
Vol.:(0123456789)1 3

Archives of Civil and Mechanical Engineering (2022) 22:161 
https://doi.org/10.1007/s43452-022-00482-w

ORIGINAL ARTICLE

Study on the mechanism of AL2024‑T351/Ti‑6Al‑4V laminated 
materials by ultrasonic vibration drilling

Shujing Wu1   · Lei Wei2 · Guoqiang Guo3 · Shuqiao Zhang4 · Changhe Li5 · Ming Chen6 · Dazhong Wang1

Received: 2 December 2021 / Revised: 3 April 2022 / Accepted: 12 June 2022 / Published online: 12 July 2022 
© Wroclaw University of Science and Technology 2022

Abstract
Conventional twist drills have problems such as large axial force, severe delamination, high temperature, and serious sur-
face quality damage when drilling Al2024-T351/Ti-6Al-4V laminated materials. The main reason is that the low cutting 
performance of the drill bit in the conventional drilling (CD) process requires a higher axial force, and it also makes the 
drill bit wear serious. In order to solve these problems, special geometric tools are usually used for drilling and ultrasonic 
assisted drilling is added. This paper focuses on conventional drilling (CD) and ultrasonic-assisted drilling (UAD) drilling 
of multipoint drilling tools. The biggest difference between UAD and CD is that it exerts a certain frequency and amplitude 
vibration on the drill bit, which can make the drill bit go down with periodic axial vibration. Since the drilling motion curve 
is microscopically a sine curve, the breaking and removal of chips are accelerated during the drilling process, which is 
beneficial to improve the machining accuracy. Under the ideal experimental conditions, the drilling of laminated materials 
was explored through a combination of experiment and simulation. Experiments show that the use of geometric tools can 
improve the defects caused by twist drill processing, while the use of UAD can further improve the problems of large axial 
force, serious delamination, high temperature and serious surface quality damage. The tool wear is reduced and the hole 
surface accuracy is improved.

Keywords  Laminate materials · Conventional drilling · Multipoint drilling · Ultrasonic-assisted drilling · Al2024- T351/
Ti-6Al-4V

List of symbols
KAB	� Shear flow stress
hl	� Dynamic cutting thickness perpendicular to the 

working cutting plane
kr	� Main declination
λs	� Blade inclination angle
ηd	� Dynamic feed angle
ω	� Frequency
A	� Amplitude

fr	� Feed rate
n	� Rotation speed
γnd	� Dynamic preangle of the micro-element dl at the 

radius r
γfd	� Dynamic feed anterior angle
krd	� Dynamic lead angle
γn	� Pre-angle
ϕnd	� Dynamic shear angle
λsd	� Dynamic edge angle
ηcd	� Dynamic flow chip angle
FS	� The shear force
Fl	� The main edge axial force
β	� The helix angle
2p	� The apex angle

