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Abstract

SiC,/SiC CMC has a broad range of applications, especially under extreme conditions, due to its excellent properties including
high strength and stiffness, high wear and temperature resistance. However, these properties also bring new challenges to
manufacturing. Traditional machining methods and ordinary cutting tools failed to fabricate high-quality parts that meet the
manufacturing requirement, especially for drilling micro-holes. This paper intends to compare six commonly used tools for
micro-hole drilling of SiC,/SiC CMC assisted by ultrasonic vibration: carbide drill, PCD drill, electroplated diamond abrasive
tool, grinding drill, coated grinding drill, and PDC tool. First, the material removal process is theoretically analyzed, and
the difference in tool life and machining quality of different cutting tools is analyzed from the point of view of the material
removal process. Then, the influence of different kinds of tools on cutting forces, machining accuracy, and tool wear was
also investigated through experiments, and the correctness of theoretical analysis was verified by experiments. The results
show that the machining accuracy of the PDC tool is best, followed by the electroplated diamond abrasive tool. The machin-
ing accuracy of the grinding drill and coated grinding drill is poor with a bit of difference; PDC and coated grinding drill
have less tool wear, while the grinding drill has slightly more severe tool wear. However, the tool wear of the electroplated
diamond abrasive tool is severe. In summary, PDC tools are ideal for preparing SiC;/SiC composites.
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1 Introduction Therefore, it is one of the ideal materials for hot-end com-
ponents in aero-engines, especially hollow turbo-blades.

Silicon carbide fiber reinforced silicon carbide ceramic ~ The hollow turbo-blades have many micro-holes for cool-

matrix composites (SiC¢/SiC CMC) have been attracting
increasing attention due to their outstanding characteristics
of high strength and stiffness, high temperature and wear
resistance, low density, chemical stability, and so on [1-6].
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ing down. However, the high hardness, brittleness, and wear
resistance of SiC¢/SiC CMC bring new challenges to the hole
drilling process. First, there is an increased risk of breaking
the drilling tool considering the small hole diameter. Sec-
ond, it is also challenging to carry out the drilling process
due to the large drilling force and severe tool wear using tra-
ditional drilling methods. Therefore, it is vital to investigate
micro-hole drilling of SiCy/SiC CMC.

At present, the commonly used micro-hole machining
methods for ceramic matrix composites (CMC) are as fol-
lows: mechanical machining, electrical discharge machining
(EDM), high-pressure water jet machining, electronic beam
machining, laser machining, etc. Many previous studies have
shown that tool wear is severe when carbide fiber reinforced
silicon carbide ceramic matrix composites (C¢/SiC CMC)
are machined with traditional drilling methods. Meanwhile,
fiber pull-out and edge break damage are easily caused dur-
ing machining. Jiao et al. [7] machined SiC,/SiC CMC by
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high-pressure water jet machining. The results showed that the
exposed fiber section. is more uneven, and the cut part of the
fiber bundle appears to be pulled out. Therefore, high-pressure
water jet machining is more suitable for the rough machin-
ing of SiC¢/SiC CMC. Kliuev [8] added assisting electrode to
machine SiCy/SiC CMC based on EDM. The results showed
that it is easy to form remelting layer on the hole wall of SiCy/
SiC CMC by EDM, and the electrode loss is more severe
than that of ordinary EDM, and the machining efficiency is
also significantly reduced. Wang et al. [9] conducted femto-
second laser experiments to study the influence of machining
parameters on femtosecond laser drilling of SiC¢/SiC CMC.
The results showed that femtosecond laser does not produce
remelting layer, and machining quality has been significantly
improved compared with traditional laser machining. How-
ever, it may cause taper and spillage, and high laser power
easily generates a large splash force which causes damage to
micro-holes export. Therefore, the current methods for prepar-
ing SiCy/SiC CMC micro-holes have limitations.

