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Abstract
Carbon fiber reinforced polymers (CFRPs) are becoming increasingly prevalent in the industries including automobile, aero-
space, and military due to their light quality, high specific strength, high corrosion resistance, excellent thermodynamics perfor-
mance, etc. However, these excellent properties easily result in intensive tool wear, short tool life, and reduced machining
accuracy. Although ultrasonic vibration–assisted drilling (UVAD) was considered an effective drilling method to reduce tool
wear, most reported studies focused onmachining kinematics or mechanics, and very few studies systematically explored the tool
wear behaviors in UVADof CFRP. To fill this gap, this paper aims to investigate tool wear of high-speed steel (HSS) twist drill in
UVAD of CFRP and compares these wear behaviors with those in conventional drilling based on the experimental observation of
the worn drill morphologies. The effects of cutting parameters on tool wear were discussed with the special focus on the
differences in tool wear between conventional drilling (CD) and UVAD. The observed wear behaviors can include abrasion,
adhesion, oxidization, or the combination of them. The introduction of UVAD can effectively reduce the average width of tool
flank wear with a maximum reduction of 13.0% when compared with CD. Both increased feed rate and decreased spindle speed
can lead to decreased tool wear. The findings in this paper might offer guidance on the selection of cutting parameters for
extending tool life in UVAD of CFRP.
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1 Introduction

Carbon fiber–reinforced polymer is one of the most advanced
composite materials which offer superior strength-to-weight
characteristics, low coefficient of thermal expansion, high-
temperature resistance, high corrosion resistance, etc. These
excellent properties enable them to be extensively used in

various fields, especially in automobiles, aerospace, and the
military [1–4]. In the assembly process of CFRP parts, drilling
is one of the most common and indispensable links, and more
importantly, the carbon fibers in CFRP can cause rapid tool
wear and poor machinability due to its high hardness and
abrasiveness [5–8]. In practice, excessive tool wear is not only
an important factor in reducing the drilling quality, but also
one of the main reasons for the high cost in CFRP drilling.
Hence, to extend tool life and reduce costs, many studies have
been carried out on tool wear in CFRP drilling from different
aspects mainly encompassing wear mechanism, effects of cut-
ting parameters, and drilling methods.

Generally, abrasive wear, adhesion, and chipping are the
main wear forms in CFRP drilling [9]. In practice, due to the
difference in tool materials, tool wear always occurs in a com-
bination of one or several types of the above wear forms. Park
et al. [10] investigated the wear mechanism of tungsten car-
bide drills and polycrystalline diamond drills in drilling
CFRP/Ti stacks. It was found that abrasive wear and micro
chipping were the dominant tool wear mechanisms. Rawat
and Attia [11] investigated the wear mechanisms of WC drills
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in high-speed drilling of CFRP and found that the dominant
wear mechanisms were chipping, abrasion, and possibly ad-
hesion of carbon. Besides, the tool coating has a strong pro-
tective effect on drills. Pérez et al. [12] analyzed the tool wear
mechanisms of CFRP drilling with diamond-coated carbide
tools and found that the wear mechanism is a combination
of localized detachments of the diamond coating on the rake
surface and the subsequent abrasive wear of the carbide
substrate.

Apart from studies of tool wear mechanism, researchers
further investigated the influence of cutting parameters on tool
wear, hoping to reduce tool wear and improve tool life by
selecting reasonable cutting parameters. Harris et al. [13] stud-
ied the effects of AlCrN-coated tools on the tool wear of
CFRP at different spindle speeds. It was found that the wear
of AlCrN-coated tools was hardly affected by spindle speed.
Base on Harris’ study, Pérez et al. [14] further analyzed the
effect of cutting parameters on tool wear and hole quality in
CFRP drilling. They found that higher spindle speed and feed
rate led to a reduced level of wear, which can delay the ap-
pearance of delamination. Iliescu et al. [15] established a
mathematical model to relate the feed rate, cutting speed,
and the tool wear. The reliability of the model was verified
by experimental tests, and it can be well used in tool-wear
monitoring. The above studies showed a close connection
between tool wear and cutting parameters; however, these
findings mainly aim at conventional drilling, which may be
unsuitable for other drilling methods. Advanced drilling tech-
nology has a great positive effect on reducing tool wear and
improving tool life [16–18].

