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Abstract

Ultrasonic vibration-assisted grinding (UVG) has several advantages, such as small grinding force, good surface quality, and
high grinding efficiency, outperforming conventional grinding (CG). However, it is sensitive to process parameters, making
optimal processing parameters crucial and a major challenge. Therefore, in this study, we introduce a model based on the
AAC theory, which uses only three quantities (vibration Angle, contact Area, and influence Coefficient of adjacent abrasive
particles) to assess the forces during UVG. These three quantities depend on the movement trajectory, mutual contact rela-
tionship between the workpiece and abrasive particles, and spacing between abrasive particles. The effects of these three
quantities on the scratch force were examined using molecular dynamics (MD) simulations. The reduction ratios of forces
(tangential and normal directions) gradually increased with increasing angle, while the differences in the force reduction
ratios for the different contact areas were not significant. As the influence coefficient increased, the reduction ratio of the
tangential force increased and then flattened, and the reduction of the normal force increased and then slightly decreased.
Spearman’s correlation analysis shows that the vibration angle has the most effect on the reduction ratio of the scratch force.
And the AAC theory was verified by UVG experiments.

Keywords Ultrasonic vibration-assisted grinding - Molecular dynamics - Scratch force - Process parameters optimization

1 Introduction

The grinding process enables the effective removal of
difficult-to-machine materials, which presents a contradic-
tion between machining efficiency and quality. Ultrasonic
vibration-assisted grinding (UVG) can effectively solve the
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problems encountered during the conventional grinding
(CG) [1, 2]. UVG can reduce grinding force [3-5], surface
roughness [6, 7], and subsurface damage [8, 9], improve
material removal rate [10, 11], and reduce tool wear [12],
which is applied ultrasonic vibration to a workpiece or tool
during CG [13]. Selecting process parameters is important
for controlling the UVG machining effect as many param-
eters are involved in the UVG process, including vibration
parameters, machining parameters, abrasive particle param-
eters, and abrasive particle layout.

A series of single-factor experiments were conducted
using theory, simulations, and experiments to study the
effects of various parameters on UVG. Concerning the
ultrasonic vibration parameters, as the amplitude increases,
the oscillation distance of the abrasive particles relative to
the balance position increases, increasing the interference
between the trajectories of the abrasive particles [14]. These
reasons favor the containment of force fluctuation, reduc-
ing the grinding force [15-17], while also reducing brittle
fracture damage [15, 18]. In addition, amplitude is a cru-
cial factor affecting UVG surface roughness, and increasing
amplitude is beneficial for reducing surface roughness [19].
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With an increase in ultrasonic frequency, the path length
of an abrasive particle increases, leading to a reduction in
grinding depth. Consequently, the grinding force decreases.
Moreover, an increase in frequency also favors a higher
speed and lower surface roughness [20].

Regarding the machining parameters, the grinding force
decreases with increasing speed [4, 15, 21, 22]. With increas-
ing grinding depth, grinding force increases [6, 8, 15]. While
the workpiece feed speed increases, the maximum penetra-
tion depth and grinding force increases [6, 15]. As for the
abrasive particle parameters, an increase in abrasive particle
size leads to a decrease in the amount of active abrasive par-
ticles in the same cutting area. Therefore, by increasing the
undeformed cutting thickness, the grinding force increases
[18]. The arrangement of the abrasive particles significantly
influences the surface quality; a suitable special arrangement
can improve surface quality and stability [23]. In vibration-
assisted scratch (VS) simulations, vibration strengthens the
interaction between the abrasive particles. As the spacing of
abrasive particles increases, the interaction between them
gradually weakens until it disappears [24]. As previously
mentioned, each parameter impacts the machining effect.
However, some parameters are interdependent, making it
difficult to reflect the correlation between parameters in the
process of single-factor experiments, considering the cou-
pling effect of the parameters between them is desirable.