Ultrasonic vibration—assisted drilling (UVAD) is a new
advanced technology that can reduce the cutting force and tool
wear, improve the machining quality, and remit the problem of
tool fracture to a certain extent. Therefore, it has attracted exten-
sive attention in the field of CMC machining [10-13]. Liu et al.
[14] used cemented carbide twist drill to drill two-dimensional
orthogonal braided structure carbon fiber reinforced ceramic
matrix composites (2D C/SiC CMC). It was noted that CMC
is difficult to machine with traditional drills because of terrible
tool wear. Feng et al. [15] studied the formation mechanism of
tearing defects in rotating ultrasonic machining (RUM) of Cy/
SiC CMC. It was reported that RUM could averagely reduce
the tearing defect at the hole exit by more than 60%, which
means that the tool wear of RUM is decreased obviously. Wang
et al. [16] studied the edge chipping formation mechanism of
C/SiC CMC, and the microstructure characteristics of the pore
surface under different fiber directions, ultrasonic amplitude,
and spindle speed were analyzed. Through theoretical analysis,
the fiber fracture mechanism in C¢/SiC CMC rotating ultrasonic
machining is revealed. It was found that the edge chipping size
increased with an increase in spindle speed or a decrease in
feed rate. While the ultrasonic vibration amplitude only slightly
affected the edge chipping size. Tearing defects, edge chipping,
and other machining damage can reflect the degree of tool wear
to a certain extent, and more machining damage obviously cor-
responds to more serious tool wear. RUM can reduce machin-
ing damage, which means that RUM can significantly reduce
tool wear.

Qu et al. [17] investigated the surface grinding mecha-
nisms of 2.5D needle C;/SiC CMC. Experiments on the
grinding of 2.5D needle C;/SiC CMC were performed by a
diamond grinding wheel on a surface grinding machine. The
experimental results showed that CMC can be machined well
with multi-edge tools of grinding wheels. And the machined
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surface quality increased with an increase in grinding depth
and feed speed and decreased with increasing wheel speed.
Yuan et al. [18] applied rotary ultrasonic machining to the
surface machining of C;/SiC CMC and established the
mathematical relationship between cutting parameters and
vibration parameters. The cutting force increased with the
increase of cutting width and feed rate, whereas the cutting
force was found to decrease with the increase of spindle
speed. Zhang et al. [19] established the cutting force model
of C¢/SiC CMC based on brittle fracture for rotary ultrasonic
surface milling (RUFM) machining, and the established
cutting force model is verified by cutting force experiment
and simulation. The results showed that the cutting force
decreased significantly with the increase of cutting speed,
whereas the same was found to increase with the increase of
feed rate and cutting depth. It is well known that the greater
the cutting force, the more likely the tool is to break. The
low cutting force of RUM means that using RUM to machine
CMC can significantly reduce the risk of tool breaking.

As can be seen above, the application of ultrasonic vibration
can significantly reduce cutting force and machining damage,
which means that the tool wear of ultrasonic vibration—assisted
machining is obviously decreased. At the same time, ultrasonic
vibration—assisted machining can change the contact state
between the tool and the workpiece and reduce the friction
force and machining temperature. Therefore, it can effectively
alleviate the problem of insufficient tool stiffness and wear
resistance in micro-hole drilling. However, the current research
is focused on the C;/SiC CMC and there are few reports on the
study of SiC¢/SiC CMC, which has a higher hardness, brittle-
ness, and stronger bonding strength between fiber and matrix.
Besides, the machining of micro-holes with a diameter smaller
than 1 mm has not been reported.

In this paper, ultrasonic vibration—assisted drilling is
applied for fabricating micro-holes on SiC¢/SiC CMC. Firstly,
the trajectory of single abrasive grains on the tool was estab-
lished, and the material removal process was analyzed. Then,
the comparison experiment of six kinds of cutting tools was
carried out. The cutting force, aperture precision of hole,
roundness, tear factor, and influence of tool wear regularity
of different cutting tools were investigated. Finally, combin-
ing theoretical analysis and machining experiments, the most
suitable tool for the machining of SiC/SiC CMC micro-holes
was found and solved the problem that it is difficult to drill
micro-holes (smaller than 1 mm) on SiC¢/SiC CMC.

