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Preface

Difficult-to-machine materials, such as semiconductors, engineering ceramics, optical glass, and
composite materials, have been widely used in aerospace, integrated circuits, and energy power
due to their superior mechanical properties and stable chemical characteristics. For advanced
applications, these materials must be shaped into smooth substrates with high surface integrity
using precision and ultra-precision machining technologies. However, these materials exhibit
high brittleness, high hardness, anisotropic damage, and high elasticity, which present significant
challenges for efficient machining. Severe surface and subsurface damage, along with serious
cutting tool wear, are easily generated during the machining process, inevitably compromising
the dimensional accuracy and service life of the components while increasing production costs.
Revealing the damage evolution and material removal mechanism at micro- and nanoscales,
exploring innovative machining technology, developing an innovative cutting tool, and optimizing
machining process parameters are of great significance to realize the high efficiency and precision
machining of difficult-to-machine materials. Traditional mechanical machining techniques primarily
encompass grinding, lapping, polishing, turning, milling, drilling, etc. In recent years, with the
development of high-energy beams and electrochemical processing technologies, composite energy
field machining has increasingly demonstrated its advantages in machining difficult-to-machine
materials in an efficient and ultra-precise manner. This Reprint focused on the precision machining of
representative difficult-to-machine materials, including glassy carbon, high-strength steel, engineering
ceramics, composite materials, monocrystalline silicon, and cemented carbide. Numerous innovative
machining technologies were proposed in the Reprint, achieving significant results in material
removal mechanisms, polishing, diamond wire saw cutting, ultrasonic vibration-assisted machining,
laser-assisted machining, vibration-assisted electrode electrochemical drilling, and the fabrication
of high-performance cutting tools. These findings effectively improved the surface quality of the
workpiece and machining efficiency while reducing cutting forces and tool wear. These achievements
laid a theoretical foundation and provided technical support for developing efficient and low-damage

machining technologies for difficult-to-machine materials.

Chen Li
Guest Editor
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Editorial for Special Issue on Ultra-Precision Machining of
Difficult-to-Machine Materials

Chen Li 123

School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001, China;
lichen1992@hit.edu.cn

2 Suzhou Research Institute of HIT, Suzhou 215104, China

3 Zhengzhou Research Institute, Harbin Institute of Technology, Zhengzhou 450046, China

1. Introduction for Special Issue of Ultra-Precision Machining of
Difficult-to-Machine Materials

Difficult-to-machine materials, such as semiconductors [1,2], laser crystals [3,4], engineer-
ing ceramics [5,6], optical glass [7,8], superalloys [9,10], and composite materials [11-13], have
been widely used in aerospace, integrated circuits, and energy power due to their superior
mechanical properties and stable chemical characteristics. For instance, gallium nitride
crystals are currently recognized as the most promising third-generation semiconductor
material [14], with widespread applications in the aerospace and new energy sectors. YAG
laser crystals serve as the primary host material for multi-kilowatt solid-state lasers [15].
Silicon carbide ceramics exhibit excellent specific stiffness and hardness, making them
an ideal candidate material for fabricating large-aperture spaceborne reflectors [16]. Sili-
con carbide fiber-reinforced silicon carbide ceramic matrix composites are the preferred
material for the thermal structural components of aircraft engines [17].

For advanced applications, these materials must be shaped into smooth substrates
with high surface integrity using precision and ultra-precision machining technologies. Tra-
ditional mechanical machining techniques primarily encompass grinding [18], lapping [19],
polishing [20,21], turning [22], milling [23], drilling [24], boring, etc. In recent years,
with the development of high-energy beams and electrochemical processing technologies,
composite energy field machining has increasingly demonstrated its advantages in machin-
ing difficult-to-machine materials in an efficient and ultra-precise manner. Examples of
such technologies include laser-assisted machining [25,26], ultrasonic vibration-assisted
machining [27], plasma-assisted machining [28], electrochemical-mechanical composite
machining [29], and ion beam machining [30]. However, these materials exhibit high
brittleness, high hardness, anisotropic damage [31], and high elasticity [32], which present
significant challenges for efficient machining. Severe surface and subsurface damage,
along with serious cutting tool wear, are easily generated during the machining process,
inevitably compromising the dimensional accuracy and service life of the components
while increasing production costs [33-35].

Understanding the mechanical properties [36,37], revealing the damage evolution
and material removal mechanism at micro- and nanoscales [38,39], exploring innovative
machining technology [40,41], developing an innovative cutting tool [42,43], and opti-
mizing machining process parameters [44,45] are of great significance to realize the high
efficiency and precision machining of difficult-to-machine materials. This Special Issue,
“Ultra-Precision Machining of Difficult-to-Machine Materials”, highlights recent research

Micromachines 2025, 16, 1004 1 https://doi.org/10.3390/mil16091004
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advancements in four key aspects within the machining field of difficult-to-machine mate-
rials, namely material removal mechanisms [46], abrasive machining technology [46—48],
composite energy field machining technologies [49-53], and the development of high-
performance cutting tools [54]. These advanced theories and technologies offer significant
novel insights into efficient and low-damage machining of difficult-to-machine materials,
comprising nine original articles.

2. Overview of Published Articles
2.1. Material Removal Mechanism Induced by Machining of Difficult-to-Machine Materials

Elucidating damage evolution and material removal mechanisms is essential for
achieving the efficient and precise machining of difficult-to-machine materials. Jahnel
etal. [46] investigated the brittle-to-ductile transition and the material removal mechanisms
of glassy carbon induced by abrasive machining through nano-scratching and indentation
tests. The results indicated that glassy carbon exhibited a distinct brittle-to-ductile transition
behavior during the nanoscratching process, and the substrate underwent successive stages
of ductile plastic deformation, funnel-shaped fracture, and brittle conchoidal fracture as the
cutting depth increased. Appropriately reducing the feed rate and grinding depth while
using abrasives with finer grain size is beneficial for improving the workpiece’s surface
quality. Inducing compressive stress during the machining process promotes more ductile
material removal behavior due to the suppression of crack initiation and propagation.
These findings not only enhance the understanding of material damage evolution and
removal mechanisms at micro- and nanoscales but also provide a theoretical basis for
achieving the high-efficiency and low-damage machining of brittle solids.

2.2. Abrasive Machining Technology of Difficult-to-Machine Materials

Abrasive machining technology involves the use of fine-grained abrasives or grinding
wheels for workpiece precision machining. This technique represents a key method for
achieving nanoscale ultra-smooth surface finishing of difficult-to-machine materials and
primarily includes processes such as grinding, polishing, lapping, abrasive jet machining,
and wire saw cutting. Flexible rheological polishing facilitates the fabrication of the smooth
curved surfaces of GCr15 bushings. However, the inherent energy dissipation of the
medium during flow leads to an uneven distribution of material removal. Zhao et al. [47]
proposed controlling the physical field distribution of the abrasive medium through tool
motion to achieve regulated material removal. In their study, the non-Newtonian behavior
of the abrasive medium was characterized using a power law model. Based on principles
of fluid dynamics and tribology, a film thickness model on the workpiece surface was
developed. By solving this model, the pressure and velocity distributions within the film
were determined. Based on contact mechanics, a single-abrasive-material removal model
was developed, and a statistical method was employed to establish an abrasive distribution
model, thereby enabling the formulation of a theoretical material removal model. Zhao
refined this model through experimental validation, achieving a maximum error of no
more than 14.0% and an average error of 11.1%. Guided by the corrected model, polishing
a cylindrical inner surface for 60 min resulted in a surface roughness of 17.59 nm with a
variance of 4.42 nm?.

Zhang et al. [48] investigated the influence of diamond wire saw processing parameters
on the surface characteristics of silicon nitride ceramics. Sawing experiments on silicon
nitride ceramics were conducted within the range of processing parameters for diamond
wire sawing, and the effects of cutting parameters on the surface morphology, surface
roughness, and waviness of the as-sawn slices were analyzed. The results indicated
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that material removal on the diamond wire as-sawn surface of silicon nitride ceramics
predominantly occurred in a brittle mode, as evidenced by the presence of brittle pits and
regularly distributed wire marks within the 20-55 um scale range. The surface roughness
of the slices along the workpiece feed direction ranged from 0.27 to 0.38 um and decreased
with increasing wire speed and decreasing feed rate. Surface waviness varied between 0.09
and 0.21 um, showing a consistent trend with the variation in sliced-surface roughness.
The study results offer an experimental basis for advancing the engineering application of
diamond wire sawing technology in machining silicon nitride ceramic components.

2.3. Composite Enerqy Field Machining Technology of Difficult-to-Machine Materials

Compared with traditional machining technologies, high-energy beam and electro-
chemical machining methods can effectively reduce machining forces, residual stresses,
and tool wear, thereby demonstrating their advantages in the efficient and ultra-precision
machining of difficult-to-machine materials. Numerous researchers have investigated the
material removal mechanisms and process optimization strategies in composite energy
field machining for such materials. Zhang et al. [49] proposed a longitudinal-torsional
ultrasonic grinding (LTUG) process for machining the inner surface of GCr15 bushings.
Modal analysis and amplitude testing were conducted to verify the structural rationality
of the LTUG setup. Based on the probability density function of cutting thickness and
the overlapping effect of adjacent abrasive trajectories, a surface topography prediction
model for LTUG was established using the height formula of the surface residual material.
The model’s reliability was validated through orthogonal testing, achieving a prediction
accuracy within 13.2%. According to the response surface methodology, the optimal process
parameters were selected to satisfy the requirements of low surface roughness (Ra) and
high material removal rate (MRR). The inner surface of the raceway plays a critical role in
determining the performance of the bearing, and this study provides theoretical guidance
for the longitudinal-torsional ultrasonic grinding process applied to the inner surface of
GCr15 bearing steel.

Lin et al. [50] investigated the various fiber removal modes induced by orthogonal
fiber weaving in SiCf/SiC composites. Force variations were analyzed through ultrasonic
vibration-assisted scratching experiments to elucidate the influence of material removal
mechanisms. In the study, three distinct surfaces, characterized by differences in fiber bun-
dle weaving and lamination structures, were selected for comparative analysis. The results
indicated that the internal fiber arrangement within the composite significantly affected the
forces generated during the material removal process. Meanwhile, while investigating the
influence of processing parameters on scratching forces, it was determined that the feed rate
exerted the most significant effect. A comparative analysis between ultrasonic vibration-
assisted scratching and traditional scratching experiments demonstrated that ultrasonic
vibration can effectively reduce the scratching force. The underlying mechanism can be
explained as follows: under the influence of ultrasonic assistance, the fibers experience
brittle fracture, the matrix undergoes tearing, and surface residues are effectively removed
in a timely manner. These combined effects contribute to a significant improvement in
surface roughness after ultrasonic vibration-assisted processing.

Yang et al. [51] developed a novel anode vibration-assisted helical electrode electro-
chemical drilling method for fabricating micro-hole arrays on metal tube sidewalls in a
highly efficient manner. Through comprehensive simulations and experimental investiga-
tions, the research team systematically examined the effects of the helical electrode rotation
direction, rotational speed, and workpiece vibration parameters. The optimal results were
obtained using forward electrode rotation at 3000 rpm in combination with workpiece
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vibration (8 pm amplitude at 100 Hz frequency), yielding precision micro-holes with a
200 um diameter and a standard deviation of 3 um. By employing this optimized process,
the researchers successfully fabricated an array of 10 uniformly distributed micro-holes on
304 stainless steel tubes. Practical application tests demonstrated that the developed tube
electrode enabled radial electrolyte flushing in electrochemical cutting, resulting in high-
precision slits with an average width of 1.089 mm (standard deviation of 35.3 um) on 5 mm
thick stainless-steel plates. This breakthrough technology overcomes the critical limitations
of conventional methods—such as drilling, laser cutting, or electrical discharge machining
(EDM)—including thermal damage and burr formation, thereby offering an innovative
solution for the efficient and precise machining of large-scale ruled surface components.

Cheng et al. [52] elucidated the mechanism underlying trajectory deviation and the
uneven distribution of fracture quality in ceramic cutting using the thermal-controlled
fracture method. Experimental results obtained from single-surface heating mode cutting
demonstrate that the fracture trajectories on the upper and lower surfaces exhibit significant
inconsistency, with the fracture quality being inferior to that achieved under dual-surface
heating conditions. A finite element model was employed to calculate the stress distri-
bution during the process, aiming to elucidate the underlying causes of the processing
quality issues. This study demonstrates that trajectory deviation primarily results from the
combined effects of lateral shear stress and transverse shear stress during ceramic cutting
with a surface heat source. The uneven distribution of fracture quality in the single-surface
heating mode is primarily attributed to the monotonic and highly gradient distribution
of transverse tensile stress along the thickness direction of the workpiece. This study
contributes to a deeper understanding of the processing challenges associated with this
method, thereby facilitating the development of high-quality processing techniques in
this field.

Wau et al. [53] conducted an investigation into quality control and damage mechanisms
in the laser cutting of single-crystal silicon, systematically examining the regulatory effects
of laser process parameters on cut seam dimensions and influenced processing zones
in order to address the requirements of efficient wafer cutting. This study employed
nanosecond pulsed laser cutting to process single-crystal silicon and innovatively applied
surface erasure technology to eliminate the heat-affected zone. The results indicated
that wiping the cutting surface effectively removed the processing-affected zones and
recast layers on both sides of the cut seam, restoring the surface to a condition closely
resembling its original state. Variations in the number of cutting passes influenced the
surface morphology of the groove, with the optimal surface morphology observed at
20 cuts. This study quantitatively analyzed the correlation between laser parameters and
damage morphology, demonstrating that optimized parameter settings can simultaneously
achieve high cutting quality and minimal thermal damage, thereby offering a novel process
approach for semiconductor manufacturing.

2.4. Development of High-Performance Cutting Tools

Cutting tools are often referred to as the “industrial teeth” of machine tools, and
their performance directly influences production efficiency and machining quality. With
the growing demand for high-precision and high-efficiency machining in sectors such as
aerospace, increasingly stringent requirements have been placed on the performance of
cutting tools. The development of technologies for fabricating high-performance cutting
tools plays a crucial role in achieving the efficient and precise machining of difficult-to-cut
materials. Qin et al. [54] proposed a chemical-mechanical synergistic preparation (CMSP)
method for the cutting edge of cemented carbide inserts. A CMSP device was specifically
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designed and constructed to process insert cutting edges. Subsequently, the Taguchi
method was integrated with gray relational analysis and fuzzy inference to optimize
the polishing slurry formulation used in the CMSP process for insert cutting edges. In
addition, orthogonal experiments, the Taguchi method, and analysis of variance (ANOVA)
were employed to evaluate the effects of the polishing plate’s rotational speed, swing
angle, and controller input frequency on the edge preparation process and to optimize the
corresponding parameters. The results indicated that the optimal parameter combination
for the polishing slurry used in the processing of cemented carbide inserts included an
abrasive particle mass concentration of 10 wt%, an oxidant mass concentration of 10 wt%,
a dispersant mass concentration of 2 wt%, and a pH value of 8. For the linear edge
CMSP process, the optimal parameter combination consisted of a polishing plate rotational
speed of 90 rpm, a swing angle of 6°, and a controller input frequency of 5000 Hz. The
optimal CMSP process parameter combination for the circular edge included a polishing
plate rotational speed of 90 rpm, a swing angle of 6°, and a controller input frequency of
7000 Hz. Among these parameters, the polishing plate rotational speed exerted the most
significant influence on the edge preparation process, followed by the swing angle, while
the controller input frequency had the least impact. This study demonstrated that CMSP
represents a promising approach for treating cemented carbide insert cutting edges in tool
manufacturing enterprises.

3. Conclusions

The articles published in this Special Issue focus on the precision machining of rep-
resentative difficult-to-machine materials, including glassy carbon [46], high-strength
steel [47,49,51], engineering ceramics [48,52], composite materials [50], monocrystalline
silicon [53], and cemented carbide [54]. Authors have proposed numerous innovative
machining technologies and process optimizations for the aforementioned difficult-to-
machine materials, achieving significant results in material removal mechanisms, polish-
ing, diamond wire saw cutting, ultrasonic vibration-assisted machining, laser-assisted
machining, vibration-assisted electrode electrochemical drilling, and the fabrication of
high-performance cutting tools. These research findings effectively improved the sur-
face quality of the workpiece and machining efficiency while reducing cutting forces
and tool wear. These achievements laid a theoretical foundation and provided technical
support for developing efficient and low-damage machining technologies for difficult-to-
machine materials.

Author Contributions: Writing—original draft: C.L.; review: C.L. All authors have read and agreed
to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Compliant rheological polishing advanced in facilitating the generation of smooth
curved surfaces. However, the inherent energy dissipation of the medium during flow
results in an uncontrollable material removal distribution. This study proposes utilizing
the motion of the tool to regulate the distribution of physical fields within the computa-
tional domain, thereby controlling material removal. A film thickness model is developed
based on fluid dynamics and tribology principles to examine the pressure and velocity
distributions within the film. In conjunction with contact mechanics and metallography, a
material removal model is formulated and then validated and refined by valid experiment,
demonstrating a positive correlation between material removal rate and surface quality.
Optimization experiments produced a curved surface with an Ra of 17.59 nm.

Keywords: non-Newtonian fluid; fluid dynamics; tribology principle; material removal

1. Introduction

Compliant fluid polishing technologies, such as Magnetorheological Finishing (MRF)
and Shear-Thickening Polishing (STP), have garnered significant attention in recent years
as non-traditional processing methods for high-precision surface machining [1-5]. Com-
pared to traditional ultra-precision machining technology, these methods leverage the
flow characteristics of liquid media to conform to the workpiece surface, enabling effi-
cient material removal and facilitating the processing of complex curved surfaces and
microstructures [6-12]. They are widely used in the final machining of optical compo-
nents [13,14], aerospace components [15,16] and semiconductor devices [17,18].

However, due to the complex flow dynamics and shear stress distribution inherent in
fluids, the material removal rate often exhibits substantial uncertainty [19], presenting a
significant challenge for achieving high-precision surface machining. In compliant fluid
polishing, the material removal distribution is primarily influenced by factors such as
fluid viscosity, shear rate, abrasive concentration, and flow field distribution [20-22]. The
nonlinear coupling of these factors makes it difficult to predict material removal distribution
during polishing, complicating efforts to control uniformity in material removal.

Peng et al. analyzed the mechanism of inlet pressure drop during abrasive flow
machining (AFM) processing using capillary flow and developed a constitutive model

Micromachines 2025, 16, 572 8 https://doi.org/10.3390/mil6050572
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for high shear rate medium [23]. Kum et al. applied AFM to polish nozzle guide vanes,
establishing a baseline for material removal distribution, which was later compensated by
design modifications, reducing dimensional errors from 600 pm to 200 um [24]. Building
on this approach, Fu and Guo used AFM and STP to polish blades and bearing raceways,
respectively, achieving high-precision material removal while maintaining excellent surface
quality. After 400 cycles, Fu achieved a surface roughness Ra of 0.141 um, and the standard
deviation decreased from 0.0977 pm (without compensation) to 0.0291 um [25]. Guo
obtained a surface roughness of Ra 11.16 nm with a variance of 0.58 nm? after 90 min of
polishing. Ke et al. employed shear thickening polishing (STP) to passivate cemented
carbide inserts, achieving a reduction in cutting edge roughness from 118.01 nm to 8.13 nm
within 10 min [26].

However, the compensation conditions for this approach are highly dependent on
the workpiece geometry. Once the workpiece undergoes modification, a complete re-
experimentation of the process is necessary, which limits the feasibility of accurately
predicting the process. MRF provides a viable alternative: by calculating the relationship
between the physical field distribution in the computational domain and the motion of the
polishing tool, thereby enabling controlled material removal through carefully planned
tool paths [27-29]. Zhu used a bonnet as the polishing tool and shear-thickening slurry as
the medium, achieving a sub-micron bi-sinusoidal surface with a form error deviation of
just 95 nm P-V [30,31]. Some researchers proposed magnetorheological fluid-assisted AFM
methods, but these methods are essentially extensions of magnetorheological polishing and
do not offer innovations to the underlying process [32,33]. Abrasive liquid jet polishing uses
a jet of abrasive medium as a special polishing tool, which can also achieve high-precision
material removal. However, its low processing efficiency, high nozzle wear, and rapid
energy attenuation restrict further development of the technology [34,35].

This study examines the challenge of achieving deterministic material removal in
compliant fluid polishing technologies, with a particular focus on shear-thickening fluids.
It explores the physical field distribution within the computational domain of the polishing
fluid assisted by the polishing tool and investigates the dynamic coupling mechanism
between pressure and viscosity. By integrating experimental and numerical simulation
methods, the results offer theoretical foundations and technical support for achieving
high-precision control in compliant fluid polishing.

2. Principle of Dynamic-Viscous Shear-Thickening Polishing

Analysis of the shear thickening mechanism indicates that effective shear thickening
polishing (STP) relies on generating a sufficiently high velocity gradient (shear rate) at
the workpiece surface. However, under certain motion conditions, the high viscosity of
the fluid leads to minimal slip between the slurry and the surface, resulting in negligible
material removal even under high pressure. Additionally, the distribution of material
removal is highly non-uniform.

To address this, a flexible tool movement is proposed to assist in STP processing.
This movement actively creates a fluid shear zone at the workpiece surface, leading to
localized rapid pressure and shear thickening. By leveraging the shear thickening effect
of the slurry and its combined dynamic pressure lubrication effect, a high-viscosity, high-
pressure polishing film is formed on the workpiece surface. This polishing film moves
with the tool, generating relative motion between the tool and workpiece, thereby enabling
ultra-precision processing of the surface.

The specific processing procedure is illustrated in Figure 1. The workpiece and
polishing tool are immersed in the slurry. When the workpiece and tool are stationary
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in the fluid, the thickening phase exerts a lifting effect, causing the abrasive particles to
be evenly dispersed in the slurry (Figure 1a). At this stage, there is no relative motion
between the abrasive particles and the workpiece. As relative motion occurs between the
workpiece and tool (Figure 1b), a velocity gradient is formed between them (Figure 1c). The
shear thickening effect of the slurry causes a rapid increase in viscosity, and the thickening
phase encapsulates the abrasive particles, driving them to scratch the workpiece surface
and remove material. Figure 1d shows the force diagram of a single abrasive particle.
The dynamic pressure p exerted on the particle is positively correlated with viscosity and
velocity difference. High shear rates result in larger normal pressures and higher viscosities,
which further increase the normal pressure. Under the combined action of these factors,
the dynamic pressure p exerted by the polishing film is significantly higher than the p
produced by the Newtonian slurry, thus enabling efficient material removal.

(a) (b)
static & Tool dynamic &
3 = 5 &>
s B @ & = g O
3
g °,_ 0 B 9 9 QS s o g ¢ a
Inner surface of workpiece @,
(c) (d)

Thickening phase

Figure 1. Principle of STP based on the dynamic-viscous pressure effect: (a) the slurry is static,

(b) the slurry moves with the tool’s rotation, (c) distribution of the velocity gradient, and (d) schematic
of the force acting on the abrasives.

This method takes into account the coupling effect between pressure and viscosity, and
is therefore referred to as the dynamic-viscous non-Newtonian polishing method (DVNNP).
When the slurry is a shear-thickening fluid, this effect contributes to improved material
removal. However, when the slurry is a shear-thinning fluid, the effectiveness should
be evaluated based on the specific experimental conditions, comparing the influence of
various factors on the magnitude of material removal.

Figure 2 illustrates the research approach in this paper. First, the processing model was
simplified using Taylor expansion to define the effective processing area. The pressure and
velocity partial differential equations were derived from the film lubrication equation, and
numerical solutions were obtained using the Euler method. Material removal distribution
was determined through metallographic analysis and contact mechanics and compared
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with experimental results for correction. The final model represents the material removal
in non-Newtonian fluid polishing under dynamic-viscous pressure effects.

v v

Theory and numerical . oy
M . Experimental validation
calculation
v |————$————]
Calculate the bounda Nl 1t :
> . 'Y g ¢ Slumy property | Bearing steel |
of computational domain * Material property |
v | Slurry with shear- |
Differential equations of | * Constitutive equation || thickening properties | |
u&p e Dynamics of fluid ____I____n
\ 4 - 1
e Finite difference | |
Numerical calculation <€ method | Influence of velocity
e Fixed point iteration | |
| Influence of working |
gap |
no | —— .

Convergence?

I ® Process premeters |
yes
\ 4 o
Distribution of u & p in .| Distribution of material Coincidence?
computational domain g removal

$

e Preston equation |

\ 4
MRR model of STP under

dynamic-viscous pressure effect

Figure 2. Flowchart of the research approach to material removal.

2.1. Assumptions

To ensure the logical rigor of the theoretical derivation, the following reasonable basic
assumptions are necessary [36]:

(1) The dispersive phase and abrasives are uniformly distributed in the liquid. The
transition from one control point to another is continuous, and the analysis can be
conducted using infinitesimal methods. Discontinuities only occur at the boundaries,
consistent with the continuous medium model.

(2) The properties of the material (including viscosity) may vary spatially, but such
changes occur gradually, reflected in the spatial dependence of material properties in
the continuous medium theory equations.

(3) Viscous forces dominate, while inertial forces can be neglected. Additionally, there
is no relative motion between the thickened and solidified dispersive phase and
the abrasives.

11
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@)

®)
(6)

The surface tension of the slurry is neglected, and due to the relatively short processing
time in this experiment, temperature rise caused by friction and the evaporation of
the liquid are ignored (according to a previous study) [37].

The slurry is incompressible and isotropic; thus, the computational fluid dynamics is
based on pressure solutions.

Due to the high viscosity and the small thickness of the polishing film, pressure
variation along the thickness direction is negligible.

All the analyses and conclusions in this paper are based on these assumptions.

2.2. Rheological Performance

To assess the performance retention of the slurry during the processing time, rhe-

ological curves before and after processing were measured for two sets. As shown in

Figure 3, the rheological curves in the thickening region follow a power-law behavior, and

the rheological performance is stable before and after processing.
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Figure 3. Comparison of rheological properties before and after polishing.
The fitted constitutive equation is given by the following equation:
. .26
T=py" = 0.0087 1)

2.3. Machining System

In the research, the workpiece is the 32,234 cone roller bearing outer race, and the pol-

ishin

g tool selected is a flexible fiber to prevent damage to the workpiece. The experiment

was conducted on the multi-axis bearing raceway polishing machine SRP370, as shown in

Figure 4a. The polishing machine features bidirectional translation along the x and y axes,

with

the y-axis spindle positioned at the center of the workpiece. Both the polishing tool

(Axis A) and the workpiece (Axis B) exhibit rotational motion and can achieve multi-axis
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linkage with the x and y spindles. The maximum rotational speed of Axis A is 300 rpm,
and its rigidity ensures that the gap h along the raceway axis is uniform. Axis B has a
maximum rotational speed of 100 rpm, while the maximum translation speed of the x and
y spindles is 2000 mm/s. Figure 4b shows a schematic of the 32,234 polishing process, and
the image in the upper-right corner of Figure 4a depicts the actual processing of the outer
race, which is clamped in place by a fixture. Surface profiles and roughness were measured
using the Taylor PGI810 surface profilometer (Taylor Hobson Ltd., Leicester, UK) and the
Mar GD120 surface profilometer (Mahr GmbH, Gottingen, Germany).

() @

Initial boundary

Deformed
boundary

. =
1 - [
‘ !‘. Polish disc |
. :

1

Non-Newtonian
slurry

(e) /(l-l,j) (i, J) (i+1,%

(i) Original (ii) Modified
contact model e contact m@

h hy i hy
f )

Thickening
layer
J T_> i Workpiece

Figure 4. Overview of the manufacturing system: (a) prototype machine, (b) schematic of the
polishing process, (¢) computational domain boundaries, (d) simplification of the polishing model,
and (e) illustration of mesh grid division.

3. Simulation and Analysis
3.1. Simplification of Geometric Models

In practical polishing processes, the polishing tool, which rotates around its axis,
typically has a cylindrical cross-section, while the surface of the workpiece may have
various curved shapes. Since the contact area width is much smaller than the curvature
radius of the contact point, a geometric simplification of the contact surface is possible.

As shown in Figure 4c(i), R; represents the radius of the polishing head, and R;
represents the curvature radius of the inner surface of the workpiece. The thickness of the
polishing fluid film / can be expressed as follows:

h:ho—i-(Rl—\/R%—x2>—|—(R2—\/R%—x2) )

In the equation, /iy represents the minimum gap between the tool and the surface. It is
important to note that the size of the contact area is much smaller than both the radius of
the tool and the curvature radius of the surface, i.e., x < R;. Therefore, Equation (2) can
be rewritten as follows:

h=ho+ Ri(1— 2) 4 Ry(1— 2 3)
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1
Expanding the term (1 — Rl, )* using a Taylor series and neglecting higher-order small

terms such as -, the following expression can be derived:
1
x2

h=hy+ R 4)

In the equation, R' = RRLRZQ represents the equivalent radius of the geometric model,
2 1
where Ry, > Rj.
Therefore, the geometric model is adjusted from the initial hyperboloid model shown

in Figure 4c(i) to an equivalent cylindrical and planar contact model, as depicted in
Figure 4c(ii).

The thickness & calculated above determines the initial position of the polishing tool.
Due to the influence of the slurry’s dynamic-viscous properties during the machining
process, the boundary of the polishing tool, B, ), undergoes deformation (as shown in
Figure 4d). The actual boundary of the polishing tool, B, ), can be expressed as follows:

B(xy) = Bini + Baey ®)

Here, B;,; represents the boundary of the tool when both the tool and the workpiece
are stationary, as determined by the aforementioned thickness h. Bg.s represents the
deformation caused by external forces. The deformation of the flexible fibers under shear
force can be described by Equation (6):

Isinf pl4 p
wp _/0 E x (6)

In this equation, p is the load applied to the bristles, which depends on the spatial
position x; [ is the length of the bristles; E is the Young’s modulus of the bristle fibers; and
I is the moment of inertia of the bristles about the y-axis.

The physicochemical properties and structural dimensions of the polishing tool are
shown in Table 1. According to previous studies [38], the maximum pressure at the center
is on the order of 10° Pa. By inputting the pressure magnitude, structural dimensions, and
material properties of the polishing tool into Equation (6), the elastic deformation of the
polishing tool is calculated to be on the order of 0.09 mm. Considering the characteristic
dimensions on the millimeter scale, this deformation is negligible. Therefore, the polishing
tool can be considered to undergo no deformation.

Table 1. Properties and structural dimensions of polishing tool [39].

Tool Parameter Value
Material nylon fiber
Young’s modulus 5 Gpa
Fiber diameter 0.5 mm
Fiber length 10 mm

3.2. Velocity Distribution
According to assumption (3), since inertial forces are neglected, the force balance

equation shown in Figure 5 should have zero on the right-hand side:

00y agyx B
ox dy 0 @
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In Equation (7), the fluid element is subjected only to normal pressure and viscous
forces between the infinitesimal volumes. Therefore, the normal stress oy, is the negative
of the pressure p (with compressive stress as negative and tensile stress as positive), while
oyx represents the shear stress T between adjacent fluid elements. Hence, Equation (7) can
be rewritten as follows:

dp 0T

“5xtay 0 ®)

00, p
o, + .
yx ay y

—_—
oo
o o, . +—— dx
xx 8x
— ——p

Figure 5. Schematic representation of the microscopic force acting on the slurry.

Based on assumption (6), it can be concluded that:
op
Evh 0 )
Substituting the constitutive equation, Equation (1), into Equation (8):
10 J ou"
*a*p =5(5) (10)
Po 9x Yy 9y

Considering that p is a function of x only, integrating both sides of Equation (10) gives
the following equation:
ou " 1 dp
—) = [ —=-d 11
() / y+C (11)

Integrating the above equation once more with respect to y:

1
y dp "
u:/ﬁﬁ#ﬁﬂ)%+Q (12)

This results in:

- @ n lap n+1
ganrl(yoiaxdy—Hl) + G (13)
X
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Introducing the no-slip boundary condition at the wall, the velocity distribution
boundary conditions at the workpiece surface and the tool surface are as follows:

y=0u=0
{ y:h,uzut (14)

Here, U is the velocity at the edge of the polishing tool.

Theoretically, substituting the boundary condition in Equation (14) into the velocity
function, the constants C; and C, can be determined. However, an analytical solution
for Equation (13) is difficult to obtain. In practice, although C; and C, are independent
of y, they are functions of x. If an analytical solution for C; and C, in symbolic form
cannot be found, it becomes challenging to obtain accurate results. Huang et al. [39,40]
proposed a method for velocity separation. The theory is to decompose the velocity of a
non-Newtonian fluid into two components: the shear velocity component u; (hereinafter
referred to as “shear velocity”), which changes due to the velocity difference between the
upper and lower boundaries, and the pressure velocity component u; (hereinafter referred
to as “pressure velocity”), which changes due to variations in pressure.

The shear velocity is only related to the velocity difference between the upper and
lower boundaries (i.e., Uy), so the partial derivative with respect to pressure is zero:

dp 0 ouq B
2-3(3)-

In the above equations: g represents the function of the constitutive equation.
Equation (15) indicates that the shear velocity distribution function is independent
of y:

aul
g(ay) = const(x) (16)

In this equation, const(x) represents a constant term that may depend on the function
of x. Since the velocity gradient function of the shear rate is independent of y, its inverse
function must also be a constant term that does not depend on y. Therefore, the integral of
the velocity gradient can be expressed as follows:

Uy =cy+c (17)

The expression above must also satisfy the boundary conditions presented in
Equation (14), allowing for the determination of the constant term:

up = Utz (18)
h
To solve for the pressure velocity distribution, the constitutive equation is substituted
into Equation (13) and integrated with respect to y. It is important to note that the pressure-
driven flow exhibits symmetry:

auz 1 aj

oy~ ooV

Wk
5)) (19)
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Integrating the above equation and applying the wall boundary conditions allows the
determination of the constant of integration, resulting in the velocity distribution:

i 1+1 141
o n 1 E)p n _ h n B ﬁ n
w- () (v-3) - 20)

By superimposing Equations (18) and (20), the velocity distribution of the slurry within

the computational domain is obtained as follows:

1 1 1
n (19p\*" hoite o opita
wmmrm =l () - -G ) @

Considering the nonlinearity introduced by the thickening exponent, the sign of
Equation (21) needs to be adjusted to ensure the logical accuracy of the numerical calcula-
tions and avoid the appearance of imaginary components:

1 1
h l“r* h 1+ﬁ

(TR O @)

n+1 poox

— Y tsion(%P
ufllth—i-szgn(ax)

Here, si gn(g—fz) represents the sign of ?TZ' indicating whether it is positive or negative.

3.3. Pressure Distribution

By substituting Equation (21) into the continuity equation and integrating it using the
flow continuity condition, an equation with a separable partial derivative term for pressure
can be obtained [41,42]. Upon separating the variables, Equation (23) is derived:

d - 2 1\\" -
P _ Ho n
i szgn\h—h|h2n+1llf<2<2+n>> lh—hl (23)

Here, sign (h - E) represents the sign of (h - E), indicating whether it is positive
or negative.

It is important to note that when the material of the polishing tool is changed, the
deformation may become substantial enough that it can no longer be ignored. Consequently,
the form of Equation (23) should be adjusted as follows:

dl’
= F(pwp,x) = £(p,) 29

Equation (24) indicates that the distribution of the boundary £ is a function of pressure
p and spatial position x, with pressure p (including velocity distribution u) being related to
h. These two variables require iterative solving. To ensure both computational accuracy
and convergence of the nonlinear equations in this case, the implicit RK4 method is used.

