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Abstract
To investigate the effect of microscale grinding on the quality of ITO conductive glass, this paper conducted microscale 
grinding experiments on ITO conductive glass. The influence of process parameters on machining quality was analyzed using 
microgrinding force, surface roughness, and sheet resistance as indicators. Meanwhile, soda-lime glass was set as the control 
group to analyze the effect of ITO film. The results indicate that brittle fracture is the main removal method for ITO films, 
and the glass substrate exhibits two different removal methods, brittle and ductile, depending on the process parameters. The 
ITO thin film layer suppresses the sheet deformation of the glass substrate, increasing the grinding force and reducing the 
processing quality. Increasing the spindle speed, reducing the feed speed, and reducing the cutting depth can improve the 
machining quality. The spindle speed has a significant impact on surface roughness, while the cutting depth has a significant 
impact on the sheet resistance of the thin film. In addition, soda-lime glass chips mainly appear in powder and granular form, 
while ITO conductive glass also has flaky thin film chips generated by interlayer fracture.
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1 Introduction

Indium tin oxide (ITO) is a semiconductor thin film mate-
rial with good conductivity and transparency. After sput-
tering a layer of ITO thin film on a glass substrate and 

high-temperature annealing treatment, ITO conductive glass 
can be obtained. Due to its excellent material properties and 
mature preparation process, it is widely used in optoelec-
tronic devices, electric thermal conversion, electromag-
netic shielding, and other fields [1, 2]. Figure 1 illustrates 
the specific application scenarios of ITO conductive glass. 
When this material is applied in precision optoelectronic 
systems, it needs to have characteristic structures such as 
microgrooves, microwalls, or micropores at the micrometer 
level and requires high surface quality and geometric accu-
racy [3–5]. Microfabrication techniques such as etching and 
masking based on semiconductor manufacturing processes 
are costly and inefficient, making it difficult to achieve com-
plex morphology and large depth of field structures. And 
microscale grinding is formed by the synergistic cutting 
of microabrasive particles and microedges on the surface 
of microgrinding wheels to form the machining surface of 
parts, which has high processing efficiency and is commonly 
used for the machining of some brittle material microstruc-
tures [6].

In order to improve the quality of microscale grinding, 
some scholars have studied the mechanism of material 
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removal in microgrinding. Perveen et al. [7] conducted 
microgrinding experiments on BK7 glass using vertical PCD 
tools. By analyzing the cutting forces and surface rough-
ness under different processing parameters, a prediction 
model for microgrinding quality was obtained. Cheng et al. 
[8–10] studied the removal mechanism of brittle materi-
als through microgrinding experiments on hard and brittle 
materials. Taking into account size effects, abrasive particle 
distribution, and tool morphology, a theory of maximum 
undeformed cutting thickness for microscale grinding was 
proposed based on traditional grinding techniques. Feng 
et al. [11] used cohesive force method to simulate fracture 
mode and coupled abrasive trajectory, analyzed surface 
generation under ductile mode, and successfully predicted 
the grinding force and surface quality of ceramic materi-
als in microgrinding processing. Ren et al. [3] conducted 
side microgrinding experiments on monocrystalline silicon, 
evaluating the quality of microgrinding by surface roughness 
and average edge collapse width. They analyzed the effects 
of different microgrinding tools and process parameters on 
microgrinding quality. Manea et al. [12] conducted a study 
on microgrinding of K9 glass, analyzing the grinding force 
component and grinding path based on the critical depths 
of plowing, sliding friction, and brittle tearing. They estab-
lished an arithmetic model of grinding force based on the 
geometric model of abrasive particles and finally verified the 
reliability of the model through experimental results.

ITO conductive glass is a composite material of brittle 
film/brittle substrate, and different forms of damage will 
occur between the thin film layer and the substrate during 

the processing. For the surface processing of brittle hard 
coating materials, Kubohori et al. [13] used diamond grind-
ing wheels to grind the  Al2O3-TiO2 coating and found that 
the surface roughness increased with increasing cutting 
depth and decreased with increasing abrasive particle size. 
The peeling and detachment of coatings during processing 
make it difficult to obtain an ideal machining surface, but 
the higher the  TiO2 content in the coating, the lower the 
occurrence rate of peeling and detachment. Katahira et al. 
[14] proposed a high surface quality machining method for 
titanium nitride-based coatings, which achieves a high-qual-
ity surface layer and higher residual compressive stress on 
the machined surface through specific precision grinding 
processes. Masoumi et al. [15] studied the grinding force, 
specific energy, and material removal mechanism during 
surface grinding of HVOF-sprayed coating and found that 
an increase in cutting speed leads to a transition from brit-
tleness to toughness, while most of the energy is consumed 
by plastic flow patterns. Zoei et al. [16] conducted grind-
ing experiments on WC-10Co-4Cr coatings and found that 
with the increase of cutting depth or feed rate, as well as the 
decrease of cutting speed, the residual compressive stress 
value and wear resistance both increased. The increase of 
residual compressive stress can prevent the formation and 
propagation of cracks. Kar et al. [17–19] conducted theoreti-
cal and experimental research on the grinding of thermal 
spray coatings and proposed a grinding force model to ana-
lyze the fracture behavior of ceramic coatings. The material 
removal mechanism is mainly due to microbrittle fracture, 
and the higher the cutting speed, the more obvious the plow 
marks on the machined surface.

