Journal of Manufacturing Processes 172 (2026) 851-863

Contents lists available at ScienceDirect

Journal of Manufacturing Processes

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/manpro

PROCESSES

Mechanism of ultrasonic vibration-assisted solid-state reaction grinding
of sapphire

a,b,*

Gen Chen ™", Zhongwei Hu

2 Institute of Manufacturing Engineering, Huagiao University, Xiamen, China

Y Institute of Mechanical Engineering and Automation, Huagiao University, Xiamen, China

€ School of Mechanical Engineering, Hubei University of Technology, Wuhan, 430068, China
4 School of Power and Mechanical Engineering, Wuhan University, Wuhan, China

, Kun Shi ™", Yugiang Zhang *", Xintian Cai®, Qing Peng*"

Check for

updates

HIGHLIGHTS GRAPHICAL ABSTRACT

e A novel ultrasonic vibration-assisted
solid-state reaction grinding method for
sapphire is proposed.

o The feasibility of the method is verified
by theory and numerical.

e Molecular dunamics reveals the micro-
scopic grinding mechanisms.

e Material removal increases by 10.27-
53.45%, while roughness decreases by
17.84-21.91%.

Dbyt |

ic vibration solid-state reaction grinding

=

ReaxFK M

Grinding experiment

Numerical simulation

Molecular dynamics simulation

ARTICLE INFO ABSTRACT

Keywords: Sapphire is a typical hard and brittle material whose high-efficiency machining remains challenging due to the
Ultrasonic vibration-assisted energy field low material removal rate of chemical mechanical grinding (CMG). To address this limitation, an innovative
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ultrasonic vibration-assisted CMG (UVCMG) method is proposed by introducing an ultrasonic-assisted energy
field to promote interfacial solid-state reactions. Theoretical analysis and numerical modeling demonstrate that
ultrasonic vibration provides additional energy input to the interface, thereby facilitating solid-state reactions.

Molecular dynamics simulations further reveal enhanced interfacial reactions, increased amorphization, and
accelerated removal of reaction-modified atoms. Consistent with these findings, grinding experiments show that
UVCMG achieves a 10.27%-53.45% increase in material removal efficiency, a 17.84%-21.91% reduction in
surface roughness, and reduced grinding forces compared with CMG. This work provides an efficient and
mechanism-informed approach for precision machining of sapphire and other hard and brittle materials.
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G. Chen et al.

1. Introduction

Sapphire has extensive applications in fields such as aerospace en-
gineering, healthcare technology, electronic products, high-power laser
systems, and optical precision devices, owing to its superior optical
transparency, excellent dielectric behavior, notable mechanical robust-
ness, and remarkable chemical stability [1-4]. Components fabricated
from sapphire demand exceptional surface integrity and machining
precision [5-8]. Nevertheless, due to its inherent characteristics of
hardness and brittleness, sapphire presents significant challenges during
material removal. Grinding is the primary method for achieving rapid
material removal from sapphire surfaces [9,10]; however, it inevitably
introduces severe surface and subsurface damage [11-15]. To eliminate
the damage layer generated by abrasive grinding and obtain high-
quality surfaces, chemical mechanical polishing (CMP) is commonly
employed. Nevertheless, the material removal efficiency of CMP re-
mains extremely low [16-21].

To achieve both high efficiency and high precision in machining,
researchers have proposed the chemical mechanical grinding (CMG)
approach. Its core mechanism involves the use of reactive abrasives that
chemically interact with the workpiece surface to form a softened re-
action layer, which is subsequently removed through mechanical
grinding [22,23]. The surface integrity and precision achieved through
CMG are comparable to those of CMP, while maintaining excellent
geometric accuracy [24-27]. Experiments showed that surface rough-
ness could be reduced to below 1 nm within one hour, indicating the
significant potential of CMG for sapphire grinding [28]. Scholars further
systematically investigated soft abrasives suitable for sapphire process-
ing. Among five oxides ZnO, SiOz, MgO, Fe:0., and MnO that exhibit
significant chemical reactions with Al-0s, SiO2 was identified as the most
suitable soft abrasive for tribochemical polishing of sapphire, based on
considerations of abrasive hardness and reaction activation energy [29].
Comparative dry grinding experiments using Cr20s and SiO2 wheels
respectively showed that both achieved sapphire surface roughness
below 1 nm with material removal rates below 1 pm/h. However, in
terms of subsurface damage control, SiO: abrasives produced damage-
free subsurfaces, while Cr:0s abrasives introduced a nearly 100 nm
subsurface damage layer, demonstrating the superiority of SiO: abra-
sives over Cr20s [30]. With ongoing research into abrasive composition,
novel wheel formulations for dry CMG of sapphire have been developed,
enabling surface finishes under 1 nm and enhancing removal efficiency
to around 1.13 pm/h significantly improving machining productivity
compared to earlier approaches [31,32]. Overall, although CMG is
capable of producing near-perfect sapphire surfaces with negligible
subsurface defects, the relatively slow rate of surface reaction between
abrasives and sapphire remains a bottleneck for its broader application.
The kinetics of interfacial chemical reactions and the limited generation
rate of surface reaction products are key factors governing the efficiency
of material removal during CMG [33].