UVAD, in which ultrasonic vibration with low-amplitude
is superimposed on a movement of the drill bit in the feed
direction, is one of the typical representatives of advanced
drilling methods. In the past few years, for the excellent dril-
ling performance of UVAD, many researches have been con-
ducted on UVAD. Feng et al. [19] studied the feasibility of
ultrasonic-assisted machining of CFRP. They found that most
of the wear occurred in the first 5 drilled holes and then the
tool wear increased slightly with an increasing number of
drilled holes. Shan et al. [20] compared the tool wear of con-
ventional drilling, rotary ultrasonic drilling, and high-speed
drilling. The results showed that rotary ultrasonic drilling is
a better choice in drilling C/C composites in the range of
experimental cutting parameters. Makhdum et al. [21] studied
the effects of UVAD on tool wear in CFRP drilling.
Compared with conventional drilling, UVAD showed a sig-
nificant decrease in tool wear after drilling 50 holes. However,
tool wear was not the main scope in the above investigation.

From the abovementioned literature, it is evident that there
are a few literatures mainly focusing on the tool wear in
UVAD of CFRP, and researches on wear mechanism and
the effects of cutting parameters have remained limited.
Therefore, this work made efforts to reveal the tool wear

mechanism of HSS drills in UVAD of CFRP as well as ana-
lyze the effects of spindle speed, feed rate, and ultrasonic
vibration on tool wear. A series of comparisons on tool wear
between CD and UVAD were made and suggestions on re-
ducing tool wear were given. Research results have practical
guidance significance for controlling tool wear in UVAD of
CFRP. The following parts are structured as follows. Section 2
describes the experimental setup. The effect of ultrasonic-
assisted, feed rate, and spindle speed on tool wear are analyzed
in Section 3. Conclusions of this work are drawn in the last
section.

2 Experimental procedures

2.1 Workpiece fabrication

Multidirectional woven fabric CFRP laminates were selected
for the experiment which consisted of 40 plies with an indi-
vidual ply orientation of 0° and 90°. CFRP laminates were
made of ACTECH®2320 epoxy resin (40% by volume) and
carbon fibers. The workpiece was a cuboid with length, width,
and height of 100 mm, 80 mm, and 8 mm, respectively. The
fabrication process of CFRP laminates is shown as follows
[22]: (a) calculate the mass of resin and carbon fabric accu-
rately according to the resin volume fraction of CFRP lami-
nates; (b) melt the resin and evenly coat it on the impregnated
paper to make an adhesive film, which is used to glue each
layer of the carbon fabrics, so that the resin is sufficiently
impregnated into the fiber fabrics to make a prepreg; (c) tailor
and laminate the prepreg into the mold; (d) clamp the mold
and hot press at 85 °C for 0.5 h and 130 °C for 2 h; (e) demold
and trim. The physical properties of the CFRP laminates are
summarized in Table 1.

Table 1 Detailed properties of the CFRP laminates

Properties Value

Ply thickness
Density
Poisson’s ratio (ν12, ν13, ν23)

0.2 mm
1550 kg/m3

0.33, 0.33, 0.42

Longitudinal Young’s modulus (El)
Transverse Young’s modulus (Et)
In-plane shear modulus(G12)

136 GPa
12.5 GPa
4.1 GPa

Hardness
Density of epoxy matrix
Poisson’s ratio of epoxy matrix
Young’s modulus of epoxy matrix
Fracture toughness of epoxy matrix (energy/Gc)
Density of carbon fiber
Poisson’s ratio of carbon fiber
Young’s modulus of carbon fiber
Fracture toughness of carbon fiber (energy/Gc)

HRB 70–75
1200 kg/m3

0.4
4.5 GPa
500 J/m2

1800 kg/m3

0.3
230 GPa
2 J/m2
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2.2 Experimental setup