2 Materials and experimental procedures

2.1 Materials

The SiCy/SiC CMC consists of three parts: silicon carbide
fibers, PyC interface layer (the pyrolysis C interfacial layer
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Fig.1 SiCy/SiC CMC

Table 1 Mechanical properties of SiCy/SiC CMC

Bend
strength

Tensile
strength

Density Compression Fracture

strength toughness

226 glem® 271.4MPa 443.8 MPa 454 MPa 24.1

MPa-m'?

provides a mechanism for fiber deflection that minimizes
crack openings left by matrix cracks.), and silicon car-
bide matrix. Experiment specimen was produced using
the chemical vapor infiltration (CVI) method. The size of
SiCy/SiC CMC sample is 80 x 45 x 4 mm?, and it is shown
in Fig. 1. The volume fraction of SiC fiber is about 40%.
The thickness of the PyC interphase layer is about 1 pm.
The porosity of the composite is about 10%. The mechani-
cal properties at room temperature of the sample are listed
in Table 1.

2.2 Experimental tools

Six different tools were used in the experiment, as shown in
Fig. 2. From left to right, they are carbide drill, PCD drill

Fig.2 The tool used in the Grinding ~ Coated
experiment. a All tools. b PDC drill  grinding
tool drill El
.. PCDdrill
Carbide

drill

e

(a) All tools

(polycrystalline diamond drill), grinding drill (GD), coated
grinding drill (CGD), electroplated diamond abrasive tool
(EDA), and PDC (polycrystalline diamond compact) drill.
Carbide drills and PCD drills are often used to machine plas-
tic materials, while EDA is more commonly used for brittle
materials. GD is a kind of drill whose end face is bonded
with diamond abrasive grains. Its characteristic is that the
cutting edge of the ordinary drill is discrete into several tiny
cutting edges, and it has certain self-sharpening. PDC is a
tool formed by sintering polycrystalline diamond to a matrix
rod under high temperature and pressure (6GPa and 1500
°C). And laser machining is then used to create grooves
on the diamond composite for cutting and chip removal, as
shown in Fig. 2b.

2.3 Experimental design and measurement

The tool comparison experiment was carried out on a CY-
VMCS850 three-axis CNC machine. The ultrasonic tool-
holder used was CKN-XH11-BT40, which is supplied by
Xi’an Chao Ke Neng Ultrasonic Technology Research Insti-
tute Co., Ltd., whose vibration frequency was 30 kHz. The
model of ultrasonic power supply is SUM20040771, and
the frequency is adjustable from 10 to 50 kHz. Before the
experiment, the LK-H020 vibrometer was used to measure
and calibrate the amplitude of each tool to ensure that the
amplitude of each tool was the same and constant during the
machining process. During the test, the cutting force was
measured and collected by Kistler 9119AA1 multicompo-
nent dynamometer. The CNC machine, dynamometer, vibro-
meter, and ultrasonic system are shown in Fig. 3.

The single-factor test method was used to compare the
effects of different tools in machining SiCy/SiC CMC. The
detailed machining parameters are shown in Table 2.

As presented in Fig. 4, after the experiment, VEGA 3
LMU SEM-EDS scanning electron microscope was used
to observe the tool wear state, and Alicona IFM-G4 auto-
matic tool scanner was used to measure the hole diameter
and roundness.

SEM MAG: 283 x

WD: 17.91 mm L
View field: 79 pm Det: SE 200 um
BI: 9.00 Date(m/diy): 03/05/21

(b) PDC tool
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Ultrasonic
vibration system

Cutting force
measurement
system

(a) CY-VMCS850 three-axis CNC machine (b) Ultrasonic vibration system and cutting force

measurement system

Fig.3 Experimental equipment. a CY-VMC850 three-axis CNC machine. b Ultrasonic vibration system and cutting force measurement system

3 Material removal process and discussion

Table 2 Experiment parameters Parameters Value

Spindle speed/(/min) 12000 3.1 Grain motion trajectory

Feed speed/(mm/min) 4

Frequency/kHz 30 Ultrasonic vibration—assisted drilling is a machining method
that combines ultrasonic vibration on feed direction with
traditional drilling. The cutting tool and the workpiece can

Amplitude/pm 4

Fig.4 Experimental measure-
ment equipment. a Automatic
tool scanner. b Scanning elec-
tron microscope

(a) Automatic tool scanner (b) Scanning electron microscope
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direction
of feed
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Fig.5 Diagram of UVAD

contact and separate periodically. In this way, the drilling
force, temperature, and tool wear can be reduced [20-22].
Unlike traditional drilling, the movement of the cutting edge
(or abrasive grain) on the end face of the tool is a combina-
tion of three actions: axial feed, rotation with the spindle,
and axial ultrasonic vibration. The schematic diagram of
ultrasonic vibration assisted drilling is shown in Fig. 5.