1  Introduction

With the development of the manufacturing industry, com-
posite materials are widely used in various industries. For 
example, a number of composite materials are used in the 
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Boeing 787, accounting for about 57% of the main struc-
ture. The use of composite materials instead of traditional 
materials reduces the cost, reduces the weight and greatly 
reduces the energy consumption [1]. This paper studies 
the drilling of geometric drills in laminated materials. The 
research shows that changing the shape of the drill can 
improve the drilling ability of the drill [2]. As composite 
materials become more widely used, their processing and 
manufacturing is also particularly important. Drilling is an 
important process that is reported to account for 40% of 
material removal in aerospace manufacturing [3]. Liu et al. 
studied the effect of drilling parameters on the machining of 
laminated materials. Low feed rates can reduce the delami-
nation of laminated materials and improve tool life [4]. Since 
the composite material belongs to the laminate, its special 
structure makes the conventional drilling process have dis-
advantages such as delamination and difference in aperture 
[5]. Drilling two layers of material is different from one 
layer of material, and requires higher processing technology. 
Drilling of laminated materials will cause problems such as 
burrs and delamination, which requires in-depth research on 
the gap and burr height [6]. Ultrasonic assistance is play-
ing an increasingly important role in machining [7]. Tian 
et al. studied the relationship between the interlayer gap and 
the interlayer burr height, and found that the interlayer gap 
and the interlayer burr height were positively correlated [8]. 
The success of the assembly of the laminate depends on the 
processing quality of the hole. It is reported that 60% of the 
failure of the assembly is related to the hole processing [9]. 
Drilling is an extremely important manufacturing process for 
laminates, so researchers have done a lot of research on how 
to avoid machining defects and improve processing quality. 
The drilling of composite laminates is usually mechanical, 
and the traditional drilling methods have their limitations, 
which have encountered bottlenecks in the improvement of 
processing quality [10]. Laminated materials are divided 
into metal laminates and composite laminates, and laminates 
of composite materials have been studied by many research-
ers. Part of the phenomenon of composite drilling research 
has a guiding role in the drilling of metal laminates. In the 
process of drilling, some researchers have studied to improve 
tool life and drilling quality. It is concluded that reducing 
feed rate and increasing cutting speed can improve drilling 
quality and machining accuracy. Using diamond as coating 
tool is beneficial to prolong tool life [11]. Adding ultrasonic 
vibration during the drilling process can improve the drill-
ing quality [12]. Traditional drilling parameter optimization 
research has entered the bottleneck, and many researchers 
have studied it from the perspective of lubrication. It is 
concluded that vegetable oil can replace mineral oil as the 
base oil for nanoparticle jet MQL milling [13]. Compared 
with pure nanoparticles, MoS2/CNTs hybrid nanoparticles 
achieve lower grinding forces, coefficient of friction, and 

surface roughness, as well as better ground surface [14]. 
Some researchers have abandoned the traditional processing 
method and added ultrasonic vibration to traditional drilling. 
The transformation of the machining method from continu-
ous contact drilling to continuous phase contact drilling has 
fundamentally changed the machining characteristics. In 
addition to the addition of ultrasonic vibration to improve 
the processing characteristics, many researchers have 
changed the geometry of the original twist drill to improve 
the processing characteristics. This paper will combine these 
two methods to explore the drilling of laminated materials. 
Many researchers have conducted in-depth studies on the 
delamination caused by drilling of laminated materials [15]. 
Li et al. showed that the addition of ultrasonic assistance can 
reduce the drilling temperature and reduce the entry delami-
nation in drilling CFRP/Ti6Al4V laminates compared with 
traditional drilling [16]. Zheng et al. showed that the addi-
tion of ultrasonic assistance in the drilling process of Al2O3/
GFRP can effectively reduce the roughness of Al2O3, but 
cannot effectively reduce the roughness of GFRP [17].

In view of the defects in the CD of laminated materials, 
this paper uses a combination of experimental and simula-
tion methods for comparative research. The finite element 
simulation results have high reliability and can reduce the 
experimental cost. The main work of this paper is as follows: 
firstly, the twist drill and multipoint drill are modeled, and 
the force model of the two tools is analyzed. Secondly, it 
analyzes the principle of defects caused by CD. Finally, the 
DEFORM-3D was used to simulate the twist drill and mul-
tipoint drill, and the results of the simulation were explored 
at the level of life. The thrust force, delamination factor, 
aperture inlet and outlet aperture, temperature and damage 
generated in twist drill and multipoint drilling reprocessing 
were analyzed and compared. Further exploration of UAD 
and CD experimental results.

2 � Description of finite element model

Conventional twist drills have problems such as large axial 
force, severe material delamination, and poor surface topog-
raphy when drilling laminated materials. For the above prob-
lems, multipoint drilling is used to drill the laminated mate-
rial to alleviate the above problems. At the same time, the 
application of ultrasonic vibration in composite multipoint 
drilling machine is further investigation, which further settle 
the above problems. The main cutting edge of the multipoint 
drill is changed compared to the twist drill, and the main 
cutting edge has four circular arc grooves. From the origi-
nal single cutting method to the complex cutting method, it 
plays a role in improving the processing quality.