Some studies have focused on parameter coupling and
optimization. Yu et al. [25] analyzed the influence of abra-
sive particle diameter, machining time, amplitude, spindle
speed, and clearance between the tool and workpiece on sur-
face roughness and material removal rate during ultrasonic
vibration-assisted polishing through an orthogonal experi-
ment method. Sharma et al. [26] established a statistical
model of residual stress and found that amplitude is the most
important parameter affecting residual stress generation.
Wang et al. [27] addressed the matching problem between
an ultrasonic system and a machine tool system. They pro-
vided the abrasive particle motion equation, grinding force
prediction model, removal rate model, and a matching
model. Sun et al. [28] investigated the relationship between
surface roughness and machining parameters, proposed the
critical ultrasonic amplitude, and obtained the relationship
between the critical ultrasonic amplitude and cutting depth.
Lee et al. [29] used an L9 orthogonal array in the Taguchi
method to study the influence of tool materials, tool types,
abrasive particles, and feed rate on the machining effect.
They concluded that all four factors are important in ultra-
sonic vibration-assisted machining. These studies suggested
that it is vital to consider the correlation between the UVG
process parameters. The effect of UVG depends largely on
the selection of the process parameters, while the effects of
different parameter combinations on the results were highly
variable. Selecting a reasonable set of parameters to obtain
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high-quality machining results is challenging. Therefore,
to improve machining efficiency and quality, it is crucial
to propose a reasonable parameter optimization method for
machining difficult-to-machine materials [30, 31]. However,
the basic theory for considering the mutual coupling effect
between the UVG parameters is lacking.

To fill this gap, we introduce a novel optimization method
to summarize the parameters involved in the grinding pro-
cess. A set of three parameters (referred to as AAC hereaf-
ter) of vibration Angle, contact Area, and influence Coeffi-
cient of adjacent abrasive particles is proposed to represent
all the parameters in the VS. The force reduction ratio is
used as the evaluation index to comment the effect of VS.
The relationships between machining effect and the param-
eters were established and verified by MD simulations and
UVG experiments.

2 AAC theory

Selecting grinding process parameters is important to obtain
an ideal machining effect [24]. However, many parameters
are involved in the UVG process, including vibration param-
eters such as vibration amplitude A and vibration frequency
J, machining parameters such as cutting depth a,, and speed v
(grinding wheel speed v, and workpiece feed speed v,,), and
abrasive particle size parameters such as abrasive particle
radius R and the spacing between abrasive particles d. As
shown in Fig. 1, the factors influencing the UVG process
can be simplified into three key quantities: (1) the vibration
angle reflecting the trajectory of the abrasive particles, (2)
the size of the contact area reflecting the contact between
the abrasive grain and the workpiece, and (3) the influence
coefficient reflecting the interaction of adjacent abrasive
particles. We denote the coupling mechanism as the AAC
theory to emphasize the three key quantities of vibration
Angle, contact Area, and influence Coefficient.

2.1 Vibration angle

The motion equation of the abrasive particle trajectory is
shown in Egs. 1,

X =Vt
y = A sin2zt X f) @)

The parameters affecting the trajectory of the abrasive
particles mainly include amplitude, frequency, and speed.
The vibration angle is proposed to count the synergis-
tic effects of the amplitude, frequency, and speed, which
directly reflects the trajectory of the abrasive particles. The
vibration angle is calculated using the amplitude, frequency,
and speed as follows:
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where L is the displacement in the x-direction of one cycle
of abrasive particle vibration, 7 is the time of one cycle
of abrasive particle vibration, and f= 1/T is the frequency.
The change in vibration angle mainly affects the width and
density of the trajectory. As the amplitude and frequency
increase, the vibration angle also increases. With increasing
speed, the vibration angle decreases. The larger the angle,
the wider or denser the trajectory of the abrasive particle.

2.2 Contact area

The contact state affects the overlap degree of the abrasive
particle trajectory, which further influences the effect of the
machining process. Therefore, the combined effects of abra-
sive particle size and grinding depth are simulated using
the contact area. Like Fig. 1b, the contact area is calculated
using the grinding depth and abrasive particle radius. The
contact area can be calculated:

R - a,
@ = arccos 3
S = 2a ﬂ'R2—<R—a)RSiI1(Z 4)
360° P

where « is the center angle corresponding to the contact
area.

