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Abstract
Carbon fiber–reinforced plastics (CFRP)/titanium alloy (Ti) stacks are extensively applied in the aerospace industry due to 
their excellent mechanical properties. However, their poor machinability poses great challenges. In this study, longitudinal-
torsional ultrasonic vibration drilling (LT-UVD) is innovatively introduced to improve the quality of CFRP/Ti drilling. First, 
the separation mode of LT-UVD is analyzed by kinematic equations. Then, an experimental platform is built based on the 
LT-UVD vibration actuator to perform CFRP/Ti drilling experiments. The thrust force, interface temperature, hole wall 
quality, hole defects, Ti chip morphologies, and tool wear in LT-UVD are experimentally compared against conventional 
drilling (CD) and longitudinal ultrasonic vibration drilling (L-UVD). The experimental results show that, compared with 
CD and L-UVD, the thrust force of CFRP in LT-UVD decreases by 20.36–40.55% and 2.04–14.61%, while the thrust force 
of Ti decreases by 19.08–24.83% and 1.95–9.34%. Moreover, a relatively low maximum interface temperature is achieved 
in LT-UVD. In addition, the hole size accuracy, surface roughness for the hole’s inner surface, and delamination factor are 
improved in LT-UVD. Fiber pullout defects, chip-breaking performance, and tool wear of CFRP are improved due to torsional 
vibration in LT-UVD. Finally, according to the high-speed camera, damage forms of the interface area are different when 
drilling CFRP/Ti stacks with various drilling sequences.
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1  Introduction

Carbon fiber–reinforced plastics (CFRP) and titanium alloy 
(Ti) are widely used in aerospace applications due to their 
lightweight, good corrosion and fatigue resistance, and high 
specific modulus and intensity [1, 2]. To fully utilize the 
excellent properties of CFRP and Ti in aerospace applica-
tions, the two materials are usually superimposed to form 
CFRP/Ti stacks [3]. CFRP/Ti stacks are usually riveted or 
bolted in aircraft assembly, which requires many high-preci-
sion connection holes [4, 5]. Mechanical drilling of CFRP/Ti 
stacks is one of the most extensively hole-making methods 
in the aviation manufacturing industry [6].

One-shot drilling of CFRP/Ti stacks remains the main-
stream technology for manufacturing holes. However, the 
machining properties of CFRP and Ti are quite different, 
resulting in difficult hole machining [7]. A decrease in hole 
wall accuracy and quality caused by machining seriously 
affects the fatigue performance and strength of aircraft struc-
tural parts [8]. Therefore, reducing the processing damage 
of the connecting hole and improving the bearing strength 
and fatigue life of CFRP/Ti stacks are still research hotspots 
and urgent problems that need to be solved.

Some researchers have conducted conventional drilling 
(CD) experiments, trying to improve the drilling damage 
defects of CFRP/Ti stacks by selecting different process 
parameters and different bit geometries. They found that 
high spindle speed and low feed rate can effectively mini-
mize drilling-induced defects, suppress the wear of drill 
bits, and reduce delamination defects and interface layer 
damage [9, 10]. In addition, changing the drill bit geom-
etry or bit type can effectively improve the drilling stability 
and chip-breaking performance and reduce the delamina-
tion defects [11–14]. CD is a common drilling method with 
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high production efficiency and low cost. However, with the 
continuous improvement of the precision requirements of 
CFRP/Ti stacks in the aircraft manufacturing industry, it is 
not easy to meet high-precision drilling requirements with 
small hole quality improvement by choosing reasonable drill 
bit geometries and process parameters in CD.

Longitudinal ultrasonic vibration drilling (L-UVD) is 
a non-traditional hybrid process widely used in CFRP/Ti 
stack hole making. L-UVD solved the problems of excessive 
drilling thrust force in CD and improved the quality of the 
processed hole wall. Shao et al. [15] innovatively applied 
L-UVD to CFRP/Ti stack drilling. The experimental results 
indicated that the thrust force of CFRP and Ti in L-UVD 
decreased by 41.2–46.8% and 15.2–26.1% compared with 
CD, respectively. Moreover, Shao et al. [16] focused on the 
interface temperature of CFRP/Ti stacks in L-UVD. The 
experimental results showed that the duration of exceeding 
the CFRP glass transition temperature and the maximum 
interface temperature was reduced by approximately 52.2% 
and 22.8% compared to CD, respectively. It was proven that 
ultrasonic vibration drilling could effectively reduce the 
drilling temperature. Dahnel et al. [17] considered using 
L-UVD in drilling CFRP/Ti stacks to improve hole quality 
and tool life. The experimental results showed that, com-
pared with CD, L-UVD reduced the tool wear, including 
titanium adhesion, abrasive wear, and major edge chipping 
associated with the drilling of CFRP/Ti stacks. The above 
studies showed that L-UVD could effectively reduce inter-
face temperature, drilling thrust force, and tool wear.