Therefore, the motion trajectory of a single cutting edge (a
single abrasive grain) is different from that of conventional
drilling (CD). In the CD process, the trajectory of abrasive
grains can be expressed as:

= zSs
Xep = Rc.os(”3 1)
Yep =Rsm(5t) Q8
Zcp = —Vvt

where R is the radius of the cutting tool, S is the spindle speed,
and ¢ is the cutting time. However, due to the introduction of

Fig.6 Comparison of sin-
gle grain motion trajectories .
between UVAD and CD K10

z{mm)

10

y(mm)

B T

ultrasonic vibration, the motion trajectory of abrasive grains
in the UVAD process changes as follows:

s
Xyyap = Reos(551)

Yuvap = Rsin(551) 2
ZyvAD = —vt+A Sin(zﬂfl + 9)

where A is the amplitude of ultrasonic vibration, fis the
frequency of ultrasonic vibration, and @ is the initial phase
angle of ultrasonic vibration. The motion trajectory of a
single abrasive grain in UVAD and CD is shown in Fig. 6.
Assuming that the tool has a total of n abrasive grains on
the diameter of abrasive grains, the motion trajectories of
different abrasive grains on the tool in CD are as follows:

27(n;—1)
Xepi = Rcos(3—t +2 ( N )

T n -
Yepi =R s1n(—t + =) 3
ZCDi = =Vt

where n; is the serial number of the abrasive grains. Motion
trajectories of different abrasive grains on the tool in UVAD
are as follows:

Xyyapi = R COS(—[ + 2a(n; -1))

2z (n;—1
Yuvapi = R sm(ﬁt + M) @
Zyyapi = —Vt+A sin(ant +0)

The motion trajectories of two adjacent abrasive grains in CD
and UVAD are shown in Fig. 7. As can be seen from Fig. 7, two
adjacent abrasive grains in CD always move in parallel, and their
motion trajectories do not interfere with each other. However,
in UVAD, the motion trajectories of two adjacent abrasives will
cross. In each vibration cycle, the abrasives will only be pressed
into the workpiece for a small part of the time so that the cutting
temperature is lower, and the cutting depth of each abrasive is

x(mm)
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Fig.7 Comparison of the
motion trajectories of adjacent
grains of CD and UVAD. a
The motion trajectories of two
adjacent grains of CD. b The
motion trajectories of two adja-
cent grains of UVAD

Z(mm)

yimmj}

<107

z(mmy)

y(mm})

—— Girain #2
——Girain #1

. Grain #1

0.05

0.05 0.05

x{mm)

(b) The motion trajectories of two adjacent grains of UVAD

lower than CD most of the time. At the same time, due to the
existence of ultrasonic vibration, the abrasive grains are always
hammering the workpiece surface, which makes the material
easier to be removed and the machining quality is better.

3.2 Material volume removed by a single abrasive
particle in a single vibration period

Due to the introduction of ultrasonic vibration, the abrasive
grains and the surface to be machined are in the discon-
tinuous machining state of “contact-separation-contact,”
as shown in Fig. 8. Therefore, the time from zero to the
maximum depth of abrasive grains invading the specimen
can be described as follows:

1, = (1/2xf) arcsin((A — h,,)/A)
1

t2=§

&)

@ Springer

where £, is the maximum depth of abrasive grains invading
the workpiece. Therefore, the effective contact time (Af) is:

Grain motion trajectory

Workpeice

Fig.8 Contact diagram of grain and workpiece
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1 1 . [ A-h, 1
Ar=2(1, - t,) =% (ﬂ—f)arcsm( N ) ©) F,= EphztanzﬁHv )
= (1/zf) arccos((A — h,,)/A)
Therefore, the crack size can also be expressed as:
In the effective contact time, the abrasive grains are always
rotating with the cutting tool, so the movement distance L of 5/8 5/6 4. 571/8 5 LS
the abrasive grains with the cutting tool is: Cp = 0.648C, - p>/° - tan/2f-H 7*( PP )2 hy
cl1=v
~1/2
| _ 27RSt _ aRSAI o | Gr=0707C (pE)'/* - tan®p - HY'? -,
60 30 7 (10)

