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Abstract

SiCy/SiC composites have promising applications in aerospace industries. SiC;/SiC composite micro-holes are important
components, such as gas film holes on turbine blades. However, micro-hole machining in the SiC;/SiC composite is chal-
lenging because of its excellent mechanical and physical properties and poor machinability caused by micro-hole constraints.
Therefore, a novel brazed diamond abrasive core drill was designed to achieve high self-sharpness by continuously losing
blunt diamond grits and exposing sharp diamond grits. The wear and self-sharpness of the developed drill were investigated
and compared with those of an electroplated diamond core drill during ultrasonic vibration-assisted drilling of SiCy/SiC
composite micro-holes. The material removal behaviors of SiC4/SiC composites, including drilling forces, exit tearing, hole
dimensions, hole wall quality, and the wear of core drills, were also studied. The developed core drill demonstrated reduced
drilling force and a significantly prolonged lifetime. Further, it achieved superior drilling performance, drilling accuracy,

and micro-hole quality.
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1 Introduction

Silicon carbide fiber-reinforced silicon carbide ceramic
matrix composites (SiC¢/SiC composites) have attracted
wide attention in power, aerospace, and other industries
because of their excellent properties, such as high-tempera-
ture resistance, high specific strength, corrosion resistance,
and wear resistance [1-4]. In these industries, the SiCy/SiC
composites have been used in manufacturing some key com-
ponents, which generally contain many difficult-to-machine
structures, such as micro-holes (diameter usually smaller
than 1.5 mm) [5, 6]. For example, SiC;/SiC composite
blades of a gas turbine in power plants contain hundreds
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of micro-holes [7, 8]. Despite the excellent physical and
mechanical properties of SiCi/SiC composites, the con-
straints governing the machining of a micro-hole structure
cause rapid wear of the drilling tool, which may even fail
to drill one SiCy/SiC composite micro-hole in its lifetime
[9-12]. Therefore, machining good-quality SiCy/SiC com-
posite micro-holes is extremely challenging.

Presently, the methods of machining SiC¢/SiC composite
micro-holes mainly include mechanical drilling, laser-assisted
machining [13-15], and water jet machining [16—18]. Laser-
assisted machining is a non-contact machining method that
does not involve the problem of tool wear [19]. This has great
advantages in the field of small-hole machining. However,
laser-assisted machining inevitably produces a heat-affected
layer, which significantly affects the mechanical properties
of the SiCy/SiC composite [20]. With the increase in the
drilling depth, the shift in the laser focus makes it difficult
to guarantee drilling accuracy, and a drum-shaped hole may
be machined [21]. Therefore, this machining method has
certain limitations in deep and small-hole machining [22].
In addition, the SiC;/SiC composite contains voids, prevent-
ing using a liquid coolant in the machining process. Without
a coolant, the liquid remaining in the SiC¢/SiC composite

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-12146-x&domain=pdf
http://orcid.org/0000-0001-9473-8898

3802 The International Journal of Advanced Manufacturing Technology (2023) 128:3801-3816

easily causes high-temperature oxidation during operation
under high-temperature conditions, resulting in fast failure
[23]. Therefore, water jets are rarely used to machine SiCy/
SiC composites under these working conditions. Electrical
discharge machining (EDM) has also been used to machine
holes in SiCy/SiC composites. EDM has low efficiency and
high electrode loss and produces a heat-affected zone, which
leads to additional post-processing and higher machining cost
[24, 25]. Among the aforementioned machining techniques,
mechanical machining is a promising method for achieving
high-quality SiC4/SiC composite micro-holes.

During the mechanical machining of micro-holes, the
drilling tool (regardless of whether it is a cemented carbide
or the harder polycrystalline diamond (PCD) tool) wears rap-
idly owing to the high hardness and strength of the SiC/SiC
composite [26-28]. In addition, the dimension of the micro-
hole constrains the diameter of the drilling tool, the drilling
speed is very low, the dynamic sharpness of the drilling tool
is weak, and the machining ability is limited, resulting in
poor drilling quality and rapid tool wear. Thus, the major
challenge in mechanical machining is severe tool wear. How-
ever, this problem has a straightforward solution—a new
drilling tool with high wear resistance and self-sharpness
should be designed. In addition, a method to increase the
dynamic sharpness should be applied.