However, one-dimensional vibration only changes the 
longitudinal separation effect between the tool and the 
workpiece, while the contact in the torsional direction is 
not effectively improved. There are still many problems, 
such as delamination and fiber pullout [18]. Recently, 
many researchers have found that 2D longitudinal-tor-
sional ultrasonic vibration drilling (LT-UVD) has great 
potential application for drilling CFRP and Ti. Ma et al. 
[19] drilled CFRP with LT-UVD. The experimental results 
indicated that LT-UVD reduced the thrust force by 39% 
and effectively suppressed CFRP delamination and burr 
defects compared with CD. Wang et al. [20] analyzed the 
feasibility of LT-UVD on CFRP by observing the drilling 
dynamics and motion properties of LT-UVD. The results 
showed that LT-UVD improved the hole wall quality of 
CFRP and reduced delamination defects. Liu et al. [21] 
found that, compared with CD, the LT-UVD thrust force 
was reduced by 30%, and the delamination factor was 
reduced by 69.67% in CFRP drilling. Moreover, Tian et al. 
[22] conducted LT-UVD experiments on Ti6Al4V. The 
authors observed that the tool wear was reduced compared 
to L-UVD. Gao et al. [23] investigated the effect of LT-
UVD on Ti6Al4V micro-holes. Compared with CD, the 
morphology of chips in LT-UVD presented as smaller and 

more fragmentary, the thrust force was correspondingly 
reduced by 1.98–24.9%, and burr defect was effectively 
suppressed, which demonstrated the effectiveness of drill-
ing Ti6Al4V with LT-UVD.

Most of the existing research on LT-UVD focuses on 
drilling an individual CFRP or Ti, and there are few reports 
on the drilling of CFRP/Ti stacks. In this study, a self-built 
LT-UVD device is used to perform drilling experiments on 
CFRP/Ti stacks, and the results are compared with L-UVD 
and CD. The thrust force, interface layer temperature, hole 
wall quality, and hole defects are comprehensively analyzed. 
The results obtained in this paper will help reduce the hole 
damage defects of CFRP/Ti stacks and provide reliable refer-
ence for drilling high-precision and low-damage CFRP/Ti 
stacks in aviation manufacturing.

2 � Analysis of LT‑UVD motion characteristics

Figure 1 shows the process of machining CFRP/Ti stacks 
with LT-UVD. Due to the unique structure of CFRP/Ti 
stacks, there are multiple states of tool-material interac-
tion, which makes the drilling process extremely unstable. 
Longitudinal and torsional ultrasonic vibrations are added 
to the tool to form a more complex 2D ultrasonic vibra-
tion, improve the drilling quality, and increase the drilling 
stability. The vibration form is shown in Fig. 1. Periodic 
high-frequency longitudinal-torsional vibration of the tool 
changes the tool trajectory and the cutting mechanism.

It is necessary to analyze the motion trail of the cutter 
to clarify the cutting mechanism of LT-UVD and enhance 
processing reliability. Assuming that point O is located on 
the drill bit at a radius of r, point O is r′ away from the axis 
in the radial direction. Furthermore, the turning angle of 
point O with time is θ = 2πnt. Based on the related posi-
tions of the cutter and the workpiece shown in Fig. 1, θ 
should be a negative value. The motion trail of point O in 
the conventional drilling (CD) can be described as follows:

where n denotes the rotating speed of the spindle and Vf  
denotes the axial feed speed. Longitudinal ultrasonic vibra-
tion drilling (L-UVD) adds longitudinal ultrasonic vibra-
tion based on CD. The longitudinal motion trail of L-UVD 
can be obtained by superimposing the vibration-induced 
periodic displacement onto the axial feed displacement, as 
shown in Eq. (2). The longitudinal displacement of L-UVD 
can be written as:

(1)

⎧⎪⎨⎪⎩

xc = r
�

cos(2�nt) = r
�

cos(�)

yc = r
�

sin(2�nt) = r
�

sin(�)

zc = Vf nt = Vf �∕(2�)
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where A denotes the ultrasonic axial vibration amplitude, 
and f denotes the ultrasonic vibration frequency. The vibra-
tion of the cutter in LT-UVD is composed of longitudinal 
and torsional vibration. The longitudinal motion is identical 
to the L-UVD motion, while the torsional motion adds the 
torsional vibration based on the original drilling rotation. 
The additional rotation angle � induced by torsional vibra-
tion obeys the following time dependence:

where A� denotes the amplitude of torsional vibration. By 
combining Eqs. (2) and (3), the motion trail of LT-UVD can 
be expressed as follows:

(2)zl =
Vf �

2�
+ Asin(f �∕n)

(3)� = A�sin(f �∕n)

Figure 2 displays the 3D motion trails of point O at the 
edge using CD, L-UVD, and LT-UVD. The process param-
eters are r' = 3 mm, n = 1800 rev/min, Vf = 10 mm/min, 
A = 2.5 μm, Aφ = 1.65 μm, and f = 35 kHz. The motion curve 
of CD is a smooth helical curve, the motion curve of L-UVD 
consists of the helical curve and sinusoidal curve, and the 
motion curve of LT-UVD consists of a helical curve and the 
sinusoidal curve at a certain inclination angle.