As shown in Fig. 1, ultrasonic assisted cutting has a better 
chip breaking ability than conventional cutting. Because the 
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chip takes away a lot of heat energy, the cutting temperature 
is lower, which can reduce the wear of the tool and improve 
the quality of the workpiece. As shown in Fig. 2, the work-
piece is subjected to the inward force during the twist drill 
processing, while the workpiece is subjected to the inward 
and outward force during the multi-point drill processing, 
which is conducive to reducing the deformation of the work-
piece and improving the accuracy of the workpiece. F1, F2, 
F3, F4 represent the force received by the tool, F1’, F2’, F3’, 
F4’ represent the force received by the workpiece.

The combination of experiment and finite element method 
can improve the efficiency of experiment and predict the 

result. In this paper, finite element method is used to build a 
laminated material drilling model to dynamically simulate 
traditional drilling and ultrasonic assisted drilling of lami-
nated materials.

The workpiece Al2024-T351/Ti-6Al-4V laminate is set 
as a molding material and is divided into 25,000 grids 
according to the relative grid size. The two-layer material 
adds side boundary conditions, and the speed of the side 
surface of the workpiece on the Z axis is zero. Therefore, 
the workpiece cannot move during the drilling process, and 
contact is applied to the contact interface of the two layers 
of material at the beginning of drilling constraint. In this 

Fig. 1   Cutting model a conventional drilling cutting model b Ultrasound-assisted cutting model

Fig. 2   Illustration of the bit 
force distribution a Twist drill 
force model b Twist drilling 
finite element modeling (c) 
Multi-point drilling force model 
Multi-point drilling finite ele-
ment modeling
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paper, the bit is set as a rigid body without considering the 
bit wear. Set the time step to 3000 and 0.0002 s, and the 
system is automatically stored once every 50 steps. Drill-
ing in finite element simulation is traditional machining. 
Ultrasonic-assisted drilling requires MATLAB software 
to calculate the speed of each time period. The numerical 
values are imported into the finite element simulation to 
add ultrasonic-assisted vibration to ordinary drilling.

The workpiece is Al2024-T351/Ti-6Al-4V laminated 
material, both materials have a thickness of 0.75 mm and a 
tool diameter of 3.6 mm. The properties of the Al2024-T351/
Ti-6Al-4V laminate are shown in Table 1. In this paper, the 
model is built by the finite element method for drilling. The 
experiment was analyzed by the feed rate and frequency of 
the drilling. The experimental parameters and tool shapes 
are shown in Tables 2 and 3. The chemical composition of 
the workpiece material Al2024-T351/Ti-6Al-4 V is shown in 
Table 4.

In the case of a given material microstructure, the plastic 
flow constitutive model can be expressed as:

where 𝜀̇ is strain rate, ε is strain, and T is temperature.
For the large strain, high strain rate and high temperature 

rise cases frequently achieved in high speed cutting process, 
the Johnson–Cook model is used as the material constitutive 
relation, which is suitable for the strain rate change in a wide 
range (102–106 s−1), and the temperature change is caused by 
the plastic deformation caused by thermal softening. Its func-
tional relation and concrete form are respectively expressed as:

where 𝜎̃ �pl and 𝜀̇
pl

 represent yield stress, equivalent plastic 
strain and equivalent plastic strain rate, respectively; A is the 
initial yield stress, B is the hardening modulus, C is the coef-
ficient dependent on the strain rate, n is the work hardening 
index, m is the thermal softening coefficient; Tm , Tr and T are 
the melting point, initial reference temperature and dynamic 
temperature of the material, respectively.

3 � Ultrasound‑assisted thrust force model

In the UCD, the study of thrust is critical. Figure 3 illustration 
of the cutting force components on the main cutting edge. Tak-
ing the main cutting edge dl as the research object, the thrust 
force is explored by the dynamic feed angle. The dynamic feed 
angle �d is expressed as:

The dynamic method front angle �nd is expressed as:

(1)σ = f
1
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(3)tan �d =
2��A cos(2��t) + frn

2�rn
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+

sin �sd
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(5)sin �sd = cos p sin �d + sin p cos �d

(6)�fd = �f + �d

Table 1   Mechanical-physical properties [18]