All drilling experiments were performed on a G-VM5 CNC
vertical machining center with a maximum spindle speed of
6000 rpm and a maximum feed rate of 3500 mm/min
(Guangzhou Machine Tool Works, China). The employed
cutting tools were HSS twist drills with a diameter of
6.0 mm and a point angle of 118°. HSS twist drill was chosen
based on its good performance, relatively low cost, and wide-
spread use in the industry. More importantly, the introduction
of UVAD has the potential to offset the quick tool wear in
conventional drilling of CFRP. Therefore, it might be more
meaningful if the wear behaviors of HSS twist drills can be
studied in UVAD of CFRP. The experimental setup is shown
in Fig. 1. An ultrasonic spindle system independently devel-
oped by the Wuhan University of Technology was used to
replace the machine tool spindle. The ultrasonic spindle sys-
tem mainly includes a power supply, a piezoelectric ceramics
converter, and an ultrasonic horn. The electrical energy pro-
vided by the power supply can be transmitted to the ultrasonic
spindle by the non-contact electric energy transmission de-
vice. Then, the electrical energy was converted into high-
frequency mechanical vibration by the piezoelectric ceramics
converter. The ultrasonic vibration was amplified by the ultra-
sonic horn and finally generated micron-level vibration at the
end of the cutting tool. The amplitude of ultrasonic vibration
can be adjusted by setting different voltages and frequencies
of the power supply, and the laser Doppler vibrometer
(SDPTOP LV-S01, Sunny Optical Technology, Singapore)
was selected to measure the amplitude of ultrasonic vibration.
Detailed parameters of the ultrasonic spindle are listed in
Table 2.

As illustrated in Table 3, single-factor experiments were
designed to analyze the effects of ultrasonic vibration and
cutting parameters on tool wear in CFRP drilling. The ranges
of spindle speed and feed rate were determined according to

the combination of our previous research results and the per-
formance of the machining center. To investigate the variation
of tool wear during the drilling, the tool wear was measured
every three holes (from 1 to 22) to analyze the influence of
spindle speed, feed rate, and ultrasonic vibration on tool wear.
Each drill was measured two times to ensure the reliability of
the results.

2.3 Wear evaluation method

The level of tool wear needs to be quantified by corresponding
evaluation methods; there are two main evaluation methods:
(1) fillet radius of the cutting edge and (2) the area or width of
tool flank wear. During the drilling process, the main cutting
edge of the drill bit will rapidly develop to be rounded due to
the wear. Faraz et al. [23] first introduced the cutting edge
rounding (CER) as the wear criterion of drills by measuring
the fillet radius of the cutting edge before and after the drill
wear. They proved that the proposed tool wear criterion is as
reliable as the traditional evaluation criterion. This evaluation
criterion has been utilized and developed in recent years
[24–26].

Although cutting edge rounding (CER) can reflect the tool
wear level in a way, in fact, for most tool geometries, the wear
of flank face is more obvious than that of other areas.

Table 2 Detailed parameters of the ultrasonic spindle

Parameters Value

Frequency 23.4 kHz

Amplitude 9 μm

Power 15 W

Input voltage 150 V

Spacing of transmission devices 0.5 mm

Fig. 1 Experiment setup: (a) the schematics, (b) the photo of the CNC, (c) the HSS twist drill, (d) the ultrasonic spindle system
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Therefore, tool wear is still evaluated by measuring the aver-
age area or width of the wear area on the flank face [15, 17,
27–29].

In this study, the average width of tool flank wear is used as
the tool wear evaluation criterion for the reason that it can
reflect the tool wear level more intuitively. The tool flank wear
can be observed via images taken at ×80 magnification on an
optical microscope (Leica SAPO, Germany), and the wear
width was calculated with the utilization of software ImageJ
(see Fig. 2). The surface morphology and characteristics of the
tool flank wear were characterized by scanning electron mi-
croscopy (SEM, JSM-IT300, Japan) and energy dispersive
spectroscopy (EDS, X-MaxN20, Britain).

3 Results and discussion

3.1 Effect of ultrasonic vibration–assisted drilling on
tool wear

To understand the tool wear process in the UVAD, the com-
parisons on tool wear between CD and UVAD were per-
formed after drilling 22 holes at the spindle speed of
3000 rpm and the feed rate of 70 mm/min. Micrographs and
SEM images were taken as shown in Fig. 3.