The 3D motion trail of a point on the cutter can be 
expanded and transformed into a more visual 2D motion 
to further explore the difference between the three cutting 
modes. In the 2D motion, the motion trail of LT-UVD can 

(4)

⎧⎪⎨⎪⎩

xlt = r
�

cos(� + �)

ylt = r
�

sin(� + �)

zlt =
Vf �

2�
+ Asin(f �∕n)

Fig. 1   Illustration of the LT-UVD process

Fig. 2   3D motion trails of point O in CD, L-UVD, and LT-UVD
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be decomposed into the superimposition of longitudinal 
and torsional displacement. According to the definition 
of the 2D tool coordinate system in Fig. 1, the torsional 
displacement of the tool can be obtained as s = r

�

(� + �) . 
The motion equation can then be described as follows:

where z denotes the longitudinal displacement. The 2D 
motion trails using three drilling modes can be drawn accord-
ing to Eq. (5), as shown in Fig. 3. The process parameters are 
r' = 3 mm, n = 1800 rev/min, Vf = 10 mm/min, A = 2.5 μm, 
Aφ = 1.65 μm, and f = 35 kHz. Identical to 3D motion curves, 
the 2D motion curve of CD (marked in black) is a straight line. 
The 2D motion curve of L-UVD (marked in blue) is sinusoidal 
due to the periodic vibration in the longitudinal direction. For 
both machining methods, the tool always cuts the workpiece 
forward with feed. However, according to the 2D motion trail 
of LT-UVD (marked in red), the motion trail changes due to 
unique torsional vibration in LT-UVD. Accordingly, the cutter 
in LT-UVD moves backward, as marked by the red dashed line 
in Fig. 3. The cutter shows no forward workpiece cutting at this 
phase. Accordingly, the cutter can only cut materials upwards. 
Moreover, the fibers are easily cut off along the cutting direction. 
The cutting characteristics can reduce thrust force and cutting 
temperature while effectively inhibiting the wear of the cutter.

3 � Experimental research design

3.1 � Establishment of experimental devices 
and the test system

The experiment was performed in a 5-axis processing 
center (VMC C3OH, Shanghai TOP Numerical Control 

(5)

{
s = r

�

(� + A�sin(f �∕n))

z =
Vf �

2�
+ Asin(f �∕n)

Technology Co., Ltd., China). As shown in Figs. 4 and 
5, the experimental platform mainly consists of the ultra-
sonic vibration drilling device, the temperature-measuring 
system, the force-measuring system, and the high-speed 
camera image acquisition device.

Specifically, the SZ-12 ultrasonic vibration drilling 
device comprises an ultrasonic power supply, a wireless 
signal transmission system, and two ultrasonic vibration 
actuators. The ultrasonic power supply converts the com-
mercial power at a frequency of 50 Hz into a high-fre-
quency alternate-current (AC) electric signal. Then, the 
AC signal is transmitted to the piezoelectric transducer 
via the wireless transmission system to generate vibration. 
Different structures of vibration actuators are important 
factors that generate longitudinal and torsional vibration, 
as shown in Fig. 4. The unique spiral groove structure 
applied to the vibration actuators is the key to generat-
ing longitudinal-torsional ultrasonic vibration. During 
the experiment, the longitudinal-to-torsional amplitude 
conversion ratio was 0.66 [20], while the longitudinal 
and the torsional amplitudes were 2.5 μm and 1.65 μm , 
respectively.

The force-measuring system mainly comprises pie-
zoelectric four-component force meters (9272, Kistler, 
Switzerland). The force measurement data were collected 
and amplified by the charge amplifier (5080A, Kistler, 
Switzerland), and finally transmitted to the software on 
the PC (DynoWare) for signal analysis and drilling force 
processing.

The multi-channel signal analyzer (DH5922N, Dong-
hua Test, China) was used to acquire the electric signal 
and transmit it to MFC AppWizard software on a PC for 
temperature monitoring. The acquisition frequency was set 
to 1 kHz. Electrical signals are collected by sheet K-type 
thermocouples connected to the multi-channel signal ana-
lyzer. The thermocouple covers a wide temperature meas-
urement range from − 20 to 500 ℃.

The drilling process of laminated materials was 
recorded with a high-speed camera in this paper due to 
unclear drilling mechanisms and complex thermodynamic 
action in the transitional region at the laminated material 
interface. Accordingly, the drilling-caused damage process 
and surface integrity in the interface transitional region 
can be investigated in depth. The high-speed camera 
system is mainly composed of a high-resolution particle 
imaging velocimeter (HiSense Zyla 5.5 MP sCMOS, Dan-
tec Dynamics, Denmark) and micro-lens (atx-i 100 mm 
F2.8 FF MACRO, Tokina, Japan), as shown in Fig. 5. The 
camera system is connected to the image acquisition soft-
ware on PC (Dynamic Studio7.6, Dantec Dynamics, Den-
mark) to achieve a frame-by-frame detailed record of the 
drilling process of laminated materials. During shooting, 
the high-speed camera lens is parallel to the upper surface Fig. 3   2D motion trails of point O in CD, L-UVD, and LT-UVD
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Fig. 4   Experimental platform and measurement programs

Fig. 5   High-speed camera 
experiment
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of the workpiece at a distance of 129.6 cm. Lens focusing 
settings and aperture parameters are shown in Fig. 5.