Material properties Al2024-T351 Ti-6Al-4V

Density (ρ) (kg/m3) 2780 4430
Hardness, vickers 137 349
Thermal conductivity (W/mK) 121 6.7
Modulus of elasticity (GPa) 73.1 113.8
Poisson’s ratio 0.33 0.342

Table 2   Drilling tool parameters

Control parameters Values

Feed rate (mm/r) 0.2, 0.25, 0.3, 0.35
Amplitude (m) 5
Cutting speed (m/min) 50
Frequency (Hz) 0, 20,000

Table 3   Drilling tips and their specifications

Drill tips Twist drill Multipoint drill

Tool material WC WC
Number of fluted 2 2
Helix angle 20 20
Point angle 130 130

Table 4   Chemical compositions 
[19]

Al2024-T351 Element Ai Cu Mg Mn Fe Si Cr Zn

TI-6Al-4V Wt% Base 3.8–4.9 1.2–1.8 0.3–0.9  < 0.5  < 0.5  < 0.1  < 0.25
Element Ti Al V Fe C N H O
Wt% Base 5.5–6.75 3.5–4.5  < 0.25  < 0.08  < 0.05  < 0.01  < 0.2
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If the cutting micro blade is regarded as a small turning 
tool, the dynamic shear angle �nd , the dynamic friction angle 
�nd and the dynamic chip angle �cd can be expressed as:

(6)tan krd =
sin kr

cos kr + tan �s + sin �d

(7)�n = �f − �

(8)� = arctan(tan� cos p)

(9)�f = arctan

(
tan � cos�

sin p − cos p tan � sin�

)

(10)tan�nd =
rl cos �cd cos �nd

cos �sd − rl cos �cd sin �nd

(11)tan
(
�nd + �nd

)
=

tan �sd cos �nd

tan �cd − sin �nd tan �sd

(12)tan �cd =
tan �sd cos �nd

tan
(
�nd + �nd

) + tan �sd sin �nd

(13)dFs =
KABhl

sin�nd

1

sin p

r
(
r2 − �2

) 1

2

dr

The cutting force of the main cutting edge micro-element 
can be decomposed into dFC′, dFT′ and dFR′, where dFC′ is 
orthogonal to the plane formed by the main cutting edge and 
VC, and is perpendicular to the machined surface.

The thrust force Ft of the entire main cutting edge can be 
expressed as:

(14)
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Fig. 3   Illustration of the cutting force components on the main cutting edge
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4 � Experimental work

The AL2024-T351/Ti-6Al-4V laminate used in the drill-
ing experiment was 100 mm × 100 mm × 3 mm each time, 
and the conventional drilling was performed using a twist 
drill having a diameter of 10 mm. Feed rate is 0.02 mm/r 
and rotation speed is 1000 r/min. The experiment used a 
three-dimensional topography measurement hardware 
device to measure the surface quality of the laminate mate-
rial whole processing. Experimental equipment includes 
in situ THREE-DIMENSIONAL topography measurement 
precision instrument, Vientiane base, portable digital micro-
scope, measurement bracket, high-performance small host 
and computer display. Measuring the pore wall with a micro-
scope allows a clearer view of the pore wall quality for fur-
ther research. As shown in Fig. 4, measuring the wall of the 
hole with a microscope gives a clearer understanding of the 
quality of the process in order to further improve the quality 

of the process. As shown in Fig. 5, the two-dimensional 
microstructure and three dimensional microstructures of the 
aluminum alloy and titanium alloy pore walls can be clearly 
observed. The defects of the traditional processing mainly 
become surface pits or grooves, surface scratches, surface 
roughness, etc., thereby reducing the fatigue life of the holes. 
In order to improve the defects in ordinary drilling, the fol-
lowing will be discussed and predicted in combination with 
finite element simulation.