The wear area can be seen from Fig. 3a and b. Due to the
relative motion between the tool surface and workpiece during
the drilling process, the relative motion surface friction was in
the form of abrasive wear to produce grooves with different
depths on the tool surface, and eventually formed flank wear.
The shape of the wear area was a trapezoid, which was closely

related to the difference in linear cutting speed at different
positions of the drill bit. Herein, linear cutting speed is a func-
tion of spindle speed and tool radius, and under the same
spindle speed, the cutting speed of the drill bit is in proportion
to its radius. Therefore, on the side close to the tip of the drill,
the low linear cutting speed resulted in a narrowwear area. On
the contrary, the wear area was wide due to the high linear
cutting speed at the outer corner. Such a phenomenon agrees
well with those observed by Romoli and Lutey [30] when
drilling CFRP using HSS drills. Enlarging the three areas with
red box markers in Fig. 3a and b by SEM, the detailed char-
acters of outer corner, cutting edge, and non-worn area can be
obtained from images. It can be seen that the wear at the outer
corner in CDwas significantly greater than that in UVAD (see
Fig. 3c, d). Less adhesion of matrix and chips was observed on
cutting edge and non-worn area of the flank face in UVAD
when compared with CD (see Fig. 3e, f, g, h). These can be
attributed to the excellent ability of material removal and chip
evacuation in UVAD. Compared with CD, the employ of
ultrasonic vibration could make continuous cutting into
interrupted cutting, and the hammer action of ultrasonic vibra-
tion was beneficial for the removal of material by crushing the
workpiece. Furthermore, under the hammer action, the ability
of chip breaking was improved in the cutting process, which
enabled the chip to be evacuated smoothly. Beneath the com-
bined effect of ultrasonic vibration and rotation of the tool, the
elastic recovery of the machined surface was weakened, and
thus effectively reduced the friction between the machined
surface and the tool, which had an inhibiting effect on tool
wear. It is worth noting that a large extent of the discolored
area can be identified on the flank surface in CD which

Table 3 Experiment parameters
and levels Group Amplitude (μm) Spindle speed (rpm) Feed rate (mm/min)

1 0 3000 30, 50, 70, 90, 110

2 9 3000 30, 50, 70, 90, 110

3 0 1000, 2000, 3000, 4000, 5000 70

4 9 1000, 2000, 3000, 4000, 5000 70

Fig. 2 The (a) LEICA stereo mi-
croscope SAPO and (b) micro-
graph of the flank surface after 1
hole
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signified the enhancement of the oxidation wear in the CD,
while the discolored area was much less in UVAD (see Fig.
3a, b). This observation was occurred because the interrupted
cut caused by ultrasonic vibration could significantly reduce
the contact time to allow sufficient cooling of the drill, which
eventually led to the decrease of oxidation wear. To study
more about the oxidation wear of the tools in CD and

UVAD, EDS analysis was carried out and the results are
shown in Fig. 4.

From EDS analysis, the weight percent of oxygen in the
discolored area indicated that the oxidation wear of the tool in
UVAD is much less than that in CD, which proved that
UVAD can effectively reduce drilling temperature and oxida-
tion wear. According to the weight percent of oxygen in

Fig. 3 Micrographs and SEM
images of the flank surface in CD
and UVAD after 22 holes drilled:
(a) flank surface in CD; (b) flank
surface in UVAD; (c) outer corner
in CD; (d) outer corner in UVAD;
(e) cutting edge in CD; (f) cutting
edge in UVAD; (g) non-wear area
in CD; (h) non-wear area in
UVAD

1813Int J Adv Manuf Technol (2021) 115:1809–1820



different points, it can be inferred that the larger oxidation
wear of the flank face occurred near the chisel edge of the tool
and faded along the length and width direction of the cutting
edges in both CD and UVAD (see Fig. 4a and b). In addition,
to verify the reliability of the inference, EDS analysis was also
carried out at the outer corner, and the same varying trend was
found as that in discolored area (see Fig. 4c and d), which is
also in good agreement with tool temperature distribution in
the earlier work done byMatsumura et al. [31] and Zhao et al.
[32]. Such a phenomenon is mainly because the low linear
cutting speed at the tip of the drill led to a serious accumula-
tion of chip, which aggravated the friction between the tool
and the workpiece and, in turn, caused the heat energy trans-
formed by mechanical energy cannot be released in time. As

the drilling process went on, the heat in the drilling area grad-
ually accumulated, eventually resulting in a relatively severe
burn on the cutting edge near the tip of the drill.

