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Abstract

Silicon carbide fiber-reinforced silicon carbide matrix composites have attracted attention due to superior properties, such
as low density, high strength, and high-temperature resistance. However, it often faces severe tool wear during cutting, with
the fibers and matrix material being of high hardness and brittleness, which has an inevitable effect on the engineering appli-
cation of this kind of material. In this paper, wear volume V, is used to evaluate the tool wear through solid modeling and
parameter measurement based on the tool wear topography in turning of SiC/SiC ceramic matrix composites. Conventional
turning (CT), ultrasonic vibration-assisted turning (UVAT), and ultrasonic vibration-assisted turning with water cooling
(W-UVAT) experiments are carried out using CBN, PCD, and PDC tools to investigate and analyze the cutting performance.
In the meantime, the tool wear mechanism and form are studied based on the analysis of ultrasonic vibration on tool wear, the
geometric position of wear, accumulation of cutting workpiece powders, and tool wear curve. Experimental results found that
the PDC tool obtains the best cutting performance, which is more suitable for turning silicon carbide fiber-reinforced silicon
carbide matrix composites. Within the experimental parameters, with the increased ultrasonic amplitude A, Vi, decreases
first and then increases, reaching a minimum at A which is 3 um. The main wear mechanism of the PDC tool is abrasive

wear, and the primary wear form is the spalling of polycrystalline diamond abrasive grains.
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1 Introduction

Fiber-reinforced ceramic matrix composites (FRCMC) have
attracted attention for high specific strength and high-tem-
perature resistance, such as C/C composites, C;/SiC ceramic
matrix composites, and SiCy/SiC ceramic matrix compos-
ites [1, 2]. It has become a strategic structural material for
higher strength and higher temperature materials and has
broad applications in aerospace, military, and other fields

P4 Yifeng Xiong
xiongyf@nwpu.edu.cn

Key Laboratory of High Performance Manufacturing
for Aero Engine, Ministry of Industry and Information
Technology, School of Mechanical Engineering,
Northwestern Polytechnical University, Xi’an 710072,
Shaanxi, People’s Republic of China

Engineering Research Center of Advanced Manufacturing
Technology for Aero Engine, Ministry of Education,
School of Mechanical Engineering, Northwestern
Polytechnical University, Xi’an 710072, Shaanxi,
People’s Republic of China

[3, 4]. FRCMC are typically hard, brittle, and difficult-to-cut
materials, but it is difficult to obtain satisfactory machining
characteristics with traditional machining methods. Ultra-
sonic vibration-assisted machining technique is an advanced
machining method for difficult-to-cut materials. Many
researchers have shown that the application of ultrasonic
vibration in conventional cutting is beneficial to improve the
processing characteristics (surface roughness, cutting force,
cutting heat, tool wear, etc.) [5-9]. However, there are still
problems with the machining application of FRCMC, such
as feasible machining methods, cutting tool selection, and
severe tool wear, and so on.

With the existence of hard matrix and reinforced fibers,
FRCMC are easy to cause severe tool wear during process-
ing, which has a significant influence on the quality of the
workpiece and processing efficiency. Tool wear has always
been studied as an extremely important factor. Establishing
a unified evaluation system is a significant task in studying
the wear resistance with different cutting tools. The Inter-
national Organization for Standardization stipulates flank
wear width VB as the tool wear standard (ISO 3685:1993).
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Prasad et al. [10] used the flank wear height as the evaluation
parameter and studied the relationship between the ampli-
tude and tool wear by finite element simulation and experi-
ments. Shen et al. [11] evaluated the wear of the diamond
grinding wheel in the process of ceramic materials using the
protruding height of the diamond abrasive grains and the
radial wear value and found that ultrasonic vibrations could
maintain a stable sharpness on the working surface of the
grinding wheel. Palanikumar et al. [12], Das et al. [13], and
Airao et al. [14] also adopted VB as the evaluation parameter
for tool wear. Based on three types of tool-workpiece separa-
tion criteria, Feng et al. [15] proposed a tool wear (VB) rate
predictive model, applicable for vibration in three directions.
In addition, based on the sensitivity analysis, they found that
a smaller axial depth of milling, larger feed per tooth, or
higher cutting speed will result in a higher flank wear rate.
And the effect of vibration parameters is less significant.
However, the wear behavior of the tool is a change in the
volume of space, and there is a certain extent of wear in
both axial and radial directions for the worn tool. The same
VB may represent different wear volumes. VB may be more
suitable for qualitative comparative analysis of the tool wear
during machining. Therefore, Liu et al. [16] established a
geometric model of the tool wear volume and calculated the
tool wear volume using the calculus method. Ma et al. [17]
established a mathematical model of the tool wear volume
with geometry and kinematics analysis for brittle materials
and studied the influences of cutting speed, cutting depth,
and feed rate on the tool wear.

