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Abstract
In this paper, the tool wear mechanism in low-frequency vibration-assisted drilling (LF-VAD) of carbon
�ber reinforced polymer (CFRP)/Ti6Al4V stacks has been proposed using variably machining parameters.
Based on the kinematics analysis, the effect of vibration amplitude on the chip formation, uncut chip
thickness, chip radian, and axial velocity was presented. Subsequently, the effect of LF-VAD on the cutting
temperature, tool wear, delamination, and geometrical accuracy was presented for different vibration
amplitude. The LF-VAD with the utilization of minimum quantity lubricant (MQL) resulted in a successful
drilling process of 50 holes, with a 63 % reduction of the cutting temperature. For the rake face, LF-VAD
reduced the adhered height of Ti6Al4V by 80 % at low cutting speed and reduced the crater depth by 33 %
at the high cutting speed. On the other hand, LF-VAD reduced the �ank wear land by 53 %. Furthermore,
LF-VAD showed a signi�cant enhancement on the CFRP delamination, geometrical accuracy, and burr
formation.

1 Introduction
The rapid advancements in the new generation of aircraft, explains the growing usage of lightweight
materials in the hybrid structure design [1]. This structure commonly consists of carbon �ber-reinforced
polymer (CFRP) and the Ti6Al4V titanium alloy in different coupling forms such as CFRP/Ti6Al4V,
CFRP/Ti6Al4V/CFRP, and Ti6Al4V/CFRP/ Ti6Al4V [2, 3]. Compared to the usage of uni-material structure,
the hybrid design showed a superior physical and mechanical properties such as high strength-to-weight
ratio, low coe�cient of thermal expansion, corrosion/erosion, and fatigue resistance [4, 5]. The
mechanical fastening using rivets and bolts is commonly used during the assembly process of these
materials. Consequently, the single drilling process of the CFRP/Ti6Al4V stack materials has been
identi�ed as an effective method to achieve high precision assembly and productivity.

A swift tool wear progress was identi�ed as one of the major challenges during the practical one-shot
drilling process of CFRP/Ti6Al4V stack materials [6, 7]. This tool wear progression can be described by
two main mechanisms. Abrasive wear of the hard carbon �ber particles [8–11], and adhesion wear
mechanism during the drilling process of Ti6Al4V. The machining process of Ti6Al4V resulted in a
signi�cant increases on the cutting tool temperature due to the low thermal conductivity, and the
continuous chip morphology of Ti6Al4V [11, 12]. The high cutting temperature has a severe effect on the
cutting tool condition, particularly during the drilling process where the poor evacuation mechanism
located. Consequently, this process has a high tendency of chip accumulation and the tool-chip welding
takes place [11, 13]. Furthermore, by increasing the cutting tool temperature, the tool material suffers
from the low hardness properties. Hence, the on-shot drilling process of CFRP/Ti6Al4V will shows a
severe abrasion wear mechanism from the CF particles. Thus, reducing the cutting temperature and
segmenting the titanium chips have been emphasized by several studies.

Conventional drilling (CD) parameter optimization [7, 14, 15], pick-up drilling [16], orbital drilling [17, 18],
and vibration-assisted drilling (VAD) [19, 20], are of the main strategies that have been investigated to
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reduce the cutting temperature and change the titanium chips morphology. Based on machining
productivity, the VAD is the most promising machining method for stacked materials. In VAD, an axial tool
oscillation is superimposed on to the normal tool feed direction, to generate an interrupted drilling
process [21, 22]. The interrupted cutting resulted in substitute the continuous Ti6Al4V chip morphology by
segmented chips with a controllable geometry [23, 24]. This achievement resulted in a better chips
evacuation e�ciency with a preferable cyclic cutting/cooling duty [23]. Thus, lower cutting temperature,
better geometric accuracy, high surface quality, and compressive residual stresses can be induced [19, 20,
23, 25, 26].

