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Simulation and Experiment of Double Grits Interacting
 Scratch for Optical Glass BK7
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Abstract: The elastic-plastic transition regime and brittle-ductile transition regime in scratch process for 
optical glass BK7 were analyzed based on the Hertzian equation and the stress ratio theory which was proposed 
by Wei. The interacting scratch process for optical glass BK7 with the grit interval distance as the variable was 
simulated by the ABAQUS software of finite element simulation based on the energy fracture theory. Double 
grits interacting scratch test for optical glass BK7 was carried out on the DMG ULTRASONIC 70-5 linear, by 
which the reliability of finite element simulation was verified. The surface morphology of the workpiece was 
analyzed by scanning electron microscopy (SEM), which showed that the width of groove increased obviously 
with the increase of scratch depth and the grit interval distance. Results of the width of groove were consistent 
with the simulation results. The subsurface damage layer was analyzed by the method of HF acid etching, 
which showed that there was an area of cracks intersecting. The scratching force was measured by the three- 
dimensional dynamometer of KISTLER, which showed that the second scratching force increased with the 
increase of scratching depth and the grit interval distance. The force in the second scratch was smaller than that 
in the first time, which was consistent with the Griffith fracture theory.
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1  Introduction

Hard brittle materials such as optical glass and en-
gineering ceramics, interesting in grinding of advanced 
ceramics over the last two decades, are widely used in 
aerospace, petrochemical industry, electrical and elec-
tronic engineering, automobile and manufacturing with 
their low density, chemical stability, high hardness and 
high strength. On the contrary, they are typical diffi-
cult-to-machine materials owing to their great hardness 
and low fracture toughness[1-3]. At present, grinding 
is the main processing method. Guo et al[4] presented 
a series of micro-structured coarse-grained diamond 
wheels for optical glass surface grinding aiming to 
improve the grinding performance, especially subsur-
face damage. Compared with conventional coarse-

grained diamond wheel, the subsurface damage depth 
was reduced effectually from 5 to 1.5 μm, although the 
better surface roughness was not obtained by the mi-
cro-structured coarse-grained diamond wheel. Lim et 
al[5] conducted a fundamental study on the mechanism 
of electrolytic in-process dressing (ELID) grinding for 
optical glass BK7. The results showed that the cutting 
force was unstable throughout the grinding process due 
to the breakage of an insulating layer formed on the 
surface of the grinding wheel, while a smoother surface 
could be obtained using a high dressing current duty 
ratio at the cost of high tool wear. Yao et al[6] conducted  
surface grinding experiments for optical glass BK7 and 
established a relationship between the surface rough-
ness and subsurface. It was found that the relationship 
between surface roughness and subsurface crack depth 
was influenced by the half apex angle of abrasive grain 
as well as the magnitude of extra grain extrusion.

Although great progress in research on hard brittle 
materials has been made, the removal mechanism and 
surface deformation characteristic of hard brittle ma-
terials are still in the exploratory stage. Nano-scratch 
is an effective means, which can research the material 
removal mechanism and the surface deformation char-
acteristic. Many scholars research the material removal 
mechanism and the surface deformation characteristic 
based on single grit nano-scratch test, and have made 
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great progress and development[7-9]. However, single 
grit nano-scratch process cannot capture the charac-
teristics of grinding because interactions may occur 
between neighboring grits and influence the process 
of material removal. Therefore, it is necessary to carry 
out interacting scratch which can represent the evolved 
damage better due to either grinding or abrasive ma-
chining[10,11]. 