Basically, with the immature preparation process of SiC/
SiC ceramic matrix composites, the workpieces are plate-
shaped, which focus on milling, grinding, and drilling. At
present, there are few published researches on cylindrical or
rod-shaped SiC¢/SiC ceramic matrix composites. The choice
of cutting tool has a serious impact on tool wear, tool life,
and the quality of the finished product. Many experimental
investigations have been conducted on hard and brittle mate-
rials. Zhao et al. [18] used a diamond tool to cut glass SF6
in ductile mode, showing that applying ultrasonic vibration
to the tool is beneficial to increase tool life and improve
surface finish. In the study of Sarma et al. [19], they found
that using air cooling could significantly reduce the wear
and cutting force of ceramic tools during high-speed cut-
ting of gray cast iron and provide a better surface finish. Dai
et al. [20] showed that the surface roughness could be less
than 0.025 pm by ultrasonic face grinding of SiC ceramic
with the designed diamond electroplated wheel under the
condition of high wheel speed and minor vibration ampli-
tude closing to 0.2 pm. Meanwhile, in the face of CFRP
and FRCMC with higher hardness, researchers have also
conducted a great number of studies on the tool perfor-
mance. Rajasekaran et al. [21] obtained suitable parameters
for machining CFRP with ceramic tools and obtained the
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satisfied surface roughness by orthogonal experiments and
variance analysis. Shan et al. [22] conducted orthogonal tests
of C/C composites with cemented carbide milling cutters
and verified the reliability of the predictive model of the
cutting force. Babbar et al. [23] found applying ultrasonic
vibration could reduce tool wear by milling tests of C/SiC
ceramic matrix composites with diamond abrasive tools.
Zhang et al. [24] indicated that PCD tools had better tool
life and cutting performance when milling SiC,/SiC ceramic
matrix composites using PCD and CVD diamond tools. In
the meantime, Dhokey et al. [25] showed that diamond tools
have good wear resistance. However, for the higher hardness
of SiCy/SiC ceramic matrix composites, there is a lack of
turning research results for this material. The applicability
of existing tools still needs to be investigated and analyzed.

The investigation on tool wear mechanism could help to
reduce wear and improve machining quality. Through MMC
material turning experiments, Kilickap et al. [26] found that
the built-up edge micro-cut the workpiece and reduced tool
wear. [t showed that the tool wear mechanism was abrasive,
and there was no sign of chemical wear. Bhushan et al. [27]
showed that the tool wear mechanism of turning AA7075/
SiC composites was mainly two-body and three-body wear.
Wau et al. [28] and Li et al. [29] also came to the same con-
clusion. Quan et al. [30] showed that the main wear mecha-
nism of conventional tools cutting SiC particle-reinforced
aluminum matrix composites was abrasive wear. For high-
hardness tools, the main damage mechanism during cutting
was a brittle fracture. Zeng et al. [31] found that there were
two stages of tool wear when processing SiC with diamond
tools. The first stage was mainly wear, and the second stage
was mainly fracture. Liu et al. [32] used diamond tools to
mill C/SiC composites by ultrasonic vibration-assisted and
conventional milling. It showed that the main wear mecha-
nism of the tool flank was abrasive wear, and the main wear
form was coating peeling.

The traditional tool wear evaluation method is the flank
wear width VB, which has some certain limitations and does
not reflect the essence of tool material removal. At present,
there are few studies on the tool wear volume. The lack of
SiCy/SiC ceramic matrix composites has resulted in few
published research reports on turning. The hardness of the
materials that have been published for turning research is
far smaller than this material, and the applicability of the
existing tools needs to be further studied. In addition, there
are relatively few studies on the tool wear mechanism in the
cutting of SiCy/SiC ceramic matrix composites.

Hence, in this paper, to investigate the turning problem
and tool wear in machining SiCy/SiC ceramic matrix com-
posites, conventional turning (CT), ultrasonic vibration-
assisted turning (UVAT), and ultrasonic vibration-assisted
turning with water cooling (W-UVAT) experiments were
carried out. Through the wear topography, solid modeling,
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SiCy/SiC composite

Fig.1 SiCy/SiC ceramic matrix composites

and measurement of wear parameters, tool wear volume Vy,
was calculated. The turned surface roughness, tool wear,
and cutting force were selected for describing and analyzing
the cutting performance. The influence of ultrasonic ampli-
tude on tool wear was also studied. Eventually, based on the
analysis of the geometric position of wear, accumulation of
cutting workpiece powders, and tool wear curve, the tool
wear mechanism and form were investigated and analyzed.

2 Material and experimental methods
2.1 Material and tool

In this study, the workpiece materials are cylindrical SiC,/
SiC ceramic matrix composites, which consist of SiC fibers
and SiC matrix, and the workpiece surface is an orthogo-
nally woven structure, as shown in Fig. 1. SiC/SiC ceramic
matrix composites have a certain porosity with the woven
structure and the preparation process of the material, result-
ing in many original hole defects on the surface and inside
of the material, as seen on the right of Fig. 1. And the origi-
nal hole defects are mainly formed at the junction of warp
and weft. In the preparation process, the deposition of SiC
matrix material is incomplete, resulting in less infiltration of
the matrix below the surface. The hole defects in the weav-
ing process cannot be filled and are gradually exposed with
machining.

The mechanical properties of SiC/SiC ceramic matrix
composites are shown in Table 1. The size of the workpiece
is @100 x 200 mm, and the wall thickness is 5.5 mm. Due
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Table 1 Mechanical properties of SiCy/SiC ceramic matrix composites

Material properties Value
Density (g/cm?) 2.52
Porosity (%) 10
Radial tensile strength (MPa) 288.78
Interlaminar shear strength (MPa) 45.29
Room temperature compressive strength (MPa) 544.63
Room temperature fracture toughness (MPa) 26.53

Table 2 Geometric parameters of the turning tool

Tool nose angle  Tool nose radius  Rake angle  Clearance angle

55° 0.2 mm 0° 7°

to its hardness is only second to diamond, the cubic boron
nitride tools (CBN), polycrystalline diamond tools (PCD),
and polycrystalline diamond compact tools (PDC) are typi-
cally high-hardness tool materials and are selected as inves-
tigated subjects. The geometric parameters of the turning
tool are shown in Table 2, and the thickness of the cutting
edge is 0.8 mm.