During the drilling of SiCy/SiC composite micro-holes
using conventional drilling tools (e.g., high-speed steel
based twist drills or cemented carbide drills), the tool mate-
rial is softer than the SiC;/SiC composite, and rapid tool
wear inevitably occurs. In addition, the rigidity of the tools
is insufficient, leading to poor drilling stability [10]. Dia-
mond has extremely high hardness (up to 8000 HV) and
excellent thermal conductivity (560 W/m-K), and it is the
most promising material for high-performance drilling tools
[29]. PCD tools were used to drill the SiC¢/SiC composite,
which have the advantages of reducing the thrust force and
tool wear, thus improving the tool life [30]. However, it has
also been reported that the wear of the cutting edge of PCD
tools results in increased drilling force and degraded drill-
ing accuracy [28]. Hence, timely replacement of tools is
necessary to ensure high drilling quality. Thus, the wear of
PCD tools reduces the machining efficiency and increases
the machining cost. A diamond core drill can also be used
to drill the SiCy/SiC composite. The drilling process using
the core drill is similar to the grinding, that is, the material
is removed using diamond grits. Diamond core drills can
provide a higher material removal rate, reduce machining
damage, prolong the tool life, and improve surface rough-
ness. Studies have shown that diamond core drills are suit-
able for drilling SiC;/SiC composite small holes [31, 32].
By optimizing the tool structure and abrasive layer, the
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drilling heat and drilling force on the SiC/SiC composite
can be reduced, and the machined surface quality and tool
life can be improved [33, 34]. However, to date, there have
been few studies on the dry drilling of SiC;/SiC composite
micro-holes using a diamond core drill. The tool is typically
a monolayer electroplated diamond or brazed diamond abra-
sive core drill. If the single layer of diamond grits wears out,
the tool loses its drilling ability and its lifetime is shortened.
Therefore, a novel diamond core drill with high self-sharp-
ness and wear resistance must be designed for dry drilling
of SiC4/SiC composite micro-holes.

Ultrasonic vibration-assisted machining applies ultra-
sonic vibrations in mechanical machining. Ultrasonic
vibration increases the machining trajectories of the cut-
ting edges, decreases the dynamic rake angle of the drilling
tool, and adds a peening effect [35-38]. Thus, ultrasonic
vibration-assisted machining can significantly increase
dynamic sharpness [39]. In the case of SiC{/SiC com-
posites, ultrasonic vibration-assisted drilling (UVAD)
can effectively reduce the machining force, delamination,
and tear damage of the composite as well as prolong the
lifetime of the tools [32, 40]. In addition, UVAD adopts
a contact—separation mode, which reduces the contact
area between the tool and the workpiece. Consequently,
it facilitates chip removal in the drilling process, effec-
tively reduces the friction force, and reduces the drilling
temperature [41, 42]. Simultaneously, UVAD decreases
the maximum undeformed cutting thickness of the drill-
ing tool, thus reducing the thrust force and improving the
drilling quality, particularly by preventing exit tearing of
the SiCy/SiC composite [31, 43].

To machine high-quality SiC¢/SiC composite micro-holes,
a novel brazed diamond abrasive core drill with high self-
sharpness ability was developed in this study. An electro-
plated diamond core drill was used to verify the drilling
performance of the developed brazed diamond abrasive core
drill. The wear progress of both tools was investigated dur-
ing the ultrasonic-assisted drilling of SiC¢/SiC composite
micro-holes. In particular, the self-sharpness behavior of
the developed diamond core drill was extensively studied.
In addition, the drilling performance, including the drilling
force, micro-hole dimensions, hole wall quality, and quality
of the developed brazed diamond abrasive core drill, was
evaluated.

The remainder of this paper is organized as follows.
Section 2 introduces the material and design of the brazed
diamond abrasive core drill. Section 3 presents the wear
progress of the developed core drill and that of the electro-
plated diamond core drill. Section 4 discusses the drilling
performance of the diamond tools. Section 5 presents the
main conclusions.
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Fig. 1 Structure of 2D SiC¢/SiC composite: a schematic of preform structure of SiC fiber and b scanning electron microscopy (SEM) image of

the cross-sectional observation

Table 1 Mechanical properties of the SiC;/SiC composite workpiece

Density (g/cm?) Elastic Hardness  Fracture toughness
modulus (GPa) (GPa) (MPa-m'?)
2.29 289 20 26.4

2 Experimental details

2.1 Materials

The workpiece was a 2D SiCy/SiC composite with a thick-
ness of 4 mm. The fiber bundles were orthogonally woven
in a plain-weave manner, as shown in Fig. 1a. The material
mainly comprised SiC fibers (T300), BN interface layers, a
SiC matrix, and pores, as shown in Fig. 1b. The diameter
of the SiC fibers was 5-7 pm. The density of the mate-
rial was 2.0 g/cm?, and the internal porosity was 15-20%.
Besides, the surface of the workpiece was coated with
a layer of SiC ceramic matrix formed through the CVI
(chemical vapor infiltration) process. The SiC ceramic
matrix layer enclosed the SiC¢/SiC composite, resulting

Fig.2 Schematic of designed

brazed diamond core drill: a

cross-sectional view and b top (a)
view

Working layer

in a relatively dense material surface with a low porosity
content. The mechanical properties of these materials are
listed in Table 1.

