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Preface

Brittle crystals and ceramics have been widely used in the fields of aerospace, 5G networks, and

new energy vehicles owing to their excellent mechanical properties and steady chemical properties.

For these advanced applications, brittle crystals and ceramics must be shaped into smooth substrates

with high surface integrity using precision and ultra-precision processing technologies such as

grinding, lapping, and polishing. However, these materials have high brittleness and hardness

with low fracture toughness, which pose great challenges for efficient machining. Damanges due to

brittleness, including fractures and cracks, are easily generated during the machining process, which

inevitably shortens the service life of the crystal components and compromises further applications.

Understanding the mechanical properties, revealing the the evolution of damange and the material

removal mechanism at the micro- and nano-scales, exploring innovative machining technology, and

optimizing machining process parameters are of great significance to realizing the high-efficiency

and precision machining of brittle materials. This collection aims at summarizing the frontier

research on the processing and surface integrity characterization of brittle crystals, ceramics, and

composite materials.

Chen Li, Chongjun Wu, Binbin Meng, and Shanshan Chen

Editors
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Cutting Tool
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Abstract: Honeycomb composites (HCs) are diversely employed in aerospace, national defense and
other fields owing to their remarkable spatial geometry and excellent mechanical properties. Their
complex hexagonal cell structure and heterogeneous material properties cause major problems when
implementing high-quality processing. Surface defects generated by processing will reduce the
capability and service lifespan of the honeycomb sandwich structure. Therefore, the high quality of
HCs is a topic of close attention for researchers. In this paper, the consequences of different cutting
parameters of rotary ultrasonic machining (RUM) on surface quality with an ultrasonic circular
knife (UCK) were studied through multiple groups of single-factor and orthogonal experiments
with two-factors/four-levels and one-factor/three-levels. The single factor experiment was used to
explain the effect that the degree of cutting parameters has on surface quality, and the orthogonal
experiments were applied to explain the interaction between the processing parameters and the
influence law of each factor on surface quality. Therefore, the reasonable cutting parameters of HCs
were determined through experimental results to provide guidance for the realization of the precise
and efficient machining of HCs. This study can provide a basis for the subsequent comprehensive
consideration of various factors to achieve high-quality machining of HCs.

Keywords: Nomex honeycomb composites (NHCs); aluminum honeycomb composites (ALHCs);
rotary ultrasonic machining (RUM) technology; surface quality; cutting parameters

1. Introduction

Compared with other structures of the same material, the honeycomb sandwich
structure has excellent spatial geometry and mechanical properties [1]. The honeycomb
core sandwich structure is a sandwich composite material formed by connecting the
honeycomb core and the upper and lower panels with adhesive and curing. It has high
stiffness along the axial direction of the cell, therefore, it can bear an impact force on the
sandwich structure [2]. However, honeycomb is a typical thin-walled porous structure.
The particularity of its structure leads to low in-plane rigidity of the honeycomb core,
which is prone to various defects during processing and reduces the performance and
service life [3–9]. The mechanical properties largely rely on honeycomb composite core
density, quality and the bonding strength between the core and the panel [1,10]. Therefore,
the influence of machining defects on the honeycomb core and its mechanical properties is
a key factor to be considered. Consequently, it is significant to research the morphology
features of the honeycomb composite (HCs) core and the effect of cutting parameters on
HCs core surface quality.

Due to the merits of high processing efficiency and convenient manufacturing of pro-
cessing equipment, conventional high-speed CNC milling was widely used in honeycomb
core material processing. However, traditional processing methods cause the following

Crystals 2022, 12, 725. https://doi.org/10.3390/cryst12050725 https://www.mdpi.com/journal/crystals
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problems, such as poor processing quality, harsh processing environment, tool wear and so
on [11,12]. Thence, rotary ultrasonic machining technology (RUM) was applied to solve the
shortcomings of traditional technologies for HC core machining. As a rapidly developing
processing technology, RUM technology has been more and more widely employed in the
processing of various materials such as composites [13–16], crystal [17], ceramics [18,19],
titanium alloys [20,21], glass and aluminum alloys [22–25]. In the past, most scholars have
carried out research on RUM technology, mainly including the design of the ultrasonic
system and ultrasonic cutting tools, the degree of effect of the independent variable cutting
parameters on the surface quality of the dependent variable, etc. Xiang et al. [26] proposed
that the ultrasonic longitudinal–torsional composite vibration machining method has excel-
lent performance and better surface morphology compared with the transonic longitudinal
vibration machining method by analyzing the kinematics of the two processing methods.
Xia et al. [27] optimized the structure of ultrasonic cutting tools and explored the influence
of distinct tool structure parameters on the machining efficiency of the Nomex honeycomb
composite core. Sun et al. [28] concluded that the introduction of RUM technology can
significantly reduce the cutting generation of tool cutting forces during machining, thereby
reducing the deformation of aluminum honeycomb core walls, resulting in high-quality
workpieces. Ahmad et al. [29] conducted a comprehensive review on machining technolo-
gies for Nomex HC and Ahmad et al. [30] discussed the influence of different structural
parameters of the UCK cutting tool used in machining on ultrasonic amplitude as well as
the resonant frequency. Ahmad et al. [31] also researched RUM characteristics of Nomex
HCs by a series of UCK cutting tools through a series of controlled variable experiments
and orthogonal experimental methods. Asmael et al. [32] reported a review on carbon-fiber-
reinforced plastic composites by ultrasonic machining. Hu et al. [33] proposed a cutting
force model of a triangular blade on honeycomb composites by ultrasonic machining.
Cao et al. [34] constructed a three-dimensional finite element model through ABAQUS to
analyze the ultrasonic vibration-assisted tool of the Nomex honeycomb core.

In this paper, a group of single-factor experiments and orthogonal experiments of
RUM technology with a circular ultrasonic knife for HC core in terms of the aluminum
honeycomb core and the Nomex honeycomb core workpiece were conducted to discuss the
effect of different processing parameters, i.e., tool feed rate, tool cutting width, ultrasonic
spindle speed on surface quality. Then, we further analyzed the significance of different
cutting parameters on surface quality through orthogonal experiments developed in this
study. Therefore, the framework of this paper is arranged as follows. The experimental
synopsis is introduced in Section 2. Section 3 shows the experimental program. The phe-
nomenon and discussion are presented in Section 4. The next section, namely, Section 5,
summarizes this paper.

2. Experimental Synopsis

Most RUM systems are mainly composed of the following parts: ultrasonic power
supply, ultrasonic converters, amplitude modifier (booster) and ultrasonic cutting tool.
Ultrasonic power supply (ultrasonic generator) outputs high-frequency AC oscillating
electrical signals. The ultrasonic transducer converts the high-frequency AC oscillating
electrical signal output by the ultrasonic generator into a mechanical vibration signal with
the same frequency, the ultrasonic transducer used in this paper is a piezoelectric ceramic
sensor. The ultrasonic horn amplifies the amplitude of the weak mechanical vibration
signal from the ultrasonic transducer to achieve the amplitude required for the actual
cutting process, and at the same time, it can ensure that the entire acoustic system is always
in a resonance state. The ultrasonic circular knife was used for processing the HC core.
A schematic diagram of the RUM system for HC core workpiece machining was displayed
in Figure 1.

2
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Figure 1. Abridged general view of RUM system for HCs core.

In this paper, the experimental devices for RUM of Aluminum honeycomb composites
(ALHCs) core workpiece and Nomex honeycomb composites (NHCs) core workpiece were
illustrated in Figures 2 and 3, respectively. Surface quality experiments for RUM of the
HC core workpiece by UCK were executed on the ultrasonic machine tool (NO: IT5X111)
produced by INNOTECH company. Ultrasonic equipment was installed on the machine
tool, then ultrasonic cutting experiment was carried out by switching the power of the
ultrasonic generator and air cooling was adopted for the cooling system in the machine
tool, as shown in Figures 1–3. Ultrasonic generator (Model: GT2010-GT2015), ultrasonic
converters, amplitude modifier and ultrasonic cutting tool were developed by SONIMAT
(EUROPE TECHNOLOGIES) in France. The major parameters of the RUM system are
ultrasonic frequency (20 KHz), ultrasonic power (Max 1500 w), power supply:230 V mono
50/60 Hz, ultrasonic spline speed (Max 1000 rpm) and vibration amplitude (Max 0.08 mm).
∅63 mm disc cutting tool was used in the experiment, as shown in Figure 4.

Figure 2. Experimental equipment of ultrasonic machining system for ALHCs core specimen.

3
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Figure 3. Experimental equipment of ultrasonic machining system for NHCs core specimen.

Figure 4. UCK (∅63 mm Disc) cutting tool used in RUM experimental for HCs core workpiece.

3. Experiment Program

3.1. Materials Used in Experiment

In this experiment, the Nomex honeycomb composite core workpiece (Type Designa-
tion: ACCH-2I-1/8-3.0) was produced by AVIC Composite Materials Co., Ltd. The alu-
minum honeycomb composite core workpiece (Type Designation: HexWeb® CR-PAA-
5052-3/16-3.1-Non-p) was produced by HEXCEL company. NHCs core workpieces with
dimensions of ribbon (L), a direction perpendicular to the ribbon (W) and cell depth (T) as
100 mm × 50 mm × 100 mm and ALHCs core workpieces with dimensions of ribbon (L),
a direction perpendicular to the ribbon (W) and cell depth (T) as 100 mm× 50 mm× 80 mm
were used in this experiment, as shown in Figure 5. Key parameters for the hexagonal
cellular structure of the workpiece are cell size, single wall thickness, double wall thickness
and cell edges, as shown in Figure 5 and specimen attributes of ALHCs core workpiece
and NHCs core workpiece were demonstrated in Tables 1 and 2, respectively.

Double-sided adhesive tape and synthetic resin adhesive were used to fix ALHCs
core and NHCs core workpiece (a group of four workpieces) on the machining table of the
machine tool instead of fixing them on a special fixture due to the small dimensions of the
workpiece. The fixing system of the specimen is shown in Figure 6.

Table 1. Material attributes and cell parameters of AL honeycomb core workpiece.

Material Properties Value Cell Parameters Value

Compressive modulus 513 MPa Cell size (c) 4.76 mm
Compressive strength 2.31 MPa Cell signal wall thickness (t) 0.05 mm

Plate shear strength L direction 1.45 MPa Cell edge (a) 1.37 mm
Plate shear strength W direction 0.86 MPa Cell edge (b) 1.37 mm
Plate shear modulus L direction 307.8 MPa Cell wall angle (ϕ.) 120◦
Plate shear modulus W direction 150.48 MPa

Nominal density 49.6 kg/m3

4
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Table 2. Material attributes and cell parameters of Nomex honeycomb core workpiece.

Material Properties Value Cell Parameters Value

Compressive modulus 131 MPa Cell size (c) 3.17 mm
Compressive strength 2.15 MPa Cell signal wall thickness (t) 0.13 mm

Plate shear strength L direction 1.28 MPa Cell edge (a) 1.83 mm
Plate shear strength W direction 0.60 MPa Cell edge (b) 1.83 mm
Plate shear modulus L direction 36 MPa Cell wall angle (ϕ.) 120◦
Plate shear modulus W direction 20 MPa

Tensile strength 2.45 MPa
Tensile modulus 148 MPa
Nominal density 48 Kg/m3

Figure 5. Honeycomb core workpieces and their structural parameters used in this experiment.

Figure 6. Schematic of workpiece clamping system.

3.2. Measurement Methods for Surface Characteristics

To observe the machining results, a high-definition video detector (CHECKER145Linear-
M, STILL, Guangdong China) was used to measure the surface morphology of ALHCs core
and NHCs core workpieces after RUM, then, to observe processing defects of the workpiece
under different cutting parameters and the effect on surface quality. The concrete analysis
is reflected in Section 4. Experimental setup for surface morphology of ALHCs core and
NHCs core workpieces are displayed in Figure 7.
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Figure 7. Experimental setup for surface morphology.

3.3. Processing Conditions in the Experiment

High quality has always been the core goal of processing. Compared with traditional
technology, rotary ultrasonic machining reduces surface defects and improves efficiency.
Therefore, the reasonable selection of processing parameters has become the core issue
to improve efficiency and workpiece surface quality. Thus, in this research, a group
of single-factor experiments and orthogonal experiments with two-factors/four-levels
and one-factor/three-levels were used to discuss the effect of cutting parameters such as
cutting tool feed rate, tool cutting depth and ultrasonic spindle speed on surface quality.
In experiments for ALHC core workpieces, the cutting depth remained at 0.8 mm for each
experiment due to material property and great cutting effects. In the experiments for NHC
core workpieces, cutting depth remained at 2 mm for each experiment. Vibration amplitude
was kept fixed at 0.08 mm according to the manufacturer. According to the parameters of
the ultrasonic equipment itself and the performance parameters of the machine tool with
ultrasonic equipment, the single-factor experiments designed are illustrated in Table 3.

Table 3. Control variables of experimental parameters.

Variable Parameter Levels Constant Parameters

Spindle Speed
(rpm ) 500, 600, 700, 800 Feed rate 500 mm/min, cutting width 8 mm

Feed Rate
(mm/min ) 500, 1000, 1500, 2000 Spindle speed 800 rpm, cutting width 8 mm

Cutting Width
(mm ) 4, 6, 8, 10 Feed rate 2000 mm/min, spindle speed 800 rpm

Through single-factor controlled variable method experiments, the effect of each pa-
rameter on the surface quality can be obtained. However, the interaction between different
machining parameters cannot be illustrated in single-factor controlled variable method
experiments. Therefore, two-factors/four-levels and one-factor/three-levels orthogonal
experimental methods were designed to discuss the influence of distinct processing vari-
ables in this paper. Meanwhile, orthogonal experimental technology was used to obtain
the optimal association of cutting parameters for rotatory ultrasonic machining of ALHC
core workpieces and Nomex honeycomb core workpieces with a UCK cutting tool accord-
ing to the orthogonal experiments. The parameter factors and levels in the orthogonal
experiments of the RUM are displayed in Table 4. The two-factors/four-levels and one-
factor/three-levels L12

(
3 × 42) orthogonal experimental conditions of ALHC core and

NHC core specimens are shown in Table 5.

6



Crystals 2022, 12, 725

Table 4. The relevant parameters used in orthogonal experiments.

Level Spindle Speed (rpm) Feed Rate (mm/min) Cutting Width (mm)

1 500 500 4
2 600 1000 6
3 700 1500 8
4 800 10

Table 5. Two-factors/four-levels and one-factor/three-levels L12
(
3 × 42) orthogonal table of ALHC

and NHC core specimens.

Exp.
Processing Factors

Spindle Speed (rpm) Feed Rate (mm/min) Cutting Width (mm)

1 500 500 4
2 500 600 6
3 500 700 8
4 500 800 10
5 1000 500 6
6 1000 600 8
7 1000 700 10
8 1000 800 4
9 1500 500 6
10 1500 600 8
11 1500 700 10
12 1500 800 4

4. Results and Discussion

The honeycomb sandwich structure consists of a high-strength adhesive bonding a
relatively thin skin panel to a comparatively thick lightweight honeycomb core, and the
overall structure is like a honeycomb structure. As the key component of a sandwich
structure, a honeycomb core can greatly increase stiffness and strength on the premise
of slightly increasing the overall quality of the sandwich structure, and is lightweight.
Therefore, processing quality directly affects the performance and service life. RUM
technology is used in composite material machining to greatly reduce defects and improve
surface quality. Therefore, it is worthwhile to further study the processing characteristics of
RUM with UCK and the influence of different cutting parameters on the workpiece surface
quality. However, the ultrasonic cutting tool used in this experiment was newly fabricated,
so tool tear was ignored and dust, delamination and collapse of cells did not exist in this
study due to the RUM technology. In these experiments, the processing principle of the
RUM technology and the disc cutting tool ultrasonic vibration trajectory are displayed in
Figure 8. In this figure, A represents ultrasonic amplitude, f represents ultrasonic frequency,
n represents disc tool rotary velocity and P represents any point on the disc cutting tool.
When the disc cutting tool is without ultrasonic vibration, the tangential velocity Vt was
much greater than feed velocity Vf , therefore, tool rotational motion was the main motion,
and Vt can be expressed as:

Vt = πDn (1)

where D represents disc cutting tool diameter.
When the disc cutting tool used ultrasonic vibration, the cutting tool produced dis-

placement S with periodic changes in magnitude and direction along the tool axis. S can be
expressed as:

S = A· sin(2π f t + θ) (2)

where t represents the cutting time, θ represents the vibration initial phase angle. Differently
to Equation 2, vibration cutting velocity along the tool axis (Z direction) can be obtained as:

Vs = 2π f A· cos(2π f t) (3)

7
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In the RUM technology, the vibration cutting velocity Vs was much greater than the
tangential velocity Vt and feed velocity Vf , therefore, tool vibration motion along the tool
axis became the main motion in processing. The magnitude and the direction of Vs changed
periodically over time.

Then, the authors observed the effect of different processing parameters on the work-
piece surface with a disc ultrasonic cutting tool. The surface morphology of the ALHC
core and the NHC core workpieces under different processing parameters was analyzed in
detail below.

Figure 8. The RUM processing principle and disc tool trajectory.

4.1. ALHC Core Surface Quality Analysis
4.1.1. Results of Ultrasonic Spindle Speed on Surface Morphology

The effect degree of the ultrasonic spindle speed on the workpiece surface morphology
was studied by rotatory ultrasonic machining tests on the ALHC core workpiece with a UCK
cutting tool on the machine tool. The parameters of the cutting tool feed rate, tool cutting
width, and tool cutting depth were fixed, and the spindle speed was gradually increased.
The average length of tears L was used as the evaluation parameter to measure the surface
quality due to tears that seriously affected the service life of the part. The processed surface
was divided into three equal observation areas, two honeycomb cells can be observed in
each observation area. The average tearing length was measured by the experiment setup
in Figure 7, as shown in Figure 9. The surface quality experimental results of the RUM with
the UCK cutting tool are shown in Figure 10.

Figure 9. The effect of ultrasonic spindle speed on surface morphology.

As shown in Figures 9 and 10, the feed rate is fixed at 500 mm/min, the cutting width
is fixed at 8 mm and the cutting depth is fixed at 0.8 mm. The range of spindle speeds
is 500~800 rpm. The defect mainly included tearing, burr and crush fold on the surface
morphology with the machined workpiece. The amount and the average length of tearing
decreased with increased spindle speed during the ultrasonic machining experiment of the
ALHC core workpieces with an ultrasonic circular knife cutting tool. The shearing effect
on the material increased with an increased spindle speed, therefore, the shearing length
decreased in this experiment at different spindle speeds from 500~800 rpm. Burr changed
the same as tearing.
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Figure 10. Surface morphology at different spindle speeds.

4.1.2. Results of Tool Feed Rate on Surface Morphology

The effect of the degree of tool feed rate on surface morphology was studied by
rotatory ultrasonic machining tests on the ALHC core workpiece with a UCK cutting tool
on the machine tool. The parameters of spindle speed, cutting width, and cutting depth
were fixed, and the feed rate was gradually increased. The average tearing length was
measured with the experimental setup in Figure 7, as shown in Figure 11. The surface
quality experimental results of the RUM with a UCK cutting tool are shown in Figure 12.

Figure 11. The effect of tool feed rate on surface morphology.

As shown in Figures 11 and 12, spindle speed is fixed at 800 rpm and cutting width is
fixed at 8 mm. Both the number and length of tears decreased as the feed rate increased.
The reason for this phenomenon was due to the increased feed rate speeding up the cutting
process, shortening the touching time between the tool and the workpiece, thus improving
the surface morphology to a certain extent, although the cutting force in the processing
increased with an increased cutting tool feed rate.

4.1.3. Result of Tool Cutting Width on Surface Morphology

The effect of the degree of cutting width on surface morphology was researched by ro-
tatory ultrasonic machining experiments on the ALHC core workpiece with a UCK cutting
tool on the machine tool at different cutting widths from 4 μm to 10 μm. The parameters
of the ultrasonic spindle speed, tool feed rate, tool cutting depth were fixed. The average
tearing length was measured by the experimental setup in Figure 7, as shown in Figure 13.
The surface quality experimental results of the RUM with a UCK cutting tool are shown in
Figure 14.

9
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Figure 12. Surface morphology at different feed rate.

Figure 13. The effect of tool cutting width on surface morphology.

Figure 14. Surface morphology at different cutting widths.

As shown in Figures 13 and 14, the feed rate was fixed at 2000 mm/min and the
spindle speed was fixed at 800 rpm. During the RUM experiments of the NCH core
workpieces, tearing length decreased to a certain extent with an increased tool cutting
width, but the effect was small. The authors found that the crush fold phenomenon
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was largely affected by the cutting width. The stiffness of the cell single wall was lower,
therefore, the AL honeycomb cell single wall underwent plastic deformation due to the
cutting force. The increase in tool cutting width increased the touching area between the
cutting tool and the aluminum honeycomb, therefore, the material volume increased in the
cutting process. The larger the cutting width, the more prone the aluminum honeycomb
wall was to plastic deformation, which can lead to a crush fold defect.

4.1.4. Results of Cutting Parameters on Surface Morphology by Two-Factors/Four-Levels
and One-Factor/Three-Factors L12

(
3 × 42

)
Orthogonal Experiments

The influence of a single variable on the surface morphology of the ALHC core work-
piece can be obtained through a group of single-factor experiments. However, the effect
of a different combination of multiple variables on surface morphology cannot be deter-
mined. Therefore, according to the performance of the machine tool and ultrasonic device,
two-factors/four-levels and one-factor/three-factors orthogonal experiments technology
was proposed to study the effect of different cutting parameters on surface morphology.
In this paper, the influence of various parameters, namely ultrasonic spindle speed, cutting
tool feed rate and cutting width under the constant value of vibration amplitude 0.08 mm
and cutting depth 2 mm were obtained by rotatory ultrasonic machining on an ALHC core
specimen with an ultrasonic circular knife cutting tool. The authors only showed surface
experimental results in area one to save space, as shown in Figure 15. In order to further
analyze the significance of machining variables, the results of the orthogonal experiments
were quantified by the evaluation parameter, namely L, of surface macro-topography
proposed above. The orthogonal experimental significance analysis results in the average
length L of tearing, as shown in Table 6.

Figure 15. Surface morphology at different cutting parameters in orthogonal experiments.

Table 6. Two-factors/four-levels and one-factor/three-levels orthogonal experimental significance
analysis of average length of tearing L (mm).

Level Spindle Speed (rpm) Feed Rate (mm/min) Cutting Width (mm)

1 0.215 0.243 0.185
2 0.198 0.185 0.179
3 0.171 0.151 0.172

Range (R ) 0.044 0.092 0.013

In conclusion from Table 6, the range variance of tearing average L among the three
processing variables including ultrasonic spindle speed, tool feed rate and tool cutting
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width under the constant cutting depth and ultrasonic vibration amplitude during ultra-
sonic machining experiments of the Nomex honeycomb core workpiece by disc was:

R f eed rate > Rspindle speed > Rcutting width (4)

It can be seen from Equation (1) that feed rate has the maximum effect on the tearing
average length L and the cutting width has the minimum influence on the tearing average L.

4.2. NHC Core Surface Quality Analysis
4.2.1. Results of Ultrasonic Spindle Speed on Surface Morphology

The influence of the degree of ultrasonic spindle speed on surface quality was studied
by rotatory ultrasonic machining experiments on a Nomex HC core workpiece with a
disc cutting tool on the machine tool. The parameters of tool feed rate, tool cutting width,
and cutting depth were fixed, and the spindle speed was gradually increased. The number
of tears N (length more than 1 mm) and the average length of tears L were used as
evaluation parameters to measure the surface quality as a surface with tears will seriously
affect the service life of the part. The processed surface was divided into three equal
observation areas, five honeycomb cells can be observed in each observation area, and the
total number of tears and the average length of the three observation areas are counted.
The surface quality experimental results of the RUM with a UCK cutting tool are shown
in Figure 16. The average tearing length and amount were measured by the experimental
setup in Figure 7, as shown in Figure 17.

Figure 16. Surface morphology at different spindle speeds.

Figure 17. The effect of ultrasonic spindle speed on surface morphology.
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As shown in Figures 16 and 17, area one, area two, and area three represent the
observation areas, respectively. The feed rate was fixed at 500 mm/min, the cutting depth
was fixed at 2 mm and the cutting width was fixed at 8 mm. The average length of
tears L decreased when increasing the ultrasonic spindle speed and the total number of
tears changes less during the experiments on the Nomex HC core specimen with a disc
cutting tool.

The reason for this conclusion is that the high-frequency vibration of the cutting tool
makes the vibration speed far greater than the tangential speed of the disc cutter during
RUM, and the main cutting motion is the ultrasonic vibration of the tool. The main force
for fracture separation of the honeycomb wall is not the shear force, but the high-frequency
impact force of the disc cutter on the chip and the machined surface. Therefore, the change
of spindle speed has little effect on the extrusion and the friction force of the cutting tool
on the material along the feeding direction, and the amount of tearing does not change
significantly. However, the increase in spindle speed can increase the shearing effect on
the material to a certain extent, therefore, the shearing length decreases with an increase in
cutting tool speed. The cutting force in processing decreases with ultrasonic spindle speed
which increases in rotatory ultrasonic machining experiments of the NHC core specimens,
therefore, the number of burrs decreases.

4.2.2. Results of Tool Feed Rate on Surface Morphology

The effect of the degree of tool feed rate on surface quality was studied with rotatory
ultrasonic machining experiments on a Nomex HCs core workpiece with a disc cutting
tool on the machine tool. The parameters of spindle speed, cutting width, and cutting
depth were fixed, and the feed rate was gradually increased. The average tearing length
and amount of tears were measured by the experimental setup in Figure 7, as shown in
Figure 18. The surface quality experimental results of the RUM by disc cutting tool are
displayed in Figure 19.

Figure 18. The effect of tool feed rate on surface morphology.

As shown in Figures 18 and 19, the spindle speed is fixed at 800 rpm and the cutting
width is fixed at 8 mm. Both the number and length of tears increase as the feed rate
increases. In ultrasonic cutting, the extrusion force of the cutting tool on the material
decreases with a feed rate decrease. Therefore, the tearing defect generated by the cutting
tool due to the compressive deformation of the honeycomb core wall increases when
increasing the tool feed rate. However, RUM technology has a greater effect on reducing
the extrusion force, therefore, the effect of feed rate on tearing tends to be gentle.

4.2.3. Results of Tool Cutting Width on Surface Morphology

The effect of the degree of tool cutting width on surface quality was studied by rotatory
ultrasonic machining tests on a Nomex HC core workpiece with a disc cutting tool on
the machine tool at different cutting widths from 4 μm to 10 μm. The parameters of the
ultrasonic spindle speed, tool feed rate, and cutting depth were fixed. The average tearing
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length and amount of tears were measured by the experimental setup in Figure 7, as shown
in Figure 20. The surface quality experimental results of RUM with the disc cutting tool are
illustrated in Figure 21.

Figure 19. Surface morphology at different feed rates.

Figure 20. The effect of tool cutting width on surface morphology.

Figure 21. Surface morphology at different cutting widths.
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As shown in Figures 20 and 21, the feed rate was fixed at 2000 mm/min and the
spindle speed was fixed at 800 rpm.

Both the number and length of tears increase as the cutting width increases with the
disc cutting tool during the RUM tests of the NCH core workpieces. The reason for this
conclusion is that the touching area between the disc tool and the workpiece corresponding
to the different cutting widths was also different, and the contact area was proportional to
the cutting width, resulting in the larger the cutting width, the greater the friction between
the tool and the workpiece in the cutting process. Burr changed the same as tearing.

4.2.4. Results of Cutting Parameters on Surface by Two-Factors/Four-Levels and
One-Factor/Three-Factors L12

(
3 × 42

)
Orthogonal Experiments

The influence degree of a single variable on the surface morphology of the Nomex HC
core workpiece can be obtained through a group of single-factor experiments. However,
the influence of a different combination of multiple variables on surface morphology
cannot be determined. Therefore, according to the performance of the machine tool and
the ultrasonic device, two-factors/four-levels and one-factor/three-factors orthogonal
experiments technology were proposed to study the effect of different cutting parameters
on surface morphology. In this study, the effect of cutting parameters on surface quality was
investigated by establishing orthogonal experiments with different variable combinations.
The authors only showed surface experiments in the results area one to save space, as
shown in Figure 22. To further discuss the significance of cutting parameters, the results of
orthogonal experiments were quantified by evaluation parameters, namely N, L, of the
surface macro-topography, as proposed above. The orthogonal experimental significance
analysis results of the total amount N and average length L of tearing were measured by
the experimental device in Figure 7, as shown in Tables 7 and 8 separately.

Figure 22. Surface morphology at different cutting parameters in orthogonal experiments.

Table 7. Two-factors/four-levels and one-factor/three-levels orthogonal experimental significance
analysis of total amount of tearing N.

Level Spindle Speed (rpm) Feed Rate (mm/min) Cutting Width (mm)

1 25 25 16
2 23 26 18
3 22 28 22

Range (R ) 3 4 6
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Table 8. Two-factors/four-levels and one-factor/three-levels orthogonal experimental significance
analysis of average length of tearing L (mm).

Level Spindle Speed (rpm) Feed Rate (mm/min) Cutting Width (mm)

1 1.724 1.417 1.347
2 1.538 1.515 1.632
3 1.482 1.628 1.769

Range (R ) 0.242 0.211 0.434

In conclusion from Table 7, the range in the variance of tearing amount N among the
three processing variables including ultrasonic spindle speed, tool feed rate and tool cutting
width under the same depth and ultrasonic vibration amplitude of ultrasonic machining
for the Nomex HC core workpiece with a disc cutting tool was:

Rcutting width > R f eed rate > Rspindle speed (5)

From Equation (2) it can be observed that the cutting width has the maximum effect
on the tearing amount N and the spindle speed has the least influence on the tearing
amount N.

In conclusion from Table 8, the range in the variance of average tearing length L among
the three processing variables including ultrasonic spindle speed, tool feed rate and tool
cutting width under an identical depth and ultrasonic vibration amplitude of ultrasonic
machining for the Nomex HC core workpiece with a disc cutting tool was:

Rcutting width > Rspindle speed > R f eed rate (6)

From Equation (3) it can be seen that the cutting width has the maximum effect on the
average tearing length L and the feed rate has the least influence on the tearing average L.

5. Conclusions

In this paper, the surface quality experiment for rotatory ultrasonic machining (RUM)
of a honeycomb composite core (aluminum honeycomb and Nomex honeycomb) by ul-
trasonic circular knife (UCK) was developed to research the influence of different cutting
variables on surface morphology for the aluminum honeycomb composite (ALHCs) core
workpiece and the Nomex honeycomb composite (NHCs) core workpiece through a seri-
ous of single-factor experiments. Then, the optimal processing parameters of ultrasonic
machining were received through orthogonal experimental technology. The results can be
concluded as follows.

For the ALHC core workpiece, processing defects mainly include burr, tearing and
crush fold of RUM with an ultrasonic disc cutting tool. Burr and tearing decrease with
increasing ultrasonic spindle speeds and disc tool feed rates due to the increase in spindle
speed increasing the shearing effect on the material to a certain extent and the increasing
disc tool feed rate can speed up the cutting process, shortening the touching time between
the disc cutting tool and the workpiece. Crush folds were largely affected by the cutting
width through a group of single-factor experiments and these defects increase with the
increase in cutting width due to the aluminum honeycomb being more prone to plastic
deformation when there is a larger contact area between the cutting tool and the aluminum
honeycomb. Feed rate has the greatest effect on the tearing average of surface morphology
and cutting width has the smallest influence during the RUM experiment with a UCK
cutting tool through significance analysis of two-factors/four-levels and one-factor/three-
levels (L12

(
3 × 42)) orthogonal experimental results.

For the NHC core workpiece, burr, tearing and uncut fiber defects existed on the
surface morphology of the RUM with a UCK cutting tool. Burr and tearing decrease when
improving the ultrasonic spindle speed owing to the high-frequency impact force of the
disc cutter on the chip and the machined surface. However, tearing increases with the
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improvement in disc tool feed rate because of an increase in extrusion force of the cutting
tool on the material and the increase in material removal volume by the single-factor
experiments. Therefore, burr and tearing increase when increasing the disc tool cutting
width due to the increase in the touching area between the disc tool and the workpiece,
resulting in an improvement in tool cutting force. Cutting width has the greatest effect on
the tearing average and the number of tears to the surface morphology. Spindle speed has
the smallest influence on the number of tears and the feed rate has the least effect on the
tearing average during this experimental study by significance analysis of two-factors/four-
levels and one-factor/three-levels (L12

(
3 × 42)) orthogonal experimental results.

The research in this paper can provide a basis for the subsequent comprehensive
consideration of various factors to achieve high-quality processing of HC and it should be
noted that the conditions of all single-factor experiments and orthogonal experiments in this
paper were designed according to the actual performance of ultrasonic CNC machine tools
in a factory, therefore, the results of this paper are generally applicable to most factories
involved in the high surface quality processing of honeycomb composites.
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Abstract: Continuous polishing is the first choice for machining optical elements with a large aperture.
The lubrication in the continuous polishing is an important factor affecting the surface quality of the
optical elements. In this study, the lubrication system between the optic element and polishing lap
was analyzed firstly and then was verified by the measurement experiment of the friction coefficient.
In addition, the numerical simulation model of the mixture lubrication was established. The polishing
pressure distribution and material removal distribution can be obtained by the model. The influences
of the rotating speed, optical element load, and surface roughness of the polishing lap on polishing
pressure were also analyzed. Finally, the influence rules of the lubrication on the surface shape of
optical elements were revealed by the polishing experiments.

Keywords: continuous polishing; lubrication; optical elements; surface shape

1. Introduction

Abrasive machining technologies such as grinding and polishing are the necessary
means to realize the precision machining of optical elements [1–3]. Continuous polishing
technology is a full-aperture covering method for polishing optics. The research on con-
tinuous polishing is more qualitative than quantitative. The machining instability of the
continuous polishing seriously restricts the efficiency of planar optical elements with a large
aperture. To reduce the production cycle and processing cost, it is necessary to enhance the
understanding of the continuous polishing technology and solve the key problems which
restrict the development of the continuous polishing [4–8].

The lubrication in the continuous polishing area is an important factor affecting the
surface quality of optical elements [9]. It affects the polishing pressure and material removal
rate, and has a distinct influence on the surface shape of the substrates [10,11]. Therefore,
the study on the lubrication of the machining area is of great significance to reveal the
removal mechanism of the continuous polishing technology [12,13].

Chang et al. [14] studied the thickness of the liquid film between the wafer and
polishing lap, and the results indicated that the thickness was directly proportional to
the rotational speed and Hersey number of the wafer. The film thickness had distinct
effect on the performance of the chemical-mechanical polishing (CMP) process, such as
material removal and deformation behaviors. Controlling and optimizing the slurry film
thickness were helpful to maintain the process stability. Runnels et al. [15,16] believed that
the hydrodynamic effect in CMP polishing was an important factor affecting the uniform
removal of the work materials. Revealing the hydrodynamic effect can improve the stability
and surface integrity of the polishing process. Terrell et al. [17] summarized the research on
the hydrodynamics in CMP, and the results demonstrated that the existing research results
were imperfect, and did not point out the specific impact of the hydrodynamics during the
polishing process. More in-depth research should be carried out on the hydrodynamics
effect. Waechter et al. [18] found that with the increase of the relative speed, the contact
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between the optics and polishing lap were divided into four stages, namely low-speed
solid contact friction, medium-speed solid contact, hydrodynamic mixture friction, and
high-speed hydrodynamic friction.

Suadarajan et al. [19] used the lubrication theory model to solve the thickness, pressure,
and velocity distributions of the liquid film between the polishing pad and optics. The
model did not consider the elasticity of the polishing pad, and considered that the surfaces
of the optics and polishing pad were smooth. In addition, the results showed that only
the hydrodynamic pressure of the liquid film was not enough to support the optics [20],
e.g., the protrusion of the polishing pad inevitably contacted with the optics surface.
Tichy model described a one-dimensional contact model by using contact mechanics and
lubrication theory [21]. Although this model considered the elasticity of the polishing pad
and deformation of the surface bulge, it simplified the actual situation.

In conclusion, lubrication has a significant impact on the polishing of optical elements.
However, there are few studies on the flow field in the continuous polishing process, and
the evolution law of the optic surface shape has not been revealed. To optimize the surface
accuracy of the optical substrates, this study is aimed to clarify the lubrication mechanism
in continuous polishing and reveal the influence law of flow field on the surface accuracy
of optical elements.

2. Lubrication Method in Continuous Polishing

2.1. Lubrication Status Classification in Continuous Polishing

The continuous polishing machine uses a large substrate platen made from granite [22],
as shown in Figure 1. An annular pitch layer is prepared on the granite plate surface as the
grooves are cut into different shapes on the polishing lap surface to improve its fluidity
and the slurry transmission. There are two work rings on one side of the annulus, and the
inner diameter is equal to the annulus width. The plane optical elements to be polished
are placed in these rings. There is a large circular truing tool called the ‘conditioner’ on
the remaining portion of the annulus, which is substantially wider than the radius of the
polishing pad. During the continuous polishing processes, the polishing lap, work rings
and conditioner are driven by a servo motor. Abrasive slurry is sprayed on the surface
of the polishing lap through the nozzle, and it transported to the bottom of the element
through the groove. The surface finishing can be realized by the mechanical action of the
polishing particles.

Figure 1. Continuous polishing machine.

Different contact modes between the optical element and polishing lap directly de-
termine the different lubrication characteristics, as shown in Figure 2. As a result, the
polishing fluid has different flow characteristics between the element and polishing lap.
Different polishing fluid flow characteristics affect the removal mechanism, removal rate
and accuracy of continuous polishing.
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Figure 2. Contact modes between the optical element and polishing lap.

The transformation between lubrication state and several kinds of states is the basis
of theoretical analysis of the fluid lubrication. According to the formation mechanism
and characteristics of the fluid lubrication film, the lubrication state can be divided into
boundary lubrication, fluid film lubrication and mixture lubrication.

(1) Boundary lubrication refers to the transition of the lubricant between the friction pairs
from the internal friction between molecules to direct contact between two friction
surfaces. In this lubrication state, the viscosity characteristics of the lubricant do not
have effect on the lubrication. The lubrication function of the fluid film is weak and
can be ignored, and there is more contact between the micro-convex bodies on the
friction surface. The surface friction and wear characteristics are determined by the
interaction among the lubricant, friction surface and properties of the boundary film.
The load between the friction pairs is provided by the surface micro-convex body.

(2) Fluid lubrication refers to the lubrication state in which the friction surface is separated
by a continuous fluid film. In this state, the surface of the friction pair does not directly
contact with each other and the contact wear does not occur.

(3) Mixture lubrication refers to the coexistence of the boundary lubrication and fluid
lubrication. In this state, the lubricating film is discontinuous, and is divided into
fluid lubricating film and boundary lubricating film. On the one hand, the fluid
lubrication film bears part of the load and produces viscous friction. On the other
hand, the boundary lubrication film and the micro-convex body on the contact surface
bear another part of the load, resulting in the dry friction on the contact surface. In
addition, the mixture lubrication state is often unstable and fluctuates between the
fluid film lubrication and boundary lubrication.

2.2. Judgment Method of Lubrication State of Continuous Polishing

In the state of the fluid film lubrication, when the load increases and the relative
motion speed of the friction pair and lubricant viscosity decrease, the bearing capacity of
the fluid film, thickness of the lubrication film and spacing between the friction surfaces
decrease. If there is a certain amount of the micro-convex contact in the friction, this state
may be transformed into the mixture lubrication. A judgment method is introduced below.

The calculation formula of the film thickness ratio is given in Equations (1) and (2).

ψ = hm/Rq (1)

Ra = 4
(

R2
a1 + R2

a2

) 1
2 /3 (2)

where, hm is the minimum lubricating film thickness, Rq is the comprehensive surface
roughness. Ra1, and Ra2 are the average deviations of the arithmetic contour of the
surface roughness.
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According to the calculation formula, when ψ ≤ 1, it is in the boundary lubrication
state, and there are many micro-convex contacts in the friction pair. When 1 < ψ < 3, the film
thickness ratio increases within this range, the fluid transits from the boundary lubrication
to fluid lubrication, and the fluid film thickness increases. When ψ ≈ 3, for the high pair
contact with a large load, it is in the state of full elastic hydrodynamic lubrication. When
ψ > 3, it is in the state of complete fluid film lubrication. The thickness of the liquid film
and roughness of the polishing lap are approximately 25 and 10 μm, respectively [23].
Therefore, the film thickness ratio of the continuous polishing ψ is equal to 2.5, which
belongs to mixture lubrication. The numerical simulation model of the mixture lubrication
will be established, and, then, the accuracy of the model will be verified by the experiments.

3. Numerical Model of Mixture Lubrication for Continuous Polishing

3.1. Load Sharing Theory

When the mixture lubrication is formed through continuous polishing, it is necessary
to consider both the rough peak and liquid film in the contact area. According to the
Johnson load thought [24], the total contact load FN is shared by the liquid film pressure Fh
and rough peak force Fa on the contact surface, as given in Equation (3). The friction Ff is
composed of the lubricating liquid film friction Ffh and rough peak friction Ffa, as shown in
Equation (4).

FN = Fh + Fa (3)

Ff = Ff h + Ff a (4)

Introducing the scale factor r, the liquid film bearing ratio is 1/r1, and the micro-convex
body bearing ratio is 1/r2. The bearing ratio of the liquid film refers to the proportion of
the pressure carried by the whole liquid film in the total optic load. The relation between
these parameters can be expressed by Equations (5) and (6).

Fh = FN/r1, Fa = FN/r2 (5)

1
r1

+
1
r2

= 1 (6)

On the contact interface, different micro-convex bodies have the same friction coeffi-
cient, and the friction of micro-convex bodies is expressed by Equation (7).

Ff a = μcFa =
1
r2

FNμc (7)

The polishing fluid of the continuous polishing can be regarded as Newtonian fluid
at a low speed [25]. The shear stress of the fluid is known from the Newton law of fluid
viscosity, as shown in Equation (8).

τ =
ηu
h

(8)

where τ is the shear stress, η is the viscosity of polishing solution, and u is the sliding speed.
Therefore, the friction coefficient of mixture lubrication can be calculated by Equation (9).

u f =
FC
FN

=

N
∑

i=1

�
ACi

τCi
( .
r
)
dACi +

1
r2

FNμc

FN
=

ηuAH
hFN

+
1
r2

μc (9)

where μc is the boundary friction coefficient, lubrication area is AH = Amon − Ar, Amon is the
nominal contact area, Ar is the actual contact area, and h is the average liquid film thickness.

3.2. Calculation Method of Liquid Film Thickness

The basic concept of the lubrication is to solve Reynolds equation to reveal the distri-
bution of the pressure in fluid lubrication film. The temperature difference in the annular
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polishing lubrication system is very small, so it is unnecessary to consider the change of
the lubricant viscosity and density with the temperature. In addition to the isothermal
conditions, the following assumptions should be used in the derivation:

(1) The effect of the volume force, such as gravity or magnetic force is ignored. In addition
to the theory of the electronic fluid or magnetic fluid lubrication, this assumption is
usually reasonable.

(2) The fluid has no sliding on the solid interface, that is, the velocity of the fluid particle
attached to the interface is the same as that of the point on the interface.

(3) In the direction along the thickness of the lubricating film, the change of the pressure
is ignored. Because the film thickness is only less than one micron to tens of microns,
in such a thin range, the pressure cannot change significantly. From this hypothesis,
it can be inferred that the viscosity and density of the fluid do not change in the
direction of film thickness.

(4) Compared with the film thickness, the radius of the curvature of the support surface
is large, and, accordingly, the change of velocity direction caused by the surface
curvature can be ignored.

(5) The lubricant is Newtonian fluid.
(6) The flow is laminar, without vortex and turbulence.
(7) Compared with the viscous force, the influence of inertial force can be ignored,

including the inertial force of the fluid acceleration and centrifugal force of the fluid
film bending.

