of single grain scratching.

Fig. 4. Distribution of plastic deformation at the scratching speed of 45 m/s and scratching depth of (a) 1 um, (b) 1.5 um, (¢) 3 um and (d)
4.5 pm.

Fig. 5. Normalized distribution of the principal stress o, zb* / F, in the plane of =0 (plane of XOY).

Fig. 6. Generation and propagation of cracks at 3 um scratching depth and 45 m/s scratching speed, a-d are viewed along the direction
perpendicular to the scratching, and e-h viewed along the scratching direction.

Fig. 7. Maximum depth of subsurface crack and plastic deformation at different scratching depths.

Fig. 8. Subsurface crack propagation and distribution at 3 pm scratching depth and scratching speed of (a) 15 m/s, (b) 30 m/s, (c) 45 m/s,
(d) 60 m/s, (e) 75 m/s and (f) 90 m/s.

Fig. 9. Tangential force (a) and average scratching force (b) at scratching depth of 1 ym, 1.5 um, 3 um and 4.5 um.

Fig. 10. Average scratching force at the scratching depth of 3 um and different scratching speeds (from 15 m/s to 90 m/s).

Fig. 11. (a) Distribution of subsurface residual stress at the scratching depth of 3 um and scratching speed of 45 m/s, (b) Normalized

distribution of maximum principal stress o,,7b° / F, on section B-B.



Fig. 12. Subsurface residual stress depth at (a) different scratching depths and (b) different scratching speeds.

Fig. 13. (a) Scratching experiment equipment, (b) geometric parameters of indenter and (c) scratching schematic diagram.

Fig. 14. Scratch morphology of optical quartz glass, (a) overall scratch morphology, (b) median and lateral crack generation, (c) median
and lateral crack propagation, (d) Hertz crack generation and (e) microcrack generation.

Fig. 15. Experimental scratching force at different scratching depths.

Table 1 Material model parameters of optical quartz glass.
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Table 1

Parameters Value Parameters Value
Density 2.20g-cm™ Complete strength (N) 0.75
Shear modulus 31 GPa Hug elastic limit (HEL) 9 GPa
Tensile strength 0.05 GPa Elastic strain (D1) 0.053
Sta”dar(i‘;’tre”gth 0.93 Elastic strain (D2) 0.85
Fracture strength 0.088 First pressure coefficient 45.4 GPa
(B) (K1)
Strain rate strength 0.003 Second pressure coefficient 138 GPa
©) (K2)

Pressure index (M) 0.29 Elastic constant (K3) 290 GPa