The contact area increases with an increase in the abra-
sive particle radius and cutting depth, affecting the degree of

overlapping of the abrasive particle trajectory itself during
the abrasive particle scratching process.

2.3 Influence coefficient

In Fig. 1c, the mutual interaction between adjacent abrasive
particles significantly influences the material removal pro-
cedure. The contact width (w) can be obtained based on the
cutting depth and radius of the abrasive particles, as shown
in Eq. 5.

w=2y/R - (R-a,)’ 5)

It can be seen from experience that the matching degree
of the amplitude and width also has a significant impact on
the scratching process. An optimal value exists for match-
ing the amplitude and contact width, while the ratio of the
amplitude and contact width can be used to evaluate the
matching degree of the amplitude and abrasive particle
size. The greater the spacing between the abrasive particles,
the weaker the interaction between them [24] as shown in
Eq. (6), for defining the influence coefficient of the adjacent
abrasive particles as

_24
" dw ©

c

The influence coefficient of adjacent abrasive particles
is directly proportional to the amplitude and inversely pro-
portional to the spacing and contact width of the abrasive
particles. The change in the influence coefficient of adja-
cent abrasive particles mainly shows a matching relationship
between amplitude, cutting depth, abrasive particle radius,
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and abrasive particle spacing and comprehensively considers
the relationship between the vibration parameters, machin-
ing parameters, abrasive particle size, and abrasive particles
layout.

3 Simulation and experiments settings
3.1 Molecular dynamics simulations

Single abrasive particle scratching experiments focus on
the interaction mechanism between the abrasive particles
and the workpiece [32, 33], while double abrasive particle
scratching experiments focus on the coupling interaction
between abrasive particles [34, 35]. Studying the scratch-
ing process of abrasive particles using molecular dynamics
(MD) simulation is a mainstream research method [36]. MD
simulation models of single and double abrasive particle
scratching were established to study the AAC theory. The
relationship between AAC and scratch force was established
to guide the process optimization during the UVG experi-
ment and maximize the machining effect.

A typical hard and brittle material, 4 H-SiC, was chosen
as the model for this study, while an MD model of 4 H-SiC
was built. The workpiece size of the single abrasive parti-
cle simulation model was 30 X 30 x 15 nm>. The abrasive
particle radius was 4.0 nm and the cylinder height was
6.0 nm. The workpiece size of the double abrasive particle
simulation model was 20 X 38 X 7.8 nm>. The radius of
the hemisphere of the abrasive particles was 2.0 nm. The

Fig.2 MD simulation model:
(a) single abrasive particle and a

(b) double abrasive particle Conventional

scratch trajectory

Vibration-assisted

scratch trajectory

height of the cylinder was 2.2 nm (Fig. 2). The material of
the abrasive particles are all carbon atoms with a perfect
diamond crystal lattice, which were fixed as rigid bodies
during the scratching process. The Si face of 4 H-SiC was
the surface scratched by an abrasive particle. Each param-
eter was randomly matched within a certain range to set
different parameters. For the calculations, we set a series
of different angles, two types of contact areas, and differ-
ent adjacent abrasive coefficients. The simulation param-
eters are listed in Tables S1 and S2 in the Supplementary
Information.

A large-scale atom/molecule massively parallel simula-
tor (LAMMPS) was used to simulate in this paper [37].
The visualization software used the OVITO visualization
software [38]. The Tersoff potential function [39] was
used in the simulations, and it can describe the interac-
tion between atoms in covalent systems accurately. In the
scratching stage, in order to make the scratching under
stable external conditions, NVT ensemble was applied to
the atoms in the constant temperature layer to keep the
temperature of the atoms in the constant temperature layer
stable. At the same time, the change of heat should be con-
sidered in the process of processing, so the NVE ensemble
was applied to the Newton layer atoms. And the time step
was set as 0.001 ps.