Overall, the above observations demonstrated that abrasive
wear, adhesion, and less oxidation wear constituted the com-
bined wear mode in UVAD of CFRP with the utilization of
HSS twist drill.

3.2 Effect of feed rate on tool wear

The micrographs of the flank surface at a feed rate of 30 mm/
min and 110 mm/min with a spindle speed of 3000 rpm in
UVAD are given in Fig. 5. Seeing from SEM micrographs,
the wear at the outer corner of the drill at the feed rate of 30

Fig. 4 Comparison of EDS spectrums on the drill flank surfaces between CD and UVAD: (a) discolored area in CD; (b) discolored area in UVAD; (c)
outer corner in CD; (d) outer corner in UVAD
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mm/min was severer than the drill at the feed rate of 110 mm/
min (see Fig. 5c, d). This can be attributed to that a lower feed
rate led to longer cutting time, which in turn prolonged the
friction time between tool, workpiece, and chip, which result-
ed in larger tool wear. For the same reason, a large area of
matrix adhesions can be observed at the feed rate of 30 mm/
min while there was no obvious matrix adhesion at the feed

rate of 110 mm/min (see Fig. 5e, f). For the case of the non-
worn area, there was no discernible difference under two pa-
rameters (see Fig. 5 g, h).

Figure 6 shows the comparison of flank wear at different
feed rates in UVAD. After drilling the first hole, the flank
wear started becoming visible, and the tool wear growth rate
of the first hole was significantly higher than that of the later

Fig. 5 Micrographs and SEM
images of the flank surface at 30
mm/min and 110 mm/min after
22 holes drilled: (a) flank surface
at 30 mm/min; (b) flank surface at
110 mm/min; (c) outer corner at
30 mm/min; (d) outer corner at
110 mm/min; (e) cutting edge at
30 mm/min; (f) cutting edge at
110 mm/min; (g) non-wear area at
30 mm/min; (h) non-wear area at
110 mm/min
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holes. As a rule of thumb, the tool wear could be divided into
three stages during the UVAD of CFRP (Ref red curve in Fig.
6). When a new tool was put into drilling, the small contact
area between the tool and the workpiece and the tiny defects
on the tool surface resulted in a large pressure per unit contact
area. In the initial wear stage, these unstable parts wore out
quickly while the contact area increased rapidly, so the initial
wear curve was steep. In the normal wear stage, the flank
surface went from rough to smooth and the contact area be-
tween the tool and workpiece increased as well, resulting in
lower pressure per unit contact area. Therefore, the tool wear
growth rate was slow and steady. After a long period of nor-
mal wear, the drill entered the rapid wear stage. There was a
sharp rise in cutting force and drilling temperature, and then
the comprehensive effect of thermal softening of the work-
piece and tool materials and the increase in contact pressure
made the tool wear increase sharply with increasing the num-
ber of drilled holes, eventually leading to the complete failure

of the tool. In this work, the variations of feed rates will have a
direct bearing on the cutting time and ultrasonic vibration
effect. Thereby, according to the data obtained from experi-
ments, the tool wear curves under different feed rates were
intricate. In this case, the effect of feed rate on tool wear was
analyzed from the tool wear of the 1st hole and the 22nd hole.

The comparison of flank wear between CD and UVAD at
different feed rates under 1 and 22 holes is shown in Fig. 7. It
can be observed from this figure that the feed rates of the
experimental group with the largest flank wear of 1 hole in
CD and UVADwere both 30 mm/min, which were 0.190 mm
and 0.147 mm, respectively. The lowest flank wear was ob-
served to be 0.102 mm and 0.103 mm at the feed rate of 90
mm/min, respectively. The reason for this tendency has been
mentioned in the previous paragraph: in the initial wear stage,
although the low feed rate reduced the cutting force of the tool,
it caused a longer friction time as well as longer friction dis-
tance at the tool-workpiece interface. Therefore, the flank
wear of the tool showed a diminishing tendency in the range
of 30 mm/min to 90 mm/min in both CD and UVAD. The
variation trend shows similarity with those observed by
Fernández et al. [14] and Karpat et al. [33], except for 110
mm/min. The possible reason for the exception was that, with
the utilization of HSS twist drill, the higher feed rate (>90mm/
min) can to a large extent increase cutting force, which had a
dominant effect on tool wear under this condition and even-
tually led to relatively large tool wear in the 1st hole.