In this study, due to the near-rigid characteristics of the polishing tool, the right-hand
side of Equations (22) and (23) does not contain differential terms; thus, the Euler finite
difference method (Appendix A) is employed. According to the principles of tribology,
positive pressure is generated only by flow through a shrinking gap, meaning that material
removal occurs solely on the shrinking side. Therefore, the boundary of the computa-
tional domain is set to the left edge of the polishing tool’s arc and the minimum gap,
ie., x € (—R,0). Under the known geometric structure of the model, the boundary condi-
tions can be expressed as follows:

Px=—R = 0, Px=R = 0 (25)
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The calculation begins with iteration from both the inlet and outlet. It is important to
note that although there is only one unknown variable, p, two boundary conditions are
required. This is because Equation (23) is derived through two integrations, and contains
an 1, which is unknown. Therefore, i must be iteratively corrected during the calculation
process, as shown in Figure 6.

The iteration starts with the boundary condition at the inlet, p,—_r = 0, and an initial
estimate for /1 is given (typically the arithmetic mean of the maximum and minimum film
thicknesses). Then, & is adjusted iteratively to satisfy the outlet condition, py—r = 0. Since
there is only one zero crossing, the bisection method is used for iteration. Additionally,
due to the significant pressure variation near the center, the iteration step size is adjusted
accordingly. The iteration proceeds until the calculated outlet pressure falls below 10~8,
with no upper limit on the number of iterations. The computational domain mesh is shown
in Figure 4e, with a grid size of 0.01 x 0.01 mm. Once the pressure distribution is obtained,
it is substituted into Equation (22) to determine the velocity distribution.

| Initial the values |

v

| Mesh |

h=h+Ah Call subroutine to
calculate h
A l
Call subroutine to
calculate p

Satisfy the export boundary
conditions?

The distribution of output
p and u within the
computational domain

Figure 6. Flowchart of the proposed CFD.

3.4. Removal Model of Single Abrasive

After determining the velocity and pressure distributions within the computational
domain, it is essential to calculate the number of effective abrasive particles involved in
the process. Based on assumption (3), the abrasive particles are uniformly distributed, as
illustrated in Figure 7a. Since the experimental system measures the mass concentration of
the abrasive particles, it is necessary to establish a relationship between mass and volume
concentrations [43] as follows:

Pmcm

Cy, =
PmCm + pa(1 — Cpr)

(26)
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(a) abrasive distribution in near-wall area

(b) different contact state
between abrasive and surface
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Figure 7. State of abrasives in the near-wall region: (a) abrasive distribution assumption and
(b) abrasive-surface contact state, where: (i) d > R & a, <0, (ii) d < R & a, > 0, (iii) ap > R.

Assuming the abrasive particles are spherical, the number of effective particles per
unit area, N,, is expressed as follows:

3Cy

N, = —%
* 7 4nR3

ds 27)

In the abrasive polishing process, the contact between the particles and the surface can
be classified into three types, as illustrated in Figure 7. When the polishing fluid pressure
is insufficient to press the particles into the material surface (d > R), no material removal
occurs. When the pressure is sufficient to press the particles to a certain depth (d < R),
the projected area of the volume removed by a single particle in the direction of motion
is %stinQ, and the removal efficiency is %stineou. When the pressure is high enough to
embed the geometric center of the particle below the surface (a2, > R), the projected area of
the volume removed by a single particle in the direction of motion is 2R(a, — (1 — §)R),
and the removal efficiency is 2R (a, — (1 — §)R)-u. The depth of particle penetration, a,, is
determined based on contact mechanics.

2F,
Y . 28
p mtostanZa, (28)

3.5. Material Removal Model

Material removal function can be expressed as Equation (29), based on the analyses above:

Vaie = [ [ ot g, 9

tos Rtanw,

By substituting the equations for the physical quantities within the computational
domain, the complete material removal distribution function is obtained as follows:

1
T 3upCy 20 o, 1\\" \n y n 1 9p 5 powtl A
s = || i | it (22 5) ) () w2 (3 o3 = (5)" e 0

4. Validation and Analysis

4.1. Valid Experiment Design

The experiment aims to investigate the effects of different relative velocities (1) and gap
distances (/1) on material removal, thereby validating the accuracy of the material removal
model. A series of single-factor experiments were conducted to assess the uniformity of
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1200

Pressure (Pa)

800 r

material removal under varying u and /, with a polishing time of 60 min. The levels of the
other process parameters are provided in Table 2.

Table 2. Process parameters for validation experiments.

Processing Parameters Value
Rotation speed of workpiece (rpm) 10, 25, 40
Inner diameter of workpiece (mm) 252~298

Rotation speed of tool (rpm) 100

Diameter of tool (mm) 60

Gap h (mm) 05,1,2

Due to the large mass of the workpiece and the relatively small amount of material
removal, a precision balance cannot simultaneously satisfy both measurement require-
ments. To accurately quantify material removal during the processing cycle, three evenly
spaced scratches were made axially on the outer bearing (32,234) raceway (Figure 8a),
corresponding to inner diameters of 285 mm, 270 mm, and 255 mm. The yield strength
of the material without heat treatment is 400 MPa. The material removal rate during this
period was determined by measuring the change in distance, A, between the bottom of
the scratches and the lower top surfaces before and after processing (Figure 8b).

(a) diagram depicting surface scratches (b) measurement diagram

S

move i P
/

probe

scratches” - -
after machining before machining

Figure 8. Scratch distribution and measurement: (a) scratch schematic and (b) scratch measurement.

4.2. Validation Results and Discussion

Figures 9-13 show the pressure and velocity distributions in the effective processing
region under different relative speeds and gap sizes. Due to Equation (15) (g—;’ = 0), the
pressure distribution is presented as a 2D line plot, with green, purple, and red regions
representing the pressure distributions at the top, middle, and bottom of the raceway,
respectively. The velocity distribution is shown as a contour plot. Unless otherwise
specified, the data refers to the position at the top of the raceway.

(a) (b) (c)

2000
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1600 [

1200 +

1200 |
800 |

800 |

400 | i
400 |

-60 -40 -20 0 -60 -40 -20 0 -60 -40 -20

X (mm) x (mm) x (mm)

Figure 9. Effect of different velocities on the pressure distribution of the slurry within the computa-
tional domain: (a) 10 rpm, (b) 25 rpm, and (c) 40 rpm.
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Figure 10. Effect of gap on the pressure distribution of the slurry within the computational domain:

(a) 2 mm, (b) 1 mm, and (c) 0.5 mm.
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Figure 11. Effect of U on the velocity distribution of the slurry within the computational domain.
Classified by speed: (a—c) with a rotation velocity of 40 rpm, (d—f) with a rotation velocity of 25 rpm,
(g-1) with a rotation velocity of 10 rpm. Classified by position: (a,d,g) on the top of the raceway,
(b,e,h) on the top of the raceway, (c,f,i) on the top of the raceway.
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Figure 12. Effect of /1 on the velocity distribution of the slurry within the computational domain.
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(g-i) with a rotation velocity of 10 rpm. Classified by position: (a,d,g) on the top of the raceway,
(b,e,h) on the top of the raceway, (c,f,i) on the top of the raceway.

4 Calculated
value

-

7

1S

=
n
IS

—
w

Removal depth(mm)
Calculated MRR (1nun)
Removal depth(mm)
Surface roughness(nmy)
&

5]

2
Gap(mm) Rotation speed(rpm) Righon si(oe

Figure 13. Validation result: (a,b) comparison of material removal between validation results and
theoretical calculations at varying gaps and speeds and (c) evaluation of surface roughness under
different processing conditions.

4.2.1. Analysis of Simulation Results
Pressure Distribution Law

The pressure variation in the slurry along the flow direction within the computational
domain is shown in Figure 9 (hyp = 2 mm) and Figure 10 (w = 25 rpm). The pressure jump
occurs near the minimum gap (pressure outlet). In comparison to Newtonian fluids or
shear-thinning fluids, the peak shape of shear-thickening fluids is much steeper, indicating
that the viscosity change enhances the amplitude of the pressure variation [40].

Furthermore, the relationship between pressure distribution, rotational speed, and
gap can be summarized as follows:
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There is a pressure difference between the upper and lower parts of the raceway,
caused by the velocity differences induced by the raceway structure. The pressure is
highest at the inner diameter of the raceway top, which results in the pressure distribution
being highest at the top, although the difference is small.

The pressure peak difference between different areas and the relative speed are
proportional. When the raceway rotational speed is 10 rpm, the maximum pressure is
885.9 Pa, with a pressure difference of 26.9 Pa between the top and bottom. In contrast,
when the raceway rotational speed is 40 rpm, the maximum pressure reaches 1821.7 Pa,
with a pressure difference of 146.4 Pa between the top and bottom.

As the gap decreases, the pressure peak and the pressure difference at different areas
along the raceway increase, and the pressure peak shifts away from the pressure outlet.
When the gap is 2 mm, the pressure peak is 1322.6 Pa, occurring 0.84 mm from the outlet,
with a pressure difference of 80.7 Pa between the top and bottom. When the gap is
0.5 mm, the pressure peak increases to 24,569.6 Pa, occurring 0.42 mm from the outlet, with
a pressure difference of 1498.8 Pa between the top and bottom. The pressure difference at
this gap even exceeds the peak pressure at a 2 mm gap.

Velocity Distribution Law

The variation in velocity along the flow direction within the computational domain is
depicted in Figure 11 (hp = 2 mm) and Figure 12 (w = 25 rpm). Figure 11a—c, Figure 11d{,
and Figure 11g-i illustrate the velocity distribution of the slurry within the computational
domain at ring rotational speeds of 40 rpm, 25 rpm, and 10 rpm, respectively. Figure 12a—c,
Figure 12d—f, and Figure 12g—i show the velocity distribution of the slurry for initial minimum
gaps of 2 mm, 1 mm, and 0.5 mm, respectively. The peak velocity of the slurry is observed not
at the wall surface, but in the central region of the flow. For material removal calculations,
velocity values near the wall must be extracted. Furthermore, the relationship between the
velocity distribution, rotational speed, and gap can be summarized as follows:

(1) At the same rotational speed, varying raceway radii across different regions result
in different relative velocities. However, these differences are minimal, with the
maximum variation being only 130 mm/s.

(2) The ring rotational speed has the most significant impact on relative velocity. As the
ring speed decreases from 40 rpm to 10 rpm, the peak velocity of the slurry decreases
by 955 mm/s. Notably, the peak velocity does not occur at the wall but in the central
region of the flow. For material removal calculations, velocity values near the wall
are necessary.

(3) As the gap decreases, the peak velocity increases; however, this increase is much
smaller compared to the change in pressure, as the increase in viscosity hinders slurry
motion. When the gap is reduced from 2 mm to 0.5 mm, the peak velocity increases
from 2030 mm/s to 2120 mm/s.

In summary, the gap exerts a substantial influence on the pressure distribution of the
slurry, with its effect on pressure being an order of magnitude (10! times) greater than that
of relative velocity. Moreover, higher rotational speeds lead to increased slurry velocities
near the wall. Therefore, processing conditions characterized by small gaps and high
relative velocities optimize material removal efficiency.

4.2.2. Validation Result

Figure 13 presents a comparison between the experimental results and theoretical
calculations of material removal efficiency under different process parameters. Figure 13a
compares the results of the removal model calculations and experiments at w = 25 rpm for
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different gap sizes. When the minimum gap is 2 mm, the removal thickness of the inner
raceway ranges from 0.417 to 0.453 um, with a theoretical model median of 1.103 pm. Ata
gap of 1 mm, the removal thickness ranges from 1.549 to 1.872 um, with a model median of
5.082 um. For a gap of 0.5 mm, the removal thickness ranges from 2.732 to 3.209 pm, with a
model median of 8.214 um. Due to the assumptions made in the model, deviations from
actual processing conditions are inevitable, necessitating model correction. As shown in
Figure 13a, the deviation between the theoretical model and experimental results is linear,
allowing for the application of a linear correction factor, k. The value of k is determined
as the arithmetic mean of all deviations, k = 0.361. After correction, the maximum error
occurs at the small gap of g = 0.5 mm, at approximately 16.3%, with an average error of
about 12.5%.

The comparison between the corrected model’s calculated values and theoretical
values at different rotational speeds was also examined. Figure 13b compares the model
and experimental values at iy = 2 mm for different rotational speeds. When the ring
speed is 10 rpm, the removal thickness of the inner raceway ranges from 0.247 to 0.287 pm,
with a model median of 0.237 um. At 25 rpm, the removal thickness ranges from 0.417 to
0.453 um, with a model median of 0.397 um. At 40 rpm, the removal thickness ranges from
1.124 to 1.249 pum, with a model median of 1.346 um. At higher rotational speeds, the model
shows a maximum error of approximately 14.0%, with an average error of about 11.1%.

In summary, the corrected model exhibits a maximum error of no more than 17% and
an average error of no more than 13%. The datum is well-distributed and accurate, making
it a reliable tool for material removal prediction.

Figure 13c presents a comparison of surface roughness (Ra) after polishing under
various conditions. As the roughness values at the top, middle, and bottom showed
minimal differences, the figure displays the overall average roughness across all positions.
The roughness variation follows the same trend as material removal efficiency: higher
rotational speeds and smaller gaps lead to the lowest roughness. Therefore, the model-
predicted material removal efficiency can serve as an effective indicator for optimizing the
process parameters that influence surface quality.

4.2.3. Optimal Experiment

Based on the analysis and experimental results, 0.5 mm and 40 rpm were identified as
the optimal process parameters, with other variables held constant. Figure 14 illustrates
the evolution of surface roughness in terms of Ra over time under these optimal conditions.
After 30 min of polishing, the surface roughness decreased to 27.74 nm, outperforming
all results obtained under different parameter settings in the verification tests. After
60 min of polishing, the surface roughness further decreased to 17.59 nm, demonstrating
high consistency in surface quality, with the roughness variance of only 4.42 nm?.

Figure 15 provides a comparison of the true picture before and after polishing. Before
polishing (Figure 15a), the raceway surface, following precision grinding, exhibited a mi-
crostructure with groove-like stripes, and the surface showed a blurred reflective quality. In
contrast, after polishing (Figure 15b), the raceway surface was free from visible machining
marks, presenting a smooth, bright, mirror-like finish.
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Figure 14. Variation in surface roughness with polishing time.

Figure 15. Comparison of surface quality of 32,234 raceways before and after STP, where (a) after
grinding and (b) after STP processing.

5. Conclusions

This paper presents an advanced shear-thickening polishing method that applies
normal pressure to the workpiece surface assisted by the motion of a tool. A material
removal distribution model is developed, with the processing target being the raceway of a
large 32,234 bearing outer ring. The model is refined through valid experiments. The main
research contents and conclusions are as follows:

(1) The rheological properties of the slurry were measured, and reasonable assumptions
were established based on machining conditions and relevant theory.

(2) Distribution functions for pressure and velocity within the processing area were
derived. The velocity distribution within the computational domain was obtained
using velocity decomposition, then the pressure distribution was computed using the
finite difference method.

(3) A single abrasive removal function was established based on contact mechanics, and
a material removal distribution function was derived using metallographic analysis.

(4) Valid experiments were carried out under different process parameter levels. The
results indicated that the average error of the modified theoretical model was approxi-

25



Micromachines 2025, 16, 572

mately 12%, with a maximum error of 16.3%. The model demonstrated high accuracy
and high reliability.

(5) The surface roughness and material removal rate exhibited similar trends, allowing
the removal rate to serve as an indicator for identifying the optimal process parameters
for achieving the best surface quality. The optimization experiment yielded a surface
with a roughness of Ra 17.59 nm and a variance of 4.42 nm?, demonstrating good
processing consistency.

This research presented in this paper aims to provide reliable material removal pre-
dictions for the rheological flexible polishing process, offering significant engineering
application value.

Author Contributions: Conceptualization: T.Z.; data curation: Q.G. and X.W.; validation experi-
ments: T.Z.; measurement: L.G.; writing—original draft: L.G. and C.L.; review: B.L. and C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 52375420, 52305483 and 51805485), the National Natural Science Foundation of Zhejiang
province (grant number QZSZ25E050002, QZQN25E050002, and LMS25E050009). And The APC was
funded by the Science and Technology Plan Project of Quzhou (grant number. 2023 K207).

Data Availability Statement: The datasets generated and/or analyzed during the current study are
not publicly available due to the laboratory policy but are available from the corresponding author
on reasonable request.

Conflicts of Interest: We declare that we have no financial and personal relationships with other
people or organizations that can inappropriately influence our study, and there is no professional or
other personal interest of any nature or kind in any product, service, and/or company that could be
construed as influencing the position presented in, or the review of, the manuscript entitled.

Nomenclature

Nomenclature ap depth of particle penetration

B actual boundary Biyi  boundary without deformance
Bies deformation of the tool Co volume concentrations

E tool’s Young’s modulus F force on the tool

F, normal component of F F tangential component of F

h gap size ho minimum film thickness

Iy inertia moment k correction factor

l fiber length n thickening index

N, number of active abrasive 4 slurry pressure

R equivalent radius Ry tool radius

R; workpiece radius T residence time

uy upper boundary rate Uy  lower boundary rate

u rate component in the x-direction v rate component in the y-direction
VMRR material removal rate wp  nylon deflection

the central angle corresponding to
1 film thickness 0 the interval between different
clusters of bristles
v viscosity o apparent viscosity
o density
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Appendix A. Euler’s Difference Method and Its Implementation

The differential equation is expressed in the form, as shown in Equation (A1l):

y = f(xy) (A1)

The Euler forward finite difference method approximates the differential value using
the curvature at a given point, which can be expressed as follows:

y(xn+1)_y(xn) (AZ)

/
X =
¥ (xn11) Xpi1 — Xn

where y/(x,41) is the differential value of the function at x,,;1,
y(x41) is the value of the function at x,,;1,
y(xy) is the value of the function at x,,
Xp+1 — Xy is the step size, denoted as Ax in subsequent expressions.
Therefore, the function value at the next grid point can be expressed as follows:

Y(xnt1) = y(xn) + (X1 — xa) f(x,y) (A3)

Taking the calculation of pressure distribution as an example: discretizing Equation (A3)
using the finite difference method and substituting the initial pressure values, the pressure
distribution can be calculated using Equation (A4) as follows:

piy1 = pi +Ax-f(x,y) (A4)

Performing a Taylor series expansion of y(x,1) around x;, the function can be ex-
pressed as follows:
y(xni1) = y(xn) + Axy' +0(Ax) (A5)

Thus, the accuracy of the Euler forward finite difference method is of the order Ax,
making it less suitable for nonlinear, non-homogeneous, or more complex differential
equations. In such cases, improved Euler methods or other higher-order methods should
be used. The code for the Euler forward finite difference method is not presented here due
to its simplicity.
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Abstract: The electrochemical cutting technique, utilizing electrolyte flushing through
micro-hole arrays in the radial direction of a tube electrode, offers the potential for cost-
effective and high-surface-integrity machining of large-thickness, straight-surface struc-
tures of difficult-to-cut materials. However, fabricating the array of jet micro-holes on the
tube electrode sidewall remains a significant challenge, limiting the broader application of
this technology. To enhance the efficiency and quality of machining these jet micro-holes
on the tube sidewall, a helical electrode electrochemical drilling method assisted by anode
vibration has been proposed. The influence of parameters, such as the rotational direction
and speed of the helical electrode, as well as the vibration amplitude and frequency of
the workpiece, on the machining results was investigated using fluid field simulation and
machining experiments. It was found that these auxiliary movements could facilitate the
renewal of electrolytes within the machining gap, thereby enhancing the efficiency and
quality of electrochemical drilling. Using the optimized machining parameters, an array
of 10 jet micro-holes with a diameter of 200 pm was machined on the metal tube sidewall.
Electrochemical cutting with radial electrolyte flushing tests were then performed through
these micro-holes.

Keywords: jet micro-hole arrays; electrochemical drilling; helical electrode; anode vibration

1. Introduction

Electrochemical cutting is a machining process based on the principle of electrochemi-
cal anodic dissolution, wherein a wire or rod tool electrode dissolves and removes localized
material from the workpiece to complete the cut [1]. As a form of electrochemical ma-
chining, it offers high precision, excellent surface quality, tool electrode wear resistance,
and no machining stress [2]. It is widely used for cutting and fabricating small precision
components [3]. Furthermore, research is actively exploring its use for machining large-
thickness ruled surface components, such as aviation turbine disk mortise structures, while
maintaining high surface integrity [4,5].

A key limiting factor in electrochemical cutting is the restricted mass transport within
the machining gap, which hampers both machining efficiency and quality [6]. To overcome
this, a radial electrolyte flushing electrochemical cutting method using a tube electrode
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with an array of holes has been proposed. This method replaces traditional wire or rod
electrodes with a metal tube featuring an array of jet holes in its sidewall. The electrolyte
is injected rapidly through these arrayed jet holes into the machining gap, significantly
improving mass transport and enhancing cutting efficiency [7]. The structure of the arrayed
jet micro-holes on the tube sidewall plays a crucial role in the overall machining process [8],
making their precise fabrication essential for the success of this technique [9].

Several methods exist for machining micro-holes, including micro-drilling, laser
drilling, electrical discharge drilling, and electrochemical drilling. Micro-drilling removes
material through the shear force generated by a micro drill, offering high machining effi-
ciency [10]. However, drilling arrayed jet micro-holes on a tube wall is challenging due
to tool inclination and potential breakage, especially in the early stages. Additionally,
chips may enter the metal cavity, and burrs can form at the edges of the holes, interfering
with subsequent electrolyte injection [11]. Laser drilling, which removes material through
the localized melting and vaporization induced by high-energy laser beams, avoids these
issues, as it does not require traditional drilling tools, thus eliminating tool wear. This
non-contact process also avoids machining stresses, achieving high precision and efficiency
for a variety of materials [12]. Similarly, electrical discharge drilling uses spark thermal
energy to remove material, offering high efficiency and no contact between the tool and
workpiece. It can also break through the material’s strength and hardness limits [13].
However, both laser and electrical discharge drilling introduce thermal defects, such as
deformation, heat-affected zones, and recast layers, which may compromise the integrity
of the drilled micro-holes and affect the tube’s subsequent performance [14].

Electrochemical drilling is a machining technique that removes material from a work-
piece via electrochemical anode dissolution. In this process, localized material is dissolved
in ionic form, ensuring high machining precision and a surface free from defects like burrs,
recast layers, and heat-affected zones. Since the tool electrode does not physically contact
the workpiece, processing stress is eliminated. Only hydrogen evolution occurs at the tool
electrode surface, preventing tool wear [15]. This method is particularly advantageous for
the high-quality manufacturing of jet micro-holes in tube walls [16]. For instance, micro-
holes with a diameter of approximately 400 pm have been successfully machined in a
4 mm thick superalloy plate [17]. The use of a helical drill as the tool electrode significantly
enhances both machining efficiency and micro-hole precision [18,19]. Liu et al. achieved
a non-tapered micro-hole with a diameter of 186 pm in a 500 pm thick GH4169 plate by
using a rotating helical electrode and ultra-short voltage pulses [20]. However, the removal
efficiency of electrolytic products within the end-face machining gap between the end face
of the helical electrode and the bottom of the hole still needs to be improved. To address
this, Wang et al. utilized ultrasound to cause high-frequency vibration of the tool electrode,
thereby facilitating the removal of products within the end-face machining gap. Ultimately,
they were able to machine a deep hole with a depth of 5.4 mm and a depth-to-diameter
ratio of 12.3 [21]. In this method, an excessively high ultrasonic vibration frequency can
easily impact machining accuracy.

To improve the efficiency and quality of jet micro-hole processing on tube walls, we
propose a helical electrode electrochemical drilling method assisted by anode vibration.
The electrolyte within the machining gap is agitated by the high-speed rotational movement
of the helical electrode, while the electrolyte in the end-face machining gap is intermittently
squeezed by the vertical vibration of the anode. This promotes the flow of the electrolyte,
accelerates the removal of electrolytic products and the renewal of the electrolyte, and
consequently enhances machining efficiency and quality. Simulations and experiments
were conducted to investigate the effects of the helical electrode’s rotational movement
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and the anode’s vibrational movement, and optimal machining parameters were selected.
An array of jet micro-holes was machined on the sidewall of a metal tube, and a radial
electrolyte flushing electrochemical cutting experiment was conducted using this tube with
jet micro-holes as the electrode.

2. Machining Principle and Simulation Analysis
2.1. Machining Principle

Figure 1 illustrates the principle of helical electrode electrochemical drilling assisted by
anode vibration on a metal tube sidewall. A tungsten steel alloy twist micro-drill is chosen
as the helical electrode, and a stainless-steel 304 tube serves as the workpiece immersed in
the electrolyte. The helical electrode is connected to the negative terminal, while the metal
tube is connected to the positive terminal of the pulse power supply. Under the applied
pulse voltage, an electrochemical reaction occurs between the tube wall and the helical
electrode, resulting in the dissolution of localized material from the tube. As the helical
electrode feeds, a micro-hole structure is formed on the tube sidewall. The high-speed
rotation of the electrode stirs the electrolyte, promoting its renewal within the machining
gap. The piezoelectric ceramic unit drives the tube to vibrate vertically, further enhancing
the electrolyte flow and improving both machining stability and efficiency.

Helical Electrode Pulse Power Supply

————————— ST

— @ HHRV R 750

Electrolyte

Figure 1. Principle schematic diagram of helical electrode electrochemical drilling assisted by anode
vibration. ** is the specific electrical parameter value during processing.

2.2. Simulation Analysis

A simulation study was conducted to examine the impact of the helical electrode’s
rotational motion and the workpiece’s vertical vibration on the machining process, particu-
larly the electrolyte flow field within the machining gap. Figure 2 shows the simulation
model, with parameters detailed in Table 1. To clarify the electrolyte flow dynamics, a
vertical section (A) was chosen as a reference.

Table 1. Simulation parameters.

Parameter Value

Diameter of helical electrode (mm) 0.1
Rotational speed (rpm) 0, 3000, —3000

Vibration amplitude (um) 10

Vibration frequency (Hz) 100

Diameter of hole (mm) 0.2

Depth of hole (mm) 0.1

End-face machining gap (num) 20

32



Micromachines 2025, 16, 86

Electrolyte
Fluid Domain

Helical ﬁl—’"

Electrode

N

Section A!

N

Figure 2. Simulation model of the electrolyte flow field.
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During the simulation process, the rotational speed of the helical electrode was set to
0 and 3000 rpm, respectively, to compare and analyze the impact of the helical electrode’s
rotation on the electrolyte flow field. Additionally, the rotational speed of the helical elec-
trode was set to —3000 rpm and 3000 rpm to compare and analyze the influence of the
helical electrode’s rotational direction on the electrolyte flow field. Figure 3 presents the
velocity contour of the electrolyte flow during the high-speed rotation of the helical elec-
trode. Without rotation, the electrolyte remains stationary in the machining gap. However,
at 3000 rpm, the helical electrode stirs the electrolyte, creating a localized flow that aids
in the removal of electrolytic products and the renewal of the electrolyte. Furthermore,
the velocity distribution of the electrolyte remains the same regardless of the direction of
rotation. However, the electrolyte remains stagnant between the bottom surface of the
tool and the bottom surface of the hole (the end-face machining gap). To address this, the
application of workpiece vibration is proposed, aiming to drive the electrolyte flow by
altering the size of the machining gap.

(@o (b) 3000 rpm

(c) -3000 rpm

Figure 3. Distribution contour of electrolyte flow velocity within the machining gap during rotation
of the helical electrode.

During the up and down vibration of the workpiece, when the workpiece moves
upwards, the end-face machining gap narrows, exerting a compressive force on the elec-
trolyte. Conversely, when the workpiece moves downward, the end-face machining gap
widens, creating a suction effect on the electrolyte. Therefore, the simulation focused on
exploring both the upward and downward vibration processes of the workpiece. The
amplitude and frequency of the vibration were set to 10 pm and 100 Hz, respectively. Fig-
ure 4 demonstrates the effect of workpiece vibration on the electrolyte flow field. Vertical
movement of the workpiece causes periodic expansion and contraction of the machining
gap, generating a pumping and squeezing effect that drives the electrolyte flow. This
accelerates the removal of electrolytic products and promotes electrolyte renewal.

33



Micromachines 2025, 16, 86

Velocity
10

9

C LN W RO N ®

[mm s" -

Velocity
10

9

oc AN whEOON®

[mm s"-1]
(b) Process of workpiece vibrating downwards
Figure 4. Distribution contour of electrolyte flow velocity within the machining gap during work-

piece vibration.

3. Experimental Details

Figure 5 shows the experimental setup for helical electrode electrochemical drilling
assisted by anode vibration. The system includes a motion control system, an X/Y/Z preci-
sion motion platform (M511.DG, PI, Karlsruhe, Germany), an electric spindle (NR-2551,
NSK, Tokyo, Japan), a piezoelectric ceramic unit (P158.ZCD, PI, Karlsruhe, Germany), a
pulse power supply (YS9000D, Yisheng, Shanghai, China), an oscilloscope (DS6104, RIGOL,
Suzhou, China), a Charge-Coupled Device (CCD) vision system, and a dedicated fixture
and electrolyte tank. The stainless-steel tube is secured in the fixture within the electrolyte
tank, where it is immersed in the electrolyte. The helical electrode, mounted on the electric
spindle, undergoes high-speed rotation. The X/Y/Z precision motion platform controls
the electrode’s feed motion, while the piezoelectric ceramic units drive the tube’s vertical
vibration. The pulse power supply operates at a frequency of 1-100 kHz, ensuring both
precision and efficiency. The positive and negative terminals of the power supply are
connected to the tube and the helical electrode, respectively. The oscilloscope monitors the
voltage and current in the circuit while the CCD vision system observes and records the
machining process. Specific experimental parameters are listed in Table 2.

Table 2. Experimental parameters.

Parameter Value

Outer diameter 0.7 mm
Inner diameter 0.4 mm
Diameter 0.1 mm

Stainless-steel tube

Helical electrode

Screw pitch 0.48 mm
Electrolyte NaN;Z)3gs;)iutlon
Electrical parameter 8 V-25%-100 kHz
Feed rate (um/s) 0.8
Feed quantity (um) 200
Helical electrode rotation speed (rpm) 1000, 2000, 3000, 4000, 5000
Workpiece vibration amplitude (pm) 0,2,4,6,8,10
Workpiece vibration frequency (Hz) 50, 75, 100, 125, 150
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Figure 5. Experimental setup of helical electrode electrochemical drilling assisted by anode vibration.

During electrochemical drilling, the helical electrode’s rotational motion and the
workpiece’s vertical vibration influence electrolyte flow within the machining gap, affect-
ing bubble removal and the discharge of insoluble electrolytic products. As outlined in
Equation (1), variations in product removal efficiency alter the volume fraction of elec-
trolytic products in the electrolyte, which in turn impacts its conductivity. According to
Equation (2), when the helical electrode’s feed rate is constant, changes in electrolyte con-
ductivity affect the end-face machining gap. In a balanced machining state, the relationship
between the side-face and end-face machining gaps is defined by Equation (3). Equation (4)
correlates the drilled hole size with the side-face machining gap. In this experiment, a
constant feed rate is used, and the effects of the helical electrode’s rotational movement
and the workpiece’s vertical vibration on machining results are analyzed by comparing
hole diameters produced under varying auxiliary motion parameters.

2(1-p)
_ 1
K = Ko 258 1)
Ay = nwelg )
Up

2D
As 2= Ay 1+ =TE 6)

Ay
Dy = D1 + 2As 4)

Among them, « is the conductivity of the electrolyte, xg is the initial conductivity of
the electrolyte, j is the content of electrolytic products in the electrolyte, A; is the end-face
machining gap, 7 is the current efficiency, w is the volumetric electrochemical equivalent,
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Ug is the voltage between the two electrodes, v, is the feed rate of the tool electrode, A; is
the side machining gap, Drg is the diameter of the tool electrode, and Dy is the diameter
of the hole.

Ten holes are drilled for each set of machining parameters. After drilling, the stainless-
steel tube is cleaned with ultrasonic waves in alcohol. The morphology of the micro-
holes is captured using a digital microscope (DVM5000, Leica, Wetzlar, Germany), and
the diameters are measured with an optical microscope (SMT7-SFA, Olympus, Tokyo,
Japan). Hole diameters are measured for each hole to calculate the average diameter and
standard deviation.

4. Results and Discussion
4.1. Influence of the Helical Electrode Rotation

This study investigates the influence of the rotation speed and direction of the helical
electrode on the diameter of drilled jet micro-holes, with the workpiece vibration amplitude
set at 8 pm and frequency at 100 Hz. The results are presented in Figure 6. Regardless
of rotation direction, an increase in the rotation speed of the helical electrode leads to a
gradual enlargement of the hole diameter. As indicated by the flow field simulation results
(Figure 3), when the helical electrode rotates, the helical groove structure on its surface
generates a stirring effect on the electrolyte within the machining gap, enhancing the flow
of the electrolyte. This facilitates the rapid removal of bubbles and insoluble electrolytic
products generated by the electrochemical reaction from the machining area. Additionally,
as the rotational speed increases, the stirring effect of the helical electrode on the electrolyte
becomes more significant. The removal rate of bubbles and insoluble electrolytic products
from the micro-hole accelerates. Based on Equations (1)-(4), it can be inferred that the
conductivity of the electrolyte in the machining gap is relatively high, and the removal
amount of sidewall materials increases, which makes the side machining gap larger, and
thus the micro-hole diameter becomes larger.
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Figure 6. Diameter of jet holes processed by helical electrode under different rotation states.

For a given rotation speed, the hole diameter is larger when the helical electrode rotates
in the forward direction compared to when it rotates in reverse. This is because, during the
actual machining process, bubbles and insoluble electrolytic products are generated. These
exist in the electrolyte and affect its conductivity, particularly the bubbles. The bubbles are
produced on the surface of the helical electrode. In reverse rotation, the axial force exerted
on the electrolyte is downward, with fresh electrolyte entering the hole along the electrode
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wall and exiting the machining gap after reaching the hole’s bottom (Figure 7a). In this flow
pattern, hydrogen bubbles from the electrode wall are carried into the flow by the fresh
electrolyte, reducing the electrolyte’s conductivity and resulting in a smaller hole diameter.
In contrast, when rotating forward, the axial force is upward, causing spent electrolytes to
be extracted along the electrode wall while fresh electrolyte enters the hole, maintaining
the electrolytic reaction at the bottom of the hole (Figure 7b). This flow pattern facilitates
the removal of hydrogen bubbles, wherein the bubbles precipitated from the wall of the
helical electrode are directly carried out of the small hole by the electrolyte along its wall,
resulting in fewer hydrogen bubbles in the electrolyte throughout the entire flow process,
improving electrolyte conductivity and leading to a larger hole diameter.

(a) (b)
Figure 7. Schematic diagram of electrolyte renewal paths within the machining gap for different

rotational directions of the electrode. (a) helical electrode rotating reversal, (b) helical electrode
rotating forward.

4.2. Influence of Workpiece Vibration Amplitude

With the helical electrode rotating forward at 3000 rpm and the workpiece vibrating at
100 Hz, Figure 8 shows hole diameters for varying vibration amplitudes. At zero vibration
(amplitude = 0), the smallest hole diameter and the highest standard deviation are observed.
This is because, during the electrochemical drilling process, the feed rate of the helical
electrode is the same as the material removal rate at the bottom of the micro-hole. As a
result, the end-face machining gap between the end face of the helical electrode and the
bottom of the micro-hole remains constant. The electrolyte remains relatively stationary,
causing slower removal of internal bubbles and insoluble electrolytic products. This leads
to a relatively low electrolyte conductivity. According to Equations (2)—(4), a smaller
side machining gap results in a smaller diameter of the drilled hole. Meanwhile, the
accumulation of a large number of electrolytic products within the end-face machining
gap can easily cause variations in the electrolyte conductivity, leading to reduced aperture
consistency and larger deviation values of micro-hole diameter.