Due to the complex coupling of chemical effects and mechanical
forces in the CMG process, it is still difficult to directly observe the dy-
namic atomic-scale reactions that occur at the tool-workpiece interface.
Consequently, computational modeling including molecular dynamics
(MD) simulation has become a crucial approach for exploring such
interfacial phenomena. Researchers have used ReaxFF MD, a reactive
molecular dynamics method, to conduct a series of studies on the tri-
bochemical processes involved in the CMP of brittle crystalline materials
including monocrystalline silicon, silicon carbide, and diamond. Yuan
et al. [34,35] utilized this method to explore the polishing behavior of
diamond, revealing how variations in normal load and sliding velocity
affect wear, subsurface damage, and atomistic material removal. Their
results showed that pressure exerts a stronger effect on atomic-scale
removal than sliding velocity. Wen et al. [36,37] examined the CMP
of single-crystal silicon using silica-based abrasives in aqueous media,
elucidating the atomistic removal mechanisms under such conditions.
He et al. [38] studied the effect of introducing ultrasonic vibration to
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abrasive particles during SiC CMP, focusing on how the vibrational
behavior of abrasives influences interfacial chemical reactions and the
extent of substrate damage. Yang et al. [39] investigated the chemo-
enhanced polishing of 6H-SiC, emphasizing the coupling between me-
chanical abrasion and surface chemistry during material removal. Zhou
et al. [40] analyzed the CMP behavior of 3C-SiC in different media—dry,
pure water, and hydrogen peroxide—to clarify how environmental
factors govern the efficiency of chemical-mechanical synergy. Overall,
ReaxFF MD has demonstrated strong capability in simulating atomic-
scale tribochemical behaviors and chemo-mechanical phenomena that
take place during CMP and CMG processes.

To further improve the efficiency and precision of solid-state reac-
tion grinding of sapphire, an ultrasonic vibration-assisted solid-state
reaction grinding method is proposed. The feasibility of ultrasonic vi-
bration in enhancing solid-state reactions and machining efficiency is
evaluated through theoretical analysis and numerical calculations,
while the underlying microscale mechanisms are investigated using
ReaxFF MD and classical MD simulations. Grinding experiments
demonstrate that the introduction of ultrasonic vibration effectively
enhances material removal efficiency and surface quality.

2. Analysis of the principle of ultrasonic vibration-assisted solid-
state reaction grinding

In CMG, interfacial chemical reactions involving abrasive particles
and the substrate material are crucial for achieving material removal.
During dry CMG of sapphire using silica-based soft abrasives, a solid-
state reaction takes place at the contact region, resulting in the gener-
ation of mullite as the reaction product [30]. The Mohs hardness of
mullite ranges from 6 to 7, whereas sapphire exhibits a hardness of
approximately 9 and silica abrasives around 7. This hardness gradient
allows the silica abrasives to preferentially remove the relatively softer
reaction layer, thereby facilitating effective material removal from the
sapphire surface and yielding a surface with minimal subsurface damage
[41]. The interfacial solid-state interaction involving silica abrasives and
the sapphire substrate follows an Arrhenius-type relationship that links
the reaction rate constant K to temperature:

K:Aexp(fﬁ—g>

where AG is the activation energy, A is the pre-exponential factor, R is
the Boltzmann constant, and T is the temperature.

Mechanically induced chemical reactions are formulated on the basis
of transition state theory (reaction rate theory) and find extensive use
across research domains including friction, wear, and tribochemistry
[42]. The core concept considers the work performed by external forces
on the reaction system, which subsequently reduces the activation en-
ergy barrier of the reaction [43]. Eq. (2) illustrates the contribution of
mechanical work in lowering the reaction energy barrier as:

@

AGe = AG—W @
where AGy; is the activation energy considering mechanical work, and
W is the work done by external mechanical forces on the reaction
system.

The principle of mechanically induced solid-state reaction is illus-
trated in Fig. 1(c). Based on Eq. (1), the contribution of mechanical work
to reducing the reaction energy barrier is considered, where the energy
barrier for the mechanically induced chemical reaction is AGg.
Consequently, the rate equation for the mechanically induced interfacial
solid-state reaction can be expressed as Eq. (3), where Ky is the rate
constant of the mechanically induced interfacial solid-state reaction.
The contribution of mechanical work to the reaction rate is represented
by the term exp.(W/RT). Evidently, the rate of the mechanically induced
solid-state chemical reaction increases with enhanced mechanical acti-
vation. Moreover, increasing the amount of mechanical work can



G. Chen et al.

15 . .