Despite the promising results of LF-VAD in terms of tool durability, the presented investigations failed to
discuss two main factors; the machining productivity and the associated effect of tool wear progression
on the hole quality. The investigated range of cutting speed was limited by 20 m/min [26, 27], without any
clari�cation of the associated hole quality that represents the critical criteria for the aerospace industry. In
a previous study [25], the effect of LF-VAD on tool wear and the associated hole quality was presented
using cutting speeds up to 56.52 m/min which is three-folds the illustrated range, using a recommended
vibration amplitude [11]. The study was conducted using a dry coolant condition that resulted in reduce
the cutting tool temperature by up to 40 %. However, the dry coolant condition showed an unsuccessful
drilling process of 50 holes that attributed to the observation of the tool-chip welding process.

The utilization of LF-VAD with forced air resulted in decrease the cutting temperature by up to 51.3 %,
enhance the chips evacuation e�ciency, and reduces the tool-chip welding probability [27]. Despite the
slight thermal load reduction compared to the dry coolant, the presented study was limited to 20 m/min
cutting speed which had a negative impact on the machining productivity. Furthermore, the author did not
show the effect of forced air medium on the machined surface quality. Hence, the usage of a proper
coolant medium could resulted in a substantial enhancement on the cutting tool life and machining
performance.

Minimum quantity lubricant (MQL) is a technology used to approach the tool/workpiece interface with a
minimum amount of coolant medium to achieve the economic and environmental pro�ts [28]. In terms of
cutting temperature, tool life, and machining performance, the utilization of MQL showed a signi�cant
enhancement during the CD and LF-VAD process of CFRP/Ti6Al4V, as presented in [28, 29]. The
combination effect of LF-VAD and MQL coolant showed 42 % reduction on the cutting temperature with a
long tool life. This achievement could be the �rst step toward a high process stability for the automated
drilling operation. However, a comprehensive study using a high cutting speed range and presenting the
associated effect on the machining performance is highly recommended.

The current study presents the effect of LF-VAD under MQL coolant medium on the tool wear progression
and the associated hole quality. The tool analysis covers the tool �ank surface, rake surface, and the
chisel edge. This analysis was correlated to the kinematics of VAD for a better understanding.
Furthermore, the study presents a clear comparison between the effect of LF-VAD in dry and MQL
conditions, for the same machining parameters.



Page 4/28

2 Experimental Setup
All the experiments were carried out on a �ve-axis CNC machining center (Makino A 88), with the MITIS
tool holder. This tool holder has a �xed 2.5 oscillation/rev modulation frequency with a variable
amplitude selection range (0.01 to 0.48 mm). The cutting tool temperature was monitored at the exit
surface using the FLIR SC8000 HD series infrared camera. As recommended for the aerospace
manufacturer, A 6 mm uncoated tungsten carbide (WC) twist drill was utilized during the conducted test
matrix. The tool has a 118° point angle with coolant through for MQL supply. The workpiece material has
CFRP/Ti6Al4V stack sequence with a 120 mm side length. The CFRP has a total thickness of 5.8 mm,
while the Ti6Al4V plate has a 6.75 mm thickness. Based on the previous experimental investigation [11,
25],Table 1 presents the selected machining parameters, tool, and workpiece materials. The test matrix
consisted of two-level of cutting speeds (2000 and 3000 rpm), three levels of vibration amplitudes (0.1,
0.16, and 0.25 mm), and �xed feed rate of 0.075 mm/rev. The selected test matrix parameters are
targeting to overcome the previously published machining issues, as presented in [11]. The applied
minimum quantity lubricant (MQL) has a 5 % concentration of the MECAGREEN 550 with a 100 bar
pressure.

Table 1: Specification of machining parameters, tool, and workpiece.