According to the fracture mechanics theory, a certain
plastic deformation zone will be generated when the tool
intrudes into the brittle material. With the increase of the
penetration depth of the tool, cracks will be generated in
the brittle material. And the crack of brittle material is
only related to the volume of the tool intrusion material,
independent of the shape of the tool. Therefore, if the size
and shape of all diamond abrasives are assumed to be the
same and the material is an ideal brittle material with only
brittle fracture, the crack size can be calculated by the fol-
lowing equation:

1 \5/12 B34 8
C, = Cz(m) /n (W)I/Z(Fn)s/

/2 ®)
C,= CZ(;)1/3 %(Fn)l/Z

tan f

where C; is the lateral crack length, C), is the longitudi-
nal crack (median crack) length, f is the apex angle of the
abrasive grain, p is the geometric shape parameter of the
abrasive grain, and for the four-pyramid type abrasive grain,
pis 1.85. E is the elastic modulus of the material, K is the
fracture toughness of the material, v is the Poisson’s ratio
of the material, and H,, is the hardness of the material. F), is
the impact force of a single abrasive grain on the material.
According to the research results of Jiao et al. [23], F, can
be calculated by the following equation:

Fig.9 Material removal process
diagram

Grain

The lateral cracks contact each other or extend to the edge
of the material in the expansion process, which will cause
the removal of the material. As shown in Fig. 9, Longitu-
dinal crack (median crack) is the main cause of subsurface
crack of the machined surface. Therefore, within the effec-
tive contact time of a single vibration period, the material
volume removed by a single abrasive grain is:
Ve = 2Vapep = %CLChL (11

Substituting Egs. (6), (7), and (10) into Eq. (11), we can
get:

: 7 3
Ve = 0.0078p%/8 - tan®/2p - H, * (E—> )
) Kic(1-12)2 12)

. pi RS ~h,

—arccos(A—)
m 30f A

3.3 Discussion

According to Eq. (12), the volume of material removed by a
single abrasive (single tool edge) in a single vibration period
(Vg) is related to not only material properties, machining
parameters and ultrasonic parameters but also geometric
parameters p, apex angle f of the abrasive or blade on the
tool and depth of abrasive penetration into the material (%,),).

Grain motion trajectory

Lateral crack—

Median crack

Zone of plastic deformation

Material removed
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However, in the actual machining process, in addition to the
above factors, the machining performance of the tool is also
related to the number of abrasive grains on the tool. This is
because the amount of material to be removed is fixed in
machining. When the number of abrasive grains is low, the
total volume of material removed by a single abrasive grain
goes up, and the cumulative penetration depth of material
invaded by a single abrasive grain needs to be increased. This
obviously leads to increased tool wear and even tool failure.

Traditional drilling tools such as carbide drills and PCD
drills have only two blades, the tool in addition to the axial
invasion of material, but also with the rotation of the tool
in the circumferential invasion of material constantly to
remove material in drilling machining. In this process, in
addition to the drill tip, the blade also keeps rubbing against
a hard material, which results in severe tool wear. Combined
with the large amount of volume that a single blade needs
to remove, the increase in the cumulative penetration depth
of material invaded by a single abrasive grain can lead to
increased tool wear. Therefore, there may be too serious
wear problem when using traditional carbide drills and PCD
drills to drill SiCy/SiC CMC material in actual machining.

When using GD and CGD to process SiCy/SiC CMC, it
is not the blade of the drill that is machined but the abrasive
grains on the blade. The abrasive grains on the blade are
irregular in shape; most of them are five-pyramid, which
have large p. Therefore, the Vj, is large, which means that the
volume of chips produced is large. Therefore, the machin-
ing accuracy will be insufficient. However, the size of the
abrasive grain is very small (250#), the gap between the
abrasive grains is very small, and the large volume chip is
easy to plug the gap between the abrasive grains, resulting in
tool passivation and machining performance decline, which
result in machining accuracy is further reduced. Therefore,
the use of GD and CGD may lead to low machining accuracy
when machining SiC/SiC CMC.