At present, some scholars have studied the damage 
mechanism of ITO conductive glass. Qiu et al. [20] con-
ducted scratch experiments on ITO glass and found that 
the mechanical properties of the thin film are affected by 
internal stress. Increasing the internal compressive stress 
will improve the hardness of the ITO thin film. Lee et al. 
[21] compared chemical mechanical polishing with different 
process parameters to improve the surface quality of ITO 
films and compared the electrical and optical properties of 
the polished ITO films. The optimal processing conditions 
with high removal rate, low non-uniformity, low resistiv-
ity, and high transmittance were obtained. Ziaei et al. [22] 
explained the failure behaviors of layered film systems, such 
as channel cracking and interfacial delamination, by using a 
combination of nonlinear finite element method, dislocation-
density crystalline plasticity model, and viscoelastic formu-
lation. Wang et al. [23] obtained mechanical performance 
data such as hardness, elastic modulus, energy release rate, 
and fracture toughness of ITO thin film materials through 
nanoindentation tests. They found that plastic deformation 
and residual stress of the substrate can easily cause local 
fracture failure of the material.

Fig. 1  Application of ITO conductive glass
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This article adopts the method of microscale grinding 
to process ITO conductive glass, in order to explore the 
material removal mechanism of ITO conductive glass and 
analyze the influence of process parameters on the sur-
face quality of the processed surface. The grinding force, 
surface roughness, sheet resistance, and machining mor-
phology in microgrinding experiments were analyzed and 
studied in the experiment. And soda-lime glass without 
ITO film was set as the control group of the experimental 
material, and the effect of the film on the substrate glass 
material during microgrinding was analyzed.

2  Microscale grinding mechanism of ITO 
conductive glass

Brittle fracture removal, ductile brittle removal, and duc-
tile removal are the main removal methods for brittle 
materials. Brittle fracture removal is caused by the for-
mation, propagation, peeling, and fragmentation of voids 
and cracks, which usually cause damage to the surface or 
subsurface of the material. The removal of ductile brittle-
ness involves the deformation and peeling of materials, 
which gradually accumulate with the action of abrasive 
particles until the material detaches. Ductile removal is 
the formation of plastic chips under the plowing action of 
abrasive grains, and the fracture of chips does not cause 
cracks to spread to the subsurface of the processed work-
piece [24–26].

The material removal method during the grinding pro-
cess can be analyzed by the critical cutting depth hc and 
the undeformed chip thickness hm [27–30]. The unde-
formed chip thickness for vertical surface grinding can be 
obtained from the following equation [7]:

 where C1 is linear grain density, B is grinding width, D is 
tool diameter, f is feed speed, and n is spindle speed.

There are two critical cutting depths hc1 and hc2 for 
brittle materials. When the undeformed chip thickness hm 
is less than the critical cutting depth hc1, the material is 
removed in the ductile region through plastic flow and 
is in the ductile removal mode. When hm is between hc1 
and hc2, the material is removed from the ductile to brittle 
transition zone through plastic flow and crack propagation 
and is in ductile brittle removal mode. When hm is greater 
than hc2, the material is in a brittle fracture removal mode 
[31], and its formula is as follows:
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On the basis of Bifano’s critical cutting depth theory [32], 
Ma et al. [33] obtained that the critical cutting depth for 
brittle ductile transition can be calculated by the following 
equation:

 where θ is the half-angle of grain conic node, Kd is dynamic 
coefficient, KIC is fracture toughness, E is elasticity modulus, 
H is microhardness, and η1 and η2 are coefficients of ductile 
stage.

The surface of ITO conductive glass has a brittle thin 
film, and the fracture toughness of soda-lime glass adjacent 
to this film area is affected by the bonding effect of the film. 
However, due to the fact that the thickness of ITO thin films 
is much smaller than the thickness that can be achieved by 
microgrinding, the impact on the critical cutting thickness 
of soda-lime glass is relatively small. When using thin film 
materials, two factors need to be further corrected. η1 and 
η2 are two ductility stage coefficients.

The microgrinding mechanism of ITO conductive glass 
is shown in Fig. 2, where Fig. 2a is a schematic diagram of 
microscale grinding. Microgrinding tool with electroplated 
abrasive particles with a diameter of less than 1 mm is used 
to machine microgrooves on ITO conductive glass. The 
material of the workpiece is ITO conductive glass, which is 
based on soda-lime glass and coated with an ITO thin film 
with a thickness of 0.2 μm on the surface.