The tool wear analysis was based on a continuous drilling process of 50 drilled holes. The Winslow
engineering tool analyzer model 560 was used for the rake and �ank surface examination. To investigate
and identify the tool wear mechanisms, the scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) were used. The rake face surface topography was inspected using the Alicona
instrument. The CFRP delamination was analyzed using the Keyence digital microscope VHX-6000 series.
The Mitutoyo Coordinate Measuring Machine (CMM) was used to measure the drilled hole diameter error
based on the average of ten points on two surfaces of each material.

3 Kinematics Of Vad
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Discarding the non-cutting machining process under the chisel edge through the axial tool oscillation for
the vibration-assisted drilling, it showed a recommended enhancement during the drilling process of
CFRP/Ti6Al4V, as presented in [25]. Based on the instantaneous cutting edge trajectory as described in
equation (1-3), the effect of vibration amplitude and cutting speed on the axial tool velocity has been
investigated.

Where max (Zk(γ)) represents the maximum height of the preceding rotation.

During the drilling process of LF-VAD, increasing the vibration amplitude showed an obvious change on
the chip formation, as shown in Figure 1. Based on equation (3), the calculated uncut chip thickness was
0.15 mm for all vibration amplitudes, which is double the programmed feed. However, increasing the Am

results in reducing the chip radian by 30 %. The chip radian reduced from 65° at Am= 0.1 mm to 45° at
Am= 0.25 mm. This reduction has a direct impact on the cutting tool temperature and the tool wear
mechanism during the drilling process of Ti6Al4V layer.

Figure 2 presents the axial tool velocity at different vibration amplitude and cutting speed. The vibrational
amplitude was identi�ed as the dominant effective parameter controlling the axial tool velocity followed
by the cutting speed. Consequently, the increase of Am would result in a proper cooling environment, low
exit delamination factor, and higher evacuation e�ciency. However, increasing the axial tool velocity
could result in a severe tool-workpiece impact that resulted in a chisel edge fracture. Hence, chisel edge
inspection is highly recommended to identify the vibration amplitude threshold at the onset of chisel
fracture.

4 Results And Discussion

4.1 Cutting temperature
The effect of tool wear progression on the cutting tool temperature was measured at the exit surface of
the Ti6Al4V layer for different cutting speeds and vibration amplitudes, as shown in Figure 3. For all
machining conditions, LF-VAD showed a signi�cant reduction in the cutting temperature compared to the
CD. This reduction percentage was increased from 55% for Am= 0.1 mm to 65% for Am= 0.25 mm at N=
2000 rpm, and from 45% for Am= 0.1 mm to 68% for Am= 0.25 mm at N= 3000 rpm. This enhancement
was due to the positive effect of higher vibration amplitude that reduced the duty cycle and increased the
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cooling cycle [23]. As a consequence, the MQL was more e�cient at higher Am to achieve lower cutting
temperatures.

Compared to the CD at N= 2000 rpm, the analysis of the results showed that the cutting tool temperature
under LF-VAD was reduced by 40 % for dry coolant condition [11], and 65 % for MQL coolant condition,
respectively, as shown in Figure 4. For high cutting speed (N= 3000 rpm), tool-chip welding has been
con�rmed as the main issue that resulted in stopping the drilling process at the second hole for CD, and
hole number 20 for LF-VAD with Am= 0.25 mm, as reported in [11]. The use of MQL resulted in a
successful machining process of 50 drilled holes without any observation of the tool-chip welding
process. This achievement was traced back to the signi�cant reduction of the cutting tool temperature,
lower tool-chip friction, and the higher chip evacuation e�ciency as a secondary effect of MQL.