(2)

T T
= Conventional scratching
[—— Ultrasonic vibration scratching|

10F : .
I
g o >
> &Y
AR
MUBRin
15 . i i i
0 200 400 600 800 1000
X (pm)
Energy ‘h (© Activated state =
e
=,
by
£
=
4
=1
b 3
Initial state §
Final state _

Reaction orientation

120
ook
60 -

30

Journal of Manufacturing Processes 172 (2026) 851-863

60 v T T T T 1600
; (b) i Percentage increase
Conventional scratching -~
—— Ultrasonic vibration scratching| E
45 —— {— ; < 11200 S
; =
N
! oo
P 300 2
£
S
%3
D
......... 400 ®
St
I
0 i i i 0
0 200 400 600 800 1000

Scratching distance (pm)

T T T T
i |—o—Conventional scratching
~|—o— Ultrasonic vibration scratching/ 571
; P

100 150 200 250

Distance (um)

Fig. 1. Comparison between single-grit ultrasonic vibration scratching and conventional scratching: (a) abrasive motion trajectory; (b) trajectory length; (c)
mechanism of mechanical-force-promoted interfacial solid-state reaction; (d) material removal volume.

promote the rapid occurrence of the interfacial solid-state reaction.

| - nesp ()~ 29)

The differences in motion trajectory length, mechanical work, and
material removal volume between single-grit ultrasonic vibration and
conventional scratching were investigated and compared using numer-
ical methods. This analysis aimed to evaluate the feasibility of intro-
ducing an ultrasonic vibration-assisted energy field to enhance the
material removal efficiency in CMG. In the numerical calculations, the
vibration frequency (f) was set to 20 kHz, the vibration amplitude (A;;)
to 10 pm, and the scratching linear velocity (V) to 1 m/s, uniformly
applied across all simulations.

Conventional scratching trajectory:

where x is the displacement along the x-direction, V; is the scratching
velocity, and t is the scratching time.
Therefore, the conventional scratching trajectory length Lcg is:

(AG—W)

RT 3)

Ky = Aexp{f

x =Vt

=0 @

T
Leg = / Vdt 5)
0
Ultrasonic vibration scratching trajectory:
x =Vt
{ y = Apsin(2xft) ©

where y is the displacement of the abrasive grain along the y-direction,
Ap, is the ultrasonic vibration amplitude, and f is the ultrasonic vibration
frequency.

Therefore, the ultrasonic vibration scratching trajectory length Lyy
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The percentage increase in trajectory length P; for single-grit ultra-
sonic vibration scratching compared to conventional scratching is
expressed as:

P, =100 x (ILﬂ—l)

CG

Jo \/(Vs)z + (27Af)*cos?(2nft) dt7 )

=100 x .
Jo Vidt

€))

The calculated scratching trajectories for the two scratching modes
are shown in Fig. 1(a). The trajectory length increase rate gradually
stabilizes over time, with Pj stabilizing at approximately 31.18%, as
illustrated in Fig. 1(b). A longer trajectory length implies more frequent
interactions of the abrasive grain with the workpiece surface, which
promotes interfacial solid-state reactions involving the abrasive and the
processed surface. Furthermore, the material removal volume in single-
grit scratching is closely related to the trajectory length. Ultrasonic vi-
bration scratching exhibits a longer trajectory length than conventional
scratching within the same duration, indicating that UVCMG can
remove more material from the reaction-modified surface through
abrasive scratching [44]. Based on a material removal model previously
established by our research group [45], with the abrasive cutting depth
set to 0.5 pm, numerical simulations reveal that the material removal
volume under ultrasonic vibration-assisted scratching exceeds that of
conventional conditions by approximately 32.5%, as illustrated in Fig. 1

(d).
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Let the ratio of the trajectory length of single-grit ultrasonic vibration
scratching to that of conventional scratching be denoted as k;:

Loy _ Jo \/(Vs)2 + (21ARf) cos?(2nft)dt

k —
t [y vt

9

Leg
The work performed by the scratching force in single-grit conven-
tional scratching is expressed as:

T
Wee :Fo/ Vidt (10)
0

where Fy is the average scratching force per cycle in conventional
scratching.

The work performed by the scratching force in single-grit ultrasonic
vibration scratching is given by:

Woy = F, / ' V (Vo) + (27Anf)cos? (2aft)de an

where F, is the average scratching force per cycle in ultrasonic vibration
scratching.

According to previous research conducted by our group, the rela-
tionship between the average scratching force per cycle in ultrasonic
vibration scratching and conventional scratching is as follows [46]:

m

1 /7 A
T /0 Focos(tan’l( V:Ocosa)t) )dt

Let the ratio of the average scratching force in single-grit ultrasonic
vibration scratching to that in conventional scratching be denoted as kg

F, (12)

F, 1 (T A
- PT; = T/o cos (tan’1 ( &w cosa)t) )dt
Therefore, the growth rate Py of the scratching force work in single-

grit ultrasonic vibration scratching compared to conventional scratching
is:

kr (13)
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WUV — WCG

CG

Py = 100 x

F,L
=100 x (FL”V—l) =100 x (kg xk;, —1)

oLcG
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Eq. (14) fully accounts for the differences in scratching force and
abrasive motion trajectory between single-grit ultrasonic vibration
scratching and conventional scratching. Although the average scratch-
ing force in ultrasonic vibration scratching is reduced compared to that
in conventional scratching, the increased trajectory length effectively
enhances the mechanical work performed during the abrasive scratch-
ing process. Numerical calculations indicate that the mechanical work in
single-grit ultrasonic vibration scratching increases by approximately
2.77% compared to conventional scratching. Related molecular dy-
namics simulations have yielded conclusions consistent with the nu-
merical calculations presented in this study [47,48]. Analysis combining
Eq. (3) and Fig. 1(c) demonstrates that ultrasonic vibration scratching
provides additional energy to the interfacial solid-state reaction, effec-
tively promoting a higher reaction rate and facilitating the rapid for-
mation of the surface product layer.