The scratch force results obtained through the MD sim-
ulation are shown in Fig. 3a. The scratch force was aver-
aged in the stable stage (9—15 nm), and the force-reduction
ratio (p) is defined as follows:
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where F,, and Fy are the forces in conventional scratch
(CS) and VS, respectively. And p, and p, denote the reduc-
tion ratio of the tangential force and the reduction ratio of
the normal force, respectively.

3.2 Ultrasonic vibration-assisted grinding
experiments

To verify the relationship between the three key quantities
(AAC) established in the MD and the machining effect,
UVG experiments were used to verify and guide the UVG
experiment to study the vibration angle on the machin-
ing effect. The experiments were conducted using a high-
precision surface grinder (Planomat HP 408). The sample
was Si-faced SiC with dimensions of 10x 10 x 6 mm?® and a
machined surface of 10 x 6 mm?. The details of this device
are presented in Fig. 4.

To control the cutting depth of single abrasive particle
within the same range, refer to the formula for the maximum
= 22%\/? [40]. The speed ratio

was the same for the different cut depths. The p, and p, were
compared with that at the same depth of cut range. The set-
ting of experimental parameters is to set the corresponding

cutting thickness: a,,,,,
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Fig.4 (a) The experimental device schematic diagram and (b) ultra-
sonic vibration applied in the axial directions to assist SiC grinding

vibration angle within the range of experimental device
parameters. The vibration frequency was set to 28 kHz to
achieve a more even distribution of the vibration angle. The
grinding wheel speed was 0.1-2.5 m/s and the workpiece
feed rate was 60—1500 mm/min. The speed ratio was 100,
amplitude was 0—6 pm, and cut depth was 4-12 pm. The
grinding parameters are listed in Table S3 in the Supplemen-
tary Information. Forces were measured using a dynamom-
eter (Kistler 9257 B), while surface roughness values were
measured using a 3D optical surface profiler (Zygo
NewView 7300); the surface topography was imaged by
scanning electron microscopy (Phenom).

The results of the grinding force measured using a force-
measuring instrument are shown in Fig. 3b. The average
grinding force was calculated at the stable stage. The p, and
p,was then calculated using Eq. 7.

4 Results

During processing, the magnitude of the scratch force
directly affects surface quality, subsurface damage, tool
wear, and processing temperature [16, 41]. Compared with
CS, numerous studies have shown that the tangential and
normal forces in VS are significantly reduced [42]. The
effect of VS can be determined by comparing the reduction
ratios of the forces (p, and p,); a larger reduction ratio of
the scratch force indicates a more significant effect in the
VS. Therefore, the scratch force reduction ratio was used to
measure the effect of vibration-assisted scratching.

4.1 Effect of vibration angle

A series of single abrasive particle scratching MD simu-
lations were performed to investigate the effect of vibra-
tion angle on the scratch force reduction ratio. According
to Fig. 5, as the angle increases, the p, and p, gradually
increase, and the effect of vibration application gradually
becomes significant. The p, is greater than p,. The p, grad-
ually increases from 3.65 to 86.35%, while that of the p,
gradually increases from 4.33 to 84.51%.

As the angle increases, the increment ratio of lateral
forces first increases and then decreases because, as the angle
increases, the trajectory of the abrasive particle movement
becomes denser, and the initial scratch angle of the abrasive
particles is also closer to the Y direction; the impact of the
abrasive particles on the workpiece atoms in the Y direction
is stronger, so the lateral force will increase and the incre-
ment ratio will increase. When the vibration angle increases
to a certain range, the repeated removal ratio of abrasive
particles also increases, suggesting that the increase in the
ratio of the lateral force gradually decreases. The p, and p,
promotes the improvement of the machining effect, while
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the increase of the lateral force is beneficial for material
removal, increasing the material removal area and improving
the machining efficiency. Figure 5 shows that for the same
angle, the p, and p, are the same with small fluctuations.