3.2 � Materials and cutter

In this study, the workpiece comprises a CFRP plate and a Ti 
plate. CFRP plates were manufactured by Chengdu Aircraft 
Industry Group Co., Ltd., with a length × width × thickness 
of 75 mm × 75 mm × 4.7 mm. CFRP is made up of car-
bon fibers and epoxy resin. The upper and lower surfaces 
of CFRP plates are made of carbon fiber plain-weave fab-
rics and an anti-electromagnetic interference fibrous layer. 
As shown in Fig. 6a, the upper and the lower surfaces are 
0.1 mm and 0.6 mm in thickness, with the fiber direction of 
0/90°. The middle part of CFRP is a unidirectional fiber ply 
with a direction of [0°/ − 45°/45°/90°]S. The thickness of a 
single carbon fiber ply layer is 0.25 mm, and 16 layers are 
employed, i.e., the total thickness is 4 mm. For the CFRP 
plates, the tensile strength is 1200 MPa, and Young’s modu-
lus is 145 GPa. The employed titanium alloy was Ti6Al4V, 
with the same length and width dimensions as CFRP and a 
thickness of 6 mm. The hardness of the Ti plate is 41 HRC, 
the yield strength is 880 MPa, and Young’s modulus is 114 
GPa. During the experiment, the carbon fiber plates and Ti 
plates were fastened by the bolted connection mode com-
monly used for aircraft CFRP/Ti components to avoid the 
effect of the adhesive method on the interface layer during 
drilling.

Two types of cutters were used, as shown in Fig. 6b and c. 
The uncoated hard-alloy drilling bit (860.1–0640-020A1-SM 

1210, SANDVIK) with a diameter of 6.4 mm was used dur-
ing the vibration drilling experiment. When using the high-
speed camera for shooting, the PVD TiAlN–coated drilling 
bit (R846-0800–30-A1A 1220, SANDVIK) with a diameter 
of 8 mm was used for additional visual display.

3.3 � Experimental design

During the dry-cutting experiment [15, 24], the CFRP/Ti 
stacks were drilled with CD, L-UVD, and LT-UVD to exam-
ine the cutting speed and vibration mode effects on drilling 
quality. Moreover, considering the feasibility of two drilling 
sequences (from the CFRP plate and the Ti plate, denoted as 
C to T and T to C, respectively) [25, 26]. The experiments 
also compared the performances using two different drill-
ing sequences. A new cutter was used in each experimental 
group to avoid cutter wear on the obtained experimental 
results. Table 1 lists the detailed experimental parameters.

4 � Experimental results and discussion

4.1 � Thrust force

Figure 7 shows a typical thrust force curve of LT-UVD for 
different drilling sequences (C to T and T to C), during 
which the cutting parameters were the same (n = 10 mm/
min and Vf = 1200 r/min). Regardless of the drilling direc-
tion (from C to T or from T to C), CFRP/Ti stacks show 

Fig. 6   a CFRP/Ti workpiece, b 
uncoated hard-alloy drilling bit 
(Φ6.4 mm), and c PVD TiAlN–
coated drilling bit (Φ8 mm)
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identical shapes after drilling. The drilling process can be 
divided into five phases:

(i)	 When the chisel edge of the cutter contacts the material, 
the thrust force rapidly increases in a short time due to 
the interaction between the cutter and the material.

(ii)	 When the drill tip fully enters, the drilling process 
remains stable. At that moment, the thrust force 
remains approximately stable.

(iii)	 As the tool is continuously fed, it starts cutting the 
interface area. Figure 7 shows the interface drilling 
process under different stacking sequences, in which 

LC and LT represent the components of the main cut-
ting edge in cutting CFRP and Ti, respectively. When 
LC and LT are not equal to 0, the cutter is located in the 
interface region and simultaneously drills CFRP and Ti 
under a coupled interaction.

(iv)	 Once the drilling tip fully penetrated the interface layer, 
the drilling entered a stable phase, and the thermal 
force varied stably.

(v)	 Finally, the drilling phase was finished. The drilling 
tip is drilled out of the workpiece until the process is 
completed.