When the workpiece vibrates upward and downward, the end-face machining gap
between the end face of the helical electrode and the bottom of the micro-hole changes
periodically. Based on the simulation results (Figure 4), it can be observed that when the
workpiece vibrates upward, the end-face machining gap decreases, exerting a compressive
effect on the electrolyte. Conversely, when the workpiece vibrates downward, the end-
face machining gap increases, creating a suction effect on the electrolyte. The alternating
occurrence of these two effects generates localized flow in the electrolyte, which facilitates
the removal of electrolytic products within the machining gap. This results in a relatively
high electrolyte conductivity and larger micro-hole diameters. Furthermore, due to the
timely renewal of the electrolyte, the conductivity remains relatively constant, leading to
better consistency in the micro-hole diameters produced.
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As vibration amplitude increases, the hole diameter increases. This is because when
the vibration frequency remains constant, an increase in vibration amplitude accelerates
the movement speed of the workpiece, intensifying the compression and suction effects on
the electrolyte within the end-face machining gap. This enhances the removal efficiency of
electrolytic products. Consequently, the conductivity of the electrolyte increases relatively,
leading to an increase in the amount of electrolytic removal and resulting in larger micro-
hole diameters. However, beyond an amplitude of 10 pm, the hole diameter decreases.
This is due to excessive vibration reducing the time the electrode is in close contact with the
hole bottom, limiting the electrolytic reaction duration and thus reducing material removal
and hole size.
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Figure 8. The diameter of the jet hole processed under different vibration amplitudes.

4.3. Influence of Workpiece Vibration Frequency

When the helical electrode rotates forward at 3000 rpm, the workpiece vibrates with an
amplitude of 8 um, and Figure 9 presents hole diameters at varying vibration frequencies
during the workpiece’s vibration. As frequency increases from 50 Hz to 100 Hz, the hole
diameter increases from 190 um to 200 pm. This is because when the vibration amplitude
remains constant, an increase in vibration frequency leads to an increase in the number of
vibrations of the workpiece per unit time, which accelerates its movement speed. This, in
turn, enhances the compression and suction effects on the electrolyte within the end-face
machining gap. As a result, the renewal efficiency of the electrolyte in the machining
gap is improved, allowing electrolytic products to be quickly removed. This increases the
conductivity of the electrolyte and results in larger micro-hole diameters being produced.
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Figure 9. The diameter of the jet hole processed under different vibration frequencies.
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However, when the vibration frequency increases from 100 Hz to 150 Hz, the machined
jet micro-hole diameter decreases from 200 pm to 185 um. This is because the number
of vibrations of the workpiece per unit of time increases when the vibration frequency
increases, and the vibration time of a single time is shortened, causing the workpiece to
vibrate too quickly. This results in insufficient time for the diffusion of the electrolytic
products in the machining gap, hindering the renewal of the electrolyte. Therefore, the
machined jet hole diameter decreases, and the consistency of the hole diameter is poor.

4.4. Fabrication of an Array of Jet Micro-Holes on the Wall of a Stainless-Steel Tube

Based on the research outlined above, the helical electrode was set to rotate forward at
3000 rpm. The workpiece vibration amplitude and frequency were set to 8 um and 100 Hz,
respectively. Other processing parameters are listed in Table 2. A total of 10 arrayed jet
holes, spaced 0.5 mm apart, were machined into the side wall of the stainless-steel tube,
as shown in Figure 10. The average hole diameter was 200 um, with a standard deviation
of 2.97 um.

Figure 10. A jet micro-hole array prepared on the wall of a stainless-steel tube.

4.5. Application of Tube Electrode with a Jet Micro-Hole Array in Electrochemical Cutting

This metal tube, featuring arrayed jet micro-holes on its sidewall, was used as the tool
electrode for radial electrolyte flushing electrochemical cutting experiments on a 5 mm
thick stainless-steel 304 plate. The machining principle is illustrated in Figure 11, and
the spraying behavior of the electrolyte from the array of jet micro-holes is depicted in
Figure 12. To enhance the uniformity and consistency of the electrolyte flow within the
machining gap, the workpiece underwent reciprocal motion along the tube electrode’s axial
direction. The amplitude of this motion was 0.5 mm with a frequency of 1.5 Hz. Additional
machining parameters are provided in Table 3. A slit structure with an average width of
1.089 mm and a standard deviation of 35.3 um was successfully machined, as shown in
Figure 13.

Workpiece Tube Electrolyte Array
Electrode Inflow  holes

- The Reciprocating i~
Movement of Workpiece

Figure 11. Schematic diagram of electrochemical cutting with radial electrolyte flushing [7].
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SR o

Figure 13. The slit structure produced by electrochemical cutting using this metal tube with jet
micro-hole arrays on tube walls.

Table 3. Machining parameters of electrochemical cutting with radial electrolyte flushing.

Parameter Value
Electrical parameter 12 V-35%-50 kHz
Electrolyte type NaNOj solution
Electrolyte concentration (g/L) 100
Inlet pressure (MPa) 2.0
Feed rate (um/s) 4

5. Conclusions

To achieve efficient and high-quality processing of jet micro-holes on the sidewall of
metal tubes, a method combining helical electrode electrochemical drilling with anode
vibration has been proposed. By simulating the electrolyte flow field within the machining
gap and conducting machining experiments, the effects of the helical electrode’s rotation
direction and speed, as well as the vibration amplitude and frequency of the workpiece, on
the jet micro-hole diameter were analyzed. The following conclusions were drawn:

(1) High-speed rotation of the helical electrode and vibration of the workpiece enhance
electrolyte flow within the machining gap, promoting rapid removal of electrolytic
products and efficient renewal of the electrolyte;

(2) Forward rotation of the helical electrode results in larger jet micro-hole diameters
compared to reverse rotation. Moreover, as the rotation speed increases, the diameter
of the machined jet micro-holes also increases;

(3) Workpiece vibration leads to larger jet micro-hole diameters compared to non-vibrated
processing. At optimal vibration amplitudes and frequencies, the jet micro-holes
exhibit larger diameters and smaller deviations;

(4) Using the optimal machining parameters, 10 jet micro-holes were successfully ma-
chined on the stainless-steel tube wall. A radial electrolyte flushing electrochemical
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cutting experiment was conducted using this tube with jet micro-holes as the electrode,
resulting in the formation of a slit structure on a 5 mm thick stainless-steel 304 plate.
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Abstract: The thermal-controlled fracture method has been increasingly focused upon in the high-
quality cutting of advanced ceramic materials due to its excellent characteristics. The successful
application of this method in cutting ceramics mainly depends on the volumetric heating effect.
However, most ceramics are treated using the surface heating mode. For the surface heating mode,
the processing quality, including fracture trajectory and fracture quality, is far lower than the industrial
application standards. This work was conducted to reveal the mechanism of this processing quality.
Experiments involving cutting ceramics in single-surface heating mode indicate that the fracture
trajectories of the upper and lower surfaces display a significant inconsistency, and the fracture quality
is worse than that using the dual-surface heating mode. A cutting model was established to calculate
the thermal stress distribution and to simulate the crack-propagation behaviors. The simulation
results show good agreement with the experiment and provide the stress distribution, and are used to
understand the reason for the processing quality problem. The mechanism of the trajectory deviation
and uneven distribution of the fracture quality is revealed based on the simulation and calculation
results. This study helps provide a deep understanding of the processing problems arising from this
method and thus helps to innovate high-quality processing methods in this field.

Keywords: ceramic materials; thermal-controlled fracture method; surface heating mode; processing
problem; trajectory deviation; simulation; uneven distribution; fracture quality

1. Introduction

Ceramics have been increasingly used in frontier domains such as aerospace and
advanced chips due to their properties of high hardness, low thermal expansion, and
excellent stability [1]. High-quality cutting technology is the foundation for preparing
qualified parts from ceramic materials. However, the high hardness of ceramic materials
can cause severe wear of tools in contact force cutting mode, as well as serious damage
to the surface and subsurface of the machined workpiece [2-5]. Laser cutting methods
can also cause the formation of heat-affected zones in the kerf, which can weaken the
workpiece [6,7]. This severe damage induced by conventional cutting methods at the
fracture surface requires complex subsequent processing to achieve qualified parts, causing
a significant increase in manufacturing costs, which hinders the widespread application of
advanced ceramic materials in industrial fields [8-10].

In 1968, the thermal-controlled fracture method (TCFM) was proposed by Lumley,
which utilizes thermal stress to guide the crack propagation on brittle materials to cut
materials. TCFM can achieve high cutting quality at relatively low temperature (no more
than 350 °C) without damage in the kerf and without material removal [11]. After decades
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of development, this method has been implemented in industrial production for cutting
flat panel display glass [12]. The successful application of TCFM in cutting glass depends
on the volumetric heating effect caused by a specific wavelength laser irradiating glass [13].
However, the research on cutting opaque ceramic materials, such as laser cutting Al,O3
ceramics and microwave cutting low-dielectric ceramics, indicated that the surface heating
mode causes poor processing quality [14,15]. The processing quality problems in cutting
ceramic materials using TCFM under surface heating conditions mainly include whether
the fracture trajectory follows the ideal direction and whether the fracture quality is good
enough and uniform.

Regarding fracture trajectory, Brugan used a dual-beam CO, continuous laser to cut
AlyO3 ceramics with a thickness of 2.54 mm using TCFM. The results indicated that the
TCFM could achieve the cutting of Al,O3 ceramics in surface heating mode, and induced
problems of trajectory deviation [16]. lu used microwaves to cut ceramic materials coated
with graphite using TCFM, and the mechanism of uncontrolled crack propagation was
studied [17]. Cheng studied the crack-propagation behavior in cutting silicon wafers using
TCFM via a surface heat source induced by a laser, and proposed a method of surface
pre-cracks to guide crack propagation to achieve approximate linear crack propagation [18].

Regarding fracture surface quality, Ueda used TCFM to cut crystalline silicon, Al,O3
ceramics, Si3sNy ceramics, etc. The results showed that the surface roughness of the fracture
surface could reach 0.7 pm, 1.3 pm, and 100 um, respectively [19]. Cai used TCFM to cut
glass/silicon/glass sandwich materials, and the surface roughness of the fracture surface
of the silicon layer under the action of a surface heat source reached 1 pum [20]. Saman used
TCFM to cut different kinds of ceramics and studied the stress distribution characteristics.
The results indicated that if the material absorbs a laser on a single surface, the maximum
tensile stress area can easily be located on the back of the material, which seriously affects
the stable propagation of cracks. Saman inferred that it is difficult to obtain good processing
quality using the surface heating mode due to these stress distribution characteristics [21].

The above research indicates that cutting ceramics by TCFM can achieve ideal process-
ing quality. However, the processing quality under the surface heating mode is far lower
than that in volumetric heating mode, and should be improved for industry applications.
To the authors” knowledge, there has been little research to date on the mechanism inducing
poor processing quality using TCFM under a surface heat source. The crack-propagation
mode and material fracture mechanism under the influence of a surface heat source have
not been revealed. This hinders the improvement and optimization of the cutting quality
in this mode.

In this study, microwaves were used to cut ceramic materials using TCFM under a
surface heat source. The influence of processing parameters on fracture trajectory and
fracture surface quality was studied. A TCFM cutting model was established to simulate
the fracture behaviors. Combining experimental and simulation results, the mechanism of
trajectory deviation and uneven distribution of fracture quality in cutting ceramic materials
using TCFM under a surface heat source was revealed. This work helps to understand
the mechanism of trajectory deviation and poor fracture surface quality in the cutting of
ceramic materials using TCFM, and thus helps to put forward methods for improving the
cutting quality under a surface heat source.

2. Experiment
2.1. Experimental Method

Al,O3 ceramic is opaque and does not absorb a laser, thus making it difficult to
apply a volumetric heat mode. Because of its low dielectric property, it is also difficult for
microwaves to interact with this ceramic. In this work, graphite with high permittivity was
used to coat one surface of the Al,Os ceramic to absorb microwaves to generate a surface
heat source. Figure 1 shows the principle of producing the surface heating mode using the
coating material induced by microwaves. The unabsorbed microwaves pass the ceramic
body and enter the environment through the lower surface. The uneven heat distribution
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generated by the high electromagnetic loss on the coating material produces a thermal
stress field. The cutting of the ceramic is realized by moving the thermal stress to guide
crack propagation.

Focusing waveguide

device . .
Incident microwave

/

Graphite coating

/Workpiece

- ————

«+—Outgoing microwave

< — .-
<<

Figure 1. Schematic diagram of surface heating mode induced by microwaves.

A pre-crack was carved on the workpiece using a diamond wire with a diameter
of 0.25 mm, which produced a stress amplification effect. The pre-crack with a depth of
0.1 mm is the start point of crack propagation. When the tensile stress exceeds the fracture
limit at the pre-crack, the crack system reaches the propagation condition. When the
waveguide is given an appropriate moving speed relative to the workpiece, the crack
propagates forward and realizes cutting.

2.2. Experimental Material and Apparatus

The experiment was conducted on a microwave cutting machine. Figure 2 shows
the schematic of the microwave cutting machine in TCFM. The microwave with a specific
frequency is produced from the microwave source. Then, it is modulated by the microwave
guide into a focusing apparatus. Finally, the focusing apparatus outputs the microwave,
which is suitable for heating the material from the inner conductor. The inner conductor is
surrounded by the outer shield to focus the microwave to achieve higher energy density.
The coating surface of the workpiece is just below the inner conductor. The NC motion
device with the x-y-z direction is integrated into the cutting machine to realize cutting
movement. The z-axis is used to adjust the distance between the inner conductor and the
workpiece. The x-axis is used to realize cutting movement, and the y-axis is used to center
the heat source and the workpiece. This cutting device is produced by Nanjing Huiyan
Microwave Equipment Company in China. It is used to cut brittle material and is equipped
with safety facilities such as a filter screen to ensure safety. The microwave frequency of
this device is 2.45 GHz and the maximum output power is 1500 W.
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Figure 2. Schematic of microwave cutting machine using the thermal-controlled fracture method.

Figure 3 shows the Al,O3 ceramic plate used in this study. Graphite powder with a
thickness of 0.1 mm and a width of 1 mm is coated on the expected cutting path. The plate
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is 100 mm x 100 mm in size. The graphite powder with a micron-size (mesh of 8000 and
particle size of 1.6 um) is mixed with alcohol. The mixture is sprayed evenly by an electric
sprayer whose power comes from an air pump. As shown, a pre-crack is made on the end
of the plate.

Pre-crack

AlLO3 10 ) mm

Figure 3. Al,O3 ceramic plate coated with graphite.

The microwave power and scanning speed were used in the experiments as processing
parameters. Table 1 shows the variation range of these processing parameters. The crack
propagation of the initial segment was observed by a Stemi 305 optical microscope, which
was produced by CARI ZEISS in Oberkochen of Germany and can magnify objects clearly
by more than 120 times.

Table 1. Variation range for processing parameters using TCFM by a surface heat source induced by

microwaves.
Test Group No. Microwave Power (W) Scanning Speed (mm/s)
NO.1 600-1200 2.0-3.5
NO.2 900-1500 0.5-2.0
NO.3 1200-1500 0.3-0.6

To investigate the distribution characteristics of the fracture surface quality, some
measurement sites were set on the section. Figure 4 shows the location of the measurement
sites in the experiments. A plane on the surface heat source in workpiece was selected
as the reference. Three depth positions, which are 0.2 mm, 0.5 mm, and 0.8 mm from
the reference plane in the direction of the thickness, were selected to measure the surface
roughness. To achieve stable fracture quality and avoid the influence of unstable boundary
conditions, four horizontal inspection positions, namely 40 mm, 50 mm, 60 mm, and
70 mm from the inlet along the cutting direction, were selected. To ensure the value of
the experimental results, each experiment was repeated four times, and the average of the
results was taken.

Top surface of the Cutting direction
P ———

workpiece a

Z=02mm @ —>|—t|<—Ln=3.2mm ® )
M

idpoint of test section

Z=05mm @ @ e @
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® ® ® ®

X=40 mm X=50mm X=60 mm X=70 mm

Figure 4. Position of the surface roughness test.
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3. Results
3.1. Fracture Trajectory

Figure 5 shows the fracture trajectories at each surface of the AlO3 ceramic plates
after cutting at a microwave power of 1000 W and a scanning speed of 3 mm/s. It can be
shown that the fracture trajectory approaches a straight line when cutting ceramics with
a surface heat source. Comparing the processing effect of graphite in this study and clay
as the microwave-absorbing material in the literature [22], it is notable that pure graphite
micron powder can achieve better processing quality.

*_Inlet and pre-crack EEHMMESSS | Inlctand pre-crack

(a) (b)

Figure 5. Experimental results of fracture trajectories of surface-heat-source cutting Al,O3 ceramic
under using thermal-controlled crack propagation induced by microwaves: (a) the upper surface;
(b) the lower surface.

Figure 6 shows a photo magnified with an optical microscope of the fracture trajectory
on the two surfaces of the workpiece. It can be shown that the fracture trajectories of the
upper and lower surfaces display significant inconsistencies from a microscopic perspective.

|
. |

~ Ideal trajectory S
:

- Ideal trajectory
B

()

Figure 6. Optical micrograph of deviation in initial crack propagation: (a) inlet of upper surface;
(b) extension of upper surface; (c) outlet of lower surface; (d) initial extension of lower surface.

The effect of processing parameters on fracture trajectory was studied. Figure 7 shows
the relationship between the microwave power and the trajectory deviation of the initial
segment. It shows the effect of the microwave power on the initial trajectory deviation
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length Le and maximum offset De of the upper and lower surfaces at a cutting speed of
3 mm/s and a microwave power of 1000 W, 1100 W, 1200 W, and 1300 W. As is shown,
the deviation length Le and maximum offset De both increase as the microwave power
increases, and the De increases more significantly. Therefore, it is necessary to choose an
appropriate microwave power in order to reduce the trajectory deviation.

25 200
T o F180 _
g &
= 160 2
?D 154 I -
E 1402
& 101 F120 §
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g ] -100 %
g - =
= - 80
1000 1100 1200 1300

Microwave power P (W)

Figure 7. Effect of microwave power on the offset propagation length and the maximum offset
extension.

3.2. Fracture Surface Quality

Figure 8 show the fracture surface of cutting Al,Os ceramic plates at a microwave
power of 1000 W and a scanning speed of 3 mm/s. As is shown, there is obvious processing
damage at the entrance due to the process of prefabricating cracks using a diamond wire
saw. It is notable that the fracture quality of the middle and outlet sections is better than
that at the entrance, and the middle section is the best. There is a small amount of edge
damage at the outlet.

(@) (b) (0)

Figure 8. Experimental results of fracture surface of Al,O3 ceramics under the action of thermally
induced crack propagation using a surface heat source:(a) the cutting inlet; (b) the middle segment;
(c) the cutting outlet.

Figure 9 shows the variation in the arithmetic mean deviation of surface roughness
Ra at the middle thickness of the workpiece along the cutting direction, ranging from
1.5 mm to 4.7 mm, 30 mm to 33.2 mm, 60 mm to 63.2 mm, and 95 mm to 98.2 mm, when
the microwave power is 1000 W and the cutting speed is 3 mm/s. The sampling length is
0.8 mm, and the evaluation length is 3.2 mm. It is notable that the surface roughness Ra of
the initial scanning segment is 1 to 2 orders of magnitude higher than that of the middle
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and end segments, which corresponds to the inconsistent propagation of surface cracks on
the upper and lower surfaces.
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Figure 9. Surface roughness and fracture surface along the scanning direction at the middle depth:
(a) surface roughness; (b) 3D figure of fracture surface.

Figure 10 shows the variation in surface roughness Ra in the thickness direction of
the workpiece. As is shown, the average Ra at most points is between 0.2 um to 1 pm. It
is notable that there is a significant difference in Ra along the depth direction at various
cutting positions without obvious regularity.
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Figure 10. Surface roughness distribution at different positions of the material at the middle segment.

Figure 11 shows the effect of microwave power on Ra under the condition of a cutting
speed of 3 mm/s at several positions along the cutting direction. It indicates that the surface
roughness of each position increases as the microwave power increases. The microwave
power has a significant impact on the surface roughness of the initial segment. When the
maximum microwave power is 1300 W, the surface roughness of both the initial and final
segments will increase significantly. Therefore, it is necessary to choose an appropriate
microwave power when using a surface heat source for cutting.
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Figure 11. Effect of microwave power on the surface roughness along the scanning direction at
different positions in the middle depth of the material.

4. Discussion
4.1. Finite Element Modeling

The main physical processes of cutting ceramic materials using TCFM are interactions
between energy beams and matter, heat generation, heat transfer, thermal stress generation,
and crack propagation.

Since cracks tend to propagate perpendicularly to the maximum transverse tensile
stress component, which is affected by the stress intensity factor in different fracture modes,
the fracture problem is transformed into determining the maximum value of the mechanical
energy release rate in fracture mechanics.

The crack-propagation condition is that the tensile stress at the tip of the pre-crack
exceeds the fracture limits of the material. From an energy perspective, it is a process of
converting elastic energy into surface energy of the fracture surface.

The cutting of ceramics materials by TCFM is a complex physical process. It is difficult
to calculate the temperature, thermal stress, and crack propagation using an analytical
model. A finite element modeling (FEM) technology with the aid of ABAQUS 6.14 software
was used in this study to calculate these physical quantities and simulate the cutting
process.

The cutting simulation was conducted for both surface and volumetric heat sources.
Figure 12 shows the simulation results of crack propagation for cutting Al;O3 ceramics by a
microwave surface heat source and the crack propagation for cutting glass with a volumetric
heat source. From Figure 12a, it is notable that the crack propagates inconsistently between
the upper and the lower surface of the workpiece. The crack propagation on the upper
surface presents a significant folding line, while the lower surface is relatively straight.
From Figure 12b, it is notable that that the crack-propagation paths on the upper and lower
surfaces of the workpiece are consistent under the action of a volumetric heat source, and
the crack-propagation paths tend to be straight.

Figure 13 show a comparison between the experimental and simulation results of the
crack-propagation trajectory under a surface heat source. It shows that the degree of offset
generated in experiments and simulations is relatively close. Therefore, the simulation of
crack propagation in this study is suitable for discussing the cutting quality.
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Figure 12. Simulation of initial crack-propagation path and section quality via the thermal crack-
ing method using a surface heat source and its comparison with a volumetric heat source mode:
(a) crack propagation induced by a surface heat source using the thermal cracking method; (b) crack
propagation induced by a volumetric heat source using the thermal cracking method.

Figure 13. Comparison of experimental and simulation results of the initial crack-propagation
trajectory.

4.2. Trajectory Deviation Mechanism

There are three basic modes of crack propagation and fracture, which are type I (open),
type II (sliding), and type III (tear). Figure 14 shows a schematic of these three basic fracture
modes. Among them, type I means that the crack only breaks under the action of tensile
stress perpendicular to the fracture surface; type Il means that the crack breaks only under
the action of longitudinal shear stress perpendicular to the leading edge of the crack; type
III means that the crack breaks only under the action of lateral shear stress parallel to the
leading edge of the crack.

I 1 m
Figure 14. Three basic fracture modes.

Among the three basic fracture modes, type I is closest to the fracture of materials
with high brittleness. Due to the high brittleness of the ceramic materials in this study,
the fracture mode is generally considered to be type I. However, during the fracture and
propagation of the actual crack, it will be affected by both the sliding and tear of the
others. In this way, the crack is usually a “tilted” (type I and type II composite) fracture
or “torsional” (type I and type III composite) fracture according to the actual influence of
these two effects during the crack-propagation process.

The main reasons for the occurrence of offset propagation of cracks are divided into
“inclined” type (type I and type II composite) fractures or “torsional” type (type I and type
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III composite) fractures. Figure 15 shows the schematic diagrams of these two typical types.
It adopts the same coordinate system and crack location as the simulation calculation,
where the “inclined” type in Figure 16a refers to the original crack surface producing a
deflection angle 6 relative to the original propagation direction under the influence of
transverse shear force, and an extended length dc; of the included angle. The “torsional”
propagation in Figure 15b is caused by the influence of lateral shear force on the original
crack surface, resulting in a deflection angle ¢ relative to the original propagation direction,
and the extended length dc; of the included angle.

a) ’

Incremental surface

Original surface

b) Incremental surface

dea

Figure 15. Two typical deviation types of crack propagation: (a) inclined type; (b) torsion type.
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Figure 16. Transverse shear stress distribution front perpendicular to the scanning direction of a
surface heat source in a Al,O3 ceramic surface crack at t = 1.9058 s: (a) cloud chart of transverse shear
stress distribution and node path on the upper surface of the workpiece; (b) transverse shear stress
distribution of the crack front perpendicular to the scanning direction.

In order to study the mechanism of deviation of crack propagation in a surface heat
source-induced thermal fracture, it is necessary to analyze the two kinds of shear stress near
the crack that cause the migration. These are S1p and Sy3 in the output of the simulation
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results, which present the shear stress 17, causing “inclined” propagation and shear stress
T13 causing “torsional” propagation.

Figure 16 shows the distribution of transverse shear stress 715, which is perpendicular
to the cutting direction at the crack front at t = 1.9058 s. To obtain effective data, a grid
segment with a length of 2 mm was symmetrically taken on the front edge of the crack
perpendicular to the initial crack plane, and the center position of this segment is the ideal
position for the crack propagation without deviation. The number of selected nodes is
23, and the path direction of the selected nodes is in the positive y-axis direction. As is
shown in Figure 16a, the crack on the upper surface of the workpiece shifted to the right.
Figure 16b shows that 71, of the upper surface changes more significantly than the lower
surface, which is caused by the surface heat source being located on the upper surface of
the workpiece. It is notable that the intersection of the 71, curve and the 0 MPa line is close
to the right side of the symmetry line. According to the theory of fracture mechanics, the
crack always tends to propagate where the shear stress is the smallest, so the upper surface
crack has a deviation to the right.

Figure 17 shows the crack propagation on the lower surface of the workpiece. It
indicates that the crack on the lower surface of the workpiece is returning to the ideal
propagation path. This is consistent with the middle position of the intersection of the 71,
curve and the 0 MPa line. Figure 18 shows the 11, curve on each surface of the workpiece
at multiple times during the subsequent crack-propagation process. It is notable that the
significant size differences of 71, on the upper and lower surfaces of the workpiece result
in their different effects on the tilting behavior of the cracks. This is the reason for the
inconsistent crack propagation on upper and lower surfaces, as well as their different
deviation behaviors in experiments.
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Figure 17. Crack propagation on the lower surface of the workpiece at t = 1.9058 s.

Figure 19 shows the lateral shear stress distribution near the crack front edge at
t =1.7675 s. The plane X = 1.2 mm perpendicular to the x-axis is made at the crack front
edge to display the lateral shear stress distribution shown in Figure 19a. It is notable that
the lateral shear stress has a significantly asymmetric distribution within a range of 400 pm
around the front edge of the crack. The influence of this lateral shear stress distribution on
the formation near the crack front leads to torsional propagation, as shown in Figure 19b.
Due to the direct heating effect on the upper surface of the workpiece, the twisting behavior
near the upper surface is more pronounced. The trajectory deviation occurs under the
combined action of lateral shear stress and transverse shear stress in cutting ceramics with
a surface heat source.
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Figure 19. Lateral shear stress distribution near the front edge of the crack when the crack propagates
with torsion at f = 1.7675 s: (a) distribution of lateral shear stress near the crack front; (b) torsional
propagation of the crack.

4.3. Uneven Mechanism of Fracture Surface Quality

The fracture surface is formed under the guidance of transverse tensile stress whose
characteristic determines the mode of crack propagation in TCFM. Figure 20 shows the
distribution of transverse tensile stress at the crack front and its circumferential condition
when the crack is about to propagate.

It indicates that the stress gradient near the crack front is relatively large when it is
about to propagate, and the transverse tensile stress is large near the surface under the
condition of a surface heat source.

The gradient of transverse tensile stress along the thickness direction of the material
indicates that crack propagation is severely asynchronized at different positions of the cross-
section. As was reported in [18], the propagation first occurs from the root of the existing
crack on the upper surface, and the crack expands to the lower surface along the thickness
direction. The incentive for its subsequent expansion is that the expanding crack forms a
new tip with the existing crack in the vertical direction, which has the minimum curvature
radius and the most concentrated stress to guide the crack to propagate downwards. This
crack-propagation mode results in the uneven distribution of the fracture quality in the
cutting experiment.
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Figure 20. Distribution of transverse tensile stress at the crack front at the moment of propagation:
(a) circumferential condition of crack front edge; (b) crack front edge.

To improve the large stress gradient in single-sided surface heating mode, a dual-sided
surface heating method was proposed by the authors of this article in the literature [23].
Figure 21 shows the schematic diagram of heating ceramics using a microwave dual-surface
heat source. The lower surface of the workpiece is coated by graphite, which is used to
absorb the underutilized microwaves and forms a lower surface heat source.

Inner conductor ~ ——»
Incident microwave

Upper coating
Ceramics

) «—— Residual microwave
Lower coating

Figure 21. Schematic diagram of heating ceramics using a microwave dual-surface heat source.

Figure 22 shows the transverse tensile stress at the crack front along the direction of
material thickness at the moment of propagation under the action of a dual-surface heat
source at different times. As is shown, the maximum transverse tensile stress zone under
the action of a dual-surface heat source is located at the middle section of the crack root.
This indicates that the difference in the maximum transverse tensile stress zone and its
gradient at the crack front edge under different heat sources determines their different crack-
propagation modes and their fracture quality. According to this study, the distribution of
the transverse tensile stress at the crack front edge determines the distribution of fracture
quality.

Cutting experiments under a dual-sided surface heat source were conducted. Figure 23
shows the surface roughness distribution at the middle segment at the condition of 600 W
of microwave power and a cutting speed of 3 mm/s under dual-surface heat mode. As is
shown, the fracture quality and its distribution under the action of a dual-sided surface
are significantly better, and the distribution is more uniform than that of a single-surface
heat source. The middle depth of the section has the best fracture quality, which has good
agreement with that revealed in reference [19].
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Figure 22. Distribution of transverse tensile stress along the thickness direction at the crack front at
the moment of propagation under the action of a dual-surface heat source at different times.
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5. Conclusions

In this work, experiments and simulations of cutting ceramics using the thermal-
controlled fracture method with a surface heat source were conducted to reveal the mecha-
nism of trajectory deviation and uneven distribution of fracture quality. Some conclusions
can be made from this study, as follows.

A finite element model was established to calculate the physical quantities and simu-
late the cutting process in the thermal-controlled fracture method in surface heating mode.
The crack-propagation results of the simulation were consistent with the trend of the cutting
path in the experiment. The modeling results could be used to reveal the mechanism of
trajectory deviation and uneven distribution of fracture quality for this method.

The trajectory deviation occurs under the combined action of lateral shear stress and
transverse shear stress in cutting ceramics with a surface heat source.

The significant differences in 71, on the upper and lower surfaces of the workpiece
result in their different effects on the tilting behavior of the cracks and the inconsistent crack
propagation. This is the reason for the trajectory deviation under a surface heat source.

The significantly asymmetric distribution of lateral shear stress around the front edge
of the crack leads to torsional propagation under a surface heat source.

The distribution of the transverse tensile stress along the thickness direction of the
workpiece shows a positive correlation with the uneven distribution of fracture quality in
the single-surface heating mode, in contrast with the dual-sided surface and volumetric
heat source cutting method.
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Future research could focus on innovative techniques that could reduce the gradient of
transverse tensile stress in the thickness direction and correct the asymmetric distribution
of the two types of shear stress.
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Abstract: Typical edge defects in the edge region of a new cemented carbide insert without edge
preparation include burrs, poor surface quality, micro-breakages, and irregularities along the edge.
To address the problems in new cemented carbide inserts without edge preparations, a chemical-
mechanical synergistic preparation (CMSP) method for the cemented carbide insert cutting edge was
proposed. Firstly, the CMSP device for the insert cutting edge was constructed. Then, the polishing
slurry of the CMSP for the insert cutting edge was optimized using the Taguchi method combined
with a grey relation analysis and fuzzy inference. Finally, orthogonal experiments, the Taguchi
method, and analysis of variance (ANOVA) were used to investigate the effect of the polishing plate’s
rotational speed, swing angle, and input frequency of the controller on the edge preparation process,
and the parameters were optimized. The results showed that the best parameter combination for the
polishing slurry for the cemented carbide inserts was the mass concentration of the abrasive particle
of 10 wt%, the mass concentration of the oxidant of 10 wt%, the mass concentration of the dispersant
of 2 wt%, and the pH of 8. The CMSP process parameter combination for the linear edge had the
polishing plate’s rotational speed of 90 rpm, the swing angle of 6°, and the input frequency of the
controller of 5000 Hz. The optimum CMSP process parameter combination for the circular edge had
the polishing plate’s rotational speed of 90 rpm, the swing angle of 6°, and the input frequency of
the controller of 7000 Hz. The polishing plate’s rotational speed had the most significant impact on
the edge preparation process, followed by the swing angle, and the effect of the input frequency of
the controller was the smallest. This study demonstrated that CMSP is a potential way to treat the
cemented carbide insert cutting edge in a tool enterprise.

Keywords: cemented carbide insert; chemical-mechanical synergistic preparation (CMSP); cutting
edge; material removal rate (MRR); surface roughness

1. Introduction

Due to significant hardness, wear resistance, strength, and toughness, cemented
carbide inserts have broad applications in cutting difficult-to-machine materials such as
stainless steel, titanium alloys, and superalloys [1]. To meet the precision machining require-
ments of high contour accuracy and high surface quality for the parts, stable ultra-precision
machine tools, process parameters, and machining environments are required [2,3], but
a high-quality cemented carbide insert is one of the key technologies. In the machining
process, the cutting contact region between a carbide insert and a part includes the rake
face, the flank face, and the circular arc or linear region of the cutting edge. The cutting
edge is responsible for the main task of material removal. The geometrical parameters
and mechanical properties of a cutting edge directly affect the stability of the machining
process and the machined surface’s roughness [4]. Therefore, it is required that the surface
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integrity of a cemented carbide insert cutting edge is good, there is no surface/sub-surface
damage layer, stable cutting can be carried out, and the tool life can be improved. Therefore,
production costs can be reduced and material utilization can be improved. The surface of a
new, sharp cemented carbide insert without an edge preparation is machined with diamond
grinding in various conditions, and there are typical edge defects in the edge region, such
as micro-breakages, burrs, bad surface quality, and irregularities along the edge. To reduce
and eliminate edge defects and improve the cutting performance of an insert, cutting
edge preparation is carried out by tool manufacturers after the final grinding process of
an insert manufacturing process is completed. Many studies have been conducted on
cemented carbide insert cutting edge preparation methods. Denkena et al. [5] proposed a
five-axis brushing technique for preparing a carbide insert edge and found that an insert
with edge preparation could improve the machined surface quality of a part. Yussefian
et al. [6] used electrical spark discharges to prepare a cemented carbide insert edge and
found that an insert with edge preparation could improve tool life. Zhang et al. [7] used
a wet micro-abrasive blasting method to prepare a carbide insert edge, and this method
could improve tool life and cutting performance. Wang et al. [8] used a pressurized air
wet abrasive jet machining method to prepare a cemented carbide insert cutting edge, and
it was found that an insert with edge preparation could improve tool life and achieve
better part surface quality. Wang et al. [9] used wet abrasive jet machining, brushing, and
drag finishing methods to prepare cemented carbide insert edges, and they found that the
residual compressive stress levels of the edges prepared with abrasive jet machining were
63% higher than those of the edges without preparation, and the surface roughness levels
of the edges prepared with drag-finishing were the lowest, while the cutting performances
of the edges prepared with drag finishing were also the best. Zimmermann et al. [10] used
laser machining to prepare the cutting edge of a cemented carbide tool and found that the
formation of residual tensile stresses and the deterioration of the mechanical properties of
the surface layer of a tool could be reduced with appropriate laser-machining parameters.