The machining situation of EDA is similar to GD and
CGD, but the difference lies in that the EDA does not have
a chip groove. The abrasive size of the EDA is 2004#, and the
abrasive size is larger than GD and CGD. The number of
abrasive grains on the end face of EDA is also much larger
than GD and CGD. Since there is no chip groove, the chip
will stay on the contact surface of the tool and the work-
piece. Consequently, it keeps rubbing the abrasive grains,
leading to excessive tool wear. Therefore, EDAs euhedral
lower tool life than GD and CGD. However, due to a large
number of abrasive grains on the end face of EDA, the total
volume of abrasive grains removed by a single grinding head
is lower than that of GD and CGD. The tool passivation will
be reduced due to the larger abrasive size and the larger abra-
sive gap. Due to these two reasons, the EDA will show better
machining accuracy than the two kinds of grinding heads.

@ Springer

Therefore, the use of EDA may lead to higher machining
accuracy but lower tool life when machining SiC/SiC CMC.

PDC tools are machined using polycrystalline diamond
cutting blocks (which can be regarded as diamond abrasive
grains) on the end face when machining SiC¢/SiC CMC. The
diamond cutting blocks on the end face are regular four-
pyramid shapes with low p. So, the Vj is small, that is, the
volume of chip generation is small, and the machining accu-
racy is high. At the same time, because the diamond cutting
blocks and the tool are in one piece, so the control strength is
high. Diamond cutting blocks do not fall off in most cases,
although they are wearing to a certain extent. The actual num-
ber of abrasive grains involved in the machining is the total
amount of end face cutting blocks. Therefore, when PDC
tools processed SiC, the total amount of material removed
by single abrasive grain is minimum, and the machining
accuracy is high. The cutting block of the PDC cutter is
machined, and its apex angle f can be controlled. The § can
be made smaller when making the tool so that Vj can be
further reduced, thus improving the machining accuracy. In
addition, the length, width, and height of diamond cutting
blocks are 0.07 mm, and the gap between the cutting blocks
is large. So, the wear between the chip and abrasive grains is
significantly alleviated compared with the EDA. Therefore,
the use of EDA may lead to higher machining accuracy and
higher tool life when machining SiC¢/SiC CMC.

In summary, according to Eq. (12) and theoretical analysis,
PDC tools are the most suitable tool for SiCy/SiC CMC drilling.

3.4 Drilling force

According to the results of the experimental tests shown
in Table 3, it could be found that PCD drill and carbide
drill cannot be used to drill the sample. In accordance with
the above conclusions, it is difficult to drill SiC/SiC CMC
samples with single or double edge tools such as traditional
drill drills. The GD, CGD, EDA, and PDC tools were all
successfully drilled on the sample. However, the distribu-
tion of abrasive grains on the GD has great randomness,
and the coating amplifies its inhomogeneity. This causes

Table 3 Experiment results

Tool type Machining results

Carbide drill Tool break

PCD drill Tool break

GD Drilling success

CGD Some drills successfully drilled holes
(with a great randomness)

EDA Drilling success

PDC tool Drilling success




The International Journal of Advanced Manufacturing Technology (2022) 120:8031-8044 8039

Fig. 10 Instantaneous drilling force of EDA

the machining results of the CGD having great randomness.
Some of the tools are very easy to break, while the others’
machining effect is excellent.

The cutting force is an important parameter for tool selec-
tion as it could reflect the tool wear and machining quality.
Figure 10 shows the cutting force signal of the GD. The cutting
force signals show an obvious fiber layer correlation. Also, the
cutting force changes with different cutting layers. Meanwhile,
the number of changes is consistent with the number of fiber
layers. The peak value of cutting force appears at the end of
the hole making process, which is the exit of the hole. The time
of cutting force signal in this layer is prolonged. The reason is
that the material thickness that supports the axial cutting force
at the exit of the hole is thin, and it is easy to bend because of
the axial cutting force. Therefore, the machining time at the
exit of the hole is prolonged. At the same time, the bending
of the material provides an additional elastic force to the tool,
resulting in an increase in cutting force.