Figure 2b shows the material removal mechanism of ITO 
conductive glass under microscale abrasive action. At this 
time, the cutting thickness h is less than the critical cutting 
depth of the glass, and the glass substrate is in a ductile 
removal state. However, due to the large elastic modulus 
and thin thickness of the ITO film, it is in a brittle fracture 
removal state. In Fig. 2b, under the influence of the radius 
effect of the abrasive cutting edge, a shear deformation zone 
appears at the front end of the abrasive. The plow with abra-
sive grains exerts a squeezing force F1 on the surface of the 
material, leaving ductile scratches on the processed surface. 
When ductile chips are formed, F2 in the shear deforma-
tion zone tears and separates the chips from the workpiece. 
The material strength resists the extrusion force F3 gener-
ated by deformation. The higher material strength of the 
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thin film layer itself enhances F3 to a certain extent, hinders 
the shear deformation of the substrate, reduces the shear 
angle θ, increases the shear plane, and compresses the shear 
deformation zone.

Figure 2c shows the removal mechanism of ITO conduc-
tive glass under the ductile removal mode of glass substrate. 
When the cutting depth is shallow, the glass material in the 
shear deformation zone is separated from the material sur-
face mainly by plastic flow [34, 35]. Due to the small thick-
ness of the film, there is not enough area to produce plastic 
flow. Under the action of abrasive particles, cracks and burrs 
are generated at the scratch edge of ITO film. The bonding 
force between layers fails to inhibit the crack propagation of 
ITO film, and ITO film is still in the state of brittle removal. 
At the same time, the shear deformation of the glass sub-
strate will also cause more cracks in the film.

Figure 2d shows the brittle removal mechanism of ITO 
conductive glass. When abrasive particles scratch the work-
piece, axial cracks and lateral cracks are generated at the 
bottom and edges of the shear deformation zone on the glass 
substrate. Radial cracks are also generated at the edge of 
the scratch. At the same time, cracks are also generated in 
the thin film layer under stress, and these cracks extend to 
produce brittle chips [36]. In addition, thin film failure forms 
such as delamination and fracture may occur during the 

processing. Among them, delamination refers to the failure 
of the bonding between the film and the substrate, resulting 
in the film falling off. Interlayer fracture refers to the exten-
sion of interlayer cracks to the point of penetration, resulting 
in the complete peeling of the material [37, 38].

3  Experimental methods and equipment

As shown in Fig. 3, a microgrinding experiment was con-
ducted on a CNC machining center (VMC5640V4). The 
workpiece was installed on a force measuring instrument 
(MC3D160) and fixed on the machine tool workbench through 
a vacuum chuck. The measured data was input to the PC port 
for real-time analysis and processing through a signal acqui-
sition card (MCD3USB). The surface profile and roughness 
were measured using a superdepth microscope (DSX1000), 
the resistance of the processed thin film was measured using a 
four probe square resistance meter (HP2523), and the micro-
structure of the processed surface was analyzed using a scan-
ning electron microscope (SEM3100).

As shown in Fig. 4a, the size of the ITO conductive 
glass workpiece is 25 × 50 × 2 mm, with an ITO film thick-
ness of 0.2 μm. The sheet resistance of the thin film is 
6.8Ω. Select the 500# electroplated diamond grinding tool 

Fig. 2  Microgrinding mecha-
nism of ITO conductive glass. 
a Microgrinding schematic 
diagram. b Material removal 
mechanism. c Ductile removal 
of substrate. d Brittle removal 
of substrate



2405The International Journal of Advanced Manufacturing Technology (2024) 133:2401–2417 

Fig. 3  Experimental platform and equipment. a  Experimental platform. b  DSX1000 superdepth microscope. c  SEM3100 scanning electron 
microscope. d HP2523 four probe square resistance meter

Fig. 4  Workpiece and tool. 
a ITO conductive glass. 
b Electroplated microgrinding 
tool. c End face morphology of 
microgrinding tool. d Lateral 
morphology of microgrinding 
tool
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as shown in Fig. 4b for the experiment, and the tool mor-
phology is shown in Fig. 4c, d. At the same time, soda-
lime glass is set as the experimental control group to ana-
lyze the material removal mechanism of ITO conductive 
glass. The specific properties of the workpiece and tool 
materials are shown in Table 1.

In order to study the influence of process parameters on the 
processing quality of ITO conductive glass, processing tests are 
carried out on the material within the range of these parameters 
as shown in Table 2. After finishing the microgrinding of each 
parameter, the grinding tool is dressed to keep the same state. 
In addition, new grinding tools are replaced after each group 
of tests to ensure the accuracy of the tests.

The logic structure of the overall test is shown in Fig. 5. 
The single factor test of ITO conductive glass was car-
ried out. With n = 7000 r/min, f = 1 mm/min, ap=9 μm is 
the standard, changing one of the factors. The variations of 
grinding force, surface roughness, and sheet resistance were 
measured under the condition of changing this factor. To 
analyze the influence of processing parameters on process-
ing quality and material properties, soda-lime glass with-
out ITO film was set as the control group for comparative 
test. The influence of thin film on microgrinding process is 
analyzed through the difference of microgrinding force and 
surface roughness. In addition, the orthogonal test of three 
factors and four levels is carried out on ITO conductive glass 
within the parameter range shown in Table 2. The influence 
of processing parameters on processing quality is analyzed 
by taking surface roughness and film resistance as evaluation 
indexes. Determine the main factors affecting the processing 
quality and the optimal parameter combination.