Based on the above assumptions, the Reynolds equation under the isothermal condi-
tions is given in Equation (10).

∂

∂x

(
ρh3

η
· ∂p

∂x

)
+

∂

∂y

(
ρh3

η
· ∂p

∂y

)
= 12

∂

∂x
(ρUh) + 12

∂

∂y
(ρVh) + 12

∂(ρh)
∂t

(10)

where, ρ is the fluid density. U and V are the speeds of the optic and polishing lap, respectively.

U = (U1 + U2)/2, V = (V1 + V2)/2 (11)

The pressure P is integrated in the whole lubricating film range, and the result is the
bearing capacity of the lubricating film. For optical elements in the ring polishing, the
bearing capacity is given in Equation (12).

W =
�

pdxdy (12)

Two dimensionless parameters are defined as Equation (13).

W =
W

E′R , U =
η0U
E′R (13)

where W is the load parameter, and U is the speed parameter. In the definition of W, E′ is
the equivalent elastic modulus, and it can be calculated by the elastic modulus E1, E2 and
Poisson’s ratio υ1 and υ2 of the two surfaces, as given in Equation (14).

1
E′ =

1
2

(
1 − υ2

1
E1

+
1 − υ2

2
E2

)
(14)

In the definition of U, R is the equivalent radius of curvature, and it can be calculated
by the radii R1 and R2 of the two contact surfaces, as given in Equation (15).

1
R

=
1

R1
+

1
R2

(15)
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The schematic diagram of the liquid film is show in Figure 3, where the fluid density
ρ is assumed as a constant. The Reynolds equation can be derived from Equation (10) by
assuming that the viscosity and density of the fluid do not change in the direction of film
thickness, as shown in Equation (16).

dp
dx

= 12η0U
h − h0

h3 (16)

where h0 is the actual film thickness at x = 0.

Figure 3. Schematic diagram of the liquid film.

When h = h/R, p = p/E, x = x/b, Equation (16) can be rewritten into Equation (17).

dp
dx

= 48

(
W
2π

)1/2

U
h − h0

h
3 (17)

The film thickness can be expressed by Equation (18).

h0 = 1.95
(
E′U

)8/11/W1/11 (18)

The dimensional form is given in Equation (19).

h0 = 1.95(aη0U)8/11R4/11(E′/W
)1/11 (19)

Equation (19) is the empirical formula of the average thickness of the liquid film in the
contact area.

In the mixture lubrication problem, the actual thickness of the liquid film should also
consider the elastic deformation and surface roughness of the polishing lap. Note that the
sum of the elastic deformation of the two surfaces is δ and the roughness function is S(x).
The calculation of the liquid film thickness is given in Equation (20).

h = h0 +
x2

2R
+S(x)+δ (20)

It is known from the elasticity that, for a semi-infinite body, when a concentrated force
P uniformly distributed in the Y direction acts on the z-axis, the normal elastic deformation
δ(x) at any point M with abscissa x is given in Equation (21).

δ(x) = −1 − v2

πE
P ln x2 − 1 + v

πE
p + C0 (21)

where E is the elastic modulus, v is the Poisson’s ratio, and C0 is the constant. C0 and H0
are combined into one term, and the liquid film thickness h is obtained in Equation (22).

hc = h0 +
x2

2R
− 1 − v2

πE
P ln x2 − 1 + v

πE
P (22)
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When two rough surfaces come into contact with each other, Greenwood and Trip [26]
deduced the equation of the total load by the micro-convex body, as given in Equation (23).

Fh =
8
√

2
15

πn2β1.5σs
2.5E′F(H) (23)

where n is the number of micro-convex bodies per unit area, β is the radius of micro-convex
body, σ is the root mean square value of the surface roughness. F(H) can be calculated by
Equation (24).

F(H) = 4.4086 × 10−5(4 − H)6.804 (24)

H =
hc − dd

σs
(25)

where dd is the distance between the average surface of the micro-convex body and plane
of the polishing lap, which is about 1.15 σs.

3.3. Numerical Simulation Method of Mixture Lubrication

In order to calculate the friction coefficient of the mixture lubrication, it is necessary
to obtain the liquid film thickness h and bearing ratio of the micro-convex body 1/r2. The
liquid film pressure is calculated according to the liquid film bearing ratio, and the liquid
film thickness is calculated according to the liquid film pressure. Calculation steps are
as follows.

(1) The initial parameters are set, including the viscosity η of the polishing solution and
the characteristic values of the surface roughness of the polishing lap (n, β, σ).

(2) The initial values of the liquid film bearing ratio r1 and micro-convex body bearing
ratio r2 are set, and h0 is calculated according to the empirical formula.

(3) The liquid film load W and dimensionless parameter in Equation (1) are calculated.
(4) Calculate the liquid film thickness hc and load on the micro-convex body Fh according

to Equation (3).
(5) Calculate the load on the micro-convex body Fh1 according to Equation (23).
(6) Judge whether the difference between the two ends of the load on the micro-convex

body is less than 10−4.
(7) If the friction coefficients r1 and r2 are substituted into the balance condition, the

friction coefficient μ is obtained by substituting it into Equation (9). Otherwise, repeat
steps (2)–(6) until the error converges.

3.4. Numerical Simulation Results of Mixture Lubrication
3.4.1. Calculation Results of Liquid Film Thickness

The relationship between the liquid film thickness and relative speed of the polishing
lap is shown in Figure 4a. When the surface roughness of the polishing lap is constant, the
thickness of the liquid film increases with the increase of the rotating speed of the polishing
lap. This occurred because the increase of the polishing lap speed increases the flow rate of
the polishing liquid. The relationship between the liquid film thickness and relative speed
of the polishing lap is shown in Figure 4b. When the rotating speed of the polishing lap is
constant, the thickness of the liquid film between the element and polishing lap increases
with the increase of the surface roughness of the polishing lap. This occurred because the
increase of the surface roughness of the polishing lap will make more polishing liquid flow
between the element and polishing lap, resulting in the increase of the thickness of the
liquid film.
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(a) (b) 

Figure 4. Influence of rotating speed and lap roughness on liquid film thickness. (a) Liquid film
thickness vs. rotating speed (b) Liquid film thickness vs. lap roughness.

The Influence of the total load on liquid film thickness is shown in Figure 5. When
the roughness of the polishing pad is a constant, the thickness of the liquid film decreases
with the increase of the optic load. This is because the contact area between the element
and polishing lap becomes larger, which squeezes the flow space of the polishing liquid.
When the roughness increases and the total load is a constant, the liquid film thickness still
maintains an increase trend.

Figure 5. Influence of total load on liquid film thickness.

3.4.2. Calculation Results of Liquid Film Bearing Ratio

The relationship between the liquid film bearing ratio and polishing lap speed is
shown in Figure 6, which indicates that, when the rotating speed is constant, the proportion
of the liquid film load increases with the increase of the surface roughness of the polishing
lap. This is because the rough surface increases the thickness of the liquid film.

When the surface roughness of the polishing lap is a constant, the proportion of the
liquid film load will increase with the increase of the lap rotating speed. This is because the
probability of the direct contact between the element and micro-convex body on the surface
of the polishing lap decreases with the increase of the thickness of the liquid film. When
the rotating velocity increases to a certain extent, the proportion of the liquid film load
increases slowly and is close to 1. It indicates that the lubrication state is in hydrodynamic
lubrication mode at this time. The element and polishing lap are completely separated by a
continuous liquid film, and the load is completely borne by the liquid film.
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Figure 6. Relationship between liquid film bearing ratio and velocity under different roughness.

The relationship between the liquid film bearing ratio and polishing load under
different roughness is shown in Figure 7. When the rotating speed of the polishing lap is a
constant, the proportion of the liquid film decreases with the increase of the total load, and
gradually approaches zero. This is because when the contact area between the element and
polishing lap increases, it squeezes the flow space of the polishing liquid and reduces the
thickness of the liquid film. When the total load is a constant and the roughness increases,
the liquid film thickness still increases.

Figure 7. Relationship between liquid film bearing ratio and element pressure under different
lap roughness.

3.4.3. Calculation Results of Pressure Distribution

In continuous polishing, the optical element is removed by the friction with the
polishing particles on the surface of the polishing lap. It is assumed that the load of the
element is borne by the micro-convex body on the polishing lap and polishing fluid. The
actual material removal is only related to the contact pressure on the surface of the polishing
lap. Therefore, the actual polishing pressure of the element in the mixture lubrication mode
is obtained by subtracting the liquid film pressure from the load of the optic. According to
the simplified Reynolds Equation (16), the liquid film pressure distribution under different
total loads is shown in Figure 8a. The micro-convex body bearing pressure distribution
under different total loads is shown in Figure 8b. It can be seen from the figure that the
distribution of the liquid film pressure is symmetrical around the center of the element,
and the pressure in the center of the element is the highest. The maximum liquid film
pressure increases with the increase of the external load. This is because, on the one hand,
the increase of the overall pressure of the element leads to the increase of the liquid film
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pressure. On the other hand, due to the increase of the external load of the element, the
thickness of the liquid film decreases and the bearing capacity of the liquid film is weakened.
As a result, the maximum liquid film pressure increases slowly when the external load
becomes large.

  
(a) (b) 

Figure 8. Distribution of liquid film pressure along horizontal direction under different external
loads. (a) Liquid film pressure distribution (b) Polishing pressure distribution.

The distribution curve of the liquid film pressure along the horizontal direction is
shown in Figure 9. It can be seen that the liquid film pressure increases with the roughness
increase. This is because the roughness of the polishing lap surface enhances the flow of
polishing liquid and increases the thickness of the liquid film. Thus, the loading force of the
liquid film is increased, and the bearing capacity of the polishing liquid film is increased.
At the same time, it can be seen that when the roughness increases, the maximum liquid
film pressure increases faster, but at the same time, the liquid film pressure distribution
becomes nonuniform, so the appropriate surface roughness of the polishing lap should be
selected for polishing.

 
(a) (b) 

Figure 9. Liquid film pressure distribution along the radial direction of the element under different
roughness. (a) Liquid film pressure distribution; (b) Polishing pressure distribution.

The liquid film pressure distribution under different lap rotating speeds is shown in
Figure 10. It can be seen that the liquid film pressure is symmetrically distributed around
the center of the element. The maximum liquid film pressure increases with the increase
of the rotating speed of the polishing lap. It shows that higher polishing speed is not
conducive to the uniform distribution of the liquid film pressure. When the polishing
speed is large, the material removal rate of the optic is also larger, which is easy to damage
the surface of the optical element. In order to ensure the surface quality, it is necessary to
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improve the roughness of the polishing pad and increase the average liquid film thickness
to protect the surface of the optic.

 
(a) (b) 

Figure 10. Relationship between liquid film pressure distribution and rotating speed. (a) Liquid film
pressure distribution; (b) Polishing pressure distribution.

3.4.4. Friction Coefficient Calculation Results and Experimental Verification

To verify the accuracy of the numerical simulation results, the friction coefficient
measurement experiments were carried out. Fpt-f1 friction stripping tester was used
for the friction coefficient measurement test. The friction pair is fused quartz glass and
asphalt block, and the polishing fluid is used for the lubrication. The friction coefficients
of the friction pair at different rotating speeds are obtained. The numerical calculated
and experimental results of the friction coefficient are as shown in Figure 11. The abscissa
of the friction coefficient curve is the relative speed between the element and polishing
lap, and the ordinate is the friction coefficient between the element and polishing lap.
It can be seen that the friction coefficient curves obtained by the numerical calculation
and experimental measurement are similar to the Stribeck curve. The friction coefficient
decreases first and then increases with the increase of the relative speed. The numerical
values of the two curves are also approximately equal in different lubrication zones, which
verifies the correctness of the numerical results. At the same time, for the ring polishing
process, the relative speed of the element and polishing lap is 0.3–0.5 rpm. In the figure, it
belongs to the mixture lubrication area, which further proves that the lubrication mode of
the annular polishing belongs to mixture lubrication.

Figure 11. Experimental and calculated results of friction coefficient.
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4. Numerical Model Verification Experiment of Mixture Lubrication

4.1. Experimental Method

The surface shape measurement experiments before and after the surface shape ma-
chining of the annular polishing element are carried out, the material removal distribution
in the process of the element polishing is obtained, and the accuracy of the pressure distri-
bution calculated by the numerical model is verified. First, the liquid film pressure and
bearing pressure distribution of the polishing lap are obtained through the calculation of
the mixture lubrication numerical model. The material removal distribution is obtained
according to Preston material removal equation of Equation (26) [27,28]. A fused quartz
optical element with a size of 430 mm × 430 mm × 80 mm is selected for the experiment,
and the distance between the element center and center of the polishing lap is 1.6 m. The
average polishing pressure of the optical element is about 2.0 KPa. Material removal co-
efficient in Preston equation is equal to k = 4.73 × 10−13/Pa, and polishing time is t = 3 h.
Different process parameters are selected for rotating speed and polishing lap roughness.

MRR = K · P · V (26)

4.2. Experimental Result
4.2.1. Influence of Different Rotating Speeds on Material Removal Uniformity

When the rotating speed of the polishing lap is changed, the result distribution of the
material removal rate calculated according to the numerical simulation model is shown in
Figure 12. When the rotating speed is 0.3 rpm, the difference of the material removal rate
between the optic center and optic edge is 2.26 × 10−11 m/s. When the polishing time is 3 h,
the material removal is 0.23 μm, which is about 0.36 λ (1 λ = 0.6328 μm). When the rotating
speed is 0.7 rpm, the difference of the material removal rate between the optic center and
optic edge is 9.6 × 10−11 m/s. When the polishing time is 3 h, the material removal is
1.03 μm, which is about 1.64 λ. When the polishing time is 3 h, the material removal is
0.23 μm, which is about 0.36 λ. When the rotating speed is 0.7 rpm, the difference of the
material removal rate between the optic center and optic edge is 9.6 × 10−11 m/s. When
the polishing time is 3 h, the material removal is 1.03 μm, which is about 1.64 λ.

 
(a) (b) 

Figure 12. Factors affecting material removal rate. (a) Effect of rotating speed on material removal
rate (b) Effect of roughness on material removal rate.

In the experiment, two optics with concave initial surface shape were polished at
0.3 and 0.7 rpm, respectively. Then, the surface shapes of the elements were measured
after polishing for 3 h. The lowest point of the element is taken as the reference, and the
difference of the material removal amount between the center and edge of the element is
the subtraction of the surface shape before and after polishing. The initial surface shape
and the processed surface shape of the elements are shown in Figure 13. It can be seen
that when the rotating speed is 0.3 rpm, the optic edge material is removed by 0.33 λ more
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than the center, which is close to the simulated result. When the rotating speed is 0.7 rpm,
the edge material of the optic is removed by 1.56 λ more than the center, which is also
approximately equal to the calculated result. Thus, for the optical elements with concave
shape, increasing the rotating speed can improve the surface flatness.

 
Figure 13. Experiment of influence law of rotating speed on element surface shape. (a) Rotating
speed is 0.3 rpm before polishing, (b) rotating speed is 0.3 rpm after polishing, (c) rotating speed is
0.7 rpm before polishing and (d) rotating speed is 0.7 rpm after polishing.

In conclusion, the use of low-speed process parameters is conducive to the uniformity
of the material removal distribution, but is not conducive to the processing efficiency. High
rotating speed will increase the material removal rate and make the surface shape of the
element become more convex, which is suitable for the element whose initial surface shape
is concave. Therefore, in the actual processing, it is necessary consider the surface shape of
the initial element and select the appropriate speed parameters [29–31].

4.2.2. Influence of Different Polishing Lap Surface Roughness on Material Removal Uniformity

According to the calculation by the simulation model, when the surface roughness
of the polishing lap is 10 μm, the difference of the material removal on the surface of the
component after machining for 3 h is about 0.35 μm, which is about 0.53 λ. When the
surface roughness of the polishing lap is 20 μm, the difference of element surface removal
is about 0.49 μm, which is about 0.8 λ.

The surface roughness Ra of the polishing lap selected in the experiment is about 9.8
and 19.4 μm respectively. When the surface roughness of the polishing lap is 9.8 μm, the
material removal difference between the optic edge and optic center is 0.33 μm, which is
about 0.52 λ. When the surface roughness of the polishing lap is 19.4 μm, the material
removal difference between the optic edge and optic center is 0.48 μm, which is about
0.76 λ. The surface shapes of the optic before and after polished are shown in Figure 14.
Thus, when it is necessary to improve the material removal rate at the center, the polishing
lap roughness should be increased [32].

31



Crystals 2022, 12, 736

 

Figure 14. Influence law of roughness on element surface shape. (a) Lap roughness is 9.8 μm before
polishing, (b) lap roughness is 9.8 μm after polishing, (c) lap roughness is 19.4 μm before polishing
and (d) lap roughness is 19.4 μm after polishing.

4.2.3. Optic Surface Shape Optimization Experiment

The final surface shape of the element can be actively controlled by adjusting the
process parameter according to above experiments. A fused quartz optical element with
a size of 430 mm × 430 mm × 80 mm is selected in the experiment, and its initial surface
shape is 0.97 λ, as shown in Figure 15a. According to the calculation, when the material
removal required for the element edge is 0.97 λ more than the center, the rotating speed of
the polishing lap is selected as 0.5 rpm, and the surface roughness of the polishing lap is
controlled to be 9.8 μm. The surface shape of the element obtained after polishing for 3 h is
shown in Figure 15b. The material removal amount of the optic center is 0.88 λ, which is
approximately equal to the calculated result, and the final surface shape PV is better than
0.1 λ.

 
(a) (b) 

Figure 15. Experimental results of element surface shape measurement. (a) PV = 0.9 7λ; (b) PV = 0.09 λ.

5. Conclusions

Three possible contact modes between the optical elements and polishing lap in the
annular polishing were analyzed. The lubrication mode in the continuous polishing belongs
to mixture lubrication judged by calculating the film thickness ratio.

Based on the hydrodynamics theory, a numerical calculation model of the mixture
lubrication in continuous polishing was developed. The influences of the polishing lap
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roughness, polishing speed and external load on the liquid film thickness, bearing ratio of
the liquid film and polishing pressure distribution were revealed. The numerical simulation
results indicated increasing the surface roughness of the polishing lap, polishing speed and
optic load was not conducive to the uniformity of the pressure distribution. The numerical
calculated and experimental results of the friction coefficient indicated that the friction
coefficient decreased and then increased as rotating speed was increased.

The continuous polishing experiments of the fused quartz were carried out, and the
influences of the surface roughness of the polishing lap and rotating speed on material
removal rate of the optics were analyzed. The shape evolution rule of the optical element
during the continuous polishing process was revealed. For fused silica elements, the
material removal amount was calculated according to its initial surface shape. The surface
shape accuracy was improved by selecting appropriate process parameters, such as the
surface roughness and rotating speed of the polishing lap. By optimizing the process
parameters, the surface PV of optical elements can be better than 0.1 λ.
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Abstract: The thermal-controlled fracture method has been increasingly focused upon in the high-
quality splitting of advanced brittle materials due to its excellent characteristics related to the fact
that it does not remove material. For opaque, brittle materials, their poor fracture quality and low
machining capacity resulting from their single-sided heat mode is a bottleneck problem at present.
This work proposed the use of dual-sided thermal stress induced by microwave to split opaque,
brittle materials. The experimental results indicate that the machining capacity of this method is more
than twice that of the single-sided heat mode, and the fracture quality in splitting opaque, brittle
materials was significantly improved by dual-sided thermal stress. A microwave cutting experiment
was carried out to investigate the distribution characteristic of fracture quality by using different
workpiece thicknesses and processing parameters. A dual-sided thermal stress cutting model was
established to calculate the temperature field and thermal stress field and was used to simulate the
crack propagation behaviors. The accuracy of the simulation model was verified using temperature
measurement experiments. The improvement mechanism of the machining capacity and fracture
quality of this method was revealed using the fracture mechanics theory based on calculation results
from a simulation. This study provides an innovative and feasible method for cutting opaque, brittle
materials with promising fracture quality and machining capacity for industrial application.

Keywords: opaque; brittle materials; thermal-controlled fracture method; dual-sided thermal stress;
microwave cutting; machining capacity; fracture quality; simulation model; crack propagation behavior

1. Introduction

Opaque, brittle materials, mainly including advanced ceramics, have been widely used
in industrial fields due to their excellent properties of high-temperature performance, low
expansion, high hardness and corrosion resistance. However, these intrinsic characteristics
induce processing difficulties, especially in the splitting process of separating a whole
blank into small pieces. The conventional cutting method depends on removing surplus
materials between the parts by contact force, melting, ablation, etc. Due to its brittleness,
these methods tend to damage fresh surfaces and cause serious fracture quality problems
such as micro-cracks, stripes and heat-affected zones [1].

In 1968, Lumley proposed the method of guiding crack propagation by thermal stress
to split brittle material. According to its processing principle, it is called the thermal-
controlled fracture method (TCFM) [2]. The TCFM has the advantages of no material
removal, no high temperature effect (under 500 ◦C) and no force impact. It can achieve
high splitting efficiency (its splitting speed can reach more than 10 mm/s) and good frac-
ture quality (its arithmetic mean deviation of contour (Ra) can reach less than 10 nm) [3].
Therefore, the TCFM has obvious advantages compared with conventional cutting tech-
niques such as abrasive wheel cutting, diamond saw cutting, abrasive water jet machining,
ultrashort pulse laser beam ablation methods and other processing method [1,4–7], and
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has become a promising machining method, attracting the interest of many researchers in
the field of brittle material processing [8–12]. The thermal stress used to split material in
the TCFM is produced by a heat source on the surface or in the body of the workpiece (as
shown in Figure 1).

(a) (b) 

Figure 1. Schematic diagram of heat source type in thermal-controlled fracture method. (a) Surface
heat source, (b) body heat source.

The site of a heat source in a material is mainly determined by its absorption type for
energy sources such as laser beam. The research regarding splitting glass using the TCFM
have proven that the body absorption type which produces body heat sources can produce
better processing quality than that of surface heat sources [3,9]. Using body heat sources,
the process of splitting LED glass using the TCFM has been realized in industrialization [13].
However, a body heat source is mainly formed in transparent, brittle materials such as
glass. For opaque, brittle materials, a thermogenic beam such as a laser beam can only be
absorbed by the surface of the material to form a surface heat source [14–17]. Since the
heat source is formed on a single surface of the material in these cases, this cutting mode is
called the single-sided thermal stress method (SSTM).

The SSTM is mainly used for cutting thin brittle materials such as silicon wafer,
sapphire and ceramic substrate (generally no more than 1 mm thickness). Ueda used the
SSTM to cut silicon wafers and ceramic sheets, and the results indicated that the surface
roughness can reach 100 μm for Si3N4, 1.3 μm for Al2O3 ceramic and 0.7 μm for crystalline
silicon; however, the thickness of these specimens was only 0.5 mm [8]. Although it has
ideal processing quality for thin materials, it has been reported that the cutting quality by
the single-sided cutting mode is remarkably worse than that of the full-body cutting form
for thick brittle materials [13,17]. The work of Saman indicated that the worse fracture
quality by the SSTM is because the effect of thermal stress on thickness is not adequate
for the material to be cut, and its maximum tensile stress is in the reverse side of the pre-
crack [18]. Cai used a laser to cut thick Al2O3 ceramic materials, and the results indicated
that it was difficult to split thick ceramic materials with the single-sided heat mode, and its
processing quality was poor [19]. Thus, the machining capacity and processing quality of
the SSTM hinder the application of the TCFM in the field of cutting opaque, brittle materials.

Due to the high dielectric properties, some opaque, brittle materials have good absorp-
tion capacity for microwaves. This means these ceramics can form body heat sources via
microwave beams. Wang successfully used a microwave of 2.45 GHz to treat SiC ceramics
in the full-body cutting form using the TCFM [20]. However, for those other opaque, brittle
materials such as Al2O3 and Si3N4 ceramics, which have low dielectric coefficients, heating
in the body form via microwave is as difficult as it is with laser beams. Cheng and Wang
used microwaves to cut Al2O3 ceramics coated with graphite, which has good absorptivity
for microwaves; this method is an SSTM [21,22].

To overcome the defects of the SSTM, Cai used dual laser beams to cut glass–silicon–
glass plates based on the TCFM [23]. However, the dual laser beams method requires
relatively complex alignment technology, and the two laser beams need to have exactly the
same operation states, which results in a great increase in processing costs. Furthermore,
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the minimum temperature needed to split brittle material using laser beams in the TCFM
is higher than that needed for microwaves, which would induce unnecessary thermal
damage [20].

In this work, microwave-induced dual-sided thermal stress (MIDT) was proposed for
splitting opaque, brittle materials to improve the machining capacity and processing quality
of the SSTM. Compared with the dual laser beams method, MIDT needs just one energy
source. The high dielectric loss material of graphite was used to coat the upper and lower
surfaces of the processing area of the opaque, brittle plates to form a dual heat source. The
microwave absorbed by the upper surface was used to form an upper heat source, and the
remainder of the energy penetrating the ceramic plate was absorbed by the lower surface
and used to form lower heat source. Cutting experiments were conducted to study the
machining capacity and the effects of processing parameters on fracture quality. An MIDT
cutting simulation model was developed to analyze the improvement mechanism of the
machining capacity and fracture quality using this method. This method demonstrated
significant potential for the precise cutting of thick opaque, brittle materials using the
thermal-controlled fracture method.

2. Experiment

2.1. Experimental Principle

Al2O3 ceramic is an opaque, brittle material that has a low dielectric coefficient. The
cutting of this ceramic with the TCFM is usually performed in the single-sided heat mode.
Figure 2 shows the schematic diagram of heating low-dielectric-coefficient materials on
their dual-sided surface via microwaves. In this work, high-dielectric-coefficient graphite
material was used to coat the upper and lower surfaces of the low-dielectric-coefficient
Al2O3 ceramics to absorb microwaves and generate upper and lower surface heat sources.
To control the distribution of the heat sources, the coating material was restricted within
a certain range along the cutting line.

Figure 2. Schematic diagram of single microwave beam heating upper and lower surface of the material.

The cutting of ceramic via MIDT was realized by the heat generated by high electro-
magnetic loss on the dual side of the coating material to induce thermal stress and guide
crack propagation. It is feasible to use one waveguide output to realize dual-sided thermal
stress because only part of the energy was lost when the microwave irradiated the upper
coating materials. The remaining microwave energy could pass through the dielectric
ceramic without much electromagnetic loss onto the lower surface coating material to
generate heat. In this way, the upper and lower coating materials directly transferred the
heat generated by electromagnetic loss to the workpiece and produced dual-sided thermal
stress. Since the upper and lower heat sources were generated by the same microwave
beam, the neutrality of the heat source did not need to be adjusted. Compared with the
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dual laser beam heating scheme adopted by Zhao and Cai, this project greatly reduces the
equipment and technical costs [9,10,23].

A schematic diagram of cutting ceramic via MIDT is shown in Figure 3. As is shown,
the heat sites in both sides were located directly below the waveguide output (Figure 3a).
The uneven heat distribution produced a thermal stress field in the material. The tip
of prefabricated crack could produce a stress amplification effect and was the weakest
position at the same time. When the tensile stress at the tip exceeded the fracture limit of
the material, the crack system reached the cracking condition. Based on the appropriate
moving speed between the material and the waveguide generated by the motion device,
the crack propagated forward at the appropriate speed, so as to realize the cutting of
the material (Figure 3b,c). Since the thermal stress was induced at the dual side of the
material at the same time, this is called the microwave-induced dual-sided thermal stress
cutting method.

(a) (b) (c) 

Figure 3. Schematic diagram of cutting ceramic by using microwave-induced dual-sided thermal
stress. (a) Heating stage; (b) thermal stress stage; (c) crack propagation stage.

2.2. Experimental Material and Apparatus

Figure 4 shows the schematic diagram of the microwave-induced dual-sided thermal
stress cutting system and the cutting machine. The microwave generated by the microwave
source was modulated by the Bj26 waveguide device and was guided into the focusing
equipment. Then, the focusing equipment output focused the microwave for processing
from the inner conductor. The workpiece with a highly dielectric coating was directly
below the inner core of the waveguide output. In order to obtain the accurate cutting
position and movement, the workpiece was placed on an NC motion device which could
realize x-y-z three-direction movement. The function of the z-axis was to adjust the distance
between the inner core of the waveguide and the workpiece to achieve specific power
density. The microwave cutting machine tool was equipped with safety facilities such as
a safety filter screen, microwave absorption vessel and microwave safety door to ensure
safety and reliability. The microwave frequency used in this study was 2.45GHz, and the
maximum output power of the equipment was 1500 W.

Figure 5 shows the workpiece of Al2O3 ceramic, in which the black part in the mid-
dle is the coated graphite which had a thickness of 0.1 mm and a width of 1 mm. The
dimensions of the ceramic material were 100 mm × 100 mm in size, and the thickness
had different specifications of 1 mm, 2 mm, 4 mm, 6 mm and 8 mm. The coating position
was symmetrically distributed on the upper and lower surfaces along the cutting line.
A pre-crack was fabricated on the end of the workpiece with a diamond wire saw. The
graphite was a micron-sized powder material (mesh of 8000 and particle size of 1.6 μm),
evenly prepared with alcohol and then coated onto the surface of workpiece with precision
powder spreading equipment.
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(a) (b) 

Figure 4. The microwave-induced dual-sided thermal stress cutting machine. (a) Schematic of the
experimental apparatus; (b) microwave-induced dual-sided thermal stress cutting machine.

Figure 5. Al2O3 ceramic plate coated with graphite.

Table 1 shows the range of processing parameters used in the experiment. The
main processing parameters which could be controlled were microwave power and scan-
ning speed.

Table 1. Processing parameters of in microwave cutting of Al2O3 ceramic using TCFM.

Test Group
No

Workpiece
Thickness

(mm)

Single-Sided Heat Source Dual-Sided Heat Source

Microwave
Power (W)

Scanning
Speed (mm/s)

Microwave
Power (W)

Microwave
Power (W)

NO.1 1 600–1200 2.0–3.5 400–700 2.0–3.5
NO.2 2 900–1500 0.5–2.0 800–1100 2.0–3.5
NO.3 4 1200–1500 0.3–0.6 1200–1500 1.0–2.5
NO.4 6 1200–1500 0.1–0.4 1200–1500 0.5–2.0
NO.5 8 1200–1500 0.1–0.4 1200–1500 0.25–1.00

In order to study the effect of dual-sided heating method on the machining ability,
experiments with both single-sided and dual-sided heat sources for cutting ceramic using
TCFM were carried out. Each test was repeated four times. The mean values were selected
as the final results. These processing parameter ranges were determined in advance by
a thermal stress cutting simulation. The guidance for determining the processing parameter
range from the simulation was that the cutting process could be realized and had acceptable
crack propagation quality. To investigate the distribution characteristics of the fracture
quality via MIDT, the surface roughness of the fracture surface was measured at 10 mm,
50 mm and 90 mm along the cutting direction, with three measurement positions along the
thickness direction at each site. The distribution of these measurement sites is shown in
Figure 6.
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Figure 6. Location of surface roughness measurement points in fracture surface of the workpiece
with different thickness of material. (a) 1 mm; (b) 2 mm.

3. Results

3.1. Machining Capacity

Table 2 shows the experimental results of machining capacity in the cutting of Al2O3
ceramic by using the TCFM induced by single-sided and dual-sided heat sources. The
processing parameters shown in Table 1 could realize the cutting of ceramic materials and
achieve acceptable cutting quality at the same time. It can be seen from Table 2 that when
the single-sided heating method was adopted, the maximum processing thickness was
2 mm, while the dual-sided heat source could realize 8 mm. It is notable that the cutting
speed could be more than 100 times higher than that of the diamond wire saw cutting
method, which was about 0.01 mm/s [24].

Table 2. Experimental results of machining capacity in cutting of Al2O3 ceramic by using TCFM.

Workpiece
Thickness (mm)

Single-Sided Heat Source Dual-Sided Heat Source

Microwave
Power (W)

Cutting Speed
(mm/s)

Microwave
Power (W)

Cutting Speed
(mm/s)

1 1000 3 600 3
2 1500 0.5/1.0 1000 3
4 —— —— 1500 2
6 —— —— 1500 1
8 —— —— 1500 0.5

Figure 7 shows the experimental results of cutting Al2O3 ceramic with thickness of
8 mm with MIDT. They indicate that the MIDT cutting method can achieve an excellent
fracture surface and an approximately straight crack propagation path.

 
(a) (b) (c) 

Figure 7. Experimental results of cutting Al2O3 ceramic with thickness of 8 mm with MIDT. (a) The
workpiece before cutting, (b) fracture surface after cutting, (c) top surface and the crack propagation
path after cutting.
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3.2. Fracture Quality

Figure 8 shows the fracture surface micrograph and 3D outline figure of the workpiece
after cutting Al2O3 ceramic materials with thicknesses of 2 mm and 8 mm by using MIDT.
The sampling location of the 8 mm thickness was at the middle depth of the material with
the same scale of the 2 mm thickness. The processing parameters for these two thicknesses
of ceramic materials are shown in Table 1. From Figure 8b, it can be seen that most areas
in the middle depth were relatively flat and were much better than those near the surface.
At the middle depth of 8 mm thickness, the contour fluctuation was greater than that of
the material with 2 mm thickness with larger irregularity. The arithmetic average surface
roughness Ra at the middle depth after cutting could achieve 4 μm when cutting the
workpiece with 8 mm thickness. This was much better than that of the wire saw cutting
method, which is the most popular technique used to cut ceramics [1].

  
(a) (b) 

  
(c) (d) 

Figure 8. Fracture surface in cutting Al2O3 ceramic using MIDT. (a) The micrograph of fracture
surface with thickness of 2 mm, (b) 3D figure of fracture surface of material with thickness of 2 mm,
(c) the micrograph of fracture surface with thickness of 8 mm, (d) 3D figure of fracture surface of
material with thickness of 8 mm.

Figure 9 shows a 3D figure of the section profile of Al2O3 ceramic with a thickness
of 2 mm cut with a microwave-induced single-sided heat source using the TCFM. The
processing parameters used are shown in Table 1, where the cutting speed used was
1.0 mm/s. Comparing Figures 8 and 9, it is notable that dual-sided induced thermal stress
could obtain better fracture quality than that of single-sided induced thermal stress.

Figure 10 shows the effect of microwave power on surface roughness Ra in cutting
Al2O3 ceramics using MIDT. It can be seen that the fracture quality of the material 1 mm
thickness was better than that with 2 mm thickness. The surface roughness Ra increased
dramatically with the increase in microwave power, which was independent of material
thickness. It is noteworthy that the fracture quality in the middle section was much better
than that in the inlet and outlet of the material. The fracture quality in the middle section,
shown in Figure 10c,d, indicated that the fracture quality at the middle depth is better
than that near the surface. The fracture quality shown in Figure 10c was better than that
achieved with the laser-induced single-sided thermal stress method reported by [8], in
which the Ra was 1.3 μm and the thickness was 0.5 mm, which was thinner than that in
this study.
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Figure 9. Fracture surface of Al2O3 ceramic with thickness of 2 mm cut with microwave-induced
single side surface heat source.
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Figure 10. The influence of microwave power on the surface roughness Ra of fracture surface in
cutting Al2O3 ceramic using MIDT. (a) Fracture quality along the cutting direction with thickness
of 1 mm, (b) fracture quality along the cutting direction with thickness of 2 mm, (c) fracture quality
distribution along thickness at the middle section with thickness of 1 mm, (d) fracture quality
distribution along thickness at the middle section with thickness of 2 mm.
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4. Discussion

4.1. Finite Element Modeling of the Cutting Process

The main physical processes of cutting opaque, brittle materials with MIDT are as follows:

(1) Absorption of microwave and heat generation.

The microwave is absorbed at the upper coating material, and then it penetrates the
ceramic material body almost without loss and is absorbed by the lower coating material.
In this way, the microwave is absorbed by the upper and lower coating materials and
dual-sided surface heat is generated. The thermal power density on the upper and lower
surface can be calculated by

PZ = 2π f ε0εr tan δ|Et(x, y, z)|2 (1)

where PZ (W/m3) is the thermal power density, f (GHz) is the microwave frequency, ε0
(8.85 × 10−12 F/m) is the vacuum permittivity, εr is the relative permittivity of graphite, δ
is dielectric loss angle and Et(x, y, z) (V/m) is the electric field intensity.

(2) Heat transfer process.

The heat generated at the upper and lower surfaces is transmitted from the surface to
the ceramic material body. This process is accompanied by changes in heat convection and
heat radiation between the material and the environment.

According to Fourier heat transfer and energy conservation law, taking the plane where
the surface heat source is located as the X-Y plane and the direction which is perpendicular
to the plane as the Z axis in the Cartesian coordinate system, the heat transfer differential
equation inside the workpiece in a non-equilibrium state can be expressed as

ρc
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
+

∂

∂z

(
λ

∂T
∂z

)
+

·
Q(x, y, z, t) (2)

where ρ is material density (Kg·m−3), c is specific heat (J/Kg·◦C), λ is thermal conductivity

(W/m·◦C) and
·

Q is heat production per unit volume (J·m−3), which is related to PZ in
Equation (1). The heat convection and the heat radiation between the workpiece and the
environment also needs to be considered.

(3) Thermal stress generation.

According to the thermal stress theory, the uneven heat distribution induces thermal
stress in the material. The calculation of a thermal stress field is mainly based on the
following constitutive equation:

σij = Dijmnεmn − βijT (3)

where σij is the stress component (MPa), Dijmn is the elastic coefficient (MPa), εij is the strain
component, T is the temperature distribution in Equation (3) and βij is the thermal stress
coefficient (MPa). The solution of thermal stress needs to combine geometric equations and
equilibrium differential equations.

(4) Crack propagation process.

When the tensile stress acts on the prefabricated crack and exceeds the fracture strength
of the material, the pre-crack can propagate. This process includes the mutual transforma-
tion of elastic energy and surface energy in the crack system.

When the vertical tensile stress component of the crack tip σA is greater than the
critical stress σF, the crack begins to propagate, and the material begins to be cut. σF can be
expressed as

σF =
[
2E′γ/(πc0)

]1/2 (4)

43



Crystals 2022, 12, 801

where c0 is the size of the pre-crack (m), E′ is the equivalent elastic modulus (Pa) and γ is
free surface energy per unit area (J/m2). σA can be obtained by Equation (3) using the finite
element method (FEM).

The cutting of opaque, brittle materials via thermal stress is an uncoupled thermoelas-
tic physical process, in which the calculation of the temperature field, thermal stress field
and crack propagation requires finite element modeling (FEM) technology. Based on the
above theoretical modeling, the calculation of the temperature field, stress field and crack
propagation in cutting opaque, brittle materials via MIDT was realized by using the finite
element simulation software ABAQUS. The mechanical and thermophysical properties of
Al2O3 ceramic materials are shown in Table 3.

Table 3. Mechanical and thermophysical properties of Al2O3 ceramic.

Physical Parameters Value

Thermal conductivity (W/m·◦C) 25
Density (g/cm3) 3.9

Specific heat (J/Kg·◦C) 880
Expansion coefficient (10−6/◦C) 7.5

Young’s modulus (G Pa) 370
Poisson ratio 0.22

Figure 11 shows the workpiece mesh model used in the simulation. The geometric
dimension of the model was 100 mm × 100 mm × 1 mm. Due to the large size of the
workpiece, the balance between calculation accuracy and calculation efficiency needed to
be considered. Therefore, mesh refinement was carried out around the crack propagation
zone, and coarse mesh was used in the other sites. The refinement of the middle part, which
had a 10 mm width, was the scanning mesh type, and the coarse mesh at other positions
was of the structured mesh type. The minimum mesh size was 0.071 mm and was along
the thickness direction of the workpiece.

Figure 11. Workpiece mesh model.

Figure 12 shows the finite element simulation flow. The reasonable construction and
setting were mainly carried out from three aspects: geometric modeling, physical modeling
and the calculation method. The temperature was the loading condition for subsequent
thermal stress and crack propagation simulation. The accuracy of the calculation results
was related to the reliability of the whole model.

Thus, the simulated temperature needed to be verified by experiments to check the
accuracy of the model. The optical fiber temperature measurement experiment was carried
out to verify the temperature simulation results. Figure 13 shows the comparation between
the temperament measurements results and the prediction results from the simulation.
From Figure 13, it can be seen that the simulation results had good agreement with the
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experimental results. This indicates that the model was established correctly and could be
used to analyze the cutting mechanism in this process.

• 
• 
• 

• 
• 

• 
• 
• 

Figure 12. Flow chart of simulation process.

X 
 X 

X 
 X 

 X 
 X 

Figure 13. Comparation between the temperature simulation results and the experimental results.
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4.2. Mechanism of the High Machining Capacity

Figure 14 shows the evolution of the temperature field induced by the dual-sided
heat method. The scanning speed of the heat source was 3 mm/s, the microwave power
was 600 W, the thickness of the workpiece was 1 mm and the dimensions of the other
two directions were 100 mm. From Figure 14, it can be seen that the upper and lower
heat-affected zone induced by the two heat sources kept approaching and finally connected
as a thin waist shape. It can be derived that the deeper heating zone (at least twice as
much) produced by the dual-sided heat mode was a direct reason for the improvement
in the machining capacity. The effective heating depth enhanced by the dual-sided heat
mode was more than twice that of the single-sided heat mode, because there was no low-
temperature convection in the case of the dual-sided heating mode. This is the reason why
the machining capacity of the dual-sided heating method was more than twice that of the
single-sided heating method.

Figure 14. Evolution of temperature field in cutting Al2O3 ceramics with dual-sided heat mode at
(a) 2.433 s, (b) 3.033 s and (c) 4.033 s.

Figure 15 shows the evolution of the transverse tensile stress induced by the dual-sided
heat method. From Figure 15, it can be seen that the maximum compressive stress was
divided into upper and lower areas at first and then kept approaching and connected as
a thin waist shape. It could be found that the tensile stress zone in front of the compressive
stress zone, which was used to cut the workpiece, had an integrated shape. Figure 16
shows the contrast of the distribution of the thermal stress of the single and dual-sided
heat modes and their effect on the on the maximum cutting thickness. It is notable that the
depth of the tensile stress had a positive correlation with the machining capacity.

  
(a) (b) (c) 

Figure 15. The distribution of transverse tensile stress in the workpiece heated by the dual-sided heat
mode at (a) t = 0.9000 s, (b) t = 1.767 s and (c) t = 4.030 s.
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(a) (b) 

Figure 16. (a) Comparison of the distribution of thermal-stress between the single and dual-sided
heat modes. (b) The effect of heat mode on the maximum cutting thickness.

4.3. Analysis of the Fracture Quality Distribution

Figure 17 shows the tensile stress evolution and crack propagation mode in the
crack initiation stage in cutting Al2O3 ceramics using the thermal cracking method via
a microwave-induced dual-sided heat source. As is shown in Figure 17a, the pre-crack first
experienced the action of tensile stress as the upper and lower heat source were loaded on
the edge of the workpiece.

 

Figure 17. Transverse tensile stress evolution and initial crack behavior in cutting ceramics using
thermal cracking method with microwave dual-surface heat source at (a) 0.06667 s, (b) 1.17083 s,
(c) 1.33750 s, (d) 2.40857 s, (e) 2.42267 s and (f) 2.42860 s. (The microwave power is 600 W, the scanning
speed is 3 mm/s, the dual-sided coated graphite thickness is 100 μm and the effective power radius
2 mm).
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Then, with the dual-sided heat source moving to the site shown in Figure 17b, which
was just above the pre-crack, and moving further, the tensile stress continually gathered
toward the pre-crack again. At the stage shown in Figure 17d, when the tensile stress at
the center thickness of the material exceeded the fracture strength, the new crack front
formed. Finally, the new crack front at the center thickness propagated and drove the whole
thickness to extend forward.