4.2 Tool wear progression and mechanism
4.2.1. Flank face

Figure 5 presents the measured �ank wear land for different vibration amplitudes and cutting speeds.
Compared to CD, LF-VAD resulted in a lower �ank wear land for all machining conditions. For the low
cutting speed N= 2000 rpm, the tool life was enhanced by increasing Am. Compared to CD at drilled hole
number 50 (�ank wear = 135 µm), the �ank wear land was reduced by 37 %, 45 %, and 53 % for Am= 0.1
mm, Am= 0.16 mm, and Am= 0.25 mm, respectively, as shown in Figure 5(a). The reason for these
reductions is the lower cutting temperature at higher vibration amplitude, as described in section 4.2.
Compared to dry machining condition, the MQL did not show a considerable effect on the �ank wear land
for CD and LF-VAD at Am= 0.25 mm. For both machining condition, the �ank wear land was reduced by 8
µm at drilled hole number 50. This ineffective behavior of MQL at these machining conditions was
assigned to the continuous tool-workpiece contact at CD, and excessive coolant time for Am= 0.25 mm.
On the other hand, by up to 50% reduction on the �ank wear land, the MQL is more e�cient at Am= 0.16
mm. This effect could be discussed by the relatively low cooling interval, and consequently the
temperature gradient at MQL is highly recommended. Moreover, the smaller air gap width that works on
increases the MQL e�ciency, as discussed in [30].

For the high cutting speed N= 3000 rpm, increasing the vibration amplitude does not affect the �ank wear
land for the �rst 30 drilled hole, and a reduction of 30 % was measured for all Am. However, by increasing
the drilled holes number, the LF-VAD with the lowest vibration amplitude becomes favorable, as shown in
Figure 5(b). This effect could be the result of the higher transformation rate from the steady to severe
wear regions for LF-VAD as an effect of high Am due to the relatively high thrust force, as reported in [23].
Unlike the low cutting speed, MQL showed a signi�cant enhancement at N= 3000 rpm. The MQL resulted
in a successful drilling process of 50 holes with acceptable �ank wear land, according to ISO 3685 (≤
300 µm) [31].
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Furthermore, the relatively low cutting temperature and the intermitted cutting process of LF-VAD showed
a signi�cant limitation on chemical wear compared to the CD [27]. Based on the tool �ank surface
examination, the colored area and Built-up edge were prominent in CD, while the LF-VAD showed a
discolored surface with a limited Built-up edge, as shown in Figure 6.

4.2.2. Chisel edge

The scanning electron microscopy (SEM) examination of the tool chisel edge revealed such a clear
difference between CD and LF-VAD process, as shown in Figure 7 and Figure 8. For CD, there is obvious
evidence of Ti adhesion to the chisel edge for both cutting speeds (Figure 7(a) and Figure 8(a)). This
observation was due to the relatively higher cutting temperature in CD compared to LF-VAD, as discussed
in section 4.2 due to the poor chip evacuation mechanism [25]. On the other hand, the chisel edge fracture
was identi�ed as a dominant mechanism for LF-VAD, as shown in (Figure 7(b,c) and Figure 8(b,c)). This
observation supports the negative effect of the high axial tool velocity which resulted in a severe tool-
workpiece impact mechanism, as described in section 3. Contrary to [26], the chisel edge suffers a severe
fracture rather than Ti adhesion due to the negative clearance angle. This difference could be attributed
to the utilization of higher Am range (0.1 to 0.25 mm) compared to only 0.06 mm. Furthermore, the
observation of an extensive chisel edge fracture at Am= 0.25 mm Figure 7 (c), clarify the signi�cant thrust
force increase at hole number 45 for N= 2000 rpm, as described in section 4.1.

The thermal impact was identi�ed as one of the critical drawbacks during the intermitted machining
process [32, 33]. Inducing the cutting tool material to a frequent temperature variation resulted in a
thermal crack formation [33-35]. Consequently, increase the temperature gradient through the utilization
of a coolant medium during the LF-VAD process could increase the probability of thermal cracks initiation
or tool fracture. Compared to dry machining condition [11], the MQL resulted in the observation of chisel
edge fracture for both cutting speeds. This observation could be attributed to the relatively high thermal
gradient during the uses of MQL. Based on the �ank surface and chisel edge analysis, dry coolant
condition is highly recommended for low cutting speed condition, while MQL is required for the higher
cutting speed.