3. Analysis of the ultrasonic vibration-assisted solid-state
reaction grinding process

3.1. Molecular dynamics simulation setup

For the ReaxFF MD simulations, based on the observation that the
sapphire surface becomes covered with a layer of silica powder during
the chemical mechanical grinding process, an interfacial solid-state re-
action model was constructed featuring amorphous silica overlying the
C-plane of sapphire, as shown in Fig. 2(a). In chemical mechanical
grinding, the soft abrasive is harder than the surface reaction products
generated during grinding. Therefore, the indenter was simplified as a
rigid body. The initial model has a 15 A gap between the amorphous
silica indenter and the sapphire substrate. The model dimensions are
4.75 x 4.95 x 11.7 nm®, containing 19,910 atoms. The simulation time
step was set to 0.25 fs, with a damping constant of 10 fs for temperature
control. The ReaxFF potential for Mg/Al/Si/O was used in the
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Fig. 2. Solid-state reaction model at the silica soft abrasive-sapphire interface: (a) solid-state reaction interface model, (b) schematic diagram of scratching process,

(c) schematic diagram of reaction-modified surface modeling.
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simulations [49]. During the scratching process, the number of Si-O-Al
bond bridges at the solid-state reaction interface was recorded at in-
tervals of 0.025 A of scratching distance. The interfacial energy of the
solid-state reaction model can reflect the magnitude of work done by
external mechanical forces on the reaction interface.

The ReaxFF MD simulation primarily consists of four steps: (1) The
model is relaxed at 900 K (above the critical reaction temperature be-
tween silica and sapphire) for 20 ps; (2) At 900 K, the indenter is pressed
onto the silica surface at a velocity of 100 m/s and then continues to load
for an additional 12.5 A (resulting in a load of approximately 4 GPa); (3)
With the indenter maintaining its loaded position, the system undergoes
isothermal relaxation for 50 ps to reach full equilibrium; (4) While
keeping the indenter at the same depth, scratching is performed with a
vibration amplitude of 20 A and a vibration frequency of 66.67 GHz,
moving along the x-direction at 100 m/s over one model period distance
of 47.5 A.

For the classical molecular dynamics (MD) simulations, based on the
reaction-modified surface obtained from the ReaxFF MD simulations, a
model for single-grit indentation and scratching was constructed, as
shown in Fig. 2(b). A sapphire C-plane block model with dimensions of
4.75 x 4.95 x 5.20 nm® was first modified using ultrasonic-assisted
scratching in ReaxFF MD to obtain the reaction-modified surface. A
nanoindentation and scratching model was then established by
expanding the cell, with a diamond indenter of 4 nm radius employed.
The reaction-modified surface contains 1,379,014 atoms, and the
resulting modified sapphire substrate measures approximately 28.6 x
24.8 x 16.6 nm>. Due to the accumulation of the product layer and
amorphous layer, the surface exhibits a protrusion of about 1 nm
compared to a perfect surface. Measurements indicate that the product
layer has a thickness of 2 nm, and the amorphous layer is 1 nm thick. The
potential function developed by Matsui et al. was used to describe
atomic interactions in the substrate [50]. This potential has been widely
applied in studies on the micromechanisms of elastic-plastic deforma-
tion in sapphire [51-54]. Specific potential function parameters are
listed in Table 1.

The diamond tip was modeled as a rigid structure. Interatomic forces
between carbon atoms of the indenter and those within the substrate
were represented using the Lennard-Jones (L-J) potential, a formula-
tion commonly employed in single particle scratching analyses of sap-
phire [55-57]. The detailed parameters adopted for this potential are
summarized in Table 2.

The classical molecular dynamics (MD) simulation process involves
three sequential stages: (1) the constructed model undergoes complete
relaxation at 300 K for 60 ps to achieve equilibrium; (2) an indenter is
driven into the sapphire surface to a penetration depth of 20
A—equivalent to the thickness of the product layer—at a speed of 25 m/
s; and (3) it subsequently performs a scratching motion over a distance
of 120 A along the C-plane at 100 m/s. In the ultrasonic-assisted case, a
vibration amplitude of 40 A and a frequency of 16.67 GHz are applied.
The scratching distance over one complete vibration cycle of the
indenter is 60 A, while all other simulation parameters remain consis-
tent with those of conventional scratching.