The initial cracking process under the action of bulk heat source was simulated to
compare it with the crack initiation characteristic of dual-sided heat sources. Figure 18
shows the transverse tensile stress distribution and initial crack propagation evolution
when the glass was cut by a bulk heat source. The geometric model used was the same as
that used in Al2O3 ceramics, and the crack propagation simulation calculation was also
carried out by using extended finite-element technology. The remarkable difference from
the dual-sided loading mode was that the compressive stress zone, which represented the
maximum temperature zone, was on the center of the material. This difference led to crack
initiation near the upper and lower surface of the material, shown in Figure 18, which was
also reported in Zhao’s research [9].

 

Figure 18. Transverse tensile stress evolution and crack behavior in the process of crack initiation
of cutting glass using thermal cracking method via bulk heat source at (a) 0.8193 s, (b) 1.3189 s,
(c) 1.5194 s, (d) 2.0206 s, (e) 2.1527 s and (f) 2.1860 s.

Figure 19 shows the transverse tensile stress distribution along the pre-crack at the
time when the crack initiation occurred in the thermal cracking of ceramic materials via
a dual-surface heat source (Figure 19a) and a bulk heat source (Figure 19b). From Figure 19,
it can be seen that the transverse tensile stress distribution characteristic along the pre-crack
in the dual-sided heat mode and the bulk heat mode was different, but together, they were
more significantly different from the single-sided heat mode, which is shown in Figure 20.
In the thermal cracking of glass, it was reported that the body heat mode has better cutting
quality than that of the single-sided heat mode [3]. It is the similarity in the transverse
tensile stress distribution style between the dual-sided heat mode and the bulk heat mode
that results in their better fracture quality than the single-sided heat mode.
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Z  
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Z  
(a) (b) 

Figure 19. Transverse tensile stress distribution along crack length direction before crack initiation
under the action of dual-surface heat source and comparison with that under the action of body heat
source. (a) Dual surface heat source; (b) body heat source.

s

 Z

Figure 20. Transverse tensile stress distribution at the bottom of pre-crack along the direction of
material thickness when the crack is expanding under single-sided heat source.

In fracture mechanics of brittle materials, a crack would propagate when the external
tensile stress exceeds the fracture strength of the material. From Figure 19, it can be seen that
the center thickness of the material in the dual-sided surface heat mode had approximately
equal tensile stress. The workpiece would fracture first at these high-external-stress and
low-gradient sections, which was accurately predicted in the crack propagation simulation
in Figure 17. Because this section in the thickness had a proportion beyond 70% and
this state could maintain at more than 80% of the cutting periods, the pre-crack almost
synchronously propagated in a large proportion of the middle section, shown in Figure 17.
Compared with the crack propagation style in the bulk heat mode, shown in Figure 18, in
which the fracture first occurred near the upper and lower surface, the dual-sided surface
heat mode would produce better cutting quality.

It is notable that the monotonous distribution of transverse tensile stress caused the
crack to initiate from the surface with high tensile stress and then expand to another surface,
shown in Figure 21, resulting in poor fracture quality and the serious uneven distribution
of section quality.
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Figure 21. Crack initiation mode of Al2O3 ceramic under single-surface heat source at (a) 1.6922 s,
(b) 1.7252 s, (c) 1.7269 s and (d) 1.7599 s.

Furthermore, it can be derived that the crack initiated at the maximum tensile stress
zone. This distribution of transverse tensile stress along the thickness direction in dual-
sided cutting mode is consistent with the distribution of the good section quality at the
middle depth and poor section quality near the surface in the experiment. Because the more
uniform stress distribution in the middle depth led to better quality in the middle depth,
and the larger stress gradient near the upper and lower surfaces led to poor section quality.

5. Conclusions

In this work, the microwave-induced dual-sided thermal stress method was proposed
to resolve the limited machining capacity and poor fracture quality problem produced by
the single-sided heat mode in splitting opaque, brittle material using the thermal-controlled
fracture method. The major conclusions from this study are summarized as follows.

The microwave-induced dual-sided thermal-cracking method was first proposed and
realized. The experimental results indicate that it could improve the machining capacity by
more than double compared with the single-sided mode.

The dual-sided thermal stress method provides better fracture quality and more
uniform section morphology compared with the single-sided mode.

A thermal-controlled fracture model based on dual-sided thermal stress was estab-
lished to calculate the temperature and the thermal stress distribution and simulate the
crack propagation behavior. The simulation results had good agreement with the experi-
ment result. The modeling was used to advance our understanding of the improvement
mechanism of the machining capacity and fracture quality for this method.

The depth of the transverse tensile stress along the thickness direction of the workpiece
was proven to have a positive correlation with the machining capacity by contrasting the
dual-sided and single-sided thermal stress cutting method.

The reason for the better fracture quality and more uniform section morphology
in the dual-sided thermal stress cutting mode is that the middle sites in the thickness
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direction of the workpiece could have an approximate equality transverse tensile stress
zone accounting for more than 70%, and this state could be maintained in more than 80%
of the cutting periods.

This study provides an innovative and feasible method for cutting opaque, brittle
materials with promising fracture quality and machining capacity for industrial application.
An important research direction in the future is the study of the influence of the matching of
dual heat sources on stress distribution at crack fronts and its effect on machining quality.
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Abstract: Reaction-Bonded Silicon Carbide (RB-SiC) ceramics possessing excellent mechanical and
chemical properties, whose surface integrities have an essential effect on their performance and
service life, have been widely used as substrates in the core parts of aerospace, optics and semicon-
ductors industries. The single abrasive scratching test is considered as the effective way to provide
the fundamental material removal mechanisms in the abrasive lapping and polishing of RB-SiC
ceramics for the best surface finish. In this study, a novel single abrasive scratching test with an
increasing scratching depth has been properly designed to represent the real abrasive lapping and
polishing process and employed to experimentally investigate the surface integrity regarding dif-
ferent scratching speeds. Three typical and different material removal stages, including the ductile
mode, ductile–brittle transition mode and brittle mode, can be clearly distinguished and it is found
that in the ductile material removal stage by increasing the scratching speed would inhibit the plastic
deformation and improve its surface integrity. It is also found that in the ductile–brittle transition and
brittle material removal stages, to increase the scratching speed would inhibit the plastic deformation
due to the fast scratching speed that limits the time of plastic deformation on the target, but it also
results in the increased length of lateral cracks with the increased scratching speed which can reflect
that the size of brittle chips, like brittle fractures and large grain fragmentations, increases as the
scratching speed increases. It can provide the references for the optimization of the abrasive lapping
and polishing of RB-SiC ceramics with high efficiency and surface quality.

Keywords: surface morphology; material removal mechanism; reaction-bonded silicon carbide
ceramics; abrasive scratching

1. Introduction

Due to the distinct mechanical and chemical properties of high erosion and wear
resistance, high thermal conductivity, high chemical inertness and low thermal expansion,
Reaction-Bonded Silicon Carbide (RB-SiC) ceramics have become the primary structure and
substrate materials necessary for the aerospace, optics and semiconductors industries [1–3].
However, the inherent characteristics of high hardness and low fracture toughness bring
large challenges in the machining of RB-SiC ceramics, and the surface integrity has an
essential influence on their performance and service life in practice. Abrasive machining,
as one of the non-traditional machining technologies, is a process to remove material by
means of micro-ploughing, micro-cutting, micro-fatigue and micro-cracking, and has been
extensively used to machine almost any material, particularly hard brittle materials [4–7].
Currently, the flat substrates of hard brittle materials, like RB-SiC ceramics, are usually
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prepared by using the abrasive lapping and polishing processes [8,9], and to ensure the
machining efficiency and quality, the optimization of processing parameters is necessary
by conducting and repeating associated experiments many times, which is to some extent
time-consuming and expensive. The single abrasive scratching test is considered one of
the effective ways to investigate the fundamental of material removal mechanisms and
provides good references for the abrasive machining process [10–13].

For hard brittle materials like RB-SiC ceramics, brittle material removal mode usually
dominates the erosion process in terms of cracks and fractures, while by properly controlling
the machining process the ductile material removal mode can be also found in removing
hard brittle materials in terms of micro-cutting and micro-ploughing [14,15]. Rao et al. [16]
employed the Vickers indenter to scratch the RB-SiC ceramics at elevated temperatures and
found that the material deformation and adhesive behavior enhanced the ductile material
removal and the coefficient of friction at elevated temperatures. Klecka and Subhash [17]
investigated the scratch-induced damage in alumina ceramics by considering the different
grain sizes and found that the intergranular fracture and grain dislodgement significantly
contributed to the lateral crack propagation and resultant material removal from the target
surface. Moreover, the multi-scratching tests were conducted by Yang et al. to reveal
stress interaction and crack propagation behavior of glass ceramics and it was found that
the material removal mechanism was distinctly related to the value and orientation of
stress [18].

Most of the current research work on exploring the material removal mechanisms
during the scratching process are either employing the nanoindentation or relatively low
scratching speed at nanoscale, but in the abrasive lapping and polishing process the speed of
abrasive particle scratching on the target surface is relatively large and the scratching depth
is varied due to the different pressures on the target surface. Thus, in this study, a novel
single abrasive scratching test on RB-SiC ceramics with an increasingly scratching depth
will be designed to experimentally investigate the surface integrity regarding different
scratching speeds with the assistance of high-tech measuring instruments, and it aims
to provide the references for optimizing the abrasive lapping and polishing of RB-SiC
ceramics with high efficiency and surface quality.

2. Experimental Work

2.1. Preparation of RB-SiC Ceramic Sample

The RB-SiC ceramic sample with dimensions of 10 mm × 10 mm × 3 mm is selected
as the target and the major material properties of RB-SiC ceramics are given in Table 1. In
order to guarantee the scratching stability of these samples in the experiment it is necessary
to make the inlaid treatment for them, as shown in Figure 1, where the sample is embedded
into the cylinder inlaid materials that is fixed by the gripping tong during the scratching
process. After the inlaid treatment of the sample, the surface of the sample was first lapped
parallel to the surface of the cylinder inlaid materials with P2400 sandpaper, and then it was
polished by using the diamond slurry with concentration of 10% by mass and diameters
of 2.5 μm and 1 μm, respectively, to realize the surface roughness of about 200 nm, which
facilitates for further observation and analysis.

Table 1. Material properties of RB-SiC ceramics.

Density (g/cm3) Elastic Modulus (GPa) Fracture Toughness (MPa·m1/2) Mohs Hardness Bending Strength (MPa)

3.08 430 3.5 9.5 490
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Figure 1. Inlaid treatment of the RB-SiC ceramic sample.

2.2. Experimental Setup

The experimental setup for the single abrasive scratching of RB-SiC ceramics is pre-
sented in Figure 2, where the specialized design cutting tool was connected to the spindle
of the VMX42SRTi (Hurco Companies Inc., Indianapolis, IN, USA) CNC machine with
the maximum spindle speed of 12,000 r/min and the cylinder inlaid sample was put just
under the PCD cutter and fixed by the gripping tong. Then, the micrometer was employed
to adjust the gripping tong to make it parallel to the working platform for ensuring the
accuracy of the experiment.

Figure 2. Experimental setup.

To be specific, as shown in Figure 3, the diameter of the specialized design cutting
tool was 250 mm, which was large enough to realize the approximately straight scratching
line on the target surface, and the triangle single blade PCD cutter (TPGH110302, Kyocera,
Kyoto, Japan) with fillet radius of 200 μm was fixed in the bottom of the one side of the
cutting tool, while on the other side, the same balancing weight was added in order to keep
the stability during the rotating process with the relatively high speed. In the experiment,
the single abrasive scratching test with an increasing scratching depth (dc) from 0 to 30 μm
was designed to facilitate the observation of ductile, ductile–brittle transition and brittle
material removal modes on the target surface in a single scratching test. Moreover, due
to the large mass and rotational inertia of the cutting tool and the consideration of the
experimental safety, three levels of scratching speed (vs) were selected at 1 m/s, 5 m/s
and 10 m/s, respectively, by properly controlling the rotation speed of the spindle and
the feeding speed in the CNC machine. Each test was repeated 10 times and the average
data were taken. After each test, the sample was treated by putting it into the ultrasonic
cleaner with the alcohol for 15 min and with the assistance of Zeiss SIGMA VP FE-SEM
and Keyence VHX-7000 3D Microscope the surface morphology of the scratched sample
can be observed for further comparison and analysis.
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Figure 3. Specialized design cutting tool.

3. Results and Discussion

3.1. Overall Observation of the Surface Morphology

The overall surface morphology of the original RB-SiC ceramic sample after the
precision abrasive polishing process can be seen in Figure 4, where the SiC and Si grains
can be clearly found on the sample surface (see Figure 4a) and a good surface finish with
the roughness of about 200 nm can be measured from Figure 4b, so that by using this
kind of sample it facilitates the further distinguishing of the scratched sample surface
with different material removal mechanisms. Due to the high hardness and brittleness
of RB-SiC ceramic, it presents the typical brittle dominated material removal mode, such
as the transgranular and intergranular cracks, as compared with the metals during the
machining process [19,20]. However, by properly controlling the machining parameters
the ductile material removal from RB-SiC ceramics with good surface finish can also be
realized and the single abrasive scratching test is considered as one of the effective ways to
investigate this phenomenon and to provide good references for the machining process.

Figure 4. Surface morphology of the original sample. (a) 2D view; (b) 3D view.

Figure 5 shows the typical surface morphology of the gradually increasing scratched
RB-SiC ceramic sample from dc = 0 to dc = 30 μm at vs = 10 m/s and three material

56



Crystals 2022, 12, 879

removal stages can be distinguished with respect to different underlying material removal
mechanisms. In the ductile material removal stage, it can be seen from Figure 5 that a
shallow scratched groove is left on the target surface and the surface of the groove seems to
be smooth. Like the material removal from metals, RB-SiC ceramics are removed by plastic
flow in this ductile material removal stage. To be specific, some materials can generate
continuous thin chips in front of the rake face of the cutter and others can accumulate on
both sides of the scratched groove to form plastic uplift such that there is almost no damage
on the target surface [21,22]. After entering into the ductile–brittle transition material
removal stage, the brittle material removal mode, like cracks, begins to dominate the
material removal process, which results in the decrease of the smoothness on the scratched
target surface. With the further increase of the scratching depth, it goes into the brittle
material removal stage, where the width of the scratched groove significantly increases
and there are obvious brittle fractures at the edge of the scratched groove caused by the
grain spalling and fragmentation. Thus, in order to further analyze the material removal
mechanisms in different stages, the surface integrity under different scratching speeds has
been observed and compared, as explained in Section 3.2.

Figure 5. Overall surface morphology of the scratched RB-SiC ceramic sample at vs = 10 m/s.

3.2. Evaluation of the Surface Intergrity at Different Material Removal Stages

The surface integrity at different material removal stages with corresponding scratch-
ing speeds can be evaluated by distinguishing the surface morphologies of the scratched
RB-SiC ceramic samples, as shown in Figure 6.

In the ductile material removal (DR) stage, as can be seen from Figure 6(a-i,b-i,c-i) the
interaction between the cutter and target surface is mainly caused by plastic deformation
with plastic flow and it is because the scratching depth is less than the critical depth of
the ductile–brittle transition of RB-SiC ceramic so that the ductile material removal mode
dominates the material removal process in the DR stage. It is also found, by comparing
these figures, that the surface integrity has been improved with the increase of scratching
speed from 1 m/s to 10 m/s in the DR stage. When the scratching speed is 1 m/s, the
plastic uplift on both sides of the scratched groove is obvious, while the plastic uplift on
both sides of the scratches at vs = 5 m/s and vs = 10 m/s is relatively slight. It is attributed
to the fact that with the increase of the scratching speed the initiation of cracks can be
effectively inhibited due to the limited generation of plastic deformation, hence resulting in
the narrower scratched groove with a shallower depth.

In the ductile–brittle transition material removal (D-B-TR) stage, it can be seen from
Figure 6(a-ii,b-ii,c-ii) that the plastic flow, brittle crack and fracture can be clearly observed
on the scratched target surfaces; in this stage the scratching depth is just near the critical
depth of the brittle–ductile transition of the RB-SiC ceramic, where both ductile and brittle
material removal modes contribute to the material removal process. By observing the
surface morphologies under different scratching speeds, it can be found in the D-B-TR
stage that when the scratching speed is 1 m/s there is obvious plastic flow on the left side
of the scratched groove and the brittle cracks occur on the right side of the scratched groove
(see Figure 6(a-ii)). When the scratching speed increases to 5 m/s, the plastic uplift caused
by the plastic flow and obvious cracks could be observed from Figure 6(b-ii) on the target
surface. When the scratching speed further increases to 10 m/s, due to the existence of
micropores on the target surface of the RB-SiC ceramic, the brittle fracture generated by the
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initiation, propagation and intersection of cracks can be found on the scratched surface and
the radial crack with a short length can be observed from Figure 6(c-ii) as well.

Figure 6. Surface integrity of the scratched RB-SiC ceramic sample at different material removal stages
with corresponding scratching speeds. (a-i) DR stage, vs = 1 m/s; (a-ii) D-B-TR stage, vs = 1 m/s;
(a-iii) BR stage, vs = 1 m/s; (b-i) DR stage, vs = 5 m/s; (b-ii) D-B-TR stage, vs = 5 m/s; (b-iii) BR stage,
vs = 5 m/s; (c-i) DR stage, vs = 10 m/s; (c-ii) D-B-TR stage, vs = 10 m/s; (c-iii) BR stage, vs = 10 m/s.

In the brittle material removal (BR) stage, the overall scratching depth is larger than
the critical depth of the ductile–brittle transition of the RB-SiC ceramic, and the brittle
fracture mainly contributes to the material removal in this stage, as can be observed from
Figure 6(a-iii,b-iii,c-iii). Generally, in the BR stage the median crack can be formed at the
bottom of the plastic zone and the radial crack can be generated on the target surface during
the scratching process, while the lateral crack is usually formed after the scratching process
due to the unloading residual stress, so that the initiation, propagation and intersection
of median, radial and lateral cracks could result in the large brittle fracture on the target
surface [23,24]. To be specific, when the scratching speed is 1 m/s, obvious cracks and
fracture can be observed from Figure 6(a-iii) on the edge of the scratched groove. As the
scratching speed increases to 5 m/s, the grain fragmentations caused by the intersections
of transgranular and intergranular cracks are found along the scratching groove with some
radial cracks as shown in Figure 6(b-iii). With the further increase of the scratching speed
to 10 m/s, the resultant increased length of lateral cracks causes more brittle fractures that
significantly dominate the material removal process, as can be found both on the bottom
and the edge of the scratched groove in Figure 6(c-iii), as similar findings in Ref. [25].
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To sum up, in the DR stage, with an increase of the scratching speed it would reduce
the generation of plastic flow under the scratched groove and thus inhibit the plastic
deformation and improve its surface integrity. In contrast, in the D-B-TR and BR stages,
although to increase the scratching speed would inhibit the plastic deformation, it can also
result in the increased length of lateral cracks in the abrasive target contact zone, which may
facilitate the initiation, propagation and intersection of cracks to form the brittle fractures
and the large grain fragmentations on the target surface.

4. Conclusions

The single abrasive scratching test can provide the fundamental material removal
mechanisms in the abrasive lapping and polishing of RB-SiC ceramics, which can be used
to optimize the associated processing parameters for the best surface finish. In this paper, a
novel single abrasive scratching test with an increasing scratching depth from 0 to 30 μm
has been properly designed to represent the real abrasive lapping and polishing process and
has been employed to experimentally investigate the surface integrity regarding different
scratching speeds. Three typical and different material removal stages, including the
ductile mode, ductile–brittle transition mode and brittle mode, can be clearly distinguished
by observing the surface morphology after the single abrasive scratching test with the
assistance of high-tech measuring instruments. To be specific, it is found that in the ductile
material removal stage, by increasing the scratching speed it would inhibit the plastic
deformation and improve its surface integrity. It is also found that in the ductile–brittle
transition and brittle material removal stages, although to increase the scratching speed
would inhibit the plastic deformation, it can also result in the increment of the length of
lateral cracks in the abrasive target contact zone that can induce the initiation, propagation
and intersection of cracks to form the typical brittle fractures and large grain fragmentations
on the target surface. However, it is also noticed that the large grain fragmentations and
brittle fractures would result in materials being removed from the target surface, which
could have an effect on the subsequent scratching process; this effect is worth investigating
in the future work. Therefore, the findings in this paper can provide the references for the
abrasive lapping and polishing of RB-SiC ceramics that by properly controlling the abrasive
lapping and polishing pressure and speed it can realize the brittle material removal with
high efficiency and ductile material removal with high surface quality.
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Abstract: Heat treatment can improve performance and control quality in the additive manufacturing
process. In the numerical simulation of heat treatment, the accuracy of the heat transfer coefficient will
have a significant impact on the accuracy of the simulated temperature field. At present, The inverse
analysis method is the most common and effective method to determine the heat transfer coefficient.
Taking the actual temperature curve as the input condition, the heat transfer coefficient values of
the heating, quenching, and air cooling components in the heat treatment process are successfully
obtained. Based on the obtained heat transfer coefficient, a mathematical model of the heat transfer
coefficient change with temperature during heat treatment is established. The heat transfer coefficient
obtained by the inverse analysis method is then applied to the simulation of heat treatment, and more
accurate simulation results are obtained. It is proven in this work that the inverse analysis method
can improve the accuracy of the simulation model in the heat treatment process of AlSi10Mg.

Keywords: heat transfer coefficient; heat treatment; SLM; DEFORM; inverse analysis

1. Introduction

For the manufacturing process of parts, the traditional material removal [1–3] has
been extended to printing parts through additive manufacturing. The combination of
additive and subtractive processing technology helps to produce more multifunctional
complex structures [4–6]. The aluminum alloy AlSi10Mg is a typical alloy with significantly
improved strength and hardness, which is suitable for thin-walled, complex geometrical
parts in automotive, aerospace and aerospace industrial-grade prototypes and production
components [7,8]. AlSi10Mg is widely used in additive manufacturing. The effect of heat
treatment on improving additive manufacturing process can be analyzed by heat treatment
of parts made of this material.

There are many factors affecting the heat transfer coefficient [9–11], and it is difficult
to accurately solve the interfacial heat transfer coefficient by using the conventional surface
temperature and temperature gradient methods. The inverse analysis method is the most
common and effective method to solve the heat transfer coefficient. First of all, temperature
data [12–14] in the heat treatment process were obtained through experimental measure-
ment, and the data were imported into DEFORM. The optimal program in DEFORM
compared simulated time and temperature data with experimental time and temperature
data, and optimized the operation until the optimal value was calculated.

Shokoufeh et al. [15] used CFD simulation to explore the heat transfer during the
heat up portion of the curing cycle in an autoclave to improve the production rate without
compromising quality. Su et al. [16] investigated the heat transfer performance of elec-
trostatic spraying used in machining using the newly developed device by transient heat
transfer tests. Kim et al. [17] calculated the interfacial heat transfer coefficient between the
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die and the workpiece, using the inverse analysis method to measure the temperature of
the die in the hot stamping process. Gianfranco et al. [18] took the temperature data of
the process collected by thermocouple as the input value, and simulated the whole sand
mold casting process with the commercial software package MAGMASOFT using the finite
difference method. By increasing the number of temperature control points, the interfacial
heat transfer coefficient was obtained. Using the temperature data of sand and metal col-
lected by thermocouple, Sun Mikhail et al. [19] presented a technique for process-induced
residual strain modeling for thermoset composite material parts and used the technique
to clarify the distribution of the heat transfer coefficient on the surface of the part and
mold using the CFD method. And distribution of heat transfer coefficients were obtained
in ANSYS CFX under the appropriate process conditions. Modeling simplifications were
proposed by Ramos et al. [20] for an efficient numerical discretization of infill structures.
With the prospect of choosing correct thermal boundary conditions expressing the natural
convection between printed material and its environment, values for the convective heat
transfer coefficient and ambient temperature were calibrated through numerical data fitting
of experimental thermal measurements. Kadam et al. [21] proposed an inverse method
based on the transient temperature of the back surface using the solution of the three-
dimensional inverse heat conduction problem to estimate the transient temperature of the
collision side and then evaluate the heat transfer coefficient. Kang et al. [22] proposed an
empirical formula for laminar natural convection of an outer finned tube heat exchanger
with a wide range of structural parameters and calculated the heat transfer coefficient by
using the transient temperature response of the heat exchanger. Piotr [23] simplified the
three-dimensional transient heat conduction problem to an axisymmetric heat conduction
problem and used the inverse method to calculate the surface heat transfer coefficient.
Farzad et al. [24] used three-dimensional elliptic mesh generation technology to mesh
irregular bodies. A new and highly effective sensitivity analysis program was introduced
to the gradient-based optimization method to calculate the sensitivity coefficient, and a
more accurate thermal conductivity, heat transfer coefficient, and heat flux density could
be obtained by this solution.

With the development of intelligent algorithms, some new inverse analysis methods
have emerged in recent years. Parida et al. [25] used Green’s function method considering
transient convective boundary conditions and transient radiant heat loss to estimate the
total heat transfer coefficient and adiabatic heat transfer during the jet impact heat transfer
process by inputting the transient temperature of the non-collision surface obtained by
the experiment. Zhang et al. [26] introduced the complex variable differentiation method
(CVDM) in the commercial finite element software Abaqus, developed a complex variable
finite element model by using the user element subroutine (UEL), and accurately calculated
the Levenberg-Marquardt algorithm to solve the key parameter sensitivity matrix coefficient
of the inverse problem. This technique provided a general method for solving the inverse
problem of three-dimensional transient nonlinear heat conduction in irregular and complex
structures. Ming et al. [27] established a three-way equivalent heat conduction model
including heat conduction and heat convection in the cutting process based on the structural
characteristics of the honey comb core. After using the inverse calculation process of the
Fourier number characterization model to improve the stability and accuracy of the inverse
calculation, the model was used to study the influence of alloy materials and process
parameters on the heat transfer coefficient of the casting-mold interface during the die
casting process. The functional relationship between the casting-mold interface heat transfer
coefficient and the solidification fraction and solidification rate of the die-casting process
was also established. At the same time, it was found that, among the die-casting process
parameters, the initial surface temperature of the mold had the greatest influence on the heat
transfer coefficient [28–30]. Chen et al. [31] proposed to take the screw as a one-dimensional
rod heat transfer system to solve the thermal error of the screw by establishing a thermal
characteristic equation. In Ho et al.’s [32] investigation, two commercial-scale porous lattice
heat exchangers of different lattice unit cell sizes were fabricated by SLM. Experiments were
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performed in a wind tunnel to characterize the thermal-hydraulic performances of the heat
exchangers. Jiang et al. [33] explored the effects of heat treatment on microstructure and
residual stress of SLM AlSi10Mg alloy. Wang et al. [34] reported a study of condensation
heat transfer and pressure drop of R-134a inside four enhanced tubes and one plain tube
fabricated by SLM. The effects of fin height, refrigerant flow direction and mass flux on
the heat transfer coefficient and pressure drop were studied. Martin et al. [35] presented
an experimental study of the mechanical strength and numerical analysis of the thermal
behaviour during SLM fabrication of ALSi10Mg block support structures.

In Huiping et al.’s [36] investigation, A new method to calculate the temperature-
dependent surface heat transfer coefficient during quenching process is presented, which
applies finite-element method (FEM), advance–retreat method and golden section method
to the inverse heat conduction problem, and can calculate the surface heat transfer coeffi-
cient according to the temperature curve gained by experiment. In Apmann et al.’s [37]
research, the influence of the connector between the two microchannels was studied. By
studying the effect of Reynolds number and the introduction of nanoparticles into the base
liquid on the heat transfer coefficient of the connector, it was shown that these two factors
played an important role in the influence of the connector on the heat transfer coefficient.
Khooshehchin et al. [38] studied the effects of vertical and horizontal surface roughness on
bubble dynamics and heat transfer coefficient during pool boiling. The experimental results
showed that with the increase of surface roughness, the nucleation position increases,
leading to the enhancement of heat transfer. The experimental data were verified by a
conventional model. This paper aims to import the temperature data measured in the
experiment into DEFORM and calculate the heat transfer coefficient in the heat treatment
process through its inverse heat conduction module. As professional finite element software
for volume forming, DEFORM-3D can not only simulate the thermodynamic coupling
calculation of the workpiece heat treatment process, but also directly solve the heat transfer
coefficient between the workpiece and the medium with its inherent Inverse Heat Transfer
Wizard model [39]. Using the DEFORM Inverse Heat Transfer model to solve the surface
heat transfer coefficient involves the selection and determination of parameters such as
temperature control point and the initial value of the surface heat transfer coefficient. The
reasonable selection of these parameters will have a significant influence on the calculated
value of the surface heat transfer coefficient and the predicted temperature field [40]. In
this paper, the temperature curve in the heating and cooling process in the heat treatment
process is obtained through experiments, and the finite element model is established to
solve the heat transfer coefficient [41]. By adjusting the initial value of the heat transfer
coefficient, the simulated temperature curve corresponds closely to the experimental results
to obtain an accurate heat transfer coefficient value, and the heat transfer coefficient results
obtained by the solution are fitted to establish the mathematical relationship between the
heat transfer coefficient and the temperature.

2. Experimental Procedure

The AlSi10Mg alloy molded by selective laser melting (SLM) used in this experiment
was manufactured by the Space M200 manufacturing system (Figure 1). In the SLM
process, the thermocouples are installed on the substrate for measurement, that is, “The
preparation of substrate” shown in Figure 1. This research uses thermocouples to measure
temperature data during subsequent heat treatment of molded samples. The print size was
250 mm × 250 mm × 250 mm, and the sample size was 40 mm × 30 mm ×80 mm. The
SLM molding process parameters used in this project were laser power of P = 400 W, laser
scanning speed of v = 200 mm/s, a scanning layer thickness of 50 μm, scanning time
interval of 150 μm, and a preheating temperature of 80 ◦C.
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Figure 1. Space M200 manufacturing system.

A JXR1200-30 muffle furnace was used in the heat treatment process.
As shown in Figure 2a, shows the SLM printing equipment.The working size was

300 mm × 150 mm × 150 mm, the highest operating temperature was 1200 ◦C, and a
high quality resistance wire containing molybdenum was used as the heating element.
The Proportional Integral Derivative (PID) control mode and a K type thermocouple were
employed, and the constant temperature accuracy was ±1 ◦C. In this experiment, the size
of the AlSi10Mg sample was 8 mm × 25 mm × 80 mm(Figure 2b). When the measurement
depth of the thermocouple is 4 mm, it can measure the temperature data in the center area
of the sample. In order to ensure that the results of different regions are representative, four
points are selected in different locations for analysis, which can be used for comparison and
verification of simulation results. Therefore, four holes were punched in the workpiece to a
depth of 4 mm, and a thermocouple was installed to measure the real-time temperature
(Figure 2c). As shown in Figure 2c, the thermocouple is inserted into a small hole on the
surface of the sample to measure and obtain the temperature data during the heat treatment
process in real time. In order to reduce the experimental error and ensure the reliability
of the temperature data, three groups of the same temperature measurement experiments
were done, and the temperature data were not different. The average temperature was
imported into DEFORM as an input parameter to solve the heat transfer coefficient of each
stage. As shown in Figure 2d, shows the comparison curve of the measured temperature
and the simulated temperature.

Figure 2. The process of heat treatment temperature measurement.(a) The SLM printing equipment.
(b) The size of the AlSi10Mg sample. (c) The thermocouple is inserted into a small hole on the surface
of the sample to measure and obtain the temperature data during the heat treatment process in real
time. (d) The comparison curve of the measured temperature and the simulated temperature.
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As shown in Figure 2, based on the above experimental conditions, time-temperature
data of each stage in the heat treatment process can be measured, which will be used as
input parameter when solving the heat transfer coefficient of each stage with DEFORM.

3. Modeling Procedure

3.1. Mathematical Model

In the process of heat treatment, heat conduction is the main mechanism inside the
workpiece. The three-dimensional heat conduction differential equation is:
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where ρ is density, kg/m3; c is the specific heat capacity, J/(kg ◦C); T is temperature, ◦C;
t is time, s;

.
Q is the heat generated by the internal heat source, W/m3; λ is the thermal

conductivity coefficient, W/(m ◦C).
Initial conditions are the starting point of calculation. To solve the above equation,

initial conditions must be given. Quenching starts from room temperature furnace heating,
at this time:

T|x=0 = T0 (2)

where T0 is the known temperature and is a constant.
The boundary conditions of heat transfer generally fall into the following three categories:
(1) When the boundary function is known, it is the first kind of the boundary condition:

T|s = Tw(x, y, z, t) (3)

where, s is the boundary range, x, y, z are coordinate values, and t is time.
(2) When the surface heat flux qw of the object is known, it is the second kind of the

boundary condition:

− k
∂T
∂n

∣∣∣∣
s
= qw(z, r, t) (4)

where, qw is the heat flux of the workpiece surface.
(3) The third kind of boundary condition, also known as Newton boundary conditions,

are given for the convective heat transfer coefficient on the boundary surface:

− k
∂T
∂n

∣∣∣∣
s
= hk

[
Tw − Tf

]
(5)

where, hk is the heat transfer coefficient, Tw is the workpiece temperature, and Tf is the
medium temperature.

Inverse heat transfer Wizard in DEFORM was used to solve the inverse heat conduction
problem, and the algorithm was based on Beck’s regularization law. In the solution
process, the heat conduction inverse algorithm is determined according to the nonlinear
estimation method of Beck et al. [40,41], as shown in Figure 3a,b. The heat flux varying
with time can be discretized into a number of heat flux values with time intervals of
Δθ(qi = q1, q2 . . . qM . . . qN). In order to improve the stability of the inverse algorithm,
the concept of future time step is introduced when solving the heat flow at a certain
moment; that is, the heat flow values within the following time interval are assumed to be
equal. Thus:

qM = qM+1 = qM+2 = . . . = qM+R (6)
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(a) 

 
(b) 

Figure 3. Heat flux solved by discrete solution. (a) The actual heat flux q(t) is dispersed into a series
of values. (b) The heat flux is assumed to be constant in the R Δθ time.

Each heat flow is obtained through the iterative calculation of the criterion of the
minimum error value of temperature measurement and calculation, which can be expressed
by the following formula:

F(qM) =
N

∑
i=1

r−1

∑
j=0

(
Tm

i, M+j − Tc
i,M+j

)2
(7)

where Tm
i, M+j is the actual measured temperature at the measuring point i in the time

period of M + j; Tc
i,M+j is the temperature calculated and solved at the measuring point i

in the time period of M + j; N is the total number of temperature points measured; r is the
total number of the future period of the measurement point.

Minimization is the main objective in the following calculation. To solve the extreme
value of F(qM), the derivative of the above expression is taken and set as equal to 0, obtaining:

N

∑
i=1

r−1

∑
j=0

(
Tm

i, M+j − Tc
i,M+j

) ∂Tc
i,M+j

∂qM
= 0 (8)

In order to solve Tc
i,M+j and

∂Tc
i,M+j

∂qM
, Taylor series expansion is applied to Tc

i,M+j at
qM = q∗M:

Tc
i,M+j(qM) = Tc

i,M+j(q
∗
M) +

(
∂Tc

i,M+j

∂qM

)
(qM − q∗M) (9)
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Among them, there are: ΔqM = qM − q∗M, so:

Tc
i,M+j(qM) = Tc

i,M+j(q
∗
M) +

(
∂Tc

i,M+j

∂qM

)
ΔqM (10)

The equations can be obtained simultaneously as:

ΔqM =
∑N

i=1 ∑r−1
j=0

(
Tm

i, M+j − Tc
i,M+j

) ∂Tc
i,M+j

∂qM

∑N
i=1 ∑r−1

j=0

(
∂Tc

i,M+j
∂qM

)2 (11)

where qM and ΔqM are the interface heat flow value and interface heat flow modification
value in the current calculation period, respectively.

Function F is an object function that is computed iteratively. With mathematical
derivation, the interface heat flow can be solved by the following two expressions:

ΔqM =
∑J

j=1 ∑R
i=1

(
Tj,M+i − Cj,M+i

)
φj,M+i

∑J
j=1 ∑R

i=1 φ2
j,M+i

(12)

qM+1 = qM + ΔqM (13)

where φj,M+i is the sensitivity coefficient, which is defined as the response of temperature
at a certain position in the casting or mold with the change of unit heat flow, and is
expressed as:

φj,M+i =
∂Tj,M+i

∂qj,M+i
(14)

In the iterative calculation of heat flow, qM is modified continuously with the above
formula. When the difference between the measured temperature and the calculated
temperature meets the given convergence error, the currently calculated heat flow qM can
be obtained. The process is repeated until the heat flow q at all times is calculated.

When the heat flow q at all times is solved, the surface heat transfer coefficient can be
obtained by the following equation:

H = q/(Tw − Tc) (15)

where H is the surface heat transfer coefficient/N/(mm s ◦C); Tw is the workpiece surface
temperature/◦C; Tc is the medium temperature/◦C.

The DEFORM reverse heat transfer model first assumes the initial value of the surface
heat transfer coefficient and calculates the internal temperature value through the thermal
conductivity differential equation. It then continuously revises the set value according
to the difference between the calculated value and the experimentally measured value
and, finally, makes the calculated value approach the measured value. The accuracy of the
calculated surface heat transfer coefficient can be determined by comparing the predicted
temperature value with the measured one.

3.2. Finite Element Model

An AlSi10Mg alloy sample printed by selective laser melting (SLM) is investigated in
this work. A rectangular parallelepiped sample with a length of 80 mm, width of 25 mm,
and height of 8 mm is selected. This alloy has the advantages of high strength, good thermal
performance, and light weight. AlSi10Mg powder is spherical; its chemical composition is
shown in Table 1 and is within the size of 20~63 um, prepared by the atomization method.
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Table 1. Chemical composition of AlSi10Mg alloy powder (wt.%).

Al Si Mg Fe N O Ti

Bal 9.0–11 0.25–0.45 <0.25 <0.2 <0.2 <0.15

Zn Mn Ni Cu Pb Sn

<0.1 <0.1 <0.05 <0.05 <0.02 <0.02

Due to the vigorous development of metal 3D printing technology in recent years,
the sample of AlSi10Mg alloy formed by SLM is a relatively new material. Thus no
corresponding material is available in the material libraries of the simulation software, and
we must establish a new material model here.

In the process of material transformation changing with temperature, the thermophys-
ical parameters change non-linearly. Tables 2 and 3 shows the thermophysical parameters
and the mechanical property parameters of AlSi10Mg. Physical parameters of materials are
crucial to the prediction accuracy of the model. The physical parameters of AlSi10Mg alloy
referenced by the model in this subject are as follows.

Table 2. Thermophysical parameters of AlSi10Mg alloy.

Temperature, T/◦C 20 100 200 300 400

Thermal conductivity, Ks
( w

m
◦C

)
147 155 159 159 155

Specific heat capacity, C
(

J
kg

◦C
)

739 755 797 838 922

Density, ρ
(
kg/m3) 2650

Table 3. Mechanical property parameters of AlSi10Mg alloy material.

Temperature, T/◦C 20 100 200 300 400

Modulus of elasticity, EE GPa 69 67 62 53 41

The yield strength, σs(MPa) 195 150 105 70 30

Coefficient of thermal expansion, θ
(

10−6
◦C

)
21.7 22.5 23.5 23.3 25.5

Poisson’s ratio, (μ) 0.33

4. Results and Discussion

The inverse problem of heat conduction is a relatively important inverse problem. It
has important guiding significance to improve the accuracy of simulation model, determine
and predict the temperature field, and further improve the efficiency of heat treatment.
In this paper, through constructing the simulation model of the AlSi10Mg alloy sample,
the inverse calculation of heat conduction is carried out in the Inverse Heat Transfer
Wizard module of DEFORM. As shown in Figure 4, the specific operation is to heat-treat a
workpiece, and a thermocouple is used to collect the time-temperature data corresponding
to the workpiece during the heat treatment process. The parameters of the simulation part
are shown in Table 4. On the one hand, the future time steps will affect the accuracy of the
calculation result, on the other hand, it will affect the convergence of the result, that is, it
will affect the calculation time.

Table 4. The parameters of the simulation part.

Number of
Elements

Control
Points

Time per
Step

Step
Increm-Ent

to Save

Relative
Improve-

Ment Less
Than (%)

Maximum
Iterations

Maxi-Mum
Simula-
Tions

Objective
Function

Less Than

Decision
Vector

Change
Less Than

2000 3 0.01 10 2 500 5000 1 1 × 10−6
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Figure 4. The process of solving the heat transfer coefficient in DEFORM.

It is assumed that the initial heat transfer coefficient is constant 1, the initial tempera-
ture of the workpiece is 20◦, and the temperature distribution is uniform. The simulated
ambient temperature is set as the highest temperature obtained during the experiment.
Based on the initial assumption of the heat transfer coefficient, the heat transfer coefficient
under different temperature conditions is solved. Finally, the simulated time and tempera-
ture data are compared with the experimental time and temperature data, and the solution
value is input as the initial value for the optimization operation until the optimal value
is calculated.

The stages of heat treatment are shown in Figure 5. In the heat treatment process,
assuming that the bottom surface of the sample is fully constrained, the inverse calculation
of the heat transfer coefficient value of the AlSi10Mg alloy sample can be roughly divided
into the following three cases. The first one is the heat transfer coefficient value of the
AlSi10Mg alloy during the heating process. The second is the heat transfer coefficient
during quenching. The third is the value of the heat transfer coefficient in the process of
air cooling.

Figure 5. Stages of heat treatment.
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4.1. Detection and Analysis of Heat Transfer Coefficient during Heating

During the heating process, the temperature of the AlSi10Mg alloy sample rises with
the temperature in the furnace, and the temperature values at all points change in a
relatively consistent way. The temperature data of one point is imported into the Inverse
Heat Transfer Wizard module of DEFORM for simulation, and the simulation results are
shown in Figure 6.

 

Figure 6. Temperature curve in the heating process.

Figure 7 below shows the simulation results of five inverse calculations. It can be
seen from the figure that although the simulated temperature value obtained from the first
simulation result differs greatly from the experimental value, the temperature variation
trend is completely consistent, indicating that the heat conduction inverse calculation
module of DEFORM has reliability. In the second and third simulations, the simulation
temperature of the high temperature part is relatively close to the experimental value, but
there is still a big difference at low temperature.

Figure 7. The heat transfer coefficient curve in the heating process.
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The closer the initial value of heat transfer coefficient is to the actual situation, the
shorter the calculation time and the more accurate the simulation result is. First of all, set
the heat transfer coefficient of the initial value is 1, solving the heat transfer coefficient
to get a new set of values, to solve the resulting value used in the simulation of the heat
treatment process, comparing the simulation results and experimental results, and then use
this value as the initial value to solve the next set of heat transfer coefficient, and used to
simulate the heat treatment process, until the simulation results was coincident with the
experimental results. By adjusting the heat transfer coefficient at low temperature, after
several adjustments of the simulation, the simulation temperature curve gradually fits with
the experimental value, the final curve is almost exactly the same, and the fitting effect
is good.

Table 5 shows the value of the heat transfer coefficient obtained by the simulation
solution. The T here refers to the temperature of the point measured by the thermocouple.
The fitting results in Origin are as shown in Figure 8. The following equation is the
mathematical model obtained by fitting:

H = 0.95 + 2.97 × 10−4T + 1 × 10−5T2 (16)

where H is the value of the heat transfer coefficient, and the unit is N/mm·s·◦C × 10−2; T
is the temperature, and the unit is ◦C; R2 is 0.96.

Table 5. The temperature data of the heating progress.