Table 1   Experimental conditions

Process parameters

Spindle speed
n (rev/min)

Feed speed
Vf (mm/min)

Frequency
f (kHz)

Longitudinal ampli-
tude A (μm)

Torsional amplitude 
Aφ (μm)

Stacking direction

CD 1200 10 0 0 0 C to T,
T to C

L-UVD 1200, 1500, 1800 10 35 2.5 0 C to T,
T to C

LT-UAD 1200, 1500, 1800 10 35 2.5 1.65 C to T,
T to C

Fig. 7   Typical thrust force curve of LT-UVD for different drilling sequences (a C to T and b T to C) when n = 10 mm/min and Vf = 1200 r/min, 
and illustration of the CFRP/Ti drilling phase
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Figure 8 compares the thrust forces generated by CFRP/
Ti using three different technologies with different drilling 
sequences and the same drilling parameters (n = 10 mm/min 
and Vf = 1200 r/min). The thrust forces generated in L-UVD 
and LT-UVD with ultrasonic vibration dropped significantly. 
Compared with the CD results, the thrust forces generated by 
CFRP drilling using L-UVD dropped by 31.54% and 16.27% 
when drilling from C to T and T to C, respectively. On the 
other hand, the thrust forces generated by the drilling of Ti 
dropped by 22.97% and 17.37% when drilling from C to T 

and T to C, respectively. Using LT-UVD, the thrust forces 
generated by CFRP were reduced by 40.55% and 20.36% 
when drilling from C to T and T to C. Lastly, the thrust 
forces generated by Ti drilling were reduced by 24.83% and 
19.80% when drilling from C to T and T to C.

Moreover, for the drilling sequence from T to C, the 
thrust force was generally lower than the thrust force when 
drilling from C to T, which can be attributed to the chip 
removal of Ti. Ti chips passed through CFRP-machined hole 
walls when removed in the C to T drilling sequence. The 
chip removal distance was prolonged, which can easily cause 
the blockage of chips, accelerate the friction between chips 
and the hole wall, and increase the thrust force.

Figure 9 shows the thrust forces generated during the pro-
cessing of CFRP/Ti with L-UVD and LT-UVD at different 
rotating speeds. As shown in Fig. 9a, when drilling from 
C to T, the thrust forces generated by the drilling of CFRP 
and Ti with LT-UVD were reduced by 2.04–13.16% and 
1.95–4.02% compared with the values with L-UVD, respec-
tively. As shown in Fig. 9b, when drilling from T to C, the 
thrust forces generated by the drilling of CFRP and Ti with 
LT-UVD were reduced by 4.89–14.61% and 2.07–9.34% 
compared with the values with L-UVD, respectively. Thus, 
it can be concluded that the thrust forces can be significantly 
reduced via LT-UVD during CFRP/Ti processing. This is 
because unique torsional vibration in LT-UVD changed the 
cutting and separation modes between the cutter and the 
workpiece. Periodic high-frequency longitudinal-torsional 
vibration enhanced the cutting performance of the drill-
ing cutter, improved the chip-breaking effect, and reduced 
friction. In addition, it can also be observed that the thrust 

Fig. 8   Thrust forces using CD, L-UVD, and LT-UVD when 
n = 10 mm/min and Vf = 1200 r/min

Fig. 9   Thrust forces on CRFP and Ti using L-UVD and LT-UVD at different rotating speeds: a C to T and b T to C
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force dropped with an increase in the rotating speed during 
Ti drilling, while the thrust force first increased and then 
dropped during CFRP drilling. This indicates that the high 
rotating speed can reduce the thrust force when drilling 
CFRP/Ti stacks.

4.2 � Interface temperature

During the drilling of CFRP/Ti stacks, the heat accumulated 
at the interface is the main reason that causes heat injuries at 
the interface. These injuries may seriously lower the fatigue 
strength of materials and affect the service life [16]. There-
fore, sheet thermocouples were employed in this study to 
record the temperature changes at the interface and analyze 
them in depth based on the measured maximum interface 
temperature.

Figure 10 shows the installation method of K-type ther-
mocouples. The thickness of the thermocouple end sheet is 
0.15 mm. Because of the small thickness of the sheet, it will 
not affect the drilling after the stacking material is clamped. 
The sheet was held on the interface layer at a distance of 
0.2 mm from the edge of the drilled hole. Therefore, the tem-
perature of the interface layer during the drilling process can 
be effectively measured, and the temperature measurement 
groove can be avoided in advance to ensure the accuracy of 
the data in drilling.

Figure 11a and b show temperature variation curves at 
the interface using CD, L-UVD, and LT-UVD for the same 
processing parameters (n = 10 mm/min and Vf = 1200 r/min). 
It can be observed that the maximum temperatures at the 
interface using different drilling sequences show similar var-
iation rules. The temperatures during L-UVD and LT-UVD 
ultrasonic vibration drilling were far significantly lower than 

during CD drilling. As shown in Fig. 11a, the maximum 
interface temperatures with L-UVD and LT-UVD dropped 
by 30.29% and 35.23%, respectively, compared to CD val-
ues. As shown in Fig. 11b, the maximum interface tempera-
tures with L-UVD and LT-UVD were 32.84% and 39.05% 
lower than the CD value, respectively. In combination with 
actual temperature curves, the temperature at the interface 
was mainly sourced from Ti. The above measurement results 
show that L-UVD and LT-UVD further reduced the friction 
between the cutter and the workpiece during Ti processing 
and enhanced the drilling performance.