4  Discussion of experimental results

4.1  Analysis of microgrinding force

Grinding force is the force applied to the tool or workpiece 
during the grinding process, which can to some extent 

reflect the processing state of the material [30]. Studying 
the microgrinding force of ITO conductive glass can deter-
mine the influence of microgrinding process parameters 
on machining efficiency and analyze the removal state of 
materials. By comparing with soda-lime glass, the material 
removal mechanism of ITO conductive glass can be further 
studied.

Figure 6 shows the fluctuation curve of tangential force 
with microgrinding time obtained by grinding ITO conduc-
tive glass and soda-lime glass using a 500# electroplated dia-
mond microgrinding tool. It can be seen that under the same 
microgrinding parameters, the tangential force experienced 
by the two materials during microgrinding fluctuates within 
a certain range, but the tangential force of ITO conductive 
glass is larger than that of soda-lime glass. The highlighted 
blue area in Fig. 6 represents the effect of the presence of 
ITO film on grinding force. This indicates that the mate-
rial strength of ITO film is greater than that of soda-lime 
glass. Even though the thickness of ITO film layer accounts 
for a small proportion of the microgrinding thickness, this 
effect can still be reflected in the microgrinding force, which 
affects the processing performance of ITO-coated glass.

Figure 7 shows the graph of the tangential force of ITO 
conductive glass and soda-lime glass microgrinding as a 
function of process parameters. In Fig. 7a, it can be seen 
that the tangential force of the two materials increases with 
the increase of cutting depth. This is because the deeper 
the cutting depth, the larger the volume of the grinding 
tool, and at the same time, the area of contact between the 
abrasive particles and the workpiece increases, resulting in 
an increase in the frictional force generated by microgrind-
ing. In addition, the tangential force of soda-lime glass in 
Fig. 7a is always smaller than that of ITO conductive glass. 
This is because ITO conductive glass has an additional 
layer of ITO film compared to soda-lime glass, and the 
presence of the film increases the surface hardness of the 
glass substrate. When cutting with microgrinding tools, 
the abrasive particles need to consume more energy to 
overcome the ITO film, so microgrinding of ITO conduc-
tive glass will generate greater tangential force. When the 
cutting depth is low, the size effect of microscale grinding 
makes the tangential force difference more pronounced. In 
order to clearly show the influence of ITO film on grinding 
force, the film effect ef is defined as

Table 1  Material properties Material Density
ρ (kg/m3)

Elastic modulus
E (GPa)

Poisson’s ratio Tensile strength
σt (MPa)

ITO film 6800 116 0.35 293
Soda-lime glass 2530 62 0.23 53
Diamond 3520 1100 0.17 –

Table 2  Microgrinding experimental design

Factors Range

Spindle speed n (r/min) 5000~8000
Feed speed f (mm/min) 0.5~2
Cutting depth ap (µm) 3~21
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 where Fi is the grinding force of ITO conductive glass and 
Fs is the grinding force of soda-lime glass.

According to the film effect curve in Fig. 7a, it can be 
found that with the increase of cutting depth, the contribu-
tion of film to grinding force gradually decreases by about 
10%. This is because the thickness of ITO film is fixed, 

(6)ef =
Fi − Fs

Fi

× 100%
and the effect of the film on the tangential force is masked 
by the increasing cutting depth.

Figure 7b shows that as the feed rate increases, the tan-
gential forces of the two materials also increase accord-
ingly. An increase in feed speed will result in a greater 
amount of material removal per unit time, requiring 
greater tangential force to maintain the given feed speed. 
According to the film effect curve, it can be seen that ITO 
film will affect the tangential force in the grinding process. 

Fig. 5  Logical structure of 
experiment

Fig. 6  Tangential force fluctua-
tion curve of two materials
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The influence of film on the cutting force fluctuates at 7% 
of the total tangential force, and the change with the feed 
speed is not obvious.

In Fig. 7c, it can be observed that the tangential force 
increases with the increase of spindle speed. The reason is 
that increasing the spindle speed will improve the abrasive 
effect on the microgrinding tool, and more abrasive particles 
will participate in cutting per unit time, thereby reducing 
the volume of single abrasive particle removal and reduc-
ing grinding force. In addition, increasing the spindle speed 
will steadily increase the grinding area, thereby improving 
microgrinding performance and reducing grinding force. 
The increase of spindle speed will gradually reduce the dif-
ference of tangential force between ITO conductive glass 
and soda lime glass. The reason is that increasing the spindle 
speed will result in more abrasive particles being cut per 
unit time, and the effect of ITO film on material removal is 
weakened by the spindle speed.