5 � The mechanism of damage

The degree of damage of the inner wall during material 
drilling affects the accuracy of the hole, and the study of 
the damage of the inner wall of the hole is meaningful. 
While drilling, the twist drill is rotating itself while feed-
ing itself, so the machining track of drilling movement is 
a three-dimensional spiral. As shown in Fig. 6, the tool or 

Fig. 4   a 3D shape measurement hardware device. b Drilling experiment system drawing and drilling machine
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Fig. 5   a Micrograph of hole machined surface of aluminum alloy b 3D micro surface morphology of aluminum alloy hole machining c Micro-
graph of hole machined surface of titanium alloy d 3D micro surface morphology of titanium alloy hole

Fig. 6   Transverse and longitudi-
nal sections of the hole
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workpiece clamp is affected by the working environment, 
and there will be irregular vibration between the tool and 
the workpiece, so that the cross-section of hole processing 
is often not a regular circular hole. As shown in Fig. 7, 
mainly surface pits or grooves, surface scratches, surface 
roughness, etc., the degree of damage and the extent of 
damage of the workpiece under different processing condi-
tions can be clearly observed. The use of UAD can further 
reduce the damage and further reduce the damage range. 
In the process of axial ultrasonic vibration drilling, the 
drill bit and workpiece are no longer in the form of con-
tinuous cutting, but cut through the discontinuous contact 
between the tool and the workpiece. In this process, the 
size and direction of cutting speed are constantly changing 
with time, which makes axial ultrasonic vibration drilling 
achieve the drilling effect that is difficult to achieve by tra-
ditional drilling technology. Because the axial ultrasonic 
vibration drilling can effectively reduce the cutting force, 
drilling temperature and material damage in the machin-
ing process.

Figure 8 is a graph showing the damage of the inner wall 
of the laminated drilling material under the conditions of 
a rotation speed of 50 m/min and a feed rate of 0.3 mm/r. 
During the processing, the damage to the inner wall of the 
material gradually increases and then stabilizes at a fixed 
value. In the aluminum layer processing, the highest dam-
age caused by multi-point drilling was 13.0% lower than 
the twist drill, and the UAD damage was further reduced by 
37.0%. In the titanium layer processing, the highest dam-
age caused by multi-point drilling was 13.8% lower than 
the twist drill, and the UAD damage was further reduced by 
56.3%. Because drilling machining space is a semi-closed 

chip cannot be quickly discharged, constantly with the tool 
and processed surface friction, resulting in the tool and pro-
cessed hole surface scratches. The chips generated during 
the drilling of the twist drill are spiral and are not easily 
broken. The chips generated when drilling the titanium alloy 
cause damage to the aluminum alloy hole wall, so the alu-
minum layer damage is larger than the titanium layer. The 
four arc cutting grooves of multi-drilling are beneficial to 
improve the chipping ability and chip breaking ability, and 
reduce the damage caused by the chips to the hole wall. The 
chips produced by UAD are flaky and easily broken, further 
reducing the damage of the pore walls.

6 � The mechanism of thrust force

The study of thrust forces in the machining of Al2024T351/
Ti-6Al-4V laminates is necessary. Finite element simulation 
has extremely high accuracy, and the use of finite element 
simulation in experimental research can greatly save costs. 
In this paper, the processing characteristics of laminated 
materials are explored through experiments and finite ele-
ment simulations. As shown in Fig. 9a, b, when the feed 
force is 0.05 mm/r, the experimental and simulation errors of 
the thrust force generated by the aluminum alloy at the cut-
ting speeds of 50 m/min, 60 m/min and 70 m/min are 4.1%, 
3.3% and 4.7%, respectively. Under the same machining 
conditions, the experimental and simulation errors of thrust 
force are 4.9%, 4.3% and 4.5%, respectively. The experi-
mental and simulation errors of thrust force generated by 
processing titanium alloy under the same processing con-
ditions were 4.9%, 4.3% and 4.5%, respectively. The error 

Fig. 7   Schematic diagram of damage to inner wall of drilling hole for laminated materials
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between the finite element simulation and the experimental 
results is less than 5%, which proves the reliability of the 
finite element simulation results. The cost can be saved by 
using finite element simulation, and the experimental results 
under special circumstances are predicted. With the increase 
of cutting speed, the axial force produced by drilling also 
increases. Compared with CD, UAD can reduce the axial 
force. The vibration in the process of UCD will improve 
the cutting ability, accelerate the chip fracture, and the chip 
will take away a lot of cutting heat. Lower axial force is 
produced under the same drilling conditions. The axial force 
increases with the increase of cutting speed. When the drill 
bit drills the workpiece at a higher speed, it will produce a 
higher temperature, aggravate the wear of the tool, improve 
the cutting performance of the tool and increase the drilling 
axial force.