4.2.3. Rake face

Surface topography was examined to identify the main tool wear mechanism for each machining
condition, as shown in Figure 9 and Figure 10. Figure 9 shows the examined rake face surface for
different Am after the drilling process of an identical number of 50 holes at N= 2000 rpm. Adhesion and
abrasion wear mechanisms were observed for all machining conditions. However, the adhesion wear
mechanism had the dominant effect, specially for the CD condition. This effect was attributed to the
relatively higher cutting temperature for the CD. The high chemical a�nity toward most of the industrially
used drill bits material highlights adhesion as a dominant wear mechanism during the drilling process of
Ti materials [4, 11, 26, 36, 37]. This process resulted in a built-up edge (BUE) formation, that leads to tool
fracture or chipping and consequently, poor hole quality and short tool life will be observed. Based on the
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surface topography analysis, the greatest height of defects was 400 µm for CD, 90 µm for Am= 0.1 mm,
75 µm for Am= 0.16 mm, and 160 µm for Am= 0.25 mm. The LF-VAD resulted in a signi�cant reduction of
the adhered particles height by up to 80 % at Am= 0.16 mm. However, increasing the vibration amplitude
to Am= 0.25 mm showed a relatively lower reduction percentage of 60%. This effect could be due to the
higher effect of MQL turbulence or the probability of collision between the small radian chips at Am= 0.25
mm [23, 24], and the borehole wall. In addition, by SEM examination of the drill bit rake face used for CD,
a considerable amount of carbon �ber was found adhered to the BUE as shown in Figure 10 and
con�rmed by the EDS analysis in Table 2. This adhesion could be due to the tool-borehole wall interaction
during the tool retraction that could have a negative effect on the CFRP geometric accuracy and surface
roughness.

Figure 11shows the effect of different vibration amplitudes at N= 3000 rpm on the rake face after the
drilling process of identical 50 holes. The crater wear mechanism was identi�ed as the dominant wear for
all machining conditions. This change in the tool wear mechanism was the result of the relatively higher
cutting temperature at N= 3000 rpm. The maximum crater depth was measured and plotted, as shown
Figure 12. Compared to the CD, the LF-VAD resulted in a lower crater depth with up to 33 % reduction at
Am= 0.25 mm, as shown in Figure 12. The lower crater depth for LF-VAD at high Am was attributed to the
lower cutting temperature, as discussed in section 4.2. Moreover, increasing the Am resulted in a
signi�cant reduction in the tool-chip contact time, as presented in [23]. This reduction has a positive
impact on restricting the adhesion wear on the tool rake surface.

Table 2: The EDS analysis for the selected points, as shown in Figure 10(b).

4.3 Effect of tool wear on the exit delamination.
Based on the CFRP exit surface examination, the drilling process of CFRP/Ti6Al4V commonly results in
discoloration ring and damaged area [38]. The discoloration ring was caused due to the cutting
temperature at the CFRP/Ti6Al4V interface surface. While the Ti6Al4V chips evacuation mechanism
resulted in severe damage of the borehole wall. Table 3 presents the effect of tool wear on the exit
delamination for different vibration amplitudes and cutting speeds. The delamination factor (φd) was
identi�ed based on the following equation [21, 39]:
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where Dactual is the diameter of a circle including the discoloration ring and all damaged area, while
Dnominal represents the nominal hole diameter.

For all machining conditions, the measured φd was acceptable, as de�ned by aerospace manufacturers
(φd ≤ 0.5) [21]. However, free exit delamination was successfully achieved by using LF-VAD with Am= 0.1
mm and 0.16 mm, as shown in Figure 13. This observation was attributed to the lower cutting
temperature and the proper chip evacuation e�ciency. The slight increase of φd for Am= 0.25 mm could
be due to the negative effect of dynamic tool movement at this amplitude.

Table 3: The effect of tool wear on the exit delamination for different vibration amplitudes and cutting speeds.