The anisotropy coefficient is used to assess the balance
of the distribution of tangential, normal, and lateral forces
in the three directions; it is more uniform in three directions
and easier to obtain a good machining effect [36]. According
to the calculation, the anisotropy factor gradually decreases
with increasing angle, as shown in Fig. 5c.

4.2 Effect of contact area

Single abrasive particle scratching MD simulations were
performed to study the effect of contact area on the reduc-
tion ratio of scratching force. Limited by the model size, the
contact area could only be adjusted within a small range.

Vibration angle (°)

Therefore, within this adjustable range, two contact areas
with large gaps were selected for comparison.

Changing the cutting depth and abrasive particle radius
alters the contact area, and the degree of overlapping of the
abrasive particle itself during the scratching process and thus
affects the machining effect are modified. In Fig. 6, with the
change in the contact area, the variation of the p, is not sig-
nificant when the contact area is large, and when the contact
area increases, p, increases slightly.

4.3 Effect of influence coefficient

The grinding process is the overall effect of numerous abra-
sive particles. A series of double abrasive particle scratching
simulations were conducted to model the coupling effect.
As shown in Eq. 5, the coefficient of influence of the adja-
cent abrasive particles is proportional to the amplitude and
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the spacing between the abrasive particles and the contact
width was inversely proportional. In Fig. 7, it can be seen
that as the influence coefficient of adjacent abrasive particles
increases, the p, gradually increases. After increasing to a
certain extent, the p, is gentle or decreases slightly. The p,
gradually increases, and after increasing to a certain extent,
it decreases. This is because the larger the influence coeffi-
cient, the greater the ratio of amplitude to contact width (%).
At this time, the vibration effect of abrasive particles is more
significant. And the spacing between abrasive particles (d) is
smaller. At this time, the spacing between abrasive particles
is closer, making it easier for them to affect each other, so
the p, and p,, are more significant. However, there is an opti-
mal match between the % and the d; otherwise, the influence
coefficient will continue to increase and the reduction ratio
will not continue to increase. Compared to the condition of
large vibration angles, the degree of force reduction is more
significant. Because when the angle is large, the impact of
vibration angle on the entire scratch process is more sig-
nificant, so the degree of reduction of p, and p, is smaller
than in the case of small vibration angles. In Fig. 7, with
the increase in the influence coefficient of adjacent abrasive
particles, a larger gap between the amplitude of the abrasive
particles and the contact width results in a smaller separation
between abrasive particles. The results indicate that when
the influence coefficient increases gradually, the p, increases
gradually and tends to be flat. The p, increases gradually
and then slightly decreases because, at the initial stage, the
influence coefficient increases and the degree of influence
between the abrasive particles also increases. Consequently,
the p, and p,, gradually increase. However, when the influ-
ence coefficient achieves a certain value, the increase in the
influence coefficient may be caused by the small separation
between the abrasive particles. The debris on both sides hin-
dered the advancement of the abrasive particles. Therefore,
the scratch force increased, and the p, and p, were slightly
reduced.

4.4 Correlation analysis

The relationships between the vibration angle, contact
area, influence coefficient of adjacent abrasive particles,
and the reduction ratio of the scratch force were obtained
through vibration-assisted single and double abrasive parti-
cle scratching simulations. Spearman’s correlation analysis
[43] was performed.

As seen in Fig. 8, the interaction between abrasive par-
ticles is considered, with the vibration angle exerting the
most influence on the change in scratch force. The contact
area had little effect on the change in scratch force in the
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examined range. Compared to the spacing between the abra-
sive particles, the effect of the influence coefficient on the
change of the scratch force is more prominent.

4.5 Experimental results

Through MD simulations, the relationship between the
vibration angle, contact area, influence coefficient, and the
scratch force reduction ratio (p, and p,) can be obtained.
From the correlation analysis, we can observe that the
vibration angle has the most impact on the scratch force.
Therefore, in the UVG experiments, we mainly studied the
effect of the vibration angle on the grinding process. Simul-
taneously, the contact area can be changed by changing the
grinding depth.