2.2 Drilling tools

As mentioned above, the SiCy/SiC composite has excel-
lent and special mechanical and physical properties. How-
ever, the target micro-holes with a diameter of 1.4 mm
and the structure can restrict the machining speed, thereby
the dynamic sharpness of the core drill. In this study, a
novel brazed diamond abrasive core drill with strong self-
sharpness ability was designed and fabricated. The novel
brazed diamond abrasive core drill has four grooves on the
matrix, and several rows of diamond grits are arranged in
the grooves (see Fig. 2a). Multiple rows of grits are also
arranged on the top of the core drill (see Fig. 2b) and ran-
domly distributed on the side of the core drill matrix. Wear
of the core drill, including the grits and matrix on the top,
occurs when machining the micro-holes. When the exposed
diamond grits are worn out, the diamond grits in the grooves
protrude to maintain good sharpness and machinability.

(b)

Brazing layer

" Groove

joint strength and
protrusion height
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Thus, the core drill achieves excellent self-sharpness for
drilling micro-holes and has a long lifetime.

For comparison, an electroplated diamond core drill,
which is commonly used in research and industry, was also
fabricated and analyzed. Single-layer diamond grits were
electroplated on the top and side of the core drill matrix,
as shown in Fig. 3. It is clear that the working layer of the
electroplated diamond core drill contains only one layer of
diamond grit, and the grits are mechanically embedded in
the plating with a small protrusion height (Fig. 3a). In con-
trast, the developed novel brazed core drill has a thick work-
ing layer (the same dimension as the depth of the grooves),
and the grits are chemically brazed on the matrix (Fig. 2a).
Hence, it is expected to have better machinability and life-
time than the electroplated diamond core drill.

In this study, to machine micro-holes with a diameter of
1.4 mm, a round matrix made of 022Cr17Nil12Mo?2 stainless
steel, with an outer diameter of 1 mm and inner diameter
of 0.5 mm, was used for the brazed diamond abrasive core
drill. Four 0.25-mm-wide and 3-mm-deep grooves were

Fig.3 Schematic of electro-

plated diamond core drill: a

cross-sectional view and b top (a)
view

Actual
working layer ™

Fig.4 Fabricated brazed
diamond abrasive core drill: a
picture and SEM photos of b
top view and ¢ side view of the
working layer

Diamond §
grit

20.0[kV]
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machined on the matrix, and 120-mesh (average diameter
of 100 pm) diamond grits were arranged according to the
abovementioned method. The diamond grits were brazed
on the matrix with Ag—Cu-Ti filler. The fabricated brazed
diamond abrasive core drill is illustrated in Fig. 4.

The matrix of the electroplated core drill was also made
of 022Cr17Nil12Mo2 stainless steel; the outer and inner
diameters of the matrix were 1 and 0.5 mm, respectively.
The diamond grit was 120 mesh, and the plating thickness
was 0.2 mm. The fabricated electroplated diamond core drill
is shown in Fig. 5. The micro-holes of the SiC;/SiC com-
posite were 4-mm deep; therefore, the length of the work
section of the brazed and electroplated diamond core drills
was 5 mm.

The dynamic strength of the novel brazed diamond abra-
sive core drill was tested through simulation to evaluate
the tool deformation during micro-hole machining. The
mechanical properties of the tool are shown in Table 2 [44].
The brazed diamond abrasive core drill was designed for
spindle speeds up to 20,000 rev/min, and in the pre-test,

(b)
Side grits
Grits
. Top grits

Plated grit with low
joint strength and
protrusion height
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Fig.5 Electroplated diamond
core drill: a picture and SEM
photos of b top and ¢ side views
of the working layer

Table 2 Mechanical properties of the tool

Density (g/cm®)  Young’s modulus Poisson’s ratio  Yield stress
(GPa) (MPa)

7.95 193 0.28 235

the axial drilling force and torque could reach 10 N and
0.01 N-m, respectively, when drilling the SiC¢/SiC com-
posite micro-holes. The maximum spindle speed, axial
force, and torque were loaded onto the designed tool in the
simulation, as illustrated in Fig. 6a. The maximum defor-
mation of the designed tool under the above conditions was
1.692 pm, which could be neglected compared to the hole
diameter (see Fig. 6b). The maximum equivalent stress
was 26.14 MPa, that is, lower than the permissible stress
of the matrix material (see Fig. 6¢). Thus, the novel brazed

(@) (b)
[A>

Diamond -% rfl“-)"; )
grit <

20.0[KV] SP=14.0 WD=8.5 _x85

diamond abrasive core drill can be safely used to drill SiC,/
SiC composite micro-holes.