Time/s Experimental Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5

1 29.2 28.9961 28.9962 28.9978 28.9988 28.9999
50 30.1 30.8804 30.8605 30.4314 29.9407 29.1261

100 33.1 39.2818 39.1822 37.2974 34.6504 29.9117
150 38 55.4681 55.1671 51.7825 45.5795 32.1536
200 43.8 71.9046 71.4698 67.9396 58.6956 36.1405
250 48.8 85.9944 85.4938 82.2656 70.3767 41.4023
300 53.4 97.681 97.1544 94.295 79.7749 47.4175
350 57.8 106.393 105.972 103.709 86.8414 53.7204
400 61.8 112.949 112.636 110.907 91.8843 59.9506
500 68.7 121.182 120.98 119.908 97.7388 71.4138
600 74.7 126.145 126.026 125.385 100.381 81.2586
700 87.3 145.922 145.331 142.338 103.2 91.0137
800 102.2 170.45 169.73 166.104 108.093 102.4
900 114.1 184.481 184.086 182.064 115.227 115.351
1100 142 214.063 213.599 210.909 136.221 144.012
1200 158.1 232.317 231.738 227.384 151.1 159.98
1300 171.7 242.423 242.13 239.072 168.628 176.39
1400 190.6 263.318 262.636 254.466 188.727 193.41
1500 214.7 283.373 282.751 271.081 211.848 212.16
1600 235.1 304.382 303.697 285.267 235.064 232.251
1700 252.7 317.692 317.118 294.642 256.976 252.496
1800 273.6 336.086 334.808 299.937 277.56 272.462
1900 292.5 351.39 349.847 304.769 297.45 292.42
2000 312.2 368.234 365.431 312.512 316.487 312.094
2100 331.6 384.614 379.915 324.467 335.035 331.884
2200 351.4 401.144 392.131 341.607 353.16 351.586
2300 370.5 417.059 399.861 363.754 370.914 371.027
2400 390.1 434.291 406.531 389.339 388.563 390.36
2500 408.2 449.59 416.156 414.394 406.084 409.341
2600 427.2 466.5 428.51 435.182 424.268 427.89
2700 445.3 481.756 443.328 453.561 443.048 446.114
2800 464.4 497.148 459.974 470.534 461.961 463.942
2900 483.1 511.61 478.084 486.896 480.97 481.63
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Table 5. Cont.

Time/s Experimental Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5

3000 501.8 524.546 496.99 502.794 499.804 499.101
3100 520 534.75 516.088 518.288 518.252 516.28
3200 528.5 539.852 530.897 530.215 532.182 529.585
3300 535.7 541.867 539.516 537.492 540.162 537.681
3400 539.8 542.971 544.474 542.138 544.754 542.695
3500 543.3 543.58 546.988 544.905 547.094 545.545
3600 545.4 543.975 548.188 546.552 548.219 547.129
3700 547 544.223 548.571 547.407 548.578 547.862
3800 548 544.4 548.587 547.819 548.59 548.146
3900 548.7 544.524 548.353 547.903 548.359 548.112
4000 549.3 544.613 547.958 547.756 547.969 547.864
4100 549.6 544.675 547.494 547.469 547.51 547.5
4200 549.8 544.721 547.016 547.111 547.034 547.085
4300 549.8 544.751 546.527 546.702 546.548 546.636

The temperature data at a certain time obtained by the experiment can be input into the above formula to
obtain the corresponding heat transfer coefficient value, which can be used in the subsequent heat treatment
process simulation

Figure 8. Fitting curve of heat transfer coefficient in the heating process.

4.2. Detection and Analysis of Heat Transfer Coefficient during Quenching

Due to the good thermal conductivity of aluminum alloy, the cooling rate is large, and
the temperature drops quickly during quenching. The temperature drops at each point of
the sample are not consistent, and the surface and boundary drop the fastest.

Three points of symmetry on the surface of AlSi10Mg alloy are taken with the depth
of 2 mm: point 1 (12.5, 40, 6), point 2 (23, 40, 6) and point 3 (12.5, 77, 6).

As shown in Figure 9, the black upper triangle symbol is the experimental test tem-
perature. During quenching, the temperature drops sharply. Due to the sharp drop in
temperature during quenching, the temperature data measured have a sharp decline trend.
Among them, in the beginning, the temperature of points 2 and 3 drops with the center
point 1. After 3–4 s, the temperature decreases slowly and gradually lowers to room
temperature over time.
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(a) 

 
(b) 

 
(c) 

Figure 9. Temperature and heat transfer coefficient curves during quenching. (a) Comparison
between the experimental temperature and the simulation temperature of point 1. (b) Comparison
between the experimental temperature and the simulation temperature of point 2. (c) Comparison
between the experimental temperature and the simulation temperature of point 3.

The selected temperature range ranges from room temperature to the highest tem-
perature used in the heat treatment process. The trend of the simulated temperature data
curve is basically the same as that of the experimental temperature data curve, so it can be
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concluded that the data is selected under the condition that the experimental error allows.
Temperature changes at three points in the simulation over time are shown in Figure 9.
The decreasing trend of each point is basically consistent with the measured value in the
experiment. Compared with the first and third simulations, the simulation value of the
second simulation is closer to the experimental value. The results of the three simulations
are consistent with the experimental values. However, due to the rapid temperature decline
during quenching, the number of measured temperature values is small. As a result, the
simulation accuracy is slightly lower than that in the heating process.

Table 6 shows the value of the heat transfer coefficient obtained by the simulation
solution. The fitting results in Origin are as shown in Figure 10. The following equation is
the mathematical model obtained by fitting:

Table 6. Heat transfer coefficient values obtained during the fifth simulation.

Temperature/◦C 20 100 200 300 400 500

Heat transfer coefficient/
N/mm·s·◦C 1 1 1.54 1.73 2.89 3.54

The temperature data at a certain time obtained by the experiment can be input into the above formula to
obtain the corresponding heat transfer coefficient value, which can be used in the subsequent heat treatment
process simulation

Figure 10. Fitting curve of heat transfer coefficient during quenching.

When the temperature is 20–200 ◦C:

H= 0.95 + 2.97 × 10−4T + 1 × 10−5T2 (17)

When the temperature is 200–500 ◦C:

H= 0.95 + 2.97 × 10−4T + 1 × 10−5T2 (18)

where H is the value of heat transfer coefficient, the unit is N/mm·s·◦C × 10−2; T is the
temperature, the unit is ◦C; R2 is 1 and 0.98, respectively.

4.3. Detection and Analysis of Heat Transfer Coefficient in Air Cooling Process

The indoor temperature is 26 ◦C during air cooling. The temperature of the surface
and edge of the AlSi10Mg alloy sample drops rapidly, but the difference is not significant.
The temperature at the center of the sample is taken as the experimental value, and the
simulated temperature is obtained by inserting the Inverse Heat Transfer Wizard module,
as shown in Figure 11. In the process of temperature drop, the simulation temperature is
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lower than the experimental value between 42 and 30 ◦C, while the simulation temperature
is slightly higher than the experimental value between 30 ◦C and room temperature, but
the difference is not more than 5 ◦C.

Figure 11. Comparison between the simulation and experiment of the temperature drop process
during air cooling.

In the process of air cooling, the temperature basically remains unchanged, that is,
the ambient temperature of the sample remains unchanged. The simulated values of heat
transfer coefficients in each region are shown in Table 7. The simulated heat transfer
coefficient values during air cooling are shown in Table 8.

Table 7. Heat transfer coefficient values obtained in the third simulation.

Temperature/◦C 20 100 200 300 400 500

Heat transfer coefficient/
N/mm·s·◦C 4.24 3.54 6.03 0.60 0.85 4.87

Table 8. Simulated heat transfer coefficient values during air cooling.

Temperature/◦C 20 100 200

Heat transfer coefficient/
N/mm·s·◦C 1 1 1

4.4. Simulation of the Entire Heat Treatment Process

The entire heat treatment process of quenching and tempering is simulated in the Heat
treatment Wizard module of DEFORM. The comparison between simulated temperature
and experimental temperature is shown in Figure 12. As can be seen from the figure,
during the whole heat treatment process and air cooling process, the relative error control of
experimental temperature and simulation temperature is within 2%. In the water quenching
process, only when the time is between 7000–9000 s, the simulated temperature rise is
slightly less than the experimental value, and the relative error between the experimental
temperature and the simulation temperature is large. The relative error of the other time
periods is controlled within 1%. However, throughout the heat treatment process, the
simulation temperature curve has the same experimental temperature curve trend and the
coincidence degree is high, indicating that the heat transfer coefficient value obtained by
the inverse analysis method and the heat treatment simulation are accurate and reliable.
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Figure 12. Comparison of the simulation and experimental temperatures in the heat treatment process.

Figure 13 shows the microstructure of samples before and after heat treatment.
Figure 13a is the micrograph of the SLM molded parts after polishing and corrosion.
In the figure, there are not only a certain number of pores, but also the laser scanning path
in the SLM molding process can be clearly seen. Figure 13b shows the microstructure of
the workpiece after polishing and corrosion after heat treatment. It can be seen from the
figure that after heat treatment, not only the pores are finer and uniform, but the grains are
fine, and the precipitated Si tends to be distributed along the grains.

 

Figure 13. Microstructure of samples before and after heat treatment. (a) Micrograph of SLM molding
parts. (b) micrograph of workpiece after heat treatment.

5. Conclusions

For samples prepared with SLM, heat treatment process is needed to improve the
performance of the samples. It is very important to obtain accurate heat transfer coeffi-
cient for simulating heat treatment process. Combined with the temperature data in the
experiment, the heat transfer coefficient of the material under different conditions was
calculated by inverse calculation in the reverse heat conduction module in DEFORM. The
main conclusions are as follows:

1. Based on the nonlinear evaluation method, the inverse analysis model of heat transfer
coefficient in the heat treatment process was established. Taking the actual temperature
curve as the input condition, the heat transfer coefficient values of heating, quenching
and air cooling parts in the heat treatment process were obtained successfully.
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2. In the tempering process, when the temperature is from 100 to 160 ◦C, the simulated
temperature rise is slightly smaller than the experimental value. In the process of
temperature drop, the simulation temperature is lower than the experimental value
between 42 and 30 ◦C, while the simulation temperature is slightly higher than the
experimental value between 30 ◦C and room temperature, but the difference is not
more than 5 ◦C.

3. The mathematical model of heat transfer coefficient changing with temperature during
heat treatment was established.

4. The heat transfer coefficient obtained by the inverse analysis method was used to
simulate the heat treatment process, and the obtained simulation temperature curve
had a high coincidence degree with the experimental temperature curve.
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Abstract: An SiCf/SiC composite has the following excellent properties: high strength, low specific
gravity, and high temperature resistance, which has great prospects in the combustion chamber of
rockets or aero engines. Hole-making in SiCf/SiC parts is an important processing method. Generally,
water-based or oil-based coolants are avoided, so dry drilling is the primary hole-making approach
for SiCf/SiC. However, the abrasion resistance and high hardness of SiCf/SiC often lead to fast tool
wear as well as serious damage to the fiber and matrix during dry drilling. This study proposes an
innovative strategy for hole-making in SiCf/SiC parts—rotary ultrasonic-assisted drilling (RUAD)
using an orderly arranged brazed diamond core drill. The influence of tool life and wear on drilling
accuracy is analyzed. Additionally, the impacts of the process parameters of conventional drilling
(CD) and RUAD on drilling force, torque, the surface roughness of the hole wall, and the exit tearing
factor are investigated. The results show that the orderly arranged brazed diamond core drill exhibits
longer tool life and higher accuracy in hole-making. Meanwhile, compared with CD, RUAD with the
proposed core drill effectively improves the drilling quality and efficiency, and reduces the force and
torque of drilling. The range of process parameters for dry drilling is broadened.

Keywords: SiCf/SiC; rotary ultrasonic-assisted drilling; diamond; core-drill; lifetime

1. Introduction

Silicon-carbide-fiber-reinforced-silicon-carbide (SiCf/SiC), one of the ceramic ma-
trix composites, is a newly developed high-temperature-resistant lightweight material.
SiCf/SiC has the following excellent properties: high temperature and wear resistance,
high strength, and high hardness, and is thus a promising material for highly heat-resistant
structural parts and long-life functional parts, e.g., combustor or blades in the LEAP-X1C or
GE9X aero-engines [1–3]. These aero-engine components contain multiple holes for various
purposes, such as assembling, connecting, and cooling. At the same time, SiCf/SiC is
challenging to drill [4]. First, the tools wear prematurely, so the normal drilling operation is
hard to maintain. Second, conventional drilling (CD) of SiCf/SiC results in high roughness
of hole walls and severe tearing of hole exits because of the large drilling force. Third,
SiCf/SiC composites must be dry-drilled because conventional coolants may adversely
affect the fiber/matrix interface. Therefore, it is essential to research suitable tools and
strategies for drilling SiCf/SiC composites.

Similar to other ceramic matrix composites (CMCs), SiCf/SiC parts are prepared by
near-net-shape processes [5]. However, most parts still need precision machining to meet
the requirements for precision and surface quality [6]. Hole-making on the SiCf/SiC parts
occupies a large proportion [3]. Conventional drilling causes severe tool wear and has
poor quality, low efficiency, and high cost [7]. Non-conventional drilling methods mainly
include the following: laser drilling [8], abrasive waterjet drilling [9], electric discharge
drilling (EDD) [10], and ultrasonic vibration-assisted drilling [11,12]; each method has its
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advantages and disadvantages. Laser drilling is non-contact, eliminating issues such as
defects and frequent tool changes caused by tool wear during machining [13]. However, the
disadvantages of laser drilling include low efficiency and difficulties in maintaining high
accuracy, particularly when making holes with relatively large depths or diameters [14]. In
addition, laser processing creates a heat-affected zone within the irradiated area. It may
worsen the material’s mechanical properties in that zone, thus deteriorating the lifetime and
performance of the part [15]. Abrasive waterjet drilling has fast processing speed and high
efficiency, whereas its disadvantages are poor surface quality, low accuracy, and severe edge
tearing in hole-making [16]. EDD can machine various shapes through diverse electrode
shapes and perform deep cutting; however, it also creates a heat-affected zone in the area
affected by the electric arc on the surface/subsurface of a material. Moreover, ceramic
matrix composites are mostly electrical insulators (or semiconductors), and the machining
efficiency of EDD is very low, which limits the further development of this technology [17].
Ultrasonic-assisted drilling (UAD) reduces drilling forces, improves machined surface
quality, alleviates tool wear, and extends tool life. Therefore, it has attracted considerable
attention in hard and brittle material processing [18]. Hocheng et al. [19] conducted a
comparative processing test on CD and UAD of C/SiC. The results showed that the tool
wear was minor, and the material removal rate and drilling quality of UAD were better than
those of CD. Feng et al. [20] conducted RUAD of C/SiC using a diamond core drill with
various grain sizes. They found that the hole exit tearing was positively correlated with
the thrust force, and RUAD could reduce hole exit tear defects by 60%. Wang et al. [21,22]
performed multiple rotary ultrasonic machining (RUM) tests on 2D-C/SiC with an 8 mm
diameter diamond core drill and showed that RUM could ameliorate the hole surface
quality. Ding et al. [23] machined SiC ceramic using ultrasonic-assisted grinding (UAG)
and concluded that UAG ultimately decreased the surface/subsurface breakage and surface
roughness by reducing grinding force and energy. Therefore, UAD is a suitable machining
method for the high-quality drilling of ceramic matrix composites.

However, most of the published studies on the RUM of CMC used coolants. At the
same time, SiCf/SiC composites generally need to be machined under dry conditions to
avoid contamination of the interior material by the coolant. Moreover, tool wear is faster
during dry drilling, and hole quality is worse than the drilling with a coolant [24]. The major
solution to this problem is to use diamond tools for drilling. Commonly used diamond
tools are prepared by electroplating, sintering, and brazing. Electroplated diamond tools
have a relatively simple preparation process that is mature and stable, and thus have a
low price. However, because the abrasive grains and the electroplating layer are combined
through simple mechanical embedding, the holding strength between the abrasive grains
and the electroplating matrix is low, resulting in the easy fall-off of the abrasive grains and
a quick loss of the processing ability during the machining of difficult-to-cut material [25].
Sintered diamond tools have high grain holding strength, but most grains are buried in
the metal binding agent with a low protrusion height, so the cutting ability is relatively
low [26]. Brazed diamond tools have a high grain protrusion height and high matrix-grain
holding strength, capable of maintaining good machining performance under high drilling
forces and temperatures [27]. In addition, the orderly arranged brazed diamond tools
have adequate space for storing chips, and high tool sharpness results in excellent dry
machining performance [28]. However, there is little research on improving tool life and
drilling quality of SiC/SiC composites by using the orderly arranged brazed diamond core
drill and RUAD with the dry drilling method.

It is still in the preliminary research stage that dry drilling of SiCf/SiC composites is
carried out with orderly arranged brazed diamond tools. Studies on the machining perfor-
mance of such tools for drilling SiCf/SiC composites are insufficient. Therefore, this study
investigates dry rotary ultrasonic-assisted drilling (RUAD) of SiCf/SiC composites using
an orderly arranged brazed diamond core drill. This study aims to provide fundamental
guidance and basic process data on the efficient processing method and high-quality dry
drilling of SiCf/SiC composites.
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2. Materials and Methods

2.1. Workpiece

In this study, the workpiece is a 2D SiCf/SiC composite plate, and the thickness is
4 mm. The material comprises SiC fiber, BN interface layer, and SiC matrix; it also contains
randomly distributed pores. The porosity inside the material is 20%. The SiC fiber’s type is
T300, with a diameter of 5–7 μm. The chemical vapor infiltration (CVI) method is used for
material preparation [29]. First, SiC fiber yarns are made into a fiber preform according
to a 2D weaving method, as shown in Figure 1a; second, the fiber preform is put into the
CVI reactor. The gaseous precursor enters the reactor according to a certain proportion
and penetrates the void of the fiber preform by diffusion; a chemical reaction occurs on the
surface of the SiC fiber and deposits in situ to form a BN interface layer and SiC matrix.
In general, in order to reduce the CMCs machining challenges (fast tool wear and poor
machining quality), the SiCf/SiC composites in machining are not final-state materials,
which means the materials are not completely densified [30]. Afterward, the densification
is again conducted to increase the properties of the SiCf/SiC composite, such as density,
hardness, strength, etc. Additionally, after the densification, whether further machining is
needed or not depends on specific quality requirements.

Figure 1. The structure of 2D SiCf/SiC composites: (a) model of SiC fiber preform, (b) micro-
morphology by SEM, (c) micro-structure along transverse fibers, (d) micro-structure along longitudi-
nal fibers.

We observe the micromorphology on the side of the polished SiCf/SiC composite. The
SiC fibers of each layer are arranged in transverse and longitudinal directions, and the fibers
in different directions are woven in a plain weave pattern, as shown in Figure 1a. Pores of
various sizes are distributed between plain weave layers (Figure 1b), and the presence of
pores is expected to affect the drilling force during mechanical drilling. Figure 1c,d presents
the micromorphology of SiC fibers in transverse and longitudinal directions, where the
SiC fibers are tightly wrapped by BN interfacial layer and SiC matrix. Compared with SiC
ceramics, this woven structure endows SiCf/SiC composites with higher fracture toughness
and better impact resistance under extreme conditions. The mechanical properties of
SiCf/SiC composites and SiC ceramics are shown in Table 1 [31,32].
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Table 1. Mechanical properties of the SiC and SiCf/SiC workpiece [31,32].

Material
Density
(g/cm3)

Elastic Modulus
(GPa)

Hardness
(GPa)

Fracture Toughness
(MPa·m1/2)

Flexural Strength
(MPa)

SiC 3.214 410 25 3 500–600
SiCf/SiC 2.29 289 20 26.4 570

2.2. Drilling Tool

The drilling tool used in this study is an orderly arranged brazed diamond core drill
developed in-house. This tool has high abrasive grain protrusion height, adequate space
for drilling chips, and high holding strength between the abrasive grains and the tool
matrix; it is suitable for dry-drilling CMCs. Figure 2a shows the overall appearance and the
following three sections of the orderly arranged brazed diamond core drill: the working
section containing diamond abrasive grains, tool neck, and holding shank. The working
section’s diameter is 4 mm, and the diamond abrasive grain size is 40/45 mesh (average
size in the range of 425–450 μm). The abrasive grains of the working section are orderly
arranged into eight 15-grain rows with a length of 7 mm, and there are four symmetrical
arc grooves with diamond abrasive grains welded on the tool end (as shown in Figure 2b,c).
Hence, this structure can effectively accommodate the abrasive chips generated during dry
drilling and discharge them from the drilling area. In addition, new tools are used for each
set of tests to avoid the impact of tool wear on the test data in this study.

Figure 2. An orderly arranged brazed diamond core drill, (a) the composition of tool, (b) the side
abrasive of tool, (c) the top abrasive of tool.

2.3. Experimental Setup

Conventional drilling and RUAD are performed on a 5-axis vertical high-speed ma-
chining center (DMG Ultrasonic 20 Linear, Germany), as shown in Figure 3a. The maximum
spindle speed of machining center is 42,000 rpm, and the maximum travel of the X, Y, Z
axis are 200 mm, 220 mm, and 280 mm respectively. The RUAD is performed using the
HSK-E32 ultrasonic tool holder with a 20,000 rpm maximum speed and an in-house ul-
trasonic system. The workpiece is clamped by a pressure plate on a special fixture for
drilling tests, as shown in Figure 3b. All tests are performed under dry drilling conditions,
following specific machining parameters shown in Table 2. This paper first tests the drilling
performance of an orderly arranged brazed diamond core drill in RUAD (n = 12,000 rpm,
vw = 30 mm/min, f = 23.5 kHz, A = 5 μm), and then, the influence of drilling parameters
on drilling force, torque and drilling quality are investigated by single factor test with
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new tools. Vacuum cleaning removes chips during drilling to avoid contaminating the
environment and the machine spindle.

Figure 3. Photo of the machining center: (a) overall experimental setup, (b) features of RUAD.

Table 2. Experimental parameters of rotary ultrasonic dry drilling.

Parameters Value

Spindle speed n (r/min) 4000, 8000, 12,000, 16,000, 20,000
Feed rate vw (mm/min) 10, 20, 30, 40, 50

Ultrasonic frequency f (kHz) 23.5
Amplitude A (μm) 0, 5

Coolant Dry drilling

2.4. Measurement Method

Before ultrasonic vibration-assisted drilling, the top of the tool’s amplitude is measured
by an eddy current sensor (DT3301) with a sampling frequency of 100 kHz (Figure 4a). To
record the high-frequency alternating voltage signal measured by the eddy current sensor
is connected by the oscilloscope as shown in Figure 4b. The relationship between ultrasonic
amplitude and voltage can be calculated by Equation (1) [33].

AU = ϕ × U, (1)

where AU is the top of the tool’s ultrasonic amplitude, ϕ is the amplitude-to-voltage ratio
(50 μm/V), and U is the output voltage. When the spindle speed n is 8000 rpm, the resonant
frequency is 23.5 kHz, and the ultrasonic amplitude at the core drill tip is 5 μm.

The dynamometer (Kistler 9272 with a 5070 charge amplifier) measures the drilling
forces and torques, and then these process signals are collected by a data acquisition card
into a computer (Figure 4b). Dynoware, a dynamometer-specific software, saves and
processes the collected data. The tearing of the hole exit after drilling is recorded by a 3D
video microscope (HIROX KH-7700). The confocal microscope (Sensofar Neo S) measures
the hole wall’s surface roughness Sa, and the results are obtained by measuring each hole
three times.
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Figure 4. Ultrasonic amplitude testing device, (a) eddy current sensor, (b) dynamometer and ampli-
tude measurement controller, (c) axial ultrasonic amplitude at 8000 rpm.

3. Results and Discussion

3.1. Kinematic Analysis of RUAD Process

The mechanism of RUAD and the abrasive grain motion trajectory are shown in
Figure 5. The trajectory of abrasive grain motion during CD consists of rotation along the
tool axis and uniform motion in the feed direction. In the RUAD, a frequency of vibration
greater than 20 kHz is applied along the Z-axis in addition to CD, as shown in Figure 5a.
The motion trajectories of the tool during CD and RUAD of a single diamond grain can be
depicted by Equations (2) and (3) [12].

⎧⎨
⎩

XCD(t) = R1 cos
( 2πnt

60
)

YCD(t) = R1 sin
( 2πnt

60
)

ZCD(t) = vwt
, (2)

⎧⎨
⎩

XRUAD(t) = R1 cos
( 2πnt

60
)

YRUAD(t) = R1 sin
( 2πnt

60
)

ZRUAD(t) = vwt + A sin(2π f t)
, (3)

where R1 is the distance from the vertex of the abrasive grains on the tool to the axis, f is
the frequency, A is the amplitude, t is the drilling time, vw is the feed rate, and n is the
spindle speed.

According to Figure 5b,c, the diamond grains at the tooltip are the first to contact
the workpiece and remove the largest volume of workpiece material during drilling. The
abrasive grains in the front portion of the diamond core drill side grind the hole wall
material and eventually form the hole wall morphology. Although they remove the least
amount of material, the rear part of the tool’s abrasive grains significantly contributes to
hole consistency and increase the useful tool life during continuous hole-making.

As shown in Figure 5d, Equations (2) and (3) visualize a single diamond grain’s
trajectory. The comparison between the single diamond grain’s motion trajectory in RUAD
and CD shows that the diamond grain’s motion path length under the superposition of
ultrasonic vibration is longer than that during CD. This indicates a shorter depth of cut for
the single abrasive grain during RUAD compared with that in CD [12]. In addition, under
specific processing parameters, the abrasive grains at the top of the core drill maintain a
“contact-separation” state in the SiCf/SiC composite. It can change the stress state of the
impact point between the abrasive grain and material, thereby increasing the microscopic
fragmentation of the abrasive grains and improving the self-sharpening ability [34].
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Figure 5. Diagram of the machining process, (a) drilling process, (b) tip of tool, (c) side of the tool,
(d) the single abrasive grain motion trajectory during RUAD and CD, and (e) grain motion trajectory
at one revolution.

3.2. Tool Life

While drilling SiCf/SiC composites, the tool life directly affects the machining ef-
ficiency and production cost. This study first conducts tool-life tests on orderly brazed
diamond core drills. The experiments are conducted under dry RUAD using the ultrasonic
machining settings specified in Table 2, a spindle speed n of 12,000 rpm, and a feed rate vw
of 30 mm/min. During the test, the tool is continuously used to drill until failure.

Figure 6a indicates that the orderly arranged brazed diamond core drill makes
102 holes under dry RUAD conditions. Under the same conditions, the SiCf/SiC composite
is drilled by a commercial electroplated diamond core drill (Berun Japan, Φ 4 mm and
100 mesh). The electroplated core drill can make a hole under the same dry RUAD condi-
tions. In this case, the in-house developed, orderly arranged brazed diamond core drill has
a significant advantage over a long lifetime and improves drilling efficiency.

From hole 1 to hole 92, the process is in a stable wear state, during which the hole
diameter ranges from 4.01 to 4.04 mm, and the difference from the maximum to minimum
diameter is 0.03 mm. From hole 93 to hole 102, the process is in a rapid wear state, and
the hole diameter ranges from 3.95 to 3.99 mm, and the maximum and minimum hole
diameters are 0.09 mm in the whole state. In this stage, the tool no longer meets the
requirements of high precision hole making (4 ± 0.03 mm) and thus is considered to have
failed. Figure 6b shows the trend in the drilling force throughout the hole-making process.
Before hole 80, the drilling force is below 8 N. In this case, the top and side abrasive grains
slowly wear out, the abrasive grains involved in drilling are in the stable wear stage, and
the hole diameter remains within a certain range. As the tool kept making more holes,
the wear of the top abrasive grains progressed, resulting in a sharp increase in drilling
force (a maximum increase of 62.5%), indicating the start of the tool’s rapid wear stage. In
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actual manufacturing, when the tool is in the rapid wear stage, the machining should be
stopped. The tool should be replaced in time to reduce the generation of scrap caused by
the excessive difference in hole diameters. According to the hole diameters and variation
in drilling force between hole 81 and hole 92, the tool is about to enter the rapid wear stage;
the drilling force increases sharply, while the hole diameter is still maintained within the
deviation of 0.03 mm. This can provide operators with more indicators to avoid scrap
generation before the complete failure of the tool.

Figure 6. The result of tool life test, (a) relationship between the diameter of hole and the number of
holes, (b) relationship between force and the number of holes.

The orderly arranged brazed diamond core drill combined with the RUAD increases
the number of high-quality holes produced in SiCf/SiC composites under dry conditions.
The tool structure ensured stable wear of abrasive grains, and RUAD significantly reduced
the axial force, thus extending the core drill life and improving the drilling quality. The
following sections assessed the impact of different drilling methods and process parameters
on drilling force and hole-making quality in the stable tool wear stage.

3.3. Drilling Force and Torque

The original signals of drilling force and torque obtained in the ultrasonic-assisted dry
drilling of SiCf/SiC composite by the brazed diamond tool reveal that the whole drilling
process has gone through the following four stages: AB, BC, CD, and DE (Figure 7). AB is
the entrance drilling phase, where the diamond grains at the top of the brazed diamond tool
enter the uppermost SiCf/SiC workpiece at moment A. As more abrasive grains participate
in drilling, the drilling force gradually increases. BC is the stable drilling stage, in which
the diamond grains at the top and the front side of the core drill are involved in processing;
the axial force at this stage is relatively stable. CD is the exit drilling stage, during which
the diamond grains drill the bottom of the SiCf/SiC composite at moment C, and the end
abrasive grains drill through the bottom material at moment D. Therefore, the drilling force
gradually decreases. The last stage, DE, is the hole-trimming stage. Because the working
section of the tool has a stepped structure (Figure 5c), the diamond grains on the side of the
tool continue to grind the hole wall at this stage, thus trimming the hole wall, improving
the hole quality, and maintaining the final hole diameter. In this stage, the least amount of
material is removed, so the drilling force is very small. The mean drilling force and torque
of section BC are analyzed in this study.

The patterns of variation in the drilling force and torque, as well as their reduction
with spindle speed n and feed rate vw for CD and RUAD, are shown in Figures 8 and 9.
The drilling force and torque of the CD are higher than those of the RUAD, according
to the measured specifications. Figure 5e depicts how ultrasonic vibration lengthens the
machining trajectories of abrasive grains and decreases the depth of a single-grain cut,
reducing force and torque [34]. Additionally, as seen in Figures 8a and 9a, the drilling force
and torque increase with rising feed rate vw while decreasing with rising spindle speed
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n. This research examines how rotary ultrasonic-assisted drilling affects the drilling force
and torque when the same drilling parameters are used. To simplify the analysis, reduced
magnitudes KF and KM were used in this study to characterize the effects of RUAD on the
drilling force and torque under the same drilling parameters, as expressed in Equations (4)
and (5) [35].

KF = (FZ−CD − FZ−RUAD)/FZ−CD × 100%, (4)

KM = (MZ−CD − MZ−RUAD)/MZ−CD × 100%, (5)

where FZ-CD and MZ-CD are the drilling force and torque for CD, respectively, whereas
FZ-RUAD and MZ-RUAD are the drilling force and torque for rotary ultrasonic-assisted
drilling, respectively.

Figure 7. Drilling force and torque signals.

Figure 8. Influence of spindle speeds and feed rates on drilling force, (a) variation trend of drilling
force, (b) reduction rate KF of drilling force.

87



Crystals 2022, 12, 1658

Figure 9. Effect of different machining parameters on torque, (a) variation trend of torque, (b) varia-
tion trend KM of torque reduction.

Figures 8b and 9b show the impact of drilling parameters on the reduction in drilling
force and torque. The reduction in the drilling force, KF, decreases from 60.6% to 21.7%
with the increase in speed spindle n from 4000 to 20,000 rpm and in feed rate vw from 10
to 50 mm/min; similarly, the torque reduction, KM, decreases from 78.6% to 5.6%. The
results indicate that the effect of speed spindle n on the reduction rate is greater than that
of feed rate vw. For example, at the speed spindle n of 8000 rpm, the feed rate vw from
10 to 50 mm/min increases the KF and KM values from 16% to 51% and from 47.3% to
78.6%, respectively. The KF and KM values rise from 14.6% to 59.1% and from 19.1% to 58%,
respectively, at the feed rate vw of 30 mm/min when the spindle speed n is increased from
4000 to 20,000 rpm. The impact of ultrasonic vibration is weakened by increasing spindle
speed, gradually diminishing the ultrasonic processing effect to the level of conventional
processing. During RUAD, the wavelength λ of ultrasonic vibration can be expressed by
Equation (6) [24]

λ =
vs

f
=

πnD
f

, (6)

where D is the diameter of the tool, vs is the linear velocity of the abrasive grains during
drilling, and n is the spindle speed. Figure 5a illustrates the diamond abrasive grain’s
track during RUAD as a sinusoidal curve spinning downward around the spindle axis.
Therefore, the number of wavelengths generated by ultrasonic vibration per revolution of
diamond abrasive grain in the feeding process (N) can be expressed by Equation (7).

N =

√
Hf

2 + L2

λ
, (7)

where L is the circumference of the diamond grain rotating for one turn, and its value is
πD; Hf is the feed per revolution of the diamond grain. As the value of Hf per revolution is
very small (0.5–2.5 μm) compared to the circumference L, it can be neglected. Combined
with Equation (6), the number of wavelengths N is expressed as follows:

N =
f
n

, (8)

According to Equation (8), as the spindle speed adds, both the number of ultrasonic
wavelengths per revolution of diamond abrasive grain in the feeding process and the
number of hammering on the workpiece by abrasive grains decrease. Therefore, the
ultrasonic vibration effect diminishes when the spindle speed increases.
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In the reported studies, the core drill’s contact area with the SiCf/SiC workpiece has
been lubricated by adding a coolant, thereby reducing the damage caused by friction-
induced heat to the tool and hole-making quality [36]. However, the present study focuses
on improving the tool-workpiece friction behavior during dry drilling of SiCf/SiC compos-
ites and thus will provide new insights into this extreme machining method. Figure 5b,c
illustrate the contact process between the SiCf/SiC workpiece and the diamond grains at
the top of the brazed core tool, where FM and Mz are the friction and torque on the diamond
grains at the top of the tool, which can be expressed by Equations (9) and (10) [37].

FM = Fz·μ, (9)

MZ = FM·R, (10)

where μ is the equivalent friction coefficient between the SiCf/SiC workpiece and the
diamond grains at the top of the tool, and R is the width of the working surface for the
top of the core drill with R = R1 − R2 (Figure 5b). Hence, Equations (9) and (10) may be
combined into Equation (11) to obtain the equivalent friction coefficient μ as follows:

μ =
MZ

Fz·R , (11)

In conventional drilling, the coefficient of friction is 0.21–0.31, and in RUAD, it is
0.13–0.19, as shown in Figure 10. Therefore, RUAD can effectively reduce the coefficient
of friction. In dry drilling, a smaller coefficient of friction means less heat generated by
friction and thus less tool wear, which is more conducive to maintaining the sharpness of
the tool during machining.

Figure 10. Effect of machining parameters on friction coefficient with and without ultrasonic
drilling process.

3.4. Surface Roughness of Hole

Surface roughness is an important indicator reflecting surface integrity, which directly
reveals the impact of processing parameters, abrasive cutting trajectory, and other variables
on the workpiece’s surface quality. As SiCf/SiC is an anisotropic material, its surface
condition is difficult to characterize comprehensively because of the large variations in the
linear roughness Ra measured in different directions. Therefore, as illustrated in Figure 11,
we adopt the surface roughness Sa to evaluate the grinding surface quality. Based on
the results, the surface roughness Sa of holes has been strongly impacted by the drilling
parameters. In particular, the quality of the machined surface improves by reducing the
feed rate vw and increasing the spindle speed n. Additionally, the surface roughness of the
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holes that RUAD produces is superior to that produced by CD when the same parameters
are examined (Figure 12a,b). Under all testing parameters, the surface roughness Sa of
all holes is 2.60–13.03 μm for RUAD and 2.91–19.03 μm for CD. During RUAD, ultrasonic
vibration changes the state of motion of the abrasive grains, resulting in a longer cutting
path than in CD, thus leading to a smaller single-diamond grain chip size. Moreover, RUAD
has a larger overlap area of abrasive grains on the edge of the diamond core drill than CD,
which enhances the roughness of drilled holes’ walls [24]. In addition, under relatively low
spindle drilling speeds, in contrast to CD, RUAD can maintain good hole surface roughness
when the feed rate increases. This provides a good solution for improving the efficiency of
hole-making and expanding the application range of this drilling process.

Figure 11. Sa sampling method.

Figure 12. Surface roughness and reduction rate effects of drilling parameters, (a) surface roughness
variation trend in RUAD, (b) surface roughness variation trend in CD, and (c) reduction rate.
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This study defines KSa as the magnitude of the reduction in hole wall surface rough-
ness from CD to RUAD performed at the same machining parameters, expressed in
Equation (12).

KSa = (Sa−CD − Sa−RUAD)/Sa−CD × 100%, (12)

where Sa-CD is the surface roughness of the hole wall for CD, and Sa-RUAD is the surface
roughness of the hole wall for RUAD. KSa expresses the magnitude of the influence of
ultrasonic machining on the quality of the hole wall.

The spindle speed n has a greater influence on the decrease in surface roughness
(KSa) of the hole walls than the feed rate vw. The impact of RUAD on surface roughness
of hole improvement is more pronounced when KSa is between 30% and 42% and the
spindle speed n is between 4000 and 12,000 rpm, as illustrated in Figure 12c. When the feed
rate vw is in the range of 10–50 mm/min and the spindle speed n approaches 20,000 rpm,
KSa drops to 1–10%, suggesting that at high spindle speeds, the influence of RUAD on
the surface roughness of drilled holes progressively reduces to a level comparable to CD.
To summarize, increasing spindle speed reduces the hole wall roughness Sa during CD
and RUAD; however, it also reduces the degree of improvement in surface roughness Sa
after RUAD.

3.5. Tearing Factor of the Hole Exit

The tearing factor is frequently employed to quantify drilling damage to composite
materials surrounding the entry or exit of the hole [3]. As shown in Figure 13, the tearing
factor of the hole exit LD can be calculated as follows:

LD =
Dm − Dh

Dh
, (13)

where Dm is the maximum diameter of the tearing area at the hole exit, and Dh is the actual
drilled hole diameter of the SiCf/SiC composite.

Figure 13. Schematic of the tearing factor.

The hole exit tearing factor is directly related to the drilling parameters (spindle speed,
feed rate), and different processing methods (RUAD, CD) of the hole made by the tearing
factor show different phenomena. Figure 14 depicts the development of the tearing factor
of the hole exit LD at various spindle speeds and feed rates in RUAD and CD. When the
feed rate vw and the spindle speed n increase from 10 to 50 mm/min and from 4000 to
20,000 rpm, respectively, the tearing factor of the hole exit LD is better in RUAD than in
CD. When the spindle speed n is 4000 rpm and the feed rate vw is 10 mm/min, the tearing
factor of the hole exit LD is 0.39 in CD and 0.36 in RUAD. In particular, throughout the
experimental domain, the tearing factor of the hole exit LD increases from 0.1 to 0.5 in RUAD
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and from 0.11 to 0.7 in CD, as shown in Figure 14a,b. The morphology of the hole exit also
illustrates that with the increment of spindle speed, the tearing area reduces for both RUAD
and CD, while the increased feed rate can deteriorate the hole exit quality, which means
an increase in the tearing area, as shown in Figures 15 and 16. In the studied range of the
parameters, the exit tearing factor in RUAD varies to a smaller extent compared to CD.
Furthermore, RUAD results in smaller exit tear size throughout the entire range of drilling
parameters, achieving a maximum reduction of 37.26% (n = 16,000 rpm, vw = 10 mm/min,
A = 5 μm, f = 23.5 kHz) as shown in Figure 14c. The morphology of the hole exit also
demonstrates the advantages of ultrasonic vibration in reducing the exit tearing, as shown
in Figures 15c and 16c.

Figure 14. Effect of different parameters on exit tearing factor and its reduction, (a) variation trend
of exit hole of tearing factor in RUAD, (b) variation trend of exit hole of tearing factor in CD, and
(c) reduction rate.

As both the SiC matrix and the SiC fibers in SiCf/SiC composites are exceedingly hard
and brittle, the exit tear during drilling is primarily caused by cracks generated under
the drilling force and their extension to the hole exit. This paper describes the formation
process of exit tearing in detail, as shown in Figure 17. The tear damage formation during
the drilling of SiCf/SiC is similar to that during the drilling of the C/SiC composite, as
reported by Feng et al. [21]. It mainly includes fiber-matrix interface debonding, fiber
bending, and fiber breaking. When the diamond core drill reaches the bottom of the
material, cracks occur at the fiber-matrix contact as a result of the drilling force, as shown
in Figure 17a. The crack expands along the fiber-matrix interface until debonding. The hole
exit is composed of fewer composite layers and thus has low support strength. The fiber
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is bent and deformed as the core drill proceeds toward the hole exit, further expanding
the interface’s debonding length, as illustrated in Figure 17b. With further feeding of the
core drill, the fibers continue to bend until breaking when the compressive stress from the
drilling force exceeds the flexural strength of the fibers, eventually causing tearing at the
hole exit, as shown in Figure 17c. The chip morphology of the SiCf/SiC composite after
drilling through the material and the fiber fracture morphology at the edge of the chip
reflect the state of the hole exit tear, as illustrated in Figure 17d.

Figure 15. The morphology of the hole exit tearing areas in RUAD with (a) n = 4000 rpm,
vw = 10 mm/min; (b) n = 20,000 rpm, vw = 10 mm/min; (c) n = 4000 rpm, vw = 50 mm/min;
(d) n = 20,000 rpm, vw = 50 mm/min.

Figure 16. The morphology of the hole exit tearing areas in CD with (a) n = 4000 rpm,
vw = 10 mm/min; (b) n = 20,000 rpm, vw = 10 mm/min; (c) n = 4000 rpm, vw = 50 mm/min;
(d) n = 20,000 rpm, vw = 50 mm/min.
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Figure 17. Hole exit tearing damage formation process, (a) fiber-matrix interface debonding, (b) fiber
bending, (c) fiber breaking, and (d) chip morphology.

The drilling force FZ is the key element influencing the degree of hole exit tearing.
According to Figure 18, the drilling force and hole exit tearing are positively associated,
meaning that the higher the drilling force, the bigger the hole exit tearing. This is similar to
the results of Feng [20] and Chen [38]. As a result, RUAD effectively minimizes the drilling
force, lowering the hole exit tearing factor.

Figure 18. Drilling force versus hole exit tearing factor.

4. Conclusions

This study proposes an innovative strategy for dry drilling of small holes in SiCf/SiC
composites—dry rotary ultrasonic-assisted drilling (RUAD) using an orderly arranged
brazed diamond core drill. We investigate the effect of tool life and wear on drilling accuracy
during dry machining and the effects of processing parameters on drilling force, torque,
surface roughness Sa of holes, and exit tearing. We also validated the benefits of RUAD
with orderly arranged brazed diamond core drills for machining SiCf/SiC composites. The
main conclusions are as follows.
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(1) When the feed rate is 30 mm/min and the spindle speed is 12,000 rpm, the studied
core drill made 102 holes during RUAD until failure. The diameters of the drilled holes
ranged from 3.95 to 4.04 mm, whereas before hole 92, the maximum error in hole diameter
was 0.03 mm, indicating a relatively high drilling accuracy for this process.

(2) RUAD and conventional drilling (CD) are compared using multiple parameters.
Ultrasonic vibration changed the contact state and friction behavior between the core drill
and SiCf/SiC workpiece, and the equivalent friction coefficient of dry RUAD is lower by
38% than that of CD. Furthermore, RUAD showed significantly lower drilling force and
torque than CD as follows: the drilling force during RUAD is in the range of 2.25–33.40 N
with a maximum reduction of 60.6%, and torque is in the range of 0.0024–0.02096 N m with
a maximum reduction of 78.6%.

(3) Compared with CD, RUAD exhibits a smaller drilling force and a larger trajectory
overlap region for the abrasive grains on the tool, which effectively reduces the surface
roughness of holes and the exit tearing factor. At the tested parameters, the hole wall
surface roughness Sa is 2.60–13.03 μm for RUAD and 2.91–19.03 μm for CD, RUAD can
reduce the Sa up to 46.4%. The exit tearing factor LD is 0.1–0.5 for RUAD with a maximum
reduction of 37.3%, while the tearing factor is 0.11–0.7 for CD.