Finite element simulation method (FEM) can 
effectively simulate distribution of the stress, strain, 
temperature and so on. Compared with the experiment, 
finite element simulation has some advantages which 
are not limited by time, space and test conditions. And 
FEM can obtain the continuously experimental result 
easily, reproduce the stress, and reproduce the strain 
within a very short period of time. Zhou et al[12] devel-
oped the amulti-particle micro finite element model 
with a random particle distribution in SiCp/Al com-
posites using ABAQUS software. The results indicated 
that both the brittle fracture of SiC particles and the 
plastic flow of Al matrix occur in the process of the 
edge defected formation. The numerical results were 
also compared with the orthogonal cutting experimen-
tal data and were found to be in reasonable agreement. 
Zheng et al[13] have recently developed a comprehen-
sive viscoelastic model with both normal and tangential 
components that compares well to the results obtained 
by using detailed FEM simulations. The model was an 
improvement on previous models because it not only 
was accurate but also had parameters that can be de-
rived directly from material properties. Thepsonthi et 
al[14] provided investigations on 3-D FE modeling and 
simulation of micro-end milling process for Ti-6Al-
4V titanium alloy. Predicted 3-D chip flow and shapes 
were compared against the experiments which provided 
reasonably good agreements. In addition, a comparison 
between 3-D and 2-D FE simulations provided gave a 
better understanding of utilizing their predictions.

In this paper, the finite element simulation of 
double grits interacting scratch was designed, and the 
influence of the different grit interval distances, distri-
bution of strain and stress on surface and subsurface for 
width of the groove were studied. Double grits interact-
ing scratches test for optical glass BK7 was carried out 
based on the simulation. The surface and subsurface 
morphology of the workpiece and width of the groove 
were analyzed by SEM. The force of scratching was 
measured by a three dimensional dynamometer of KIS-
TLER. Furthermore, the influences of scratching depth 
and grit interval distance on the second scratching force 

were analyzed, by which the reliability of finite element 
simulation was verified.

2  Material removal mechanism 

At the very beginning of the loading, there will 
be elastic deformation on the surface of workpiece. So 
the Vickers indenter can be considered to be in contact 
with the workpiece in the form of a spherical surface 
because the contact depth is very shallow. Fig.1 is the 
schematic diagram of contact between the indenter and 
workpiece. P is the normal load, R is the radius of the 
indenter, a is the radius of the contact area, ht is the in-
dentation depth, and hc is the depth of the contact area. 
Within the elastic regime, ht is equal to 2×hc for elastic 
response penetration[15].

The projection area of the contact area in the nor-
mal direction between the indenter and the workpiece is:

                   (1)

According to the Hertzian[15] equation for elastic 
contact of an elastically isotropic material, the rela-
tionship among the indentation depth ht, the elastic 
modulus of the materials and the normal pressure P is 
obtained:

                     (2)

where Er is the reduced elastic modulus within the elas-
tic range, which can be calculated by considering the 
compliance of the workpiece and the indenter tip com-
bined in series[15]:

                        (3)

where Ei is the elastic modulus of diamond indenter, E 
is the elastic modulus of workpiece, νi is Poisson’s ratio 
of diamond indenter and ν is Poisson’s ratio of work-

Fig.1  Schematic diagram of contact between indenter and workpiece
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piece. For the diamond indenter, Ei =1 140 GPa and νi 
=0.07, for the optical glass BK7, E=81.3 GPa and ν= 
0.209.

Based on Eq.1-Eq.3, the average compressive 
stress of the indenter is represented by the normal pres-
sure:

        (4)

Approximate value of average pressure stress is 
obtained by assuming the ht as the approximation a2/R 
for ht<<R[16]:

                            (5)

From the reference[17], the value of maximum con-
tact stress is 3/2 times as large as that of average com-
pressive stress:

         (6)

where H is the micro-hardness, which is measured to 
be 7.15 GPa.