2.3 Experimental setup

The drilling tests were performed on a machining center
(DMG Ultrasonic Linear 20). The SiC¢/SiC compos-
ite workpiece was mounted on a dynamometer (Kistler
9129AA) by using a fixture. The force signals were then
amplified and acquired by an amplifier (Kistler 5080) and
DAQ card and processed using DynoWare software. The
core drill was held by an ultrasonic tool holder (maximum
spindle speed 20,000 rev/min and 30 kHz ultrasonic fre-
quency), as shown in Fig. 7. The diameter and length of
the core drill were measured using a tool presetter (EZset
600), as shown in Fig. 8. The tearing of the hole exit and
the morphology of the tool wear after drilling are recorded

(©

Axial deformation (mm) Equivalent stress (MPa)
+0.001692 +26.140
Fixed constraint +0.001551 +19.260
+0.001410 + 123.320
; : +0.001269 - L

Spindle rotation 0001128 8265
) o +0.000987 - 15.150
Axial drilling force +0.000846 -22.030
+0.000705 -28.910
and torque +0.000564 -35.790
+0.000282 - 42.670
+0.000141 -49.550
+0.000000 -56.430

[©

Fig. 6 Dynamic strength of the developed tool: a boundary conditions and loads and results of b deformation and ¢ equivalent stress

@ Springer



3806 The International Journal of Advanced Manufacturing Technology (2023) 128:3801-3816

Fig.7 Experimental setup, a
overall experment equipment, b
drilling process, and ¢ drilling
force measuring device

Fig.8 Core drill dimension
measurement

by a 3D video microscope (HIROX KH-7700). Micro-
scopic photos of the self-sharpening behavior of tools are
taken by scanning electron microscope (COXEM EM-30
Plus). The confocal microscope (Sensofar Neo S) meas-
ures the hole wall’s surface roughness Sa, and the results
are obtained by measuring each hole three times.

Drilling tests were conducted under dry drilling con-
ditions. To maintain good dynamic machinability, the
spindle speed (n) was set to 20,000 rev/min. Based on
previous tests, the feed speed (v,,) was set to 1 mm/min.
The ultrasonic vibration frequency (f) of the core drill gen-
erated by the tool holder was measured as 30.7 kHz, and
the amplitudes (A) was 5 pm. The drilling parameters are
presented in Table 3.

@ Springer
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Table 3 Drilling parameters

Parameter Value
Spindle speed n (r/min) 20,000
Feed speed v,, (mm/min) 1
Ultrasonic frequency f (kHz) 30.7
Amplitude A (pm) 5

Coolant method Dry drilling

The diameter and exit tearing factor of SiCy/SiC compos-
ite micro-holes are common indexes to evaluate the drilling
quality. The diameter of the micro-holes was measured using
a split-ball probe (DIATEST MST-102). Generally, the ratio
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of the maximum tearing length to the diameter of the drill-
ing hole is used as the evaluation criterion for the extent
of tearing damage around a hole. However, this evaluation
criterion is one-dimensional and cannot accurately assess
the machining damage of the hole. In this study, a two-
dimensional evaluation method that considers the tearing
area is employed, and the tearing factor of the hole exit was
calculated using Eqs. 1 and 2 [29]:

Fr, = A
by (1)
A, =1R} @)

where F/, is the tearing factor, R, is the actual diameter of
each drilling hole measured by the split-ball probe (DIAT-
EST MST-102), and A, and A, are the areas of the micro-
hole and exit tearing zone, respectively, as shown in Fig. 9.
The measurement of the area of the exit tearing zone A,
is performed using the open-source software Imagel for
image processing and area calculation. First, the captured
photograph of the hole exit is subjected to binarization pro-
cessing (8-bit) using ImageJ. Then, the double threshold
image segmentation is applied to segment the region of
edge damage in the hole exit, aiming to separate the edge
defect area clearly from the background as shown in the
yellow region in Fig. 9. And then, use ImageJ’s analysis
tools, such as “Analyze Particles,” to extract defect regions
from the image. Finally, the measurement function in the
software is employed to calculate the defect area.