To obtain a better surface quality of an insert cutting edge, some scholars have pro-
posed a polishing method to prepare the edges of carbide inserts. Lyu et al. [11] proposed
a brush-assisted shear-thickening polishing method for the preparation of a cemented
carbide insert cutting edge, and this method could obtain better surface quality of a cutting
edge. Shao et al. [12] employed a flexible fiber-assisted shear-thickening polishing method
for the preparation of a carbide insert cutting edge and studied the effect of the polishing
angle and polishing speed on the efficiency of the cutting edge preparation. This method
could also obtain a better surface quality of a cutting edge.

The chemical-mechanical polishing (CMP) method is a widely recognized ultra-
precision machining method with global planarization at the nanoscale [13]. This method
mainly relies on the mechanical action of abrasive particles and the chemical action of
oxidants in a polishing slurry to make the surface of a polished workpiece flat and smooth,
which has the advantages of no surface/subsurface damage, low density of surface defects,
and low cost [14]. Moreover, CMP technology has been employed for polishing the rake
faces of carbide inserts, and it has been found that this method can improve the surface
quality and cutting performance of an insert [15,16]. In addition, Qin et al. [17] investigated
the material removal mechanism of the chemical mechanical polishing of a carbide insert
and established a material removal model for the chemical mechanical polishing of a
carbide insert.

Because of the advantages of CMP technology, the chemical-mechanical synergistic
preparation (CMSP) of the cemented carbide insert cutting edge was proposed to improve
the surface integrity of the cemented carbide insert edge. Firstly, the device for the CMSP
of cemented carbide insert cutting edges was constructed. Then, the polishing slurry for
the CMSP of the cemented carbide insert cutting edge was optimized using the Taguchi
method combined with a grey relation analysis and fuzzy inference. Finally, orthogonal
experiments, range analysis, and analysis of variance (ANOVA) were used to investigate
the effects of the polishing plate’s rotational speed of the swing angle and input frequency of
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the controller on the edge preparation process, and the edge preparation process parameters
were optimized.

2. Construction of CMSP Platform

The CMSP platform is composed of a Nanopoli-100 polisher (Hangzhou Zhibang
Nanotechnology Co., Ltd., Hangzhou, China), a lifting device, a fixture, an oscillating
device, and an electric control device, as shown in Figure 1. The insert is fixed on the
fixture with a screw. The fixture is connected to the oscillating device with the screws. The
oscillating device is connected to the lifting device with the screws. The lifting device is
mainly composed of a ball screw pair. The lifting device is adjusted to bring the insert edge
in contact with the polishing pad and apply a certain polishing pressure. The polishing
slurry is supplied by a peristaltic pump to drip onto the polishing pad at a certain flow rate.
Meanwhile, the oscillating device is controlled by an electronic control device to swing the
insert edge periodically within a certain angle range. The polishing slurry continuously
flows through the insert edge with the rotation of the polishing pad. The oxidant in the
polishing slurry reacts with the cutting edge to form a layer of oxide film. At the same time,
the oxide film is removed by the mechanical action of the abrasive particles in the polishing
slurry. The formation and removal of the film are alternated continuously. Therefore, the
cutting edge preparation can be realized.
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Figure 1. The CMSP platform.

3. Methods and Experiments
3.1. The Polishing Slurry Optimization Experiment

To achieve efficient and low-cost preparation of the carbide insert edge, the Taguchi
method, combined with the grey relational analysis and fuzzy inference, is applied to
optimize the CMSP polishing slurry for the cemented carbide inserts. The polishing
object is a YG8 cemented carbide insert (Zhuzhou Cemented Carbide Cutting Tools Co.,
Ltd., Zhuzhou, China), as shown in Figure 2. Through the previous CMP experiments, the
alumina abrasive particles are used as the abrasive particles, and the oxidant is HyO; for the
cemented carbide insert CMP, which can achieve high MRR and better surface quality [18].
In this study, the alumina abrasive particle with a particle size of 500 nm is chosen as the
polishing abrasive particle. The oxidant is HyO;. The sodium dodecyl sulfate (SDS) is
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selected as the dispersant. Dilute sulfuric acid (H,SO4) and sodium hydroxide (NaOH)
are used as pH regulators. The pH value of the slurry is measured using a digital PHS-3C
Benchtop pH meter (Shaoxing Supo Instrument Co., Ltd., Shaoxing, China). Considering
the dispersibility of the abrasive particles and the pH value of the polishing slurry on the
MRR and surface roughness Ra, the abrasive particle concentration, oxidant concentration,
dispersant concentration, and the pH value of the polishing slurry are selected as the main
factors. The CMP orthogonal experiment for the insert is designed as a 4-factor 3-level
Taguchi L9 orthogonal array, as shown in Table 1. The polishing experiment parameters
are listed in Table 2. The polishing slurry is prepared according to Table 1. Then, the CMP
experiment of the insert rake face is carried out on the Nanpoli-100 polisher. The polishing
pad material is a porous polyurethane. A peristaltic pump supplies the polishing slurry
with an adjustable flow rate. After the CMP of the inserts is finished, the inserts are cleaned
in an ultrasonic cleaner with acetone for 5 min, then with anhydrous alcohol for 3 min,
and finally with deionized water for 2 min. The stylus type surface roughness measuring
instrument (JB-5C, Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China) with
an accuracy of 0.001 pm is applied to measure the surface roughness Ra of the polished
inserts three times, and the average value is regarded as the experimental data. Then, an
electronic balance with an accuracy of 1/10,000 g is used to measure the weight of the
inserts three times, and the average value is regarded as experimental data. The MRR of
CMP for the cemented carbide insert is estimated as

AM

MRR = ————,
pxSxt

)
where AM is the difference in insert weight before and after polishing, p is the density
of the insert, S is the contact area between the insert and the polishing pad, and t is the
polishing time.

8 7

80°

Figure 2. YGS8 insert.

3.2. Cutting Edge Preparation Experiment

According to the optimal polishing slurry obtained in Section 3.1, the effect of the
polishing plate’s rotational speed, swing angle, and input frequency of the controller on
the edge preparation process are investigated based on the CMSP platform. The polishing
plate’s rotational speed, swing angle, and input frequency of the controller are selected
as the main factors. The orthogonal experiment of the edge preparation for the cemented
carbide inserts is designed as a 3-factor 3-level Taguchi L9 orthogonal array, as shown in
Table 3.
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Table 1. The CMP orthogonal experiment for the insert.

Co?l’chlllter elx\t/i?)ilso ¢ B, The Mass C, The Mass
No. Abrasive Particl Concentration of Concentration of D, pH
rasive Particle . .
o Oxidant (wt%) Dispersant (wt%)
(wWt%)
1 10 6 4 11
2 10 8 3 9.5
3 10 10 2 8
4 8 6 3 8
5 8 8 2 11
6 8 10 4 9.5
7 6 6 2 9.5
8 6 8 4 8
9 6 10 3 11
Table 2. CMP experiment parameters.
Parameter Value
Polishing pressure (kPa) 94.99

Polishing plate’s rotational speed (rpm) 70

Polishing time (min) 30

The flow rate of polishing slurry (mL/min) 6

Polishing slurry temperature (°C) 25

Table 3. The orthogonal experiment scheme of CMSP for the cemented carbide inserts cutting edge.

A
s , C,
No. I;;)(ljlts;lttil:gg ;’;aeteeds Swing E’n gle () Input Frequenc(yH o)f the Controller

(rpm) “
1 30 6 7000
2 30 4 5000
3 30 2 3000
4 60 6 5000
5 60 4 3000
6 60 2 7000
7 90 6 3000
8 90 4 7000
9 90 2 5000

The YG8 cemented carbide inserts are selected for the preparation experiment. The
preparation parameters are listed in Table 4.

Table 4. The parameters of CMSP for the cemented carbide insert cutting edge.

Parameters Value
Polishing pressure (N) 5.5 (Linear cutting edge), 6 (Circular cutting edge)
Polishing slurry flow rate (mL/min) 4
Polishing slurry temperature (°C) 25
Preparation time (min) 5

The edge sharpness of the inserts after CMSP can be characterized by the cutting edge
radius. Specifically, the cross-section intersection interception function in the VHX-2000
ultra-depth of field microscope system (KEYENCE, Tokyo, Japan) is used to construct a
surface perpendicular to the edge, as shown in Figure 3. Then, the edge radius of the insert
is obtained by sequentially selecting more than 30 points of the arc of the edge for the least
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squares fitting and calculation based on Matlab 2022. Taking the insert edge radius as the
evaluation index, the edge preparation parameters are optimized by the Taguchi method.
The effect of the polishing plate’s rotational speed, swing angle, and input frequency of the
controller on the edge preparation process are investigated by using ANOVA. The cutting
edge morphology before and after preparation is observed by the VHX-2000 ultra-depth of
field microscope and SEM.

(b)

()

Figure 3. The surface perpendicular to the edge constructed in the VHX-2000 ultra depth of field
microscope system: (a) circular edge, (b) linear edge.

4. Results and Discussions
4.1. The Optimization of the Polishing Slurry
4.1.1. The Calculation of the S/N Ratio of MRR and Surface Roughness Ra

The polishing slurry is prepared according to Table 1, and then the polishing experi-
ments are carried out. The MRR and surface roughness Ra of the YG8 insert are obtained,
as shown in Table 5.

Table 5. The experimental results of the MRR and surface roughness Ra of the insert.

A, The Mass B, The Mass C, The Mass MRR Surface
No. Concentration of Concentration of Concentration of D, pH (am/min) Roughness Ra

Abrasive Particle (wt%) Oxidant (wt%) Dispersant (wt%) (nm)
1 10 6 4 11 66.85 47.33
2 10 8 3 9.5 74.81 47.5
3 10 10 2 8 79.58 27.83
4 8 6 3 8 39.79 315
5 8 8 2 11 55.71 27.33
6 8 10 4 9.5 57.3 35.5
7 6 6 2 9.5 41.38 40.17
8 6 8 4 8 50.93 41.33
9 6 10 3 11 30.24 46.5

In this study, it is expected that the MRR of the CMP for the cemented carbide insert
should be as large as possible, and the surface roughness Ra of the polished cemented
carbide insert should be as low as possible. Therefore, the larger the better case of the
Taguchi method is applied to calculate the S/N ratio of the MRR, and the smaller-the-better
case of the Taguchi method is used to calculate the S/N ratio of the surface roughness Ra,
which can be expressed as follows:

1=

S/N ratio = —10 - log[

S

1] , @)

2
= Yi
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S/N ratio = —10 - log li - nyl, @)
i=1

where y; is the experimental value; and n denotes the number of experiments. Calculation
results are listed in Table 6.

Table 6. The S/N ratio of the MRR and surface roughness Ra.

No S/N Ratio of the MRR S/N Ratio of the Surface
’ (dB) Roughness Ra (dB)
1 36.5020 —33.5033
2 37.4791 —33.5339
3 38.0165 —28.8912
4 31.9959 —29.9662
5 34.9185 —28.7337
6 35.1631 —31.0046
7 32.3364 —32.0774
8 34.1402 —32.3259
9 29.6122 —33.3491

4.1.2. The Grey Rational Analysis

In the grey relational analysis method, when the range of the sequence is too large,
the role of some factors is often ignored. When the target directions of each factor in the
sequence are inconsistent, grey relational analysis may also result in wrong results. Firstly,
it is necessary to perform data pre-processing for the entire sequence. The initial sequence
is converted into a comparable sequence with the data pre-processing. The conversion is
called grey relational generation. The initial sequence data are normalized in the range
between zero and one. In this study, it is expected that the S/N ratio of the MRR and
the surface roughness Ra should be as large as possible. The initial sequence data (S/N
ratio of the MRR and the surface roughness Ra) are normalized with the “larger-the-better’
characteristic of a linear data pre-processing method, which can be expressed as

7

m; (k) — minm; (k)
maxm; (k) — minm;(k)’

(4)

xi(k) =

where x;(k) is the value after data pre-processing, m;(k) denotes the initial sequence data,
minm; (k) denotes the minimum value of m;(k), maxm;(k) denotes the maximum value of
m;(k). The normalized S/N ratios of MRR and surface roughness Ra are listed in Table 7.

Table 7. The normalized S/N ratios of MRR and surface roughness Ra.

No. MRR Surface Roughness Ra

1 0.8198 0.0064
2 0.9361 0

3 1 0.96702
4 0.2836 0.7432
5 0.6314 1

6 0.6605 0.5269
7 0.3241 0.3034
8 0.5388 0.2516
9 0 0.0385

Then, the grey rational coefficient n;;(k) is calculated based on the normalized S/N
ratios of MRR and surface roughness Ra, which can be expressed as

Arnin + CAmax

nij(k) - Al](k) + gAmax’

©)
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where Ajj(k) = ||x;(k) — x;(k)|| denotes the deviation in absolute value between x;(k)
and x;(k), xj(k) = 1(j = 1, 2, ..., 16) is the comparable sequence, ¢ is the distinguishing

min min
coefficient, Apin = Vj € iV k|xj(k)—x;(k)|| is the minimum value of A;(k),

max max
Amax = V j € i ¥ k||x;(k) — xj(k)|| is the maximum value of Aj;(k). The grey rational
coefficients of the MRR and Ra are listed in Table 8.

Table 8. The grey relational coefficients of the MRR and surface roughness Ra.

No. MRR Surface Roughness Ra
1 0.7351 0.3348
2 0.8866 0.3333
3 1.0000 0.9384
4 0.4111 0.6607
5 0.5756 1.0000
6 0.5956 0.5138
7 0.4252 0.4179
8 0.5202 0.4005
9 0.3333 0.3421

4.1.3. Fuzzy Inference

The inference system based on fuzzy rules consists of three basic units: fuzzier, fuzzy
inference engine, and defuzzifier. The input vector of the gray relational coefficients for
MRR and the surface roughness Ra is first fuzzified by the fuzzifier using the membership
functions. Then, the fuzzy inference is performed by the fuzzy inference engine using
the fuzzy rules to generate the fuzzy values. Finally, the fuzzy values are transformed
to the multi-performance characteristics index (MPCI). In this study, the gray relational
coefficients of MRR and the surface roughness Ra are regarded as the input variable for
the fuzzy inference system (FIS), respectively. The MPCI value is regarded as the output
variable. Based on MATLAB applications, the FIS architecture is established. The triangular
membership function is chosen for the input variable. There are three membership func-
tions, named small (S), middle (M), and large (L), respectively. The triangular membership
function is selected for the output variable MPCI, and there are five membership functions,
named very small (VS), small (S), middle (M), large (L), and very large (VL), respectively.
Therefore, nine fuzzy rules are generated in the rule editor of MATLAB, that is,

Rule1: if misSandrisSthenyis VS;
Rule2: ifmisSandris M thenyisS;
Rule 3: if misSand ris L thenyis M;
Rule4: if misMandrisSthenyisS;
Rule 5: if mis M and r is M then y is M;
Rule6: if misMandris LthenyisL;
Rule7: if misLand ris S thenyis M;
Rule 8: if mis L and ris M then yis L;
Rule9: ifmis Land ris L thenyis VL;

where y is the output, m and r are the gray relational coefficients inputs for MRR and
surface roughness Ra, respectively. Then, the MPCI of each parameter combination is
obtained based on the FIS of Matlab, as listed in Table 9.

Table 9. The MPCI of each parameter combination.

No. 1 2 3 4 5 6 7 8 9
MPCI 0.524 0.580 0.864 0.532 0.754 0.559 0.443 0.454 0.392
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4.1.4. The Optimization of Polishing Slurry

To obtain the overall optimal parameter combination of polishing slurry, combining
Table 5 with Table 9, the MPCI response for each factor at their corresponding levels is
obtained, as shown in Figure 4.

\f I

0.4

MPCI

Al A2 A3 B1 B2 B3 Cl C2 C3 D1 D2 D3

Experimental parameter levels

Figure 4. The MPCI values for each factor at their corresponding levels.

In Figure 4, it can be seen that A1B3C3D3 is the best parameter combination of
polishing slurry for cemented carbide inserts. Namely, the best parameter combination
of polishing slurry for cemented carbide inserts is with the mass concentration of the
abrasive particle of 10 wt%, the mass concentration of the oxidant of 10 wt%, the mass
concentration of the dispersant of 2 wt%, and a pH of 8. As the concentration of abrasive
particles increases, the MPCI also increases. The reason is that as the concentration of
abrasive particles increases, the number of effective abrasive particles involved in material
removal increases, leading to an increase in MRR and a decrease in surface roughness Ra.
Furthermore, as the concentration of the oxidant increases, the MPCI also increases. The
reason is that as the concentration of oxidant increases, the chemical reaction between the
surface of the cemented carbide insert and the oxidant is promoted, and MRR increases. The
abrasive particles tend to aggregate and settle in the polishing slurry, and have an impact
on MRR and surface quality. The abrasive particles can be dispersed by the dispersant
without affecting the thermal conductivity of the polishing slurry, thereby ensuring the high
dispersion stability of the polishing slurry. As the concentration of dispersant increases,
MPCI first decreases and then slightly increases. The reason is that when the dispersant
dosage is too high, the molecular chains of unabsorbed dispersant in the solvent tend
to entangle with each other due to the supersaturated adsorption on the surface of the
alumina particles, leading to depletion flocculation and agglomeration of abrasive particles,
thereby affecting MRR and surface quality [18]. The pH of the suspension has a significant
impact on the dispersion of the polishing slurry and the chemical reaction between the
insert surface and the oxidant [19], thereby affecting the MRR and surface quality. When
the pH value is eight, the MPCI reaches the maximum value. It indicates that when the
pH value is eight, the dispersion of the polishing slurry and the chemical reaction between
the insert surface and the oxidant may be in a good state. Compared with the initial
parameter combination A3B3C2D1, MRR is increased by 163%, and the surface roughness
Ra is reduced by 40%. Then, the insert rake surface morphology before and after polishing
with the best parameter combination of polishing slurry is observed by SEM, as shown in
Figure 5.
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1 Megr: 100KXE
Figure 5. The insert rake surface morphology under SEM: (a) before polishing, (b) after polishing.

In Figure 5, it can be seen that there is a lot of scratches on the insert rake surface
before polishing. However, after the insert rake surface is polished with the best parameter
combination of polishing slurry, the scratches are completely removed, and the rake surface
is smooth. So the best parameter combination of polishing slurry is effective and can obtain
a smooth surface.

4.2. Comprehensive Analysis of CMSP for the Cemented Carbide Insert Edge

According to Table 3, the orthogonal experiment of CMSP for the cemented carbide
insert cutting edge is carried out. Then, the edge radius of the insert is obtained by the least
squares fitting and calculation based on Matlab, which are listed in Table 10.

Table 10. The experimental results of CMSP for the cemented carbide insert cutting edge.

A C

N Polishing Plate’s . B, Input Frequency Llnear.Edge Clrcula%‘ Edge
o. . Swing Angle Radius Radius
Rotational Speed ©) of the Controller (um) (um)
(rpm) (Hz)

1 30 6 7000 46.895 70.619
2 30 4 5000 34.508 54.862
3 30 2 3000 33.011 49.780
4 60 6 5000 71.259 80.616
5 60 4 3000 41.822 57.024
6 60 2 7000 60.273 74.764
7 90 6 3000 67.279 78.155
8 90 4 7000 46.938 73.451
9 90 2 5000 59.435 74.113

It is desirable that the edge radius should be as large as possible in the same prepara-
tion time. So the larger the better case of the Taguchi method is applied to calculate the
S/N ratio of the linear edge radius and circular edge radius, which are listed in Table 11.
Figure 6 shows the average response of S/N for each factor at their corresponding levels.
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Table 11. The S/N ratio of the linear edge radius and circular edge radius.

. A, , B, C SNR of the Linear ?NR of the
No Polishing Plate’s Swine Anele Input Frequency Edee Radius Circular Edge
Rotational Speed f;) & of the Controller & (dB) Radius
(rpm) (Hz) (dB)
1 30 6 7000 33.423 36.978
2 30 4 5000 30.758 34.785
3 30 2 3000 30.373 33.941
4 60 6 5000 37.057 38.128
5 60 4 3000 32.428 35.121
6 60 2 7000 35.602 37.474
7 90 6 3000 36.558 37.859
8 90 4 7000 33.430 37.320
9 90 2 5000 35.481 37.398
37 — .
| —a— Polishing plate rotational speed b —&— Polishing plate rotational speed
(a) —o— Swing angle 38 ( ) —&— Swing angle
36 —a— Input frequency of the controller —— Input frequency of the controller
35+
37
34
5 g 1
33F 36
32 F I
35
31 F

30

60 90 6 4 2 7000 5000 3000

Experimental parameter levels

1

1 1 1 1 1 1 1 1 1

30

60

90 6 4 2 7000 5000 3000

Experimental parameter levels

Figure 6. The average response of S/N for each factor at their corresponding levels: (a) linear edge,

(b) circular edge.

It is noted in Figure 6 that the best combination of CMSP parameters for the linear
edge and circular edge is determined to be A3B1C2 and A3B1C1, respectively. Namely,
the best CMSP process parameter combination for the linear edge is with the polishing
plate’s rotational speed of 90 rpm, the swing angle of 6°, and the input frequency of the
controller of 5000 Hz, and the best CMSP process parameter combination for the circular
edge is with the polishing plate’s rotational speed of 90 rpm, the swing angle of 6°, and the
input frequency of the controller of 7000 Hz.

To explore the effect of the polishing plate’s rotational speed, swing angle, and input
frequency of the controller on the cutting edge radius, based on Table 10, ANOVA results
of CMSP for the insert linear and circular edge radius are shown in Tables 12 and 13,

respectively.
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Table 12. ANOVA results of CMSP for the insert linear edge radius.

Source Degree of Sum of Mean F Value p Contribution
Freedom Squares Square Value (%)
A 2 775.89 387.945 21.784 0.044 4791
B 2 644.679 322.34 18.1 0.052 39.42
C 2 88.897 44.448 2.496 0.286 3.45
Error 2 35.617 17.809 9.22
Total 8 1545.083 100
Significant at 95% confidence interval.
Table 13. ANOVA results of CMSP for the insert circular edge radius.
Degree of Sum of Mean Contribution
Source Freedom Squares Square F Value p Value (%)
A 2 455.878 227.939 73.068 0.014 44.66
B 2 340.29 170.145 54.542 0.018 33.18
C 2 204.399 102.199 32.761 0.03 19.68
Error 2 6.239 3.12 2.48
Total 8 1006.806 100

Significant at 95% confidence interval.

From Tables 12 and 13, it can be seen that the polishing plate’s rotational speed plays
a predominant role in the linear edge and circular edge preparation, followed by the swing
angle and the input frequency of the controller.
The cutting edge is prepared with the best combination of CMSP parameters for the
linear edge and circular edge of the insert. Then, the cutting edge surface morphology
before and after preparation is observed by the VHX-2000 ultra depth of field microscope

and SEM, as shown in Figures 7 and 8.

—
10.0pm

Figure 7. The morphology of the cutting edge under the VHX-2000 ultra depth of field microscope:

(a) linear edge before the preparation, (b) circular edge before the preparation, (c) linear edge after

the preparation, (d) circular edge after the preparation.
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Figure 8. The morphology of the cutting edge under SEM: (a) cutting edge before the preparation,
(b) cutting edge after the preparation.

In Figures 7 and 8, it can be seen that the initial cutting edge has some defects in
the edge region such as burrs, poor surface finish, micro-breakages, and irregularities
along the edge. After the cutting edge is prepared with the best combination of CMSP
parameters, the defects are completely removed, and the cutting edge is smooth. So CMSP
can improve the surface quality of the cutting edge. Therefore, in the actual cutting process,
it can effectively reduce tool wear, improve the machining process stability, and reduce the
machined surface quality.

5. Conclusions

In this work, the CMSP device for the cemented carbide insert cutting edges is con-
structed. Then, the polishing slurry of CMSP for cemented carbide insert cutting edge is
optimized using the Taguchi method coupled with the grey relational analysis and fuzzy
inference. Finally, the orthogonal experiments, the Taguchi method, and ANOVA are
used to investigate the effect of the polishing plate’s rotational speed, swing angle, and
input frequency of the controller on the edge preparation process, and the parameters are
optimized. Thus, the following conclusions can be drawn:

1.  Al1B3C3D3 is the optimal parameter combination of polishing slurry for cemented
carbide inserts. Namely, the best parameter combination of polishing slurry for
cemented carbide inserts is with the mass concentration of the abrasive particle of
10 wt%, the mass concentration of the oxidant of 10 wt%, the mass concentration
of the dispersant of 2 wt%, and the pH of 8. Compared with the initial parameter
combination, A3B3C2D1, the MRR is increased by 163%, and the surface roughness
Ra is reduced by 40%.

2. The best combination of CMSP parameters for the linear edge and circular edge is
determined to be A3B1C2 and A3B1C1, respectively. Namely, the best CMSP process
parameter combination for the linear edge is with the polishing plate’s rotational
speed of 90 rpm, the swing angle of 6°, and the input frequency of the controller of
5000 Hz, and the optimum CMSP process parameter combination for the circular edge
is with the polishing plate’s rotational speed of 90 rpm, the swing angle of 6°, and the
input frequency of the controller of 7000 Hz.

3.  The polishing plate’s rotational speed plays a predominant role in linear edge and
circular edge preparation, followed by the swing angle and the input frequency of
the controller.

4. The CMSP method can not only achieve cutting edge preparation, but also improve
the surface quality of the cemented carbide insert cutting edge. In the future, extensive
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research is required to elucidate the material removal mechanism of CMSP for the
cemented carbide insert cutting edge.
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Abstract: Glassy carbon provides material characteristics that make it a promising candidate for
use as a mould material in precision glass moulding. However, to effectively utilize glassy carbon,
a thorough investigation into the machining of high-precision optical surfaces is necessary, which
has not been thoroughly investigated. This research analyses the process of material removal and
its resulting surface integrity through the use of nano-scratching and ultra-precision grinding. The
nano-scratching process begins with ductile plastic deformation, then progresses with funnel-shaped
breakouts in the contact zone, and finally concludes with brittle conchoidal breakouts when the
cutting depth is increased. The influence of process factors and tool-related parameters resulting from
grinding has discernible impacts on the ultimate surface roughness and topography. Enhancing the
cutting speed during cross-axis kinematic grinding results in improved surface roughness. Increasing
the size of diamond grains and feed rates leads to an increase in surface roughness. An achievable
surface roughness of Ra < 5 nm together with ductile-regime grinding behaviour meet optical
standards, which makes ultra-precision grinding a suitable process for optical surface generation.

Keywords: ultra-precision grinding; nano-scratch; surface integrity; ductile grinding; brittle material;
glassy carbon

1. Introduction

In contemporary times, a substantial quantity of sensors is integrated into widely
used commodities such as smartphones and automobiles. A significant portion of these
sensors rely on MEMS due to their compact dimensions and efficient energy usage, which
enable a wide range of sensory functions. The integration of borosilicate glass optical
components, such as protective coverings and beam guides, with MEMS, is facilitating
the development of compact optoelectronic applications [1]. These systems are made
possible because of the thermal expansion properties of borosilicate glass types, which are
specifically tailored to be compatible with silicon. As a result, the risk of stress formation
during the joining process can be mitigated. Modern applications necessitate the use of
intricate glass components with advanced optical properties. Precision glass moulding is a
well-established technological process utilized for the effective production of optics. This
process involves the shaping of a glass preform using moulds that possess a high degree of
precision [2,3]. However, the moulding temperature of borosilicate glass (>700 °C) is higher
compared to other types of glass (500-600 °C). As a result, the existing mould coatings used
for precision glass moulding have a shorter lifespan when subjected to the temperature
required for moulding borosilicate glass [4].

One potential option is the utilization of glassy carbon, a high-temperature material
that possesses a combination of features resembling both graphite and diamond. Notably,
glassy carbon exhibits chemical and physical characteristics that eliminate the need for a
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coating [5,6]. One of the primary difficulties encountered pertains to the production of
moulds utilizing glassy carbon material. The process of ultra-precision grinding, which
has previously been established in the manufacturing industry for producing moulds
with optical surfaces, is deemed to be a suitable method [7]. The theory of ductile-regime
grinding is a frequently used approach that facilitates the achievement of defect-free
surfaces through a regulated and deterministic process [8,9].

Nevertheless, the precise nature of the cutting behaviour and the subsequent formation
of micro flaws during the machining of glassy carbon remains uncertain. Hence, the
primary objective of this study is to comprehensively comprehend the underlying factors
contributing to the occurrence of defects in the process of ultra-precision grinding of glassy
carbon. This research specifically examines the cutting mechanisms involving diamond
cutting edges and their impact on the surface integrity of glassy carbon.

2. Materials and Methods

Glassy carbon is classified as an inorganic non-metallic substance. The phrase “non-
organic materials” pertains to substances that possess a structure without organic compo-
nents, wherein primary heteropolar or covalent bonds are present. The interior structure
comprises lattice or mesh structures, as seen in Figure 1 [10].

Diamond lattice Graphite lattice Glassy carbon
face centered cubic graphene layers folded graphene layers

Figure 1. Visualization of the lattice structure of diamond, graphite, and glassy carbon.

Carbon is found in two stable crystalline forms; namely, diamond and graphite. In
the process of diamond modification, the carbon atoms arrange themselves in a face-
centred cubic (FCC) lattice. The structure of diamond is one of the contributing factors
to its exceptional hardness, among other characteristics [10]. Graphite is the term used
to describe the most advanced and stable alteration of carbon material. Graphite exhibits
a distinctive feature of having consistently organized hexagonal layer lattices, which are
also referred to as graphene. Strong covalent connections exist within these levels. The
interlayer bonding between the layers is characterized by a relatively low strength. The
structural characteristics of the material give rise to its direction-dependent features. In
contrast to the conventional layer arrangement observed in graphite, there exist diverse
microstructures wherein the graphene layers exhibit a state of disorder. The materials in
question are referred to as paracrystalline carbon materials [10,11].

Within these paracrystalline formations, the distribution of graphene fragments often
follows a normal distribution with regard to their shape and size. The presence of flaws in
the microstructure leads to the folding and interweaving of individual graphene layers in a
three-dimensional manner, ultimately leading to the formation of fullerene-like structures.
According to the works of Harris [12] and Jurkiewicz [13], it is evident that glassy carbon
is characterized by its paracrystalline nature and closed-porous microstructure, which is
mostly composed of interlaced and folded hexagonal layers. The microstructure exhibits
variations contingent upon the specific manufacturing method employed, hence resulting
in corresponding variations within a defined range of material attributes [14]. Currently,
there is not a universally acknowledged structural framework for glassy carbon [15].
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Glassy carbon has a high degree of brittleness often characterized by flat surfaces in its
untreated state. According to Sharma [14], glassy carbon exhibits impermeability to a wide
range of gases and liquids and demonstrates chemical inertness. Glassy carbon is a kind of
carbon that is produced from the pyrolysis of polymers, and it does not form graphite [12].
During this procedure, the polymer chains undergo fragmentation due to the application
of high temperatures, resulting in the creation of novel molecules involving carbon atoms
exclusively. The formation of different carbon modifications or chars during pyrolysis is
influenced by factors such as the polymer employed, the atmospheric conditions, and the
temperature. In practical applications, the pyrolysis of glassy carbon involves the use of
strongly crosslinked aromatic polymers, such as phenolic and furan resins [11].

Glassy carbon exhibits excellent corrosion resistance, impermeability to gases and
liquids, and high thermal stability, withstanding temperatures of up to 550 °C in ambient
air and up to 3000 °C when shielded in a protective atmosphere. The fracture toughness of
the material is measured to be 20 N/mm?/2, while the modulus of elasticity is determined
to be 35 kN/mm?. Glassy carbon is utilized as electrode material in laboratory technology,
in medicinal technology, and in high-temperature applications in mechanical engineering
due to its inherent qualities [11].

Table 1 presents a comprehensive compilation of material parameters pertaining to
glassy carbon, with a comparative analysis of optical glass BK7. The machining characteris-
tics of BK7 optical glass have been thoroughly studied and serve as a foundation for the
examination of glassy carbon in this research. Despite its name, glassy carbon displays
distinct material characteristics from glass. However, a comparison between the two is still
valuable because of their shared brittle material behaviour.

Table 1. Material properties of glassy carbon and BK7 [16,17].

. Glassy Carbon .
Material Property Sigradur G Optical Glass BK 7
Characteristic temperature >3000 °C (decomposition) 557 °C (transition)
Density 1.42 g/cm3 2.51 g/cm3
Hardness 2.26 GPa 5.80 GPa
Young’s modulus 35 GPa 82 GPa
Thermal conductivity 6.30 W/(mK) 1.11 W/(mK)
Coefficient of thermal 2.6 x 10-6 /K 83 x 10-6 /K

expansion (20-200 °C)

Indentation, Nano-Scratch, and Grinding Research Method

In the process of developing and manufacturing mechanical parts and components,
mechanical parameters such as yield stress have significant importance. The mechanical
properties of glass, in particular, exhibit variations based on their chemical composition
and production techniques [18]. Conventional mechanical testing techniques, such as
the tensile test [19], are intricate and costly, rendering them unsuitable for evaluating
miniature components due to the challenges associated with specimen preparation. The
methods employed in this particular case involve indentation and scratch testing. Several
research studies have been undertaken utilizing the indentation method to evaluate the
elastic-plastic characteristics of materials by analysing their indentation behaviour [20-22].
The relationship between plastic stress and indentation hardness at different strains is
a valuable tool for establishing a connection and determining the yield stress and other
plastic properties of metals.

Additional experimental studies utilizing modified hardness indentation tests on
various optical glasses demonstrate consistent fracture propagation behaviour over a wide
range of glass compositions. During the loading process, a hydrostatic compressive stress
field is generated beneath the body of the pyramidal indentation [23]. The evolution of
the material is characterized by both an increase in the density of the glass and the con-
struction of a wall composed of plasticized material along the surfaces of the pyramid at
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a macroscopic level. Stress-relief fractures characterized by a rapid propagation velocity
and perpendicular direction to the glass surface along the indentation diagonal manifest
abruptly alone during the process of stress release [24]. When the glass surface experiences
complete relief, the formation of fractures occurs at a relatively moderate pace. The applica-
tion of pressure by the indentation body causes the glass to undergo compression, resulting
in the development of radial tensile stresses. They have the responsibility for the continued
dissemination of the fractures in a conchoidal form.

With the method of scratch testing, similar mechanisms of the above-mentioned also
occur when a glass surface is subjected to stress during scratching. The scratch test method
should be employed to examine the plastic characteristics of materials [25]. Scratching
is a well-known empirical method for determining the hardness according to the Mohs
scale [26,27]. Because it has a negative effect on the service life of glasses [28-30], if the
scratch normal force does not exceed a certain level, a crack-free, plastically deformed
scratch trace can be produced. Due to the stresses induced in the vicinity of the scratch by
the compaction zone, such plastic scratches are highly unstable and tend to form cracks. The
cracks spread into the existing plastic part of the scratch and form conchoidal side cracks.