The differences in flank wear for various feed rates became
more obvious after drilling 22 holes. The maximum measured
flank wear in UVAD was 0.686 mm whereas in CD it was
0.738 mm at the feed rate of 50 mm/min, and the minimum
value was 0.566 mm and 0.586 mm respectively at the feed
rate of 110 mm/min. The drill at the feed rate of 110 mm/min
underwent a decrease of 17.5% and 20.6% in tool wear for
UVAD and CD respectively when compared with the feed
rate of 50 mm/min. The variation trend of 22 holes was dif-
ferent from that of 1 hole. It can be seen that the flank wear of
22 holes decreased with the increase of feed rate in the range
above 50 mm/min. It is noteworthy that the flank wear at the
feed rate of 30 mm/min was lower than that at the feed rate of
50 mm/min. The reason for this difference could be that the
tool wear reached the peak value in the combined effect of
cutting force and cutting time at the feed rate of 50 mm/min.
Additionally, it can be found that the differences in the flank
wear of the 22nd hole under the two drilling methods showed
a slow downward trend with the increase of the feed rate.
When the feed rate was 30 mm/min, the maximum difference

Fig. 6 Variation of the drill flank wear against the number of holes drilled
at different feed rates

Fig. 7 The comparison of the drill flank wear between CD and UVAD at
different feed rates

�Fig. 8 Micrograph and SEM images of the flank surface at 1000 rpm (22
holes) and 5000 rpm (13 holes): (a) flank surface at 1000 rpm; (b) flank
surface at 5000 rpm; (c) outer corner at 1000 rpm; (d) outer corner at 5000
rpm; (e) cutting edge at 1000 rpm; (f) cutting edge at 5000 rpm; (g) non-
wear area at 1000 rpm; (h) non-wear area at 5000 rpm

1816 Int J Adv Manuf Technol (2021) 115:1809–1820



1817Int J Adv Manuf Technol (2021) 115:1809–1820



in flank wear was 77 μm, which was a relative decrease of
11.2%. When the feed rate was 110 mm/min, the minimum
difference in flank wear was 20 μm, i.e., a slight difference of
3.4%. The reason is that the interaction time between the tool
and the workpiece in UVAD slightly increased with an in-
crease in the feed rate, which inevitably led to the weakening
of the ultrasonic vibration effect. Once the critical feed rate
was exceeded, the tool will not separate from the workpiece
and there will be no remarkable difference between CD and
UVAD.

3.3 Effect of spindle speed on tool wear

Figure 8 shows the micrographs of the flank surface at the
spindle speed of 1000 rpm (22 holes) and 5000 rpm (13 holes)
with a feed rate of 70 mm/min in UVAD. When the spindle
speed was 5000 rpm, the tool was seriously worn after drilling
10 holes, and burns occurred to the tool matrix. After drilling
13 holes, the wear and burn were aggravated and the
discolored area signifying the oxidation wear can be distinctly
observed from the micrographs (see Fig. 8b). Eventually, the
drilling experiment was terminated after 13 holes were drilled.
Compared with 5000 rpm, the tool wear at 1000 rpm was less
and there was no observable discolored area (see Fig. 8a).
Similarly, there was slight oxidation wear on the outer corner
and cutting edge at 1000 rpm, whereas it was more at
5000 rpm (see Fig. 8c, d, e, f). The reasonable explanation
for this phenomenon was that the cutting speed, as well as the
cutting distance at 5000 rpm, was much larger than that at
1000 rpm, so that the drill at 5000 rpm experienced larger
thermal shock and more friction, resulting in premature failure
of the drill.

Figure 9 compares flank wear at different levels of spindle
speed in UVAD. Almost at all numbers of drilled holes, flank
wear at high spindle speed was larger than that at low spindle

speed, because severe tool wear was resulted from long cut-
ting distance at high spindle speed for the same amount of
time. Under the condition of 4000 rpm, the tool wear in-
creased smoothly and there was no white smoke until in the
process of drilling 22nd holes. However, when the spindle
speed reached 5000 rpm, there was a harsh noise in drilling
13th holes. Meanwhile, the red-hot chips accumulated on the
workpiece surface and white smoke rose from the hole. The
tool wear increased dramatically in the process of drilling 11–
13 holes, and based on this, the tool was deemed to enter the
rapid wear stage. Consequently, the drill was considered un-
suitable for the next drilling, and the experiments at 5000 rpm
were stopped.