Figure 12 shows the maximum temperatures at the CFRP/
Ti interface with L-UVD and LT-UVD for different rotating 
speeds of main shafts, during which two different drilling 
sequences were used. When drilling from C to T, the maxi-
mum temperature using LT-UVD dropped by 7.09–7.98% 
compared to the value when L-UVD was employed. When 
drilling from T to C, the maximum temperature using LT-
UVD was reduced by 6.11–12.36%. A decline in the maxi-
mum temperature can be attributed to the improvement of 
chip removal and friction performance during processing. 
When L-UVD and LT-UVD were employed, the maximum 
temperature from T to C was slightly lower than from C to 
T. According to Fig. 12, the maximum interface tempera-
ture increased with the rotating speed of the main shaft in 
L-UVD and LT-UVD.

4.3 � Hole quality analysis

Hole quality is the key to ensuring aircraft components’ safe 
and stable operation while drilling CFRP/Ti stacks. Dimen-
sional precision of the bolt connection hole, surface roughness, 
delamination defects of composite materials, fiber pullout, and 

Fig. 10   The interface temperature measurement
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hole inlet and outlet morphology are important foundations for 
evaluating hole quality. In this section, the dimensional preci-
sion of the hole was observed by the GLOBAL S 12.Y.Y.10 
three-coordinate measuring system. The morphology of the 
hole inlet and outlet was observed by the Navitar microscopic 
observation system. Lastly, the surface roughness and micro-
morphology of the observation hole were observed by the 
KEYENCE VK-X100 laser scanning microscope.

4.3.1 � Diameter precision and roundness

The diameter precision and roundness of the hole are 
important factors that seriously restrict the operation per-
formance in the assembly connection of CFRP/Ti [27]. 
Each hole was measured several times with the three-
coordinate measuring machine to detect the changes in 
hole sizes using different processing methods, as shown in 

Fig. 11   Curves of interfacial temperature of LT-UVD under different drilling sequences for the same processing parameters n = 10 mm/min and 
Vf = 1200 r/min: a C to T and b T to C

Fig. 12   Variation curves of maximum interface temperature with the rotating speed of the main shaft using different drilling modes (L-UVD and 
LT-UVD) and different drilling sequences: a C to T and b T to C
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Fig. 13. Using LT-UVD, both the hole diameter and round-
ness of CFRP/Ti were closer to the ideal values and showed 
remarkable improvement compared to the workpieces 
processed via CD and L-UVD. This can be explained as 
follows. LT-UVD can reduce the drilling thrust, lower 
the drilling temperature, and improve the stability when 
drilling laminated materials. Accordingly, the interaction 
between the cutter and the workpiece can be improved, 
accompanied by a more precise hole size. Even though a 
set of L-UVD is shown in Fig. 13 with a better hole size for 
Ti, the error bars using LT-UVD were shorter and charac-
terized by improved roundness. This suggests a more stable 
drilling process consistent with the above conclusions.

In addition, the hole diameters of CFRP with different 
drilling sequences are compared in Fig. 13. Drilling from 
T to C produced the drilling hole of CFRP with better 
precision. Similar rules can be observed using different 
drilling modes. For the CFRP on the upper part, the chips 
produced during Ti drilling on the lower part can corrode 
the wall of the processed holes of the upper CFRP. Con-
sequently, secondary damages to the CFRP hole wall can 
occur, and the hole diameter can be enlarged. When the 
CFRP plate is underneath, the hole size is maintained at 
the level after processing with higher precision.

4.3.2 � Hole wall roughness

In this study, the surface roughness of the hole was examined 
by the 3D surface morphology under a laser microscope, as 
shown in Fig. 14a. The measurements were taken multiple 
times and averaged to lower the interference from exter-
nal factors. Then, histograms and error bars were plotted, 

as shown in Fig. 14b. The hole wall roughness of CFRP 
and Ti was separately measured, and the roughness was 
characterized by the Ra value commonly used in CFRP/
Ti drilling. According to Fig. 14b, the roughness of CFRP 
using LT-UVD was 19.80–22.38% and 11.61–12.32% lower 
than the values using CD and L-UVD, while the rough-
ness of Ti using LT-UVD was reduced by 37.00–62.92% 
and 14.02–26.91%, respectively. This is because LT-UVD 
showed better material removal performance and produced 
a smoother wall of the processed hole. Moreover, the rough-
ness of CFRP when drilling from C to T was generally 
higher than the value from T to C, which is consistent with 
the above observation regarding dimensional precision.

4.3.3 � Morphologies of the inlet and the outlet of CFRP 
holes

The morphological images of both inlet and outlet of the 
CFRP hole using different processing methods (CD, L-UVD, 
and LT-UVD) were observed using an optical microscope, 
as shown in Fig. 15. As described in Section 3.2, CRFP is 
made up of a fibrous woven layer on the one side and an 
anti-electromagnetic wave metal fiber layer on the other side. 
Due to different materials on the upper and lower surfaces, 
the materials corresponding to the outlet and inlet were also 
different under the two drilling sequences and then separated 
for analysis.