3 Tool wear progress
3.1 Tool wear behavior

The novel brazed diamond abrasive core drill with high
self-sharpness was then used in the UVAD of SiCy¢/SiC

Fig. 9 Exit side of the hole and its tearing area

composite micro-holes. After UVAD of four micro-holes,
the brazing layer and some matrix on the top of the core
drill were removed along with the grits; subsequently, the
grits at the grooves protruded and removed the composite
material during the drilling. Eventually, the grits at the
grooves showed attrition (white arrows in Fig. 10a). The
corner of the core drill started to wear out and some grits
at the corner showed attrition, as depicted in Fig. 10b.

After UVAD of eight micro-holes, the brazing layer and
matrix were further removed and the grits at the grooves
showed macro-fractures; new and sharp grits started to
protrude, as shown in Fig. 10c. The worn-out region at the
corner expanded (see the green region in Fig. 10d), and
attrition and facture occurred in the grits at the corner, as
shown in Fig. 10d.

After UVAD of 20 micro-holes, the brazing layer and
matrix of the novel core drill continued to be removed.
The grits at the grooves protruded continuously to main-
tain the sharpness and machinability of the core drill. In
addition, some blunt grits fell out, and the grits exhibited
attrition and facture, as shown in Fig. 10e. Along with the
removal of the SiCy/SiC composite, the worn-out region
at the corner grew, and the grits at the corner mainly
exhibited macro-fractures and fall-outs, as illustrated in
Fig. 10f.

Figure 11 shows the diamond grit wear state on the
side of the core drill after UVAD of 20 micro-holes. The
diamond grits located near the top of the core drill were
predominantly characterized by macro-fractures, whereas
those situated at the end of the working section exhib-
ited minimal wear, with only a few higher diamond grits
displaying macro-fracture. The varying degrees of wear
shown by diamond grits in different locations on the core
drill can be attributed to the unique drilling characteristics
of the brazed diamond abrasive core drill. Specifically,
the primary function of the top diamond grits and the side
diamond grits near the top of the drill core was to remove
the processed materials. These diamond grains were more
likely to be worn due to the greater drilling force. On the
contrary, the primary function of the diamond grits located
at the end of the core drill working section was to estab-
lish and maintain precise drilling accuracy while forming
the final hole diameter size. During micro-hole drilling,
the diamond grits in this section exhibited minimal work-
piece material removal, indicating negligible wear of the
diamond grit. Additionally, the groove on the side of the
drill bit facilitated the efficient removal of chips generated
during drilling, thereby minimizing wear on the diamond
grits located on the sides of the tool during high-speed
rotation. Therefore, the novel brazed diamond abrasive
core drill can ensure the number of drilling micro-holes
and dimensional accuracy.
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Fig. 10 Wear development of TOp view Side view
the novel brazed diamond abra- i _

sive core drill during UVAD: a,
b the wear morphology of

the top and side of the core drill
for drilling the 4th hole, ¢ and
d drilling the 8th hole, e and f
drilling the 20th hole

™—New grit

Fig. 11 The diamond grits wear
state on the side of the core drill
after UVAD of 20 micro-holes:
a overall of the core drill, b the
diamond grits near the top of
the core drill, and ¢ the diamond
grits at the end of the core drill
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Fig. 12 a SEM photo of the top
of the brazed diamond abrasive
core drill, b zoomed photo of
section I, ¢ zoomed photo of
section II, and d zoomed photo
of section III
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3.2 Self-sharpness of the developed tool

After drilling four micro-holes using the developed brazed
diamond abrasive core drill, the brazing layer on the top
was removed, and the matrix was exposed. In Fig. 12a, the
dark gray parts are the matrix, the light gray parts are the
brazing layer, and the black parts are the diamond grits. At
this stage, the grits on top of the core drill were entirely lost.
Along with removing the matrix, the brazing material at the
grooves was also removed, and the new and sharp grits at
the grooves successfully protruded, as shown in Fig. 12b and
c. In addition, some buried grits show only a tip; these will
be exposed during the subsequent self-sharpening process
(pink arrows in Fig. 12b and c). The grits at the corners also
protrude to maintain the sharpness and machinability of the
core drill, as shown in Fig. 12d.