The investigation of brittle behaviour is commonly conducted using various materials
by indentation and nano-scratch techniques; therefore, Bifano’s model is frequently utilized
as a reference for determining the critical depth of cut in ductile-regime machining of brittle
materials [8]. Nevertheless, the model solely relies on material characteristics and does not
include factors like machining conditions, tool shape, and size [31]. Adjusting the process
settings to decrease the chip thickness leads to improved surface quality, as it approaches
or decreases below the critical chip thickness for ductile grinding [32-35]. The alteration
of the grain size of the grinding tool also affects the resulting chip thickness. Smaller dia-
mond grains lead to improved surface roughness and might potentially induce complete
plastic material behaviour [35]. However, further examinations utilizing nano-scratching
techniques in gallium and silicon demonstrate that the essential cutting depths varied
depending on whether conical or Berkovich tips are employed [36]. Modifying the lubri-
cation quantity can also result in corresponding effects on the critical chip thickness [37],
unrelated to the material properties. The anisotropy of the material significantly affects the
damage evolution and material removal behaviours during the machining process [38].

To examine the aforementioned processes in glassy carbon, a series of traditional
Vickers hardness tests and nano-scratch examinations were conducted on prepared polished
samples. The schematic technique represented in Figure 2 enables the investigation of
whether glassy carbon has comparable brittle material behaviour. The scratch examinations
were conducted at several cutting speeds to yield results for the subsequent grinding
research. Furthermore, a scratch trace was subjected to calotte grinding in order to observe
the presence of the separation phenome in the subsurface.

The motion of the cutting edge in the scratch tests may be described as a helical route.
In this setup, the feed movement with the workpiece velocity v, is achieved by utilizing the
z-axis (movement direction: —z), on which the glassy carbon sample is securely affixed to a
sample holder. The helix undergoes a circular motion due to the continuous rotation of the
spindle. The helix’s central axis is curved towards the sample by a concurrent semicircular
motion in the negative y direction. If there is enough contact with the sample surface, the
cumulative movement of all axes will create scratches on the surface of the sample. These
scratches will vary in length and depth. Please refer to Figure 2 in the upper right corner
for a visual representation. As a result of the continuous feed along the z-axis, all scratches
have an equal path distance a,. The experiments were conducted using a typical UP-
grinding machine; namely, the Nanotech 350FG model (Moore Nanotechnology Systems,
LLC, Swanzey, NH, USA). In order to obtain the necessary cutting speeds v, a customized
tool holder was devised and affixed to the machine’s C-axis spindle. Performing scratch
testing on the same grinding machine can enhance the capacity to replicate the grinding
process behaviour, as it also replicates factors such as machine vibrations. The uniform
machine environment should further enhance the transferability to other experiments in
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this publication. A sharply cut diamond from a turning tool was used as the abrasive grain.
A diamond with an included angle of 90° and a rake angle of —35° was used to simulate
the geometry of a diamond grain.

a

a, = constant N p) — Y- and Z- axes movement
A ) - C-axis rotation
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Figure 2. Visualization of the scratch test setup and kinematics.

A restriction in the investigation of material removal mechanisms by means of inden-
tation or scratch tests is that only the singular intervention of a grain can be investigated.
In the grinding process, however, there are interactions and overlaps of engagement paths
of differently shaped diamond grains, which can thus constantly change the removal
mechanisms. Consequently, a series of comprehensive grinding technology experiments
was conducted. The experiments were conducted using a 5-axis ultra-precision grinding
machine. The machine is situated inside a regulated setting characterized by a consistent
temperature (T = 21 £ 0.1 °C) and relative humidity (40 &= 5%). The schematic representa-
tion of the experimental system is illustrated in Figure 3. Liquid isoparaffin is employed as
a cooling agent in the context of minimal amount lubrication. The use of isoparaffin has
become widely accepted as the prevailing method in ultra-precision machining [39].
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Figure 3. Visualization of grinding test setup and strategy.

The glassy carbon Sigradur G utilized in this study was procured from HTW Hochtem-
peratur Werkstoffe GmbH (Thierhaupten, Germany) [16]. The specimens exhibit a square
shape, measuring 10 mm x 10 mm in length and width, with a thickness of 3 mm. In order
to provide equitable testing conditions and reduce any potential surface imperfections, the
specimens undergo a preliminary grinding and polishing process. The resultant initial
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surface has a consistently polished appearance, characterized by roughness values Sq that
are less than 2 nm.

Prior to each usage, the grinding wheels undergo dressing to achieve a tip radius of
400 um. In order to avoid the grinding tools from becoming unclamped from the grinding
spindle during the dressing process, they are dressed on a dedicated dressing spindle that
is mounted within the machine. This offers the benefit of utilizing high-precision machine
axes to achieve precise dressing. The dressing procedure consists of two stages. Prior to the
application of the dressing, any irregularities are eliminated and the proper curvature is
created using a truing procedure. Subsequently, in the process of dressing, a portion of the
bond is eliminated to reveal the sharp cutting edges of the abrasive grains. These two steps
are executed in accordance with the instructions provided by the manufacturer. Table 2
displays the truing and dressing parameters.

Table 2. Truing and dressing parameters.

Parameter Truing Dressing
(Green Corundum) (White Aluminium Oxide)

Relative wheel speed 100 m/min 50 m/min

Cutting direction Down Cut Down Cut

Cutting depth (ae) 10 um 5 um
Feed rate (vy) 20 mm/min 10 mm/min
Grinding wheel #1200 (D9) #3000 (D3) #1200 (D9) #3000 (D3)
Truing/Dressing wheel #600 #600 #320 #600

The grinding trials are conducted using a flat surface grinding technique. In this
scenario, the grinding motion is performed in a raster pattern. In this experiment, it is
important to highlight that the relative motion between the workpiece and the grinding
tool is produced by the movement of the workpiece itself, with a velocity denoted as vy,
along the x and y machine axes. The movement of the grinding tool (z machine axis)
only determines the cutting depth, represented by ac. The raster movement in these trials
begins in the upper right corner of the machining surface. The cutting tool moves towards
the surface of the sample in a linear link motion. A second lead-in motion decreases the
velocity of the link motion and guarantees a seamless and accurate transition to the grinding
motion and additionally minimizes the tool load in transit. The grinding movement, which
involves the workpiece moving in the positive x direction, follows a straight-line trajectory.
After this, there is a further movement known as a lead-out and link. The grinding tool
is moved to the right-hand side of the sample using a linear displacement motion. The
workpiece undergoes motion in the negative x-direction and positive y-direction. Using
this kinematic configuration, the vertical displacement of the glassy carbon sample results
in the grinding path distance, indicated as a,. This process is iterated until a segment
of the sample is fully ground. The combination of the grinding wheel’s direction and
rotating cutting velocity v. along with the movement of the workpiece, leads to cross-axis
kinematics with a down-cutting direction. The generation of the NC code is facilitated by
the utilization of NanoCam4 (Version 4.2309.9) and is visualized in Figure 3.

Based on the application as mould material for precision glass moulding, the grinding
parameters were chosen to investigate the influence of tool properties and process control
variables. The parameters are based on a cross-axis rotational process which is commonly
used in mould manufacturing for optics. Further, the chosen parameters are additionally
based on investigations from the literature [40—-42]. Table 3 gives an overview of the
investigated parameters, which includes tools with different diamond grain sizes D3 and
D9 and varying cutting speed and feed rates. Other parameters are kept constant, like
grain concentration, cutting depth, and path distance.
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Table 3. Grinding process parameters.

Parameter Unit Value

Kinematic Cross-Axis - -

Diamond grain size/

Tool properties [um] D3/#3000, D9/#1200

Mesh size
Concentration - C140
Bonding type Hybrid (metal-resin) -
Process parameters Cutting speed [m/s] 10, 20, 30
Feed rate [mm /min] 0.5, 100
Cutting depth [nm] 1
Path distance [mm)] 0.01

3. Results and Discussion
3.1. Indentation and Scratch Investigation

To investigate the primary attributes of scratching on glassy carbon, a sequence of
individual scratch experiments was performed and afterwards analysed utilizing scanning
electron and atomic force microscopy. The behaviour of each scratch has a notable correla-
tion with the extent of cutting depth. At reduced cutting depths, the scratch exhibits mostly
ductile behaviour, as indicated by the substantial plastic deformation revealed in Figure 4a
and beginning small minor additional scratches in the contact zone (Figure 4b). The surface
of the scratch exhibits radial cracks that are inclined in a forward direction, resulting in
a funnel-shaped formation (Figure 4c). The wider opening of this funnel formation is
oriented towards the direction of the scratch mark’s progression.
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Figure 4. SEM pictures of nano-scratch behaviour from ductile to brittle (a—e).

As the magnitude of the depth of cut is increased, the occurrence of radial fractures
propagates throughout the contact area at the outer margins of the ductile region (Figure 4c).
An additional increase in the depth of the cut results in the generation of large beginning
breakouts, accompanied by the presence of partially fragmented glassy carbon chips that
stay inside the scratched area (Figure 4d). The radial fractures exhibit partial widening
and form a beginning chip which is not removed. As a result, an increasing number of
fragmented chips become apparent, and the expanded radial fractures give rise to bigger
breakouts that extend to the farthest points of the radial cracks. After this stage, observable
lateral fractures become evident, leading to the formation of clod-like breakouts that replace
the funnel-shaped breakouts (Figure 4e). The distinguishing factor between funnel-shaped
and clod-like breakouts lies in the character of their contact zones. The funnel-shaped
breakouts are confined to the scratch region, but the clod-like breakouts exhibit larger
dimensions compared to the chipping zone.

Moreover, by the analysis of the two-dimensional cross-section profiles of the scratch
along the track, it is possible to analyse the plastic behaviour at different depths of cut
as seen in Figure 5. In general, the resulting scratch depth is overproportioned to the
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real cutting depth of the tool, which indicates brittle behaviour at deeper scratch depths.
In the context of purely plastic deformation at the beginning of the scratch, there are no
disturbances or disruptions, and the absence of chip formation indicates that the plastic
deformation is only characterized by compressive material alteration. In the scenario of
emerging radial fractures, which starts on the second left AFM image in Figure 5, there is
no observable material displacement occurring at the outer boundaries of the scratch track,
which indicates that the crack propagation is probably further outside than the plastic
deformation area. The elevation of quantifiable material along the scratch is observed
exclusively after the formation of radial fractures at the beginning scratch width of 1.27 um
and scratch depth of 9-10 nm, which is already in the range of brittle behaviour.

Scratch width Scratch width
— 1.27 um — . 80 1.81 um
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Figure 5. AFM and cross-section measurement of nano-scratch behaviour.

An additional analysis of the scratch marks produced at varying cutting speeds
reveals that the material’s behaviour remains consistent (Figure 6). However, it is seen
that the formation of radial cracks is more inclined in the cutting direction, leading to
clod-like breakouts that cover a narrower angle. This indicates that the crack propagation
and material removal can be controlled with the cutting speed and it does show deter-
ministic behaviour similar to the general ductile and brittle behaviour with increasing
cutting depth.

v,=10m/s v, =20 m/s || vc=30m/s |

Figure 6. Visualization of radial crack inclination in varying cutting speeds. v. = 10 m/s (a). vc =20m/s (b).
ve =30m/s (c)

Further examination of the depth of scratches along the path of the scratch verifies
the previously discussed phenomenon, as seen in Figure 7. The observed scratch depths
were adjusted in a manner that aligns with the initiation of the brittle zone when there is a
notable rise in scratch depth. It is worth noting that during the transition to the brittle-hard
zone, there is a substantial rise in fracture depth, which can be explained by the breakouts
and crack propagation exceeding the cutting depth of the diamond. At a cutting speed of
30 m/s, there is evidence of a notable decrease in fracture depth inside the brittle region
compared to lower cutting speeds. This indicates a reduction in the propagation of cracks at
greater depths, which in turn facilitates the early emergence of lateral cracks. Furthermore,
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there is a noticeable variation in depth within the ductile area. When the cutting speed is
set to 10 m/s, it is noticed that the plastic zone exhibits increased length and depth. At
lower cutting speeds, the plastic deformation strain is increased, leading to the occurrence
of incipient separation fractures at a later stage. The region exhibiting exclusively ductile
behaviour becomes apparent when the cutting speed is set at 10 m/s, resulting in a scratch
depth of 5 nm. Similarly, with cutting velocities of 20 and 30 m/s, the highest ductile
scratch depth seen is limited to 3 nm.
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Figure 7. Scratch depth along the scratch length with varying cutting speeds.

To further examine the fracture behaviour in the subsurface zone, an additional
scratch track was created with equidistant cutting depth, resulting in brittle breakouts.
Subsequently, the subsurface area was removed using sphere calotte grinding to analyse the
radial and lateral crack behaviour in different depths below the surface as shown in Figure 8.
The presence of radial fractures is predominantly seen to be arranged either perpendicular
or at an oblique angle relative to the cutting direction. In certain instances, the radial
fractures exhibit a flared angle. The clod and shell-like breakouts exhibit shallower depths
compared to the radial fractures and are typically situated posterior to a radial crack along
the direction of the section. The conchoidal fractures, also known as lateral fractures, occur
when a crack originates at a minor angle to the surface and extends until the chip breaks
away entirely, causing the crack to propagate back towards the surface.

@ )

Figure 8. Subsurface investigation of nano-scratch revealed by calotte grinding. Subsurface damage

at beginning of scratch (a) and end of scratch (b).

Additional indenter examinations including varying magnitudes of the Vickers pyra-
mid forces revealed an absence of observable fractures, with only an evident indication of
plastic behaviour (Figure 9a). At lower levels of applied indentation forces, the absence of
any apparent indentation can be identified as the elastic response shown by the material.
In addition, it can be observed that there were no radial cracks observed around the edge
of the pyramid, indicating a characteristic of low residual stress. Similar to the subsurface
crack propagation of a single scratch, the same pattern of activity is also observable in the
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indentation experiments at higher indentation forces. The clod-like breakouts that may
be observed are apparent along the sides of the Vickers pyramid when viewed from the
top (Figure 9b). Upon seeing the subsurface through a cross-sectional view, it becomes
apparent that the edge zone has radial fractures that diverge from the sides of the pyramid
and extend laterally deeper inside the material (Figure 9¢,d). The observed phenomenon
aligns with the conchoidal breakouts identified during the subsurface scratch test, as they
progressively extend horizontally into the subsurface zone until reaching the removal of
the chip. Likewise, the presence of plastic deformation in the central region is apparent, as
shown by the observable Vickers pyramid. Subsequent examinations including varying
magnitudes of the Vickers pyramid forces revealed an absence of observable fractures,
with only an evident indication of plastic behaviour (Figure 9a). At lower levels of ap-
plied indentation forces, the absence of any apparent indentation can be identified as the
elastic response shown by the material. In addition, it can be observed that there were no
radial cracks observed around the edge of the pyramid, indicating a characteristic of low
residual stress.

Cross-section of (b) embedding material

lateral crack -~ radial crack

glassy carbon —
(c) (d)

Figure 9. Vickers indentation crack behaviour and cross-section view. HVO0.1 (a). HV1 (b). Cross-
section view of HV1 indentation (c,d).

3.2. Grinding Investigation

A study was conducted to investigate the grinding of glassy carbon, as scratch tests do
not consider the interaction between several diamond grains in contact. The inquiry focused
on analysing the material’s behaviour through the manipulation of process parameters,
including the cutting speed, feed rate, and diamond grain size of the tool. In order to
establish a precise and objective comparison, an individual variable was deliberately altered
and then evaluated for comparison. Statistical reliability was established by conducting
a minimum of three tests for each parameter set. The test specimens were subsequently
analysed for surface topography using a confocal microscope, scanning electron microscope,
and atomic force microscope. An analysis of surface roughness was conducted to determine
a relationship between process parameters and surface structure. Topographical imagery
can aid in the verification of meteorological results. An analysis of roughness metrics Sa and
Sq at cutting speeds of 10, 20, and 30 m/s demonstrates a noticeable pattern of heightened
roughness with higher cutting speeds. The visual representation of this discovery can be
seen in Figure 10. Further grinding wheels with an average diamond grain diameter of
3 um (D3) have lower surface roughness compared to grinding wheels with a relatively
larger average diamond grain size of 9 um (D9). This supports the common belief that an
increase in grain size leads to thicker chips, resulting in larger breakouts and more brittle
behaviour. Figure 10 demonstrates the impact of increasing roughness by a factor of more
than two, from D3 to D9, on grain size at a velocity of 30 m/s.
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Figure 10. Surface roughness results from varying cutting speeds and diamond grain sizes.

This discovery contradicts the widely known assumption in the literature that greater
cutting speeds lead to smaller chip removal and therefore result in improved roughness
values [43—47]. Upon closer analysis of the surface topography depicted in Figure 11, it be-
comes apparent that increasing the cutting speed does indeed lead to an increase in surface
roughness. Nevertheless, as the cutting speed is increased, the surface shows disruptions
and a higher frequency of imperfections or slight chipping. At higher cutting speeds, the
individual paths become more noticeable due to an increased accumulation of material.
Upon closer examination, it is observed that the pile-up structures at higher cutting speeds
exceed the anticipated kinematic roughness. This phenomenon cannot be accounted for by
the plastic deformation of the material. Hence, the observable accumulation formations
are formed due to the tool wear of the cutting tool, which accounts for the rise in surface
unevenness at elevated cutting velocities.

v
V=10 m/s v.=30 m/s ve=10 m/s V=30 m/s

Tool D3 - 20 nm B 20 nm Tool D9 - 40 nm BB 40 nm

Figure 11. Topographic images and detail view of varying cutting speeds and diamond grain sizes.

Upon analysing the grinding topography observed in the SEM and AFM images,
higher cutting speeds result in the formation of thinner and more distinct grinding marks
caused by the rotation of the grinding wheel. This observation is further confirmed by the
thorough analysis of the surface topographies. Increasing the cutting speed creates a surface
topography characterized by less chipping and a more homogeneous visual aspect. The
validity of this assertion is confirmed by the utilization of atomic force microscopy (AFM) to
measure the roughness of the surface. This is demonstrated in Figure 12, which showcases
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the findings acquired through the utilization of the D3 grinding wheel as a specific example.
The AFM images show a mostly consistent surface; however, at a velocity of v. =10 m/s, the
surface displays the presence of overlapping irregular globular breakouts. Enhancing the
cutting speed leads to a significant diminishment in the dimensions of globular breakouts,
together with a decline in their depth, as confirmed by the AFM roughness measurements.
Hence, it can be determined that a higher cutting speed leads to an improvement in the
surface roughness. The presence of tool wear, caused by the elevated cutting speeds, shows
a more pronounced influence on the resultant roughness than the cutting speed alone.
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Figure 12. AFM surface roughness results from varying cutting speeds.

The results of scratch tests indicate that increasing the cutting speed causes the funnel-
like and conchoidal breakouts to occur in a narrower separation fracture. This finding
further supports the idea that higher cutting speeds result in lesser surface roughness.
Nevertheless, there are no discernible directional structures, such as funnel shapes or
other patterns, that may be observed on the ground surface. The absence of uniform
contact conditions among the abrasive grains leads to unregulated breakouts, indicating
the occurrence of fracture propagation in both perpendicular and parallel cutting directions.
However, breakouts at higher cutting speeds exhibit a reduced form factor, which improves
the surface roughness. The fractures, which are less than 1 um in size, indicate that the
material removal occurs in the contact zone between the diamond grain (3 pm and 9 um)
and the glassy carbon. This implies a material removal behaviour within the transition
zone from ductile to brittle, with no apparent radial surface cracks present (Figure 4b,c).

Further examination of the impact of the feed rate reveals contrasting patterns in
relation to the diamond grit sizes used while maintaining a constant cutting speed of
ve =30 m/s. An improvement in roughness is observed with an increase in feed rate for
smaller diamond grit sizes (D3), whereas a rise in surface roughness is noted for larger
diamond grit sizes (D9). This phenomenon is seen in the roughness values depicted in
Figure 13.

The examination of the topography images validates the observed roughness values,
as it is seen that both the macroscopic roughness and the microstructure exhibit consistency.
The accepted hypothesis regarding the D9 grinding wheel suggests that there is a positive
correlation between the feed rate and the chip thickness, thus resulting in higher roughness
when increasing the feed rate. The D3 grinding wheel exhibits an inverse behaviour. The
microstructure (D3) seen at a feed rate of vy, = 100 mm/min has a high degree of homo-
geneity on its surface, characterized by the presence of isolated break-out formations of
minimal size, as depicted in Figure 14. Conversely, an observable phenomenon of elongated
fractures in the grinding direction becomes apparent when the feed rate increases on the
D9 grinding wheel. Furthermore, the surface on both grain sizes exhibits an oscillating
structure, likely attributed to the machine tool’s control mechanism. Nevertheless, it has
no substantial effect on the roughness measurements.
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Figure 14. Topographic images and detail views of feed rates and diamond grain sizes.

The improvement of surface topography achieved through the utilization of a D3
grinding wheel may be defined by the impact of the bonding agent on the grinding tool.
The grinding wheel bond exhibits a more uniform distribution when the concentration
of diamonds remains constant, but the average diamond grain diameter decreases. This
phenomenon facilitates increased deformation of the grinding wheel, resulting in elevated
surface pressure on the material being ground. This phenomenon promotes the plastic
deformation of glassy carbon and prevents or limits the spread of cracks. In the context
of the D9 grinding wheel, apart from the unique behaviour resulting from the bond, the
increased chip thickness can also induce greater brittleness. Higher feed rates evidently
result in more visible grinding marks on the direction of the rotating grinding wheel. The
grinding marks also indicate more ductile grinding behaviour in the case of a D3 tool as
seen in the nano-scratch investigations (Figure 4b). Additionally, the AFM image of the
close-up shows a similar pattern at v, = 100 mm/min as investigated in the nano-scratch
test and indicates ductile behaviour with plastic flow, because of the visible grinding marks.
In the case of D9 tools, the overall removal mechanism shows brittle behaviour, most likely
due to the more dominant effect of increased chip thickness and wider grinding marks
based on the higher diamond grain size.

Additionally, the occurrence of pile-ups in the feed rate direction are not evident which
indicates less tool wear due to the overall short use of the grinding wheels with feed rates
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Vyw = 100 mm/min and which supports the aforementioned influence of the tool wear at
lower feed rates.

The findings indicate that the material response of glassy carbon during ultra-precision
grinding is characterized by a high degree of complexity, with many factors typically
interacting simultaneously. The scratch tests facilitated the identification of fundamental
material behaviour, hence providing some insight into the grinding process. To enhance
comprehension, Figure 15 was utilized to reconstruct the crack propagation seen during
scratch testing, based on the obtained data.

Ductile area pmoverent
Cutting edge\ /-
-M-\"-Plastic deformation area | ] N
i‘_”
1. Side View Glassy carbon 1. Top View
i
Transition to brittle
e | e o
Minor break out g,’
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3. Radial crack

4. Lateral crack

5. Crack propagation . Crack propagation

6. Break out 5. Break out

Figure 15. Crack propagation and breakout behaviour of glassy carbon. Increasing cutting depth
from 1-6. Only plastic deformation (ductile) 1. Beginning break outs (transition) 2. Crack behaviour
(brittle) 3-6.

Once the elastic behaviour of glassy carbon is surpassed, the material undergoes
plastic deformation and compression. Once the plastic deformation capacity is surpassed,
the initial fractures to emerge are minor funnel-like breakouts that probably have their
initiation due to a radial crack which transforms into a lateral crack. The brittle behaviour
shows two cases which differ in the area of effect. Both cases start with radial cracks that
are orthogonal to the cutting direction and exceed the plastic deformations area. As the
cutting edge progresses, a lateral fracture emerges, originating at an elevated position due
to the surpassing of shear forces over the tensile strain in this region. The convergence of
the lateral crack and radial fractures culminates in the formation of a conchoidal breakout.
In case 1, the breakout is not formed by the outmost radial cracks compared to case 2. In
the general case of brittle-hard behaviour, the radial cracks exhibit crack propagation that
extends beyond the depth of cut. In the context of the ductile zone, it is unlikely that fracture
propagation extends beyond the plastic region. The confirmation of this phenomenon may
be obtained by the examination of the grinding process, where mostly globular chipping is
observed. This chipping does not exhibit any discernible fracture development that follows
a certain path. Furthermore, the presence of a consistently identifiable structure provides
evidence for a machining process that operates within the ductile range.
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4. Conclusions

In conclusion, this study could demonstrate the general behaviour of glassy carbon
under abrasive machining conditions. Specifically, the fracture behaviour may be system-
atically studied and comprehensively explained. The findings obtained from the scratch
experiments may be used for the grinding process, therefore providing a basis for under-
standing potential material behaviour. The nano-scratching process initially exhibits ductile
plastic deformation, which is then followed by the occurrence of funnel-shaped breakouts
in the contact zone as the cutting depth increases. Additionally, increased cutting depth
results in mostly brittle material behaviour characterized by the initiation of radial fractures
that then propagate into lateral cracks, resulting in the formation of conchoidal breakouts.
The impact of process parameters and other tool-related parameters induced by grinding
has distinct effects on the final surface roughness and topography. Through the extraction
of microtopography;, it can be demonstrated that the overall predicted grinding behaviour
aligns with the general assumptions presented in the literature. Increasing the cutting
speed while using cross-axis kinematic grinding leads to improved surface roughness.
Conversely, increasing the diamond grain sizes and feed rates have the opposite effect,
causing an increase in surface roughness. The primary factor influencing the roughness
is the size of the diamond grains, whereas the impact of cutting speed and feed rate is
minor. In addition, roughness values of less than 5 nm can be achieved with homogeneous
surface topography, which makes it possible to use glassy carbon as a mould material.
Nevertheless, the tool wear has a substantial influence on the roughness of the surface
when using hybrid bonding (metal-resin) tools at reduced feed rates. The decrease in tool
diameter can result in pile-up structures that exceed the theoretical kinematic roughness.
This phenomenon bears great significance in rotational grinding processes, which are
frequently employed in the fabrication of optical lenses. Typically, these processes include
operating at low rotating speeds while cutting the central region of the optical mould
surface. Hence, the increased surface roughness might restrict the use of glassy carbon
moulds. The potential for ultra-precision ground glassy carbon moulds is significant when
using other three-axis ground surfaces with constant greater feed rates, such as moulds for
inclined cover glasses.

In addition to tool wear, the bonding agent itself has a beneficial effect on the sur-
face roughness when higher feed rates are used in combination with small diamond grit
sizes. This supports the theory that the resulting compressive stress leads to more ductile
behaviour, as it reduces the ability of cracks to propagate and initiate.

However, the researchers also suggest that it is crucial to undertake further investiga-
tions, such as subsurface zone analyses and modifications of additional process parameters,
in order to fully comprehend the material behaviour in ultra-precision grinding. Conduct-
ing research on process parameters involving increased cutting speed and feed rates, while
simultaneously monitoring the effects of tool wear, might be beneficial in utilizing glassy
carbon as a material for moulds.

These additional studies can provide new insights into the behaviour of separation
fractures and the process of ductile machining. Furthermore, the impact on precision glass
moulding with glassy carbon based on the resulting surface roughness induced by grinding
has not yet been investigated.
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Abstract: For the slicing of superhard silicon nitride ceramics, diamond wire sawing technology
has great potential for application, and its slicing surface characteristics are an important indicator
of cutting quality. In this paper, the sawing experiments of silicon nitride ceramics were carried
out within the range of industrial processing parameters of diamond wire sawing (saw wire speed:
800-1600 m/min, workpiece feed speed 0.1-0.4 mm/min). The effects of cutting parameters on
the surface morphology, surface roughness and waviness of the as-sawn slices were analyzed. The
results show that within the range of sawing parameters for industrial applications, the material on
the diamond wire as-sawn surface of silicon nitride ceramics is removed mainly in a brittle mode,
with the slice morphology showing brittle pits and regularly distributed wire marks in the 20-55 um
scale range. The surface roughness of the slices along the workpiece feed direction ranges from
0.27 to 0.38 um and decreases with increasing saw wire speed and decreasing feed rate. The surface
waviness ranges from 0.09 to 0.21 um, which is in good agreement with the changing trend of the
sliced-surface roughness. The results of the study provide an experimental reference for promoting
the engineering application of diamond wire sawing technology to the processing of silicon nitride

ceramic slices.

Keywords: silicon nitride ceramics; diamond wire saw slicing; surface morphology; surface
roughness; waviness

1. Introduction

Silicon nitride ceramics (Si3Ny) have high strength, high hardness, low coefficient of
thermal expansion, high thermal conductivity, excellent thermal shock resistance and good
oxidation resistance. Si3Ny is often used in the aerospace and military industry, mechanical
engineering, communications, electronics, automotive, energy, chemical and biological
fields. It is particularly promising for electronic packaging substrate applications, suitable
for applications in complex and extreme environments [1-3].

The Si3Ny ceramics substrate preparation process mainly includes the following
procedures: first, the Si3sN4 powder and other mixtures are sintered with Si3Ny4 ceramics
blocks by using several methods such as atmospheric pressure sintering, hot pressure
sintering, reaction sintering, sintering reaction re-sintering, pneumatic pressure sintering,
and hot isostatic pressure sintering. Then, after subsequent cutting to obtain ceramic slices,
the commercial Si3sN4 substrates are obtained through further grinding and polishing.
Currently, the thickness of SizN4 ceramics substrates for commercial use ranges from
0.3 to 0.6 mm. Slicing is the forming process of the substrate, which is related to the
surface quality of the Si3Ny ceramics substrate and thus affects the subsequent processing
costs. Si3sNy ceramics slices are mainly processed by wire electrical discharge machining
(WEDM) and laser cutting [4-6]. WEDM wire cutting of hard-brittle materials has many
applications, but when applied to non-conductive SizN4 ceramics, requires the addition
of an auxiliary electrode, resulting in a complex slicing process [7]. Laser cutting requires
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high-power lasers for cutting large-thickness workpieces, which limits the application of
this technology for cutting large-size Si3sNy4 ceramics substrates. In addition, laser cutting
causes relatively deep thermal damage layers on the surface and subsurface of the ceramic
substrate and slice warpage. In recent years, diamond wire saw slicing technology has
been widely used for slicing hard-brittle materials such as photovoltaic and semiconductor
silicon crystals [8,9], silicon carbide crystals [10], sapphire [11,12], quartz [13] and magnetic
materials [14] due to the advantages of its high sawing performance and small kerf loss.
For the slicing processing of Si3gNy4 ceramics, the diamond wire saw slicing technology has
great application potential.

Surface characterization is one of the most important concerns in machining such as
cutting and grinding [15-17]. In diamond wire saw slicing, a large number of diamond
abrasives on the surface of the diamond saw wire carry out a cutting action to remove
material. Scholars have conducted a series of studies on the characteristics of the diamond
wire saw processing, focusing mainly on the surface integrity of processing such as slice
surface morphology, surface roughness and subsurface damage. The materials processed
are mainly focused on silicon crystals. It was found that wire saw cutting parameters
have a significant effect on as-sawn slice surface properties [16-21]. Yin et al. [16] and Liu
et al. [17] found that high wire speeds and low workpiece feed speeds resulted in a better
slice-surface quality in their experiments of cutting polysilicon using diamond saw wires
with different diameters. Qiu et al. [18,19] found that increasing the saw wire speed and
decreasing the feed rate are beneficial for improving the sawing performance and reducing
the surface roughness of photovoltaic silicon wafers in multi-wire cutting. Costa et al. [20]
found a similar pattern of effects when cutting polysilicon. Huang et al. [21] found that
increasing the wire speed can increase the proportion of material ductile domain removal
on the slice surface and reduced the slice surface waviness period. Liang et al. [22] analyzed
the variation in cutting force during the sawing of monocrystalline silicon, which increased
with the increase in workpiece feed and decreased with the increase in wire speed.

Diamond wire saw slicing of SizNy ceramics has great potential for development.
Therefore, in this paper, the diamond wire sawing experiments on SizN4 ceramics were
carried out. The influence of the slicing process parameters (wire speed 800-1600 m/min
and workpiece feed speed 0.1-0.4 mm/min) that are practically applied in the industry on
the surface properties of as-sawn Si3Ny ceramics slices was investigated. The study was
conducted mainly from the perspectives of slice-surface morphology, surface roughness
and waviness. The results of this paper provide an experimental reference for promot-
ing the application of diamond wire saw slicing technology to the processing of Si3Ny
ceramics slices.

2. Experiment
2.1. Experimental Equipment and Methods

The experiment equipment uses a single wire reciprocating cutting machine, which is
oriented to cut materials under industrial conditions. The main working part of the ma-
chine consists of spools, tensioning wheels, guide wheels, diamond saw wires, loading tray,
and cutting fluid spout. The single wire reciprocating cutter maintains a certain tension by
means of a tensioning wheel. The diamond saw wire is driven by the spool in reciprocating
motion. The workpiece is fixed on the loading tray and driven to provide a feeding motion.
Under the combined action of saw wire reciprocating motion and feeding motion, the cut-
ting of Si3zNy ceramic block in this experiment is completed. Figures 1 and 2 are schematic
diagrams of the actual appearance and processing principle of the equipment, respectively.
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Figure 2. Schematic diagram of the wire saw cutting principle.

A 10 mm x 22 mm x 35 mm Si3Ny ceramic block was selected for this experiment.
The workpiece was cut into slices of 1 mm thickness in the direction parallel to the
10 mm x 22 mm surface for detecting the sawn surface quality. The electroplated dia-
mond saw wire was selected and its appearance is shown in Figure 3. The wear state of
the processing tool affects the processing characteristics [23,24]. Therefore, the experiments
were carried out in the steady state of diamond saw wire wear to avoid the influence of the
tool wear on the surface properties of the slices. The parameters of the workpieces and saw
wires used in the experiment are shown in Table 1. Pure water is used as cutting coolant.
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Figure 3. Diamond saw wire appearance.

Table 1. The parameters of saw wire and workpiece.

Parameter Parameter Value
Workpiece size (mm) 10 x 22 x 35
Slice thickness (mm) 1
Diamond saw wire length (m) 80
Maximum saw wire envelope outer diameter (pum) 350
Tvoe of abrasive erain Surface nickel plated diamond
M & (25% weight gain)
Abrasive grain size (um) 3040
Abrasive grain distribution density (grits/mm) 70-80

During the experiment, the diamond saw wire is wrapped onto the spool of the device
and passes through the correct working position. Afterwards, it is repeatedly tensioned by
means of a counterweight. Eventually the diamond wire is evenly wrapped onto the spool
with the same degree of tension. The contact surfaces of the specimen and the carrier tray
are fixed with two-component epoxy resin adhesive. The cutting experiment starts after
checking the status of the cutting machine and the workpiece. The basic procedure from
the cutting experiment to the slice quality inspection is as follows (as seen in Figure 4).

Wire speed and feed speed, as two of the important parameters of the wire sawing
process, have a large impact on the machining process of hard-brittle materials. Therefore, a
single-factor experiment was designed by varying the feed speed and wire speed separately
during sawing. As shown in Table 2, a total of seven sets of cutting parameters were adopted
for the two sets of experiments. Experiment 1 was set up as four control groups, and the
effect of wire speed on the surface quality of as-sawn slices was observed by keeping the
feed speed constant. In this case, a control group with a wire speed of 1600 m/min was
used to study the machining quality under high speed conditions. Experiment 2 was also
set up as four control groups. The wire speed was set as constant and the feed speed as
variable. Qualitative analysis and quantitative measurements used the change in feed
speed in relation to the change in surface quality.
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Figure 4. Flowchart of the experiment.

Table 2. Single-factor experiment table.