According to Fig. 15, in contrast with the condition using 
CD, the delamination defects using L-UVD and LT-UVD 
at the inlet of CFRP can be significantly suppressed for the 
T to C sequence. As the cutter drilled out, metal fibers at 
the CFRP outlet could not be effectively excised, and many 

Fig. 13   Comparison of hole diameter accuracy and roundness in CD, L-UVD, and LT-UVD for the same drilling parameters (n = 10 mm/min 
and Vf = 1200 r/min)
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burrs appeared with the rotation of the cutter. In addition, 
the metal fiber pullout phenomenon can be effectively sup-
pressed by employing LT-UVD with better fiber-cutting 
performance. When drilling from T to C, the CFRP chip 
invasion interface layer was observed at the inlet in addition 
to the defects of metal fiber pullout. The powder CFRP chips 
entered the interface layer with the rising of the chip groove 
on the drilling bit and bonded at the CFRP inlet under high 
temperature and high pressure at the interface. It can also 
be observed that CFRP chips were slightly bonded using 
LT-UVD, with more favorable chip removal performance.

During CFRP/Ti drilling, the delamination of composite 
materials is always the main cause of material damage. 
The delamination factor Fd is introduced to characterize 

the area proportion of the delamination region and 
quantitatively analyze the delamination defects in CFRP 
processing. Factor Fd is defined as the ratio of the maximum 
delamination diameter ( Dmax ) to the nominal diameter 
( Dnom ), as shown in Fig. 16. The delamination factor Fd 
when LT-UVD is used dropped by 1.24–6.54% compared to 
L-UVD. This can be attributed to the direct relation between 
delamination defects at the CFRP outlet and thrust force. 
As the drilling continued, the support force brought about 
the uncut region decreased, and the material was deformed 
and humped outwards due to an overly large thrust force, 
leading to the delamination at the hole edge. Additionally, 
Fd dropped slightly with the increase in the rotating speed. 
This is consistent with thrust force variation rules.

Fig. 14   Comparison of hole diameter accuracy and roundness in CD, L-UVD, and LT-UVD for the same drilling parameters (n = 10 mm/min 
and Vf = 1200 r/min)

Fig. 15   Comparison of hole edge morphology of CFRP in CD, L-UVD, and LT-UVD for the same drilling parameters (n = 10 mm/min and 
Vf = 1200 r/min)
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4.3.4 � Micro‑morphology of the hole wall

Figure 17 displays SEM and laser microscope height images 
of CFRP hole walls using different drilling methods (CD, 
L-UVD, and LT-UVD). Cavities, resin scratches, and large-
scale continuous fiber pullout can be observed in the CFRP 
hole of CD, deteriorating the hole wall quality. Compared 
with CD, ultrasonic vibration drilling can remarkably 

improve the quality of the hole wall. When L-UVD and LT-
UVD were used, no strip scratch defects appeared on the 
hole wall, and fiber pullout can be lowered in both degree 
and scale. Combined with the laser microscope height 
images and profile curves, the profile was still rugged on the 
hole wall processed with L-UVD. Moreover, a few cavities 
that seriously affect the hole wall quality can be observed. 
Using LT-UVD, the processed hole wall was smoother than 

Fig. 16   Comparison of the delamination factor Fd in L-UVD and LT-UVD at different rotating speeds of the main shaft: a the illustration of the 
delamination factor Fd, b drilling from C to T, and c drilling from T to C

Fig. 17   Comparison of the SEM (a–c) and laser microscope height (d–f) images of CFRP holes in CD, L-UVD, and LT-UVD for the same drill-
ing parameters (n = 10 mm/min and Vf = 1200 r/min)
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the condition using L-UVD, and the fiber pullout degree 
was significantly reduced. The above discussed significant 
difference in CFRP hole micro-structures among different 
processing methods can be attributed to unique circumfer-
ential vibration in LT-UVD, making carbon fibers prone to 
fracture and producing smoother fractures.

4.4 � High‑speed camera experiment

The workpiece edge was drilled by the cutter to observe 
the interfacial changes during LT-UVD. The exposed cut-
ter and the interface layer in drilling were then recorded 
by the high-speed camera, as shown in Fig. 18. As shown 
in Fig. 18(a1), the actual hole wall of CFRP has a large 
deviation from the hole axis, and the closer to the interface 
layer, the greater the offset distance. However, the actual 
hole wall of Ti is close to the hole axis. This shows that in 
the drilling sequence from C to T, when the tool reached 
the interface layer, passed through the CRFP and began to 
drill harder Ti, a rapid increase of thrust force led to the 
decline in drilling stability. Accordingly, the cutter devi-
ated, which can account for the deflection of the hole wall. 
This shows that the problems caused by the difference in 
processing performance between CFRP and Ti have a 
greater impact on the hole wall quality of CFRP drilling. 
In addition, as shown in Fig. 18(a2), Ti chips can generate 

certain corrosion and damage to the interface during the 
drilling of the interface layer.