2.2 Experimental design and measurement
The turning experiments were conducted on a CY-K410n

CNC lathe, where the auxiliary clamping tooling and the
force measuring auxiliary tooling, experimental setup as
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Fig.2 Experimental setup

Force measurement
auxiliary tooling

(a) Auxiliary tooling

(b) Processing lathe

Table 3 Turning parameters No

. . Cutting speed v  Feed rate F' Depth of cut  Frequency f Amplitude A Tool
for the analysis of cutting (m/min) (mm/rev) a, (mm) (kHz) (um)
performance
#1 60 0.03 0.10 20 3 PDC/CBN/PCD
#2 30 0.05 0.05 30 3

Table 4 Test parameters for the effect of ultrasonic amplitude on tool
wear

No Cutting Feedrate  Depth Fre- Amplitude A
speed v (m/ F (mm/ of cuta,  quencyf (um)
min) rev) (mm) (kHz)

#3 30 0.03 0.10 20 1/3/5/7

#4 15 0.05 0.05 20

seen in Fig. 2. Before turning tests, the ultrasonic amplitude
was measured and calibrated with the LK-H020 vibrometer
to ensure that the amplitude was the same and constant dur-
ing machining. The cutting force was measured and col-
lected by Kistler 9257B multicomponent dynamometer. In
this study, the natural frequency of the dynamometer was
2 kHz, which was smaller than the ultrasonic vibration fre-
quency applied for turning experiments. As noted by other
researchers [33, 34], there were no reported investigations
using a dynamometer of the same frequency as the ultrasonic
vibration. After that, the average cutting force measured by
the Kistler dynamometer was used for analysis [35].

As presented in Table 3, turning experiments were
performed on SiC/SiC ceramic matrix composites
using PDC, CBN, and PCD tools to investigate the tool

performance in different conditions: conventional turn-
ing (CT), ultrasonic vibration-assisted turning (UVAT),
and ultrasonic vibration-assisted turning with water cool-
ing (W-UVAT). No coolants were used in CT and UVAT.
Based on the preferred tool, to analyze the effect of ultra-
sonic amplitude on tool wear, the single-factor experi-
ments shown in Table 4 are designed. And the parameters
of Table 5 are used to investigate the effect of material
removal volume on tool wear, whose purpose was to
analyze the mechanism of tool wear further. It should be
noted that the removed material volume for test #1 and
test #3 was about 250 mm?>, while the volume for test #2
and test #4 was about 125 mm?.

After turning tests, the 2D surface roughness R, the 3D
roughness S, and the tool wear were scanned and meas-
ured with an Alicona Infinite Focus G4 optical 3D scanner.
The surface morphology of tool wear was measured by
a TESCAN MIRA3 scanning electron microscope. Basi-
cally, it was worth noting that the measurement of S, in
the existing literature was on a single yarn, which could
only take into account the topography of the fibers and did
not consider the complex profile information of the entire
machined surface. Therefore, in this work, the measure-
ment of S, was on a relatively large area.

Table 5 Test parameters for the effect of material removal volume on tool wear

No Cutting speed v (m/min) Feed rate ' (mm/rev) Depth of cut a, (mm) Frequency f(kHz) Amplitude A (um) Material removal volume

V (mm?®)

#5 15 0.03 0.06

20 3 50/100/150/200/250/300/3

50/400/450/500
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3 Tool wear volume

The traditional evaluation standard of tool wear is the
width of the flank wear area, VB, as presented in Fig. 3
[36]. As shown in Fig. 4, on the basis of trial cutting with
PDC tools, it is found that the wear is severe. According to
the topography of the worn tools, it is greatly concentrated
in the nose area and the deputy flank, and the wear surface
approximates a plane. At the equal time, the tool also has
a certainly worn angle along the rake face direction. Tool
wear is manifested as the removal of tool material over a
larger volume of space.

Fig. 3 Flank wear area Flank wear land

For the tools with linear cutting edge, VB can represent tool
wear volume well. But for the tools with rounded cutting edge,
the same VB may represent different wear volumes [16]. At
the same time, VB is also the traditional blunt standard for tool
failure. In actual processing, provided that the failure of the
tool is caused by the crushing of the cutting edge, VB has not
yet reached the blunt standard, resulting in misjudgment and
economic loss [17]. Tool wear volume is simple, intuitive, and
easy to measure and calculate, which can not only make up
for the shortcomings of traditional standard of tool wear and
failure but also be more appropriate to describe the essence
of material migration for tool wear.

Notch wear
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Fig.4 Topography of the worn
tools

Direction of rake face

(a) PDC Tool 1

Wear area

W Direction of rake face

Wear area

Wear area

(b) PDC Tool 2
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According to the observed features, the area of the tool
nose can be simplified into an inverted conical model
(Fig. 5). Based on the geometric parameters of the turn-
ing tool, the solid model is established in the modeling
software. To simplify the model, it merely needs to estab-
lish the model that the area with abrasive grains, as shown
in the red area of Fig. 5. Thereafter, the VB,,,., LR, 0,
and Ly, parameters are measured by the optical 3D scan-
ner. VB, ., is the maximum width of the flank wear face
(Fig. 6a), and LR, is the maximum distance from the
worn edge of the rake face to the tool nose (Fig. 6b). ¢, is
the tool nose angle. @ is the angle between the worn edge
of the rake face and the long diagonal side of the upper
surface of the tool. Ly, is the distance from the lowest point
of the tool wear surface to the worn edge of the rake face.
4 is the angle between the tool wear surface and the rake
surface, and its calculation method is shown as Eq. (1):