As seen in Fig. 9, throughout the experiment, with
increasing vibration angle, the p, and p, increase gradually.
Additionally, a linear increasing trend can be observed.
The p, gradually increases from 3.01 to 89.99%, and
the p, gradually increases from 2.32 to 61.64%. Com-
pared with the single abrasive particle scratching simu-
lation, the shape of the curve changed from a concave
curve to a straight line because the grinding process is

a comprehensive process of numerous abrasive particles.
UVG enhances the interaction between abrasive particles,
and the interaction increases the p, and p, and then changes
the shape of the curve.

The roughness values of several points were measured
randomly on each workpiece, and the surface roughness
reduction ratio was calculated. From Fig. 10, it can be seen
that as the angle increases, the surface roughness reduc-
tion ratio increases gradually. And the surface morphology
of the two groups at different angles was compared; the
first group is 0 ° (v;=2 m/s, v,,=1200 mm/min, a,=8 pm)
and 18.75 ° (v=2 m/s, v,,=1200 mm/min, a, =8 pm, f
=28 kHz, A=6 pm). The second group is 0 ° (v;=0.1 m/s,
v,=60 mm/min, a,=8 pm) and 77.54 ° (v=0.1 m/s, v,,
=60 mm/min, a,=8 pm, f=28 kHz, A=4 pm). By compar-
ing the two groups of images, it can be clearly seen that
after applying vibration, the surface quality has signifi-
cantly improved, the number of large cracks was reduced,
and the depths of the pit were also reduced. Meanwhile, by
reducing the depth of the pits and the number and length
of cracks, it can be observed that the larger the increase
in vibration angle, the more significant the improvement
in surface quality.
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vibration angle for different
contact areas, where S; <S, <S;
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5 Discussion

In the VS process, the most intuitive and significant dif-
ference compared with CS is the change in trajectory. The
application of vibration increases the area of the trajectory
of a single abrasive particle. In addition, the trajectory of the
abrasive particles overlaps, as shown in Fig. 11. We propose
two indicators to quantify this change, i.e., area ratio and
interference ratio, enabling us to analyze the mechanism of
the p, and p,, during the scratching process. The calculation
is based on the actual scratching area and theoretical scratch-
ing area. The calculation includes both the area ratio (x) and
interference ratio (6), which are defined as follows:

Sys =S Sys — Wi,
p= Y8726 1009 = 2YS MCS o 1009 ®)
SVS SVS
lyg — S
5= VS TOVS 100% )
wlyg

where Sy denotes the actual machining area in the VS. S
is the processing area in the CS; w is the contact width;
and /g and lyg are the trajectory lengths of CS and VS,
respectively.

The area ratio p is the ratio between the actual process-
ing areas of the VS and CS, accounting for the degree of
increase in the processing area compared to the CS under
the same cutting depth and speed. Therefore, the area ratio
u reflects the degree of increase in processing efficiency. A
larger area ratio indicates a larger machining area, which
helps improve the machining efficiency. The interference
ratio is the ratio of the actual machining area to the the-
oretical machining area. For CS, the interference ratio is
zero because the tracks do not overlap. The interference
ratio reflects the overlap of the tracks themselves during
vibration-assisted scratching. A large degree of trajectory
overlap represents an increase in the repeated machining

Vibration-assisted scratch
processing area, Syg

Conventiona
I scratch
processing
area, Scg

&

the length of
vibration-assisted
scratch trajectory,

the length of
conventional scratch _
trajectory, Icg

e S\ L U o & &

25
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Fig. 11 Schematic diagram of interference ratio and area ratio calcu-
lation

area of the abrasive particles, which favors the p, and p, and
the improvement of the surface quality.

During the scratching of the two abrasive particles, the
overlapping part of the two abrasive particle tracks was cal-
culated based on the overlapping degree of the abrasive par-
ticle tracks. The overlapping part represents the part repeat-
edly removed by two abrasive particles; this overlap ratio is
the interference ratio [19].

Considering the vibration angle has the strongest correla-
tion among the three parameters, the relationship between
the area ratio interference ratio, vibration angle, and p, and
p,, in the MD simulation parameters was calculated. The area
ratio and interference ratio can be used to scale the p, and p,
and to assess the effect of UVG.