Processing Parameters Wire Speed/m-min—1 Feed Speed/mm-min—1

800
. 1000

Experiment 1 1200 0.3
1600

0.1

Experiment 2 1200 8;

0.4

2.2. Evaluation of As-Sawn Surface Characteristics

The evaluation of the as-sawn surface characteristics of SizNy ceramics slices will be
approached from both qualitative and quantitative perspectives. The variation laws of
as-sawn surface quality with process parameters and the data on the surface quality of the
slices will be analyzed, respectively. Surface morphology characteristics, surface roughness,
and waviness are important parameters that characterize machining quality [25,26], so
these parameters are used to evaluate machining performance in experiments.

In order to exclude the effect of random errors on the experimental results, three
as-sawn Si3Ny ceramics slices were cut and labeled under one set of cutting parameters.
After ultrasonic cleaning of the slices, three sampling detection positions 1, 2 and 3 were
selected as shown in Figure 5. According to the wire sawn morphological characteristics,
the roughness value along the specimen feed direction is greater than that along the saw
wire movement direction, and the waviness shows a certain pattern of variation along the
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specimen feed direction. So, the surface roughness and waviness of the Si3sIN4 ceramics
slices were detected using a KEYENCE Laser Confocal Microscope made in Osaka, Japan
along the specimen feed direction. The average value of the sampling data at the three
sampling points is taken as the roughness or waviness value of the slice. The average of
three slices sawn with the same parameter is taken as the final result. After all the data
was collected, the analysis was performed to compare and study the changes in the surface
quality of the slices at different wire speeds and feed speeds.

SEEEITE WO | Detecting Point 2

Detecting Point 3

Figure 5. Schematic diagram of sampling detection location.

3. Results and Discussion
3.1. Surface Morphology Characteristics of As-Sawn Slices

Figures 6 and 7 show the surface morphology images of the slices taken using Laser
Confocal Microscopy. As can be seen in Figure 6, under this set of process parameters,
the formation of the sliced surface is mainly the result of brittle removal of the material,
accompanied by a small number of ductile scratches. There are many brittle pits on the
surface of the slices, which is due to the material removal form and characteristics of the
cutting process of SizN, ceramics. On the one hand, Si3Ny ceramics are prone to brittle
fracture when cutting, and the discontinuous chips result in brittle pits on the machined
surface. On the other hand, due to the vibration of the saw wire in cutting [9,17] and the
uneven size of the abrasive grains on the diamond saw wire surface [8], then the cut depths
of abrasive grains are inconsistent at different positions of the wire surface, which results in
an uneven surface. Numerous studies have shown that when the depth of abrasive cutting
of hard-brittle materials is below the critical cutting depth, the material can be removed
in a ductile manner to obtain high-quality machined surfaces [27,28]. The formation of
larger-sized brittle pits left by material brittleness removal affects the serviceability of SizNy
ceramics after cutting.

Combined with Figures 6 and 7, the surface of the Si3sN4ceramics slices is also charac-
terized by wire marks of varying depths, which are regularly distributed and periodically
varied. Of these, Type 1 wire marks are slimmer in appearance but deeper in depth. The
actual depth is basically between 2 and 4 pm, which is in the valley of the overall structural
waveform. In contrast, Type 2 wire marks are thicker and more extensive but shallower in
depth. The average depth of such wire marks is within 1 um and is only a slight fluctuation
in the overall structural waveform of the surface. Compared with the two types of wire
marks, Type 1 wire marks have a greater influence on the surface quality of slices. Therefore,
to improve the quality of Si3sNy ceramics in the wire saw cutting process, the first step is to
reduce the depth of the Type 1 wire marks. That is, to reduce the range of height variation
in the surface to reduce the degree of waviness and surface roughness.
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Figure 6. Basic morphology of sliced SizNy surface (wire speed 1000 m/min and feed speed
0.3 mm/min).

24.293pm

Wire mark-Type 1 Wire mark-Type 2

T 24. 293pm

703241

Figure 7. Observation of wire marks on the surface of Si3Ny slices (wire speed 1000 m/min and feed
speed 0.3 mm/min).

Combined with the changes in the wire bow angle observed during machining, the
cause of the periodic wire marks can be reasonably analyzed. SizgNy is a highly hard-brittle
material, which is difficult to machine in the production process. When the saw wire
touches the workpiece, it is not actually able to quickly remove the excess material and
realize the feed at the desired feed rate. As a result, the saw wire bends to create a bow
angle. This increases the partial force in the feed direction. When the partial force in the
feed direction is small, the wire saw cannot remove the workpiece material in time. It will
cut back and forth within a small range of variation, resulting in Type 1 wire marks. When
the bow angle increases to a critical point, the wire appears to “jump cut” the situation,
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along the feed direction to produce a faster jump. On the one hand, the width of the marks
increases due to the faster feed. On the other hand, the depth of the marks decreases due to
fewer reciprocating cuts in the same position. In this process, Type 2 wire marks appear.
The alternation of these two processes during machining produces a periodically changing
surface topographic feature.

3.1.1. Influence of Wire Speed on Slice Surface Morphology

Figure 8 shows the effect of the diamond wire speed on the slice surface morphology
at a feed speed of 0.3 mm/min. With the increase in wire speed, the fluctuation of the
surface shape of the workpiece decreases, and the wire marks become clearer gradually.
The horizontal distance between the wire marks changes from about 66 pm to 51 pm. The
wire marks spacing decreased by 22.7% over the course of the experiment. It is inferred
that the density of wire marks is directly proportional to the wire speed in the same size
inspection area. This also verifies the assertion made in the previous section. As the wire
speed increases, the maximum bow angle produced at the same feed per unit time becomes
smaller. The period of surface morphology change in the feed direction is also shortened.
From the point of view of machining allowance removal, the change in brittle pits shows a
certain trend. The density of brittle pits on the surface of the slices decreased during the
increase in wire speed from 800 mm /min to 1600 mm/min. However, the brittle pits did
not change significantly in the scale range.

3 g’g' A,,
‘iv!, %
i
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Figure 8. Surface morphology of slices at different wire speeds. (Feed speed 0.3 mm/min).

3.1.2. Influence of Feed Speed on Slice Surface Morphology

Figure 9 shows the effect of the workpiece feed speed on the slice surface morphology
at a wire speed of 1200 m/min. Comparing the difference in surface morphology from
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Figure 9a—d, it can be observed that the higher the feed speed, the higher the number of
brittle pits. The area of a single brittle pit is getting larger and larger. The scale of the brittle
pits on the sliced surface varies from 20 to 35 um to the range of 30 to 55 pm. That is, the
surface quality deteriorates as the feed speed increases. An increase in the workpiece feed
speed increases the amount of feed per unit of time. The increased proportion of brittle
removal in the whole material removal results in more brittle pits. In addition to this,
the test process was observed under the condition of constant wire speed. It was found
that the diamond saw wire bow angle became larger when the feed speed increased. This
exerts a greater feed force on the workpiece, which increases the cut depth of the abrasive
grains on the saw wire surface. The size of the pits during material brittle removal also
becomes larger.

b) Feed speed 0.2 mm/min
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Figure 9. Surface morphology of slices at different feed speeds (wire speed 1200 m/min).

3.2. Surface Roughness R, and Waviness W, of the Sliced Surface

Measuring and analyzing the 3D surface images of the Si3Ny slices, three curves can
be derived as shown in Figure 10. Figure 10a exhibits the overall height variation in the
sliced surface in the specimen feed direction. Figure 10b,c show the surface roughness and
waviness curves of the sliced surface, respectively. The fluctuation of the roughness curves
shown in Figure 10b is fairly uniform. A stable roughness value can be obtained over the
whole range of the sliced surface. It shows that the diamond wire saw has good processing
stability when cutting Si3Ny ceramics. As can be seen from Figure 10c, the waviness curve
on the surface of the Si3Nj slice shows an irregular curve. The shape of this waviness curve
is different from that exhibited when cutting and processing crystalline materials such as

98



Micromachines 2023, 14, 1660

silicon crystals and sapphire crystals. According to the results of previous studies, the
surface of the cut crystalline material has a sinusoidal-like rippled pattern [8,24]. In contrast,
the surface waviness of the SizNy slices in this experiment is more like a high frequency
curve similar to irregular vibration. At the two edges of Figure 10c, the difference between
neighboring peaks and troughs is between 0.6 and 0.8 pum. While in the middle region
of the curve, the difference between adjacent peaks and troughs is around 0.2-0.3 pum.
This phenomenon may be related to the material properties of Si3Ny itself. Si3Ny is a
ceramic-like material made of powder pressed at high temperature and high pressure. The
internal microscopic ceramic is prone to uneven density, and even produces local internal
stress. The diamond saw wire, as a flexible tool, is easily affected by these factors in the
feeding direction. Thus, the microscopic feed trajectory deviates, resulting in this unique
surface waviness curve in the SizNy cutting process.

measurement direction

Figure 10. Sliced surface morphology curves; (a) measured cross-section graph, (b) surface roughness
R, graph, and (c) Waviness W, graph. (Wire speed 1000 m/min and feed speed 0.3 mm/min).

3.2.1. Effect of Wire Speed on Surface Roughness and Waviness of Slices

The three-dimensional surface morphology can reflect the quality of the machined
surface very intuitively. From Figure 11, it can be seen that the surfaces of the Si3N4 ceramic
slices gradually become smooth and flat with the increase in wire speed. Especially from
800 m/mim to 1200 m/min, the variation range of the surface height is 9.005 pm, 8.131 um
and 7.028 pm, which shows that the increase in the wire speed is favorable to improve
the surface quality. However, an increase in surface defects occurs locally in the slices
during high-speed cutting. Although the cutting ability becomes stronger as the wire speed
increases, the vibration amplitude of the wire may also increase. So, under the mutual
constraints of two different factors, increasing the wire speed endlessly does not lead to a
significant improvement in the surface quality.
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22. 796m 24.293pm

(c) Wire speed 1200 m/min (d) Wire speed 1600 m/min
Figure 11. The 3D surface morphology of slices at different wire speeds (feed speed 0.3 mm/min).

Figure 12 shows the effect of wire speed on the surface roughness and waviness of
Si3Ny slices at a feed speed of 0.3 mm/min. The surface roughness and waviness of Si3Ny
slices decreased with increasing wire speed. Under four sets of wire speed parameters, the
Ra between neighboring groups decreased by 7.75% and 7.25%, as well as 1.88%. Among
them, the decrease in roughness between neighboring groups is more obvious when the
wire speed is low. As the wire speed is further increased, especially between the high
wire speed of 1600 m/min and 1200 m/min, the value of R, decreases insignificantly and
finally stabilizes in the range of 0.31-0.32 um. It can be seen that under low-speed cutting
conditions, the change in wire speed has a direct effect on the change in the R, value. Under
the high-speed cutting condition, the change in wire speed has less effect on R,. In addition
to this, the value of W, between neighboring groups decreases by 30.35% and 4.29%, as
well as 3.73% when the wire speed increases. The variation in waviness with wire speed
also has a similar pattern. However, in the overall curve, it seems that the change in wire
speed does not affect the roughness and waviness to a large extent, and the differences
between groups are small. Therefore, when processing SizNy ceramics, it is not possible to
pursue a too high wire speed, which places higher demands on equipment performance.
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Figure 12. Effect of wire speed on surface roughness and waviness of slices (feed speed 0.3 mm/min).

3.2.2. Effect of Feed Speed on Surface Roughness and Waviness of Slices

Figure 13 shows the 3D surface morphology images derived from Experiment 2, it can
be seen that the height of the Si3Ny surface keeps changing with the increase in the feed
speed. The variation ranges from 6.511 pm, 6.947 pm and 7.028 pm and finally increases to
7.07 um. It can be learned that the range of height undulation increases with the increase in
feed speed. The two have a positive correlation. Compared with the 3D surface morphology
images of Experiment 1, the increase in feed speed is more inclined to a uniform decrease
in the overall surface quality.

Figure 14 shows the effect of the workpiece feed speed on the surface roughness and
waviness of SizNjy slices at a wire speed of 1200 m/min. With the increase in feed speed,
the R, and W, of the SisNjy slices along the feed direction are increasing. Numerically, R,
between neighboring feed speed control groups increased by 11.65% and 3.44%, as well
as 5.04%. The change in R, between neighboring groups is proportional to the increase
in the feed speed. The variation in R, is higher at feed speed values from 0.1 mm/min to
0.2 mm/min. So, the sensitivity of R, change is higher at a lower feed speed. When the
feed speed is further increased, the sensitivity of the change in the value of R, tends to
stabilize and increases steadily with the feed speed. From the W, curve, it is known that
the value of W, increases by 10.19%, 19.4% and 6.94% between neighboring groups when
the feed speed increases. It can be seen that the variation in Wj is also positively related to
the increase in feed speed and varies more in the range of 0.2-0.3 mm/min. In addition to
this, the variation in W, is also similar to the variation in R,.

17.857pm

(a) Feed speed 0.1 mm/min (b) Feed speed 0.2 mm/min

Figure 13. Cont.
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Figure 13. The 3D surface morphology of slices at different feed speeds (wire speed 1200 m/min).
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Figure 14. Effect of feed speed on surface roughness and waviness of slices (wire speed 1200 m/min).

4. Conclusions

This paper carries out an industrial diamond wire saw slicing experiment on Si3Ny
ceramics. The influence law of sawing process parameters used in industrial practical
application on the surface morphology, surface roughness and waviness of Si3Ny ceramic
slices were analyzed. The following conclusions are obtained.

Under the sawing processing conditions for industrial applications, the material
removal of Si3zNy ceramics surfaces in diamond wire sawing is predominantly in a brittle
mode. The slice morphology shows brittle pits and regularly distributed wire marks in the
20-55 um scale range.

The surface roughness along the feed direction of the workpiece varied in the range
of 0.27-0.38 um and the surface waviness varied in the range of 0.09-0.21 um. These
two indicators decreased with the increase in wire speed and the decrease in feed speed.
The trends of surface roughness and waviness have a good correspondence with the surface
morphology of the slices.
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Abstract: The common material of bearing rings is GCr15 bearing steel which is a typical difficult-
to-machine material. As an important working surface of the bearing, the inner surface of the
raceway plays a vital role in the performance of the bearing. As an important means to solve the
high-performance manufacturing of difficult-to-machine materials, longitudinal-torsional ultrasonic
processing is widely used in various types of processing. In the presented work, the basic size of
the horn is obtained from the wave equation of the forced vibration, and the modal analysis and
amplitude test are carried out to verify the rationality of the LUTG structure. Then, according to
the probability density function of cutting thickness and the overlapping effect of adjacent abrasive
trajectories, the LUTG surface topography prediction model is established by using the height for-
mula of the surface residual material, and the model reliability is verified by using the orthogonal
test. The error between the test results and the prediction model is within 13.2%. Finally, based
on the response surface method, the optimal process parameters that can meet the requirements
of low roughness (Ra) and high material removal rate (MRR) are screened, and the optimal com-
bination of process parameters is obtained as follows: A = 4.5 um, n = 6493.3 r/min, a, = 28.4 um,
and vf = 21.1 mm/min.

Keywords: GCr15; device; surface topography prediction; response surface

1. Introduction

Rolling bearings have the ability to withstand radial loads and single-direction longi-
tudinal loads in rotating mechanisms and are widely used in the aviation and automotive
industries and other fields [1-3]. The bearing ring is the key component of the rolling
bearing. The surface of the bearing ring’s internal circle is an important working surface
and plays a vital role in the bearing ring’s performance [4,5]. As a high performance bearing
material, Gerl5 bearing steel has high hardness, high strength, and high wear resistance.
It is often used in bearing parts such as sleeves and rolling elements. However, GCr15
bearing steel is a typical difficult-to-machine, hard, and brittle material. During processing,
if defects such as burns and cracks occur on the surface of the sleeve raceway, they can
cause early fatigue and internal surface peeling of the bearing [6-8].

Ultrasonic vibration processing technology can reduce the force and heat during
processing and improve the surface quality of workpieces. It has shown outstanding
advantages in aerospace, the automobile industry, and other technical fields and has
become one of the important means to solve the high performance manufacturing of
difficult-to-machine materials.

Compared with ordinary processing technology, ultrasonic processing can reduce
force and heat during processing and improve the surface quality of the workpiece.
Zheng et al. [9] studied ultrasonic vibration grinding of zirconia, established a grind-
ing temperature model, and compared ultrasonic grinding with ordinary grinding tests
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The results show that ultrasonic vibration can reduce grinding temperature. Xu et al. [10]
studied the ultrasonic vibration milling of titanium alloy Tc4 and aluminum alloy 606t6.
The test results show that compared with traditional milling, ultrasonic vibration milling
can effectively reduce the milling force, reduce the surface defects of the workpiece, and
prolong the service life of the tool.

Compared with one-dimensional ultrasonic processing technology, longitudinal-torsional
ultrasonic processing technology can further reduce force and heat during processing and
improve surface quality [11,12]. Niu et al. [13] used longitudinal-torsional ultrasonic
milling to process the difficult-to-machine material titanium alloy and compared the cut-
ting force under ordinary ultrasonic milling and longitudinal-torsional ultrasonic milling
via experiments. The results show that the cutting force under longitudinal-torsional
ultrasonic milling is lower. Chen et al. [14] studied the longitudinal-torsional and ordi-
nary ultrasonic vibration grinding of silicon carbide ceramics. Under the same grinding
conditions, LTUG has a smaller grinding force and lower surface roughness than LUAG.

The surface morphology of the parts has a great influence on the contact state, surface
wear, lubrication state, friction, and vibration of the parts. Accurately predicting the surface
morphology of the machined surface is of great significance for improving the parts” quality.
Based on the characteristics of ultrasonic vibration processing, Yang et al. [15] proposed a
contact velocity model between abrasive particles and workpieces in ultrasonic vibration
grinding combined with a single abrasive particle for adjacent abrasive particles. Chen
et al. [16] proposed a surface topography modeling and prediction method for ultrasonic
grinding considering ploughing. Assuming that the gravel is spherical, a grinding wheel
surface model that considered the random distribution of grains was established. Based on
the geometric mapping relationship between grains and workpieces in ultrasonic grinding,
a grain cutting model considering real-time cutting depth and ploughing action was
proposed. Gao et al. [17] designed a new type of ultrasonic vibration grinding device.
Assuming that the abrasive grain is a rigid sphere and considering the relationship between
the angle of the grinding trajectory and the axis of the workpiece, the radius of the grinding
trajectory and the distance between the abrasive grains, a surface topography theoretical
model of ultrasonic vibration grinding was established.

The prediction of grinding surface morphology is mostly based on the kinematics
and distribution characteristics of abrasive particles, material removal mechanisms, mathe-
matical algorithms, and so on. However, there are few studies on the influence of elastic
deformation of the grinding area on surface morphology.

Based on this, this paper proposes a LTUG process for the inner surface of GCr15
bushing. The influence of elastic deformation between the bushing and the grinding wheel
on the length of the abrasive cutting path under ultrasonic action is introduced. Based on
the longitudinal-torsional ultrasonic vibration, the maximum undeformed chip thickness
formula under the action of multiple abrasive grains affected by elastic deformation is
established by using the cutting thickness probability density function. The LTUG morphol-
ogy prediction model is established according to the height value of the surface residual
material, and the model is verified. Finally, the surface roughness value is calculated by us-
ing the established surface morphology model. The effects of different process parameters
and processing conditions on surface roughness and surface morphology are studied.

2. Development of LTUG System

In the presented work, the grinding wheel is selected as the carrier of vibration. The
structure diagram of the ultrasonic vibration grinding system is shown in Figure 1. It is
composed of an ultrasonic power supply, transducer, horn, sleeve, wireless transmission
unit, and grinding wheel. The ultrasonic power supply converts the alternating current into
an ultrasonic frequency electrical signal and transmits the electrical signal to the wireless
transmission system. The wireless transmission system transmits the electrical signal to
the transducer, and the transducer converts the ultrasonic frequency electrical signal into
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a sinusoidal mechanical vibration and transmits it to the horn. The horn amplifies the
mechanical vibration output by the transducer.

/

ultrasonic power supply

wireless transmission unit

sleeve

transducer

CBN grinding wheel

Figure 1. Schematic diagram of the LTUG system.

2.1. Development of Longitudinal Horn

As shown in Figure 2a, the axial direction of the rod is taken as the x-axis, and the
infinitesimal segment dx is taken at x on the rod. The axial displacement at the left end is
u(x), while the axial displacement at x + dx on the rod is u + %dx. The deformation in the

dx segment is g—zdx, while ¢ represents the strain, and o represents the stress [18].

u ou 0%u
' ET e N B
[ [ I~~~ N+ Z—de
L | |
| | | |
X | D, D, N |
[ —— o
| | I I
X dx Ll l _||
L
_._I dx }__,

(a) (b)

Figure 2. Longitudinal vibration of the horn. (a) Longitudinal vibration of an equal straight horn.
(b) Force analysis diagram of the micro segment.

The force analysis diagram of the infinitesimal segment dx is shown in Figure 2b.

According to Newton's second law [19]:

9 oN
pAdxa—tZ = (N + axdx> — N +q(x, t)dx 1)

The above formulas are combined to obtain [20].

%u E\ 0%u 1
Fr (p>axz+pAﬁi(x/t) ()

Formula (4) is the wave equation of the forced vibration of the rod. In the formula,
% = a? represents the longitudinal propagation speed of the elastic wave along the rod. The
energy exists in the form of a wave during the transmission process. The full wavelength is
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A= % where f represents the design frequency. The transmission form of the wave in the
rod is a sine curve, and if the horn is too long, it will lead to bending deformation due to
insufficient stiffness of the rod; if it is too short, it cannot guarantee that the spindle can
completely process the inner circle of the sleeve. Therefore, a wavelength is selected as the
boundary condition of the wave equation. Because of the good processing performance
and vibration energy transmission effect of 45 steel, 45 steel is selected as the horn material.
The design frequency of the horn is 28 kHz.

According to the above formula and analysis, the size of the horn is obtained as shown
in Table 1, and the model is imported into the analysis software ANSYS 2021R1. The modal
analysis of the model is carried out to verify the rationality of the geometric structure of
the horn.

Table 1. Structural parameters of the longitudinal amplitude horn.

Type L/mm L1/mm D1/mm D2/mm
Parameter 182 33 38 20

It can be seen from Figure 3 that the vibration effect at the flange is the smallest, and
the vibration effect at the small end of the grinding wheel is the largest, showing a better
vibration mode. This is because during the transmission of vibration energy in the horn, the
small end is small in size, and the energy is concentrated. It can be seen from the above that
the horn presents a longitudinal vibration mode, and the deviation between the natural
frequency and the design frequency is small, so the structural design of the horn is more
reasonable.

B: Modal
Total Deformation 29
Type: Total Deformation

B: Modal
Total Deformation 29
Type: Total Deformation

Frequency: 29,040 Hz FrE_quency: 29,040 Hz
Unit: mm Unit: mm
64.859 Max 64.859 Max

57.68 57.68
50.501 50.501
43.323 43,323
36.144 36.144
28.965 28.965
21786 1786
14.607 )
14,607
74204 0. 50.00 100.00 (mm) 7.4284
0.24963 Min : 0.00 50.00 100.00 (mm)
25.00 75.00 0.24963 Min  mm— — )
25.00 75.00
(a) (b)

Figure 3. Modal analysis of the longitudinal horn. (a) Total deformation cloud image. (b) Total
deformation vector diagram.

2.2. Design of Longitudinal-Torsional Ultrasonic Horn

Adding a spiral groove with a certain geometric structure on the horn can produce a
certain amplitude of circumferential vibration. Four spiral grooves with a spiral angle of
45°, a width of 6 mm, and a vertical length of 90 mm are added. The specific simulation
results are shown in Figure 4. It can be known from the vibration mode vector that the
vibration vector direction of the horn with four spiral grooves corresponds to the change in
direction of the spiral groove, resulting in obvious torsional vibration.
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A: Modal A: Modal
Total Deformation 29 Total Deformation 29
Type: Total Deformation Type: Total Deformation
Frequency: 28,212 Hz Frequency: 28,212 Hz
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Figure 4. Modal analysis of the longitudinal-torsion horn. (a) Total deformation cloud image.
(b) Total deformation vector diagram.

After obtaining the horn with the determined geometric structure, the models of the
longitudinal-torsional ultrasonic horn and the grinding wheel are assembled to obtain
the 3D model of the longitudinal-torsional ultrasonic horn. In order to prevent excessive
consumption of ultrasonic vibration energy in the working process, the aluminum alloy
with a lighter weight is used as the grinding wheel matrix. The model is imported into the
analysis software ANSYS, and the modal simulation results are shown in Figure 5.

D: Modal D: Modal

Total Deformation 29 Total Deformation 29
Type: Total Deformation Type: Total Deformation
Frequency: 27,897 Hz Frequency: 27,897 Hz
Unit: mm Unit: mm
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49232 49.232
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| 35324 35.324
2837 2837
21417 21417
14463 14463
i I T 50.00 100.00 (mm) 75092 g 5000 100.00 (mm)
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2500 7500 25.00 7500
() (b)

Figure 5. Modal analysis of the LTUG device. (a) Total deformation cloud image. (b) Total deforma-
tion vector diagram.

From Figure 5, it can be seen that the resonant frequency of the ultrasonic amplitude
transformer is 27,897 Hz, which is very close to the design frequency. The vibration at the
flange of the longitudinal torsional ultrasonic vibration grinding system is the weakest,
and the vibration at the front end of the grinding wheel is the strongest, which is in line
with the expected effect.

2.3. Amplitude Test of LTUG System

The amplitude of the LTUG system was measured using a laser displacement sensor.
The ultrasonic amplitude measurement site is shown in Figure 6. Four places were evenly
selected in the direction of the end face and the circumferential direction of the grinding
wheel to measure the longitudinal and torsional vibration amplitudes in both directions.
The average value was used as the vibration amplitude of the longitudinal-torsional
ultrasonic vibration grinding device. After measurement, it is known that the torsional
vibration amplitude at the same frequency is about 25% of the longitudinal amplitude
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(after averaging the measured data, as shown in Figure 7). After analyzing the amplitude
of the LTUG system at the same frequency and with multiple tests of the longitudinal and
torsional amplitude of the grinding wheel, it is known that the torsional amplitude of each
point in the circumferential direction of the grinding wheel is about 25% of the longitudinal
amplitude.
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Figure 6. On-site ultrasonic amplitude measurement.
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Figure 7. LTUG system amplitude test results.

3. Surface Topography Prediction of LTUG

At present, the prediction of grinding surface morphology is mostly based on the
kinematic trajectory of abrasive particles, material removal mechanisms, the distribution
characteristics of abrasive particles, and mathematical algorithms [21], and the influence of
elastic deformation between workpieces and grinding wheels on the prediction results is
not considered. In this paper, the influence of elastic deformation between the shaft sleeve
and the grinding wheel on the length of the cutting path of the abrasive particles under
the action of longitudinal torsional ultrasound is introduced. Using the probability density
function of the cutting thickness, the formula of the maximum undeformed chip thickness
under the action of multiple abrasive particles affected by elastic deformation is established.
According to the height of the surface residual material, the LTUG morphology prediction
model is established.

In the process of grinding, due to the uneven distribution of abrasive particles on
the surface of the grinding wheel and the irregular contour of the abrasive particles, the
abrasive particles will process the surface of the workpiece by scraping, ploughing, and
cutting. In order to facilitate the modeling, it is assumed that the size and distribution
of the abrasive particles on the grinding wheel are uniform and the protrusion height of
the abrasive particles is the same, ignoring the effects of the abrasive ploughing and the
material fracture on the surface morphology and ignoring the wear of the abrasive particles.
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3.1. Maximum Undeformed Cutting Thickness Model Considering Elastic Deformation

In the grinding area, the influence of elastic deformation on the arc length of single
abrasive grain grinding is mainly divided into two aspects: (1) the additional length I.
which is caused by the elastic deformation between the abrasive grain and the workpiece
and (2) the additional length 2’ which is caused by the elastic deformation between the
grinding wheel and the workpiece. In order to calculate the actual contact arc length
affected by the elastic deformation under the action of longitudinal-torsional ultrasonic
internal grinding, it is necessary to calculate the additional contact arc length caused by the
two factors according to the elastic deformation relationship between the grinding wheel,
the abrasive grain, and the workpiece.

The elastic deformation relationship between the abrasive particles and the workpiece

is shown in Equation (3), where K; = 1;,?1 i and i = g, { represent the abrasive particles and
the workpiece, respectively. E; and u; represent the elastic modulus and Poisson’s ratio of
the two materials, respectively. F, is the normal grinding force of a single abrasive particle
under ultrasonic grinding.

5 = ek 0m o

2 Smax

The total additional length caused by elastic deformation is:

lp =l +ad 4)

where Il 2 \/2r6, a’ = \/5 12( %) (Kw + Ks) Fy.
Assume:

o= ¢ (2 (Kot ) () g

Smax

g =/512(5) (Ko +Ks) ©)

After finishing, the formula of the arc length of the longitudinal-torsional ultrasonic
inner circle contact affected by the elastic deformation is obtained:

I = (((2V2¢r)F§+¢P§)2+lc)°5 @)

The maximum undeformed grinding thickness affected by elastic deformation is:

(ap + B)vy

E(ln) = 2Cl(v + vg)

®)

Compared with OG, the trajectories of adjacent abrasive particles in the LTUG grinding
area are superimposed. Therefore, the superposition of adjacent abrasive trajectories
should be considered when analyzing the maximum undeformed cutting thickness of the
LTUG. According to the characteristics of LTUG wear particle motion, the function 0 is
introduced to define the superposition effect of adjacent wear particle motion trajectories.
The expression is shown in Equation (9), where ¢y, G2, ¢3, C4, and (5 are the indexes that
evaluate the correlation between ¥ and its variables. ¥ is the correlation coefficient between

9 and its variables.
054 . st

_ o U T
9=20 gp§1B§2A§3 ©)
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When combining Equations (8) and (9), according to the superposition effect of ad-
jacent abrasive trajectories in the LTUG process, the expected value of the maximum
undeformed cutting thickness under the action of multiple abrasive grains is expressed as
follows:

@I

. it vff (ap + B)Ug{dggnaX<%)
fE1BS2 ASs 8wl (v, + vg)

E(h')=9YE(h) =0 (10)

The expected value of the maximum undeformed cutting thickness under the action
of multiple abrasive grains takes into account many influencing factors, including the
influence of the elastic deformation between the abrasive grains, the grinding wheel and
the workpiece under the LTUG on the trajectory of the abrasive grains, and the maximum
undeformed cutting thickness. In the whole grinding process, there are many abrasive
grains involved in grinding. It is necessary to consider the superposition effect of the
trajectory of adjacent abrasive grains into the expected value of the maximum undeformed
cutting thickness under the action of multiple abrasive grains.

3.2. Surface Topography Model of LTUG

In surface prediction model of LTUG, the inner circle is equivalent to a plane at the
microscale. The machined surface of high-precision parts is formed under the combined
actions of a large number of abrasive particles. These irregularly shaped and different sizes
of abrasive particles are irregularly distributed on the surface of the abrasive tool, resulting
in the complexity of the material removal mechanism. When the abrasive particles contact
the workpiece surface, the abrasive particles act on the grinding area through sliding
friction, ploughing, and cutting stages. Figure 8 describes the formation process of the
grinding surface under the action of a large number of random abrasive grains from a
microscopic point of view. The surface R is the unprocessed surface, and R" is the height
of a limited number of points on the unprocessed surface. R decreases when the abrasive
grains pass through the grinding contact area, forming the grinding surface R".

Figure 8. Formation process of the ground surface under the action of random abrasive grains.

The height of any point on the unprocessed surface of the workpiece and the average
height of the unprocessed surface are shown in Figure 9. In order to describe the unpro-
cessed surface before grinding, Z,, is defined as the average height of the workpiece surface
from the XOY surface before grinding, dy—qx is defined as the maximum height of the
workpiece surface from the XOY surface before grinding, and d,_,,, is defined as the
minimum height of the workpiece surface from the XOY surface before grinding. Zy, (x;, y;)
can be used to describe the height value of any random point (x;, ;) on the unprocessed
surface of the workpiece. According to probability theory, the expression of Z, (x;, y;) is
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shown in Equation (11), where ¢’ is the height deviation of the unprocessed surface of the
workpiece.

dw—max - dw—min dw—mux - dw—min
—womin, e IR (4

Zp(x,yj) = Zm+ 9" ¢ €[~

71\

W —MmaX

Y

Figure 9. Height and average height of any point on the raw machined surface.

According to the superposition of adjacent abrasive grinding trajectories during LTUG,
Zy(x1,y;) is proposed in this study, which means the degree of decline at any point Z, (x;, ;)
on the unprocessed surface of the workpiece under the action of random abrasive G (x;, y;).
The expression is shown in Equation (12), where [ is the length of the grinding contact
zone in the direction of the grinding wheel feed speed, Ngy is the number of abrasive
grains per unit of grinding wheel volume, a;, is the grinding depth, and vy is the feed speed.

Zy, (xi,yj) = OE(') Ngyblg(v, + vg)

(12)

The expression of Npy is shown in Formula (13). V; is based on the percentage of
the abrasive volume of the grinding wheel, and T' = dg, .. — dg, . , dg, . is the minimum
diameter of the abrasive. dg is the diameter of a specific abrasive particle, and the diameter
of the abrasive particle obeys the normal distribution.

Nev = r/2 - 2711 14 \? (1)
44r[C1, dicexp[ — j(mx) |dx

The height of the residual material Za(x;, yj) on the surface of the LTUG is obtained by
combining Formulas (11)—(13); that is, the prediction model of the LTUG surface morphol-
ogy, as shown in Formula (14).

ap Vg
Za(x1,95) = Zo (X1, 45) — Zu (i, ¥j) = Zm — m + ¢’ (14)

4. The Surface Morphology Model Test of Gcrl5 Bearing Ring Internal Circle in LTUG
4.1. Test Conditions and Measurement Methods

In this test, a CNC internal grinder modified by an ordinary lathe is used. The
schematic diagram is shown in Figure 10, which is mainly composed of the CNC system,
lathe body, grinding wheel dressing device, and LTUG system. Figure 10a,b shows the
LTUG test device. It can be seen that the workpiece is fixed by a special three grab chuck.
Figure 10c is the working principle diagram of the ultrasonic structure. The motion of
the LTUG system is controlled by the CNC system. When the workpiece is processed,
the rotation direction of the motorized spindle is opposite to the rotation direction of the
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workpiece. The motorized spindle feeds radially towards the workpiece, and the roller can
round and sharpen the grinding wheel.

Ultrasonic power supply Grinding wheel shaping device

\
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LLI m= workpiece\
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Figure 10. CNC longitudinal torsional ultrasonic internal grinder.

As shown in Figure 10d, the workpiece is a bearing ring with an outer diameter of
110 mm, an inner diameter of 100 mm, and a width of 30 mm. The material is GCr15
bearing steel. Because GCr15 bearing steel has the characteristics of high hardness, high
strength, and high wear resistance, the vitrified bond CBN grinding wheel is used in this
test. Because of the light weight of aluminum alloy, it is convenient for the vibration energy
transfer of the horn. The grinding wheel matrix is selected, and the grain size is 140-170#,
as shown in Figure 10e. A metal bond diamond roller is used (as shown in Figure 10f)

After grinding, the workpiece is cut into blocks by an electric spark wire cutting
machine. In order to facilitate the observation of the grinding surface morphology and the
measurement of its surface roughness, the surface dirt is removed by ultrasonic cleaning
with anhydrous ethanol. Then, the surface roughness measuring instrument is used to
measure the surface roughness along the grinding’s normal direction. The same position of
the grinding surface is measured five times, and the average roughness value is taken as the
surface roughness value under the group of processing parameters. The three-dimensional
structure and linear contour of the workpiece surface are observed by using a laser confocal
scanning microscope.
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4.2. Test Verification of Surface Topography Prediction Model of LTUG

In order to verify the accuracy of the surface topography prediction model, the work-
piece speed is set to 200 r/min, and the LTUG orthogonal test is performed using the
grinding parameters shown in Table 2. The LTUG surface topography prediction model
Formula (14) is written into a simulation program using MATLAB 2022a software. The data
in Table 2 are brought into the surface topography model, and the partial three-dimensional
topography simulation results and test results are obtained as shown in Figure 11.