Table 1
Potential function parameters for the substrate [50].
Interaction A(eV) P(A?%) C(eVA™®) re(A)
Al-Al 31,574,470 0.068 14.07
Al-O 28,480 0.172 34.63
0-0 6463.4 0.276 85.22 12
Si-Si 77,127,272,872 0.046 24.30
Si-O 48,433 0.161 44.67
Si-Al 706,213,824 0.057 18.15
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Table 2

Parameter settings for the Lennard-Jones potential [55-57].
Interaction o(A) E(eV)
Al-C 3.0135 0.035078
0-C 3.195 0.0032918
Si-C 3.629 0.0089465

3.2. Chemo-mechanical synergy induced generation of reaction-modified
surface

During CMG, interactions between the compliant abrasive particles
and the sapphire substrate trigger chemo-mechanical reactions, leading
to the development of a modified surface layer. Transmission electron
microscopy (TEM) examinations of sapphire substrates subjected to
CMG have revealed the existence of both a reaction product layer and an
amorphous zone approximately 10 nm in thickness near the surface
[31].

To investigate the atomic-scale evolution of sapphire under these
coupled effects, the radial distribution function (RDF) was employed to
examine atomic ordering on the surface under conventional scratching
conditions. The RDF, denoted as g(r), characterizes the variation of
atomic density relative to interatomic spacing r, where g(r) indicates the
probability of finding a neighboring atom at distance r [58,59]. As
illustrated in Fig. 3(a), the first dominant peak of the RDF curve appears
at 1.85 A, corresponding to the characteristic Al—O bond length in
sapphire [60,61]. With increasing scratching displacement, the peak
intensity gradually diminishes, suggesting a progressive loss of crystal-
line order and the development of localized amorphous regions within
the surface layer.

After the indenter completes the scratching process, a reaction-
modified surface is generated on the sapphire substrate, as shown in
Fig. 3(b). The surface modified by chemo-mechanical synergy consists of
three distinct layers: a product layer, an amorphous layer, and a single-
crystal layer. In this study, the “product layer-amorphous layer” struc-
ture is referred to as the reaction-modified surface. The surface structure
of sapphire obtained through ReaxFF MD simulations is consistent with
the subsurface structure of sapphire substrates observed in chemical
mechanical grinding experiments [31]. The softened reaction-modified
surface induced by chemo-mechanical synergy on the sapphire surface
facilitates further material removal [62].

3.3. Ultrasonic vibration promotes the formation of reaction-modified
surfaces

Both conventional scratching and ultrasonic scratching resulted in an
increase in interfacial energy. The interfacial energy increased by 0.35%
after conventional scratching and by 2.24% after ultrasonic scratching,
indicating that ultrasonic scratching provides higher interfacial energy
to the solid-state reaction interface, as shown in Fig. 4(a). The number of
bond bridges at the solid-state reaction interface increased after both
conventional and ultrasonic scratching. After conventional scratching,
the number of bond bridges increased by 195.5%, while after ultrasonic
scratching, it increased by 350.1%. Compared with conventional
scratching, the ultrasonic-assisted process exhibited a 79.1% greater
effectiveness in promoting the generation of Si—-O-Al bridge bonds at the
solid-solid reaction interface. This indicates that ultrasonic vibration
scratching facilitates the progression of interfacial solid-state reactions
to a greater extent than conventional scratching, as illustrated in Fig. 4
(b).

The application of ultrasonic vibration during scratching injects
supplementary energy into the solid-state reaction interface, promoting
the creation of additional Si—-O-Al bridge bonds within the interfacial
region. This added energy accelerates the progress of interfacial re-
actions and facilitates the rapid development of the product layer. These
findings align well with the trends predicted by the mechanically
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induced interfacial reaction rate model (Eq. (3)), which suggests that
external mechanical work contributes energy to the reaction system,
thereby overcoming the activation barrier and increasing the probability
and rate of interfacial reactions. Besides the formation of a reaction
product layer through surface bonding, the mechanical effects associ-
ated with the interfacial reaction also lead to the generation of an
amorphous region beneath the product layer. As illustrated in Fig. 4(c)
and (d), the production rate of amorphous atoms under ultrasonic vi-
bration surpasses that observed under conventional scratching. When
the scratching distance reaches 30 A, the fraction of amorphous atoms
tends to stabilize without further significant growth. Relative to the
pristine surface, the proportion of amorphous atoms within the reaction-
modified layer rises by 7.78% after conventional scratching and by
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26.71% with ultrasonic vibration assistance, representing a 71.73% in-
crease over the conventional case. These results confirm that ultrasonic-
assisted scratching substantially enhances both the formation rate and
overall concentration of amorphous atoms compared with conventional
scratching.