4.2  Analysis of surface roughness

Surface roughness is an important indicator for evaluating 
the quality of processed surfaces. The variation curve of 
surface roughness with process parameters during micro-
scale grinding of ITO conductive glass and soda-lime glass 
is shown in Fig. 8. It can be observed that the greater 
the cutting depth, the greater the surface roughness of the 
machined surface in Fig. 8a. This is because as the cutting 

depth increases, the volume of removed glass substrate 
increases, resulting in an increase in powdered chips that 
accumulate in the gaps between abrasive particles, hinder-
ing the flow of chips and reducing the effective cutting 
area of abrasive particles. When the microgrinding tool is 
fed, the chips accumulated between the gaps of the abra-
sive particles will cause obvious cutting marks and pits 
to appear on the machining surface. At the same time, an 
increase in cutting depth will lead to an increase in cutting 
force. Excessive stress will cause brittle glass materials to 
reach their strength limit, resulting in shear deformation, 
fragmentation, or peeling.

Comparing the two curves in Fig. 8a, it can be observed 
that the surface roughness of ITO conductive glass is greater 
than that of soda-lime glass. The reason is that ITO films 
have higher material strength compared to glass substrates. 
Under the action of microscale grinding, stress concentra-
tion causes the glass substrate to reach the damage criterion 
before the ITO film. When the stress reaches the damage 
strength of the ITO film, under the action of the adhesion 
force between the film and the substrate, the glass substrate 
further undergoes greater damage.

Comparing the two curves in Fig. 8a, it can be observed 
that the surface roughness of ITO conductive glass is 
greater than soda-lime glass. The reason is that ITO films 
have higher material strength compared to glass substrates. 
Under the action of microscale grinding, the glass substrate 
reaches the damage criterion before the ITO film. When the 

Fig. 7  Tangential force of 
two materials with different 
parameters. a Tangential force 
at different cutting depths. 
b Tangential force at different 
feed speeds. c Tangential force 
at different spindle speeds
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stress reaches the damage strength of the ITO film, under the 
inhibitory effect of the film on substrate shear deformation, 
the glass substrate further undergoes greater damage. The 
presence of ITO thin film layers makes it more difficult to 
obtain high-quality machined surfaces.

Figure 8b shows that the machined surface roughness 
increases with the increase of feed speed. Due to the fact that 
glass is an amorphous brittle material, an increase in feed 
speed during microgrinding can lead to a transition from 
ductile brittle removal to brittle removal, resulting in brittle 
fracture and an increase in surface roughness. It can be found 
that the surface roughness of ITO conductive glass process-
ing is significantly higher than that of soda-lime glass due 
to the influence of feed speed. Under the influence of higher 
feed speed and interlayer cohesion of the film, interlayer 
cracking between the film and substrate can cause cracks 
and defects in the glass substrate, leading to a decrease in 
the quality of microgrinding processing.

Figure 8c shows the variation curve of machining surface 
roughness with microgrinding spindle speed. As the spin-
dle speed increases, the surface roughness decreases accord-
ingly. According to the brittle fracture criterion, cracks prop-
agate along the path with the highest energy release rate [39, 
40]. As glass is a brittle material, the energy is small at low 
spindle speeds, and the material is mainly removed through 
brittle fracture. As the spindle speed increases, the material 
removal method gradually switches to ductile removal. In 
addition, increasing the spindle speed will increase the cut-
ting efficiency of the abrasive particles on the microgrinding 
tool, allowing the chips to flow quickly and detach from 
the microgrinding tool, eliminating protrusions and burrs 
that affect the machining surface roughness, and thereby 
reducing the surface roughness [41]. Comparing the varia-
tion curves of the two materials, it can be observed that the 
numerical difference in surface roughness gradually narrows 
with the increase of spindle speed. This indicates that higher 

Fig. 8  Surface roughness variation curves of two materials. a Surface roughness variation curve with cutting depth. b Surface roughness curve 
with feed speed. c Surface roughness variation curve with spindle speed
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spindle speeds are easier to process ITO films, and increas-
ing spindle speed helps to break the bonding state between 
ITO films and glass substrates.

The surface roughness Ra obtained by microgrinding ITO 
conductive glass is in the range of 1.5 to 3.0 μm, while Ra of 
soda-lime glass is in the range of 1.0 to 1.5 μm. The surface 
roughness of soda-lime glass is only about 60% of ITO con-
ductive glass. The existence of ITO film layer makes it more 
difficult to obtain high-quality machined surface.

4.3  Analysis of sheet resistance

In order to investigate the influence of microscale grinding 
on the conductivity of ITO thin films, a four probe square 
resistance meter was used to measure the sheet resistance 
of the thin film at the edge of the microgroove on ITO con-
ductive glass. At the same time, the edge crack amount of 
the microgroove captured by a superdepth microscope was 
calibrated, as shown in Fig. 9.

By organizing experimental data, Fig.  10 shows the 
influence of microscale grinding process parameters on the 
conductivity and edge crack of ITO conductive glass. The 
bar graph represents the amount of edge crack, and the line 
graph represents the sheet resistance of the thin film. The 
edge crack caused by microscale grinding directly affects the 
integrity of the thin film at the edge of the microgroove, and 
the microcracks generated by the edge collapse can change 
the structure of the ITO thin film, causing the conduction of 
current at the crack to be hindered. Therefore, there is a cor-
relation between the sheet resistance of the thin film and the 
amount of edge crack. But this relationship is not absolute, 

and the integrity of the film is also affected by factors such 
as chip splashing, high-temperature burns, and subsurface 
damage during microgrinding.