= arcsin(VB,,,, /Ly) (0

Figure 7 shows the calculation method of tool wear vol-
ume. The datum plane 1 is perpendicular to the rake face and

Deputy flank
face N

Fig.5 Conical flank face

Rake face

Tool nose
area

(a) Flank wear width VB,

Fig.6 Tool wear width
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Rake face

passes through the worn edge. Based on the above measured
parameters, the datum plane 1 is established in the mod-
eling software, as shown in Fig. 7a. Taking the worn edge
on the rake face (Lgp) as the rotation axis and with 90°-u
as the rotation angle, rotate the datum plane 1 to obtain the
datum plane 2, as seen in Fig. 7b. Afterward the models
are trimmed based on the datum plane 2, which can obtain
a model of the worn area. Finally, the tool wear volume is
obtained using the function of the volume calculation in the
modeling software, which will conveniently, quickly, and
accurately get the tool wear volume Vy,. In addition, the
parameters defined in Section 3 are shown in Table 6.

4 Comparative analysis of tool performance
4.1 Primary analysis of turning tool
Figure 8 presents the turned surface topography obtained

by UVAT of SiC4/SiC ceramic matrix composites with
the CBN tools, taking the parameters of Table 3. The 3D

Main flank Rake face_I

Conical
flank face

Wear area
Wear area

90" +1/2x,

e

(b) Rake face wear width LR,q
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Datum plane 2

ped

Rake face

Worn edge

Wear area

Rake face Datum plane |

Wear area

(a) Datum plane 1 (b) Datum plane 2 (c) Wear volume
Fig. 7 Calculation method of the tool wear volume
Table 6 Defined parameters in Section 3
Parameter Definition
VB The width of flank wear area (mm)
VB ax The maximum width of flank wear area (mm)
LR« The maximum distance from the worn edge of the rake face to the tool nose (mm)
€, Tool nose angle (°)
(4 The angle between the worn edge of the rake face and the long diagonal side of the upper surface
of the tool (°)
Ly, The distance from the lowest point of the tool wear surface to the worn edge of the rake face (mm)
u The angle between the tool wear surface and the rake surface (°)
Vw Tool wear volume (mm?)

topography can display the variation of the contour height
of the machined surface according to different colors. As
can be clearly seen in Fig. 8, the colors of the lower and
upper regions of the turned surface topography are fairly
different, mainly due to the cylindrical shape of the turning
workpiece, leading to the scanned surface being a curved
surface with a certain radian. Along the feed direction
(axial direction), the turned surface of test #1 has a slight
difference of the color. It reveals a certain cutter back-off
in the turning process with CBN tools. Figure 9 is the
topography of the worn CBN tools. It can be seen from
Fig. 9a that although the CBN tool did not chip directly,

there is considerable wear in the tool flank area. In addi-
tion, a slight edge chipping was resulted along the worn
edge of the rake face.

The CBN tool has created a severe edge chipping at the
beginning of processing, which has resulted in almost no
change in the profile height of the turned surface along the
feed direction, as shown in Figs. 8b and 9b. The test was
repeated for two times, and the CBN tool all generated seri-
ous edge chipping. Figure 10 shows the variation of cut-
ting force signal during this process, and it indicates that
the tool is in contact with the workpiece for an exceedingly
short time before severe edge chipping. After severe edge
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(a) Test #1

Fig. 8 Surface topography of turning with CBN tools

Fig. 9 Topography of the worn
CBN tools

Flank face

SEM HV: 10.0 kV WD: 13.15 mm
View field: 1.02 mm Det: SE 200 pm
SEM MAG: 271 x  Date(m/dly): 04/21/22

(a) Test #1

chipping, it is in a state of incomplete contact with the work-
piece, and the force value at this stage is close to 0. The
cutting force in the X direction is smaller than that in the Y
and Z directions, leading to the force signal in the X direc-
tion being covered during acquisition (Fig. 10a). As seen in
Fig. 10b, the X direction has the signal of the cutting force,
but it is very small.

From the analysis of the cutting force signal, it can
be seen that the contact time is less than 1/5 of the pro-
cessing time, which means that the CBN tool is not one-
time edge chipping. However, the process of slight edge
chipping to severe edge chipping results in rarely slight
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(b) Test #2

Flank face

Edge chipping

MIRA3 TESCAN| SEM HV: 10.0 kV WD: 13.89 mm
View field: 2.13 mm Det: SE 500 pm

SEM MAG: 130 x  Date(m/dly): 04/21/22

(b) Test #2

MIRA3 TESCAN|

Performance in nanospace

contact between the tool and the workpiece on the stage
of incomplete contact. Additionally, it can be found that
great instantaneous cutting force is generated when the tool
cut into the workpiece, and the moment from no-load to
heavy load may be the main factor for the edge chipping.
The initial edge chipping leads to multiple cracks on the
cutting edge of the CBN tool. With the action of cutting
force in machining, the cracks extend and expand, resulting
in more severe edge chipping. On the contrary, no serious
edge chipping occurred when the parameters of test #1
were used for machining, and just slight edge breakage was
produced on the worn edge of the rake face. It is mainly
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Fig. 10 Cutting force signal of
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because the instantaneous cutting force when the tool cut
into the workpiece in test #1 is relatively small, which does
not reach the limited stress of microcracks or edge chip-
ping. In addition, as the tool wears gradually, the contact
mode with the workpiece is changed from point contact to
surface contact. The acting area is larger, and the effect of
the force on the unit area is reduced. Therefore, it is more
difficult to produce the phenomenon of edge chipping.