(4) RUAD maintains high hole-making quality and improves the hole-making effi-
ciency even at relatively high feed rates and low spindle speeds, thus extending the process
domain for efficient and high-quality hole-making in SiCf/SiC composites.
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Abstract: The grinding force is an important index during the grinding process, which affects the
surface quality and other aspects after machining. However, the research on the grinding force of
ceramic matrix composites assisted by two-dimensional ultrasonic vibration-assisted grinding is very
weak. In this paper, the impact of the relationship between the critical cutting depth and the maximum
undeformed chip thickness on the removal mode of ceramic matrix composites was analyzed. On
this basis, the grinding force model of two-dimensional ultrasonic vibration-assisted grinding were
developed for ductile removal and brittle removal, respectively. Finally, the correctness of the model
was verified, and the impact of grinding parameters on the grinding force was analyzed. The
experimental results show that compared with the conventional grinding force, the two-dimensional
ultrasonic vibration assisted grinding force decreases obviously. When the feed rate and grinding
depth increase, the grinding force increases. When the grinding velocity and ultrasonic amplitude
increase, the grinding force decreases. Compared with the experimental value, the average relative
error of normal grinding force is 8.49%, and the average relative error of tangential grinding force is
13.59%. The experimental and theoretical values of the grinding force have a good fitting relationship.

Keywords: grinding; two-dimensional ultrasonic vibration-assisted grinding; grinding force;
2.5D-C/SiC composites material

1. Introduction

Ceramic matrix composites (CMCS) are a new type of multiphase material, which
are based on conventional ceramic material, adding fiber as reinforcement to the ceramic
material, to overcome the shortcomings of the conventional ceramic material, such as
high brittleness and high sensitivity. Among them, carbon fiber reinforced silicon carbide-
based (C/SiC) composites exhibit high strength, high hardness, low density, excellent wear
resistance, good thermal stability and excellent oxidation resistance, and are considered as
one of the most promising materials in many high-temperature engineering applications [1].
However, it is still a hard and brittle material in nature. Surface/sub-surface damage,
material delamination and other defects will appear during machining, which will affect
the reliability and service life of parts and components, and limit the wide application of
C/SiC composites. Therefore, high precision machining of C/SiC composites has become
one of the hot issues at present.

At present, machining research on hard and brittle materials such as C/SiC composites
mainly focuses on grinding [2,3] and special machining methods which combines conven-
tional machining methods with sound, light, electricity and chemical energy. Processing
methods include grinding, ultrasonic processing (USM) [4], rotating ultrasonic processing
(RUM) [5], abrasive water jet cutting (AWC) [6], electrical discharge machining (EDM) [7]
and laser beam machining (LBM) [8]. Ultrasonic vibration-assisted grinding (UVAG) is a
kind of ultrasonic machining, which is a precision machining technology combining high-
frequency ultrasonic vibration with conventional grinding (CG). Because of the existence of
ultrasonic vibration, the movement trajectory of abrasives changes. At the same time, it can
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effectively reduce the grinding force and heat, and further improve the surface machining
quality of material, so it has a wide application prospect in the precision machining field
of hard and brittle material, and relevant scholars have conducted in-depth research on
this. Ding et al. [9] conducted radial ultrasonic-assisted grinding tests on SiC ceramics, and
the results showed that, compared with conventional grinding, radial ultrasonic-assisted
grinding could effectively reduce the grinding force ratio, the grinding force and surface
roughness. Cao et al. [10] analyzed the brittle-ductile transition behavior of SiC ceramics
during axial ultrasonic vibration-assisted internal grinding, and found that the critical chip
depth of conventional grinding and ultrasonic vibration assisted grinding are 0.072 μm and
0.093 μm, respectively, which shows that ultrasonic vibration-assisted grinding is easier to
realize ductile removal of material and improve surface quality. Chen et al. [11] studied
the effect of different fracture mechanisms of carbon fiber on the removal mechanism and
surface quality of Cf/SiC composites in the grinding process. The experimental results
show that the change in removal mechanism is related to the value of the maximum unde-
formed chip thickness, and ultrasonic-assisted grinding can effectively reduce this value,
promote nano-scale brittle fracture of fiber and improve surface quality. Guo et al. [12]
used ultrasonic vibration-assisted grinding to machine linear micro-structured surface. The
experimental results show that ultrasonic vibration-assisted grinding can effectively reduce
the roughness and ensure the sharpness of microstructure edges, which proves the advan-
tages of ultrasonic vibration-assisted grinding in precision machining of microstructures. To
study the removal mechanism during ultrasonic vibration-assisted grinding, Gao et al. [13]
performed an ultrasonic vibration-assisted scratch test on SiC ceramics. Compared with
the ordinary scratch test, it was found that radial ultrasonic vibration-assisted grinding
has obvious advantages in improving critical cutting depth of brittle-ductile transition and
material removal rate, but the study of axial ultrasonic vibration-assisted grinding is not
detailed. Liang et al. [14] developed a new two-dimensional ultrasonic vibration-assisted
grinding processing technology, and verified the feasibility of two-dimensional ultrasonic
vibration assisted grinding in machining hard and brittle material through experiments.
Yan et al. [15] analyzed the impact of abrasive protrusion height and interference of adjacent
abrasive trajectories on material removal mechanism, and established a three-dimensional
roughness model for two-dimensional ultrasonic vibration-assisted grinding of zirconia ce-
ramics, which provided a new method for modeling surface roughness of two-dimensional
ultrasonic-assisted grinding.

As an important index in the grinding process, grinding force affects grinding temper-
ature, grinding surface quality, grinding wheel wear and so on. For the impact of ultrasonic
vibration on the grinding force, the main research focuses on one-dimensional ultrasonic
vibration-assisted grinding and develops a variety of prediction models. Sun et al. [16]
developed the axial ultrasonic vibration-assisted grinding force model. Compared with
the conventional grinding test results, it is found that the normal force and tangential force
of axial ultrasonic assisted grinding are reduced by 27.31% and 22.52%, respectively, and
the surface roughness value is reduced by 18.0%, which indicates that ultrasonic vibration-
assisted grinding can reduce the grinding force and improve the machining surface quality.
Yang et al. [17] analyzed the kinematics principle of the tangential ultrasonic vibration-
assisted grinding of ZrO2 ceramics and the contact rate between abrasives and workpieces
in the machining process. On this basis, the grinding force prediction model for tangential
ultrasonic vibration-assisted grinding of ZrO2 ceramics was developed, and the impact
of grinding parameters and vibration parameters on the grinding force was analyzed.
Li et al. [18] carried out a varied-depth nano-scratch test on SiC ceramics, measured the
critical chip thickness of brittle-ductile transition of SiC ceramics by AFM and SEM, and
developed a grinding force model of one-dimensional axial ultrasonic vibration assisted
grinding according to material removal rate. Xiao et al. [19] considered the brittle-ductile
transition mechanism in the one-dimensional ultrasonic vibration-assisted grinding of
ceramic material, modeled the grinding force under two removal modes, respectively, and
developed the final grinding force prediction model on this basis.
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However, according to the current research, for hard and brittle materials, the research
on the grinding force of UVAG mainly focuses on one-dimensional ultrasonic vibration-
assisted grinding, while the research on two-dimensional ultrasonic vibration-assisted
grinding (TUVAG) is relatively lacking. At the same time, unlike engineering ceramics
such as ZrO2 and SiC ceramics, C/SiC composites show anisotropy due to the existence of
a fiber toughening phase, which makes the removal mechanism of C/SiC composites more
complex. Therefore, the research on UVAG of C/SiC composites, especially the research on
the grinding force of UVAG is rare, which limits the application of ultrasonic machining
technology in C/SiC composites. In this paper, based on the grinding force model of
one-dimensional ultrasonic vibration-assisted grinding of ceramic material, the kinematics
principle of TUVAG is analyzed, and the different removal stages of material are modeled,
respectively. At the same time, the effective abrasives quantity in different removal stages
is analyzed, and the grinding force prediction model of TUVAG of 2.5D-C/SiC composites
is developed, which is verified by a single factor test.

2. Kinematics Analysis of TUVAG

TUVAG is based on conventional grinding, which can remove material by applying
high-frequency vibration in a specific direction and frequency to the workpiece or tool. As
shown in Figure 1, due to the existence of ultrasonic vibration, there are three kinds of
motions in the machining process: the feeding motion of the grinding tool, the rotating
motion of the spindle and ultrasonic vibration. The following assumptions are made to
facilitate the analysis:

Figure 1. Diagram of TUVAG.

(1) Ultrasonic amplitude and ultrasonic frequency remain unchanged during grinding.
(2) The shape of the abrasives is similar to that of the Vickers indenter, the size is the

same, the abrasives are evenly distributed on the grinding tool, and the abrasives will not
detach from the grinding tool during grinding.

(3) The shape of the abrasives remains unchanged during grinding.
Based on the above assumptions, as shown in Figure 1, the coordinate system is fixed

at the center of the grinding tool, assuming that the abrasives start to contact the workpiece
at time 0, and the contact point is P. The kinematic equation of abrasives is shown in
Equation (1):

STVUAG =

⎧⎨
⎩

SXTUVAG
SYTUVAG
SZTUVAG

=

⎧⎨
⎩

Rsin(2πnt)+vwt + AXsin(2πf 1t + Φ1)
R − Rcos(2πnt)+AYsin(2πf 2 + Φ2)

0
(1)
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where R is the radius of the grinding tool, R = 5 mm; vw is the feeding rate of the
grinding tool; n is the spindle speed; AX and AY are ultrasonic amplitudes in X direc-
tion and Y direction; f 1 and f 2 are ultrasonic vibration frequencies in X direction and Y
direction, f 1 = f 2 = 24,600 Hz; Φ1 and Φ2 are the initial phases of tangential ultrasonic vi-
bration and radial ultrasonic vibration. It is proved that when the phase difference between
two vibration directions is 90◦, the effect of vibration combination is the best, and it is a
standard elliptical trajectory. Therefore, here Φ1 = 0◦ and Φ2 = 90◦.

The velocity of abrasives during grinding can be obtained by differentiating Equation (1),
as shown in Equation (2):

VTUVAG =

⎧⎨
⎩

VXTUVAG
VYTUVAG
VZTUVAG

=

⎧⎨
⎩

2πnRcos(2πnt)+vw+2πf 1AXcos(2πf 1 t)
2πnRsin(2πnt)+2πf 2AYcos(2πf 2t+π

2
)

0
(2)

Similarly, in conventional grinding, the kinematics and velocity equations of abrasives
are shown in Equations (3) and (4):

SCG =

⎧⎨
⎩

SXCG
SYCG
SZCG

=

⎧⎨
⎩

Rsin(2πnt)+vwt
R − Rcos(2πnt)

0
(3)

VCG =

⎧⎨
⎩

VXCG
VYCG
VZCG

=

⎧⎨
⎩

2πnRcos(2πnt)+vw
2πnRsin(2πnt)

0
(4)

Based on Equations (1)–(4), the motion trajectory and velocity changes of abrasives
during CG and TUVAG are obtained, as shown in Figures 2 and 3. It can be seen from
Figure 2 that the motion trajectory of a single abrasive in TUVAG is approximately elliptical
in a vibration cycle. From the microscopic point of view, in a vibration cycle, the track
length of abrasives in TUVAG is longer than that in CG, and under specific grinding
parameters, there will be a cycle process of contact-separation-contact between abrasives
and workpiece, which makes the workpiece repeatedly ground by abrasives and reduces
the residual height of grinding surface. In addition, combined with Figure 3, it can be seen
the grinding velocity has been changing in a large range during TUVAG, which shows
that due to the existence of ultrasonic vibration, there is obvious impact in grinding, which
promotes the removal of material.

Figure 2. Comparison of abrasive trajectory between TUVAG and CG.
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Figure 3. Comparison of abrasive velocity between TUVAG and CG (a) X direction (b) Y direction.

3. Theoretical Model of Grinding Force in TUVAG

Grinding force, as an important index in grinding process, needs to be studied em-
phatically. Therefore, the grinding force prediction model of TUVAG of C/SiC composites
is developed in this paper. In the process of developing the grinding force model, firstly,
the grinding removal mechanism of hard and brittle material such as C/SiC composites
is considered, and the models of ductile removal stage and brittle removal stage are es-
tablished, respectively. Then, considering the number of active abrasives in each stage, a
comprehensive grinding force prediction model including the ductile removal stage and
brittle removal stage is finally given.

3.1. Grinding Removal Mechanism of C/SiC Composites

Traditionally, the removal mechanism of hard and brittle material during grinding
is brittle removal. With the deepening of research, more and more scholars have found
that under the specific combination of grinding parameters, hard and brittle materials
such as zirconia and monocrystalline silicon will also show ductile removal characteristics.
At present, the mainstream view is that in grinding hard and brittle material, the unde-
formed chip thickness is a process from 0 to the maximum. If the value of the maximum
undeformed chip thickness (hmax) is less than the value of the critical cutting depth (agc),
the ductile removal of material is dominant, otherwise, the brittle removal of material is
dominant [20], as shown in Figure 4. As far as critical cutting depth (agc) is concerned, it is
a value determined by the properties of material themselves. Chen et al. [21] put forward
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an equation for calculating the critical cutting depth of hard and brittle material, as shown
in Equation (5).

agc= cotθ

√
2˘
ξ
(

KIC
HV

)
2

(5)

where θ is the half apex angle of abrasives; KID is the dynamic toughness of hard and brittle
material. For hard and brittle material, the dynamic toughness is about 30% of the static
toughness, that is, KID = 0.3KIC; ξ is the geometric factor of the indenter, and the value
is 1.8854 in paper [21]; λ is the comprehensive factor, and its value is (1–1.6) × 104; Hv
is the Vickers hardness of the material. It has been pointed out that due to the existence
of ultrasonic vibration, the surface hardness of the material decreases by about 30% [22],
H′

v = 0.7Hv. The critical cutting depth of material in CG and TUVAG can be obtained in
Equations (6) and (7):

agc= cotθ

√
2˘
ξ
(

KID
Hv

)
2

(6)

a′gc= cotθ

√
2˘
ξ
(

KID
H′

v
)

2
(7)

(a)

(b)

Figure 4. Removal model of hard and brittle material (a) Ductile removal model (b) Brittle re-
moval model.

Comparing Equations (6) and (7), it can be concluded that the critical cutting depth
in TUVAG is larger than that in CG due to the weakening effect of ultrasonic vibration
on surface hardness. Under the same combination of machining parameters, the ductile
removal of material can be easily realized during TUVAG.
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According to the existing research results, the maximum undeformed cutting thickness
during CG can be obtained in Equation (8) [23–25]:

hmax= (
3

Ctanθ
)

1
2 (

vw

vs
)

1
2
(

ap

2R
)

1
4

(8)

where C is the number of active abrasives per unit area; vw is the feeding rate; vs is the
grinding velocity; ap is the grinding depth.

To calculate the chip volume conveniently, the chip is treated as a triangular pyramid,
and the material removal amount of a single abrasive during CG can be obtained in
Equation (9):

VCG =
1
3

h2
maxtanθlCG (9)

Similarly, during TUVAG, the material removal amount of a single abrasive can be
obtained in Equation (10):

VTUVAG =
1
3

h′2maxtanθlTUVAG (10)

where, lCG and lTUVAG are the cutting length of a single abrasive during CG and TUVAG,
respectively, which can be obtained in Equations (11) and (12).

lCG =
∫ t

0

√
V2

XCG+V2
YCG+V2

ZCG (11)

lTUVAG =
∫ t

0

√
V2

XTUVAG+V2
YTUVAG+V2

ZTUVAG (12)

where t is the cutting time of a single abrasive, and the relationship between t and ap is
shown in Equation (13):

ap= R(1 − cos(2πnt) (13)

In a complete grinding process of abrasives, the time t used is extremely short. It can
be considered that t tends to 0, then 1 − cos(2πnt) ≈ (2πnt)2/2. According to Equation (13),
the time used for a complete grinding of abrasives is as shown in Equation (14):

t =
1

πn

√
ap

2R
(14)

From a macro point of view, the final material removal volume of the two process-
ing methods is the same, then VCG = VTUVAG, the calculation formula of the maximum
undeformed chip thickness of TUVAG can be obtained in Equation (15),

h′max= (
lCG

lTUVAG
)

1
2 (

3
Ctanθ

)

1
2
(

vw

vs
)

1
2
(

ap

2R
)

1
4

(15)

By comparing Equations (6)–(8) and (15), it can be concluded that the TUVAG can
increase the critical cutting depth of material and reduce the maximum undeformed chip
thickness, thus making it easier to realize ductile removal of C/SiC composites.

3.2. Theoretical Model of Grinding Force in Ductile Removal Stage

As shown in Figure 5, when hmax < agc, according to the analysis of Section 3.1, the
material is in a ductile removal state, and the removal of the material mainly depends
on the extrusion and shear between the abrasives and the workpiece, and micro-cracks
rarely occur. Referring to the removal mechanism of ductile materials, the removal volume
and chip shape is determined by the maximum undeformed chip thickness and the shape
of abrasives. As shown in Figure 6, the abrasive is approximately treated as a Vickers
indenter. According to the definition of Vickers hardness, the relationship between the
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instantaneous normal grinding force of a single abrasive and the cutting depth can be
obtained in Equation (16):

fnd= 2htanθ

√
(tan 2 θ + 2)H′

v (16)

where h is the instantaneous chip thickness of a single abrasive during grinding.

Figure 5. Diagram of chips at the ductile removal stage.

Figure 6. Diagram of grinding tool and abrasive.

For Equation (16), since the grinding depth h changes with the cutting time, the normal
grinding force fnd also changes at any time. To obtain the average normal grinding force in
the whole ductile removal stage, the average cutting depth of the abrasive during grinding
should be obtained. As shown in Figure 7, Xiao et al. [19], to obtain the average cutting
depth of abrasives in the ductile removal stage, adopted the equivalent removal volume,
that is, the triangular chip is equivalent to the triangular chip so that the removal volume
of the two is equal. Based on this idea, the relationship between the average cutting depth
and maximum cutting depth of abrasive was solved, as shown in Equation (17):

h′ave =

√
3

3
h′max (17)
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Figure 7. Idealized treatment of chip.

Equation (17) is substituted into Equation (16). When the material is in the condition of
ductile removal, the normal grinding force of TUVAG of a single abrasive can be obtained
in Equation (18):

fnd =
2
3

h′maxtanθ
√

tan2+2H′
v (18)

Considering the total number of abrasives N in the contact area between the grinding
tool and the workpiece, the average normal grinding force in the ductile removal stage can
be obtained in Equation (19):

Fnd= Nf nd (19)

For the value of N, refer to the calculation method proposed by Wang 26:

N = (
1
4
(

Ca

100
)(

6
πD3 ))

2
3 lTUVAGap (20)

where Ca is the abrasive concentration, Ca = 100%

3.3. Theoretical Model of Grinding Force in Brittle Removal Stage

As shown in Figure 8, when h′max > agc, the material will undergo a process of ductile
removal followed by brittle removal. Given that the normal grinding force at the ductile
removal stage is given in Section 3.2, only the normal grinding force at the complete
brittle stage are discussed here. With the grinding process, the contact stress between
the workpiece and the abrasive gradually increases. According to the fracture mechanics,
two main crack systems will be generated inside the material at this time: the radial
crack system and the transverse crack system, as shown in Figure 4b. The radial crack
is mainly related to the subsurface damage and strength reduction of the material, while
the transverse crack is mainly related to the removal of the material and the formation
mechanism of the surface. According to existing research results, for Vickers indenter, the
depth Ch and length Cl of a transverse crack of hard and brittle materials can be obtained
in Equations (21) and (22) [22,26]:

Ch= ξ1(
fnb
H′

v
)

1
2

(21)

Cl= ξ2(
fnb
KID

)

3
4

(22)
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where ξ1 and ξ2 are the geometrical factors of the indenter. In fact, due to the existence of
the fiber toughening phase, when the micro-cracks propagate in the material and reach the
joint surface between the matrix and the fiber, the crack propagation will be temporarily
prevented, and the micro-crack propagates again and deflects with the increasing grinding
force, which makes the actual size of the micro-crack different from the theoretical size, and
the actual calculation is extremely difficult because of the randomness of the micro-crack
propagation. We assume that K1 and K2 are proportional coefficients, representing the
impact of the fiber toughening phase on microcrack propagation. For C/SiC composites,
Equations (21) and (22) can be modified as follows:

Ch= K1ξ1(
fnb
H′

v
)

1
2

(23)

Cl= K2ξ2(
fnb
KID

)

3
4

(24)

where, fnb is the normal grinding force of a single abrasive in the complete brittle removal
stage, and H′

v and KID are the surface hardness and fracture toughness of materials when
there are ultrasonic vibration effects.

Figure 8. Diagram of chips at the brittle removal stage.

The removal volume of a single abrasive can be obtained in Equation (25)

V = 2ClChlTUVAG (25)

From the microscopic perspective, the material removal rate (MMR) can be obtained
in Equation (26):

MMR =
NV

t
(26)

From the macro perspective, MMR can be obtained in Equation (27):

MMR = apbvw (27)

where, b is the width of the grinding area. In theory, the values of Equations (26) and (27)
should be equal. Equations (23)–(25) should be substituted into Equation (26) and made
equal to Equations (26) and (27). The normal grinding force of a single abrasive in the
complete brittle removal stage can be obtained in Equation (28).

fnb= (
apbvwtK

3
4
IDH′ 1

2
v

2K1K2¸1¸2lTUVAGN
)

4
5 (28)
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Since ξ1, ξ2, K1, K2 are constants related to indenter geometric parameters and material
properties, in order to simplify the equation, let K = ξ1ξ2K1K2; Equation (28) can be
simplified as:

fnb= (
a

3
2
p bvwR

1
2 K

3
4
IDH′ 1

2
v√

2KlTUVAGvsN
)

4
5 (29)

In this stage, the average normal grinding force can be obtained in Equation (30):

Fnb= Nbfn (30)

where, Nb is the number of active abrasives in the brittle removal stage during grinding.
Since it is assumed that the size and shape of abrasives are consistent and uniformly
distributed on the grinding tool, the active abrasive number Nd involved in ductile re-
gion and the active abrasive number Nb involved in the brittle region can be obtained in
Equations (31) and (32):

Nd =
a′gc

h′max
N (31)

Nb =
(h ′

max−a′gc

)
h′max

N (32)

In Section 3.2, we have obtained the average grinding force in the ductile removal
stage, combined with the average grinding force in the complete brittle stage and the
number of active abrasives in each stage obtained in Section 3.3, we have obtained the
calculation equation of the average grinding force in the whole brittle removal process.

Fn =
2
3

a′2gctanθ
√

tan2+2H′
vNd+Nb(

a
3
2
p bvwR

1
2 K

3
4
IDH′ 1

2
v√

2KlTUVAGvsN
)

4
5

(33)

3.4. Theoretical Model of Comprehensive Grinding Force

The removal mechanism of materials, the average normal grinding force at the ductile
removal stage and the average normal grinding force at the brittle removal stage have been
studied above. Therefore, by synthesizing the above, the grinding force model of TUVAG
of C/SiC composites was obtained, as shown in Equation (34):

Fn =

⎧⎪⎪⎨
⎪⎪⎩

2
3 h′2maxtanθ

√
tan2 + 2H′

vN
(

h′max ≤ a′gc

)
2
3 a′2gctanθ

√
tan2+2H′

vNd+Nb(
a

3
2
p bvwR

1
2 K

3
4
IDH

′ 1
2

v√
2KlTUVAGvsN

)

4
5

(h′max> a′gc)

(34)

During the grinding process, normal grinding force and tangential grinding force have
a linear relationship:

Ft= ¯Fn (35)

where, μ is friction coefficient.

4. Experiment Equipment and Condition

4.1. Experiment Equipment

The grinding machine is TC500R high-precision vertical machining center, the max-
imum spindle speed is 20,000 r/min, the two-dimensional ultrasonic vibration device
is fixed below the fixture, the frequency chosen in the test is 24,600 Hz, and the vibra-
tion direction is tangential and radial, as shown in Figures 9 and 10. The grinding tool
used in the test is single layer electroplated diamond grinding tool with a diameter of
10 mm, and an abrasive size of 200 #, as shown in Figure 11. The dynamometer is Kistler
9257 dynamometer, and the sampling frequency is 7000 Hz. The cutting force is collected
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by Kistler 9257 dynamometer and processed by Dynoware software to obtain the average
grinding force in the grinding process, as shown in Figures 9 and 10.

Figure 9. Experiment equipment.

Figure 10. Kistler 9257 Dynamometer.

Figure 11. Micro morphology of grinding tool.

4.2. Experiment Material and Scheme

In this experiment, the experimental material used is 2.5D-C/SiC composite material,
the size of 8 mm × 10 mm, the mechanical properties of 2.5D-C/SiC composite are shown
in Table 1. The fiber structure composition is shown in Figure 12, including radial fibers,
weft fibers, and a needle punched structure perpendicular to these two fibers.
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Table 1. Mechanical properties of the 2.5D-C/SiC composite.

Parameter 2.5D-C/SiC Composite

Density (g/cm3) 1.9
Fracture Toughness (Mpa.m1/2) 10

Bending strength/MPa 240–300
Tensile strength/MPa 75–100

Compressive strength/MPa 420–500
Shear strength/MPa 15–25

Vickers hardness/GPa 25.5
Temperature resistance/vacuum ◦C 1600

Figure 12. Micromorphology of 2.5D-C/SiC composite.

As shown in Table 2, to verify the correctness of the grinding force model of TUVAG
and analyze the impact of grinding parameters (grinding velocity vs, feeding rate vw and
grinding depth ap) and ultrasonic parameters (ultrasonic amplitude A) on grinding force,
the single factor experiment was carried out. To facilitate the analysis of experiment data,
the ultrasonic amplitude was adjusted to make it consistent in the X and Y directions,
therefore, the ultrasonic amplitude values in the two directions are no longer listed in
Table 2. At the same time, the contrast experiment was carried out as the control to analyze
the difference between CG and TUVAG. In the contrast experiment, the grinding parameters
were consistent with in the single factor experiment, but the ultrasonic amplitude was set
to 0. Therefore, the tables of the contrast experiment scheme were not listed in this paper.

Table 2. Single factor experiment scheme.

Serial Number vs (m/s) vw (mm/min) ap (mm) A (μm)

1 6.28 50 0.02 3.7
2 6.28 250 0.02 3.7
3 6.28 450 0.02 3.7
4 6.28 650 0.02 3.7
5 1.00 250 0.02 3.7
6 3.66 250 0.02 3.7
7 8.90 250 0.02 3.7
8 6.28 250 0.01 3.7
9 6.28 250 0.03 3.7
10 6.28 250 0.04 3.7
11 6.28 250 0.02 2.4
12 6.28 250 0.02 5.3
13 6.28 250 0.02 6.6
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5. Experimental Result and Discussion

5.1. Obtaining the Proportional Coefficient K

In the above section, K = ξ1ξ2K1K2. Here, the value of K was discussed.
Lawn et al. [27] obtained the calculation equations of microcrack size for hard and

brittle material through research. Wang et al. [26] idealized the abrasives according
to the Vickers indenter, and finally obtained the microcrack calculation equations of
Equations (21) and (22). ξ1, ξ2 as the geometric factor of indenter, the specific value is
only related to the shape of the abrasive, and when the shape of the abrasive is determined,
ξ1, ξ2 are a fixed value. In the above hypothesis, K1 and K2 are proportional coefficients,
indicating the impact of the presence of the fiber toughening phase on microcrack propaga-
tion. Theoretically, their values are only related to the structure of 2.5D-C/SiC composites.

Therefore, in this test, the above four proportional coefficients are all definite values, so
the proportional coefficient K should also be a definite value. To obtain the value of K, the
critical cutting depth of CG and TUVAG was obtained according to Equations (6) and (7),
and the maximum undeformed chip thickness corresponding to each machining parameters
combination was obtained according to Equations (8) and (15), from which the machining
parameters combination under brittle removal was selected to obtain the grinding force at
this time. Multiple groups of related grinding parameters are substituted into Equation (33)
to obtain the value of K, which is about 1.80 in this test.

5.2. Obtaining the Friction Coefficient μ

Theoretically, tangential grinding force and normal grinding force should have a linear
relationship. Therefore, the single factor test results fitting was carried out, as shown in
Figure 13. Then, the friction coefficient μ is about 0.221, and the tangential force can be
expressed as:

Ft= 0.221Fn (36)

Figure 13. Experiment value and fitting value for tangential grinding force.

5.3. Impact of Machining Parameters on Grinding Force
5.3.1. Impact of Grinding Velocity on Grinding Force

The impact of grinding velocity on normal grinding force and tangential grinding
force is shown in Figures 14 and 15. As can be concluded from these figures, when the
grinding velocity increases from 1.00 m/s (n = 2000 r/min) to 8.90 m/s (n = 17,000 r/min),
the normal and tangential grinding force in TUVAG and CG have an overall downward
trend. The grinding force of TUVAG is smaller than that of CG. This situation is analyzed.
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Figure 14. Impact of grinding velocity on the normal grinding force.

Figure 15. Impact of grinding velocity on the tangential grinding force.

When the feeding rate and grinding depth are constant, according to the above analysis,
with the increase of grinding velocity, the maximum undeformed chip thickness of a single
abrasive decrease. At the same time, during the cutting process, the cutting length of a
single abrasive increases. According to Equation (20), the number of effective abrasives
in the contact area between the workpiece and the grinding tool increases, which means
that the material removal volume of abrasives decrease and the chip thickness of abrasives
decrease. In addition, the increase in grinding velocity also means that the cutting time t of
single abrasive decreases, which reduces the impact force of the abrasive on the workpiece,
improves the chip removal conditions between the workpiece and the abrasive, slows
down the wear of the abrasive, and better maintains the good cutting conditions. However,
by comparing Figures 13 and 14, it can be seen that during CG, when the grinding velocity
is 8.90 m/s, the tangential grinding force and normal grinding force will show an upward
trend, which is speculated to be because the spindle speed is 17,000 r/min. It is close to the
limit speed of the machine tool spindle (the limit speed is 20,000 r/min). In addition, the
radial runout of the machine tool spindle, the vibration of the machine tool itself and other
factors lead to the increase in grinding force.

5.3.2. Impact of Feeding Rate on Grinding Force

The impact of the feeding rate on normal grinding force and tangential grinding force
is shown in Figures 16 and 17. It can be concluded from these figures, when the feeding
rate increases from 50 mm/min to 650 mm/min, the normal and tangential grinding force
in TUVAG and CG both show an upward trend, and the grinding force in TUVAG are
significantly less than those in conventional grinding. This situation is analyzed.
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Figure 16. Impact of feeding rate on the normal grinding force.

Figure 17. Impact of feeding rate on the tangential grinding force.

When the grinding velocity and grinding depth are constant, when the feeding rate
is low, according to Equation (8), the maximum undeformed chip thickness of a single
abrasive is low, which means that the ductile removal mode accounts for a large proportion
in the material removal process at this time, reducing the overall grinding force. At the same
time, the lower feeding rate means that the number of active abrasives that can participate
in the grinding per unit time is higher, the chip thickness of a single abrasive is reduced,
and the chips can be more smoothly discharged with the rotation of the grinding tool,
maintain good heat dissipation condition, and reduce the wear degree of abrasives. Under
the impact of the above conditions, the grinding force value is lower. When the feeding
rate continues to increase, the above conditions continue to deteriorate, and because the
grinding chips are difficult to discharge smoothly, the gap between the grinding abrasives
on the grinding tool is blocked by the chips, making it difficult for the grinding tool to
maintain the normal cutting process, the grinding heat accumulation gradually, resulting
in the increase in grinding force.

5.3.3. Impact of Grinding Depth on Grinding Force

The impact of grinding depth on normal grinding force and tangential grinding force
is shown in Figures 18 and 19. It can be concluded from these figures that when the grinding
depth increases, the normal and tangential grinding force of TUVAG and CG both show an
increasing trend. This situation is analyzed.
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Figure 18. Impact of grinding depth on the normal grinding force.

Figure 19. Impact of grinding depth on the tangential grinding force.

It can be concluded from the above analysis that the grinding depth mainly affects the
cutting time t of the abrasives, the maximum undeformed chip thickness hmax and other
important parameters. Therefore, when the grinding depth is low, the cutting time t of
abrasives is shorter, and the cutting heat is not easy to accumulate, and the maximum
undeformed chip thickness is reduced, and the material is mainly plastic removed. At
the same time, when the grinding depth is low, the microscopic separation between a
single abrasive and the workpiece caused by radial vibration is more obvious, which
further reduces the impact between a single abrasive and the workpiece, making the overall
grinding at this time lower. With the increase in grinding depth, the cutting time t of
abrasives increases and the impact of abrasives on the workpiece increases. In addition,
the maximum undeformed chip thickness of a single abrasive is larger than the critical
cutting depth of the workpiece. The material is dominated by brittle removal. According to
Equation (34), the grinding force is proportional to the grinding depth during brittleness
removal, making the grinding force increase continuously.

5.3.4. Impact of Ultrasonic Vibration on Grinding Force

By comparing Figures 14–19, it can be concluded that the grinding force in CG is
significantly higher than that in TUVAG, and it can be concluded from Figure 19 that with
the increase of ultrasonic amplitude, the grinding force shows a downward trend. The
impact of ultrasonic vibration and ultrasonic amplitude on the grinding force was analyzed.

It can be concluded from the above analysis that, from a microscopic point of view,
the cutting length of a single abrasive in TUVAG is larger than that in CG. Under the same
grinding parameter combination, the maximum undeformed chip thickness of a single
abrasive in TUVAG is smaller than that in CG. Moreover, due to the weakened effect of
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ultrasonic vibration on the surface hardness of material, the surface hardness of material
decreases and the critical cutting depth of the material increases. Therefore, under the same
grinding parameter combination, it is easier to achieve the ductile removal of material
during TUVAG, which not only obtains better surface quality but also reduces the grinding
force during machining. In addition, due to the existence of ultrasonic vibration, there is
always a small impact between the abrasive and the workpiece, the long and continuous
chips into short but not continuous chips, reducing the friction coefficient between the
grinding tool and the workpiece, promote the chip discharge, slow down the wear of
abrasives, and further reduce the grinding force.

The impact of ultrasonic amplitude on grinding force is shown in Figures 20 and 21.
It can be concluded from these figures that with the increase of ultrasonic amplitude,
normal grinding force and tangential grinding force show a downward trend overall.
This is because when the ultrasonic amplitude increases, the cutting length of a single
abrasive further increases, which makes the maximum undeformed chip thickness of a
single abrasive decrease; the ductile removal mode accounts for a large proportion of
the material removal process, and the grinding force decreases. At the same time, due
to the increase in ultrasonic amplitude, the micro-impact between the abrasives and the
workpiece is increased, resulting in a large amount of micro-cracks on the surface. The
micro-cracks are interleaved with each other, which promotes the removal of material and
further reduces the grinding force.

Figure 20. Impact of ultrasonic amplitude on the normal grinding force.

Figure 21. Impact of ultrasonic amplitude on the tangential grinding force.

5.4. Verification of Grinding Force Model

The errors between theoretical values and measured values corresponding to different
ultrasonic parameters and grinding parameters are calculated, as shown in Table 3. It can
be concluded from the table that the maximum relative error of normal grinding force is
11.99%, the minimum relative error is 4.45% and the average relative error is 8.49%. The
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maximum relative error of tangential grinding force is 18.17%, the minimum relative error
is 8.91% and the average relative error is 13.59%. It can be seen that the relative errors
are all within 20%, indicating that the model has certain feasibility. At the same time, it is
concluded that the error value of tangential grinding force is large, which may be because
the friction coefficient μ between the grinding tool and the workpiece in TUVAG is obtained
by fitting the test data. Due to the small sample size of the test data, the fitting friction
coefficient μ has a certain error compared with the real friction coefficient. The relative
error of the tangential grinding force is larger.

Table 3. Relative errors between theoretical and measured values of grinding force.

Relative Errors (%) vs (m/s) vw (mm/min) ap (mm) A (μm) Average Error

Fn 9.98 11.99 4.45 7.55 8.49
Ft 18.17 13.40 13.88 8.91 13.59

6. Conclusions

Based on the maximum undeformed chip thickness of a single abrasive, the removal
mechanism of 2.5D-C/SiC composites during grinding was analyzed. From the perspec-
tives of ductile removal and brittle removal, the grinding force model of TUVAG for
2.5D-C/SiC composites was developed. Through the single factor test, the impact law of
ultrasonic parameters and grinding parameters on grinding force and the feasibility of
grinding force model were analyzed, and the following conclusions were drawn:

(1) The relationship between the critical cutting depth and the maximum undeformed
chip thickness of a single abrasive determines the material removal mechanism. If the
critical cutting depth is greater than the maximum undeformed chip thickness of a single
abrasive, the material removal mode is ductile removal. On the contrary, the material
removal mode is mainly brittle removal.

(2) During the grinding process, when the feed rate and grinding depth increase, the
grinding force increases. When the grinding velocity and ultrasonic amplitude increase,
grinding force decreases.

(3) Ultrasonic vibration can reduce the surface hardness of C/SiC composites, increase
the critical cutting depth, and reduce the maximum undeformed chip thickness of a single
abrasive. Therefore, compared with CG, the grinding force of TUVAG decreases obviously.

(4) The grinding force calculated by the theoretical grinding force model are consistent
with the experimental value. The average relative error of the normal grinding force is
8.49% and the average relative error of the tangential grinding force is 13.59%. Therefore,
the model can be used to predict the grinding force of TUVAG of C/SiC composites.
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Abstract: The 2.5D Cf/SiC composite is a typical heterogeneous material with the characteristics
of anisotropy, which makes it difficult to predict the size and damage removed by the traditional
contact removal process. This paper adopted the ultraviolet nanosecond laser to ablate the Cf/SiC
composites by considering the heterogeneous structure’s effect. The ablated groove topography and
size prediction are effective in revealing the machined quality with predictable groove sizes. The
effects of laser processing parameters on the groove morphology and surface thermally affected
zone are investigated with the thermal removal mechanism. A regression model is established by
considering the scanning times, scanning speed, laser power and pulse width as the main variables.
In the regression models, the relative error values are all below 10%. It is revealed that the groove
width diminishes with the scanning speed and increases as the laser power increases. However,
the influence of the scanning times and pulse width is small, and the overall variation range is
within ±10 μm. The results show that the arrangement direction of carbon fibers has an impact
on laser processing, especially when the pulse width is 0.25 μs, upon which the opposite change
occurs. Carbon fiber grooves are not obvious and are barely observed in the laser processing of the
parallel carbon fiber direction, and the grooves are slightly uneven. This study could be helpful in
analyzing the grooves of Cf/SiC affected by the laser processing process, which could support the
hybrid machining of the Cf/SiC composites.

Keywords: 2.5-dimensional Cf/SiC composites; nanosecond laser; groove morphology; thermally
affected zone

1. Introduction

Ceramic matrix composites (CMCs) are widely used in high-temperature, wear re-
sistance applications because of their extremely high impact and fatigue resistance per-
formance [1–3]. Generally, the Carbon Fiber-reinforced Silicon Carbide ceramics (Cf/SiC)
composites are composed of carbon fiber reinforcement, silicon carbide ceramic matrix
material and a pyrolytic carbon interface [4]. Compared with traditional structural ceramics
or CFRP material, the Cf/SiC composites have demonstrated improved mechanical prop-
erties in engineering applications [5–8], such as a high strength, light mass, high flexural
resistance, etc.

However, the heterogeneous structure of carbon fiber and SiC makes traditional ma-
chining [9–12] more difficult in dealing with the fracture cracks, delamination, burrs, etc.
Yu et al. [13] showed that 2.5D C/SiC composites have a good fatigue resistance strength
of 202.5 MPa, which is equivalent to 78.1% of the ultimate tensile strength. Due to the
excellent properties of Cf/SiC composite materials, it is difficult to remove them efficiently
and accurately [3,14]. Nowadays, Electric Discharge Machining (EDM), ultrasonic-assisted
machining and laser machining are relatively effective methods. Researchers have re-
ported on the EDM of the structure ceramic materials [15]; it has been believed that the
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microstructure is more suitable for this method [16]. However, functional ceramic materials
are polycrystalline materials, which are generally ionic, covalent or both ionic and covalent.
The materials are insulative and non-electrical conductive. Therefore, EDM technology
has a relatively large limitation in the processing and application of functional ceramic
materials. Ultrasonic-assisted machining can process both conductive and insulating ma-
terials, and it has a faster processing speed without the generation of heat-affected zones,
so it can process engineering structure materials [17]. However, limited by the processing
amplitude, the precision of ultrasonic-assisted machining is low. It is only suitable for the
surface processing of complex contours, and it is not suitable for processing small holes
with a high precision. The abrasive wear during ultrasonic-assisted grinding is twice as
high as the material wear, and the cost is higher. Laser machining utilizes the interaction of
laser beams with matter to process materials. Laser machining has shown the advantages
of a high machining efficiency, a non-contact nature and a lack of tool wear, which make it
an effective way to process Cf/SiC composites. The non-contact laser ablation process is
very helpful in promoting its engineering applications and machining quality.

Understanding the ablation mechanism and quality evaluation for Cf/SiC compos-
ites is very important for its further applications. Zhai et al. [18] explored the effect of
fiber orientation on surface morphology. It was found that, depending on different fiber
orientations, the surface roughness decreases in different degrees. Lambiase et al. [19]
conducted experiments on Cf/SiC composites by changing the laser parameters to explore
the effect of the laser parameters on the composites. It is believed that the defects, such as
delamination and microcracks, are caused by the heat-affected zone (HAZ). Wei et al. [20]
explored a novel method for the underwater femtosecond laser ablation of SiC/SiC com-
posites, which can obtain a high cleanliness and low-oxidation microporous surfaces. Yang
and Zhang et al. [21,22] conducted the laser processing of a microstructure for surface cre-
ation, which has demonstrated the typical advantages of the contact removal method [23].
Zhai et al. [24] compared the morphologies under different laser processing parameters. It
was found that the original surface roughness of C/SiC had a significant effect on the laser
ablation morphology. Pan et al. [25] revealed that the surface morphology of the C/SiC
composite under laser irradiation is usually divided into a central region, a transition
region and a boundary region. Hu et al. [26] studied SiC/SiC through-holes and blind
holes processed by a microsecond laser and analyzed their processing characteristics. Liu
and Zhang et al. [27] first revealed the ‘ablation evolution behavior’ in the micro-hole
machining of 2.5D Cf/SiC composites with a millisecond laser. Zhang et al. [28] studied
2.5D C/SiC composites at room temperature and 900 ◦C by applying cyclic loads and
found that the fracture was closely related to the cracks generated by the crossing of fiber
bundles. Deng et al. [29] established a thermal model, which investigates the thermal
behavior of single-crystal SiC at different wavelengths and pulse durations and predicts
the size and cross-sectional profile of the ablation hole. Liu and Wang et al. [30–32] found
that when a high-power picosecond laser ablates the C/SiC composites, a large number
of gas-phase substances and strong shock waves are generated, and fragments are ejected
at a high speed. However, due to the strong thermal effect, the materials are prone to
oxidation, stratification and grooving defects [33] in the laser processing process, and the
microgrooves are prone to appear in fine processing.

At present, the laser ablation of unidirectional and 2D Cf/SiC composites is widely
studied. The 2.5D Cf/SiC composite is different from the unidirectional and 2D Cf/SiC,
which mainly uses the weft yarn through the warp to form a braided structure so as to
form the interlock. Therefore, 2.5D Cf/SiC has a stronger interlayer bonding strength
and better mechanical properties. In the research of laser processing 2.5-dimensional
Cf/SiC composites, the surface morphology and its produced groove should be extensively
focused on, which is helpful for laser-ablated size and quality prediction. Thus, this paper
is devoted to investigating the experimental results of the variation in laser parameters with
the groove depth and width prediction model. The research work reflects the changing
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pattern of the Cf/SiC groove morphology, and the surface thermally affected zone will be
further analyzed through systematic experiments.