The critical depth of elastic-plastic transition zc
[16] 

is:

        (7)

Wei[18] proposed the ratio of critical strain energy 
density by distortional deformation over that by volu-
metric deformation as a material parameter to quantify 
the ductile-to-brittle transition in glass. For mode I 
crack, the maximum shear stress for all θ occurs when 

θ=103.8°. When τc/pc is bigger than τmax/pmax, the ma-
terial is brittle like, and when τc/pc is smaller than τmax/
pmax, the material would be ductile like:

        (8)

3  Finite element simulation 

3.1	 Conceptual design of finite element sim-
ulation
The fracture criterion of GFI, which is based on 

the energy fracture theory of Brittle Crack is chosen in 
the simulation process because the optical glass BK7 is 
a kind of hard brittle material. The simulation process 
is performed under the dynamic explicit analysis of 
ABAQUS. In order to reduce the computation quan-
tity and the dense grid, the size of workpiece in finite 
element simulation is chosen as 500 μm×400 μm×150 
μm. The diamond Vickers indenter, whose length chisel 
edge is less than 1 μm and the angle is 136°, is chosen 
in the scratch process. As is shown in Fig.2, the finite 
element simulation of interacting scratch for optical 
glass BK7 is designed in different kinds of grit interval 

Fig.3	 Surface morphology and strain distribution of workpiece for finite element simulation: (a) d=50 μm; (b) d=100 μm; (c) d=150 μm; 
(d) d=200 μm

Fig.2  Schematic of interacting scratch for double grits 
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distance, namely d=50 μm, d=100 μm, d=150 μm and 
d=200 μm. The scratch speed is 1.67 mm/s and the 
scratch depth is 8 μm. 
3.2 Result and discussion of finite element 

simulation
3.2.1	 Surface morphology and strain distribution of 

interacting scratch for finite element simulation
The three-dimensional morphology and strain dis-

tribution of the surface are shown in Fig.3, and there is 
an obvious area of interacting removal on the surface. 
The effect of interacting removal is obvious when the 
grit interval distances are 150 and 200 μm, while the 
effect of interacting removal is not obvious when the 
grit interval distances are 50 μm and 100 μm. The ab-
solute value of the strain is the maximum at the contact 
point between the abrasive tip and the workpiece.

As shown in Fig.4, when the influence of grit 
interval distance on groove width is researched, the av-
erage value of 5 samples is chosen as the groove width 
because the groove width is not constant in the process 
of scratch. The groove width is expressed as Eq.(9):

                                 (9)

As shown in Fig.5, the groove’s width increased 
obviously with the increase of the grit interval distance.
3.2.2 Stress distribution on subsurface

The stress distribution on subsurface is shown 
in Fig.6. There’s the obvious intersecting stress on the 
subsurface when the grit interval distances are 50 μm 
and 100 μm. The maximum value of intersecting stress 
is 8.871-11.09 GPa when the grit interval distance is 50 
μm, 3.699-5.549 GPa when the grit interval distance is 
100 μm, and less than 2.067 GPa when the grit interval 
distances are 150 and 200 μm. The larger the maximum 
value of intersecting stress is, the more obvious the ma-
terial removal of grit interacting is.

4	 Experimental device and condi-
tion

The size of workpiece, optical glass BK7, is 20 
mm×20 mm×20 mm. In order to remove the glass dam-
age layer, the surface of the workpiece is traditionally 
polished (the polishing powder is Cerium Oxide). The 
surface roughness of the polished workpiece is detected 
by atomic force microscopy(70 μm×70 μm), the value 
of which is 2 nm(Fig.7).

Fig.6  Stress distribution of subsurface: (a) d=50 μm; (b) d=100 μm; (c) d=150 μm; (d) d=200 μm

Fig.4  Schematic of groove width   

Fig.5  Influence of grit interval distance on groove width
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As is shown in Fig.8(a), the scratch experiment 
for optical glass BK7 is carried out on the DMG UL-
TRASONIC 70-5 linear, and the scratch force is mea-
sured by three-dimensional dynamometer of Kistler. 
The length chisel edge for diamond Vickers indenter is 
less than 1 μm, and the angle is 136°(±15’). The work-
piece coordinate is established by using the three point 
leveling system of machine tool. The speed of scratch-
ing is 100 mm/min. There is no fluid cooling in scratch-
ing because of the small scratching depth and low 
scratching speed. The scratch process is divided into 

two steps. The first step is scratching the first scratch, 
and the second step is scratching the second scratch 
where it is from the first one at the interval distance of d.