3.4. Ultrasonic vibration enhances material removal from the reaction-
modified surface

The microscopic mechanism of material elimination in chemical
mechanical grinding involves two main phases: the formation of a
reaction-altered layer and its subsequent detachment. Once this altered
layer is stripped away, the newly exposed sapphire surface reacts
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chemically in the solid state with the soft abrasive. These two steps
repeat cyclically, ensuring continuous sapphire removal [63]. During
ultrasonic scratching, the sapphire substrate experiences a more signif-
icant temperature increase than under conventional conditions. This
temperature rise correlates directly with the mechanical energy impar-
ted by the abrasive. The greater work input during ultrasonic operation
causes the substrate temperature to increase more rapidly [48], as
illustrated in Fig. 5(b). When the surface product film is eliminated, the
elevated temperature of the substrate promotes faster progress of the
following interfacial solid-state reactions. Throughout both the con-
ventional and ultrasonic single-grit scratching tests, the number of
atoms detached from the modified surface was tracked. Fig. 5(a) shows
that as the scratching distance increases, the quantity of displaced sur-
face atoms also grows, with ultrasonic scratching consistently achieving
higher atomic removal. Once the scratching distance exceeds a complete
vibration cycle, the enhancement ratio of ultrasonic scratching stabi-
lizes, fluctuating between 137% and 168%. The post-scratching mor-
phologies over a distance of 120 A for both modes are presented in Fig. 5
(c), confirming that ultrasonic vibration enables more effective elimi-
nation of the reacted surface layer.

Compared with traditional scratching, ultrasonic vibration in-
troduces additional energy into the interface, thereby raising the sap-
phire substrate temperature. The higher temperature encourages
interfacial reactions between the freshly revealed sapphire region and
the soft abrasive while also expediting the detachment of the reacted
layer, allowing quicker exposure of the underlying unreacted substrate.
In this way, the ultrasonic-assisted energy field strengthens the recurring
removal cycle—from the generation to the elimination of the reaction-
modified layer.

Journal of Manufacturing Processes 172 (2026) 851-863

4. Experimental study on ultrasonic vibration-assisted solid-
state reaction grinding

4.1. Grinding experimental setup

The experimental platform consists of an ultrasonic CNC machine
tool, an ultrasonic control system, and a force signal acquisition device.
The ultrasonic CNC machine tool, model DY-ULV500, is manufactured
by Hangzhou Dayin Ultrasonic Technology Co., Ltd. The ultrasonic
control system is integrated into the CNC machine tool and applies one-
dimensional ultrasonic vibrations through the machine spindle, with an
ultrasonic tool holder model BT30. The force signal acquisition device
includes a force measurement plate, data acquisition unit, signal cables,
charge amplifiers, and a computer. The force measurement plate, pro-
duced by Kistler, works in conjunction with DynoWare software (version
3.1.2.0) to collect grinding force data. As illustrated in the schematic of
the grinding setup in Fig. 6, a sapphire piece measuring 10 x 10 x 1
mm® (obtained by laser cutting a sapphire C-plane substrate wafer
produced by Fujian Jing'an Co., Ltd.) is attached to the fixture platform
using heated wax. The fixture platform is securely mounted on the
machine tool worktable with screws. A custom-made soft abrasive
grinding tool is installed on the ultrasonic tool holder using a collet, and
the ultrasonic tool holder is mounted on the machine spindle.

The ultrasonic control system was set to the maximum voltage of 95
V, with the vibration frequency set to the measured resonant frequency
of the transducer at 28.46 kHz. The vibration amplitude of the ultrasonic
tool holder was approximately 4.5 pm, indicating good performance of
the tool holder. Six experimental groups were established, covering both
ultrasonic-assisted and traditional machining modes under three distinct
processing durations, aiming to compare the performance differences
between the two approaches. The experimental setup is summarized in
Table 3. The spindle rotated at 2000 rpm, which—given the geometry of
the custom-designed grinding head—produced a peripheral velocity of
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Fig. 5. Comparison between ultrasonic scratching and conventional scratching in the removal of reaction-modified surface material: (a) number of removed surface
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Fig. 6. Ultrasonic vibration-assisted grinding experimental platform.

Table 3
Grinding experiment parameter settings.
Grinding Total Single Total Single Spindle
method grinding grinding feed feed speed
time duration depth depth
8 min 1 min
CMG 16 min 2 min
32 min 4 min
8 min 1 min 40 pm 5 pm 2000 rpm
UVCMG 16 min 2 min
32 min 4 min

approximately 2 m/s. The total grinding depth was 40 pm, achieved in
eight steps with a single infeed depth of 5 ym. The three grinding du-
rations were 8 min, 16 min, and 32 min, corresponding to grinding times
of 1 min, 2 min, and 4 min, respectively, after each 5 pm depth infeed.

4.2. Analysis of grinding force

As the sapphire surface material is progressively removed and the
soft abrasive tool undergoes normal wear, both the dynamic tangential
and normal grinding forces gradually decrease with increasing grinding
time. The average grinding force is obtained by averaging the dynamic
grinding force over the grinding duration. All grinding forces discussed
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in this section refer to the average values at a feed depth of 40 pm. As
shown in Fig. 7(a), the average tangential grinding forces for conven-
tional grinding at durations of 8, 16, and 32 min are 2.83 N, 1.42 N, and
0.73 N, respectively, while those for ultrasonic-assisted grinding are
2.21 N, 1.42 N, and 0.69 N. As shown in Fig. 7(b), the average normal
grinding forces for conventional grinding at 8, 16, and 32 min are 5.03
N, 2.99 N, and 1.36 N, respectively, whereas the corresponding values
for ultrasonic-assisted grinding are 3.72 N, 2.76 N, and 1.23 N.