The cutting force data of different tools are shown in
Fig. 11. For the average cutting force, GD is the largest,
followed by CGD. PDC is slightly larger than EDA but sig-
nificantly lower than GD and CGD; for peak cutting forces,

301 I Average Force I Peak Force

22.63

o

-

=
1

Force (N)

10 H

0 -

PDC EDA GD CGD

Fig. 11 Comparison of drilling forces of different tools

CGD is the largest. Although the peak cutting force of EDA
is lower than GD, it is still significantly higher than PDC.
As the diameter of the tool is 0.7 mm, the rigidity of the tool
is seriously insufficient. Therefore, the peak cutting force
can reflect the possibility of tool fracture to some extent.
Thus, the GD and CGD may be broken during machining.
At the same time, due to the additional peak force when the
coating of the CGD ruptures, the machining performance of
the CGD is accompanied by a great randomness. Therefore,
both in terms of average and peak cutting forces, EDA and
PDC tools are more suitable for machining SiC¢/SiC CMC.

3.5 Machining accuracy

For gas film holes, hole machining accuracy such as hole
diameter and roundness will not only change the gas flow of
the hole and thus affect the quality of the gas film but also
affect the life of components. Therefore, the accuracy of
hole machining is another important factor that should be
considered for choosing cutting tools. Figures 12, 13, 14,
and 15 present the micro-holes drilled by different tools dur-
ing ultrasonic vibration assisted drilling SiC¢/SiC CMC, and
the hole morphology of entrance and outlet was investigated
using a scanning electron microscope.

The hole diameter, taper, and roundness of its entrance
and outlet are shown in Figs. 16 and 17. It can be seen that
the test results are consistent with the analysis in Sect. 3.1.
The holes machined with PDC tools have the best hole diam-
eter and roundness, followed by EDA. The holes machined
with GD and CGD have the worst machining accuracy. This
is because when using EDA, GD, and CGD, there are prob-
lems with large V and small abrasive grains gap, resulting
in the reduction of machining accuracy. At the same time,
due to the small number of abrasive grains on the end face
of GD and CGD, the total volume of material removed by
a single abrasive grain is larger, which further reduces the
machining accuracy. PDC tool Vj, is relatively small; the vol-
ume of chip generation is also small. At the same time, the
distance between cutting edges is larger, more chips can be
accommodated, and the degree of tool passivation is lower.
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Fig. 12 Hole morphology of
GD. a The entrance hole. b The
outlet hole

(a) The entrance hole

Fig. 13 Hole morphology of
CGD. a The entrance hole. b
The outlet hole

(a) The entrance hole

Fig. 14 Hole morphology of
EDA. a The entrance hole. b
The outlet hole

(a) The entrance hole

And all the PDC tool is diamond, even if the cutting edge is
wear, it still has good machining ability.

Therefore, in terms of machining accuracy such as hole
diameter, taper, and roundness, the PDC tool shows better
machining performance than the other three tools. For the
parts that require high machining accuracy of hole machin-
ing, the PDC tool should be preferred.

3.6 Tool wear
As the tool diameter is very small, the rigidity of the tool
is not very high. Therefore, the primary consideration for

the machining of 0.7-mm micro-holes is the tool life. The
tool wear is an important factor to reflect the tool life and

@ Springer

(b) The outlet hole

machining performance. Figures 18, 19, 20, and 21 are the
comparison diagram of the tool appearance of four kinds of
tools before and after machining, which can clearly reflect
the tool wear. In Fig. 18, the EDA has the most severe wear.
After machining, the abrasive grains on the tool face are
all off, and the tool no longer has machining performance.
This is because the abrasive grains of the electroplated dia-
mond grinding head are only bonded together with the sub-
strate or rod of the coating through mechanical inlaying, and
the bonding strength is low. At the same time, because the
machining is not allowed to add coolant, the accumulated
heat of machining cannot be emitted. The accumulated heat
may result in the softening of the coating substrate, and the
holding strength of the abrasive grains is further reduced.
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Fig. 15 Hole morphology of
PDC tool. a The entrance hole.
b The outlet hole

(a) The entrance hole

As we can see in Figs. 18, 19, 20, and 21, for the tool
wear, PDC, and CGD have minor tool wear, while GD has
slightly more severe tool wear. But the tool wear of EDA is
very serious. However, the wear of GD and CGD is similar,
mainly manifested as the breakdown and shedding of abra-
sive grains, as shown in Figs. 19 and 20. In Fig. 20, after
machining, the coating of the CGD is completely removed
and the coating is no longer visible on the end face. This
is because the coating and the surface to be processed are
surface contact state. The coating is brittle, and it is easy to
be broken in the process and causes a large area of fall off.
This is also one of the reasons why the peak cutting force
of CGD is greater than that of the PDC tool. Although the
cutting force of the CGD is very small before the coating is