Many studies have shown that the application of ultra-
sonic vibration in conventional turning is beneficial to
reduce tool wear and improve surface quality [37]. CBN
tools would experience more severe wear and poorer surface
quality under CT, which may own to the relatively lower
hardness of the CBN coating. In this section, the cutting per-
formance of PDC, PCD, and CBN tools in machining SiC,/
SiC ceramic matrix composites is analyzed under UVAT.
And the results of test #1 were studied because of the serious
edge chipping of the CBN tool under test #2.

Figure 11 shows the comparison results of cutting force,
tool wear, and surface roughness when turning the work-
piece with different tools. As seen in Fig. 11a, the cutting
force generated by the PDC tool in the machining process
is relatively smaller, while the force caused by PCD and
CBN tools is similar. However, the tool wear of the PCD
tool is lower than that of the CBN tool. It is mainly attrib-
uted to the stronger bonding strength between PCD abra-
sive grains and higher hardness. In addition, the PDC tool
caused relatively minimal tool wear due to the higher wear
resistance and bonding strength (Fig. 11b). As shown in
Fig. 11c, PDC and PCD tools show similar cutting effects
in turning, while the CBN tool has relatively higher surface
roughness and poorer cutting performance. This is mainly
due to the maximum wear of the CBN tool in turning of
SiCy/SiC ceramic matrix composites, which increases the
contact length and friction effect between the tool and the
workpiece. It causes the fibers to be removed in the form of
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Fig. 11 Comparison of tool 16 6.0

wear, cutting force, and surface

roughness

84
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Wear volume V), (10°-mm®)
W
=3

T
PDC PCD

(a) Cutting force

12

Surface roughness (pum)

tensile breakage, resulting in relatively more surface defects
and poorer surface quality. In conclusion, the CBN tool
showed the worst cutting results, and the cutting perfor-
mance of PDC and PCD tools will be further discussed and
analyzed in Section 4.2.

4.2 Tool wear analysis

Experiments of cutting performance are carried out with
PCD and PDC tools under divergent machining condi-
tions: CT, UVAT, and W-UVAT. The compared results of
the tool wear volume Vy, are shown in Fig. 12a. The CT
experiments are carried out, and basically, the tool wear
caused by the PDC tool is lower than that of the PCD tool.
However, in UVAT, the Vy;, caused by the PCD tool is not
much different from that created by the PCD tool. Dur-
ing W-UVAT, PDC tools all showed relatively small tool
wear. The essence of the PDC and PCD tool is obtained by
pressing polycrystalline diamond powder under ultra-high
pressure and ultra-high temperature conditions. However,
the difference in the bonding strength of grains and the
manufacturing process of tool leads to obvious differences
in turning performance, whose external forms are diverse
tool wear.

Cutting force is the most important factor in the analy-
sis of tool wear. Figure 12b shows the compared results
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(c) Surface roughness

of cutting forces when turning SiC;/SiC ceramic matrix
composites with PDC and PCD tools under CT, UVAT,
and W-UVAT conditions. Among them, the cutting force
is the resultant of the average cutting forces in the X, Y,
and Z directions. Basically, it can be clearly seen that the
PDC tool generates relatively low cutting forces in turn-
ing. However, in UVAT, the cutting force generated by
the parameters of test #2 is slightly larger than that of the
PCD tool. SiC¢/SiC ceramic matrix composites are typi-
cal anisotropic and heterogeneous materials, and fibers
and matrix are not entirely distributed on the workpiece
surface. In the meantime, the matrix material and the
reinforcing fibers have different hardness, which shows
differently removed difficulties during turning SiC/SiC
ceramic matrix composites. Therefore, the difference in
the machining position will have a certain influence on the
cutting force. The change and magnitude of cutting force
during turning have a profound impact on tool wear. It
can be seen from Fig. 12b that the cutting force caused by
the PDC tool is smaller than that of the PCD tool. There-
fore, the PDC tool obtained a relatively lower cutting force
when turning SiC¢/SiC ceramic matrix composites, result-
ing in a smaller tool wear. Overall, from the perspective of
tool wear, the PDC tool causes the relatively smallest Vy,
showing relatively better cutting performance in turning
of SiC/SiC ceramic matrix composites.
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4.3 Machined surface roughness

Using the parameters of Table 3, experiments of turning
SiC/SiC ceramic matrix composites are carried out under
three processing conditions: CT, UVAT, and W-UVAT.
Figures 13, 14, and 15 show the compared results of the
turning surface roughness of diverse tools under differ-
ent conditions. It can be clearly seen that the 3D surface
roughness S, is higher than the 2D surface roughness R,
which can be due to S, being the result of extending a 2D
curve to a 3D surface. In the course of the measurement of
S, the complex profile information of the turned surface,
including fiber breakage, matrix pits, hole defects, etc., are

comprehensively considered. The SiCy/SiC ceramic matrix
composite used in this paper has many prepared hole defects,
and the S, measurement area is relatively large, resulting in
the S, value being greater.