In the microgrinding test of ITO conductive glass, the 
edge crack of the microgroove fluctuated in the range of 10 
to 45 μm, and the measured sheet resistance ranged from 
16.0 to 18.0 Ω. The fluctuation of edge crack amount and 
sheet resistance with the change of processing parameters 
is similar, and the two indicators reflect the integrity of the 
edge surface of the microgroove. As shown in Fig. 10, the 
influence of microgrinding process parameters on film qual-
ity can be analyzed by making it into a double Y-axis graph.

Figure 10a shows the effect of cutting depth on conduc-
tivity and edge crack. The sheet resistance and edge crack 
show an overall upward trend with increasing cutting depth. 
However, when the cutting depth is shallow, the microgrind-
ing tool does not have sufficient contact with the material, 
resulting in local stress concentration and easy edge crack at 
the edge of the microgroove. In addition, the smaller cutting 
depth highlights the brittle and hard material characteristics 
of ITO films, which can cause delamination between ITO 
films and substrates during microscale grinding, affecting 
the conductivity of the films.

Figure 10b shows the effect of feed speed on the amount 
of edge crack and the sheet resistance of the thin film. At low 
feed speed, grinding is relatively stable, and the variation 
amplitude of edge crack and sheet resistance is relatively 
small. When the feed speed increases to a certain range, 
it will lead to an increase in the cutting thickness of the 
abrasive particles, resulting in an increase in grinding force. 
The pressure between the tool and the workpiece increases 

Fig. 9  Measurement of edge 
crack
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beyond the material strength limit, and the brittle fracture 
of the material affects the values of the sheet resistance and 
edge crack. Due to the subsurface damage generated during 
microscale grinding, defects appear at the bonding interface 
between ITO film and glass substrate, resulting in a mis-
match between the sheet resistance and the amount of edge 
crack under certain parameters.

Figure 10c shows the effect of spindle speed on the 
amount of edge crack and sheet resistance. The amount of 
edge crack decreases with the increase of microscale grind-
ing spindle speed. The reason for this is that the higher 
the spindle speed, the better the chip flow state during 
microgrinding and the more abrasive particles come into 
full contact with the material. In addition, increasing the 
spindle speed will reduce the material removal volume of 
abrasive particles, reduce cutting force, and thus improve 
the machining status of microgrinding tools. However, due 
to the increase in spindle speed, the kinetic energy of chips 
will be increased, and chips flying away from the substrate 
will collide with micropits at the edge of the microgrooves. 
These microdamages will affect the integrity of the ITO film, 
thereby affecting the sheet resistance.

4.4  Analysis of orthogonal experiments

Surface roughness and sheet resistance are important evalu-
ation indexes of microgrinding quality and material prop-
erties of ITO conductive glass. In order to determine the 
importance of each factor on the processing quality and find 
the optimal parameter combination, this paper designs an 
orthogonal test with three factors and four levels. The spe-
cific data obtained from the orthogonal test are shown in 
Table 3.

Perform range and variance analysis on the data in 
Table 3, and the results are shown in Fig. 11. Among them, 
Fig. 11a, b, respectively, represents the variation of surface 
roughness and sheet resistance k values with orthogonal 
levels under various factors. Surface roughness reflects 
the quality of the processed surface, while sheet resistance 
reflects the influence of processing on the conductivity of the 
material. These two indicators have slightly different trends 
with changes in processing parameters. Performing range 
analysis can obtain Fig. 11c, where the maximum influenc-
ing factor on surface roughness is spindle speed, while the 
maximum influencing factor on sheet resistance is cutting 

Fig. 10  Edge crack and sheet resistance under different parameters. a Edge crack and sheet resistance at different cutting depths. b Edge crack 
and sheet resistance at different feed speeds. c Edge crack and sheet resistance at different spindle speeds
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depth. The analysis of variance in Fig. 11d can further ana-
lyze the dispersion degree in the data distribution.

In the analysis of variance, the dispersion degree of 
surface roughness is large under the spindle speed, which 
means that the surface roughness is significantly affected 
by the spindle speed. This is because high spindle speed 
will make the abrasive particles contact with the mate-
rial more fully, and the machined surface will be more 
uniform. At the same time, increasing the spindle speed 
can reduce the amount of edge crack the microgroove, 
but this will make the chip obtain more kinetic energy, 

causing many small pits in the ITO film layer at the edge 
of the microgroove. These tiny defects will affect the film 
structure and weaken the conductivity of the film. Increas-
ing the spindle speed has little effect on reducing the sheet 
resistance at the edge of the microgroove. Therefore, in 
the variance analysis in Fig. 11d, the dispersion degree of 
the film square resistance is small under the spindle speed.