2. Experiment Setup

2.1. Material Preparation

The 2.5D Cf/SiC composites used in this experiment are provided by Shenyang Liming
Engine Co., LTD. (Shenyang, China) and prepared by the chemical vapor infiltration (CVI)
method. The preparation method is as follows. First, the T-300 carbon fiber was used
as the reinforcing material. The T-300 carbon fiber was prepared into the fiber preform.
Second, the carbon fiber precast was placed in a closed reaction chamber with a high
temperature; the reaction gases such as H2 and methyltrichlorosilane (MTS) are infiltrated
into the interior or surface of the preform to form the ceramic matrix. Table 1 shows the
key properties of the 2.5D Cf/SiC. The main components are carbon fiber, SiC ceramics and
microplasma silicon. Table 2 shows the physical and mechanical properties of SiC ceramics
and carbon fiber. Figure 1 shows the composite weaving structure. The texture morphology
and preparation characteristics of carbon fiber can be observed through the surface. The
workpiece has a dimensional size of 15 × 15 × 15 mm3.

Table 1. Material characteristics of the 2.5D Cf/SiC [34].

Properties (at Room Temperature) Parmeters

Diameter of carbon fiber 7.6 μm Porosity 17%
Density 1.7 g/cm3 Size 15 × 15 × 15 mm3

Fiber volume fraction 40~50% Thermal conductivity 8–10 W/m·k
Fiber mass fraction 27.27~36% Thermal expansivity 2–6 × 10−6 K−1

Table 2. Characteristics of the carbon fiber and SiC matrix [35,36].

Properties SiC Ceramics Carbon Fiber

Thermal conductivity (W/m·k) 185 Radial: 5; axial: 50
Specific heat (J/kg·K) 800 710

Vaporization temperature (K) 2700 3550
Latent heat for vaporization (MJ/kg) 19.83 43

Density (kg/m3) 3220 1780
Young’s modulus (GPa) 450 Radial: 15; axial: 230
Shear modulus (GPa) 193 Radial: 7; axial: 27

Figure 1. Structure of the 2.5-dimensional Cf/SiC composite material ((a). 2.5D structure diagram;
(b). microscope figure).

2.2. Experimental Equipment

In the experiments, the Cf/SiC composites are processed by the Huari Poplar nanosec-
ond laser Poplar-355. The temperature of the water cooler is set to be constant at 22 ◦C
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before the experiment. The laser z-axis is used to set the defocus distance of the laser pro-
cessing, and the x-axis and y-axis are used to adjust the experimental platform to determine
the laser processing position. The laser beam is emitted from the light outlet to process
Cf/SiC composites.

Table 3 shows the parameters of the nanosecond laser. According to the parameter
table, the output wavelength of the laser is 355 nm. The output power range is 5–20 W. The
pulse width range is 0.15–0.3 μs, and the operating voltage is the standard 220 V with the
water-cooling method.

Table 3. Nanosecond laser parameters.

Laser Equipment Poplar-355

wavelength 355 nm beam directivity <25 μrad
output power >5 W@50 kHZ laser head size 500 × 185 × 147 mm3

single pulse energy >125 μJ@40 kHZ divergence angle of light spots ≤1 mrad (with a beam expansion)
repeat frequency rate 20–200 kHZ working temperature 10–35 ◦C

pulse width 16 ± 2 ns@50 kHZ working humidity <65%
power stability ≤3% rms cooling-down method Water
pulse stability ≤3% rms beam diameter <8 mm

2.3. Overall Experiments Design

Figure 2 is the experimental flow chart of the laser irradiation of Cf/SiC ceramic matrix
composites, which is composed of surface grinding and polishing, ultrasonic cleaning,
dryer drying, laser irradiation processing, microscope observation and the interpretation
of the results. Through changing the scanning times, scanning speed, laser power and
pulse width, the observation and analysis of the groove topography and surface thermally
affected width of the Cf/SiC composites are thoroughly conducted. The experimental
parameters are shown in Table 4. The idea of control variables is adopted, and the other
processing parameters remain unchanged in a laser processing experiment with variable
parameters. The effects of different processing parameters on the surface groove and
surface thermally affected width of the Cf/SiC composites are analyzed, and the causes of
these effects are analyzed according to the relevant mechanism.

Figure 2. Experimental flow chart ((a). surface polishing; (b). ultrasonic wash; (c). dryer; (d). laser
processing; (e). 3D microscope observation; (f). result analysis).
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Table 4. Experimental processing parameters.

Serial Number
Scanning
Times (N)

Scanning
Speed

(V/mm.s−1)

Laser Power
(P/W)

Pulse Width
(Q/μs)

Wavelength
(nm)

Cooling-Down
Method

1 100 200 15 0.3 355 water
2 200 200 15 0.3 355 water
3 400 200 15 0.3 355 water
4 800 200 15 0.3 355 water
5 1200 200 15 0.3 355 water
6 400 100 15 0.3 355 water
7 400 200 15 0.3 355 water
8 400 400 15 0.3 355 water
9 400 800 15 0.3 355 water

10 400 200 5 0.3 355 water
11 400 200 10 0.3 355 water
12 400 200 15 0.3 355 water
13 400 200 20 0.3 355 water
14 400 200 15 0.15 355 water
15 400 200 15 0.2 355 water
16 400 200 15 0.25 355 water
17 400 200 15 0.3 355 water

The surface roughness of composites before processing has a great impact on the pro-
cessing results. Therefore, the Cf/SiC ceramic matrix composites require pre-experimental
treatment before laser irradiation processing. In Wei’s experiments [20], in order to elimi-
nate the effect of surface defects on the material, all samples were polished using standard
micron-sized sandpaper and then ultrasonically cleaned in absolute alcohol before pro-
cessing. In this experiment, the polishing paste of particles of a diameter of 28–1.5 μm is
applied to the test mill rotary platform, and Cf/SiC is pressed to the mill rotary platform
for surface treatment. Due to the poor removal consistency of Cf/SiC, uneven areas still
appear in the surface treatment. With holes in the Cf/SiC composites, the residual grinding
fluid may affect the experimental results of the laser processing. Therefore, after the surface
treatment, the residual grinding particles and the grinding solution are cleaned with the
ultrasonic cleaner and heating dryer. Cf/SiC is soaked in 75% ethanol solution and cleaned
for 7 min. The dryer temperature is set at 100 ◦C for 5 min to ensure that the residual
grinding fluid does not remain in the composites, as shown in Figure 2.

A metal plate is placed on the processing platform to avoid direct damage to the
processing platform during laser processing. The thickness is 15 mm, and the setting value
is 34.5 cm (the initial defocus distance of the laser is 33 cm). The software EzCad2.14.5
is used to set the laser processing parameters and draw the laser processing route. The
composite materials are placed in the processing position for laser irradiation processing,
as shown in Figure 3.

To ensure the reproducibility of the experiment, each group of experiments is repeated
twice. Each observation target datum is the average value obtained from the measured
data under that parameter. For example, when the variable parameter is 100 scanning
times, three measurement points are taken from the processing lines. The maximum and
minimum values are removed to obtain the average value. The surface morphology and
data recording of the Cf/SiC composites are observed by a Japanese Haoshi KH-7700
three-dimensional microscope. The main objectives of the observation data after the
laser irradiation processing of Cf/SiC composites are the surface groove width, depth
and thermally affected zone width, as shown in Figure 4. During the measurement, the
data of the main observation target are completely recorded, and the composite material
morphology at the point of measurement is saved with a three-dimensional microscope.
By observing and recording the groove morphology and the thermally affected zone width,
the change law of the Cf/SiC grooves is analyzed.
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Figure 3. Laser processing of Cf/SiC composites ((a). processing macrograph; (b). processing
direction diagram; (c). pictures during experimental processing).

Figure 4. 3D-microscopic image with measured sizes ((a). thermal affected width and groove width;
(b). groove depth).

3. Microgroove Analysis

The laser ablation of Cf/SiC composites is controlled by chemical and physical erosion,
mainly the physical erosion of the center [37]. The laser energy presents a Gaussian
distribution in space, with the largest spot in the center, and the laser energy on both sides
of the center of the spot will be smaller and smaller. During the laser irradiation processing
of the composites, most of the energy is absorbed by the material, and the surface of the
material is ablated, resulting in grooves. The absorbed energy will be conducted and
diffused in the Cf/SiC, causing different degrees of thermal damage to the processed
material, forming the thermally affected zone.

3.1. Effect of Laser Scanning Times

Figure 5 shows a regular diagram of the effect of laser scanning times on the surface
grooves of the Cf/SiC composites (V = 200 mm/s, P = 15 W, Q = 0.3 μs). The experimental
results show that with the increment of laser passing numbers, the surface groove width
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reaches the lowest value when the number is 400, but the overall variation range is small,
within ±10 μm. This indicates that scanning times have little effect on the surface groove
width of the composites. With the increment of scanning times, the groove depth increases,
and the width of the surface thermally affected zone first increases and then decreases.
This is because, with the increment of laser scanning times, the energy radiated on the
composites increases, increasing the groove depth. However, when the scanning times
continue to increase, on the one hand, the laser irradiation energy will ablate and fracture
the carbon fibers. On the other hand, the thermal conductivity of carbon fiber is reduced,
preventing the spread of the laser heat. Therefore, the surface thermally affected zone tends
to decrease.

Figure 5. Effect of laser scanning times on the composite surface groove ((a). variation in groove
width and depth; (b). variation in thermally affected zone width).

3.2. Effect of the Laser Scanning Speed

The influence of the laser scanning speed on the surface groove of Cf/SiC composites
is shown in Figure 6 (N = 400, P = 15 W, Q = 0.3 μs). The experiments show that with the
increment of scanning speed, the surface groove width gradually decreases, and the overall
groove depth also decreases. The experimental results of the laser scanning times and laser
scanning speed are consistent with the changing trend of the ablative experiments of Jiao
and Zhang et al. [38,39], according to the following Equation (1):

ED =
P

V × ϕ
(1)

where ED is the energy density; P is the laser power; V is the laser scanning speed; ϕ is a
spot diameter [40].

Figure 6. Effect of the scanning speed on the composite surface groove ((a). variation in groove width
and depth; (b). variation in thermally affected zone width).
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Therefore, with the increment of the laser scanning speed, the laser energy density
decreases, and the composites under the same area are irradiated with less laser energy.
In addition, the reduction in irradiation time results in the processing area not receiving
enough energy to bring the material to the removal temperature. So, the groove width
and groove depth decrease. The influence of the laser scanning speed on the width of the
thermally affected zone also shows a similar variation law. With the increment of the laser
scanning speed, the thermally affected zone width on the surface of the composites first
increases and then decreases. When the laser scanning speed increases, the laser has a
preheating effect on the composite, and the surface thermally affected zone width increases.
With the continuous increment of the scanning speed, the laser energy density decreases,
and the laser ablation heat decreases. Therefore, the surface thermally affected zone width
becomes smaller.

3.3. Effect of Laser Power

Figure 7 shows the effect of laser power on the surface grooves of Cf/SiC composites
(N = 400, V = 200 mm/s, Q = 0.3 μs). The experiments show that, with the increment of
power, the surface groove width and groove depth of Cf/SiC gradually increase, according
to the following Equation (2):

E = P × Δτ (2)

where E is the laser pulse energy, P is the pulse power and Δτ is the pulse time width. It
can be seen that, with the increment of laser pulse power, the laser pulse energy increases.
The higher the energy, the higher the temperature during irradiation processing. The
temperature of the laser center area exceeds the sublimation temperature of the SiC matrix
and carbon fiber. As the heat is transferred, the material outside the central area also reaches
the melting temperature. Therefore, the groove width and groove depth gradually increase.
However, the surface thermally affected zone width gradually decreases. The greater the
laser power, the higher the energy efficiency. The lesser the impact of the laser radiation,
the less ablation heat is generated.

Figure 7. Effect of laser power on the groove of the composite surface ((a). variation in groove width
and depth; (b). variation in thermally affected zone width).

3.4. Effect of Fiber Direction

By analyzing the experimental results, it is found that the two laser-processing direc-
tions of the perpendicular-to-fiber direction and parallel-to-fiber direction show similar
laws. The width of the thermally affected zone, in the parallel-to-the-fiber-arrangement
direction, is slightly larger than that in the perpendicular-to-the-fiber arrangement direction.
However, the groove depth in the parallel direction is smaller than that in the perpendicular
direction. This is because the Cf/SiC composites have anisotropy, and the heat generated
by laser processing is easy to propagate along the carbon fiber direction. The composite
materials at the groove openings are subject to significant machining stress due to the heat
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and the high-velocity jet of the molten material. When the processing path is parallel to the
carbon fiber texture, all parts of the entire fiber will be subjected to processing stress. Due
to the good adhesion between the fibers and the matrix, the carbon fibers are not easily
broken. When the processing path is perpendicular to the carbon fiber texture, the stress
effect on the composite material can only be borne by the local material. Therefore, the
carbon fiber will be broken, and the groove width will become larger. According to the
theorem of energy conservation, when the heat propagates along the fiber direction, the
depth of the crack become smaller. When the heat propagates along the direction of the
crack depth, the surface thermally affected zone width become smaller.

In the processing, the laser heat absorbed by the composites will be propagated, along
with the carbon fiber. When the temperature rises to a certain level, the high bending
resistance of the composite materials will be greatly reduced. As a result, the composite
fibers at the openings of the trenches are largely fractured, as shown in Figure 8. As
the temperature increases, the thermal diffusivity of Cf/SiC decreases, and the thermal
conductivity of the composites also decreases. When the laser scanning times increase,
the temperature of the composite processing zone increases, and the thermal conductivity
of the Cf/SiC decreases. Therefore, whether it is perpendicular to the fiber direction or
parallel to the fiber direction, with the increment of the scanning times, the width of the
thermally affected zone decreases. During processing, heat transfer is mainly carried out
by diffusion, and the heat transfer speed in the direction of the fiber is significantly faster
than that in other directions. Therefore, when the variable parameter is the pulse width,
the width of the thermally affected zone perpendicular direction is larger than that of
the parallel direction. However, the thermal diffusivity of the 2.5-dimensional braided
Cf/SiC composites is mainly affected by the radial direction of the carbon fiber and the
SiC matrix [41]. The thermal conductivity of the material is mainly affected by thermal
diffusivity. So, in other variable parameter experiments, the width of the thermally affected
zone in the parallel direction is slightly larger than that in the perpendicular direction.

Figure 8. The heat transfer affected by the anisotropy structure ((a). perpendicular to fiber direction;
(b). parallel to fiber direction).
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As can be seen in Figure 9, the laser irradiation processing is quite different under the
processing parameters of the same laser pulse width. The surface groove width shows a
trend of decreasing first and then increasing in the perpendicular direction. The overall
slight decreases in the parallel direction and the observed data in both processing directions
do not fluctuate much, around ±10 μm. However, the changing trends of the surface
thermally affected zone width of Cf/SiC composites are opposite in the two laser processing
directions. The changing trend of the thermally affected zone width in the perpendicular
direction increases first and then decreases. In the parallel direction, the changing trend
decreases first and then increases. The changing nodes are all at the parameter of 0.25. This
is because the 2.5-dimensional Cf/SiC composites have a strongly anisotropic structure.
Therefore, it can be concluded that the fiber arrangement direction has an impact on laser
processing, but only when individual parameters change will it have completely opposite
effects.

Figure 9. Effect of the pulse width on the composite surface groove ((a). variation in groove width
and depth; (b). variation in thermally affected zone width).

3.5. Effect of Pulse Width

The influence of the pulse width on the surface groove of Cf/SiC composites is shown
in Figure 9 (N = 400, V = 200 mm/s, P = 15 W). The experiments show that with the
increment of the pulse width, the surface groove width reaches the minimum in the stage
of 0.2–0.25 μs, which first decreases and then increases. However, the variation range is
small, around ±10 μm. With the increment in the pulse width, the groove depth shows
an upward trend in the stage of 0.15–0.25 μs, and the increment is obvious. The range of
the thermally affected zone shows an increasing trend in the stage of 0.15–0.25 μs, but the
changing trend is not obvious. However, when the laser irradiation direction is parallel to
the carbon fiber arrangement direction, the width and depth of the surface grooves in the
composites show a decreasing trend as a whole. It is obviously different from the change
trend perpendicular to the direction of the fiber arrangement direction. The larger the
pulse width of the laser is, the smaller the laser energy density will be. The composite is
irradiated with less energy, and the groove width and depth are smaller. The reason for
the increment in the groove width is that when the laser pulse width gradually increases,
the thermal conductivity of the Cf/SiC composites is increased. With the increment of
the pulse width, the width of the perpendicular and parallel fiber arrangement directions
shows an opposite trend. This is due to the preheating of the laser processing and the
insufficient cooling of the complex, thus increasing the width of the thermally affected
zone. Different directions of fibers have different forces on the composite materials: a local
fiber is stressed, and the entire carbon fiber is stressed. During processing, heat transfer
is mainly carried out by diffusion, but the heat transfer is significantly faster along the
fiber direction than in other directions. During laser processing, the laser path will cover
the area with more heat transfer when parallel to the carbon fiber texture processing path,
resulting in more of a heat overlap in this part. Compared with the perpendicular fiber
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arrangement direction and the parallel fiber arrangement direction, the groove width trend
and the width of the thermally affected zone trend are obviously different, which shows
that the fiber arrangement direction affects the grooves.

Pan et al. [25] provided six different power densities, as well as six levels of pulse num-
bers, when the ablation experiments are conducted for the C/SiC composite. However, they
did not perform experimental pretreatment on composites. The laser ablation depth and
the number of layers in the experimental results are basically consistent with these experi-
ments, which also explains the reason for the change in the crack depth. Zhang et al. [39]
discussed the effects of different processing parameters, including the helical line width
and spacing, machining time and scanning speed. The influence trend of factors, such as
the laser scanning speed, on the material laser ablation obtained by their experiments is
consistent with this paper. However, the groove depth values obtained in the literature
were as high as 700 μm and as low as 575 μm, which are much larger than the highest value
of 517 μm obtained in this paper, which may be due to the influence of 2.5D composite
materials.

4. Discussions

4.1. Regression Model of Groove Sizes

The exponential regression equation prediction model can not only describe the nonlinear
characteristics but is also more accurate than the linear regression equation prediction in this
analysis. Therefore, the exponential regression equation models are used in this paper to
predict the groove width, groove depth and surface thermally affected zone width.

A quaternary regression equation is established, with the scanning times, scanning
speed, laser power and pulse width as the main variable parameters in the nanosecond
laser irradiation experiments:

B = CT Na1 Va2 Pa3 Qa4 (3)

Taking the logarithm of both sides of the equation:

ln B = ln CT + a1 ln N + a2 ln V + a3 ln P + a4 ln Q (4)

Assuming y = ln B, a0 = ln CT , x1 = ln N, x2 = ln V, x3 = ln P, x4 = ln Q, the
following regression equation is obtained:

y = a0 + a1x1 + a2x2 + a3x3 + a4x4 (5)

Combining the 12 sets of experimental data, the regression models of the surface
groove width, depth and surface thermally affected zone width perpendicular to the fiber
direction and parallel to the fiber direction can be obtained, respectively. The models are as
follows:

Bc = e5.14957N−0.00746 V−0.18063P0.30043Q0.08039 (6)

Dc = e2.93539N0.22138V0.083208P0.67275Q0.55081 (7)

Tc = e7.74621N−0.07555V−0.24357P−0.25138Q−0.63478 (8)

Bp = e5.80636N−0.03157V−0.23114P0.10858Q−0.13260 (9)

Dp = e4.79824N0.15866V−0.17743P0.28071Q−0.22467 (10)

Tp = e7.01935N−0.16713V−0.11779P0.24108Q−0.10253 (11)

where Bc is the regression model of the surface groove width perpendicular to the fiber
direction, Dc is the regression model of the surface groove depth perpendicular to the
fiber direction, Tc is the regression model of the surface thermally affected zone width
perpendicular to the fiber direction, Bp is the regression model of the surface groove width
in the parallel fiber direction, Dp is the regression model of the surface groove depth in the
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parallel fiber direction and Tp is the regression model of the surface thermally affected zone
width parallel to the fiber direction.

Five sets of experimental data are brought in, and the accuracy is verified by calculating
the relative error of these regression models. The values of the four parameters of the laser
treatment variables are substituted into Equations (6) to (11), and the relative errors are
obtained from the following two equations:

|e(x∗)| = |x∗ − x| (12)

where |e(x∗)| is the absolute error, x∗ is the back-substitution value and x is the true value.

δ =
|e(x∗)|

x
× 100% (13)

where δ is the relative error. The results are obtained, as shown in Figures 10–15.

Figure 10. Error verification of Equation (6) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).

Figure 11. Error verification of Equation (7) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).
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Figure 12. Error verification of Equation (8) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).

Figure 13. Error verification of Equation (9) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).

Figure 14. Error verification of Equation (10) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).
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Figure 15. Error verification of Equation (11) ((a). comparison of measureed value and calculated
value; (b). corresponding relative error).

After calculation, the average relative errors between the calculated value of the
regression model equations and the actual measured value are shown in Table 5. In these
regression models, the relative error values are all below 10%, which can truly reflect the
influence of laser-processing parameters on the surface groove morphology. By analyzing
the exponential value of these models, it can be concluded that the laser scanning speed
and laser power have a greater impact on the surface groove width, followed by the laser
pulse width, and the scanning times have the least impact.

Table 5. Relative error.

Regression Model Bc Dc Tc Bp Dp Tp

Relative error 5.2% 7.1% 9.0% 2.0% 8.6% 9.2%

4.2. Mechanism of Laser Ablation

The principle of the laser processing of Cf/SiC composite materials is mainly to use a
laser beam to irradiate the surface of the composite material. The SiC and carbon fibers are
melted and evaporated or sublimated by heat. Therefore, on the surface of the processed
sample, we can observe the two important measurement objects: the processing grooves
and the thermally affected zone. However, during the laser processing, the flowing of the
heat source between the tool and the workpiece will bring forces into the materials, such as
surface tension and gravity. The material will partially splash under the combined action of
these forces. This part of the molten material splashed into the non-processing zone cools
to form a residue.

Under laser irradiation, the material obtains laser energy through nonlinear absorption.
The composite materials melt to generate plasma of Si, C and O. In the air, they are easy
to combine with the plasma. With the increment of the O content, more carbon fibers and
the SiC matrix are oxidized [27]. The main products of the carbon fiber and SiC matrix
oxidation are COx and SiOx. COx is a gas and is easily discharged. SiOx remains on
the surface. After cooling, a heavy condensate is formed at the opening of the groove.
Equations (14)–(19) are the main chemical reaction equations that occur in the processing
zone. Many scholars, such as Pan [25] and Tong [42], also mentioned similar chemical
reactions during laser ablation. Substances, such as heavy condensates and residues, are
easily removed after cleaning. Due to the brittle and hard nature of the composite material,
it will be subjected to internal stress and processing stress during processing. So, some fiber
fractures are also observed.

C(s) +
1
2

O2(g) → CO(g) (14)

C(s) + O2(g) → CO2(g) (15)
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Si(s) + 2O2(g) → SiO2(l) + CO2(g) (16)

SiC(s) + O2(g) → SiO(g) + CO(g) (17)

2SiC(s) + 3O2(g) → 2SiO2(l) + 2CO(g) (18)

SiO2(l) → SiO2(g) (19)

Because of the different laser processing paths, the surface topography of the processed
samples is different. Heat is easily transferred along the direction of carbon fibers, and the
ablation behavior of composite materials is more complicated.

4.3. Fiber Topography for Grooves

There are many influencing factors regarding the processed surface of Cf/SiC com-
posites, which make it difficult to observe the fiber pattern of the material within the
observation groove scale. After cleaning the heavy condensates and debris on the surface
of the composites, the groove morphology and fiber pattern at the fiber fracture can be
observed. When the laser processing direction is perpendicular to the carbon fiber, as
shown in Figure 16, neat and obvious fiber grooves can be seen. At the fiber grooves, the
composite surface grooves do not show obvious processing differences from the other
areas, and the overall processing grooves are relatively smooth. Figure 17 shows the end
surface of the parallel direction. The laser processing route is not completely covered by
the fiber direction, and obvious fiber grooves cannot be observed at the processed surface
groove. When the processing route involves the fiber direction, the grooves will exhibit
small changes, with a slight uneven phenomenon.

Figure 16. Vertical fiber direction processing end surface ((a). the groove morphology at the fiber
fracture; (b). partial enlargement of the picture).

Figure 17. Parallel fiber direction processing end surface ((a). the groove morphology at the fiber
fracture; (b). partial enlargement of the picture).
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5. Conclusions

In this paper, the effects of nanosecond laser irradiation on Cf/SiC ceramic matrix
composites have been investigated, and the effects of different laser processing parameters
on the groove morphology and surface thermally affected zone have been analyzed in
detail. Some of the conclusions drawn from the experimental results are as follows:

1. When the variation in laser parameters involves the laser scanning times and pulse
width, the resulting groove width is small, at about ±10 μm. When the variation
in parameters involves the laser scanning speed and laser power, the groove width
decreases with the increment of the laser scanning speed and increases with the
increment of the laser power.

2. The groove depth increases with the increment of the parameters in the processing
experiments where the parameters are the laser scanning times and laser power.
However, when the variable parameter is the laser scanning speed, the faster the
speed, the shallower the groove depth. In the machining experiments where the
variable parameter is the pulse width, the groove depth shows different trends in
different machining path directions.

3. The variation trend of the surface thermally affected zone width is similar to that of the
laser irradiation processing experiment where the variable parameters of the laser are
the scanning times and laser scanning speed. With the increment of the parameters,
the width of the surface thermal influence area first increases and then decreases.
When the variable parameter is the laser power, the surface thermally affected zone
width decreases with the increment of power. When the variable parameter is the
laser pulse width, different processing path directions show different trends.

4. The fiber direction has an impact on laser processing, but there is an opposite trend
only when individual parameters change. In addition, the groove morphology at the
fiber fracture is affected by the fiber texture. The appearance of carbon fibers in the
laser processing of parallel fiber textures will make the processing groove slightly
uneven. The fiber grooves are not obvious and can hardly be observed. During
processing, the fiber grooves are obviously clear.

5. Based on the multivariate nonlinear regression equation, a regression model with
the laser scanning times, scanning speed, laser power and pulse width as the main
variables is established. The model can truly reflect the influence of laser processing
parameters on the surface groove morphology of Cf/SiC. It is concluded that the laser
scanning speed and laser power have a greater impact on the surface groove width,
followed by the laser pulse width. The laser scanning times cause a minimal impact.

6. In this paper, the laser machining process is mainly understood from the perspective
of the ablation mechanism. However, the effect of the mechanical properties of
composite materials and force variation on laser-assisted processing should also be
considered in practical laser processing. The ablated process can be applied as a pre-
process for the laser-assisted grinding of this type of material, which can substantially
improve the machining efficiency.
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Abstract: Hard brittle materials such as ceramics and crystals are commonly utilized in various
industries, including information technology, mechanical engineering, and semiconductors. These
materials, known for their high brittleness and hardness but low fracture toughness, pose challenges
in efficient and high-quality machining. Current abrasive machining techniques involve rough
grinding, fine grinding, and polishing processes, with the latter being the most time-consuming and
accounting for over half of the total machining time. Improving processing parameters in rough
and fine grinding can increase machining efficiency, reduce surface and subsurface damage, and
improve workpiece quality, ultimately reducing the polishing time. This paper explores the abrasive
scratching of hard brittle materials, examining the nucleation and propagation of cracks causing
surface and subsurface damage, and the underlying mechanisms. The research provides suggestions
for enhancing abrasive machining efficiency and ensuring the surface quality of hard brittle materials.

Keywords: hard brittle materials; ceramics and crystals; abrasive scratching; brittle–ductile transition;
surface integrity

1. Introduction

Hard brittle materials, such as ceramics and crystals, have the characteristics of low
density, high hardness, and good chemical stability [1], which make them widely used in
mechanical engineering, civil engineering, energy, information technology, and other fields,
as shown in Figure 1. These materials, known for their high brittleness and hardness but
low fracture toughness, pose challenges in efficient and high-quality machining. Abrasive
machining technology is one of the commonly used methods to machine these materials.

Currently, abrasive machining of hard brittle materials typically involves rough grind-
ing, fine grinding, and polishing processes. These materials present a complex removal
mechanism during grinding due to their disordered network structure at the micro level
and homogeneity, continuity, and isotropy at the macro level. Fine grinding and polishing
play a crucial role in determining the accuracy and surface quality of the workpiece, which
in turn affects its performance. Polishing, which takes up over 60% of the total processing
time, is essential for removing the surface and subsurface damage caused by rough and fine
grinding [2]. However, hard brittle materials are prone to introducing further damage dur-
ing grinding, leading to reduced performance and stability, as well as lower coating quality.
Hence, it is crucial to obtain workpieces with high surface integrity and low subsurface
damage during rough and fine grinding. To achieve this, repeated experimentation and
parameter adjustments are required, which can be time-consuming and costly. An alterna-
tive approach is abrasive scratching technology, which can efficiently explore the material
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removal mechanism involved in abrasive grinding and provide guidance for realizing good
surface integrity. Molecular dynamics simulation and experimental studies have been used
to examine subsurface damage and surface damage, respectively, to validate numerical
results and optimize processing parameters [3,4].

Figure 1. Application of hard brittle materials.

Therefore, this paper aims to enhance the machining accuracy and efficiency of hard
brittle materials during rough and fine grinding. To achieve this goal, it is essential to
comprehend the mechanism behind the formation of surface and subsurface damage in
abrasive scratching of these materials, analyze the nucleation and propagation of cracks,
investigate the effect of the strain rate and temperature on grinding, and determine the
feasible processing parameters for high-speed machining.

2. Abrasive Grinding and Scratching Mechanism of Hard Brittle Materials

The abrasive grinding process, assisted by the grinding wheel, can be seen as a multi-
edge cutting process with multiple randomly distributed abrasives on the wheel. However,
the different sizes, shapes, uneven distribution, and protrusion heights of these abrasive
grains make it challenging to observe and analyze the grinding process through experi-
ments. To understand the mechanism and complexity of the grinding process, a model that
discretely views the contact, interaction, and cutting between a single abrasive grain and
the workpiece can be utilized to analyze the various physical phenomena involved in the
grinding process.

In the grinding of hard brittle materials, there are three stages of contact between
the abrasive grain and the workpiece: scratching, ploughing, and cutting [5], as depicted
in Figure 2. During the scratching stage, the material experiences elastic deformation
without material removal. In the ploughing stage, the material is removed through the
plastic removal mode, and in the cutting stage, it is removed through the brittle removal
mode. The two forms of material removal are the plastic removal mode and brittle removal
mode. The brittle removal mode involves the formation of microcrack chips, resulting in
interwoven cracks, but it leaves micro cracks on the workpiece surface and subsurface.
Despite this, the brittle removal mode is efficient, as it provides a high material removal rate,
particularly for glass materials. Conversely, the plastic removal mode occurs in the plastic
domain of the material where the grinding depth is less than the material’s brittle-plastic
transition depth. This mode of removal resembles metal processing, producing continuous
chips that discharge from the rake face. The plastic removal mode does not cause surface
or subsurface damage, making it an ideal method for processing hard brittle materials. In
actual grinding processes, both modes are often utilized to reap the benefits of each.
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Figure 2. Schematics of contact stages between the abrasive grit and workpiece during grinding:
rubbing, ploughing, and cutting [5].

Currently, the investigation of the grinding mechanism for hard brittle materials
such as ceramics and crystals is divided into two approaches, one being the mechanical
approximation of the indentation process and the other being the approximation of the
scratching process [6].

The mechanical approximation of the indentation process views the grinding process
between abrasive particles and the workpiece as a pressure by the indenter on the surface
of the hard brittle material. This approach, based on indentation fracture mechanics, states
that if the normal load applied by the indenter surpasses the workpiece’s critical load
capacity, the material will deform and break, resulting in the appearance of brittle cracks.
Studies on the generation of cracks during indenter pressing and critical normal loads
leading to brittle fractures have been conducted. B. Lawn and D. Marshall established the
relationship between the normal load of indenter, material properties, and crack system
using contact mechanics and indentation fracture mechanics, and the lateral crack and
median/radial crack system were found to induce the elastic/plastic indentation dam-
age in ceramics [7,8]. X. Shi and colleagues obtained the critical normal load value of
brittle–ductile transition during indentation experiments on hard brittle materials with a
diamond indenter [9]. W. Zhang and team established an Elastic–Plastic–Cracking (EPC)
constitutive model to simulate the fracture characteristics of hard brittle materials during
indenter pressing, using the Vickers indenter [10]. A. Muchtar and team studied the frac-
ture process of alumina during indentation by the finite element method and analyzed the
crack nucleation and propagation under different normal loads, finding that the elastic mis-
match between the crack and uncracked zones during unloading is critical for hard brittle
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materials with minimal plastic deformation [11]. B. Zhang et al. carried out indentation
experiments on soda–lime glass using a Vickers indenter and an in-house developed device,
discovering that the spacing of the experiments and stress field affect crack nucleation
and propagation [12].

Figure 3a shows that during the indenter pressing process, a plastic deformation zone
will form under the indenter, and a median crack (M) and a lateral crack (L) will appear
at the edge of the plastic zone [7,8]. Propagation of the median crack will reduce material
strength, while migration of the lateral crack to the free surface will result in brittle removal
of the material. However, this research approach only takes normal load into account and
does not reflect the actual grinding process.

(a) (b)

Figure 3. Grinding mechanism of hard brittle materials: (a) mechanical approximation of indentation
process [7,8], (b) mechanical approximation of scratch process [13].

The mechanical approximation of the grinding process views the interaction between
the abrasive particles and the workpiece as a process of scratching the hard indenter along
the surface of the workpiece with a certain normal force and tangential force. The method is
used to study the elastic deformation, plastic flow, and brittle fracture behavior of materials,
including hard brittle materials, polymers, and metal materials. Figure 4b shows that
the scratches formed by the scratching of the indenter or a single abrasive particle are
surrounded by a semi-cylindrical plastic zone, and this zone creates median cracks and
lateral cracks at the bottom and radial cracks on the free surface [13].

Research methods for single abrasive grain scratching can be broadly categorized
into two types. The first involves simulating abrasive grains on a grinding wheel using
regular indenters, such as the Vickers indenter [14–16] or Berkovich indenter [17,18], using
specialized scratching experimental instruments. The second involves using actual process-
ing tools, such as turning tools, on lathes or five-axis machining centers, to simulate the
abrasive grains.

In 1997, V.H. Bulsara et al. [19] conducted scratch experiments on brittle materials,
such as soda–lime glass and sapphire, using a Vickers indenter and observed the contact
area using a high-definition optical microscope. The experiments revealed the formation of
plastic scratches, slip lines, and banded wear particles, and that cracks form in the loading
stage and evolve during the loading and unloading stages. K. Li et al. [20] performed
similar experiments on soda–lime glass using spherical and conical indenters, finding that
the scratch hardness increased and crack density decreased with the increasing scratching
speed for the conical indenter. The results for the spherical indenter indicated that the
friction was mainly caused by adhesion, with the damage from transitioning from plastic
deformation to brittle cracking with the increasing scratch depth. M. Nakamura et al. [21]
conducted scratch experiments with varying scratch speeds and depths using a Vickers
indenter, observing that subsurface cracks formed before surface cracks and the crack depth
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increased with the scratch depth. M. Yoshino et al. [22] performed scratch experiments on
hard brittle materials, such as soda–lime glass and quartz glass, under hydrostatic pressure
using a special experimental device and found that a larger hydrostatic pressure reduced
brittle fracture and enhanced plasticity machinability. W. Gu et al. [23] studied the scratch
morphology, material removal volume, and depth during scratching by single and double
abrasive grains and found that the material removal mechanism varied depending on the
removal mode, plastic or brittle. Z. Qiu et al. [24] conducted single-grain and double-grain
scratching experiments on glass ceramics and found that the lateral crack extended towards
the free surface and the interaction between lateral and radial cracks were the main reasons
for material removal. J. Feng et al. [25] performed a single abrasive scratch experiment on
BK7 optical glass and found that the half vertex angle of the abrasive particle influenced
the number and depth of lateral and radial cracks formed during the scratching process.

3. Elastic Stress Field of Hard Brittle Materials by Single Abrasive Scratching

The single abrasive scratching process is the fundamental of the abrasive machin-
ing technology [26]. The relationship between processing parameters in the grinding
of hard brittle materials with a grinding wheel and the material removal mechanism is
complex. However, the stress state in the grinding wheel–workpiece interaction region is
the fundamental factor limiting the process. Researchers frequently employ single-grain
scratching tests to examine this process; thus, gaining insight into the stress field during
single-grain scratching can deepen our understanding of material removal, crack initiation,
and progression in the grinding process.

The elastic stress field generated during scratching can be viewed as an extension of
the elastic stress field produced during indentation, incorporating the effect of tangential
load. In indentation tests, materials are typically assumed to be incompressible. However,
evidence suggests that for hard brittle materials, indenter indentation results in a reduc-
tion of material volume through shear deformation and compaction, leading to material
densification. The plastic deformation of these materials must consider plastic flow and
densification deformation. Plastic flow results in an elastic–plastic mismatch and residual
stress, while densification deformation causes volume reduction but no residual stress [27].

Several studies have explored the elastic stress field during the loading and unloading
process of normal loads in contact mechanics. B. Lawn and D. Marshall et al. [7,8,28]
considered the contact between a point load and the material surface as an isotropic half-
space problem, also known as the Boussinesq problem. E. Yoffe [29] later introduced a
model for the elastic stress field in indentation experiments, which takes into account
residual stress from densification and shear flow. The model proposes the formation of a
rigid plastic core in the material, which generates a strain source, referred to as the Blister
stress field. R. Cook and G. Pharr [30] used Yoffe’s model to examine the different types
of cracks in brittle materials. Y. Ahn et al. [13] expanded Yoffe’s model to propose the
Sliding Blister Field Model (SBFM) for the scratching process of hard brittle materials,
considering the superposition of the Boussinesq stress field, the Cerruti stress field, and
the moving Blister stress field. B. Lin [31] proposed a similar elastic stress field model
for the grinding process of engineering ceramics. X. Jing et al. [32] combined the SBFM
with the Expanding Cylindrical Cavity Model (ECCM) to predict the median and lateral
cracks in single-abrasive scratching. W. Wang [27] studied the stress state in the contact
area during the single abrasive particle scratching experiment. The crack nucleation
position and sequence of quartz glass and BK7 glass and its influence on the material
removal mechanism were comprehensively studied and the research results of the crack
distribution were shown in Figure 4. X. Yang et al. [33] conducted multiple scratching
experiments on glass ceramics to examine the effect of the scratching sequence on the
material removal mechanism and established a multiple scratching stress field model. They
also studied material flow behavior and chip formation during the grinding process of
glass-ceramic materials [34].
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Figure 4. Distribution of the stresses and cracks in the single abrasive scratching of fused silica [27].

4. Effect of Strain Rate and Temperature on the Single Abrasive Scratching of Hard
Brittle Materials

4.1. Strain Rate

To improve the processing efficiency of hard brittle materials in the grinding stage,
it is necessary to improve the grinding speed. Although the existing single-abrasive
scratch theoretical models have made great efforts in studying deformation characteristics
and the basic mechanism of crack evolution, these analytical models are based on static
loading conditions and ignore the influence of the strain rate on plastic deformation, crack
nucleation, and propagation. However, the strain rate caused by the scratching speed
has a great influence on the material properties, especially the material strength [35,36],
and the strength largely determines the deformation behavior and crack evolution of
the material [37–39].

The strain rate caused by the scratching speed has a significant effect on the material
properties. In 2000, C. Gauthier et al. [40] carried out scratching experiments on poly-
methyl methacrylate (PMMA) at different scratching speeds. The experimental results
show that the faster the scratching speed, the higher the scratching hardness of the material.
K. Wasmer [41] and P. Haasen [42] consider that the strain rate is related to the plastic defor-
mation of the material and affects the hardness of the material during scratching. In 2020,
P. Huang et al. [43] carried out scratch experiments on silicon carbide ceramics at different
speeds to study the effect of the strain rate on material behavior and brittle–ductile transi-
tion depth. The results show that the microhardness, elastic modulus, and brittle–ductile
transition depth of the material increase at high scratching speeds, and the brittle chip and
subsurface damage depend on the lateral crack and the median crack, respectively.

Many scholars have also studied the brittle–ductile transition of materials under
different strain rates. In 2004, G. Cai et al. [44] carried out ultra-high speed grinding ex-
periments on brittle materials. The results show that under ultra-high speed impacting
conditions, brittle materials will undergo plastic flow and lead to material failure. With
the increase of grinding speed, the grinding force decreases gradually. They also estab-
lished a chip formation model under ultra-high speed grinding conditions based on the
experimental results. In 2013, P. Feng [45] carried out nano-scratching experiments on
Al2O3 and found that the scratch speed has a significant effect on the plastic and brittle
deformation characteristics of the material. In 2014, B. Li et al. [46] showed that high-
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speed grinding can change the contact behavior between brittle materials and abrasive
grains, so that the penetration depth increases without brittle cracks. It is proved by sim-
ulations and experiments that the brittle–ductile transition depth at a high strain rate is
larger than that under quasi-static conditions. In 2017, K. Mukaiyama et al. [47] studied
the brittle–ductile transition of monocrystalline silicon at different scratching speeds and
found that increasing the scratching speed resulted in a decrease in the transverse force
during the brittle–ductile transition.

The strain rate has a significant impact on the surface and subsurface damage in
hard, brittle materials. In 2017, Yang et al. [48] proposed a new stress field model that
considers the relationship between the strain rate and material properties, revealing the
effect of scratching speed and strain rate on plastic deformation and crack formation.
Scratching experiments on glass ceramics showed that with increasing scratching speed,
the radius of plastic deformation and median crack length decrease, while the depth of
the brittle–ductile transition increases. In 2019, Li et al. [49] conducted nano-scratching
experiments at different speeds on GGG single crystal to study the effect of the strain rate
on surface and subsurface deformation, as shown in Figure 5. The results showed that
higher scratching speed leads to a shallower penetration depth and larger continuous chips,
improving the plasticity of GGG single crystal and reducing the depth of the brittle–ductile
transition. The authors also established a penetration depth prediction model incorporating
strain rate and material elastic rebound, with results that agree well with experiments.

Figure 5. Effect of strain rates caused by different scratching speeds on surface morphology [49].

B. Zhang [50] comprehensively studied the strain rate effect in ultra-high speed ma-
chining. They proposed that the depth of the material processing damage decreased with
the increase of the processing strain rate, showing a ‘skin effect’. Ultra-high speed machin-
ing can improve the strain rate of the material in the machining area, reduce the depth
of machining damage, improve the machining surface integrity, and greatly improve the
material processing efficiency. The increase of strain rate during loading will lead to the
increase of yield strength and hardness of the material, and the decrease of toughness of
the material, which leads to the embrittlement of the material. The embrittlement of brittle
materials at high strain rates is related to dislocation pile-ups, and the damage introduced
in the grinding of ceramic materials at high strain rates is small [51].

4.2. Temperature

The grinding process is essentially a random comprehensive process of material
removal caused by scratching, ploughing, and cutting of the material on the target surface
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by countless randomly distributed abrasive grains on the grinding wheel. Grinding heat
will be generated during the contact between these abrasive grains and the workpiece,
and the grinding heat will cause the workpiece surface temperature to rise. At this time,
all the abrasive grains involved in the grinding of the grinding wheel–workpiece contact
area can be regarded as a single point heat source that continuously emits heat, and
the result of the combined action of these point heat sources will cause the increase of
temperature in the grinding wheel–workpiece contact area. The physical quantities on
the grinding temperature include the total temperature rise of the workpiece, temperature
of the grinding wheel–workpiece contact surface, the grinding surface temperature of
the workpiece, and the grinding point temperature of the abrasive grain. The overall
temperature rise of the workpiece is determined by the part of the grinding heat introduced
into the workpiece. This part of the grinding heat will cause the thermal expansion and
distortion of the workpiece, resulting in a decrease in size and shape accuracy, and may lead
to changes in the mechanical properties of the material. The grinding wheel–workpiece
contact surface temperature will affect the quality of the workpiece surface, and the surface
temperature of the workpiece grinding affects the surface metamorphic layer of parts, such
as the surface residual stress, crack distribution, etc. The grinding point temperature of
the abrasive grain is the temperature of the small area directly acting on the rake face
of the abrasive grain and the workpiece. It is often the area with the highest grinding
temperature, which will affect the life of the abrasive grain and the chemical reaction
between the abrasive grain and the target material [52].