Table 2. Grinding parameters of the orthogonal test.

Revolution Speed Grinding Depth Feed Speed Amplitude
Number . .
n (r/min) ay (um) vy (mm/min) A (um)
1 4000 10 10 0
2 4000 30 30 2
3 4000 50 50 4
4 6000 10 30 2
5 6000 30 50 4
6 6000 50 10 0
7 8000 10 50 4
8 8000 30 10 2
9 8000 50 30 0
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Figure 11. Comparison of simulation and test surface morphology.

The output amplitude of the system is changed by adjusting the frequency and output
power of the ultrasonic power supply. The output frequency and current of the ultrasonic
power supply fluctuate in a small range to ensure the stability of the output amplitude of
the system.

Figure 11 shows the three-dimensional morphology simulation and test diagram under
the processing parameters in Table 2 and the three-dimensional morphology diagram taken
by the confocal microscope and its normal direction contour diagram. It can be seen from
the figure that when A = 0, the three-dimensional surface morphology of OG has an obvious
straight groove microstructure along the cutting direction. With an appropriate increase in
the ultrasonic amplitude, the trajectory of the abrasive particles on the machined surface is
superimposed, the distribution of the peak and trough on the machined surface becomes
more uniform, and the three-dimensional surface morphology of the LTUG has an obvious
periodic sinusoidal microstructure. By comparing the three-dimensional morphology of
the two processing methods, it can be found that the three-dimensional fluctuation shape
of OG is chaotic and irregular, the three-dimensional morphology fluctuation form of the
LTUG rises and falls periodically, and the fluctuation range is lower than that of OG, which
is related to the sine wave cutting trajectory of the LTUG abrasive particles. The fluctuation
law of the simulation graph and the test measurement graph is basically the same. With
the change in the ultrasonic amplitude, the spacing between the peaks of the contour also
increases. However, when the ultrasonic amplitude A = 4 um, the surface morphology is
significantly different from other grinding morphologies. This is due to the higher vibration
energy which leads to larger material shaping protrusions and grooves on the machined
surface and increases the surface roughness value.

The two-dimensional contour is extracted from the three-dimensional topography
of Figure 11, and the surface roughness value is obtained by using the root mean square
method. For each set of data, the actual roughness value is the average of the roughness
values of the five grinding areas. The test results are shown in Figure 12. This prediction
model can predict the test results, and the prediction accuracy is within 13.2%.

. test — simulation
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Figure 12. Test and predicted roughness Ra.

4.3. Multi-Objective Parameter Optimization and Verification Based on Response Surface Method

The advantage of the response surface method is that the various levels of the test
factors can be continuously analyzed during the optimization of the test strips. According
to the response surface diagram, the influence of each variable on the response factors can
be visually observed [22]. Under the constraints of the response factors, relevant software
can be used to analyze the test parameters to obtain the optimal parameter combination
that satisfies the constraints of the response factors. Therefore, the response surface method
is used to design experiments that study the effects of parameters and their interactions on
surface roughness and material removal rates [23,24].

The test conditions for the material removal rate are as follows: an electronic balance
with high precision is selected as the measuring instrument. Before and after each grinding
test, anhydrous ethanol ultrasonic cleaning is used to remove impurities and wear debris
on the surface. After the water evaporates, the quality of the workpiece is measured. The
quality of each workpiece is measured five times, and the average value is taken as the
measurement result of the workpiece. The material removal rate is calculated according to
the quality of the workpiece before and after grinding. Using the roughness value and the
material removal rate as the corresponding factors, the corresponding relationship between
the test parameters and the response factors is shown in Table 3.

Table 3. Test plan and response results.

No ay n (r/min) vy (mm/min) A (um) Ra (um) MRR (mm?3/min)
1 10 4000 10 2 0.43 0.61
2 10 5000 20 3 0.68 0.73
3 10 6000 30 4 0.55 0.84
4 10 7000 40 5 0.51 1.02
5 20 4000 20 4 0.48 0.76
6 20 5000 10 5 0.76 0.93
7 20 6000 40 2 0.64 1.15
8 20 7000 30 3 0.39 1.32
9 30 4000 30 5 0.6 0.97
10 30 5000 40 4 0.43 1.28
11 30 6000 10 3 0.78 1.44
12 30 7000 20 2 0.45 1.68
13 40 4000 40 3 0.5 1.47
14 40 5000 30 2 0.65 1.72
15 40 6000 20 5 0.46 1.82
16 40 7000 10 4 0.4 1.76
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Because there are many design variables in this paper and the multivariate quadratic
regression equation has 95% accuracy, this paper directly uses the multivariate quadratic
regression equation to fit the test data and results of Table 3 and considers all the quadratic
terms, primary terms, and interactions between the factors. The curve fitting model of
response factor Ra and MRR is obtained using Design-Expert 12 software:

Ra = 0.06347 +-0.08778 x a,+0.01342 x v;+1.26333 x A—5.84331 X n
+16.73851 x nap+6.66667 x nA—0.07333 x nv;+0.00523 x a,A

1
—0.26871 a,v;+0.08662 x vy A—0.00315 x n>40.06724 x a,—1.68634 x A2 (15)
~70.7778 x v}
MRR = —16.03421 4 7.38367 x a, +3.00296 x vf+197321 x A
—0.73966 x n+1.88326 x na,+0.08325 x nA — 0.05507 x nvy 6

+0.30681 x a,A — 0.110766 a,0; +0.50526 x vrA —0.77360 x n?

+0.53086 x ) —0.66773 x A? —0.35677 x v

According to Formulas (15) and (16), the combination of the interaction between
design variables that has the greatest influence on the response factor Ra is na,, followed
by nA. For the interaction between design variables, the combination with the greatest
impact on the response factor MRR is nay, followed by vfA. The response surface of the
interaction between the design variables to the response factors is shown in Figure 13.

Figure 13. Response surfaces of Ra and MRR corresponding to process parameters. (a) Ra for 1, ap.
(v = 30 mm/min, A =3 um). (b) Ra for n, A. (vy =30 mm/min, 2, = 40 pm). (c) MRR for 7, ay,.
(vf =30 mm/min, A =3 um). (d) MRR for vf, A (n =5000 r/min, a, = 30 pm).
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Figure 13a is the response surface obtained under the condition of vy = 30 mm/min
and A = 3 um. From the diagram, it can be seen that Ra increases with the increase in
the grinding wheel speed and decreases with the increase in the grinding depth. Com-
pared with the grinding depth, the influence of the grinding wheel speed on Ra is greater.
Figure 13b is the response surface obtained under the condition of vy = 30 mm/min and
ap = 40 um. From the graph, it can be seen that Ra increases with the increase in the
grinding wheel speed, and with the increase in the amplitude, the downward trend of
Ra slows down. Compared with the amplitude, the influence of the grinding wheel
speed on Ra is greater. Figure 13c is the response surface obtained under the condition of
vy = 30 mm/min and A = 3 pm. It can be seen from the figure that MRR increases with the
increase in the grinding wheel speed and grinding depth. Compared with the grinding
wheel speed, the grinding depth has a greater influence on Ra. Figure 13d is the response
surface obtained under the condition of n = 5000 r/min and a, = 30 um. From the graph,
it is known that MRR increases with the increase in amplitude A and decreases with the
increase in the feed speed. From the contour line, the influence of the two parameters on
MRR is small.

Aiming at low Ra and high MRR, the optimal combination of process parameters
obtained by Design-Expert is:

A =45 um, n = 64933 r/min, a, = 28.4 um, vp =211 mm/min, predicted
Ra = 0.472 um, and MRR = 1.676 mm?/min.

According to the optimal process parameters obtained by Design-Expert, the surface
topography prediction model is introduced to simulate the surface topography, as shown
in Figure 14. From the simulation diagram, it can be seen that the peak and trough are
evenly distributed, and the peak and trough difference is small. The surface morphology
and roughness of the longitudinal-torsional ultrasonic internal grinding test using the
optimized parameters are shown in Figure 15. From the figure, it can be seen that the
grinding surface morphology has good uniformity and is in good agreement with the
simulated morphology. The measured surface roughness of the sample is Ra = 0.502 pm.
According to the calculation, the relative error between the actual value of Ra and the
predicted value is 5.9%. Because the roughness test and the material removal rate test use
the same set of parameters, there is no need to carry out the second test. After calculation,
the actual material removal rate is MRR = 1.763 mm?>/min, and the relative error between
the actual value of MRR and the predicted value is 5.1%. The relative error between the
actual value and the predicted value of the response factor shows that the optimization
method is reliable and has guiding significance for the longitudinal-torsional ultrasonic
internal grinding process of GCr15 bearing steel.
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100 100
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Figure 14. Optimized surface topography simulation.
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Figure 15. Surface morphology and roughness of the optimized samples.

5. Conclusions

In the presented work, a longitudinal-torsional ultrasonic grinding system was devel-
oped, the surface morphology prediction model of LTUG was established, and the process
parameters were optimized. The main conclusions are as follows:

(1) A LTUG system was developed. The LUTG system ultrasonic frequency was
28.1 kHz, the longitudinal amplitude was between 0-5 pum, and the torsional amplitude
had a longitudinal amplitude of 25%.

(2) Considering the established elastic—plastic deformation longitudinal-torsional
ultrasonic grinding surface morphology prediction model of LUTG, the prediction accuracy
was within 13.2% when compared with the test.

(3) Aiming at low Ra and high MRR Ra and MMR as the targets, the optimal process
parameters were: A = 4.5 um, n = 6493.3 r/min, ap = 28.4 um, and vf = 21.1 mm/min.
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Abstract: Due to the characteristics of high brittleness and low fracture toughness of monocrystalline
silicon, its high precision and high-quality cutting have great challenges. Aiming at the urgent need of
wafer cutting with high efficiency, this paper investigates the influence law of different laser processes
on the size of the groove and the machining affected zone of laser cutting. The experimental results
show that when laser cutting monocrystalline silicon, in addition to generating a groove, there will
also be a machining affected zone on both sides of the groove and the size of both will directly affect
the cutting quality. After wiping the thermal products generated by cutting on the material surface,
the machining affected zone and the recast layer in the cutting seam can basically be eliminated to
generate a wider cutting seam and the surface after wiping is basically the same as that before cutting.
Increasing the laser cutting times will increase the width of the material’s machining affected zone
and the groove width after chip removal. When the cutting times are less than 80, increasing the
cutting times will increase the groove width at the same time; but, after the cutting times exceed
80, the groove width abruptly decreases and then slowly increases. In addition, the lower the laser
scanning speed, the larger the width of the material’s machining affected zone and the width of the
groove after chip removal. The increase in laser frequency will increase the crack width and the crack
width after chip removal but decrease the machining affected zone width. The laser pulse width has
a certain effect on the cutting quality but it does not show regularity. When the pulse width is 0.3 ns
the cutting quality is the best and when the pulse width is 0.15 ns the cutting quality is the worst.

Keywords: monocrystalline silicon; laser cutting; ablation zone; quality analysis

1. Introduction

In recent years, semiconductor technologies have developed rapidly. Among them,
monocrystalline silicon is a typical orthotropic hard brittle semiconductor material [1-3]
which has excellent thermal conductivity, mechanical strength, overload resistance, and
other properties [4,5]. It has been widely used in aerospace, national defense construction,
biotechnology, and other aspects [6-8]. However, the high brittleness and low fracture
toughness of monocrystalline silicon make it a typically difficult to machine material [5,9,10].

The initial method for cutting crystalline silicon is mortar wire cutting but this method
has a low cutting efficiency, high material loss, and a certain degree of water pollution so it
is gradually replaced by diamond wire cutting. The diamond wire-cutting method has a
high cutting efficiency and low silicon material loss [11] so it has become one of the key
technologies in the solar cell manufacturing process and semiconductor chip manufacturing
process [12,13]. Costa et al. [14] discussed the influence of diamond wire cutting on the feed
force and the quality of monocrystalline silicon wafers, found a method to reduce the feed
force, and obtained smoother material surface and shallower microcracks. Costa et al. [15]
investigated the effect of diamond wire saws on the surface integrity of monocrystalline
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silicon and used circular diamond wire saws to cut the monocrystalline silicon. They found
that the most suitable cutting parameters were the lowest feed rate and wire tension and
the highest wire cutting speed. Wang et al. [16] investigated the effect of the scribing
speed on the surface morphology and material removal behavior of monocrystalline silicon
diamond wire saws by designing high-speed diamond scribing experiments and explained
the potential mechanism of promoting brittle fracture at higher scratching speeds. But the
cutting efficiency of traditional diamond wire cutting is still not high; it is far from meeting
the market demand.

With the development of science and technology, laser cutting technology is becoming
more and more mature [17]. Laser cutting technology is one of the most widely used
non-contact material cutting methods [18,19] which has the advantages of a narrow groove,
small machining affected zone, fast cutting speed, higher precision, and good controllabil-
ity [20,21]. Zhao et al. [22] used a laser to cut anisotropic monocrystalline silicon bilayer
wafers and found that the anisotropy of monocrystalline silicon had a great impact on
the quality of crack edge morphology and the form of silicon fracture after cutting. Mu-
lugeta et al. [23] used laser technology to cut silicon anodes and determined the minimum
average power and energy efficiency of four cutting widths and five cutting methods.

However, due to the immature laser cutting technology, the processing effect of
monocrystalline silicon is not ideal [24,25], especially since the machining affected zone
cannot be completely eliminated in the laser direct cutting [26] and the excessive machining
affected zone will reduce the chip performance. Huang et al. [27] used picosecond lasers
with different fluences to cut ultra-thin wafers. At high fluence, the heat-affected zone only
exists at the edge position. At low flux, more crystallographic defects were found at the
edge of the heat-affected zone. In contrast, the laser-induced thermal crack propagation is
considered to be a promising process for silicon cutting [28-30]. This is because it has the
advantage of avoiding these problems [31-33] and producing a good surface finish [34,35].

However, there is limited research on the impact of laser processing parameters on
cutting quality and optimizing relevant parameters can effectively improve the wafer
cutting quality. Therefore, this paper is aimed at the low ablation area of laser wafer cutting
and the urgent need for high-efficiency wafer cutting to carry out the research of laser
wafer cutting technology. A laser cutting experiment of single crystal silicon was designed
with the basic requirement of reducing the laser cutting times and the main objective of
optimizing the parameters of laser scanning speed, frequency, and pulse width.

2. Experiment Setup
2.1. Materials and Methods
2.1.1. Wafer Material

The material used in this experiment was single-sided polished silicon wafer which
is a kind of brittle and hard material. After the silicon crystal was crystallized and grown
by the straight pulling method, one of the surfaces was in a mirror and shiny state after
mechanical or chemical treatment. Monocrystalline silicon is a kind of crystal with a
basically complete lattice structure. It has different properties in different crystal directions
and is a good semi-conductive material. The surface of a complete silicon chip is like a
mirror and the overall shape is like a circle with a small part cut off on the perimeter, hence
it is also called a wafer. The direction of the tangent line is the direction of the 0° crystal
direction. Table 1 shows the main parameters of the chip used in the experiment.

Table 1. Wafer Parameters.

Basic Parameter

Type Smgl.e. side polished Thickness 200 £ 10 pm
silicon wafer
Model/crystal orientation P<100> Diameter 100 £+ 0.4 mm
Growth method cz Resistivity 1-10 Ocm
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2.1.2. Wafer-Cutting Morphology and the Judgment Method

This experiment aimed to explore the influence of laser cutting on the surface quality
and thermal damage of wafer materials in order to obtain higher quality and less damaged
wafers. Similarly to traditional cutting, laser cutting makes use of the high-temperature
characteristics of laser cutting to rapidly melt the material at the cutting position and
sputter outward, leaving a fine line on the surface of the material. With the increase in
cutting times, the fine line gradually moved to the inside of the material, just like the
feeding in the turning process, until the bottom of the material is cut off. At the end of each
cut, the focus of the laser beam was repositioned to the bottom of the material to begin the
next cut. Figure 1 gives the measured view for the wafer cutting.

Not cut-off

o

200um 200um

Figure 1. Schematic diagram of whether the material is cut-off or not. (a) Cut-off and (b) not cut-off.

2.1.3. Laser Processing Equipment

This experiment used a Huaray Polar-355 nanosecond laser for the wafer-cutting
experiment, the detailed parameters are given in Table 2. The laser is a pulse laser which
can increase and emit laser energy in a very short time as well as through a high frequency
of light to complete the material cutting. Due to the light weight of the silicon wafer and
the thermal deformation phenomenon during the cutting process, the cutting positions of
the silicon wafer vary with different cutting times. Therefore, during the experiment, it was
necessary to fix the material to ensure that each cut was carried out on one groove.

Table 2. Parameters of the Huaray Polar-355 nanosecond laser.

Basic Parameters

Output power >5 W@50 kHz Working temperature 10-35°C
Single pulse energy >125 pJ@40 kHz Cooling method Water
Pulse width 16 + 2 ns@50 kHz Voltage 110/220V, 50/60 Hz
Start time <15 min Focus (z-axis direction) 33 cm
Repetition frequency 20 kHz-200 kHz Spatial mode TEMgo (M? < 1.2)
Power stability <3% rms Pulse stability <3% rms
Beam diameter <8m Spot divergence angle <1 mrad
Beam directivity <25 prad Rad spot roundness >90%
Manufacturer Wuhan Huaray Precision Nation Wuhan, China

Laser Co., Ltd.

2.1.4. Selection of the Measuring Instrument

In this experiment, the Hirox KH-7700 digital 3D video microscope was selected as
the parameter-measuring instrument. The instrument uses optical zoom to observe the 2D
image of the selected altitude layer and can obtain the 3D vertical image of the selected
point through multi-layer superposition technology and Z-axis autonomous movement
so as to measure the relevant parameters required for the experiment. The measuring
instrument is shown in Figure 2.
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(a) 3D microscope (b) Enlarged zone
Figure 2. Measuring instrument.

2.2. Laser Cutting Process Parameters Selection

The materials used in this study included single-sided polished silicon wafers which
are prone to heat damage in the process of laser cutting. Therefore, this experiment mainly
studied the influence of different laser process parameters on the surface quality and ther-
mal damage size of the wafer after laser cutting and finally completed the optimization of
laser parameters. Considering the requirements of mass production for material quality, the
production efficiency in the final application, and the linear correlation between production
time and cutting times, with the increase in cutting times the surface machining affected
zone also increased, so the cutting times were taken as the primary research object to find
the minimum cutting times that can cut the material exactly.

In this experiment, the first experiment was the cutting times as the independent
variable and other parameters such as laser frequency and scanning speed remained
unchanged. Laser parameters: scanning speed: 200 mm/s, laser frequency: 40 kHz, pulse
width: 0.3 ns, cutting times: 5, 10, 15, 20, 30, . . ., 200, 300 times. The minimum cutting times
were obtained when the wafer was cut off.

Due to the previously set experimental parameters ranging from 5 to 300 cuts, with
a large parameter span, in order to ensure the accuracy of the experimental results, after
determining the optimal cutting times (X) that meet the cutting requirements, based on
X, 11 sets of laser cutting experiments were added to further determine the minimum
cutting times.

After finding the minimum cutting times that meet the experimental requirements, a
control experiment was designed around the cutting times to explore the impact of different
laser processes on the damage of cutting quality. The specific experimental parameter
design is shown in Table 3.

Table 3. Experimental test and analysis.

Parameters
Scanning speed/mm-s~! 50, 100, 150, 200, 250, 300, 350
Laser frequency/kHz 20, 30, 40, 50, 60
Pulse width/ns 0.15,0.2,0.25, 0.3, 0.35, 0.4, 0.45
Laser passes 20

2.3. Overall Experiments Design

The process of laser cutting wafer is essentially a process of drilling which belongs
to the vaporization cutting. Lasers have high energy and power. Taking advantage of
these characteristics, laser energy accumulates massively on the wafer surface, the material
rapidly heats up and vaporizes, some materials are blown away as slag by auxiliary
gas, the relative movement of laser and wafer forms a groove, and the laser generates
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energy accumulation and heat conduction on the wafer surface, leading to the formation of
machining affected zones on both sides of the groove. Figure 3 illustrates the development
of Wafer Cutting.

Tool

(a) Mechanical cutting (b) Laser cutting

Figure 3. Development of Wafer Cutting.

As the surface parameters can be obtained directly from laser cutting experiments, the
width of the groove and the width of the machining affected zone directly reflect the quality
of laser cutting. By sorting out and analyzing the material surface parameters obtained
from the previous laser cutting experiment, we can obtain the influence of the cutting times
and laser process parameters on the wafer cutting.

During the experiment, by wiping the material surface after cutting, it was found that
the machining affected zone on the material surface and the recast layer near the surface on
both sides of the groove could be directly removed. In the actual production, if you can use
this phenomenon you can increase the utilization rate of materials and reduce production
costs, hence the width of the cutting seam and the width of the morphology after the
removal of chips are the research objects in order to explore the influence of different laser
parameters on its rule. The experimental process is shown in Figures 4 and 5.

" o R ¥
(c) Material observation target
before chip removal i

(d) Material observation target
! after chip removal

Figure 4. Laser cutting and the observation target.
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Figure 5. Schematic Diagram.

This paper focused on the quality control and damage analysis of laser cutting of
monocrystalline silicon. In this experiment, firstly, an experimental platform should be
established and the appropriate instruments selected. Then, the monocrystalline silicon
wafer should be pretreated. Through the laser cutting wafer experiment, the materials
should be cut with different cutting times and laser parameters in order to analyze the
morphology of the material surface and the machining affected zone. Finally, the laser-
cutting mechanism of monocrystalline silicon should be formed.

3. Analysis of the Wafer Cutting Mechanism
3.1. Wafer Cutting Process Analysis
3.1.1. Judgment of the Threshold Value of Laser Cutting Times

According to the previous experimental design, the initial experiment was carried
out with the cutting times as the independent variable and the laser frequency, speed, and
other parameters remained unchanged. The parameter values not given in the table are
the scanning speed: 200 mm/s; laser frequency: 40 kHz; and pulse width: 0.3 ns. After the
laser cutting was completed, the material surface was observed with a three-dimensional
microscope and then an alcoholic cotton ball was used to wipe both sides of the groove to
remove the chips; after observation of the chips this process was repeated if necessary. The
data obtained were sorted out.
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The experiment results show that the materials were cut off with the increase in cutting
times from the 20th time. Hence, this experiment shows that the cutting times of about
20 times are the lowest times of material cutting. The experiment contents of the laser
cutting experiment are shown in Table 4 below.

Table 4. First experiment parameters are based on the change in cutting times.

Laser Passes Crack Width of Machining Crack Width after Whether It Is
Width/um Affected Zone/pum Chip Removal/pm Cut Off

5 53 286 155 No
10 57 330 188 No
15 62 356 206 No
20 64 355 211 Yes
30 66 349 223 Yes
40 67 349 247 Yes
60 65 380 250 Yes
80 54 356 242 Yes
120 50 355 236 Yes
160 50 356 272 Yes
200 49 349 253 Yes
300 52 359 272 Yes

3.1.2. Determination of Laser Cutting Times

Based on the results of the first experiment for 20 times, we added 11 groups of laser
cutting experiments and identified the burn conditions. The identification of the thermal
damage and cutting conditions of six groups of laser cutting experiments in which the
cutting times were even shows that with the increase in the test times, the material’s
groove width, the width of the machining affected zone, and the groove width after chip
removal have an increasing trend. After observing the crack after chip removal, it was
found that both sides of the original groove with the recast layer were more uniform and
closer to a straight line, while both sides of the groove after chip removal were uneven
and closer to a broken line. Moreover, the range of broken lines corresponding to different
laser parameters was different, so the groove morphology after chip removal was taken as
another research object for experimental reference. The specific experimental parameters
and cutoff conditions are shown in Table 5.

Table 5. Parameters of the second experiment based on the change in cutting times.

Laser Crack Widt.h 2 f Crack Wi(.ith Width of Whether It Is
Passes Width/um Machining after Chip Groove Cut Off
Affected Zone/um Removal/um  Morphology/um

16 62 348 69 24 No

18 64 354 72 24 No

20 64 355 72 23 Yes

22 67 363 74 27 Yes

24 65 354 72 28 Yes

26 70 356 76 20 Yes

3.1.3. Analysis of Laser Cutting Quality

Analysis of the above data shows that with the increase in cutting times, the cutting
depth also increases, and when the cutting times is 20 times, the material is completely cut
off. This is because cutting laser energy is limited: a single cut cannot directly penetrate
through the material. If lasers irradiate the surface of the material every time, it will feed a
distance into the material until cut off. The following figures show the material morphology
under different cutting times. Figure 6 shows the morphology of the material before chip
removal under different cutting times.
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Figure 6. The material morphology before chip removal. (a) 16 times, (b) 18 times, (c) 20 times,
(d) 22 times, (e) 24 times, (f) 26 times.

3.2. Micromorphology and Machining Affected Zone Analysis
3.2.1. Material Crack Width Analysis

With the change in laser cutting times, the crack width on the material surface will
change. Figure 7 shows the changing trend of the crack width on the material surface
with the change in cutting times. Through analysis, the influence rule of laser cutting
times on the crack width was obtained: when the laser cutting times are low (less than
80 times), the width of the groove increases with the increase in the cutting times, but
when the laser cutting times exceed 80 times, the groove width will rapidly decrease and
again slowly increase. This is because the process of laser cutting is a process of melting,
decomposition, and the vaporization of materials as well as the spraying and solidification
of molten materials. Finally, a certain thickness of the recast layer will be formed on both
sides of the cutting seam. When the cutting times are low, the width of the cutting seam is
less affected by the thickness of the recast layer so it gradually increases with the cutting
times. When the cutting times reach a certain value, at this time, the groove width of laser
cutting is more affected by the width of the recast layer than by the direct impact of laser
cutting so the groove width decreases with the increase in the laser cutting times. If the
cutting times continue to increase, the temperature rises, the recast layer material vaporizes,
the thickness becomes smaller, and then the groove width increases again. Figure 8 shows
the change in surface crack width of the material as the cutting times increase.

3.2.2. Material Machining Affected Zone Analysis

With the change in laser cutting times, the width of the machining affected zone will
also change. Figure 9 shows the trend of the width of the machining affected zone on the
material surface changing with the cutting times. Through analysis, the influence rule of
laser cutting times on the crack width is obtained: with the increase in laser cutting times,
the width of the machining affected zone of materials gradually increases and finally tends
to be stable. This is because when the laser cutting times are low, the surface temperature
of the material increases with the increase in the cutting times, and gradually extends along
the material surface to both sides of the cutting seam. When the cutting times reach a
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certain value, even if the temperature at the material cutting position continues to increase
with the cutting times, the machining affected zone will not continue to extend to both
sides due to the thermal conductivity of the material itself, so the width of the machining
affected zone at the edge position tends to be stable.

Figure 7. The material morphology after chip removal. (a) 16 times, (b) 18 times, (c) 20 times,
(d) 22 times, (e) 24 times, (f) 26 times.
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Figure 8. Curve of the surface crack width changing with cutting times. (a) Crack width after 5-300 times
of cutting and (b) crack width after 16-26 times of cutting.

3.2.3. Analysis of Crack Width and Morphology after Chip Removal

Figure 10 shows the crack width of the material after chip removal on the material
surface changing with the cutting times. By analyzing the surface morphology of the
material after chip removal, the following conclusions were obtained. (1) Crack width after
chip removal: the crack width after chip removal increases with the increase in cutting
times, which is different from the rule that the crack width without chip removal is affected
by the change in cutting times. This is because the use of alcohol cotton balls not only
erased the machining affected zone on both sides of the groove but also erased the recast
layer near the material surface at the material notch. Therefore, the groove width at this
time is only affected by the laser energy received during the experiment and is positively
related to it. (2) Width of groove morphology after chip removal: The change in cutting
times will have a certain impact on the width of groove morphology after chip removal but
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the rule is not significant enough. Mainly because there are fewer cutting times and the
impact of chips is relatively small. When the cutting times are 20, the crack width is small.
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Figure 9. Curve of the width of the machining affected zone changes with cutting times. (a) Cutting
5-300 times and (b) cutting 16-26 times.
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Figure 10. Crack width of the material after chip removal. (a) Cutting 5-300 times and (b) cutting

16-26 times.

4. Laser Experiment and Analysis
4.1. Process Analysis of the Influence of Laser Cutting Speed
4.1.1. Process Parameter Design

According to the previous experimental results, 20 times of laser cutting is the best
experimental parameter. Keep other process parameters unchanged and the cutting times
is 20. Carry out Scientific control with the laser speed as an independent variable. Use a
three-dimensional microscope to analyze and observe the cut material surface, and process
and summarize the data. The specific experimental results are shown in Table 6.

Table 6. Experimental data based on the scanning speed.

Width of . .
Scanning Crack Machining C:?tcel; ‘g;\?th "\éli)t:vzf Whether It
Speed/mm-s—1 Width/um Affected Removal/ Pm Morohologv/um 1 Cut Off
Zone/um K P 8y
50 60 351 79 23 Yes
100 70 371 78 24 Yes
150 69 354 75 23 Yes
200 64 355 72 23 Yes
250 60 354 67 21 Yes
300 58 342 64 32 No
350 60 331 65 29 No

4.1.2. Morphology Analysis before Chip Removal

By adjusting the laser scanning speed on the crack width and machining, the affected
zone width was analyzed and the following conclusion was obtained. (1) Cutting effect:
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the cutting times under the condition of fixed for 20 times, the lower the laser scanning
speed is, the more obvious the cutting effect is. This is because the laser is not continuous
but has pulse properties. Keeping the cutting times unchanged, the slower the scanning
speed is, the more times the material is scanned per unit length, and the greater the cutting
depth is. (2) Crack width: when the laser scanning speed exceeds 100 mm/s, the groove
width gradually decreases with the increase in the laser scanning speed but when the laser
scanning speed is too small (50 mm/s), the groove width also has a decreasing trend. This
is because when the laser frequency is unchanged, the number of laser pulses emitted per
unit time is the same, the laser scanning speed increases, the number of pulses per unit
length of the material decreases, so the groove width becomes smaller. However, when
the scanning speed is too small, the material temperature increases, the thickness of recast
layer increases, and the groove width becomes smaller. (3) Width of machining affected
zone: with the increase in scanning speed, the width of the material’s machining affected
zone gradually decreases. The reason is the same as the analysis of the effect of the laser
scanning speed on the groove width. Figure 11 shows the changing trend of the relevant
area with the scanning speed and Figure 12 shows the material morphology at a partial
3

scanning speed.
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Figure 11. Change in material morphology before chip removal in speed experiment. (a) Material
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Figure 12. Material morphology at a partial cutting speed. (a) 50 mm/s, (b) 100 mm/s.

4.1.3. Morphology Analysis after Chip Removal

By analyzing the width of the chip morphology and groove morphology at different
laser scanning speeds, the following conclusions are obtained. (1) Crack width after chip
removal: the crack width after chip removal decreases with the increase in scanning speed
because the alcohol cotton ball not only erases the machining affected zone on both sides of
the groove but also erases the recast layer at the material notch; at this time, the groove
width is only affected by the laser energy during the experiment and is positively correlated
with it. (2) Groove profile width: the groove profile width increases with the increase in
scanning speed and decreases with the decrease in scanning speed. Figure 13 shows the

132



Micromachines 2023, 14, 1542

changing trend of the relevant area with the laser scanning speed. Figure 14 shows the
(a) groove width and (b) groove morphology after cutting at a partial laser speed.

;380 7I9 78 75—y o B ;Z 32 2
é@o I BBz« = £ 25 2324 23 23 l |
2 g “ 21
1T BRIl 2. mew2Rl
| u’é‘LU
5 40 §3
£ 20 =
E £ s
Lo S

50 100 150 200 250 300 350 50 150 250 300 350

Scanning speed (mm/s) Scannmg spced (mm/s)

(a) (b)

Figure 13. Change in material morphology after chip removal in speed experiment. (a) Groove width
after chip removal and (b) groove morphology width.

Figure 14. Material morphology after chip removal at partial cutting speed. (a) 50 mm/s groove
width, (b) 50 mm/s groove morphology edge width, (¢) 100 mm/s groove width, (d) 100 mm/s
groove morphology edge width.

4.2. Process Analysis of the Influence of Laser Frequency
4.2.1. Process Parameter Design

According to the previous experimental results, the number of cutting times was deter-
mined to be 20, and other process parameters remained unchanged. The Scientific control
was carried out with the laser frequency as the independent variable. In the process of the
experiment, the ordinary laser mean power is equal to the product of the pulse energy and fre-
quency. The formula for the laser used in this experiment can be used with the corresponding
laser mean power frequency. Table 7 shows their corresponding relationships.
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Table 7. Laser frequency and power.

Frequency/kHz 20 30 40 50 60
Average power/W 5 10 15 20 25

Therefore, when laser frequency is involved in the table, the unit name used is laser
power/W (frequency/kHz). A three-dimensional microscope was used to observe the cut
material surface and sort out the data obtained, as shown in Table 8.

Table 8. Experimental data based on laser frequency.

Width of Crack Width Width of
Power/W Crack Machining .
. after Chip Groove Cut Off
(Frequency/kHz) Width/um Affected Removal/um  Morphologv/um

Zone/pum M P sy
5(20) 51 383 57 23 No
10 (30) 58 371 66 20 Yes
15 (40) 64 355 72 23 Yes
20 (50) 71 337 72 22 Yes
25 (60) 69 285 73 20 Yes

4.2.2. Morphology Analysis before Chip Removal

Through the analysis of the crack width and machining affected zone width under
different laser frequencies, the following conclusions can be obtained. (1) Cutting effect:
when the cutting times are 20 times, the higher the laser frequency, the more obvious
the cutting effect. This is because when the cutting time is unchanged, the higher the
laser frequency, the more times the material is pulsed by the laser per unit length, and
the greater the cutting depth. (2) Crack width: with the increase in laser frequency, the
groove width of the material gradually increases. This is because of the average power
of the laser = laser frequency * single pulse energy. When the single pulse energy of the
laser remains unchanged, the frequency is increased. If the energy received by the material
in unit time increases, the groove width increases. (3) Width of the machining affected
zone: with the increase in laser frequency, the width of the machining affected zone of the
material shows a trend of decreasing gradually. The peak intensity at the center of the spot
is inversely proportional to the laser pulse frequency. The calculation method of the laser
pulse energy (Ep) is the following:

T

E, 3

51, (1)

Therefore, as the laser frequency increases, the peak intensity (I) at the center of the
spot decreases. At this time, the laser pulse energy (E,) decreases, the heating ability of
the laser weakens, and the liquid molten material ejected during the laser cutting process
decreases. So even if the increase in laser frequency will increase the number of lasers of
material per unit length, this effect does not surpass caused by laser heating ability reduce
spewed molten material to reduce the effects of the liquid, so with the increase in laser
frequency, but the machining affected zone width decreases. Figure 15 shows the changing
trend of the relevant region with the laser frequency. Figure 16 Material morphology at
partial laser frequencies (a) material morphology before chip removal (b) amplification at
the groove.
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Figure 15. Change in material morphology before chip removal in frequency experiment. (a) Material
crack width and (b) material machining affected zone width.