As shown in Fig. 9c, d, the result of the change in thrust 
force at different feed rates. Pujana et al. concluded that the 
feed force is reduced by about 20% when using ultrasonic 
assisted drilling [20]. When the feed rate was 0.2 mm/r, the 
thrust force produced by multipoint drilling to cut the alu-
minum layer was reduced by 15.0%, and the added vibra-
tion energy was further reduced by 28.3%. When the feed 

rate was 0.2 mm/r, the thrust force produced by multipoint 
drilling to cut the titanium layer was reduced by 9.3%, and 
the added vibration energy was further reduced by 26.0%. 
Multipoint drilling with multiple cutting grooves improves 
the cutting ability and reduces the axial force. Due to the 
addition of ultrasonic vibration, the UAD drilling process 
becomes a continuous stage of contact drilling, which causes 
a huge change in the original drilling mechanism and also 
greatly reduces the thrust force. With the increase of feed 
rate, the thrust force generated by drilling also increases. 
Compared with CD, UAD can reduce the thrust force. 
Vibration during UCD accelerates chip fracture, improves 
drilling capability and reduces thrust force. The thrust force 
increases with the increase of feed rate. When the drill bit 
drills the workpiece with a higher feed rate, it will produce a 
higher temperature, which aggravates the tool wear, reduces 
the cutting performance of the tool, and also increases the 
thrust force.

Fig. 8   Compare damage to drilling wall of different drill bits
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7 � The mechanism of delamination

Delaminating is essentially a category of fracture. Due to the 
structural properties of the laminate, the strength between 
the layers and the strength within the layer are greatly differ-
ent. It can be divided into three basic types: open type, slide 
open type and tear open type.

7.1 � Delamination quantification methodology

The control of delamination is important in the drilling of 
laminated materials. The study of suppression of delamina-
tion caused by drilling is very meaningful, and the quantifi-
cation of stratification has been extensively studied [21]. As 
shown in Fig. 11a, the two diameters defining the maximum 
diameter (Dmax) of the layered region and the diameter of the 
hole (Do) of the hole are concentric. Minimum stratifica-
tion area (Dmin) and the most commonly used conventional 

stratification factor (Fd). The formula of Fd is expressed 
as:Fd = D

max
∕DO.

It is of great significance to study the delamination of 
materials in laminates. As shown in Fig. 10, the drilling 
delamination of twist drill, multipoint drill (CD) and multi-
point drill (UAD) is compared. It can be clearly seen that the 
delamination of the twist drill is very serious, and the use of 
multipoint drill can improve the delamination. Adding ultra-
sound assist to the multipoint drill can further improve the 
delamination. Figure 11b shows the delamination factor for 
different drill bits at different feed rates. Under the process-
ing conditions of different feed rates (0.2 mm/r, 0.25 mm/r, 
0.3 mm/r and 0.35 mm/r), the delamination factor produced 
by multipoint drilling was 7.9%, 9.6%, 10.1% and 10.2% 
lower than that of twist drill. Using UAD can further reduce 
the delamination factor, which is reduced by 12.9%, 14.4%, 
14.2% and 13.9%, respectively. The delamination factor 
increases as the feed rate increases, but the magnitude of 
the increase decreases. Layer gap inevitably occurs when 

Fig. 9   a Aluminum layer experiment and simulation of axial force b Titanium layer experiment and simulation of axial force c Aluminum layer 
axial force d Titanium layer axial force
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laminated materials cannot be fully tightened during drill-
ing. At the same time, the different cutting performance of 
each layer of laminated material leads to the generation of 
interlayer stratification in the drilling hole. UAD of the drill 
bit and the periodic contact and separation of the machining 
surface is beneficial to improve the cutting condition of the 
tool, improve the cutting ability of the tool, reduce the cut-
ting force and the delamination of the material.