During the drilling process, the grits on the core drill
suffer attrition, macro-fractures, and even fall-out; the grits
become blunt, and the sharpness and machinability of the
core drill decrease. As a result, the hard and high-strength
SiC/SiC composite begins to remove the brazing layer and
matrix reversibly; the blunt grits are additionally lost. At
this stage, the grits at the grooves begin to protrude, and
new and sharp grits restore the sharpness and machinability
of the core drill. As the SiC¢/SiC composite is drilled, the
grits become blunt again, the brazing layer and matrix are
removed, and new grits in the grooves protrude to maintain
the sharpness. The entire process is repeated continuously,
which forms the self-sharpness process of the developed
brazed diamond abrasive core drill, as shown in Fig. 13.

Because the developed core drill loses a part of the braz-
ing layer and matrix during the drilling of each hole, the

1

\\‘ y “

X500

\

1

1

1
AN

s
Matrix

28 ¢ o

20.0[KV] SP=14.0 WD=8.4  x500

length of the core drill reduces gradually. The length reduc-
tion (AL), when compared with the previous cycle of drill-
ing, is an important index for evaluating the wear resistance
and self-sharpness of the core drill, as shown in Fig. 14.
During the drilling of the first and second SiCy/SiC com-
posite micro-holes, the length reduction (AL) of the tool
was 0.037 mm and 0.021 mm, respectively. At this stage,
the tool is worn fast due to the brazing layer covering the top
of the tool, preventing it from achieving normal machining
performance. When drilling SiCy¢/SiC composites, the braz-
ing layer was worn off rapidly and the covered diamond grits
were exposed, which were continuously worn. Therefore,
the length reduction (AL) was higher during the initial two
micro-hole drilling processes than subsequent micro-hole
drilling. The high self-sharpness of the core drill maintains
the length reduction at a low level, thus indicating slow wear
and a long lifetime. After drilling two micro-holes of the
SiC¢/SiC composite using the UVAD technique, the origi-
nal wear period was passed, and the length reduction was
approximately 0.01 mm for each drilling pass.

4 Results and discussion
4.1 Drilling force

The wear and self-sharpness behavior of the developed
brazed diamond abrasive core drill was discussed in Sec-
tion 3. In this section, the results of evaluating the machina-
bility of the brazed diamond abrasive core drill by comparing
it with that of the electroplated diamond core drill in UVAD
are reported. When drilling with the electroplated diamond
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Fig. 13 Self-sharpness process of the brazed diamond abrasive core drill: a initial state of core drill, b wear process of core drill and ¢ self-

sharpness process of core drill

0.04 -

0.03 ~

0.02 +

0.01

Length reduction AL (mm)

0.00 -
0 5 10 15 20

Number of drilling holes

Fig. 14 Length reduction of the brazed diamond abrasive core drill

core drill, 12 micro-holes could be drilled in UVAD, and the
average drilling forces increased slowly from 0.6 to 1.1 N,
then increased significantly, and remained at approximately
2.5 N, as shown in Fig. 15. Ordinarily, tool cutting ability is
always the key factor to restrict the drilling force. Therefore,
the more severe the wear of the diamond grits, the greater
the drilling force during the process. In addition, the actual
working layer of electroplated diamond core drill is a single
layer. Once the actual working layer of tool wear increases,
the machinability of the core drill decreases, and the core
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30- B Brazed diamond abrasive core drill
' /] Electroplated diamond core drill
7]
251 /N Electroplated diamond
core drill failure
2.0 1 7
1.5

Average drilling force (N)

12 16 20
Number of drilled holes

Fig. 15 Average drilling force

drill will eventually fail. The diamond grits were in the slow
wear stage during the pre-drilling of SiC¢/SiC composites
with electroplated diamond core drill (before 8 micro-holes),
and the tool retained a specific cutting ability throughout
the continuous drilling process. However, when drilling to
the 9th hole, the diamond grits wore out seriously, and the
cutting capacity of the tool rapidly declined. Then, when
drilling to the 12th hole, the tool had completely worn out
and was no longer functional.
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With the novel brazed diamond abrasive core drill, 20
micro-holes could be machined using UVAD. In UVAD, the
average drilling force was approximately 0.6 N, as shown in
Fig. 15. The developed brazed diamond abrasive core drill
could reduce the average drilling force by 76% compared
with the electroplated diamond core drill. Additionally, the
excellent self-sharpening capabilities of brazed diamond
core drills, which keep the tool sharp throughout the drilling
process and help to maintain the drilling force at a compara-
tively low level. In addition, the accuracy of the drilled hole
diameter and the exit quality will be improved compared to
the high drilling force because the lower drilling force will
make the tool’s drilling process more stable.