Figure 16. Material morphology at partial laser frequencies. (a) 20 kHz, (b) 30 kHz.

4.2.3. Morphology Analysis after Chip Removal

Through the analysis of the morphology width and groove morphology width after
chip removal at different laser speeds, the following conclusions were obtained under
the current experimental conditions. (1) Crack width after chip removal: For the effect of
laser frequency on the crack width after chip removal, the crack width after chip removal
increases with the increase in power; this is because with the laser parameters according
to the trend change, the laser energy absorbed on the unit length of the groove increases,
the local temperature increases, the material continues to melt, so the groove increases.
(2) Groove morphology width: groove morphology width decreases with the increase in
laser frequency and power and vice versa. Figure 17 shows the changing trend of the
relevant region with the laser velocity and Figure 18 shows (a) the width of the groove and
(b) the morphology of the groove after the chip removal at part of the laser frequency.
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Figure 17. Change in material morphology after chip removal in frequency experiment. (a) Groove
width after chip removal and (b) groove morphology width.
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Groove morpho

Figure 18. Material morphology after chip removal at partial laser frequencies. (a) 20 kHz groove
width, (b) 20 kHz groove morphology edge width, (c) 30 kHz groove width, (d) 30 kHz groove
morphology edge width.

4.3. Process Analysis of the Influence of Laser Pulse Width
4.3.1. Process Parameter Design

According to the previous experimental design, the best cutting number of 20 times is
achieved when other laser processes are unchanged, namely with the laser pulse width as
the independent variable control experiment, by using a three-dimensional microscope to
look at the material surface after cutting to obtain the material surface crack width under
different pulse width process and by machining affected zone width data., A summary of
the specific experimental parameters after data processing are shown in Table 9.

Table 9. Experimental parameters based on the pulse width.

Crack Widt‘h .of Crack Wic-:lth Width of Whether It
Width/um Machining after Chip Groove Is Cut Off
Affected Zone/um Removal/um Morphology/um

0.15 62 379 68 34 Yes
0.2 66 365 68 29 Yes
0.25 65 376 71 32 Yes
0.3 64 355 72 23 Yes
0.35 67 368 72 26 Yes
0.4 68 366 72 28 Yes
0.45 66 364 72 24 Yes

4.3.2. Morphology Analysis before Chip Removal

By analyzing the crack width and machining affected zone width under different pulse
widths, the following conclusions are obtained. (1) Cutting effect: during the pulse width
experiment, the cutting times are fixed at 20 times and the materials are cut off. Changing
the pulse width does not have a significant impact on this result, so the pulse width is not a
laser parameter that has a significant impact on the cutting depth. (2) The pulse width of
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laser cutting has a certain influence on the groove width but it does not have regularity. It
is certain that the groove is narrower when the pulse width is 0.3 ns, that is, the cutting
quality is better. (3) The same as the influence of pulse width on the groove width, the
pulse width of laser cutting has a certain influence on the width of the machining affected
zone but it has no regularity. When the pulse width is 0.3 ns, the width of the machining
affected zone is smaller so the laser cutting quality is better. Figure 19 shows the changing
trend of relevant areas with pulse width. Figure 20 shoes the material morphology under a
partial pulse width: (a) material morphology before chip removal and (b) amplification at

the groove.
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Figure 19. Change in material morphology before chip removal in the pulse width experiment.
(a) Material crack width and (b) material machining the affected zone width.

Figure 20. Material morphology at partial laser pulse width. (a) 0.15 ns, (b) 0.20 ns.

4.3.3. Morphology Analysis after Chip Removal

Through the analysis of the width of chip morphology and the width of groove
morphology after chip removal with different pulse widths, the following conclusions are
obtained. (1) Crack width after chip removal: The crack width after chip removal increases
with the increase in pulse width because when the laser parameters change according to
the trend, the laser energy absorbed on the unit length of the groove increases, the local
temperature rises, and the material continues to melt, so the groove increases. (2) Groove
morphology width: the surface morphology of the groove can be affected by changing
the laser pulse width but there is no regularity. When the laser pulse width is 0.3 ns,
the surface morphology width of the groove is small, that is, the cutting quality is good.
Figure 21 shows the changing trend of relevant areas with pulse width, Figure 22. Material
morphology under partial pulse width after chip removal (a) The width of the groove (b)
amplification at the groove.
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Figure 21. Change in material morphology after chip removal in the pulse width experiment.
(a) Groove width after chip removal and (b) groove morphology width.

Figure 22. Material morphology after chip removal at a partial laser pulse width. (a) 0.15 ns groove
width, (b) 0.15 ns groove morphology edge width, (c) 0.20 ns groove width, (d) 0.20 ns groove
morphology edge width.

5. Conclusions

In view of the urgent demand of the current market for efficient wafer scribing, this
paper has carried out research on the quality control and damage analysis of laser cutting
of monocrystalline silicon. Through laser cutting experiments and the treatment of the
material surface after cutting, the existence of thermal damage caused by laser cutting of
monocrystalline silicon under the current experimental conditions and the influence of
different laser parameters on the material surface quality after cutting were obtained.

(1) When laser cutting monocrystalline silicon, in addition to forming a groove at the
cutting position a machining affected zone will also be formed on both sides of the groove.
The size of the two zones will directly affect the cutting quality. After the material surface
is wiped, the machining affected zone and the recast layer near the upper surface in the
groove can be directly removed. The surface quality after wiping is basically the same as
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that before cutting. In practical production, eliminating the machining affected zone by
this method can improve the utilization rate of materials.

(2) With the increase in laser cutting times, the width of the material’s machining
affected zone and the crack width after chip removal also increase. The original crack width
will also increase with the increase in cutting times when the cutting times are low but it
will rapidly decrease when the cutting times exceed 80 and then slowly increase. At the
same time, the change in cutting times will affect the surface morphology of the groove
and the surface morphology is better when the cutting times are 20.

(3) With the decrease in the laser scanning speed, the width of the material’s groove
morphology decreases but the width of the material’s machining affected zone and the
crack width after chip removal show an increasing trend. The original crack width also
shows an increasing trend when the cutting speed decreases but it will decrease rapidly
when the speed decreases to 50 mm/s. The increase in laser frequency will increase the
crack width and the crack width after chip removal but decrease the crack morphology
and the width of the machining affected zone. The laser pulse width has a certain effect
on the cutting quality but the regularity is not obvious. When the pulse width is between
0.3 ns and 0.45, the cutting quality is better, and while when the pulse width is 0.15 ns, the
cutting quality is the worst.
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Abstract: Ultrasonic-assisted grinding (UAG) is widely used in the manufacture of hard and brittle
materials. However, the process removal mechanism was never elucidated and its potential is yet
to be fully exploited. In this paper, the mechanism of material removal is analyzed by ultrasonic-
assisted scratching. Three distinct surfaces (51, S2, and S3) were selected on the basis of the braided
and laminated structure of fiber bundles. The ultrasonic-assisted scratching experiment is carried
out under different conditions, and the scratching force (SF) of the tested surface will fluctuate
periodically. Under the conditions of different feed speeds, depths, and ultrasonic amplitudes, the
normal scratching force (SF;) is greater than the tangential scratching force (SF;), and the average
scratching force on the three surfaces is generally S3 > S2 > S1. Among the three processing parameters,
the speed has the most significant influence on the scratching force, while the scratching depth has
little influence on the scratching force. Under the same conditions and surface cutting mode, the
ultrasonic vibration-assisted scratching force is slightly lower than the conventional scratching force.
The scratching force decreases first and then increases with the amplitude of ultrasonic vibration.
Because the fiber undergoes a brittle fracture in the ultrasonic-assisted scratching process, the matrix
is torn, and the surface residues are discharged in time; therefore, the surface roughness is improved.

Keywords: ultrasonic-assisted scratching; surface formation mechanism; SiCf/SiC composites;
surface roughness

1. Introduction

In recent years, ceramic matrix composites (CMC), particularly carbon fiber and sil-
icon carbide fiber-reinforced ceramic matrix composites (SiCf/SiC), received extensive
attention [1,2]. A SiC ceramic matrix is a composite material with high specific strength
and specific stiffness, corrosion resistance, oxidation resistance, high wear resistance,
electromagnetic wave absorption, and high resistance, alongside other excellent charac-
teristics [3,4]. However, it also has the disadvantage of being fragile, exhibiting a low
fracture toughness [5]. Silicon carbide fiber is compatible with metals, resins, and ceramics,
and can be used in heat-resistant, oxidation-resistant, and high-performance composite
reinforcement materials. Continuous SiC fiber is used to strengthen the material, allowing
the matrix’s excellent properties to be maintained, and its overall toughness improved.
Although the cost of the composite materials of silicon carbide fiber (compared with carbon
fiber) is greater (because of the organic silicide raw materials produced by the spinning,
silicification, or vapor deposition of inorganic fiber with a (3-silicon carbide structure),
its heat resistance and oxidation properties are better than those of carbon fiber, and the
service temperature of silicon carbide fiber can reach up to 1200°. It therefore has excellent
development potential in the aerospace, electronic communication, electronic machinery,
petrochemical, and biomedical fields. The National Aeronautics and Space Administra-
tion (NASA) identified SiCf/SiC as the best material system for developing high-speed
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civil transport (HSCT) in the research results of their EPM project [6]. Subsequently, this
material is used to design and prepare combustion chamber flame tubes, turbine stator
cotyledons, wing front segments, thrust chambers, etc. However, this material is also
characterized by brittleness and an anisotropic structure and pore characteristics, making
it extremely difficult to process and mould into unique shapes and sizes [7-11]. In the
process of machining SiCf/SiC ceramic composites, severe tool wear, cracks in the material
matrix [12], transverse fractures [13], delamination, and fiber-matrix debonding will occur,
resulting in a rough surface and a low processing efficiency, both of which directly affect
the performance of the material [14,15]. Due to the material’s anisotropy and hard, brittle
properties, experts and engineers used various processing methods to improve its surface
machining accuracy and removal efficiency. Due to the defects of delamination and burr
in the traditional processing of fiber-reinforced ceramic composites, particular processing
technologies, such as pulsed laser machining (PLM), high-pressure water cutting, ultra-
sonic machining (UM), and electrical discharge machining (EDM), are widely used in the
processing of fiber-reinforced ceramic composites [16-19]. Muttamara et al. successfully
drilled microholes into ceramic-based workpieces using the EDM method with an auxiliary
electrode [20]. However, SiCf/SiC composites have extremely poor electrical conductivity,
so the wear of the tool electrode becomes lager than with the normal machining. Hu et al.
used an ultrashort pulse laser to carry out experimental research on the processing of
micro through-holes and blind holes in SiCf/SiC composites; they found that it improved
the processing quality and accuracy of the wall’s surface, and also that the processed
surface will feature a concentration of thermal stress, resulting in multiple cracks [21].
Ultrasonic machining of ceramic composite materials produces a high surface quality,
but low efficiency [22,23]. Compared with the normal cutting process, rotary ultrasonic
groove machining for ceramic matrix composites significantly reduces cutting force and
tool wear [24,25].

In this paper, rotary ultrasonic grinding (RUG) is used to remove ceramic composites.
This method can reduce the grinding force, improve the machining accuracy, and reduce
the consumption of grinding tools. RUG is effective in improving the surface quality of
ceramic composites and reducing tool wear [26-34]. However, the removal mechanism
of the given material still needs to be fully clarified. Liu et al. studied the influence of
different surface grinding forces through Cf/SiC scratching experiments [35]. Yao et al.
studied the influence and removal mechanism of the scratching angle and scratching force
of SiCf/SiC composites [36]. Ning et al. made a comparison between rotary ultrasonic
machining of ceramic composites and conventional machining experiments. Their results
show that rotary ultrasonic machining can lead to a larger ductile removal region before
the successive brittle fractures and cracks [37]. Therefore, the effect of ultrasonic amplitude
on surface roughness can be studied via a single-particle scratching experiment.

SiCf/SiC material is composed of a layer of orthogonal braided fiber bundles superim-
posed upon the matrix. Different grinding directions produce different machining effects.
At present, single-particle scratching is a simple and effective method that is often used
to analyze and study the removal mechanism of grinding [38—40]. Azarhoushang et al.
carried out a comparative test, using ultrasonic-assisted grinding (UAG) and conventional
grinding (CG) on C/C-SiC composites; they found that the grinding force was significantly
reduced by 20%, and that the surface roughness was reduced by about 30% [41]. Singh R
and Khamba JS et al. found that using UM in the high-precision machining of titanium
alloys and other alloys can effectively prevent excessive tool wear, reduce the grinding
force, and improve the grinding removal rate (GRR) [42].

In this experiment, 2D-SiCf/SiC orthogonal fiber braided stacked ceramic composites
were selected as the subject. This material is more rigid and resistant to processing than
Cf/SiC. Its fibers can be categorized by three orthogonal directions: transverse fibers,
longitudinal fibers, and normal fibers. The effects of grinding in different directions under
ultrasonic vibration on the grinding force and machined surface roughness were analyzed.
The influence of ultrasonic vibration grinding on three typical grinding surfaces was studied
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using a Vickers indenter via a single-particle scratching experiment. Different scratch
speeds and depth factors were used to study SiCf/SiC composites, obtain the scratching
force (S.F), and deeply analyze images of the composites” surface morphology. Finally, the
effects of ultrasonic vibration scratching and traditional scratching on SiCf/SiC’s material
removal rate and surface roughness are compared. This study may provide technical
support for improving the machined surface quality of woven fiber-reinforced ceramic
matrix composites.

2. Material and Rotating Ultrasonic Machining (RUM) Platform
2.1. Material Preparation

In the experiment, a SiCf/SiC composite with a two-dimensional orthogonal braided
structure was used as the material. Figure 1a shows a scanning electron microscope (SEM)
image, and Figure 1b shows an illustration, produced using software, of the braided
structure of the SiC fibers. A physical view of the material before processing is shown in
Figure 1c. The microstructure of the composite material is shown in Figure 2. The thickness
of the orthogonal SiC fiber bundle layer is about 300 um~500 pm. In this layer, the width
of the SiC fiber bundles is about 700 um, and the arrangement directions are 0° and 90°,
respectively. In the fetal layer of SiC fibers, the SiC fibers are composed of SiC fiber bundles
14 um in diameter, which are irregularly interwoven to form a net-like structure. It can
be seen from the image that some SiC fiber bundles are similar to disordered networks,
and orderly orthogonal distribution can also be seen in some areas. This is mainly caused
by the anisotropic characteristics of the SiCf/SiC material and the internal heterogeneous
structure. Therefore, for a single-particle scratching test, irregular fiber network layers
should be avoided, and the orthogonal SiC fiber layer should instead be selected as the
scratching surface. A simple polishing treatment is needed before the test can proceed.
The properties in Table 1 were obtained by testing the material’s physical and mechanical
properties and reviewing the resulting data. The sample size of the scratching test material
is 15 x 12 x 3 mm. In the polishing process, 40 um abrasive particles were first selected for
grinding (for 2 min); then, 15 um abrasive particles were chosen for grinding (for 5 min);
and finally, 1 um abrasive particles with suspension were used to grind the surface for
10 min. In this way, the surface can meet the requirements of the test.

Table 1. Material properties of SiCf/SiC [43].

Parameters  Density (g/cm®) Fiber Volume E-Modulus Tensile Flexural Compression
ensity tg/c Fraction (%) (GPa) Strength (Mpa) Strength (Mpa) Strength (Mpa)
Values 2.5+0.03 23+3 220 £10 271.4+29.0 500 £ 50 4540+ 18.2

Fiber

Matrix

Figure 1. Schematics of the structure of the SiCf/SiC workpiece material: (a) SEM image, (b) plane
woven structure of the SiC fibers and matrix, and (c) images of the SiCf/SiC composite.
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Figure 2. SiCf/SiC composite structure: (a) SiC fiber braided mesh layer, (b) section diagram of

SiCf/SiC composites, and (c) ceramic matrix.

2.2. Experimental Design and Conditions

The CNC five-axis machining center (Ultrasonic 70-5 linear, DMG MORI, Bielefeld,
Germany) was used in the experiment. The USG2000 ultrasonic vibration system equipped
with the machining tool had a maximum ultrasonic vibration frequency of 30 kHz. The
vibration mode of the tool is such that the spindle moves up and down, and the axial
vibration is only one-dimensional (perpendicular to the material surface). A standard
Vickers diamond indenter (THV-6) was used for variable cutting depth testing, as shown in
Figure 3. The diagonal and relative angles of the indenter are 136°. The Vickers diamond
indenter was installed on the HSK63 shank, as shown in Figure 4. The test material was a
2D-5iCt/SiC ceramic composite, and the workpiece size was 15 x 12 x 3 mm. Before the
test, the material only needed simple treatment. The test material was fixed on the machine
tool with a particular fixture, and the machine tool program was controlled to maintain a
certain angle. Thus, the experimental results were obtained by cutting the indenter on the
surface of the material. Then, the plate was screwed firmly onto the K9527B dynamometer
(Kistler, Winterthur, Switzerland). Finally, the dynamometer was fixed on the machine tool
table with a fixture, as shown in Figure 4. The surface features were measured using a laser
confocal microscope (LEXT OLS3000, OCPNY, Tokyo, Japan) to obtain the roughness.

(a) (b)

S

13694157
Figure 3. Pictures and detailed parameters of the Vickers diamond indenter. (a) Physical image of
indenter, and local enlarged image; and (b) experimental indenter size parameters.

The microhardness was tested with a CLEMEX ST-2000 (Clemex, Technologies, Mon-
treal, QC, Canada) digital display. The test instrument can realize the automatic loading
and unloading process, as it is equipped with an automated electric loading platform.
The working accuracy of the X and Y-axis can reach 0.5 um, while the autofocus function
can reach 0.1 pm on the Z-axis. The effects of three directions on the surface quality and
cutting force of SiCf/SiC ceramic composites with the same amplitude were studied. The
workpiece is clamped in a triaxial piezoelectric dynamometer (Kistler 9257B, Kistler, Win-
terthur, Switzerland) with a sampling frequency of 7 kHz. On the surface of the workpiece,
the two components of the experimental scratching forces (SFs) are Fy and F,. Where
F, = —F, (normal SF) and F; = —F, (tangential SF). Where S, is the scratching feed speed,
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and S; is the scratching depth, as shown in Figure 5a. By rotating the table of the DMG
machining center around the axis by a certain angle, the testing of the variable cutting
depth can be accomplished, as shown in Figure 5b. Then, the conventional scratching and
ultrasonic-assisted scratching were observed using scanning electron microscopy (SEM).
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Figure 4. System set-up for scratching tests: (a) schematic diagram of the overall structure; and

(b) photo of the experimental device.
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Figure 5. Single-grain scratching experiment. (a) single grain conventional scratching and (b) single

grain scratching with a gradual depth.

2.3. Scratching Experiment

Due to the anisotropy and heterogeneity of the material, the material can be divided
into three typical planes, S1, S2, and S3, as shown in Figure 6. According to the designed
direction and selected cutting surface in the figure, S1 represents the vertical plane com-
posed of 0° fiber bundles and 90° fiber bundles, S2 is composed of cross-fibers and 0° fiber
bundles, and S3 is mainly composed of 90° fiber bundles and cross-fibers. Subsequently,
ultrasonic scratching tests were carried out on the three vertical surfaces, S1, S2, and S3,
respectively. The parameters used in the scratching process are shown in Table 2. For each
group of test data, the scratching mode, as shown in Figure 7, was adopted for these three
surfaces, and each group of test data was collected five times; afterwards, the mean scratch-
ing force was calculated. After the test, each workpiece was placed under the scanning
electron microscope (SEM) to observe the specific situation after scratching. Finally, the
roughness was measured using a laser confocal microscope (LEXT OLS3000) instrument.
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0°-Fibers

Figure 6. Definition of typical surfaces and scratching directions of composites: (a) 3D braided
structure and cutting directions of SiCf/SiC materials; and (b) definitions of the scratched surfaces of
S1,S2, and S3.

Table 2. Scratching parameters for single-grain scratching dates.

Surfaces Parameters Values Ultrasonic Amplitude (1m)
S1 S2.S3 Feeding speed S, (mm/min) 200, 400, 600 3
A Scratching depth S; (um) 20, 30, 40, 50

— —
(@) (b) ()

Figure 7. Definition of the scratching mode and the given direction of vibration: (a) longitudinal

scratching; (b) transverse scratching; and (c) normal scratching.

3. Results and Discussion
3.1. Scratching Force and Surface Morphology of Three Typical Braided Surfaces

In the SEM images of the two kinds of machined microsurface morphology in Figure 8,
it can be seen that the morphology of the fiber fracture surface is irregular, and the ultra-
sonic vibration-assisted scratching (UVAS) method is slightly better than the conventional
scratching (CS) method. The removal patterns of composites processed in both ways are
similar. The overall performance of the fiber is one of brittle fracture removal, mainly in the
form of collective crushing, fiber fracture, the fiber-matrix interface being off-site, peeling,
and so on. The strength of the matrix is greater than that of the fiber, and the interface
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adhesion between the fiber and the matrix is relatively weak, meaning that many pieces
fall away. Therefore, the mode of the SiCf/SiC removal is brittle.

Conventional Scratching Ultrasonic-Assisted Scratching

) //‘/

(S1)

(S2)

(S3)

Figure 8. Morphologies of the scratched surfaces of S1 (a,b), S2 (¢,d), and S3 (e f).

The force data of S1, 52, and S3 on three surfaces were collected by a 9257B dynamome-
ter, and ultrasonic-assisted machining was carried out using a DMG-ultrasonic70-5-linear
machining tool. It can be seen from the results that the scratching force Fz on the three
surfaces and the plane forces Fy and Fy change periodically and uniformly. Fy and F,
constitute the tangential force, and the normal scratching force is larger than the tangential
forces. The weaving form of the surface of the material changes periodically, and the
corresponding scratching force is also different; the surface scratching force is measured
by averaging the scratching force when calculating the scratching force. Changes in the
scratching speed and depth influence the SF, as shown in Figures 9 and 10, respectively.

It can be seen from Figure 9a,b that with the increase in velocity, the scratching force
on each scratching surface increases significantly and obviously; this may be because the
selected velocity values vary wildly. With the increase in scratching depth from 20 um to
50 pm, the scratch force on the three surfaces increases evenly, but not significantly. An
increase in scratch depth directly leads to an improvement in the material removal rate.
However, from Figures 9 and 10, it is clear that the surface scratching force of S3 is greater
than the other two surface forces. Under the influence of the anisotropy of the woven
and laminated structures of the composite, the normal and tangential scratching forces of
the different plane engravings follow the size order S3 > 52 > S1. As shown in Figure 9,
the tangential scratching force (SF;) of the three planes is less than the normal scratching
force (SF,), which is about half of SF,,; with the increase in feed speed, both SF,, and SF;
increase. Because the single particle increases in unit time with the increase in feed speed,
the processing efficiency is improved, and the amount of removal achieved per unit of time
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is increased; therefore, the SFs increases. In Figure 10, it is shown that the SFs increase
with increasing depth. The SF; and SF; in the S3 plane change significantly more than
the forces in the two planes of S1 and S2, and these differences are mainly attributed to
the lamination factor. In the S3 plane, the fibers are characterized by X-Y fiber weaving;
they are then hot-melt laminated in the Z direction to form a composite material. The
two-dimensional structural properties significantly reduce anisotropy, so the shear strength
and tensile strength in the lamination plane are the worst combination therein [32]. At the
same time, the debonding and fiber peeling between the layers are very tolerant of the
fiber /matrix of the plane, so the scratching force of the laminate plane is the lowest.
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Figure 9. The effects of scratching speed on components of SE, under ultrasonic vibration machining,
(A =3 um, Sy =20 um): (a) tangential SF and (b) normal SE.
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Figure 10. The effects of scratching depth on components of SF under ultrasonic vibration machining,
(Apy =3 pm, Sy = 200 mm/min): (a) normal SF, and (b) tangential SE.

Two scratching methods were used according to the scratching direction shown in
Figure 11. According to the DMG operation manual and display interface, the accuracy of
the rotary axis is 0.001°. The turntable was rotated by 0.115° to achieve a 1 mm scratching
ata depth of 2 um. In the beginning, when the blade tip is drawn, the depth of the cutting is
shallow, the damage to the surface of the composite material is minimal, and the difference
in the comparative cutting force is not apparent. However, it can be seen that the primary
forms of failure are matrix fracturing, fiber debonding, peeling, and fiber fracturing. The
ceramic fiber material S1 has a transverse and longitudinal fiber bundle braided layer on

its surface. Therefore, parallel and identical woven forms were chosen before scratching
observations began.
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Figure 11. Diagram of fiber and scratch directions: (a) is the top view and (b) is the right view.

When the indenter is used for normal scratching, the matrix is slightly deformed in
the initial stage, after which many long fibers come off and the matrix is seriously fractured.
The microscopic surface morphology is shown in Figure 12a. When the material is scratched
using ultrasonic vibration, there is no peeling phenomenon over a long distance, and the
roughness of the matrix is smaller than that achieved with ordinary crushing, as can be
seen in Figure 12b. The fiber’s breaking time is short, resulting in a low fiber debonding
rate and a smooth break removal.

Figure 12. Scanning electron morphologies of the scratched surface of S1, S, = 10 mm/s, 6 = 0.115°:
(a) Ay =0 pm, and (b) Ay, = 3 pm (A, represents amplitude).

According to the analysis in Figures 12 and 13, the brittleness of the composite matrix
is greater than that of the SiC fiber in the CS process, and the SiC matrix begins to crack due
to scratching friction. The fracture energy is dispersed as the crack extends to the interface
between the matrix and fiber. The fracture is temporarily blocked and begins to expand at
the boundary with the increase in shear and extrusion pressures. In the CS process, only
SiC fibers are crushed into fragments, and longer fibers may be separated from the matrix.
In the process of UVAS, the axial impact is added based on CS. The Z-axis is attached,
and ultrasonic vibration can cut the fiber into smaller pieces that are easier to remove. As
the tool moves up and down, the tool cools effectively, so the tip holds well. At the same
time, the up and down vibration causes the slag and fibers to excrete more easily; thus, the
surface quality improves.
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Figure 13. Variation in the measured scratching force (SF) with the cutting depth on the surface of S1:
(a) conventional scratching and (b) ultrasonic vibration-assisted scratching.

3.2. Ultrasonic Scratch Morphology Observation and Removal Mechanism Analysis

SiCf/SiC composites are composed of the SiC matrix and SiC fiber-braiding stack
inside the complex; the material’s removal occurs in two stages. The first is when the brittle
matrix failure occurs. The internal SiC fiber is debonded and stripped; a schematic diagram
of this is shown in Figure 14. When the diamond touches the material surface, plastic
deformation occurs due to stress. With the increase in the diamond'’s entry depth, the stress
on the surface gradually increases, and the surface begins to feature brittle fractures and
internal, transverse, and longitudinal radial cracks [44,45].

(a) (D)
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Figure 14. Single-particle grinding fracture model of SiCf/SiC composites: (a) crack deflection and
(b) fiber breakage.

The SiCf/SiC composite comprises a SiC matrix phase and SiC fiber phase. The
removal mechanism of the composite is different from that of ordinary materials. The
SiCf/SiC composite features the toughening effect of SiC fiber, in addition to the brittleness
and fracturability of the matrix. A single fracture diagram of the SiCf/SiC composite is
shown in Figure 14 below. When the abrasive particles are in contact with the surface of
the SiCf/SiC composite, the material first produces a small deformation due to extrusion
and shear stress. With the increase in abrasive particle pressure, the cutting depth also
increases, and the surface stress of the abrasive particles on the SiCf/SiC material increases.
When the stress increases to a particular value, the material begins to show transverse
cracks and longitudinal radial cracks. With the continuous action of the abrasive particles,
the cracks in both directions extend further, and the degree of damage is related to the
material’s fracture toughness. When the stress of abrasive particles on the material is less
than the fracture toughness, the longitudinal radial cracks” propagation direction changes
and deflects in the matrix, as shown in Figure 14a. Suppose that the stress of the abrasive
particles on the material continues to increase and is greater than the fracture toughness; in
this case, the crack will expand to the SiC fiber, and the fiber will suffer from brittle fracture,
peeling off from the matrix, and other forms of damage, as shown in Figure 14b.
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According to the above experimental data, each surface will undergo the following
stages: (1) When the extrusion pressure is small, the surface undergoes slight plastic
deformation. (2) Due to the brittleness of the SiC matrix being greater than that of the SiC
fiber, the SiC composite cracks and the stress increases. (3) When the pressure increases,
the interface cracks between fiber and matrix continue to expand, and the phenomena of
fiber and matrix peeling, shedding, and tearing occur. (4) The silicon carbide fiber breaks
directly into pieces and falls from the material surface.

In Figure 15, it can be observed that ultrasonic-assisted vibration grinding can scratch
the SiC fiber in different directions, and the results are entirely different. In Figure 15a,b, in
the horizontal transverse direction, we can see that the average score of the fibers due to
tangential force is far more considerable than the SiC fiber and substrate, hence the long
fiber breaks off after ultrasonic vibration machining is added; this is due to the up and
down shaking force, which cuts into the direction of short fibers, therefore producing a
small loss. In Figure 15¢,d, with horizontal tangential scratching, the fibers are fractured
due to shear and extrusion, and the fibers on both sides of the fracture spill off on to the
matrix, but are relatively uneven. However, the ultrasonic effect means that the press head
used for processing on both sides of the crack can cause the fiber to be more evenly cut.
As shown in Figure 15e,f, there are many fiber holes in SiCf/SiC ceramic composites, and
the fiber fracture toughness cannot withstand the large cracks caused by axial force after
the ordinary cutting of the SiC matrix. However, when the ultrasonic-assisted fraction
vibrates upward and downward, the matrix can form small fault blocks, and the chips
can discharge in time without secondary damage. The fiber toughness can retain a small
matrix block on the workpiece without causing a large area of surface breakage, thereby
improving the surface roughness.

ploughing (b)
vibration v i

@) Ga

(©) ® @
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Figure 15. Influence of ultrasonic vibration on material removal mode: (a,c,e) represent ordinary
scratching; (b,d,f) represent ultrasonic vibration-assisted scratching.
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3.3. Study on the Influence of Ultrasonic Vibration on Surface Roughness

The difference in roughness cannot be fully seen simply by viewing the 2D morphology.
The 3D characterization method can illustrate the difference between the height of each
position and can accurately and comprehensively reflect the different microstructures. By
establishing the function relation, the average arithmetic height S, was calculated using a
computer. S, expressed the surface topography of the composite, and the surface roughness
was objectively expressed as S;, where S; represents the mean value of an absolute value
within a limited region.

1 yy
Sa = m}; LG yp) M

x; and y; are the distances from the x-direction and y-direction points on the outline
to the reference line, respectively. M and N, respectively, are included in order to adopt
the x-direction and y-direction measurement points in the region; 7 is the measurement
accuracy coefficient.

The S; (root mean square height) is equal to the standard deviation of the height
distribution, and the mean square value is also known as the validity in physics, which is a
convenient statistical method.
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Figure 16a shows that the tangential force is larger than the scratching force as a
whole; both decrease first and then increase with the increase in amplitude. When the
amplitude is 2.5 um, the normal and tangential forces are the smallest. The white light
interferometer was used to measure the sampling surface of each scratch; the obtained
data were statistically averaged and plotted into a chart, as shown in Figure 16b, for a
comparative analysis of roughness. It can be seen that the roughness of the ultrasonic
vibration-scratched surface is significantly greater than that of the ordinary scratched
surface, and the S; roughness is increased by 34~51%.
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Figure 16. Variation in surface scratching force and surface roughness under different amplitudes
(S» =200 mm/min, Aj =20 um, and Ay, =5 pm). (a) The tangential force is larger than the scratching
force as a whole; both decrease first and then increase with the increase in amplitude. (b) The white
light interferometer was used to measure the sampling surface of each scratch.

In the process of face grinding, due to ultrasonic vibration, the diamond material’s
abrasive grains maintain discontinuous contact with the workpiece material and impact the
workpiece surface at a high frequency. Since the speed of impact is extremely fast and much
greater than the speed of feeding, the high-frequency result is the primary removal mode
in the face grinding process. The ratio of normal grinding force to tangential grinding force
(Fn/Fy) is used to evaluate the grinding performance of the grinding wheel. The greater the
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grinding force, the worse the performance of the grinding wheel. As shown in Figure 17b,
the quality is worst with a surface grinding amplitude of 0 um. As the amplitude increases,
the surface quality deteriorates, a trend similar to the grinding force ratio presented in
Figure 17a. Notably, when the amplitude is 1.25 pm, the surface quality is the best, and the
grinding force ratio is the smallest.
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Figure 17. Effect of ultrasonic amplitude on grinding force ratio and surface roughness (S = 12,000 r/min,
Sy =25 mm/min, Ap =25 um, and A;; =5 pm). (a) The grinding force ratio, The greater the grinding
force, the worse the performance of the grinding wheel. (b) The ratio of normal grinding force to
tangential grinding force (Fn/Ft) is used to evalu-ate the grinding performance of the grinding wheel.

Through ultrasound-assisted scratching and grinding experiments, it is not difficult
to see the influence that these processes have on reducing the anisotropic processing of
SiCf/SiC composites to a certain extent. SiC fibers are cut into multi-truncated fibers
by ultrasonic impact and are removed by short fibers, which reduces the breaking and
peeling of SiC fibers in conventional scratching. With the amplitude increase in the marking
experiment, the surface scratching force first increased and then decreased. The roughness
measurements gradually increased, but all were lower than those of ordinary machined
surfaces. The end face grinding experiment further verifies that ultrasonic amplitude has a
significant influence on the improvement of surface roughness. Said ultrasonic amplitude
reduces the contact time between the abrasive particles and the material; thus, the grinding
force is significantly reduced, and the chips can be discharged in time. The ultrasound-
assisted impact promotes some small cracks in the composite, making the material easy
to remove. Both experiments verify that the surface roughness and quality of composite
materials are improved by ultrasonic-assisted processing.

4. Conclusions

This work mainly studies the grinding mechanism of 2D-SiCf/SiC using ultrasonic
vibration grinding. The characteristics of scratching force and the surface morphology of
three typical braided surfaces were studied. The following conclusions were obtained:

Observing the contrast between ultrasonic scratching and ordinary scratching, con-
ventional scratching prompts severe fiber peeling and debonding, as well as larger matrix
fracture cracks. In ultrasonic vibration mode, the fracture fiber becomes shorter, the chip
becomes smaller, the crack fracture becomes smaller, and the overall surface smoothness is
relatively better.

When three planes are scratched using ultrasonic vibration, the changing trend in
scratching force is roughly the same. With an increase in the scratching speed, the normal
and tangential scratching forces also increase. With an increase in scratching depth, the
normal and tangential scratching forces show little change. However, with a change in
the direction of the indentation head as it contacts the fiber braid, the scratching force
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is significantly different. The scratching force can be divided into S1, S2, and S3. The
scratching forces on the three surfaces generally follow the order S3 > S2 > S1.

With the same feed rate and grinding depth, different amplitudes can reduce the
grinding interaction time between abrasive particles and materials. Their combined action
reduces the force and signs of subsurface damage such as matrix cracks and fiber debonding.
The surface fibers of the material are subject to amplitude vibration; truncated short fibers
also become neater and chips are easily discharged, so this form of processing is more
conducive to a high-quality material surface.
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