With the introduction of the ultrasonic-assisted energy field, both
tangential and normal grinding forces decrease. Compared with CMG,
UVCMG reduces the average tangential grinding force by 21.91%,
21.13%, and 5.48%, and the average normal grinding force by 26.04%,
7.79%, and 9.56% at the corresponding grinding durations. The
reduction in grinding force in ultrasonic-assisted grinding is generally
attributed to the extended abrasive trajectories, which enhance the
material removal rate and thereby lower the grinding force [64]. In this
study, the ultrasonic vibration-assisted energy field further accelerates
the solid-state reaction rate between the soft abrasives and the sapphire
surface, leading to improved material removal efficiency and conse-
quently reduced grinding forces in UVCMG compared with CMG.

4.3. Analysis of surface roughness

After chemical mechanical grinding, a smooth sapphire surface as

3

T T T €>

5 _(b) 5.03 [ Jcme 430 8

il P [_Juveme 5

;1 —k— Percentage reduction “b"n

o~ 4F \; 1% '-E
3.

Z N E

3 5

b sk 2.99 {18 <

L 2.76 =

3 5

ELl {112

=) 9.56 =

Z \GP 3 @

— : 1.23 ;

1} 1¢ &

=

QL

£

0 0 o

8 16 32 R

Grinding time (min)

Fig. 7. Comparison of grinding forces between UVCMG and CMG: (a) tangential force; (b) normal force.
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shown in Fig. 8(al)-(a3) can be obtained, indicating that the use of soft
abrasive tools enables effective grinding of sapphire surfaces. To quan-
titatively analyze the machining quality of the sapphire surface after
grinding, surface roughness (Sa) measurements were taken at five
equally spaced locations within the ground area of the sample.

The initial surface roughness of the sapphire specimen was 278.62
nm. After undergoing CMG for 8, 16, and 32 min, the roughness pro-
gressively declined to 97.28 nm, 70.04 nm, and 46.61 nm, indicating a
steady enhancement in surface smoothness with longer processing du-
rations. When ultrasonic assistance was applied, the UVCMG process
yielded even finer finishes of 79.93 nm, 54.56 nm, and 36.29 nm under
the same time intervals. Compared with standard CMG, UVCMG
consistently produced smoother surfaces, achieving reductions of
17.84%, 22.10%, and 22.14%, respectively, as shown in Fig. 8(b) and
(c). These findings reveal that the sapphire surface topography was
significantly refined following material removal, and the introduction of
ultrasonic excitation further improved the overall finish. Representative
three-dimensional surface profiles obtained from both processing con-
ditions are depicted in Fig. 8(d).

4.4. Analysis of material removal efficiency

Material removal efficiency is as crucial as surface quality in grinding
processes, and the material removal efficiency of sapphire CMG is a key
focus. A custom-made grinding tool was used to perform CMG at the
same location on the sapphire sample to remove surface material.
Groove depth measurements were taken at three uniformly distributed
points across the machining area, and the groove depths formed within a
given duration were employed to assess the efficiency of material
removal. The groove depths obtained by CMG were 1.16 pm, 1.58 pm,
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and 2.92 pm after 8, 16, and 32 min of grinding, respectively. In
contrast, the groove depths achieved by ultrasonic-assisted chemical
mechanical grinding (UVCMG) under the same conditions were 1.78
pm, 2.01 pm, and 3.22 pm, representing increases of 53.45%, 27.22%,
and 10.27%, respectively, compared to conventional CMG, as shown in
Fig. 9(a) and (b). Under all three grinding durations, UVCMG resulted in
greater material removal than conventional CMG. Increasing the
grinding time enhanced material removal, and the introduction of ul-
trasonic assistance further improved the material removal efficiency of
sapphire CMG. The measured groove depth profiles of sapphire samples
processed by the two grinding methods are shown in Fig. 9(c1) and (c2).
Incorporating ultrasonic assistance enhanced both the surface finish and
the removal rate during sapphire CMG.

4.5. Mechanism of ultrasonic-assisted solid-state reaction grinding

The surfaces of the samples before and after chemical mechanical
grinding were examined by Raman spectroscopy. The Raman spectrum
prior to processing is presented in Fig. 10(al), displaying three distinct
characteristic peaks at 421 em™Y, 579 em™!, and 751 cm™!, which
correspond to vibrational modes associated with the C-plane of sap-
phire. These results are consistent with existing Raman spectroscopy
findings for C-plane sapphire substrates [30,65,66]. The Raman spec-
trum of the sapphire substrate surface after grinding with a silica soft
abrasive tool is shown in Fig. 10(a2). In addition to characteristic peaks
similar to those observed before chemical mechanical grinding, two
additional characteristic peaks were detected at Raman shifts of 951
cm™! and 1094 cm ™. Comparison with existing literature confirms that
these peaks correspond to mullite [67,68]. Furthermore, characteristic
peaks were observed at Raman shifts of 1366 cm™! and 1612 ecm ™.
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However, no corresponding substances for these peaks were identified
through database comparisons or existing literature.