4.2 Micro-hole diameter variation

The diameter of the SiCy/SiC composite micro-holes is an
important index for evaluating the machinability of core
drills. The nominal diameter of a micro-hole is 1.4 mm.
When using the electroplated diamond core drill in UVAD,
the diameters of the ten micro-holes decreased from @ 1.565
to ® 1.395 mm and then increased to @ 1.668 mm. The
difference between the maximum and minimum diameters,
Ag_ yvap> Was 0.27 mm, as shown in Fig. 16. The decrease
in diameter was due to the gradual wear of the core drill,
loss of plating and matrix material, and grits at the cor-
ner, which decreased the diameter of the core drill, thereby
decreasing the diameter of the micro-holes. With continued
drilling of holes, the electroplated diamond core drill gradu-
ally wore out; the grits became blunt, and some fell out. The
sharpness and machinability of the core drill deteriorated,
the machining stability was poor, and severe vibration or
chatter occurred during the drilling process, which increased
the hole diameter.

With the developed brazed diamond abrasive core drill,
the diameters of the 20 micro-holes in UVAD decreased
gradually during the drilling process. The difference
between the maximum and minimum diameters in UVAD,
Ag_yyaps Was 0.03 mm. In addition, the diameter variation
by using he developed brazed diamond abrasive core drill
was smaller than that using the electroplated diamond core
drill, as shown in Fig. 16. This indicates that the developed
brazed diamond abrasive core drill has good self-sharpness
and machinability during its lifetime and can restrict the
diameter variation to a small level.

The dimensional accuracy of the electroplated diamond
core drill and developed brazed diamond abrasive core
drill shows different results, as shown in Fig. 16. Under the
drilling process conditions investigated in this study, the
electroplated diamond core drill exhibited fast wear rates,
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Fig. 16 Diameter of the SiCy/SiC composite micro-holes

particularly on the diamond grits located on the side of the
core drill. Therefore, the micro-hole diameter decreased
rapidly in the drilling process, and the drilling dimensional
accuracy was difficult to guarantee. On the contrary, the
brazed diamond core drill had a longer working life than the
electroplated diamond core drill while ensuring dimensional
drilling accuracy because of its excellent self-sharpening
ability and the role of the abrasive grits at the end of the
tool working section in maintaining the hole diameter. In
drilling 20 micro-holes, the hole diameter deviation was less
than 0.03 mm, and the dimensional accuracy reached the
IT9 level.
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Fig. 17 Tearing factors of the micro-holes
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Entrance

Exit

12th hole

Fig. 18 Condition of entrance and exit of micro-holes machined by electroplated diamond core drill in UVAD

4.3 Hole surface quality

The exit tearing factor, which indicated the surface damage
at the hole exit due to the electroplated diamond core drill,
increased sharply with the drilling process and wear of the
core drill, as shown in Fig. 17. In UVAD, the tearing factor
increased from 0.04 to 0.15 when drilling ten micro-holes
and then increased to 0.25 rapidly after drilling of 12 micro-
holes. The entrance surface had hardly any tearing damage,
whereas the exit of the holes had severe tearing damage, as
shown in Fig. 18. In particular, when drilling the last two
micro-holes, the sharpness and machinability of the core
drill were poor, and the holes showed poor roundness. In
addition, drilling was unstable at the last hole, and the core

Entrance

Exit

drill exhibited vibration or chatter, leaving a damaged region
at the entrance, as shown in Fig. 18.

When using the developed brazed diamond abrasive
core drill, the tearing factor of the hole exit decreased as
the drilling progressed; however, when drilling the last
two micro-holes, the tearing factor increased owing to
the poor machinability of the core drill (Fig. 17), which
had reached the end of its lifetime. During UVAD, the
tearing factor first decreased from 0.06 to 0.03 and then
sharply increased to 0.14 for the last two holes, as shown
in Fig. 17. Owing to the high sharpness of the brazed
diamond abrasive core drill, the entrance of the micro-
holes was of relatively good quality, whereas the exit
exhibited some tearing damage. The exit tearing damage

| W |

10 hole 20 hole

Fig. 19 Entrance and exit quality of micro-holes machined by brazed diamond abrasive core drill in UVAD
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using the developed brazed diamond abrasive core drill
was smaller than that of the electroplated diamond core
drill, as shown in Figs. 18 and 19. Therefore, due to its
high sharpness and machinability, the developed brazed
diamond abrasive core drill demonstrated better drill-
ing quality than the electroplated diamond core drill in
UVAD.