Many scholars have proposed theoretical models for the heat transfer in the grinding
zone to explore the heat generation and transfer process during the grinding process and
predict the workpiece temperature to avoid thermal damage. Many theoretical models of
grinding heat are based on the moving heat source model proposed by J. C. Jaeger [53]. In
1962, R. Hahn [54] found that most of the grinding heat was generated in the scratching
stage during the contact between the abrasive particles and the workpiece. He believed
that the contact area between the grinding wheel and the workpiece was a heat source,
and the heat flux evenly distributed in the grinding area moved on the adiabatic surface
at the workpiece in a given feed rate. In 1995, C. Guo et al. [55] proposed a heat source
model with a linear increase in heat flux, and this model assumes that the heat flux is
approximately proportional to the undeformed chip thickness, where the heat flux at the
rear of the contact area is greater than the heat flux at the front. For high-efficiency deep
grinding, in 2001, W.B. Rowe and T. Jin [56] considered that the wheel–workpiece contact
surface is a moving heat source with a linear increase in heat flux or a horizontal circular arc
distribution, because in high-efficiency deep grinding, the grinding depth tends to reach
about 10 mm, and the wheel–workpiece contact area is no longer a horizontal plane. The
model proposed by T. Jin and G. Cai [57] regards the heat flux distribution of the moving
heat source as an inclined uniform distribution. Compared with other models, this model
is more suitable for creep feed grinding, and Rowe’s inclined triangular heat flux density
heat source model is more accurate for the temperature prediction of the workpiece surface
in high-efficiency deep grinding.

Scholars have also studied the distribution of grinding heat, which includes the
percentage of heat flowing into cutting fluid, chips, grinding wheels, and workpieces.
In 1970, N. DesRuisseaux and R. Zerkle [58] used the convective heat flux uniformly
distributed on the entire workpiece surface to describe the convective cooling effect of
the cutting fluid. In 1971, S. Malkin and N. Cook [59] found that the chip will not melt
before leaving the workpiece during the grinding process, so the heat flow into the chip
will be limited by the melting energy of the chip. In 1994, C. Guo and S. Malkin [60]
performed a transient thermal analysis based on the critical temperature of cutting fluid
boiling to predict burn heat flux. In 2004, Z. Hou et al. [61] also proposed a micro-scale
thermodynamic model, which takes into account the distribution of abrasive grains on the
surface of the grinding wheel. The accuracy of the model was verified by experiments as
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well. In 2013, W. Rowe [62] conducted a shallow grinding experiment to measure these
values and verify the related models.

The processing of hard brittle materials at high temperatures is often considered
as an effective way to improve the machinability of hard brittle materials. In 2004,
M. Michel et al. [63] conducted indentation experiments on soda–lime glass at different
temperatures and different loads with a Vickers indenter. The results show that the hard-
ness of the material decreases with the increase of temperature, and the radial crack length
increases with the increase of temperature, but high temperatures can inhibit the propa-
gation of the median crack. In 2006, the scholar carried out high temperature indentation
experiments and analysis on fused silica glass. The research showed that with the increase
of temperature, the load required for radial crack nucleation gradually increased [64]. In
2016, W. Wang et al. [17] carried out high temperature indentation experiments and high
temperature grinding wheel experiments on fused silica. The results show that the molecu-
lar structure of the fused silica is dense under suitable high temperature conditions. Under
the same indentation load, the critical brittle–ductile transition load of the fused silica at a
high temperature is higher than that at room temperature, which is beneficial to the plastic
domain processing of materials. High temperatures can improve the shear flow of fused
silica and prevent crack nucleation and propagation. Under high temperature conditions, a
larger grinding thickness is beneficial to directly remove the subsurface cracks generated
in the previous machining process at one time, so as to obtain lower surface roughness
and better surface integrity. However, excessive grinding thickness will cause grinding
wheel burns as well. In 2019, X. Rao et al. [65] carried out the indentation test of reaction
sintered silicon carbide RB-SiC ceramics from room temperature to 1200 ◦C by laser heating,
and studied the influence of temperature on the hardness, elastic modulus, and fracture
toughness of the material. The results show that with the increase of temperature, the
permanent deformation of the material leads to the decrease of the hardness of the material,
and the elastic modulus decreases and the fracture toughness increases with the increase of
contact depth. After that, they also carried out scratching experiments on a RB-SiC ceramic
Vickers indenter at a high temperature, and observed the material removal behavior, scratch
hardness, critical depth of the brittle–ductile transition, scratch force, and friction force
during scratching. The results show that under high temperature processing conditions, the
material deformation and adhesion behavior promote the removal of the plastic zone and
increase the friction coefficient [15]. Z. Li et al. [66] used laser-assisted grinding to study the
material removal mechanism, grinding force ratio, and surface integrity of RB-SiC ceramics
during grinding. The research shows that a higher processing temperature changes the
material structure, decreases the hardness, promotes the plastic removal of the material,
and obtains better surface integrity. In 2020, P. Li et al. [14] studied the effect of temperature
on the subsurface damage of optical glass grinding. The results show that with the increase
of abrasive temperature and strain rate in the grinding zone, the fracture toughness of the
material increases, the microhardness decreases, and the subsurface damage decreases, as
shown in Figure 6. In 2021, Y. Niu et al. [67] simulated the scratch behavior of monocrys-
talline silicon at different temperatures by molecular dynamics, and studied the subsurface
damage mechanism, scratch force, and phase transition. The results show that the scratch
force at a high temperature is smaller and the material removal rate is higher. In summary,
the above studies on the effect of the strain rate and temperature on the single abrasive
scratching of hard brittle materials are generally based on theoretical and experimental
methods, limited studies have contributed to the numerical modelling and analysis of
this effect, and the numerical method has been extensively used in exploring the abrasive
machining process and its underlying mechanisms [68–72]. It is also noted that with the
development of the high-tech machining and measuring technologies understanding the
abrasive scratching of hard brittle materials and associated mechanisms is beneficial for
extending its applications in other aspects [73–76].

145



Crystals 2023, 13, 428

Figure 6. Effect of temperature on the single abrasive scratching of optical glass: (a) microhardness,
(b) fracture toughness, (c) specific grinding force, (d) specific grinding energy [14].

5. Conclusions

Hard brittle materials such as ceramics and crystals are known for their high hardness,
brittleness, and low fracture toughness, making them challenging to machines. Common
processing methods include rough grinding, fine grinding, and polishing, and it is impor-
tant to reduce surface and subsurface damage during the grinding stage to improve the
processing efficiency and reduce costs. This study examines the stress field distribution
in the single abrasive scratching of hard brittle materials and investigates the effect of
the scratching speed and grinding temperature on surface and subsurface damage. The
feasibility of high-speed grinding of hard brittle materials is also evaluated.

This paper presents an investigation into the stress field distribution in the single
abrasive grain scratching of hard brittle materials. It seeks to reduce surface and subsurface
damage in the grinding stage to improve the processing efficiency and reduce costs. The
study explores the impact of scratching speed and grinding temperature on damage and
verifies the feasibility of high-speed grinding. The results suggest that the efficient reduction
of damage in the grinding stage can minimize the need for polishing and reduce the time
and cost of this process. The paper proposes an elastic stress field model and a principal
stress and hardness ratio model to simulate the distribution of stress and the formation
of surface and subsurface cracks. The study also indicates that high-speed or ultra-high-
speed grinding can improve processing efficiency, reduce surface roughness, and limit
crack formation. Finally, the paper proposes a subsurface damage prediction model and
highlights the benefits of increasing the grinding speed in reducing normal and tangential
grinding forces and extending the processing life of abrasive grains or grinding wheels.

In this review, a stress field model, a ratio model of principal stress to hardness in
rectangular coordinates, and a subsurface damage prediction model taking into account
the strain rate and grinding temperature for hard brittle materials during single abrasive
scratching has been presented. However, there are still areas for further investigation,
which include:
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(1) In the calculation of the stress field model and principal stress–hardness ratio model
for the single abrasive scratching of hard brittle materials, the abrasive was idealized
as a sharp indenter and the force on the workpiece was treated as a point load.
However, in actual single abrasive scratching, the contact between the abrasive and
the workpiece is usually surface contact between the abrasive rake face and the
workpiece surface. Further study is necessary to better understand the nature of this
contact and improve the model accordingly.

(2) This study considered the impact of grinding temperature on the abrasive grain–
workpiece contact area. However, the grinding area temperature was not directly
measured during the experiments, and the temperature calculation model was not
verified, leading to potential inaccuracies in the subsurface damage model calcula-
tion. Further research should focus on verifying the temperature calculation model
through experimentation.
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Abstract: The titanium alloy artificial knee joint is used extensively in the current medical industry
due to its distinct characteristics and properties that are like the real human knee joint, but it does
need to be polished to improve its performance and service life before it can be used. Due to the
complicated surface profile, the traditional abrasive flow machining technique cannot achieve a
good surface finish offering uniformity and quality. Thus, in this paper, a proper constrained flow
channel is designed to conduct the abrasive flow machining of the titanium alloy artificial knee joint
surface to overcome these issues. A numerical study is first conducted to explore the distribution
of abrasive flow velocity and pressure near the target surface in the constrained flow channel by
using the COMSOL Multiphysics software, and it is found from the distribution of the dimensionless
material removal rate on the target surface that the exchange of the abrasive flow inlet and outlet
during the machining process is recommended to improve the surface finish uniformity. Then, the
corresponding experiments are conducted to analyze the surface morphology before and after the
abrasive flow machining process. It is found that the surface roughness of the target surface decreases
from approximately 394 nm to 171 nm with good uniformity as well. Therefore, the proposed abrasive
flow machining method with a properly designed constrained flow channel is useful for the rough
polishing and fine finishing of the titanium alloy artificial joint.

Keywords: abrasive flow machining; constrained flow channel; artificial knee joint; surface finish;
titanium alloy

1. Introduction

An artificial knee joint is an artificial organ that is implanted in the human body
instead of human bone to keep the original function of the joint, with the most widely
used material in artificial knee joints being the titanium alloy [1]. The titanium alloy
possesses the distinct advantages of good biocompatibility, good corrosion resistance, and
high mechanical strength, making it an ideal material for artificial knee joints [2,3]. In
general, the shape of artificial knee joints can be obtained with casting, forging, additive
manufacturing, and hot isostatic pressing [4,5]; however, the titanium alloy artificial knee
joint cannot be implanted directly into the human body immediately after these molding
processes, and needs to undergo a series of subsequent machining processes because the
surface quality of the artificial knee joint determines the characteristics of the surface
friction, thereby impacting adhesive wear [6,7]. Wear issues with the artificial knee joint not
only threaten human health, but also stimulate macrophages and fibroblasts in the body,
hence, causing these cells to release factors that cause osteolysis and leading to the aseptic
loosening of the artificial knee joint, which then has to be replaced with a new joint [8–11].
Therefore, it is important and necessary to treat the molded artificial knee joint before it can
be used as an implant in the human body.
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Abrasive flow machining is an untraditional processing technology that uses fluid as
a carrier, and in which abrasives are suspended to form an abrasive flow. Material is then
removed from the target via the microcutting action of the abrasive relative to the target
surface [12,13]. The abrasive flow usually employs a weak viscous fluid as a carrier, while
the irregular turbulent motion of the abrasive particles within the flow impact the target
surface in a disorderly manner to achieve a good surface finish [14–18]. Davies et al. [19]
investigated the rheological and thermal properties of liquid carrier materials in abrasive
flow machining and found that the variation in viscosity caused by the rheological and
thermal properties of liquid affected the polishing efficiency and quality. Xu et al. [20]
investigated the rheological properties and polishing performance of viscoelastic materials
for the dilatancy pad, and found that the material underwent a shear thickening effect
when subjected to a shearing force, exhibiting a significant shear-stiffening performance.
Williams et al. [21] explored the properties associated with the abrasive flow machining
process, modeled the abrasive flow machining process, and investigated the effect of
processing parameters on the polishing performance. Qi et al. [22,23] proposed a novel
hydrodynamic suspension polishing and acoustic levitation polishing to control particle
impact erosion on the target surface and achieve an ultrasmooth surface.

The above research works mainly focused on the abrasive flow machining of flat
surfaces by considering the effects of the fluid characteristics and properties, but in order
to conduct the abrasive flow machining of structures with complex surfaces, a predesigned
abrasive flow channel needs to be formed. Uhlmann et al. [24] found that there was
an obvious problem in the abrasive flow machining of the exhaust edge of the additive
manufacturing blade due to the complicated surfaces involved. Fu et al. [25] alleviated the
overthrowing problem by regulating the flow field near the inlet and exhaust sides of the
blade. Hence, it is important to properly design the desired channel between the abrasive
flow and target complex surface for the abrasive flow machining of freeform surfaces. The
numerical method seems to be a powerful tool for optimizing constrained structures before
they are created for experiments.

Moreover, numerical studies seem to be an effective and efficient way to explore
the complicated abrasive flow machining of freeform surfaces and guide experimental
studies. Zhang et al. and Qi et al. [26,27] conducted a numerical study on abrasive flow
characteristics, such as the distribution of the abrasive particle velocity, flow pressure,
and particle impact erosion near the target surface, by using the computational fluid
dynamics (CFD) method in ANSYS FLUENT software (ANSYS Inc., Canonsburg, PA, USA),
where the standard k-ε turbulence model was employed to model the abrasive flow and
could be used to optimize the design of the polishing structures effectively and efficiently.
Peng et al. [28] carried out a CFD investigation of flow behavior and sand erosion patterns in
a horizontal pipe bend under annular flow, where the coupling calculation of the multifluid
VOF model and DPM model in ANSYS FLUENT software was employed to simulate the
process and explore the underlying mechanisms. Currently, with the development of CFD-
based numerical technology, the COMSOL Multiphysics software can also be employed
to simulate abrasive flow. Kumar et al. [29] investigated the magnetorheological abrasive
flow finishing of gear with complex surfaces and optimized the processing parameters
for good performance. Thus, in this study, a titanium alloy artificial joint with a freeform
surface is numerically explored using the CFD-based method and the developed COMSOL
Multiphysics software.

In this study, a titanium alloy artificial knee joint model with complex surfaces is first
designed by imitating a scanned model of a real human knee joint, and the corresponding
abrasive flow machining in constrained flow channels is designed around the artificial
knee joint model. Then, the distribution of the abrasive particles, velocity, and pressure
of the abrasive flow field are numerically analyzed by using the CFD-based method in
the COMSOL Multiphysics software, and the effects of the relative processing parameters
on the abrasive flow field of the target surface are analyzed to optimize the polishing
performance. Finally, corresponding experiments are conducted to validate the numerical
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model and analyze the surface morphology before and after the proposed abrasive flow
machining process.

2. Modeling of Knee Joint Surface and Associated Abrasive Flow Machining Channel

Figure 1a shows the scanned structure of a real human knee joint produced with
an industrial CT (ZEISS METROTOM 1), where its surface shape is truly disordered and
complex; thus, it was difficult for us to conduct the abrasive flow machining of this model.
Thus, this kind of scanned model was simplified to the artificial knee joint model in
Figure 1b. Surface A and surface B can be represented by six curvature parameters, as
shown in Figure 2, and Table 1 shows the values of the curvature parameters of surface A
and surface B, respectively. Since surface C is a transition plane, formed with a straight line
transitioning along the edges of surface A and surface B, in this study, it mainly focused on
the analysis of the abrasive flow machining of the two surfaces A and B.

 
(a) (b) 

Figure 1. Knee joint model: (a) scanned knee joint model; (b) artificial knee joint model.

Figure 2. Schematic representation of curvature parameters in surface A and surface B.

Table 1. Values of curvature parameters in surface A and surface B.

Curvature Parameters Surface A (mm) Surface B (mm)

R1 30 30
R2 45 45
R3 100 100
R4 40 40
R5 22.5 15
R6 22.5 40

The abrasive flow machining channel for the artificial knee joint model (see Figure 1b)
could be properly designed by configuring a constraining module near the target sur-
face [30]. The abrasive flow machining channel, which can also be called the constrained
flow channel, had good contact with the complex surface of the artificial knee joint model,
hence, improving the overall machining performance. A schematic representation of the
constrained flow channel is shown in Figure 3.
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Figure 3. Schematic representation of constrained flow channel.

3. Numerical Work

3.1. Model Development

The CFD-based numerical model related to the structure and dimension illustrated
in Table 1 and Figure 3 was developed in COMSOL Multiphysics software, as shown in
Figure 4, where the abrasive flow entered through inlet one of the constrained flow channel
and flowed out through outlet three after passing through the constrained flow channel. At
the beginning, it was assumed that the abrasive flow filled the portion between one and
two; then, two became the initial boundary interface of the abrasive flow. In addition, four
is the upper surface of the artificial knee joint to be machined, and five is the constrained
flow channel surface.

Figure 4. Model and boundary conditions: 1—runner inlet; 2—initial interface; 3—runner outlet;
4—upper surface of artificial knee joint; 5—constrained flow channel surface.

The abrasive flow considered in this study was a solid–liquid two-phase flow, where
the solid phase used a silicon carbide (SiC) abrasive and the liquid phase used water. In
the analysis of the overall characteristics of the abrasive flow field in the constrained flow
channel, it was assumed that the diameter of the SiC abrasive was sufficiently small and
that the two solid–liquid phases were mixed uniformly. In this case, the two-phase flow
could be regarded as a special liquid flow, its density based on the solid-phase quality, and
the major simulation parameters are given in Table 2. Further, the standard k-ε turbulence
model was selected in COMSOL Multiphysics software to model the abrasive flow, similar
to those used in previous studies [1,23,27]. The relative governing equations involved in
this software can be found in the user manual, which are common and have been used
extensively in similar works [31]. A grid independence test was also carried out before
determining the simulation parameters in order to ensure simulation accuracy; all the
following works are based on the optimized parameters within the simulation. Figure 5
shows the abrasive flow process with respect to the simulation time, t, from 0 s to 0.1 s,
where the value in the colored figure legend represents the proportional volume of abrasive
flow in the whole constrained flow channel. The initial speed of the abrasive flow from
the left inlet was 5 m/s, which then gradually filled the entire constrained flow channel
over time. As can be seen in Figure 5, at t = 0.1 s, the abrasive flow completely filled the
entire constrained flow channel, indicating that the abrasive flow fully contacted the target
surface to be machined at the time.
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Table 2. Simulation parameters.

Parameters Values Unit

Temperature 22 ◦C
Environmental pressure 1.01325 × 105 Pa

Inlet speed 5 m/s
Abrasive flow density 1.333 × 103 kg/m3

Abrasive flow viscosity 1.011 × 10−3 Pa·s

   
(a) (b) (c) 

   

(d) (e) (f) 

Figure 5. Abrasive flow process with respect to simulation time: (a) t = 0 s; (b) t = 0.005 s; (c) t = 0.01 s;
(d) t = 0.015 s; (e) t = 0.025 s; (f) t = 0.1 s.

3.2. Numerical Simulation Results and Discussion

Since the characteristics of the abrasive flow on the upper surface of the artificial knee
joint had a significant effect on the machining performance, the abrasive flow velocity
and pressure in this area were numerically analyzed in this study. Figure 6 shows the
distribution of the abrasive flow velocity on the upper surface of the artificial knee joint
to be machined. It can be seen from this figure that after the abrasive flow entered the
inlet of the channel, the abrasive flow velocity decreased as the cross-sectional area of the
channel decreased. During the simulation time considered in this study, the maximum
abrasive flow velocity reached approximately 11.9 m/s, and after passing through the
constrained flow channel, the velocity decreased until the flow exited through the outlet of
the channel. It was also noticed that the distribution of the abrasive flow velocity at the
simulation time of 0.025 s was similar to that at the simulation time of 0.05 s, because the
abrasive flow almost filled the entire channel at t = 0.025 s, as can be seen in Figure 5e, so it
could be deduced that the distribution of the abrasive flow between t = 0.05 s and t = 0.1 s
was stable; hence, we could predict that after t = 0.1 s, the distribution of abrasive particle
velocity would not change. Therefore, the distribution of the abrasive flow velocity at the
simulation time of 0.1 s could be considered as the steady-state during the entire abrasive
flow machining process.

Similarly, Figure 7 shows the distribution of the abrasive flow pressure on the upper
surface of the artificial knee joint. It can be seen from this figure that the pressure at the inlet
of the constrained flow channel was the highest, reaching approximately 2.06 × 1010 Pa,
whereas the pressure at the outlet of the channel was the lowest, which was closer to
the range of environmental pressure. It was also interesting to note that, compared with
the pressure distribution at t = 0.025 s and the pressure distribution at t = 0.05 s, only
the pressure distribution at the outlet of the channel demonstrated a slight difference;
meanwhile, compared with the pressure distribution at t = 0.05 s and t = 0.1 s, there was no
obvious difference. Thus, similar to the findings in the analysis of the abrasive flow velocity
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distribution, it could be seen that the pressure distribution between t = 0.05 s and t = 0.1 s
did not change, and we predicted that after the simulation time of 0.1 s, the distribution
of the abrasive flow pressure would not change either. Therefore, the distribution of the
abrasive flow pressure at the simulation time of 0.1 s could be considered the steady-state
during the entire abrasive flow machining process.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Distribution of abrasive flow velocity across upper surface of artificial knee joint: (a) t = 0 s;
(b) t = 0.005 s; (c) t = 0.01 s; (d) t = 0.025 s; (e) t = 0.05 s; (f) t = 0.1 s.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 7. Distribution of abrasive flow pressure on upper surface of artificial knee joint: (a) t = 0 s;
(b) t = 0.005 s; (c) t = 0.01 s; (d) t = 0.025 s; (e) t = 0.05 s; (f) t = 0.1 s.

In addition, the Preston equation states that the material removal rate on the workpiece
surface is directly proportional to the cutting speed (V) and loading pressure (P). The
material removal mechanism of the abrasive flow machining could be considered to be the
microcutting action of abrasive particles on the target surface, where the cutting speed and
loading pressure of abrasive particles relative to the target surface actually correspond to
the velocity and pressure of the abrasive flow. Therefore, a dimensionless material removal
rate model, M = PV/min, was developed to explore the relative machining performance
according to the above distribution of abrasive flow velocity and pressure obtained from
simulation results. Figure 8 shows the dimensionless material removal rates for the two
main machined surfaces, i.e., surface A and surface B in Figure 1b. In order to accurately
demonstrate the simulation results, two cases are illustrated in Figure 8, where, in case one,
the lower part was set as the inlet and the upper part was set as the outlet, and in case two,
the inlet and outlet were set in the opposite positions. It can be seen from Figure 8 that the
relative material removal rate near the inlet of the constrained flow channel was relatively
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large, and the relative material removal rate at the outlet of the constrained flow channel
was relatively small. It was also found that in the middle part of the constrained flow
channel, the relative material removal rate seemed to be uniform, but in order to realize
a good abrasive flow machining performance with a relatively uniform material removal
rate across the whole surface, it was recommended that the exchange of the abrasive flow
inlet and outlet was necessary.

  
(a) (b) 

Figure 8. Dimensionless material removal rate: (a) case 1: lower inlet and upper outlet; (b) case 2:
upper inlet and lower outlet.

4. Experimental Work

4.1. Experimental Setup

Figure 9 shows the experimental setup, which included the titanium alloy artificial
knee joint model A and three restraining parts B, C, and D. The artificial knee joint model
A was installed on restraining part B with screws and then both parts were embedded
together on base plate C, which was then covered with cover plate D. The small square
groove on part C was used for applying the sealant, cooperating with the square protrusion
in D to realize the sealing function.

Figure 9. Experimental setup.

In this experiment, the SiC particles were selected as the abrasive and two different
particle sizes of 120 mesh (with an average diameter of 120 μm) and 240 mesh (with an
average diameter of 60 μm) were employed for the rough polishing and fine finishing,
respectively. The material of the artificial knee joint was composed of a titanium alloy
(TC4, Ti-6Al-4V), whose major properties are given in Table 3. The experimental procedure
was mainly divided into two abrasive flow machining processes, namely, rough polishing
and fine finishing, with the processing parameters given in Table 4. Considering the
recommendation of the simulation results, that the exchange of the abrasive flow inlet
and outlet was necessary to realize the uniform abrasive flow machining performance, the
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rough polishing and fine finishing processes were performed at an interval of 1 h with
the exchange of the inlet and outlet. During this process, the SiC particles in the abrasive
flow were replaced with new ones to guarantee machining quality. Further, three similar
titanium alloy artificial knee joint models were used in the experiment, and the average
data on surface morphology were taken for a further analysis.

Table 3. Major material properties of TC4.

Density, g/cm3 Young’s Modulus, GPa Poisson’s Ratio Yield Stress, MPa

4.43 104 0.31 880

Table 4. Experimental processing parameters.

Processing Parameters Values

Temperature 22 ◦C
Abrasive SiC

Fluid Water
Abrasive particle concentration 10%
Abrasive particle inlet velocity 5 m/s

Average diameter of SiC for rough polishing 120 μm
Rough polishing time 10 h

Average diameter of SiC for fine finishing 60 μm
Fine finishing time 8 h

4.2. Results and Discussion

After 16 h of cumulative abrasive flow machining, the experimental observations were
qualitatively analyzed, and the results are shown in Figure 10. It can be seen from this figure
that the changes in surface quality before and after the machining process were obvious,
where surface A and surface B (see Figure 1b) of the titanium alloy artificial knee joint
before the machining process essentially could not reflect the word “Mechanical” written
on paper, whereas after the abrasive machining process, these two surfaces could reflect
each letter more clearly. However, due to the shape of the workpiece, only the lower part of
the surface shown in the figure could reflect these letters, and the upper part was blurred
because it could not receive the light reflected from the paper. Thus, we demonstrated that
abrasive flow machining with a constrained flow channel could significantly improve the
surface quality of the titanium alloy artificial knee joint; a further quantitative analysis was
conducted as follows in detail.

  
(a) (b) 

  
(c) (d) 

Figure 10. Comparison of surface quality before and after abrasive flow machining process: (a) orig-
inal surface A; (b) original surface B; (c) surface A after machining process; (d) surface B after
machining process.
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With the development of the high-tech measuring technique [32], the surface rough-
ness of the workpiece was measured with the assistance of the Veeco NT9800 optical profiler
(Veeco Instruments Inc., Plainview, NY, USA). It can be seen from Figure 11 that the original
surface roughness of the workpiece was approximately 394 nm, and the surface roughness
reduced to approximately 300 nm after 3 h of rough polishing. Finally, after the fine fin-
ishing process, the surface roughness was approximately 171 nm. It was also noted that
Figure 10a–c clearly show changes in terms of surface roughness during the abrasive flow
machining process, in which the surface roughness of the titanium alloy artificial knee joint
was continuously reduced, and the surface microstructure gradually changed from being
obviously uneven to being relatively flat. This indicated that the abrasive flow machining
process significantly improved the surface quality of the artificial knee joint surface.

(a) 

 
(b) 

Figure 11. Cont.
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(c) 

Figure 11. Comparison of surface roughness: (a) original surface of workpiece; (b) after 3 h rough
polishing; (c) after fine finishing.

5. Conclusions

In this paper, a proper constrained flow channel was designed to conduct the abrasive
flow machining of s titanium alloy artificial knee joint surface in order to improve the
performance and service life of artificial knee joints in the human body. This abrasive flow
machining process was first numerically investigated with the assistance of the CFD-based
method in COMSOL Multiphysics software, and it was found from the distribution of
the abrasive flow velocity that the maximum abrasive flow velocity in the constrained
flow channel could reach approximately 11.9 m/s, with even the inlet velocity having the
capacity to reach 5 m/s. From the distribution of the dimensionless material removal rate
on the target surface, it was also found that the exchange of the abrasive flow inlet and
outlet during the machining process could improve the surface finish uniformity. Then,
corresponding experiments were conducted to analyze the surface morphology before and
after the abrasive flow machining process using the proposed constrained flow channel.
It was found from the qualitative study that abrasive flow machining with a constrained
flow channel could significantly improve the surface quality of the titanium alloy artificial
knee joint by clearly reflecting the word “Mechanical” after the machining process. Further,
it was found from the quantitative study that after the fine finishing process, the surface
roughness decreased from approximately 394 nm to 171 nm. Therefore, the constrained
flow channel proposed in this paper for the abrasive flow machining of a knee joint model
is a useful potential method for the fine finishing of titanium alloy artificial joints.
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Abstract: Silicon carbide (SiC) is a typical, difficult-to-machine material that has been widely used
in the fabrication of optical elements and structural and heat-resistant materials. Parallel grinding
has been frequently adopted to produce a high-quality surface finish. Surface generation is a vital
issue for assessing surface quality, and extensive modeling has been developed. However, most of
the models were based on a disc wheel with a cylindrical surface, whereas the surface topography
generation based on an arc-shaped tool has been paid relatively little attention. In this study, a new
theoretical model for surface generation in ultra-precision parallel grinding has been established by
considering the arc-shaped effect, synchronous vibration of the wheel, and cutting profile interference
in the tool feed direction. Finally, the ground surface generation mechanism and grinding ductility
were analyzed in the grinding of SiC ceramics. The results showed that the spiral and straight-line
mode vibration patterns were the main feature of the machined surface, and its continuity was mainly
affected by the phase shift. Furthermore, for the in-phase shift condition, the grinding ductility was
more significant than for the out-of-phase shift due to the continuously decreasing relative linear
speed between the wheel and workpiece.

Keywords: parallel grinding; phase shift; SiC ceramics; surface generation; vibration pattern;
ultra-precision machining

1. Introduction

SiC is an advanced engineered ceramic widely used in optics (hot-press mold and
telescope mirror) [1–3], electronics [4], and biomedical fields [5] due to its excellent unique
properties, such as extreme hardness, good wear resistance, high intensity, high durability,
and excellent thermal stability [6–8]. Despite the salient potential properties of SiC ceramics,
it is a typical hard-to-machine material and has poor machinability due to lower fracture
toughness and extreme hardness. At present, ultra-precision grinding (a root-mean-square
figure accuracy of <0.1 μm and a surface roughness Sq of < 0.01 μm) is the predominant
cutting technique to produce a high-quality surface in the machining of hard and brittle
materials [9–11]. In ultra-precision grinding, the machined surface quality principally
depends on the motion precision and machining method of the CNC grinding machine.
A microremoval process of target materials and the fabrication of curved surface shapes
can be realized by precisely controlling the movement path of the grinding wheel [12–14].
According to the relative motion relationship between the grinding wheel spindle and
the workpiece rotation spindle, the methods can be divided into the parallel grinding
method [15], transverse grinding method [16], and oblique grinding method [17]. Oblique
axis grinding can be further divided into spherical grinding wheel grinding, point grinding,
normal grinding, and generating grinding according to the contact state and motion mode
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between the grinding wheel and workpiece [18]. Even with the same processing parameters,
different grinding methods will produce completely different surface morphologies. This
is mainly because grinding follows the “copy” nature, and different grinding surface
morphologies are formed due to the different trajectories of abrasive particle movement
and the different degrees and modes of mutual interference in different paths. Parallel
grinding is the most commonly used complex surface machining method. The workpiece
spindle and grinding wheel spindle are controlled by the x–z slides to machine various
rotary symmetric surfaces. In this method, the cutting direction of the grinding wheel is
consistent with the rotation direction of the workpiece on the cutting zone between the
tool and the workpiece, so the grinding surface is formed along the radial direction of the
spiral trajectory. In this grinding mode, a diamond arc grinding wheel or spherical grinding
wheel is generally adopted.

To achieve a “damage free” surface, extensive research has been carried out on surface
generation mechanisms in the grinding of SiC ceramics. There are two types of surface
generation mechanisms in grinding: brittle fracture or ductile mode [19]. To obtain a good
surface finish, the ductile grinding mode needs to be the dominant mechanism [20,21].
Therefore, much research has been conducted on the influence of physical parameters
on the ductile-to-brittle transition. The nanoindentation test [22–24] and single abrasive
scratch [25–28] experiment were widely employed in the study of crack damage and the
surface formation mechanism in the grinding of SiC ceramics. The primary goal of these
studies was to determine the threshold for the ductile-to-brittle transition in order to control
the grinding load below the critical value, so as to achieve crack-free machining with a
good surface finish. This research provided the quantitative relationship between the load
and crack size; however, the surface generation resulted from the combined effect of the
wheel geometry and tool dynamic characteristics has received little m. In grinding, surface
generation is a function of the wheel shape and trajectory path and hence is affected by
the tool motion error and tool geometry. In fact, the wheel spindle vibration oriented
primarily perpendicular to the workpiece surface is the sensitive direction of the surface
topography generation, which has a great impact on the machining accuracy and surface
roughness [32–35] Chen et al. [36] investigated the influence of wheel vibration on sur-
face roughness, and a theoretical kinematic model for surface generation was established
by simplifying the wheel into a circular section. Cao et al. [37] developed a topography
generation model by considering unbalanced wheel vibration, and the influence of vibra-
tion amplitude, grit size, and machining parameters on surface roughness and surface
microwaviness were investigated. However, the waviness generation was considered as
a motion copy of the tool oscillation locus and ignored the influence of the wheel shape.
Since a 2D cross section of the wheel (cylinder grinding wheel) was picked to simulate
the surface generation, it cannot be used to evaluate the impact of vibration phase shift
on surface topography generation. Chen et al. [38] investigated the influence of grinding
parameters on surface generation and found that the phase shift had a dominant impact on
both surface roughness and waviness features. Based on the authors’ experimental results,
the distribution of cutting points in parallel grinding was studied, and a waviness pattern
model was developed. The results showed that the phase shift had a remarkable effect
on waviness geometry evolution, and a strategy was proposed to suppress the surface
waviness [39]. Pan et al. [40] proposed a new method to improve the ground surface quality
and uniformity in the grinding of a complex optical surface with a non-integer rotation
speed ratio (phase shift effect).

However, most of the previous modeling work for ground surface generation was
based on a disc wheel with a cylindrical surface, and the cutting profile interference in the
circumferential direction of the workpiece was considered. In fact, the surface generation
was more sensitive in the cross-feed direction when a grinding wheel with an arc cutting
edge was adopted. The surface generation process is governed by many factors, such as
wheel vibration, material properties, wheel geometry, and phase shift, which are essential
in achieving surface quality control and grinding process optimization. In order to predict
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the surface generation more accurately, in this study, a new model for surface generation
in parallel grinding was developed by comprehensively taking into account the effect of
phase shift, tool vibration, and wheel cutting nose radius. The phase shift effect involved
in the surface generation in the grinding of SiC ceramics was analyzed.

2. Modeling of Surface Generation in Ultra-Precision Grinding Considering
Tool Vibration

In parallel grinding, a diamond grinding wheel with a circular arc on the cutting
edge profile is mostly adopted. The cutting direction of the grinding wheel is tangentially
parallel to the rotation direction of the workpiece, but the direction of their linear velocities
are opposite to each other (reverse grinding). Figure 1 is a typical schematic diagram of
parallel grinding. When the wheel rotates, it moves toward the center of the workpiece
at a constant feed rate. Since the rotation speed and feed rate of the workpiece remain
constant, the distance the grinding wheel moves toward the center of the workpiece is
constant for each cycle the workpiece rotates; thus the tool path of parallel grinding on the
workpiece surface is a spiral. In the grinding process, the linear velocity of the workpiece is
different at different cutting points of the grinding wheel, and the volume of the material
removed when the grinding wheel completes one circle is proportional to the radial position
of the grinding point on the workpiece surface. Therefore, the relative motion error of
the grinding wheel, geometrical shape of the grinding wheel, and machining parameters
will have an important influence on the ground surface topography generation. In ultra-
precision parallel grinding, the workpiece spindle is vertical to the grinding wheel spindle,
and the wheel performs a linear feed motion from the edge of the workpiece to the rotating
center along a spiral path to realize the material removal process, as shown in Figure 1.

Figure 1. Schematic diagram of ultra-precision parallel grinding.
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In parallel grinding, an extremely tiny depth of cut and a low rotational speed of the
workpiece spindle combined with a high-speed grinding wheel are generally selected to
achieve the microvolume of material removal. In this process, the grinding wheel cutting
profile is constantly fed horizontally along the wheel axis direction (ignoring abrasive
grains) to generate the micromachined topography. As shown in Figure 2, the spindle
speed of the grinding wheel (ω2) and the tool feed speed (vf) together generate the tool
interference in the adjacent cutting path interval, in which the surface residual profile
(radial direction) forms. The angular position of the grinding wheel cutting point (θi) on
the workpiece is equal to the angle of rotation of the workpiece. The grinding operation
parameters can determine the relative cutting position and tool path of the grinding wheel
with respect to the workpiece, which can affect the surface topography generation of the
workpiece. Therefore, the machining parameters, the geometry of the grinding wheel
cutting profile, and the relative position of and error between the grinding wheel and the
workpiece have a great influence on the formation of the ground surface.

  
 

 
 

  

Figure 2. Schematic of locus of the grinding wheel movement in ultra-precision parallel grinding
(red solid line indicates tool path and blue dash line represents wheel vibration locus).

The ground surface generation strongly depends on the relative travel trajectory of
the cutting tool, which is determined by the operation parameters, tool geometry, and
movement errors. The most significant of these is the relative motion error of the grinding
wheel in the normal direction, which causes the varying engaged depth of the tool. This
leads to the increment in surface residual height and degrades the surface roughness. In the
case of non-constant grinding conditions due to the motion errors acting on the grinding
wheel, the resultant machined surface is a function of the tool cutting edge geometry and
the relative movement of the tool.

In grinding, the relative motion of the wheel is the result of the superposition of
the motion of each axis, which transfers characteristics of the wheel cutting profile to
the part surface and determines the final machined surface generation. Therefore, the
geometric modeling of surface topography generation can be calculated according to the
motion process of each axis. Figure 2 schematically shows the motions of the wheel and
workpiece in ultra-precision parallel grinding, which include the rotation of the workpiece
and grinding wheel as well as the linear movement of the machine table along the feed
direction (x axis). However, the vibration with the same frequency as the wheel rotation is
the dominant mode of tool vibration, which is responsible for the ground surface profile
variation and degrades the surface quality.
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According to the geometric relation of the relative motion of the grinding wheel with
respect to the workpiece, the coordinates of the circular arc contour of the grinding wheel
in each radial position of the workpiece and the intersection point of the adjacent circular
arc contour were obtained, with which the residual surface profile can be calculated to
reconstruct the finished surface. The coordinate system X1-Y1-Z1 was employed to calculate
the workpiece surface profile generation. The discrete workpiece surface can be established
in the radical and circumferential directions, in which it is divided into a certain number of
segments along the circumferential and radical directions of the workpiece with an equal
angle interval (Δθ) and tool path interval (S), respectively. The number of cutting positions
on the workpiece surface can be expressed as:{

Nr =
2π
Δθ

Nc =
Rs
S , S = v1

v f

(1)

where Δθ—the discrete angle value (rad);
Rs—the radius of the workpiece (mm);
S—the feed rate (mm/r);
v1—the rotation speed of the workpiece (r/min);
v f —the feed speed (mm/min).
In parallel grinding, the workpiece spindle rotates with a slow angular velocity, and

the grinding wheel slowly moves towards the center of the workpiece transversely with
a constant feed speed, whereby the tool trajectory is a spiral in the XY plane. In order to
accurately predict the surface topography of the workpiece under the condition of tool
vibration, it is first necessary to evaluate the motion trajectory of the cutting profile in the
workpiece coordinate system. In polar coordinates, the movement trajectory of the wheel
in discrete form can be calculated as follows:⎧⎪⎨

⎪⎩
θw(i) = i · Δθ + j · 2π, i = 0, 1, 2 · · · , Nr − 1
Rw(i) = Rs −

(
Δθ
2π · i + j

)
· S, j = 0, 1, 2 · · · , Nc − 1

Zw(i) = A sin(ω2
Δθi+2π j

ω1
+ ϕ)

(2)

where A—the vibration amplitude of the grinding wheel (mm);
ω1—the angular speed of the workpiece (rad/min);
ω2—the angular speed of the wheel (rad/min);
ϕ—phase angle (rad).
In ultra-precision grinding, the residual height generation on the workpiece surface is

tracked by the wheel location movement. The discrete tool path model represents a series
of wheel loci. For a given pair of tool positions, there is an intersection between the two
cutting profiles of the grinding wheel due to the fine feed rate in ultra-precision parallel
grinding. In order to calculate the intersected segment, a cutting plane is defined, which
includes the lowest engagement point of the wheel and leaves the deepest scratch on the
machined surface, as shown in Figure 3. Therefore, the machined surface can be obtained
by calculating the intersection of two adjacent cutting profiles.

There is an arc edge on the cutting profile of the grinding wheel, which moves in a
single path of approximately a circle, which is expressed as:

(y − iS)2 + [z + Zw(i)]
2 = r2 (3)

In the process of ground surface generation, the tool cutting profile of the grinding
wheel moves along the spiral tool path, and the tool–workpiece interference in the feed
direction envelopes the final machined surface. In actual grinding, the wheel axis changes
due to the existence of vibration, which in turn results in a variable residual profile on the
machined surface. Therefore, the surface topography of a certain section of processing, the
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influence of the previous feed, and the subsequent feed should be fully considered. The
specific consideration method is as follows:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[y − (i − 1)S]2 +
{

z + A sin[ω2
Δθi+2π(j−1)

ω1
+ ϕ]

}2
= r2

(y − iS)2 +
[
z + A sin(ω2

Δθi+2π j
ω1

+ ϕ)
]2

= r2

[y − (i + 1)S]2 +
{

z + A sin[ω2
Δθi+2π(j+1)

ω1
+ ϕ]

}2
= r2

(4)

 

Figure 3. Schematic diagram of surface generation modeling in grinding.

The scallop height is calculated at a cutting point by comparing the height value of
neighboring tool cutting profiles and selecting the minimum value, which is responsible
for the final ground surface generation. The surface residual height of each cutting point
can be expressed as:

ze = min
{

zi,j−1(ρ, θ), zi,j(ρ, θ), zi,j+1(ρ, θ)
}

(5)

The experiments were performed on a four-axis grinding machine (Moore Nanotech
450UPL). The ultra-precision grinding machine consists of two linear guides (x axis and z
axis) and two rotation spindles (workpiece spindle and wheel spindle), as shown in Figure 4.
The samples were mounted on an aluminum fixture, which was placed on the vacuum
chuck of the workpiece spindle. Before grinding, dynamic balancing of the two spindles
was carried out to make the radial runout less than 10 nm. In order to obtain the amplitude
of the wheel vibration, a laser displacement sensor with high resolution was employed. A
resin-bonded diamond grinding wheel was selected with a 1500# mesh size. The parallel
grinding tests were performed on reaction-sintered SiC to investigate surface generation
and verify the ground surface model. Before the test, all the samples were ground to obtain
a relatively flat surface to reduce the effect of tool wear, and we then preformed the wheel
dressing operation before each experiment. A Taylor Hobson roughness profiler (Form
TalySurf PGI 1240; measuring error: 0.8 nm vertical resolution) was used to measure the
machined surface after the tests.
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(a) (b) 

Figure 4. Configurations of 4-axis ultra-precision grinding machine: (a) ultra-precision machine tool
for grinding experiments; (b) structural layout of the grinding machine.

Table 1 shows the grinding conditions and operation parameters adopted for the
machining tests. A diamond arc-shaped wheel was chosen with a 0.5 mm nose radius. The
influence of phase shift with respect to wheel synchronous vibration can have a significant
effect on surface topography generation in ultra-precision parallel grinding, which can be
selected by adjusting the grinding wheel speed.

Table 1. Grinding operating conditions.