In test #1 of CT, the R, of the turned surface with the
PDC tool is slightly larger than that of the PCD tool, while
the S, is smaller. It may be due to the fact that R, is measured
along a certain direction, resulting in the measurement result
being easily affected by the measured position. In test #2 of
CT, the R, and S, of the turned surface of the PDC tool are
all slightly smaller than those of the PCD tool. Basically,
in UVAT and W-UVAT, relatively better machining results
are obtained by turning SiC,/SiC ceramic matrix composites
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Fig. 13 Surface roughness of 12 12
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with PCD tools. Nevertheless, in test #2 of UVAT, the S,
of the turned surface obtained by the PDC tool is slightly
larger. The immature process of the material preparation can
easily lead to more hole defects, or the structural quality is
not completely consistent, resulting in the measurement of
S, being affected by the measurement location. In addition,
a general belief in many articles is on the detrimental effect
of tool wear on surface roughness. Basically, the PDC tool
gets relatively low tool wear, which would also be beneficial
to obtain relatively better surface roughness, as obtained in
Section 4.2. On the whole, under CT, UVAT, and W-UVAT

@ Springer
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processing conditions, relatively good R, and S, can be
obtained using PDC tools.

In the meantime, it can be clearly seen from the above
research that the application of ultrasonic vibration and cool-
ing in CT is beneficial to the machining quality, tool wear,
and cutting force, which is basically consistent with the con-
clusions reached by other researchers [38, 39]. Therefore,
follow-up studies are carried out under W-UVAT conditions.
PDC tool has achieved relatively better turning characteris-
tics, but the tool wear is still serious. Then, PDC tools with
the same specification and the cutting edge thickness of 1.6
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mm are used for the following research, which can prevent
the workpiece from rubbing against the tool matrix when
the wear is severe.

5 Tool wear mechanism
5.1 Effect of ultrasonic amplitude on tool wear

Figure 16 represents the effect of ultrasonic amplitude on
PDC tool wear and cutting force, where the cutting force is
the resultant cutting force in the directions of X, Y, and Z.
Within the parameters of Table 4, the ultrasonic amplitudes
are 1 um, 3 pm, 5 um, and 7 pm. In tests #3 and #4, the tool
wear volume V), decreases first and then increases as the
increased ultrasonic amplitude, reaching the minimum value
when the ultrasonic amplitude A=3 pm. In the meantime,
it is obvious that the cutting force has the same tendency,
reaching the smallest in A=3 pm.

The cutting force and tool wear are linked to each other.
It can be seen from Fig. 17 that ultrasonic amplitude will
significantly affect the actual depth of cut in the turning
process. When applying the ultrasonic amplitude, the depth

of cut changes dynamically, whose real value varies within
apiA mm, where a, is the depth of cut, and A is the ultra-
sonic amplitude. The effect of ultrasonic amplitude on the
actual depth of cut will be further analyzed and discussed in
Section 5.2. Since the tool movement is a sinusoidal path,
the bumpy surfaces would be generated of the same size on
the turned surface of the workpiece. Theoretically, on the
basis of the same a, and the cutting width L, the removed
material volume by the turning tool is the same when
machining with different ultrasonic amplitudes. However,
ultrasonic amplitudes would have different effects on the
actual depth of cut. The larger the ultrasonic amplitude, the
larger the actual maximum depth of the cut, resulting in the
instantaneous cutting force may be greater. It may further
lead to an increase in the average cutting force.

The ultrasonic impact effect would increase with increas-
ing amplitude, and then the increasing amplitude within a
specific range makes the tool-workpiece separation effect
more conspicuous, reducing the cutting force. However, with
increasing amplitude, the increasing impact effect would
increase tool wear due to the high and similar hardness and
brittleness of both the tool and workpiece. In addition, the
increasing amplitude would influence the stability of the
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cutting system and machining process resulting in increas-
ing cutting force [40]. It can be seen from Fig. 16 that the
cutting force continues to increase as the ultrasonic ampli-
tude increases from 3 to 7 pm. However, the cutting force
of A=1 um is larger than A =3 um, which can be own to
the vibration being extremely small at A=1 pm. The effect
of ultrasonic vibration cannot be well reflected, resulting in
machining results close to CT. As a result, the cutting force
and tool wear volume are all relatively large at A=1 um.

Basically, the cutting force is positively correlated
with tool wear. In a certain range, the cutting force may
be increased with the strengthening of the scratching effect
between the tool and the workpiece, which further accel-
erates the spalling of PDC abrasive grains, and the wear
becomes larger. On the contrary, the contact area between
the tool and the workpiece may increase with the increased
wear, causing greater friction, which will significantly
increase the cutting force. As seen in Fig. 16, the cutting
force and tool wear have the similar trend, and the tool wear
and cutting force of the PDC tool are all minima as the
amplitude reaches 3 um.

As shown in Fig. 18, with the increase of ultrasonic
amplitude, the turning surface roughness R, and S, of the
two groups of turning tests first decreases and then increases.
The surface roughness is the smallest when the amplitude is
3 um. Further analysis of Fig. 17 shows that the ultrasonic
amplitude will affect the flatness of the workpiece surface
while changing the actual cutting depth. The larger the ultra-
sonic amplitude, the larger the theoretical profile fluctuation
of the workpiece surface, which affects the roughness level.
The ultrasonic vibration-assisting effect can reduce surface
damage and decrease surface roughness to a certain extent.
Properly increasing the ultrasonic amplitude is beneficial
to improve the inhibition effect of ultrasonic vibration on
surface damage. However, excessive ultrasonic vibration
will destroy the stability of the machining system and will
increase the surface roughness of the workpiece [32]. Large
tool wear in machining SiCy/SiC ceramic matrix composites

will also make it difficult to obtain better machined surface
roughness. From the previous analysis, it can be seen that
the tool wear reaches the minimum when A =3 pm. These
indicate that in W-UVAT, choosing the appropriate ultra-
sonic amplitude is beneficial to reduce the surface damage
and improve the machining effect.