PDC GD CGD EDA
- - 108 &
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2
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20f 1
)
=
<
=
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= i
PDC GD CGD EDA

Fig. 16 Comparison of hole diameter and taper of different tool types

(b) The outlet hole

removed, the machining state of the CGD after the coating
is removed is the same as that of the GD. The peeling of the
coating can also easily lead to the enhancement of tool insta-
bility, which is the reason for the instability of the machining
performance of the CGD.

The cutting-edge wear of the PDC tool is mainly concen-
trated in the center of the tool. This is because the closer to
the center of the tool, the lower the linear velocity of the cut-
ting edge, so the more serious the wear will be. At the same
time, the chip generated by machining will be more stacked
in the position of the tool center, the friction between the
micro cutting edge and the chip in the center position is more
serious, so the micro cutting edge in the center position wears
faster. PDC tool is a tool formed by sintering polycrystal-
line diamond micro powder to a matrix rod under high tem-
perature and pressure. So, after the diamond cutting blocks
is blunt, it still has a considerable machining performance
because of the polycrystalline diamond micro powder.

Meanwhile, the PDC tool's diamond cutting blocks after
the blunt, can also be laser machined at a relatively low price.
Although all four tools have some degree of wear, PDC tools
are still the most suitable tool for machining SiC/SiC CMC.
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40+
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Fig. 17 Comparison of roundness of different cutting tools
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Fig. 18 Wear condition of EDA.
a New tool. b Worn tool

SEM MAG: 300x WO 2272 mm BEM MAG: 200x W 30.20 mm
iew fleks: 823 pm =1 1200 iew fleks: 823 pm = 1200
VEGA3 LMU SM: RESOLUTION VEGA3 LMU SM: RESOLUTION

Fig. 19 Wear condition of GD.
a New tool. b Worn tool

SEM MAG: 300 x WO: 1952 mm
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(a) New tool

Fig.20 Wear condition of
CGD. a New tool. b Worn tool

SEM MAG: 200 x WO 1823 mm
iew fled: 823 pm = 1200
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iew fled: 823 pm = 1200
VEGAI LMY SM: RESOLUTION

(a) New tool

Fig.21 Wear condition of PDC
tool. a New tool. b Worn tool

SEM MAG: 283 3 WO: 1781 mm L = SEM MAG: 300 % wo2otmm |||

Vigw field: 579 pm Det: SE E Date{midry) 0317721 Bt 15.00 200 pm
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(a) New tool (b) Worn tool
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4 Conclusions

Based on the theoretical and experimental analysis, the
material removal process of SiC,/SiC CMC was investigated
and the effects of different kinds of tools on cutting force,
machining accuracy, and tool wear during ultrasonic vibra-
tion assisted drilling of SiC¢/SiC CMC were revealed. From
the experimental results and analysis, the following conclu-
sions can be drawn:

(1) The material removal process under the action of the
ultrasonic energy field was analyzed. The results showed
that PDC tools are more suitable for machining SiC¢/SiC
CMC. The result of theoretical analysis is verified by
experiments.

(2) In terms of both average and peak forces, the drilling
force of the PDC tool and coated grinding drill is sig-
nificantly smaller than the electroplated diamond abra-
sive tool and grinding drill. The machining accuracy
showed a positive correlation with the drilling force.
In this work, the machining accuracy of the PDC tool
is best, followed by the electroplated diamond abrasive
tool. The machining accuracy of the grinding drill and
coated grinding drill is poor with little difference.

(3) The results of tool wear are in agreement with those of
theoretical analysis. PDC and coated grinding drill has
minor tool wear while grinding drill has a slightly more
severe tool wear. But the tool wear of electroplated dia-
mond abrasive tool is very serious. Therefore, in terms
of machining quality and tool life, PDC tools are more
suitable for machining SiC¢/SiC CMC.

In order to deeply understand the ultrasonic vibration—assisted
hole making of SiC¢/SiC CMC, more research should be car-
ried out in the future on the aspects of the cutting force model,
material removal mechanism, and machining damage formation
mechanism.
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