In Fig. 12, the vibration angle gradually increases, and
the p, and p, gradually increase with an increase in the area
ratio. When the vibration angle is less than 40°, the increase
in the angle has no significant effect on the interference ratio.
When the angle is greater than 40 °, an increase in the angle
significantly increases the interference ratio. As a result, the
speed of the overlapping degree of the trajectory increases.
Consequently, with an increase in the interference ratio, the
p, and p, gradually increase. An increase in the angle is ben-
eficial for increasing the area and interference ratios. There-
fore, reducing the scratch force and increasing processing
efficiency is advantageous.

During the scratching of two abrasive particles, the over-
lap ratio increases with an increase in the influence coeffi-
cient of adjacent abrasive particles (Fig. 12¢). In the initial
stage, the increasing speed is high, and then gradually tends
to plateau, consistent with the change law of the tangential
force reduction ratio. Therefore, a larger area where two
abrasive particles are repeatedly removed is more conducive
to reducing tangential and normal forces. However, after the
overlap ratio became constant because of the increase of the
adjacent abrasive particle coefficient, the abrasive particles
were also more susceptible to the impact of debris accumula-
tion. Consequently, the p, and p,, increased slightly.

Using the experimental parameters, the relationships
between the area ratio, interference ratio, and vibration angle
were examined (Fig. 13). With an increase in the angle, the
area ratio and interference ratio gradually increase. When
the contact area is large, the area and interference ratios are
relatively small; however, the difference between these ratios
within the existing cutting depth range is small. Therefore,
owing to errors and other reasons in the experiment, it is
impossible to clearly show the size relationship of the force-
reduction ratio under different cutting depths.

The experimental results validated the MD simulation
results. The simulation results show that an increase in the
vibration angle favors an increase in the area and interfer-
ence ratios, as well as the p, and p,, agreeing well with the
experiment. The simulation and experimental results showed
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the same trend. Therefore, the MD simulations predicted the
machining effect of the UVG experiments well.

6 Conclusions

We have introduced the AAC theory Q = f(6, S, ¢), which
uses three key quantities (vibration angle 6, contact area S,
and influence coefficient c¢) to assess the performance of the
UVG process Q. The influence of these three quantities on
the scratch force was investigated by MD simulations. The
AAC theory was verified by UVG experiments.

In our AAC theory, the vibration angle 8 is used to meas-
ure the change in the abrasive particle trajectory. The con-
tact area S describes contact degree between the abrasive
particles and the workpiece. The influence coefficient ¢
describes the matching relationship between the spacing of
the abrasive particles, the amplitude, and the contact area.
We assumed that these three quantities are sufficient for
describing and accessing the grinding process.

@ Springer
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Through MD simulations, with an increase in the vibra-
tion angle, the p, and p, gradually increased and the ani-
sotropy factor of the force gradually decreased. Simulta-
neously, no obvious differences were observed in the p,
and p, in the existing range of contact area changes. An
optimal matching relationship between spacing of abra-
sive particles, amplitude, and contact area was observed.
With an increase in the influence coefficient, the p, and p,
reached a maximum.

Spearman’s correlation analysis showed that the vibra-
tion angle had the greatest influence on the p, and p, and
the grinding process performance. Simultaneously, through
verification of the UVG experiments, it can be found that
the increase in vibration angle has a significant impact on
the grinding force and surface quality during the machining
process. And the change of the p, and p, is consistent with
the results obtained from the MD simulation. Subsequent
research will continue to focus on vibration angle and abra-
sive particle arrangement, which can better optimize the
vibration-assisted grinding process.
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We conclude that the vibration angle, contact area, and
influence coefficient of adjacent abrasive particles can be
used as an essential basis for optimizing UVG machining
parameters. Our AAC theory may provide a feasible and reli-
able approach for optimizing UVG processes. The validated
AAC theory can also guide parameter selection and opti-
mization of UVG processing of hard and brittle materials.
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