The comparisons of flank wear between CD and UVAD at
different spindle speeds under 1 and 22 holes are shown in
Fig. 10. The initial wear of CD and UVAD had the same
change trend, i.e. slightly increased as the spindle speed in-
creased. The findings of the variation trend at different spindle
speeds of the tool wear agree well with the previous work
done by Merino-Pérez et al. [34]. The reason for this trend is
that increasing spindle speed resulted in a larger cutting speed
as well as cutting distance at the same feed rate (as explained
before), which eventually led to severe flank wear. According
to the value of flank wear, the initial wear showed an indistin-
guishable difference in CD and UVAD, which indicated that it
was hardly affected by drilling methods.

Obviously, for 22 holes drilled, tool wear in UVAD was
less than CD at all levels of spindle speed, and the tool wears
increased with the increase of spindle speed in both CD and
UVAD. The maximum measured flank wear in UVAD was
observed to be 0.673 mmwhereas the corresponding value for
CD being 0.708 mm at the spindle speed of 4000 rpm, and the
minimum value was 0.487 mm and 0.560 mm respectively at
the minimum spindle speed of 1000 rpm. The drill underwent
an increase of 38.2% and 26.4% in tool wear for UVAD and
CD respectively from the spindle speed of 1000 rpm to 4000

Fig. 9 Variation of the drill flank wear against the number of holes drilled
at different spindle speeds

Fig. 10 The comparison of the drill flank wear between CD and UVAD
at different spindle speeds
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rpm. The reason behind these phenomena was entirely
discussed in the foregoing paragraphs, which was associated
with larger cutting speed and cutting distance. Here, too, the
differences in tool wear between CD and UVAD were similar
to feed rate, i.e., gradually narrowed with increasing the spin-
dle speed. The difference in flank wear between CD and
UVAD reached the maximum value of 73 μm at the spindle
speed of 1000 rpm, which was a relative decrease of 13.0%.
The minimum value of flank wear was 35 μm at the spindle
speed of 4000 rpm, about a decline of 4.9%. The explanation
of this can be as follows: when the spindle speed of UVAD
was low, the hammering times on the workpiece surface be-
came more at the same cutting distance, which was conducive
to the generation and expansion of cracks on the workpiece
surface. In this case, the material was easier to be removed,
resulting in the reduction of tool wear. Conversely, increasing
the spindle speed tends to make a smooth cutting path and
reduce the machinability of UVAD. Hence, the mitigation
effect of UVAD on tool wear decreased with the increase of
spindle speed.

4 Conclusions

In this paper, the wear mechanism and the effects of feed rate
and spindle speed on tool wear in UVAD of CFRP were
experimentally investigated. The main findings can include:

1. The wear mode of the HSS twist drill in the UVAD of
CFRP was a combination of abrasive wear, adhesion,
and partial oxidation. Compared with CD, UVAD can
effectively reduce the average width of tool flank wear
on the drill with a maximum reduction of 13.0% after
drilling 22 holes, and this improvement is more obvi-
ous when using a low feed rate and low spindle speed.
Furthermore, the oxidation wear of the drill in UVAD
was much less than that in CD, and these oxidation
marks gradually faded along the length and width di-
rection of the cutting edges.

2. The tool wear firstly increased and then decreased with
the increase in feed rate for UVAD. Increasing the feed
rate from 50 mm/min to 110 mm/min decreased the aver-
age width of tool flank wear by 17.5% in UVAD.

3. The tool wear increased with the increase in spindle speed
for UVAD. Increasing the spindle speed from 1000 rpm
to 4000 rpm increased the average width of tool flank
wear by 38.2% in UVAD. A phenomenon concerning to
spindle speed was observed that a high spindle speed of
5000 rpm easily resulted in premature failure of the drill.

4. In UVAD of CFRP with the utilization of HSS twist drill,
a significant reduction of tool wear can be produced by
selecting a higher feed rate and lower spindle speed.

The above findings might be meaningful to provide a ref-
erence for the selection of cutting parameters in UVAD of
CFRP.
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