The cutting depth has the most significant effect on the 
sheet resistance. This is because the larger the cutting depth, 
the larger the volume of material removed in the microgrind-
ing process. This means that more chips and edge cracks 
will cause more damage to the edge of the microgroove 
and increase the sheet resistance. In addition, the chips 
between the abrasive spaces are difficult to flow and accu-
mulate due to the cutting depth, which reduces the quality of 
microgrinding [42], and the resulting cracks and subsurface 
damage will also damage the microstructure of the film and 
affect the conductivity of the material. Through orthogonal 
analysis, the optimal process parameters of ITO conductive 
glass microgrinding quality are obtained as follows: n = 8000 
r/min, f = 0.5 mm/min, ap=3 μm.

The microgroove morphology corresponding to each group 
of parameters in the orthogonal test was photographed by using 
the superdepth microscope, as shown in Fig. 12. It can be seen 
that the surface quality of no. 14 microgroove is the highest, and 
the ductile removal mode dominates the material removal pro-
cess of microgrinding. The formation process of microgroove 
machined surface involves complex abrasive mechanism. As 
shown in Fig. 13, microgrinding area can be divided into main 
grinding area, plow area, and sliding area [43].

Most of the chips in the microgrinding process are 
formed in the main grinding area. After the external abrasive 

Table 3  Orthogonal test table for microgrinding ITO conductive glass

No. n (r/min) f (mm/min) ap (µm) Ra (µm) Rs (Ω)

1 5000 0.5 3 1.937 17.15
2 5000 1 9 2.356 17.30
3 5000 1.5 15 2.592 17.55
4 5000 2 21 2.805 18.00
5 6000 0.5 9 1.941 17.40
6 6000 1 15 2.153 17.60
7 6000 1.5 21 2.618 17.80
8 6000 2 3 2.456 17.40
9 7000 0.5 15 2.152 17.30
10 7000 1 21 2.725 17.50
11 7000 1.5 3 2.065 17.25
12 7000 2 9 2.648 17.65
13 8000 0.5 21 1.979 17.15
14 8000 1 3 1.632 16.85
15 8000 1.5 9 1.816 17.15
16 8000 2 15 1.927 17.55

Fig. 11  Analysis of orthogonal 
test results. a k value analysis 
of surface roughness. b k value 
analysis of sheet resistance. 
c Range analysis of two indica-
tors. d Variance analysis of two 
indicators
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particles on the end face of the microgrinding tool pass 
through, the internal abrasive particles further plough the 
workpiece. As shown in Fig. 12, the increase of feed speed 
will lead to the increase of the area of the main grinding 
area. When the external abrasive grains of the microgrinding 
tool are damaged, the internal abrasive grains will also be 
involved in the formation of chips. At this time, the grind-
ing marks of the internal abrasive grains will be left on the 
machined surface. As shown in Fig. 12, higher spindle speed 
will damage the external abrasive particles and easily leave 
grinding marks on the machined surface.

In the sliding friction area, the abrasive particles generate 
pressure and friction with the workpiece, and the workpiece 
material only has elastic deformation. However, when the 
cutting depth increases, the chip removal of the microabra-
sive tool is difficult, which causes greater friction in the slid-
ing area and reduces the processing quality. The boundary 
between plow area and sliding area changes with the change 

Fig. 12  Microgroove morphology of ITO conductive glass under different microgrinding parameters

Fig. 13  Microgrinding area division
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of grinding parameters. A chord on the circumference of 
the microabrasive tool is defined as the boundary between 
the two areas, and the abrasive particles are at the angle of 
rotation θ2 internal plough, at the corner θ3 internal sliding 
friction. Increasing the spindle speed will reduce θ2 corners, 
compressing the plow area.

4.5  Analysis of microgrinding morphology

As shown in Fig. 14a, the microgrinding morphology com-
parison of ITO conductive glass and soda-lime glass under 
the same process parameters is shown. Under the illumi-
nation of a specific superdepth microscope, the ITO film 
under the microscope lens appears green, while soda-lime 
glass without the film does not have this feature. Compared 
to soda-lime glass, the processed surface color of ITO con-
ductive glass is darker and more turbid. This is because the 
high-strength ITO film suppresses the shear deformation of 
the substrate glass, resulting in greater cutting force. The 
friction between microgrinding tools and materials generates 
high temperatures, causing burns on the glass substrate [44]. 
The peeling and fracture of ITO film during microgrinding 

process result in more damage such as micropits, micro-
marks, and microcracks on the machined surface.

As shown in Fig. 14b, after microgrinding, ITO con-
ductive glass will have small pits at the edge of the micro-
grooves, which is the damage caused by the splashing chips 
during the microgrinding process to the surface of the thin 
film. These damages can damage the microstructure of the 
film surface, thereby affecting the conductivity of the mate-
rial. At the same time, the size and shape of micropits are 
influenced by microscale grinding process parameters, so 
the film resistance can to some extent reflect the integrity 
of ITO films.