The surface hardness measured by nanoindentation experiments
reflects a material's resistance to localized plastic deformation and helps
provide a more comprehensive understanding of its mechanical prop-
erties [69]. In general, higher hardness corresponds to stronger resis-
tance to deformation, making the surface material more difficult to be
removed by abrasive particles during grinding [70]. The nano-
indentation instrument used in this study was manufactured by KLA-
TENCOR, model Nano Indenter G200. The continuous stiffness mea-
surement (CSM) method was employed, which enables the determina-
tion of hardness as a function of penetration depth [71,72]. The
measured hardness values of the pristine sapphire surface and the
reaction-modified surface are shown in Fig. 10(b1) and (b2). After the
indenter penetrates to a depth of 40 nm, the hardness values tend to
stabilize. The hardness of the reaction-modified surface is lower than
that of the pristine surface. By averaging the hardness values beyond an
indentation depth of 40 nm, the surface hardness of the pristine sapphire
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is determined to be 38.97 GPa, which is in good agreement with the
previously reported value of 39.82 GPa [54]. The nanoindentation re-
sults show that the hardness of the reaction-modified surface is 30.80
GPa. Compared with the pristine sapphire surface, the hardness of the
sapphire substrate after chemical mechanical polishing decreases by
20.96%.

Conventional CMG generally involves four successive phases: me-
chanical interaction, preliminary formation of a reaction product layer,
creation of a chemically modified surface, and its subsequent elimina-
tion [63]. The introduction of an ultrasonic vibration-assisted energy
field plays an essential role in promoting interfacial chemical trans-
formation while enhancing the mechanical detachment of surface ma-
terials. Ultrasonic scratching injects supplementary energy into the
reaction interface, facilitating the interfacial reaction process and
leading to a greater generation of amorphous surface atoms, which ex-
pedites the development of the modified layer. The altered layer,
composed of the product and amorphous regions, exhibits degraded
mechanical strength, making it easier to remove in later stages [62].
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During ultrasonic scratching, more surface atoms are displaced within
the same duration, accelerating both the elimination of the modified
surface and the exposure of new sapphire regions. These freshly un-
covered sapphire surfaces promptly interact with the soft abrasives,
forming new reaction-modified layers. As depicted in Fig. 11, the
mechanism of ultrasonic-assisted CMG reveals that the applied energy
field accelerates the cyclic transition from layer formation to removal,
thereby improving overall processing efficiency.

The role of the ultrasonic vibration-assisted energy field differs be-
tween ultrasonic-assisted grinding and UVCMG. In conventional
grinding, where the main challenge is balancing machining precision
and efficiency, ultrasonic vibration reduces the surface roughness (Ra)
of sapphire by 5.19%-9.56% and decreases the pit depth from 12.83 pm
to 9.27 pm (27.75%), which contributes to improved material removal
efficiency, mainly by modifying abrasive trajectories and reducing
grinding forces and subsurface damage [73]. In contrast, in CMG, a high-
precision process whose main limitation is the low material removal rate
due to the slow interfacial solid-state reaction, the introduction of ul-
trasonic vibration has a more pronounced effect, reducing surface
roughness by 17.84%-22.14% and increasing material removal by
10.27%-53.45%. This indicates that ultrasonic vibration significantly
accelerates interfacial reactions in UVCMG, thereby enhancing material
removal efficiency while maintaining high surface quality.
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5. Conclusions

This study proposes an ultrasonic vibration-assisted chemical me-
chanical grinding (UVCMG) method and establishes a direct mecha-
nism-performance correlation through combined molecular dynamics
simulations and grinding experiments. Simulations demonstrate that
ultrasonic vibration elevates the interfacial energy state, thereby
accelerating solid-state reactions, strengthening interfacial bonding, and
promoting the rapid detachment of reaction-modified atoms, which
collectively intensify the “reaction-removal” cycle. These mechanistic
effects are directly reflected in the experimental results, where UVCMG
achieves a reduction in surface roughness of 17.84%-22.14%, an in-
crease in material removal efficiency of 10.27%-53.45%, and a notice-
able decrease in both tangential and normal grinding forces compared
with conventional CMG. The strong agreement between simulation and
experiment confirms that ultrasonic vibration enhances reaction ki-
netics, facilitates material removal, and reduces grinding forces, estab-
lishing UVCMG as an effective and innovative strategy for high-
efficiency, high-quality machining of sapphire and other hard and
brittle materials. Future work will focus on further process optimization
and systematic investigations to accelerate the practical application of
this method.
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