As shown in Fig.8(b), the experiment of in-
teracting scratch for optical glass BK7 is designed 
in different grit interval distances, namely d=50, 
100, 150 and 200 μm. There’re four times scratch-
es in each workpiece. What’s more, to explore the 
influence of scratch depth on the material remov-
al and scratch force, the experiment of interacting 
scratch for optical glass BK7 is designed in differ-
ent kinds of scratch depths, namely ap=4, 6, 8, and 
10 μm. The specific test conditions are shown in 
Table 1.

5	 Result and discussion

5.1 Surface morphology of interacting 
scratch
The three dimensional morphology of the surface 

of glass was observed by Hitachi SU8010 scanning 
electron microscope (SEM). The workpiece was treated 
by spraying-gold before observed by SEM because the 
optical glass BK7 was an insulator. As shown in Fig.9, 
the surface morphology of groove was observed by 
SEM. The chunk removal(black arrow) and segmented 
chips(dotted circle) were found on the groove surface, 
which were the main forms of material removal. And 
there were obvious residual materials(White arrow) on 
the surface. The fracture form of the groove edge was 
formed mainly by the shell-shaped fracture, and the 
scratch edge was sharp wedge. What’s more, because 
the growth direction of crack which is influenced by 
the shear stress is perpendicular to the direction of 
shear stress, the included angle between the direction 
of fracture and the direction of scratch is about 45°. 
There were transverse cracks extended to the surface 
in groove edge(Full line ellipse). While there was an 
interacting area, the interacting effect of transverse 

Fig. 9  Interacting removal of groove morphology

Fig.7  Atomic force microscopy of the polished workpiece

Fig.8	 Experimental device and condition of interacting scratch 
for optical glass BK7

Table 1  Experimental condition of interacting scratch
Condition No. d/μm, ap/μm

1-4 50, 100, 150, 200 4

5-8 50, 100, 150, 200 6

9-12 50, 100, 150, 200 8

13-16 50, 100, 150, 200 10
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cracks extended to the surface leading to the interacting 
removal of material. The radial cracks were caused by 
the normal scratch force, and a large amount of micro 
cracks in the groove’s surface were caused by the pro-
cess of unloading.

As shown in Fig.10, we find that there is almost 
no residual material between the two grooves when the 
grit interval distance is small enough, and the residual 
boundary of the second scratch is better than that of the 
first time. (Fig.10(a) is the first scratch and Fig.10(b) is 
the second scratch).

The groove morphology in different kinds of 
depth and different kinds of grit interval distance is 
shown in Fig.11, which shows that the width of groove 
increased obviously with the increase of scratch depth 
and the increase of grit interval distance. The effect of 
interacting removal was obvious when the grit interval 
distances were 150 and 200 μm, and was not obvious 
when the grit interval distances were 50 and 100 μm, 
which was consistent with the simulation result.

After cleaning the workpiece by ultrasonic clean-
ing machine, the value of groove width was measured 

by confocal scanning laser microscope OLS3000. The 
average value of 5 samples was chosen as the groove 
width because the groove’s width was not constant in 
the scratch process. As shown in Fig.12, the groove’s 
width increased obviously with the increase of scratch 
depth. As shown in Fig.13, the groove’s width in-
creased obviously with the increase of grit interval dis-
tance, which was consistent with the simulation result.

5.2	 Analysis of subsurface crack in inter-
acting scratch
Subsurface cracks will affect the strength and 

long-term stability of optical components directly, so it 
is important to study the subsurface cracks in the pro-
cess of interacting scratch[19]. As shown in Fig.14(a), 
the scratch cross section was polished to a mirror(the 
roughness is about 2 nm) by using the traditional pol-
ishing technology(polishing powder is cerium oxide), 
and the subsurface morphology of the scratch cross 
section was observed by SEM. The polished cross 
section was treated by the method of HF acid etching 
to observe the subsurface cracks clearly. In order to 
reduce the effect of corrosion on the surface damage 