5.2 Tool wear mechanism analysis

The tool cutting edge angle K, is the angle between the pro-
jection of the main cutting edge on the base plane and the
direction of the feed rate. The tool minor cutting edge angle
K,'is the angle between the projection of the deputy cutting
edge on the base plane and the opposite direction of the feed
rate. Figure 19 is a schematic diagram of cutting a workpiece
with different K, and K,' by a tool with the identical speci-
fication. The different K, and K,' affect the contact position
between the tool and the workpiece when the tool cuts into
the workpiece, resulting in a change in the position of tool
wear. As presented on the right side of Fig. 19, this paper
uses a tool with the nose angle £,=55° and the tool cutting
edge angle K,=90°. The contact position of the tool and
the workpiece concentrates on the nose area and the deputy
flank. In the meantime, the main cutting edge also has con-
tact with the transitional surface of the workpiece.
However, the hardness of SiCy¢/SiC ceramic matrix com-
posites is extremely high. To prevent the tool from wearing
too fast, the depth of cut selected in the research is smaller
than the nose radius of the tool. In the meantime, the main
flank of the tool does not coincide with the cutting plane. On
the contrary, it contains a certain negative angle  between
the cutting plane and the main flank in turning, as shown in
Fig. 20. The contact area between the main flank and the tran-
sition surface of the workpiece is small, which is own to the
design of tool structure, and it reduces the friction between
tool and workpiece. In fact, when K,.=90° and the depth of cut
is small, there is almost no contact friction between the main
cutting edge and the workpiece. Basically, these result in no
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Fig. 19 Cutting edge angle
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Machined surface
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Fig.20 Angle f between the
cutting plane and the main flank

n\ Workpiece

-
Feed direction

wear on the main cutting edge except for its own manufactur-
ing defects. Figure 21 clearly shows the conditions of tool
wear when the ultrasonic amplitude is 3 pm, and the wear is
concentrated in the area of the tool nose and the deputy flank.

As shown in Fig. 22, a Cartesian coordinate system
was established to describe the spatial position and cut-
ting direction, which was consistent with the coordinate
movement of the CNC lathe. The X, Y, and Z directions of
the coordinate axis were the cutting depth direction, cut-
ting direction, and feeding direction.

To expound the kinematics for processing, a point P
on the tool tip was used to describe the kinematic equa-
tion, and a polar coordinate system (R-6-Z in Fig. 22) was
established on the workpiece. The cutting radius R, in CT
is a fixed value, which can be expressed as:

§=55°
K,=90°

Machined surface

L

Cutting plane

(@)

where r,, is the radius of the machined surface in the last
cutting stage and a,, is the depth of cut. Consequently, the
instantaneous location equation of this point in CT is

R=r, —a,
9=a)not=r;—7;t (3)
Z=f ot

where 7 is the spindle speed, w,, is the spindle angular veloc-
ity, f, is the feed speed, and ¢ is the cutting time.

The radial UVAT is the application of radial ultrasonic
vibration in CT. Therefore, the instantaneous location equa-
tion of the P point can be expressed as:

@ Springer
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Fig.21 Worn PDC tools when
A=3pm

Deputy flank face B

(a) Amplitude A=3 um of Test #3

R =r, — a, + Asin(2xft)
0=w,s1="2 )
Z=f ot
where A is the ultrasonic amplitude and f is the ultrasonic
frequency.

The UVAT is different from CT in that the motion of the
tool tip P point is a combination of three actions: rotational
movement relative to the workpiece, axial feed, and radial
ultrasonic vibration (Egs. (3) and (4)). Figure 23 presents the
tool path of CT and UVAT. And Fig. 24 shows the accumu-
lation of cutting workpiece powders on the PDC tools during
CT and W-UVAT. Obviously, in CT, the tool is in constant
contact with the workpiece, whose depth of cut remains
unchanged during machining, resulting in a large number
of powders accumulating on the cutting position and the rake
face. The high pressure generated in the cutting zone during
machining causes part of the powders to remain in the worn

@ Springer
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area. The cutting workpiece powders contain hard SiC fibers
and SiC matrices, possibly even mixed with partially spalled
abrasive grains of polycrystalline diamond, which may play
arole in grinding during the contact between the workpiece
and the tool, aggravating the tool wear.

In radial UVAT, applying ultrasonic vibration brings the
tool into intermittent contact with the workpiece, result-
ing in a high-frequency dynamic change in the depth of cut
of radial UVAT (the frequency is equal to the ultrasonic
vibration frequency, and the amplitude is equal to the ultra-
sonic vibration amplitude). Due to the action of ultrasonic
vibration, the cutting radius R changes dynamically during
machining [38, 39], which can take away part of the cut-
ting workpiece powders and reduce the working load and
cutting heat. Based on that, water cooling can help to wash
away broken fibers and matrix powders effectively, thereby
avoiding the accumulation of powders and workpiece mate-
rial’s remains to the tool’s cutting edge. However, the tool is
still continuously subjected to dynamic load and mechanical
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scratching of fibers during processing, which will cause
rapid spalling of the polycrystalline diamond grains. As a
result, gradually, the tool will wear out with the increased
machining time and material removal volume.