4.4 Effect of tool wear on the geometrical accuracy.
Based on the aerospace manufacturers’ recommendations, the acceptable hole size error was identi�ed
from – 0.7 % to 0.4 % [21]. For both cutting speeds, CD exceeds the acceptable CFRP hole size, as shown
in Figure 14(a,b). This unacceptable hole size was a result of the destructive effect of Ti6Al4V chips
during evacuation. On the contrary, the LF-VAD with Am= 0.16 mm and 0.25 mm, resulted in an
acceptable accuracy for N= 2000 rpm and the �rst 25 drilled hole at N= 3000 rpm. The unacceptable hole
accuracy after drilled hole number 25 could be reverted to the negative effect of �ank wear land
progression. In addition, the LF-VAD with Am= 0.1 mm, resulted in a relatively higher chip radian [13], that
could reduce the chips evacuation e�ciency thus increasing the negative damage effect on the CFRP
wall. On the other hand, both machining processes resulted in an acceptable Ti6Al4V hole accuracy for
all drilled holes at different cutting speeds, as shown in Figure 14(c,d). However, the LF-VAD with Am=
0.16 mm and 0.25 mm, showed the lowest geometric deviation for both cutting speeds.

4.5 Burr height
Thermal load and thrust force are of the main machining characteristics that control the material burr
formation at the exit surface during the drilling process. For CD, the burr height increased from 0.4 mm at
the �rst drilled hole, to 0.7 mm at drilled hole number 50, as shown in Figure 15(a,b). This increase was
attributed to the higher cutting temperature, as discussed in section 4.2. For LF-VAD at the �rst drilled
hole, the burr height was 1.2 mm and 1.36 mm, for Am= 0.1 mm and Am= 0.25 mm, respectively. The
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higher burr compared to CD was attributed to the higher thrust force, as discussed in section 4.1.
Conversely, increasing the drilled hole number with LF-VAD showed a positive effect, compared to CD. The
measured burr height at drilled hole number 50 was reduced to 1.04 mm and 0.57 mm for Am= 0.1 mm
and Am= 0.25 mm, respectively as shown in Figure 15(c,d). This reduction could be attributed to the chisel
edge fracture as observed and discussed in section 4.3. This fracture increases the tool-workpiece
contact area under the chisel edge that resulted in reducing the applied stresses magnitude on the
machined material, and consequently a lower driving force for burr formation. Furthermore, maintaining a
low cutting temperature for Am= 0.25 mm resulted in a further burr height reduction compared to Am= 0.1
mm, as shown in Figure 15 (d,f).

4.6 MQL vs Dry coolant condition
Based on the exit delamination analysis during dry machining condition [11] and the MQL coolant
medium, Figure 16 presents the effect of each coolant condition on the observed machining process at
N= 2000 rpm. For the CD, MQL showed a signi�cant enhancement on the exit delamination factor and Ti
hole accuracy. However, the geometrical accuracy of CFRP has an unacceptable range for both
machining conditions. On the other hand, MQL is only useful for LF-VAD at N= 3000 rpm, while at low N=
2000 rpm both machining conditions have the same exit delamination factor.

Conclusions
This paper presents the effect of LF-VAD at relatively severe machining conditions (high cutting speeds
and feed rates). The kinematics of VAD were used to predict and identify the impact of different
machining conditions on the uncut chip thickness, cutting time, and the axial tool velocity. The utilization
of Minimum quantity lubricant (MQL) showed a signi�cant enhancement of the drilling performance
compared to the dry drilling process as presented previously [11]. The following points highlight the main
conclusion:

The kinematics analysis of VAD showed a clear reduction of the chip radian and cutting time by
increasing the vibration amplitude. However, this increase could raise the probability of chisel edge
fracture due to the high axial velocity.

LF-VAD resulted in a signi�cant reduction of the cutting temperature by up to 63 % at high vibration
amplitude.