Fig.10  Comparison of the groove boundary in the first scratch and the second scratch

Fig.11  Comparison of groove morphology with different scratch conditions: (a) ap=4 μm; (b) ap=6 μm; (c) ap=8 μm;  (d) ap=10 μm

Fig.12  Relationship between groove width and scratch depth

Fig.13  Relationship between groove width and interval distance
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Fig.14  Comparison of subsurface morphology before and after etching

Fig.15  Subsurface morphology of scratch

for optical glass BK7, the HF acid solution was diluted 
from 40% to 1%, and the workpiece was immersed in 
diluted solution for 10 min. As shown in Fig.14(b), the 
subsurface after HF acid etching was cleaned by ultra-
sonic cleaning machine. The subsurface morphology 
of the workpiece before corroding was consistent with 
that after corroding. The subsurface cracks of the work-
piece was opened by HF acid only, and there was no 
other damage to the cross section.

As shown in Fig.15, there’re typical radial and 
transverse cracks on the subsurface, and particularly 
the layer-shaped cracks appeared in the workpiece 
due to the uneven distribution of stress. And there was 
obvious intersecting crack on the subsurface, which 
described the distribution of subsurface cracks in the 
grinding process more explicitly than the single grit 
scratch.
5.3  Analysis of normal scratch force

The change of the scratch force is closely related 
to factors in the process of scratch, which is the charac-
terization of indenter acting on the surface of workpiece 
under load condition. Due to the interaction between 
single diamond and specimen in the process of static 
scratch, there would be plastic deformation, elastic de-
formation, brittle fracture, material removal, and other 

forms of damage in the process of optical glass BK7, 
resulting in the scratch force altering with the change 
of scratch factors. In the process of scratch, axial force 
is mainly related to swing of rotating grinding wheel, 
and tangential force mainly affects indenter wear and 
machine tool’s power consumption. Normal force is the 
most important parameter related to the deformation 
and surface quality of the workpiece. So in this paper, 
we only took the normal force into consideration in the 
process.

As shown in Fig.16, the force in the second 
scratch is smaller than that in the first time. With the 
increase of scrach depth, it is influenced by the damage 
caused by the new transverse cracks in first scrach. 

Fig.16  Relationship between normal force and scratch depth 
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According to the Griffith fracture theory[20](Eq. 10), 
the length of crack radius for new transverse cracks is 
longer than that before the first scratch, which results in 
the fracture stress reducing and the low stress fracture. 
And it’s found that the second scratch force increased 
with the increase of scratch depth:

                             (10)

where σcrit is the Griffith fracture stress, rs is the surface 
energy of the new surface in fracture process, c is the 
length of crack radius, and E′ is the elasticity modulus.

As is shown in Fig.17, with the increase of grit 
interval distance, the interacting effect is gradually 
weakened and the scrach force in the second scrach is 
gradually becoming smaller ,which is gradually getting 
closer to that in the first time.

6  Conclusions

The interacting scratch process for optical glass 
BK7 with the grit interval distance as the variable was 
simulated by the ABAQUS software of finite element 
simulation based on the energy fracture theory Brittle 
Crack. Double grits interacting scratch test for optical 
glass BK7 was carried out on the DMG ULTRASON-
IC 70-5 linear. And some conclusions were obtained 
through this investigation:

a) The surface morphology of the workpiece was 
analyzed by SEM. The results showed that the groove’s 
width increased obviously with the increase of scratch 
depth and the grit interval distance, which was consis-
tent with the simulation results. 

b) The subsurface damage layer was analyzed by 
the method of HF acid etching. It was found that there 
was an area of cracks intersecting, which described the 
distribution of subsurface crack in the grinding process 
more explicitly than the single grit scratch.

c) The scratch force was measured by the three 

dimensional dynamometer of KISTLER, which showed 
that the second scratch force increased with the in-
crease of scratch depth and the grit interval distance. 
The force in the second scratch was smaller than that 
in the first time, which was consistent with the Griffith 
fracture theory.
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