By contrast, no serious deviation appeared along the 
cutter feeding direction when drilling from T to C, as 
shown in Fig. 18(b1). However, drilling from T to C also 
brought about the following problem. An overly high 
thrust force during Ti drilling led to crushing defects at the 
interface layer of CFRP. In combination with the observa-
tion in Fig. 18(b2), it can also be concluded that the burrs 
of Ti and chips during the drilling of the interface layer 
were extruded downwards, thereby causing damage to the 
lower supporting CFRP plates. The experiment revealed 
the damage mode at the CFRP/Ti interface, which can pro-
vide a reference for high-precision hole preparation.

4.5 � Morphology of chips and wear of the cutter

Figure 19 shows the produced Ti chips and the drilling cut-
ters during CFRP/Ti processing using three different drill-
ing modes. Wide and seriously deformed serrated chips 
were formed during CD drilling. These chips can easily jam 
the groove and bring about secondary damage to the pro-
cessed hole wall. Moreover, the cutter was severely worn, 
while broken and built-up edges appeared. Using L-UVD, 
chips were narrower and subjected to minor extrusion, 

Fig. 18   Observation results using LT-UVD (n = 10 mm/min and Vf = 1200 r/min) under a high-speed camera: (a1) C to T, (a2) C to T, (b1) T to 
C, and (b2) T to C
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significantly improving the chip removal performance and 
cutter wear.

It should be noted that Ti chips in LT-UVD were different 
from CD and L-UVD. When LT-UVD was employed, the 
produced chips were crushed under longitudinal-torsional 
vibration, thereby forming finer chips. Accordingly, both 
chip-breaking performance and surface integrity can be 
further improved. The cutter using LT-UVD was more 
slightly worn than the cutters using the other two drilling 
modes, with a more complete main cutting edge.

5 � Conclusions

In this paper, experimental drilling studies of CFRP/Ti 
stacks were conducted for CD, L-UVD, and LT-UVD pro-
cesses. Based on the innovative LT-UVD vibration actuator, 
drilling experiments with different drilling methods and pro-
cessing parameters were conducted to evaluate the quality 
of LT-UVD without cutting fluid in many aspects. Finally, 
the experimental results showed that LT-UVD could effec-
tively improve the drilling quality of CFRP/Ti stacks from 
the perspectives of thrust force, interface temperature, hole 
wall quality, and drilling defects. The following conclusions 
can be drawn:

1.	 Under the same processing parameters, the thrust force 
in L-UVD and LT-UVD significantly decreased relative 
to CD (16.27–40.55% in CFRP and 17.37–24.83% in 
Ti). In addition, further comparison between L-UVD 
and LT-UVD demonstrated that the thrust force of CFRP 
in LT-UVD decreases by 2.04–14.61%, while the thrust 
force of Ti decreases by 1.95–9.34%. This can be attrib-
uted to unique torsional vibration in LT-UVD, which has 
a better material removal effect.

2.	 The temperature of the interface layer in CD is increased 
(up to 214.88 °C), while the interface temperature of 
L-UVD and LT-UVD decreased by roughly 30–40% rela-
tive to the CD. Furthermore, due to the chip-breaking per-
formance and thrust force improvement during processing, 
the interface temperature of LT-UVD was further reduced 
by approximately 6–12%, compared with L-UVD.

3.	 Due to a decrease in thrust force and interface tem-
perature in LT-UVD, the hole diameter accuracy and 
roundness were greatly improved. Moreover, the delami-
nation factor Fd of CFRP was reduced by 1.24–6.54% 
compared to L-UVD. Compared with CD and L-UVD, 
CFRP and Ti surface roughness were improved (i.e., a 
maximum decrease of 22.38% and 62.92%, respectively) 
due to torsional vibrations in LT-UVD that contributed 
to fiber breakage and metal material removal.

Fig. 19   Morphological patterns of chips and cutter wear conditions using different drilling modes and the same drilling parameters (n = 10 mm/
min and Vf = 1200 r/min): a CD, b L-UVD, c LT-UVD, e CD, f L-UVD, and g LT-UVD
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4.	 CD, L-UVD, and LT-UVD were all characterized by 
mechanical damage. However, an inspection of the 
micro-morphology of the CFRP hole wall found that the 
hole wall of LT-UVD was smoother, no stripe scratch 
defects were observed, and the cavity and fiber pullout 
defects were greatly reduced.

5.	 The experiments filmed by the high-speed camera show 
that the drilling stability at the interface was reduced due 
to different processing properties between the two mate-
rials in CFRP/Ti drilling, such as the hole wall deflection 
problem in the C to T drilling sequence and brittle CFRP 
crushing defect in the T to C sequence.

6.	 Long serrated chips often appear in CD and L-UVD, 
which can easily cause clogging of the chip groove and 
increase tool wear. In LT-UVD, the chips were broken 
during drilling due to longitudinal-torsional vibration. 
Hence, chip-breaking performance was improved, and 
the tool wear was reduced.
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