4.4 The quality of the hole wall

The quality of the hole wall is one of the main concerns
of the machining quality during the drilling process, and
it is directly related to the functionality of the micro-hole.
The factors affecting the quality of the hole wall are drilling

methods, parameters, and tool types. In this study, laser con-
focal microscopy was used to photograph and analyze the
hole walls of different tools and different hole numbers, as
shown in Fig. 20. The machined surface of the hole walls
contained the pore structure of the material itself, and the
surface formed by the SiC fiber yarn and the SiC ceramic
matrix. Due to the porosity of 15-20% of the SiC¢/SiC com-
posites, unevenly arranged concaves were distributed on
the contour of the hole wall profile. According to the 3D
morphology of the micro-hole wall drilled by electroplated
diamond core drill and brazed diamond core drill, although
the service life of the two tools was completely different,
there were no significant differences in the morphology of
the hole walls prepared by the two tools. It was because the

Fig.20 3D morphology of
drilled micro-hole walls
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Electroplated diamond core drill
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Number of drilled holes

Fig. 21 Surface roughness of the hole walls

two tools used the same diamond grit size (120 mesh and
average diameter of 100 pm), and the drilling method and
parameters were the same. Therefore, the morphology of the
hole walls formed during the drilling process was similar.
The surface roughness of the hole wall is an important
evaluation index to evaluate the quality of the hole wall.
Due to the anisotropic nature and fiber-woven structure of
SiCy/SiC composites, surface roughness Sa is a more accu-
rate indicator for evaluating the machined surface qual-
ity of such materials. According to the width of the fiber
yarns, the 3D cross-section of the hole wall with the area of
200 pm X 200 pm was intercepted to measure Sa as shown
in Fig. 21. Under the condition of experimental parameters,
the surface roughness Sa of all micro-holes was between Sa
3.25-4.45 pm and Sa 3.04-4.39 pm, respectively, by elec-
troplated diamond core drill and brazed diamond core drill.

5 Conclusion

In this study, a novel brazed diamond abrasive core drill
with high self-sharpness and excellent machinability was
developed for drilling SiC/SiC composite micro-holes. The
wear behavior and self-sharpness of the brazed diamond
abrasive core drill were investigated. The drilling perfor-
mance, including the drilling force, micro-hole diameter, and
quality of the hole wall, was also evaluated by comparing it
with that of the electroplated diamond core drill. The main
conclusions are as follows:

(1) The matrix of the core drill was machined with several
grooves, and diamond grits were brazed in the grooves.
During the drilling process, the grits become blunt and
the machinability of the core drill degrades; in this case,

@ Springer

the brazing layer and matrix of the core drill, as well as
the blunt grits, are reversibly removed by the hard and
high-strength SiC¢/SiC composite. Then, the new and
sharp grits in the grooves begin to protrude and again act
to remove the workpiece material during drilling. This
entails the self-sharpness process of the brazed diamond
abrasive core drill, which maintains its good machinability

(2) The proposed novel brazed diamond core drill exhib-
its grit attrition, macro-fracture, and fall-out of blunt
grit during ultrasonic vibration-assisted drilling
(UVAD) of SiC,/SiC composite micro-holes. Owing
to the higher wear resistance and self-sharpness, the
proposed core drill has a longer lifetime, specifically
67% longer than those of the electroplated diamond
core drill in UVAD, respectively. In addition, UVAD
can further increase the dynamic sharpness of the core
drill. The wear length of the proposed core drill is less
than 0.02 mm after each UVAD of micro-holes

(3) In the machining of SiC¢/SiC composite micro-holes, the
proposed novel core drill achieves better drilling perfor-
mance with UVAD. The drilling force can be decreased
by up to 76%, and the micro-hole diameter difference
can be reduced by 89% when compared with those of
the electroplated diamond core drill. In addition, the pro-
posed novel core drill can maintain the exit tearing fac-
tor below 0.15 in UVAD, whereas the electroplated dia-
mond core drill can maintain the exit tear factor at only
below 0.25. Besides, the hole wall surface roughness Sa
of all micro-holes drilled by electroplated diamond core
drill and brazed diamond core drill is similar, which are
Sa 3.25-4.45 pm and Sa 3.04—4.39 pm, respectively.

In this study, @ 1.4-mm micro-holes were successfully
drilled in a SiCy/SiC composite by using the developed novel
brazed diamond abrasive core drill. The core drill showed
advantages in its lifetime and drilling quality. Thus, this study
provides fundamental guidance and basic data for the SiCy/
SiC composite machining industry. In the future, a smaller
hole (e.g., @ 0.7-mm micro-hole) will be drilled using the
brazed diamond abrasive core drill with the same level of
self-sharpness to further explore its machining ability.
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