To further investigate the wear behavior of PDC tools
in turning, the parameters of Table 5 are used to study
the effect of material removal volume on tool wear vol-
ume. The results of the PDC tool wear curve are shown in
Fig. 25. As the volume of material removed increases, the
tool wear volume Vy, increases almost linearly. The hard-
ness of SiCy/SiC ceramic matrix composites is second to
diamond. When the material removal volume is 50 mm?,
the Vy, is 1.325 x 1072 mm?, which indicates that the initial
wear of the PDC tool during turning is severe. The maxi-
mum wear width of the tool specified in the international
standard is 0.6 mm. While the material removal volume
exceeds 300 mm?®, VB, will exceed 0.6 mm, and Vy, will
be over 3.060 x 1073 mm?. It can be seen that even if PDC
tools are used to turn SiC¢/SiC ceramic matrix composites,
there will still be severe tool wear.

The change in cutting force signal by turning SiCy¢/SiC
ceramic matrix composites during the first 6.4 s (parameters
of Table 5) is presented in Fig. 26. The average value of the
cutting force in the un-machined stage is close to 0. Mean-
while, due to the cutting force increasing abruptly from the
no-load to load stage and the high hardness of the workpiece,
significantly initial wear of the PDC tool has been created.
In a short time, the larger initial tool wear makes the actual
cut depth slightly smaller, resulting in the cutting force
being smaller than the suddenly increased value from the
no-load to load stage. From the tool wear curve, when the
VB, ... < 0.6 mm, the maximal material removal volume for

max —

the PDC tool is approximately 300 mm?. Therefore, Fig. 27

54
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Fig. 25 Tool wear curve
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investigates the variation of radial force (X), axial force
(Y), tangential force (Z), and resultant force F as the mate-
rial removal volume increases from 50 to 300 mm?>. With
the increased material removal volume, the cutting force
increases gradually. Still, the radial force is relatively slow,
which may be for the small depth of cut or the tool wear. The
initial contact between the workpiece and the tool is a point
contact, which will become a surface contact after wearing.
It will increase the contact area and friction between the
tool and workpiece, thereby increasing tool wear, as seen
in Fig. 28. The cutting force and tool wear will continue to
increase over the tool life. As long as the workpiece and tool
are not entirely separated, the tool wear will increase with
the increased material removal volume even if the cutter is

14.0
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7.0 1

Cutting force (N)

3.5 1

0.0

50 100 150 200 250 300
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Fig. 27 The effect of tool wear on cutting force
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Fig. 28 Worn PDC tools with
different material removal
volumes

'WD: 23.02 mm
View field: 791 pm Det: SE 200 pm
SEM MAG: 350 x  Date(m/dly): 06/27/22

SEM HV: 20.0 kV

(a) Material removal volume is 100 mm?3

severely back-off. And beyond tool life, the effect of material
removal on tool wear may dominate during the turning of
SiC/SiC ceramic matrix composites.

In the meantime, Fig. 28 reveals the removal of tool mate-
rial is a significant change in the volume of space when the
tool wears during the turning of SiC¢/SiC ceramic matrix
composites. As the volume of material removed increases,
it is accompanied by rapid spalling of the abrasive grains,
which can be attributed to the high hardness of the SiCy/
SiC ceramic matrix composites and the bonding strength
between grains. PDC tool is made by sintering diamond
powder and cemented carbide substrate under ultra-high
pressure and ultra-high temperature conditions, which has a
certain bonding strength between the abrasive grains. Due to
the relatively lower bonding strength between grains and the
high and similar hardness of material-tool, the grains of the
PDC tool are worn gradually in turning of SiC/SiC ceramic
matrix composites and spalled rapidly with the increased
material removal volume. It can be seen that the spalling
of the PDC tool (tool wear volume) increases significantly
as the removed material volume increases from 100 to 300

mm?, as shown in Fig. 28.

6 Conclusion

In this work, to solve the machining problem of the difficult-
to-cut SiC,/SiC ceramic matrix composites, the ultrasonic
vibration-assisted machining technique was used in turn-
ing. To conduct a series of research on turning this kind of
material, the calculated method of the tool wear volume,
the cutting performance, and the wear mechanism should be
studied and analyzed first. Based on the results and analysis,
the following conclusions can be drawn:

Performance in nanospace

Wear area

! Nose area

SEM HV: 20. : 14.82 mm AT
View field: 791 ym Det: SE 200 ym
SEM MAG: 350 x  Date(m/dly): 06/26/22

MIRA3 TESCAN|

Performance in nanospace

(b) Material removal volume is 300 mm?

(1) Due to the extremely high hardness of SiCy/SiC
ceramic matrix composites, CBN tools are prone
to edge chipping or difficult to obtain satisfactory
machining results, while turning with PDC tools in
CT, UVAT, and W-UVAT can achieve somewhat
lower tool wear and smaller cutting force and get
relatively better surface quality. In addition, applying
ultrasonic vibration and water cooling in CT with the
proper tool is beneficial to improve machining char-
acteristics.

(2) With increasing ultrasonic amplitude A, tool wear vol-
ume V), decreases first and then increases within the
experimental parameters. For better-turned surface
roughness, lower tool wear, and a smaller cutting force,
an ultrasonic amplitude of 3 um is recommended in
turning of SiC/SiC ceramic matrix composites with a
frequency of 20 kHz.

(3) Due to the high and similar hardness of SiC/SiC
ceramic matrix composites and cutting tools, the abra-
sive wear of grains is the main wear mechanism of the
PDC tool in turning. And the spalling of polycrystalline
diamond abrasive grains is the primary wear form with
a relatively lower bonding strength between grains.

At present, the ultrasonic vibration-assisted turning of
SiC,/SiC ceramic matrix composites is still at the stage
of fundamental research. Further research is required in
terms of optimization of the geometric tool parameters,
optimization of the machining parameters, and the mate-
rial removal mechanism, etc.
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