From the tool examination, the chisel edge was identi�ed as the weakest point for LF-VAD. while for
CD, the outer corner of the tool was the most vulnerable area for catastrophic failure due to the crater
wear of the rake face at high cutting speed, or process termination due to excessive �ank wear land
at low cutting speed.

The utilization of LF-VAD showed a reduction of 53 % and 30 % of the �ank wear land for N = 2000
rpm, and N = 3000 rpm, respectively.
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The LF-VAD resulted in a reduction of 80 % of the maximum BUE height at N = 2000 rpm, while the
crater depth was reduced by 33 % at N = 3000 rpm.

The LF-VAD at Am= 0.16 was recommended for a high machining performance at both cutting
speeds.

Acronyms

VAD Vibration assisted drilling

LF-VAD  Low frequency-vibration assisted drilling

CD Conventional drilling

BUE Built-up edge

MQL Minimum quantity lubricant

 

Notations

N         Cutting speed [rpm]

f           Feed rate  [mm/rev]

Am        Modulation amplitude [mm]

F          Frequency [oscillation/rev]

Wf          Modulation frequency [oscillation/rev]
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Figures

Figure 1

Effect of vibration amplitude on the uncut chip formation at (a) Am= 0.1 mm, (b) Am= 0.16 mm, and (c)
Am= 0.25 mm.
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Figure 2

Effect of vibration amplitude (Am) on the axial tool velocity at different cutting speed (a) N= 2000 rpm (b)
N= 3000 rpm.
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Figure 3

Effect of the tool wear progress on the tool cutting temperature at the exit surface for (a) N= 2000 rpm,
and (b) N= 3000 rpm.
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Figure 4

Effect of coolant medium on the cutting temperature for (a) N= 2000 rpm (b) N= 3000 rpm.
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Figure 5

Effect of vibration amplitude on the tool �ank wear land for different cutting speeds 2000 rpm (b) N=
3000 rpm.



Page 20/28

Figure 6

Effect of LF-VAD on the chemical wear and built-up edge formation for (a) conventional drill (b) Am= 0.16
mm.

Figure 7

Effect of vibration amplitude on the tool chisel edge at N= 2000 rpm for (a) conventional, (b) Am= 0.1
mm, (c) Am= 0.25 mm.
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Figure 8

Effect of vibration amplitude on the tool chisel edge at N= 3000 rpm for (a) conventional, (b) Am= 0.1
mm, (c) Am= 0.25 mm.
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Figure 9

The SEM examination and surface topography analysis of the tool rake face at N= 2000 rpm for different
vibration amplitude (a) Conventional, (b) Am= 0.1 mm, (c) Am= 0.16 mm, and (d) Am= 0.25 mm.
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Figure 10

The conventional drill effect on the rake face after drilled hole number 50.
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Figure 11

The SEM examination and surface topography analysis of the tool rake face at N= 3000 rpm for different
vibration amplitude (a) Conventional, (b) Am= 0.1 mm, (c) Am= 0.16 mm, and (d) Am= 0.25 mm.
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Figure 12

The measured crater depth at different vibration amplitude for N= 3000 rpm.



Page 26/28

Figure 13

The effect of LF-VAD on the exit delamination for N= 3000 rpm (a) conventional (b) Am= 0.16 mm.

Figure 14

Effect of vibration amplitude on the CFRP and Ti6Al4V hole accuracy at different cutting speeds (a,c) N=
2000 rpm, (b,d) N= 3000 rpm
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Figure 15

Effect of tool wear progression on the burr height at N= 3000 rpm for different machining parameters: (a)
CD at �rst hole, (b) CD at hole number 50, (c) Am= 0.1mm at �rst hole, (d) Am= 0.1mm at hole number 50,
(e) Am= 0.25mm at �rst hole, and (d) Am= 0.1mm at hole number 50, (e) Am= 0.25mm at �rst hole, and
(d) Am= 0.25mm at hole number 50.

Figure 16
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Effect of coolant condition on the CFRP/Ti6Al4V drilling process at N= 2000 rpm.