Contents Parameter Setting

Diamond grinding wheel Resin bond, thickness: 6 mm, diameter: 20 mm, nose radius:
0.5 mm, grit size: 1500#

Workpiece material RB-SiC, thickness: 5 mm, diameter: 12 mm

Operating parameters Wheel speed: 39,000 rpm–40,350 rpm, workpiece speed:
1500 frpm, depth of cut: 10 μm, feed speed: 10 mm/min

3. Experiment Results and Discussion

3.1. Experimental Results and Validations

To verify the surface generation model, a series of grinding tests under different phase
shifts were conducted. A laser displacement sensor was used to measure the wheel spindle
error motion. The amplitude of the tool vibration was obtained by recording 5 values
under variable phase shifts, and it was found that the average amplitude value was about
2.5 μm in all ranges of wheel speeds. The cross section profiles of the ground surface
were measured under different phase shifts: Figure 5(a1,a2) phase = 0, Figure 6(a1,a2) m,
Figure 6(b1,b2) phase = 0.3, Figure 6(c1,c2) phase = 0.5, Figure 6 (d1,d2) phase = 0.7, and
Figure 6(e1,e2) phase = 0.9. Figure 5 shows a comparison between the simulated surface
profile and the measured results, in which the surface profile height and period are highly
consistent. The machined surface had different waviness patterns and evolved continuously
with the processing cycles, and it finally developed a series of microwaviness marks around
the rotation center of the workpiece. In the process of machining, microwaviness stripes
were formed on the workpiece surface by the grinding wheel vibration, which was affected
by the grinding wheel speed, feed speed, and workpiece speed, resulting in the formation
of surface stripes with different geometric patterns.

The continuous waviness structure formed when the phase shift was 0, 0.1, and
0.9, as shown in Figure 5(a1) and Figure 6(a1,e1); however, a discontinuously structured
wave pattern was generated when the phase shift was 0.3, 0.5, and 0.7, as shown in
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Figure 6(b1,c1,d1). This indicates that the phase shift has a significant effect on the surface
finish, in which the wheel speed only has a minor change (for example, 0.385% for the wheel
speed change from 39,000 rpm to 39,150 rpm in Figure 5(a2) and Figure 6(a2), respectively).
The theoretical surface profile height in Figure 5(a2) shows a maximum at the phase shift
of 0 (out-of-phase shift), in which the wheel speed is equal to an integer multiple of the
workpiece speed (V1/V2 = 39,000/1500 = 26). With the further increase in phase shift
(in-phase shift), however, the machined surface profile height presents a dramatic decrease
(height amplitude decreases from 2.5μm to 0.5μm), and the speed ratio is not an integer
number (such as V1/V2 = 39,150/1500 = 26.1 in Figure 6(a2)). With the development of the
phase shift, the discontinuity of the waviness pattern occurs at the phase shift of 0.3, 0.5, and
0.7, as shown in Figure 6(b1,c1,d1). In this case, there is a larger difference in the tool depth
of cut at adjacent tool tracks in the presence of grinding wheel vibration. As the phase shift
increases from 0 to 0.5, the cross section profile height of the machined surface decreases;
however, the profile height increases when the phase shift further increases from 0.7 to 0.9
(the phase shift is close to 1). This shows that the phase shift can contribute to reducing
the surface scallop height and improving the machined surface quality. These results
showed that the theoretical model could accurately predict the resulting surface generation,
including the surface waviness and profile. In comparison to the conventional modeling
approaches that take into account the surface generation in the wheel cutting direction, the
proposed modeling algorithm, by considering the cutting profile interference in the tool
feed direction, is more accurate in predicting the surface waviness profile generation in the
parallel grinding operation, in which the effects of the phase shift, wheel vibration, and
wheel cutting nose on surface generation are comprehensively calculated.

  

(a1) (a2) 

Figure 5. Simulated surface and measured surface under out-of-phase shift (phase = 0): (a1) simulated
surface topography; (a2) surface profile height.

  
(a1) (a2) 

Figure 6. Cont
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(b1) (b2) 

  
(c1) (c2) 

  
(d1) (d2) 

  
(e1) (e2) 

Figure 6. Simulated surface and measured surface under different phase shifts: (a1–e1) simulated
surface topography; (a2–e2) surface profile height.
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The model is capable of estimating the ground surface generation precisely and
determining the role of the phase shift in the ultra-precision parallel grinding as well.
However, the deviation from the actual experiments was attributed to the wheel wear in
the grinding of the SiC ceramics.

From the results above, it is found that the surface waviness is the main characteristic
of machined surface generation, which is caused by the synchronous vibration of the
grinding wheel. The phase shift plays a key role in governing the surface waviness profile,
in which the phase shift farther away from an integer is more conducive to generating
denser waviness and a lower surface profile height.

3.2. Experimental Analysis of Surface Generation

The machined surface images of the samples under different phase conditions (out
of phase and in phase) are shown in Figure 7. It can be clearly observed that a spiral
mark formed on the ground surface, and the mark period changed with the phase shift
development which is caused by the vibration of the grinding wheel. In the central area, the
vibration mark evolved into a straight-line mode, which acted along the tangent orientation
of a circular section (uncut area). The straight-line pattern for the vibration marks were
attributed to the gradually decreasing linear velocity when the cutting point between the
tool and workpiece moved from the outer regime to the centers of the rotation for the part
spindle. We found a more ductile area for the ground surface generation in the center
area in comparison with the edge regime for parallel grinding of SiC. This shows a higher
grinding ductility in the center area, which is caused by the gradually decreasing chip size
under constant decreasing liner cutting speed. Furthermore, the ground surface condition
improved with the appearance of the phase shift both for the edge and center regions, in
which a less fractured area was formed due to smaller chips generated by a higher degree
of wheel cutter trajectory interference, as shown in Figure 7a,b. This shows that the phase
shift is an important factor both for the evolution of vibration marks and grinding ductility.
The main reason for this is the increase in interference on adjacent cutting paths under
in-phase shift conditions, which results in the decrease in surface residual height. This
indicates that the radial interference of adjacent grinding paths has a significant effect on
the machined surface quality and cannot be ignored. The phase shift alters the relative
grinding wheel position between neighboring tool paths with respect to the workpiece,
which directly influences the relative depth of cut for abrasive grains distributed on the
wheel and in turn effects the ductility for material removal. The phase shift effect can
enhance the interference of adjacent abrasive grains’ cutting paths and help to reduce the
surface residual height, which can significantly improve the surface quality of grinding.

172



Crystals 2023, 13, 646

(a) 

(b) 

Figure 7. SEM micrographs of RB-SiC ground surface: (a) out of phase (phase shift = 0); (b) in phase
(phase shift = 0.1).

4. Conclusions

In this study, the surface generation mechanism in ultra-precision parallel grinding of
RB-SiC ceramics was investigated, and a model for surface generation was established by
considering wheel synchronous vibration to calculate the evolution mechanism of vibration
marks on the ground surface. The surface generation model was established by considering
multiple factors including the arc-shaped effect, tool synchronous vibration, and cutting
profile interference in the tool feed direction, in which the effect of the phase shift on the
surface topography generation was validated. The main conclusions are as follows:

(1) Wheel synchronous vibration has a dominant impact on surface generation, in which
slight changes in the rotational speed of the grinding wheel leads to great waviness in
pattern variation. This is due to the huge difference in depth of cut for tool cutting
profiles which interferes with neighboring cutting edges in the feed direction.

(2) The phase shift has a great influence on the continuity of waviness generation; the
phase (phase = 0, 0.1, and 0.9) closer to an integer tends to generate continuous
waviness, whereas the phase (phase = 0.3 and 0.5) farther away from an integer tends
to generate discontinuous waviness patterns. This is caused by the relative changes in
the depth of cut between adjacent tool paths.

(3) In parallel grinding, the surface generation by way of the ductile mode is more
susceptible to appear in the central location of the ground surface due to the decreasing
linear velocity. The phase shift has an effect on grinding ductility; for in phase, a
ductile removal surface is more likely formed.

There is a good agreement between the novel, developed model and the real exper-
imental results. The theoretical model and experimental results for surface generation
provide an effective method to control surface quality and suppress the surface microwavi-
ness in the parallel grinding of ceramic materials.
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Abstract: The cutting process generates specific mechanical characteristics in the subsurface layers
of the shaped parts. These characteristics have a decisive influence on the working properties
and product durability of these parts. The orthogonal cutting process of structural heat-treated
steel’s effect on the mechanical properties of the machined subsurface layers was evaluated by
instrumented the nanoindentation method and sclerometry (scratch) method. As a result of this study,
the relationship between the specific work in the tertiary cutting zone and the total deformation
work during indenter penetration during the instrumented nanoindentation was established. The
dependence of the indenter penetration depth during sclerometry of the machined subsurface layers
of the workpiece was also studied. The orthogonal cutting process was carried out at different cutting
speeds and tool rake angles. The cutting speed increase and the increase in the tool rake angle
cause an increase in the indenter penetration work during the instrumented nanoindentation and
an increase in the maximum indenter penetration depth during sclerometry. Simultaneously, the
measured microhardness of the machined surfaces decreases with both an increase in cutting speed
and an increase in the tool rake angle.

Keywords: cutting; subsurface layers; cutting specific work; nanoindentation; sclerometry; indenter
penetration depth; total deformation work

1. Introduction

The main objectives of the cutting process used in shaping and finishing operations
are to ensure the required geometric shape and dimensional accuracy of the part, as well as
the specified quality of the machined surfaces. By performing this objective, the cutting
process realizes the tool penetration into the machined material. In this case, the machined
subsurface layers of the workpiece are affected by thermomechanical loads as a result of
this penetration. The consequences of these loads are plastic strain and subsequent damage
of the machined layers with the formation of chips. These processes contribute significant
changes in the machined subsurface layers of the workpiece. As a result, specific mechanical
characteristics are generated in them. These characteristics have a fundamental effect on
the working properties and longevity of the part being shaped in the cutting process.
To evaluate such mechanical characteristics, the hardness characteristics of the machined
subsurface layers [1] and the total residual stresses formed in them [2] are usually used. The
methods used to measure these characteristics have been well established for quite a long
time, providing an evaluation of the subsurface state of the parts. However, these methods
ensure just a macro estimate of the mechanical characteristics of the machined surfaces.
They are insufficiently sensitive to the conditions of thermomechanical effects from the
cutting process on the machined surfaces of the workpiece. High sensitivity in evaluating
the mechanical characteristics of the subsurface layers of shaped parts using different
machining processes is ensured by micro- and nanometric control methods: instrumented
nanoindentation and sclerometry (scratch test).

The presented paper is devoted to the evaluation of integral mechanical characteristics
in the workpiece subsurface layers generated as a result of the cutting process, and the

Crystals 2023, 13, 761. https://doi.org/10.3390/cryst13050761 https://www.mdpi.com/journal/crystals
177



Crystals 2023, 13, 761

study of the relationship between these characteristics and the factors influencing them
from the orthogonal cutting process.

2. Methods for the Determination of Machined Layers Mechanical Properties

In the past few decades, micro- and nanometric methods have been used to evaluate
the mechanical characteristics of materials and parts. These methods include instrumented
nanoindentation [3,4] and sclerometry (scratching or scratch test) [5]. The techniques [6]
used in the application of these evaluation methods provide extended possibilities for
determining the mechanical characteristics of the material’s subsurface layers both in
instrumented nanoindentation [7] and in sclerometry [8]. The prototype of instrumental
nanoindentation as a process of continuous penetration of an indenter into a test material,
which undergoes elastic loading, plastic strain, and subsequent damage, may be the study
of Atkins and Tabor [9]. The method of material testing by continuously indenter loading
and then unloading was further refined by developing methods and devices to measure
the indenter load while simultaneously measuring the depth of its penetration into the
tested material [10]. At the same time, the indenter penetration depth was narrowed to the
nano-scale range. The result of this research was the creation of a widely used instrumented
nanoindentation method. Nanoindentation is a well-established method for studying
the mechanical properties of various materials. This method is widely represented in
well-known publications: see, for example, [11].

Methods for analyzing the indenter penetration diagram were originally presented
in the studies of Doerner and Nix [12] as well as Oliver and Pharr [13]. In particular,
they presented methods for estimating hardness and Young’s modulus based on the
initial slope of the unloading curve. The different results of determining the hardness
value obtained using the nanoindentation method were analyzed in a study by Vargas
and colleagues [14]. Kang et al. studied various optimization methods to determine the
material mechanical properties through instrumented nanoindentation [15]. Guillonneau
and colleagues proposed a method for determining the mechanical properties based on the
analysis of contact stiffness fluctuations in the tested materials [16]. The friction effect in the
contact between the indenter and the studied material was investigated by Harsono and
colleagues [17]. The relationship between indentation modes and mechanical properties
of materials, taking into account friction and the inclination angle value of the indenter’s
working part is presented in Wang’s study [18]. Sivaram and colleagues studied the effects
of the pile-up and sink-in effect on the material’s mechanical properties during instrumental
nanoindentation of thin coatings and integrated circuit materials [19].

When evaluating the mechanical properties of the studied materials and coatings, the
researchers mostly concentrate on determining the microhardness of the subsurface layers
(see, e.g., [20]) and the residual stresses formed in them (see, e.g., [21]). This is especially the
case when evaluating the mechanical properties of various steels and alloys. Furthermore,
plasma hardened wheel steels [22], additively manufactured stainless steels [23], as well
as steels used to manufacture gear wheels [24] and many others have been investigated.
Moon and colleagues studied the contribution of the steel microstructure components to
its hardening [25]. The estimation of dislocation density by measuring the microhardness
of heterogeneous materials was studied in the work of Mendas et al. [26] and Ameri and
colleagues [27]. The application of the instrumented nanoindentation method to evaluate
the residual stresses (see, e.g., [21,28,29]) provided the possibility to obtain important
information about the mechanical properties of the subsurface layers of the tested materials
and coatings. This is particularly important for the characterization of surfaces processed by
various mechanical processes, in particular by cutting, plastic deformation, heat treatment,
etc., and the tool working surfaces used to realize such processes. Moreover, the method
of instrumented nanoindentation is also used to study and evaluate the stress–strain
state of the workpiece’s subsurface layers. Using nanoindentation, the strain degree of
additively manufactured stainless steels [30], Fe-ion-irradiated steels [31], structural steels
under tensile loads [32], the strain degree, fracture process, and microstructure changes of
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austenitic steels [33,34] and others have been evaluated. Wagner et al. studied the behavior
of non-metallic particles in 42CrMo4 alloyed steel [35]. Zhou and colleagues studied the
effect of indenter loading modes and conditions during nanoindentation of hardened alloy
steel [36].

Instrumented nanoindentation has been further advanced due to the recent rapid
development of numerical modeling for this method. A nanoindentation three-dimensional
model of tool steel coatings is presented in a study by Bobzin et al. [37]. Khan and his
colleagues developed a finite-element model of the nanoindentation process of corrosion-
resistant aluminum coating [38]. The material model parameters were also determined
using inverse fitting via experimental macromechanical testing of the coating material. The
same inverse method of determining the parameters of the thin-film metallic glass material
model was applied by Han et al. [39]. In this case, the determination of material model
parameters is additionally supported using an artificial neural network. The evaluation of
the mechanical properties of thin metal coatings using indentation simulation is devoted
to the work of Wittler et al. [40]. The Pöhl study presents a method for determining the
basic mechanical properties of the test material [41]. Recommendations are provided on
the possibilities of determining these properties from the simulated process of indenter
penetration into the studied material.

An important part of the instrumental nanoindentation method studies is the in-
vestigations devoted to the improvement of instruments and devices for this method
implementation. The accuracy and repeatability of results obtained with nanoindentation
are ensured by various methods of these devices’ calibration: see, e.g., [30]. Peng and
colleagues developed a handheld device to implement the nanoindentation method [42].
The indentation force applied to the indenter is detected by a voice coil motor, and the
indenter movement is detected using an eddy current transducer. Li and colleagues devel-
oped a method for instrumental nanoindentation device calibration [43] based on the use
of an optical sonde interferometer and a step height reference. The effect of environmental
temperature on the results of nanoindentation tests directly during these tests was studied
by Fritz and Kiener [44].

The scratch test (sclerometry) was developed almost in parallel with the instrumented
nanoindentation method [45]. The scratch test is well suited for the qualitative charac-
terization of thin, hard coatings applied by different methods [46,47]. This test has been
widely used for many years in studies of coating–substrate contact adhesion [48,49]. The
scratch test is characterized by its relative simplicity and cost-effectiveness, as well as by
the fact that no thorough preparation of the test specimen surface is necessary [46]. At the
same time, the scratch test is subject to some uncertainty, especially when determining the
fracture load of the examined surface [50]. To reduce the uncertainty in determining the
mechanical characteristics of the tested subsurface layers of materials using the scratch test,
the multi-pass test has been used in recent decades [51,52]. The multi-pass scratch test is
characterized by multiple scratches on the same trace with the progressive or constant load
on the indenter. The resulting subsurface fractures are determined either by evaluating the
scratch images [51] or by analyzing the characteristics of the scratch test: the tangential
load on the indenter or the indenter penetration depth [52]. In the last few decades, the
scratch test has also been used to study the mechanical properties of subsurface layers
from materials, mainly metals processed using cutting or plastic deformation, and to study
the tribomechanical characteristics of contacting surfaces during application [53]. Aurich
and Steffes studied the mechanical properties of the subsurface layers during grinding
using single-grain scratching [54]. The effect of cutting speed on the plastic strain degree
of AISI 4140H steel and the formation of pile-up was established. Fan and colleagues
studied the plastic mechanisms of dislocations during the scratch test [55]. The effect of
scratching modes with a single grain of titanium alloy Ti-6Al-4V on the indenter pene-
tration depth and pile-up height was studied by Pratap et al. [56]. Thus, the scratch test
can be successfully applied to evaluate the effect of material machining processes on the
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mechanical characteristics of the subsurface layers subjected to a thermo-mechanical impact
during processing.

The instrumented nanoindentation method and the scratch test (sclerometry) ensure
the measurement not only of individual mechanical characteristics of the tested specimens,
such as microhardness, indenter penetration depth, residual stress values, etc., but also of
the integral mechanical characteristics of the subsurface layers, in particular the indenter
penetration work (energy), its elastic and plastic parts. In this regard, the mechanical state
of the subsurface layers subjected to thermomechanical impact through various machining
processes is of special interest [57]. The effect of machining conditions on the strain energy
of the subsurface layers is presented in a study by Bezyazychny and colleagues [58].
Yamamoto et al. studied the relationship between the elastic and plastic components, as
well as the total energy of the indentation, and the microhardness of the tested metals [59].
Ren and Liu [60] and Wang with colleagues [61] devoted their research to studying the
relationship between the mechanical properties of hard-working metals and alloys and the
cutting process conditions.

The analysis of instrumental nanoindentation and sclerometry methods has shown the
essential possibilities of these techniques for micro- and nanometric analysis in determining
the mechanical characteristics generated in the shaping process of the subsurface layers of
various parts. Thus, these methods can be successfully used to evaluate the influence of
generalized cutting process parameters on the formed integral mechanical characteristics
of the subsurface layers.

3. Materials and Methods

The cutting process has a significant impact on the machined surface of the shaped
part. In addition to ensuring a predetermined geometric shape of the part and microgeome-
try of the machined surface, the cutting process also generates the physical and mechanical
characteristics of the workpiece’s subsurface layers. The cutting process’s effect on these
subsurface layer properties of the machined workpiece is multifaceted and often confronta-
tional. A significant role in this influence is played by the multiplicity and complexity of
physical and mechanical processes occurring in the cutting zones of real spatial machining
processes such as drilling, milling, threading, etc. To neutralize the secondary effects
influence of deformation and subsequent damage of the machined material that takes place
in real three-dimensional machining processes, the influence of the cutting process on the
formation of physical and mechanical characteristics of the machined surfaces was studied
in the conditions of a two-dimensional (free orthogonal) cutting process.

3.1. Materials

Experimental studies of the formation of the physical and mechanical characteristics
of the subsurface layers through the machining process were performed on a special
stand, reproducing the orthogonal cutting process [62,63]. The experimental stand ensures
rectilinear movement of the table with the workpiece relative to the fixed tool with a
stepless adjustable cutting speed from 0 to 200 m/min [64]. A well-known representative
of heat-treated structural steel AISI 1045 was selected as the machined material. The
chemical composition of AISI 1045 steel is specified in Table 1. The mechanical and thermal
properties of the steel AISI 1045 are listed in Table 2.

The workpieces of the machined material were pre-grinded to ensure the necessary accu-
racy, in particular the side parallelism. The final workpiece size was 170 mm × 60 mm × 3 mm.
The workpieces were then subjected to annealing to ensure a uniform material structure
and the absence of residual stresses. The workpiece hardness after annealing was 180 HB.
SNMG-SM-1105 (ISO SNMG 15 06 12-SM 1105) replacement carbide inserts, Sandvik Coro-
mant, Sandviken, Sweden, were used as cutting elements. Table 2 shows the mechanical
and thermal properties of this carbide cutting insert. The cutting wedge geometry required
for a stable cutting process was ensured by installing a replaceable carbide plate in the tool
body at a pre-defined inclination angle and grinding the tool clearance face [64]. The tool
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clearance angle was α = 8◦ and the curvature radius of the cutting edge was ρ = 20 μm.
Grinding wheels and grinding pastes [65,66] made of synthetic superhard materials were
used for grinding and subsequent polishing of carbide inserts. The cutting forces for subse-
quent determination of the cutting power were measured on the workpiece [62,64]. For this,
the workpiece was clamped in a three-component Kistler type 9121 dynamometer using
a special clamping device—Figure 1a. Experimental studies were performed at different
cutting speeds and different tool rake angles.

(a)

(b)

Figure 1. Experimental setup for the realization of the orthogonal cutting process and
scheme for determination of an instrumented nanoindentation and sclerometry of machined sur-
faces: (a) experimental setup for cutting forces measurement; (b) instrumented indentation and
sclerometry diagrams.
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Table 1. Chemical composition of the steel AISI 1045 [67].

Material Fe C Si Mn P S Cr

AISI 1045 98.51–98.98% 0.420–0.50% ≤0.04% 0.50–0.90% ≤0.03% ≤0.035% ≤0.4%

Table 2. Mechanical and thermal properties of the steel AISI 1045 steel and carbide insert [67,68].

Material
Strength (MPa) Elastic

Modulus
(GPa)

Elongation
(%)

Hard-ness
Poisson’s

Ratio

Specific Heat
(J/kg·K)

Thermal
Expansion
(μm/m·◦C)

Thermal
Conductivity

(W/m·K)Tensile Yield

AISI 1045 690 620 206 12 HB 180 0.29 486 14 49.8
SNMG-SM-1105 - - 650 - HRC 76 0.25 251 - 59

The cutting speed VC was set at four levels: 48 m/min (0.8 m/s), 96 m/min (1.6 m/s),
144 m/min (2.4 m/s), and 192 m/min (3.2 m/s). The tool rake angle had the following
values: −10◦, 0◦, and 10◦. To determine the cutting forces on the tool clearance face, the
depth of cut (undeformed chip thickness) was varied in three levels and was 0.1 mm,
0.2 mm, and 0.3 mm. The cutting process was repeated for each value of cutting speed and
tool rake angle at least 5 times. The measuring results of cutting forces were averaged over
these repetitions. The maximum uncertainty in measuring the cutting forces was not more
than 10%.

The influence of the cutting process on the mechanical characteristics of the machined
workpieces’ subsurface layers was evaluated by instrumented nanoindentation and scle-
rometry of the machined surfaces—Figure 1b. To perform the above analysis, thin sections
of the workpiece part with a machined surface were prepared [69]. Micromechanical studies
of the mechanical characteristics of the machined subsurface layers were carried out on the
“Micron-gamma” device [52,70]. The indenter is loaded via an electromagnetic loader. The
indenter penetration depth is determined by a differentially switched inductive sensor [70].
This ensures minimal temperature drift. The accuracy of the indenter depth measurement
is 5 nm. Instrumented nanoindentation of the machined surfaces was performed at a
maximum indenter load of 350 mN. The accuracy of the indenter load setting is 0.02 mN.
The change rate of the indenter load was 30 mN/s. After reaching the maximum load on
the indenter, the nanoindentation process was delayed at this load and then unloading was
performed. The delay time was 5 s.

To perform instrumental nanoindentation and sclerometry, a Berkovich indenter was
used. The total penetration energy W as well as its plastic Wpl and elastic We parts were de-
termined from the instrumented nanoindentation diagram—Figure 1b. The instrumented
nanoindentation process was repeated at least 12 times for each set value of cutting speed
and tool rake angle. The result of determining the indenter penetrating energy was av-
eraged over the tests performed. The measurement uncertainty was no more than 9%.
Sclerometry of machined workpiece surfaces was performed at an indenter load of 100 mN.
The indenter movement speed was 20 μm/s. The scratch length was about 630 μm. The
maximum indentation depth along the scratch length was determined from the sclerometry
diagram—Figure 1b.

The sclerometry process of machined workpiece surfaces was repeated at least 10 times
for each value of cutting speed and tool rake angle. The measurement results were then
averaged. The uncertainty in determining the maximum indenter penetration depth along
the length of the scratch was no more than 12%. An optical profilometer “Micron-alpha”
was used to analyze the scratches applied on the “Micron-gamma” device [52]. The
scanning principle of the profilometer is based on white light interferometry. This provides
a non-contact study of machined surface microtopography with a vertical resolution of
2 nm.
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3.2. Methods

As a result of the elastic–plastic interaction of the tool with the machined material
and subsequent damage of this material through chip formation, along with the geomet-
ric characteristics of the machined subsurface layers, certain physical and mechanical
characteristics are also formed in the cutting process. The value and parameters of these
characteristics’ distribution with constant materials of the contact pair (the pairing tool—
machined material) are substantially determined by the conditions of the cutting process:
cutting conditions, tool geometry, the presence or absence of lubrication and cooling,
etc. Depending on these conditions, different mechanical properties of the subsurface
layers are generated, generally characterized by their hardening or softening [62,71,72].
Whether the conditions of adiabatic hardening or isothermal softening prevail in the cutting
zones depends on whether the hardened or softened layer of the machined material is
formed [73,74]. This process is determined by the contact conditions between the tool and
the machined material in the primary and tertiary cutting zones [74], wherein the contact
conditions in the tertiary cutting zone have an overwhelming influence [62]. Therefore,
the influence of the contact conditions of the tool with the workpiece in this cutting zone
is considered further. This influence is evaluated by the energy impact of the tool on
the machined material, forming a certain stress–strain state in this material. The formed
stress–strain state generates, in turn, certain physical and mechanical characteristics of the
subsurface layers. These characteristics remain after the cutting process is finished and
the thermomechanical loads are removed. In the cutting process, the contact of the tool
clearance face with the workpiece surface is characterized by two stresses: qsz—stress in
the contact of the stagnation zone with the workpiece at length hsz and qfw—stress in the
contact of the tool clearance face chamfer with the workpiece at length hfw—Figure 2.

Figure 2. Scheme for the interaction of the tool with the workpiece in the tool clearance face.

The energy interaction of the tool clearance face with the workpiece surface that results
in the stresses qsz and qfw can be determined by three different methods:

• according to the cutting work in the tertiary zone, similar to the determination of the
specific deformation work in the primary cutting zone [71–74];

• according to the stresses acting on the tool clearance face during the cutting
process [71,73,75];

• according to the cutting power on the tool clearance face [71,75].

In this study, the energy interaction was estimated using the third method, as the
product of the cutting forces acting on the tool clearance face and the relative speed between
the tool and the workpiece:

Pcc f = Fcc f · VC, (1)
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Ptc f = Ftc f · VC, (2)

where Pccf is the cutting power on the tool clearance face, Ptcf is the thrust power on the
tool clearance face, Fccf is the cutting force on the tool clearance face, Ftcf is the thrust force
on the tool clearance face, and VC is the cutting speed.

The cutting forces acting during machining on the tool clearance face (in the tertiary
cutting zone) were determined using the value of total cutting forces at the undeformed chip
thickness (depth of cut for orthogonal cutting), equal to zero [71,75]. To determine these
forces, the dependences of the total cutting forces on the depth of cut were extrapolated to
a cutting depth equal to zero [62,76]:

∀
Rk

F ∃
Rk

(
Fcc f ∪ Ftc f

)
: Fa=0 = extrap(FC ∪ FT), (3)

where R is the existence space of kinetic characteristics in the cutting process, k is the
dimensionality of the existence space, a is the depth of cut (unformed chip thickness), FC is
the total cutting force, and FT is the total thrust force.

The mechanical characteristics of the workpiece subsurface layers generated as a result
of the cutting process are evaluated in this study based on the indenter penetration work
as a result of the instrumented nanoindentation and the maximum indenter penetration
depth during sclerometry (see Section 3.1). Since these characteristics are generated as a
result of the interaction of the tool clearance face with the workpiece surface (see above),
the correspondence of the indenter penetration work and its maximum penetration depth
with the cutting power at the tool clearance face is considered. This is postulated by the
following statement:

� Thermomechanical interaction of the tool with the workpiece (mainly in the tertiary cutting
zone) is evaluated based on the cutting power at the tool clearance face in proportion to
the indenter penetration work in the machined surface of the workpiece, estimated using
instrumented nanoindentation and in proportion to the maximum indenter penetration depth
in the subsurface layers, and estimated using sclerometry of the machined subsurface layers:

∀
�

SC ∈ �
SCn∃
SC1

Pcc f ∨ Ptc f : Pc f ∝ WIN , (4)

∀
�

SC ∈ �
SCn∃
SC1

Pcc f ∨ Ptc f : Pc f ∝ hS max, (5)

where � is the existence space of cutting process states (conditions), SC is the cutting
process state, WIN is the total indenter penetration work by instrumented nanoindentation
of the machined surface, and hS max is the maximum indenter penetration depth during
sclerometry of the machined surface.

4. Results

The thermomechanical impact of the tool on the machined workpiece during cutting is
accompanied by significant plastic deformation of the machined material and its subsequent
failure with chip formation. This impact generates in the machined subsurface layers
of the workpiece’s specific mechanical characteristics and the corresponding material
microstructure. In this case, in different cutting zones, different mechanical characteristics
and different microstructures of the machined material corresponding to its stress–strain
state in each cutting zone are observed. Based on the generated mechanical characteristics
of the subsurface layers and the formed microstructure of the machined material, the degree
of the material thermomechanical loading in each cutting zone can be estimated [71–73].
This loading degree is ensured through specific conditions (characteristics) of the cutting
process, acting mainly in the tertiary cutting zone (see Section 3.2).
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4.1. Cutting Process Characteristic

Figure 3 shows a scheme of the free orthogonal cutting process and the microstructure
of the machined material in different cutting zones.

(a) (b)

(c) (d)

Figure 3. Orthogonal cutting scheme with chip microstructure images at different cutting speeds
and tool rake angles: (a) orthogonal cutting scheme, combined with the chip root and an image of
the initial microstructure; (b) chip microstructure images at a tool rake angle γ = 0◦ and different
cutting speeds; (c) chip microstructure images at a tool rake angle γ = −10◦ and different cutting
speeds; (d) chip microstructure images at a tool rake angle γ = +10◦ and different cutting speeds.
(The following symbols are used in the figure: VS—chip speed; ϕ—shear angle; FC and FT—cutting
and thrust force, respectively).
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Cutting process scheme aligned with the chip root—Figure 3a. In the primary cutting
zone I, characterized by insignificant plastic strain and low cutting temperatures, the ini-
tial microstructure of the machined material is preserved almost up to the specific shear
plane (see Figure 3a). The initial microstructure of the machined material (AISI 1045 steel)
corresponds to the microstructure of structural heat-treated steels after annealing, which
has been widely reported in publications [67,71,72]. The microstructure of workpieces
subjected to the subsequent cutting process had a ferrite–perlite structure. The image of the
initial microstructure shows light ferrite grains and dark pearlite grains (see Figure 3a). In
the secondary cutting zone II, after passing the specific shear plane, the machined material
is subjected to significant plastic deformation and significant cutting temperature. This
cutting zone is characterized by a significant gradient in the strain degree and cutting tem-
perature [62,71,73]. As a result, the material microstructure (formed chips) in the secondary
cutting zone is textured [77]. Images of the chip microstructure at different cutting speeds
for the tool rake angle γ = 0◦, shown in the cutting process scheme (see Figure 3a), are
presented in Figure 3b. The chip microstructure images for the tool rake angles γ = −10◦
and +10◦ at the different studied cutting speeds are shown in Figure 3c,d, respectively.

With increasing the cutting speed VC, the inclination of the chip deformation texture
increases for all studied tool rake angles (see Figure 3b–d). This is explained by the fact that
with increasing the cutting speed VC, the movement speed of the chip material layers VS
increases proportionally. At the same time, increasing the tool rake angle causes a decrease
in the inclination angle of the chip deformation texture. In all likelihood, this is due to the
significantly greater strain degree of the machined material at negative tool rake angles
(see Figure 3c). Decreasing the tool rake angle also increases shear strain in the chips of
the machined material. With a significant value of cutting speed VC and negative tool
rake angles, the shear strain of the chip material increases significantly. This results in the
formation of a shear band (see Figure 3c, VC = 192 m/min). As a result of this stress–strain
state of the machined material in the secondary cutting zone, there is a transformation from
the formation of flow chips to the formation of segmented chips [77].

To determine the cutting power during the interaction of the tool clearance face with
the workpiece machined surface (tertiary cutting zone), the cutting forces on the tool
clearance face are identified when the cutting speed and the tool rake angle are changed.
These forces are determined by extrapolating the dependence of cutting forces on the depth
of cut (undeformed chip thickness) to zero depth of cut (see Section 3.2). Figure 4 shows
the dependencies of cutting force and thrust force, as well as the cutting power of these
forces, on the cutting speed and the tool rake angle. With increasing the cutting speed,
the forces decrease slightly (see Figure 4a). The reason for the decrease in cutting forces
on the clearance face is the increase in cutting temperature with an increase in the cutting
speed, which in turn can lead to softening of the machined material. This is realized if the
process of machined material softening as a result of increased cutting speed prevails over
the process of machined material hardening as a result of the plastic strain of this material
and the hardening effect of the strain rate on the machined material. In contrast to the
changing in the character of cutting forces, the cutting power increases significantly with
increasing cutting speed—Figure 4b. The significant range of cutting speed variation has a
predominant influence here. The influence of the tool rake angle on the cutting forces and
cutting power (see Figure 4c,d) is expected and coincides with similar dependencies known
from the cutting theory [71,72]. With a decrease in the tool rake angle, the cutting forces and
cutting powers increase significantly. The same change in the character of cutting forces
and cutting powers also remains for other cutting speeds. The reason for this is that the
machined material deformation increases considerably with decreasing tool rake angles,
especially with negative tool rake angles.
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(a) (b)

(c) (d)

Figure 4. Cutting forces and cutting power on the tool clearance face depending on the cutting
speed and the tool rake angle: (a) cutting forces depending on the cutting speed; (b) cutting power
depending on the cutting speed; (c) cutting forces depending on the rake angle; (d) cutting power
depending on the rake angle.

4.2. Mechanical Characteristics of Machined Subsurface Layers

As the mechanical characteristics of the workpiece subsurface layers are generated
through the cutting process, the total indentation work W and the maximum indentation
depth hmax are considered (see Section 3). The diagrams of multiple indenter penetration
during instrumented nanoindentation of the workpiece machined surface at cutting speed
VC = 96 m/min (1.6 m/s) and the tool rake angle γ = 0◦ exemplarily are shown in Figure 5.
Similar indentation diagrams were obtained by testing the workpiece surfaces machined
with all the studied values of cutting speeds and tool angles. Such diagrams are used to
determine the total indentation work (see Section 3.1), which is then used to match the
cutting power.

Figure 5. Instrumented nanoindentation diagram.
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The maximum indenter penetration depth is determined by a sclerometry test on the
surface of the machined material. Figure 6 shows exemplarily the results of this test for a
machined surface with a cutting speed of VC = 96 m/min (1.6 m/s) and a tool rake angle of
γ = 0◦. When the sclerometry test is carried out, the indenter is oriented with the tip forward
along the sclerometry trace. The sclerometry diagram family at the specified parameters
that is shown as an example in Figure 6a,b shows a part of the space image from one of
the scratch families and the profile of this image. According to the sclerometry results, the
greatest averaged depth of indentation over the family of scratches is determined (see also
Section 3.1). This value is used later to match the cutting power at the tool clearance face.

(a) (b)

Figure 6. Sclerometry results of the machined surface: (a) indenter penetration depth along the
sclerometry distance; (b) image of the scratch profile (wmax—maximum scratch width).

The instrumented nanoindentation test described above (see Figure 5) was used to
determine the total indenter work W for all studied values of cutting speeds and tool
rake angles. In parallel, the microhardness of the workpiece surfaces processed using the
orthogonal cutting process was determined. The dependences of the indentation work
value and microhardness of the machined surface on the cutting speed and the tool rake
angle are shown in Figure 7.

(a) (b)

Figure 7. Total indentation work and microhardness of machined surfaces: (a) depending on the
cutting speed; (b) depending on the tool rake angle.

The indentation work increases with increasing cutting speed from 0.8 m/s to 2.4 m/s
almost linearly—Figure 7a. A significantly greater increase in work W is observed at a
cutting speed of 3.2 m/s. In all probability, this increase is explained by a significant
increase in the cutting temperature at cutting speed VC = 3.2 m/s compared to the cutting
temperature at lower cutting speeds. This leads to some softening in the subsurface layers

188



Crystals 2023, 13, 761

of the machined workpiece. This is also evidenced by a decrease in the microhardness
of the workpiece’s machined surface, the changed behavior of which, with increasing
cutting speed, is similar to the changed behavior of the indenter introduction work. With
the softening of the machined surface, the indenter penetration depth increases during
instrumental nanoindentation of the studied surfaces. In turn, this leads to an increase in the
penetration work W. Increasing the tool rake angle γ from −10◦ to 10◦ leads to an increase
in the indentation work—Figure 7b. This changing character of the indentation work is
explained by a decrease in the strain degree of the machined material with an increase in
the tool rake angle. Reducing the strain degree of the machined material contributes to
an increase in the indentation depth during instrumented indentation of the machined
workpiece surface and, accordingly, increases the indentation work. With increasing tool
rake angle, the microhardness of the machined workpiece surface decreases significantly
(see Figure 7b). This also corresponds to the changed behavior of the strain degree in the
subsurface layers of the machined material.

The sclerometry test of machined workpiece surfaces with the determination of the
maximum indentation depth hmax (see Figure 6) was performed by testing the workpiece
surfaces machined with all the studied values of cutting speeds and tool rake angles. The
dependence of the maximum indentation depth on the cutting speed and the tool rake
angle is shown in Figure 8. The maximum indenter penetration depth during sclerome-
try significantly increases with increasing cutting speed—Figure 8a. This change in the
character of the indenter penetration depth corresponds to a certain softening of the ma-
chined material due to an increase in cutting temperature with an increase in the cutting
speed. The maximum indenter penetration depth increases with the increasing tool rake
angle—Figure 8b. This is quite logical since an increase in the tool rake angle causes a
decrease in the strain degree of the machined subsurface layers. A smaller strain degree in
the subsurface layers causes an increase in the indenter penetration depth when the scratch
is applied to the workpiece’s machined surface.

(a) (b)

Figure 8. Indenter penetration depth during sclerometry: (a) depending on cutting speed;
(b) depending on tool rake angle.

The dependence shape of the total indentation work in instrument nanoindentation
on the cutting speed (see Figure 7a) is similar to the dependence shape of the maximum
indentation depth in sclerometry on the cutting speed (see Figure 8a). In all likelihood, this
can be explained by the fact that the basis of these two dependencies is the same physical
process of machined material softening with increasing the cutting speed. The change range
of cutting speed is maintained for both of the studied mechanical characteristics: the total
indentation work and its maximum penetration depth. To the same degree, the dependence
shape of these two characteristics on the cutting speed is saved. The numerical dependence
of these characteristics on the cutting speed is, of course, different. This difference is caused
naturally by the different physical nature of the studied characteristics.
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5. Discussion

Analyzing the results of instrumental nanoindentation and sclerometry of workpiece
surfaces machined at different cutting speeds and using different tool rake angles indicates a
significant influence of cutting conditions on the mechanical characteristics of the machined
material’s subsurface layers. This gives the basis for further use of the postulate formulated
above (see Section 3.2) in evaluating the effect of the cutting process on the mechanical
characteristics of the machined material’s subsurface layers. For this purpose, a comparison
of the cutting power in the tertiary cutting zone with the indenter penetration work and its
penetration depth was performed.

Figure 9 shows the dependencies of indentation work as a result of the instrumented
nanoindentation of machined workpiece surfaces at different cutting speeds and different
tool rake angles. The increase in cutting power causes a directly proportional increase in the
indenter penetration work in the region of increasing cutting speed from 0.8 m/s to 2.4 m/s.
When the cutting power is further increased, in the region of cutting speed equal to 3.2 m/s,
the indenter penetration work increases to a significantly greater extent—Figure 9a. The
microhardness of the workpiece’s machined surfaces is related to the increase in cutting
power in the tertiary cutting zone by an inversely proportional relationship (see Figure 9a).
When the cutting power increases due to the growth of cutting forces on the tool clearance
face caused by a decrease in the tool rake angle, the indenter penetration work decreases
accordingly. In parallel, the microhardness of machined workpiece surfaces increases with
increasing cutting power—Figure 9b.

(a) (b)

Figure 9. The coincidence of the total indenter penetration work with the cutting energy on the tool
clearance face: (a) depending on the cutting speed; (b) depending on the tool rake angle.

Dependences of the maximum indenter penetration depth during scratching (scle-
rometry) on the cutting power on the tool clearance face are shown in Figure 10. With
increasing the cutting power due to increasing cutting speed, the maximum depth of inden-
ter penetration increases—Figure 10a. This increase is almost the same over the entire range
of cutting speeds. An increase in cutting power due to an increase in cutting forces, which
in turn is caused by a decrease in the tool rake angle, leads to a decrease in the maximum
penetration depth of the indenter—Figure 10b.

When analyzing the influence of cutting power in the tertiary zone on the indentation
work as a result of instrumental nanoindentation, as well as when analyzing the influence
of cutting power on the maximum indentation depth as a result of scratching the machined
surface, it is necessary to take into account the cutting conditions that cause cutting power
changes in each specific case. For example, it is necessary to consider whether the increase
in cutting power is caused by an increase in cutting speed or by an increase in cutting forces.
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(a) (b)

Figure 10. The coincidence of indenter penetration depth during sclerometry with the cutting energy
on the tool clearance face: (a) depending on the cutting speed; (b) depending on the tool rake angle.

Thus, if it is necessary to determine the cause of changes in the integral mechanical
characteristics of the workpiece’s subsurface layers processed through the cutting pro-
cess, thermomechanical analysis of the interaction between the tool and the workpiece
should be performed in parallel with micro- and nanomechanical tests of the machined
subsurface layers.

6. Conclusions

The indenter penetration work during instrumented nanoindentation and the max-
imum indenter penetration depth during sclerometry are proposed to be applied as me-
chanical characteristics of the machined subsurface layers.

Increasing the cutting speed and increasing the tool rake angle causes an increase in
the indenter penetration work during instrumented nanoindentation and an increase in the
maximum indenter depth during sclerometry. Increasing the cutting power in the tertiary
cutting zone (on the tool clearance face) also causes an increase in the indenter penetration
work during instrumented nanoindentation and its maximum penetration depth during
sclerometry. In parallel, the measured microhardness of the machined surfaces decreases
with both an increase in cutting speed and an increase in the tool rake angle.

The reasons for cutting power changes may be the basis for interpreting the mechanical
properties’ behavior of the machined workpiece subsurface layers with changes in the
cutting process conditions and evaluating this effect.

The considered integral characteristics of the machined subsurface layers can be used
to evaluate the influence of machining conditions on the physical–mechanical state of these
layers. This possibility is ensured due to the close connection between the thermomechani-
cal interaction of the tool and the machined material with the physical–mechanical state of
the material generated as a result of the cutting process.
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