Comparing the edge crack of the two material micro-
grooves in Fig. 14a, it can be observed that the edges of ITO 
glass are continuous large pieces of edge collapse, while the 
edges of soda-lime glass microgrooves are intermittent small 
pieces of edge collapse. This is because the ITO film has a 
higher hardness, and its presence suppresses crack propaga-
tion on its glass substrate. Under the action of microgrind-
ing, the glass substrate of ITO conductive glass undergoes 
subsurface damage, leading to stress concentration in the 
ITO film layer. Cracks at the edge of the film extend and 

Fig. 14  Microgrinding morphology. a Microgroove morphology of two materials. b Film damage. c Flaky film chips. d Interlayer fracture. e 
Chips of ITO glass. f Chips of soda-lime glass
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penetrate, forming interlayer fractures. Large pieces of edge 
crack are caused at the edge of the microgroove, resulting in 
flaky ITO film chips as shown in Fig. 14c.

Under the action of abrasive particles on microgrinding 
tools, the ITO film exhibits a brittle fracture removal mode, 
while the soda-lime glass on the substrate exhibits a ductile 
brittle removal mode. As shown in Fig. 14d, the chips of 
ITO film and glass substrate exhibit two different forms, 
with the flaky chips being ITO film and the powdery chips 
being glass substrate. This is due to the lower strength of the 
material compared to the glass substrate, which shatters into 
smaller particles under the action of microgrinding.

Figure 14e, f shows the chip morphology of microgrind-
ing ITO conductive glass and soda-lime glass. By compar-
ing the two figures, it can be observed that most of the two 
types of chips are composed of powdered particles, which 
is consistent with the glass material of ITO conductive glass 
substrate and soda-lime glass material, resulting in similar 
chip morphology. There are flaky film fragments in the ITO 

conductive glass chips, which are due to the fact that the ITO 
film suppresses the fragmentation of some glass substrates. 
When the crack in the film layer extends to the through, the 
interlayer fracture formed will peel off the flaky ITO film 
and some of its glass substrates, forming flaky chips.

Figure 15 shows the microgrinding morphology of ITO 
conductive glass captured by SEM, where Fig. 15a shows 
the microgrinding cutting depth of 9  μm. The micro-
grooves obtained under the process parameters of feed 
speed of 1 mm/min and spindle speed of 7000 r/min can 
show burrs and chips on the edge of the thin film. Due to 
the stress generated by the ITO film after abrasive slid-
ing, it did not meet the film damage standard. However, 
the glass on the substrate had already broken prematurely 
due to its low strength. Subsequently, the edge of the film 
brittle fractured under the compression of the abrasive, 
resulting in burrs on the edge of the microgroove.

In Fig. 15b, it can be seen that there is damage generated 
after microgrinding. Due to the blockage of the abrasive gap 

Fig. 15  Microgrooves of ITO glass by SEM. a Microgroove morphology. b Brittle removal morphology of substrate. c Morphology of edge 
crack. d Ductile removal morphology of substrate
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by chips during the microgrinding process, some abrasive 
particles cannot work effectively, leaving defects such as 
grinding marks and micropits on the machining surface. 
Meanwhile, some brittle fractures can also be observed, 
which are caused by the brittle removal mode of the glass 
substrate.

Figure 15c shows the edge crack of ITO conductive glass 
during microgrinding, which is caused by process param-
eters such as low rotational speed, high feed speed, and 
large cutting depth. There is a strong adhesion between the 
thin film layer of ITO conductive glass and the substrate. 
When the glass edge is broken, the ITO thin film will peel 
off together with the glass substrate. The presence of the 
thin film layer and the phenomenon of delamination with the 
glass substrate can be found at the edge of the broken edge.

Figure 15d shows a different microgrinding morphology 
from the previous figures. When the microgrinding spindle 
speed is 8000 r/min, the feed speed is 1 mm/min, and the 
cutting depth is 9 μm, the surface of the microgrinding will 
exhibit ductile deformation and peeling, and the edge crack 
will appear as a serrated morphology, showing an overall 
ductile removal state. At this point, the ITO film at the edge 
of the microgroove exhibits small brittle fracture morphol-
ogy features, while the glass substrate at the bottom of the 
microgroove exhibits ductile removal morphology features.

5  Conclusion

1. The film on the surface of ITO conductive glass will 
inhibit the shear deformation of the substrate material, 
thus affecting the material removal state of the material 
in microgrinding.

2. Compared with soda-lime glass, ITO conductive glass 
has higher grinding force and lower processing quality 
during microgrinding. The existence of ITO film makes 
high-quality grinding of materials more difficult.

3. In the microgrinding of ITO conductive glass, increasing 
the rotating speed, reducing the feed rate, and reducing 
the cutting depth will improve the quality of the micro-
groove. Among them, the surface roughness is signifi-
cantly affected by the spindle speed, and the sheet resist-
ance is significantly affected by the cutting depth.

4. The chips of ITO film are mainly flake film chips pro-
duced by brittle fracture. The chips on the glass substrate 
are mainly powder chips.

5. The thin film layer of ITO conductive glass shows brittle 
fracture removal characteristics in microgrinding. But 
the substrate shows ductile or brittle removal character-
istics with different processing parameters.
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