7.2 � Mechanism and form of lamination 
of staggered holes

The manufacturing error and deformation difference of the 
laminate often lead to interlayer gaps, which cause inter-
layer burrs and lamination misalignments, which affect 
the quality of the lamination and the mating properties 
of the laminate. To further study the mechanism of stack-
ing staggered holes, a two-dimensional stacked model is 
drawn, as shown in Fig. 12. Before the drilling starts, the 

Fig. 10   Delaminating resulting from different drilling situations

Fig. 11   a Illustration of delami-
nation area b The effect of 
different drilling conditions on 
the delamination factor
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workpiece is not deformed and the tool is aligned with the 
ideal hole axis. When drilling, the upper and lower layers 
are deformed, and the ideal hole axis is bent and hori-
zontally offset. After the drilling is completed, the actual 
hole making axis and the actual hole edge rebound, and 
a misalignment occurs. The types of laminated staggered 
holes are upper and lower layer bending, upper and lower 
layer translation, local deformation, etc.. The pore size 
can reflect the quality of material processing to a certain 

extent, so it is necessary to study the pore size. As shown 
in Figs. 13 and 14, the contrast variation of the apertures 
under different processing conditions is clearly shown. 
UAD can improve the quality of drilling.

Fig. 12   Illustration of two-dimensional stacked fault hole model a 
Drilling initial workpiece state b Workpiece state when drilling the 
lower layer c Workpiece status after drilling d Type I wrong hole, 

upper and lower layer bending e Type II wrong hole, upper and lower 
translation f Type III wrong hole, local deformation

Fig. 13   Simulation diagram of machining aperture of different bits (cut the workpiece through the center of the circle)
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8 � The mechanism of temperature

This part focuses on the internal temperature of the lami-
nate during drilling. As shown in Fig. 15a, the internal 
temperature change during the drilling of the aluminum 
layer and the titanium layer can be clearly seen. The 

temperature of the cutting edge of the twist drill bit is 
significantly higher than other parts, and the five-point 
temperature formed by the two grooves of the multipoint 
drill bit is generally high. In the case of multipoint drill-
ing, the temperature of the aluminum layer or the tita-
nium layer is lowered, and the UAD temperature is further 
lowered. The temperature distribution in metal processing 

Fig. 14   Comparison of aperture between aluminum layer and titanium layer

Fig. 15   a Temperature comparison during drilling (cut the workpiece through the center of the circle) b Drilling temperature of aluminum layer 
c Drilling temperature of aluminum layer
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varies with the processing, but the highest temperature 
often occurs on the cutting edge that is in precise contact 
with the workpiece [22, 23]. During the cutting process, 
there are three heating regions, the first deformation region 
(shear plane heat source), the second deformation region 
(tool-chip friction heat source), and the third deformation 
region (tool-workpiece friction heat source). Cutting heat 
is the root cause of cutting temperature rise. Too high cut-
ting temperature will reduce machining accuracy, so the 
research on cutting heat and cutting temperature is of great 
significance. During drilling, the chips carry about 28% 
of the heat, about 14.5% are transferred to the tool, about 
52.5% are transferred to the workpiece, and about 5% are 
transferred to the air.

The initial stage of the drilling process: due to the extru-
sion of the drill bit, the workpiece begins to gradually 
deform and form chips. When the drill bit rotates and the 
chips are generated, the cutting force and temperature rise 
sharply. In-depth stage: the cutting process is a process of 
extrusion deformation and cutting, which has experienced 
four stages of elastic deformation, plastic deformation, rup-
ture and cutting. During this stage, the cutting force and tem-
perature tend to stabilize. In the final stage: when the drill is 
about to penetrate the workpiece, the cutting force and tem-
perature are reduced. As shown in Fig. 15b, c, the drilling 
temperature produced by the laminate at different feed rates 
under the processing conditions of a rotation speed of 50 m/
min is shown. At a feed rate of 0.2 mm/r, the temperature at 
which the multi-drilled aluminum layer is drilled is reduced 
by 25.0% compared to the twist drill, and the added vibration 
energy is further reduced by 35.6%. This value is 9.5% and 
19.0% in the titanium layer, respectively. The drilling tem-
perature is an important state index in the drilling process of 
laminated materials. The process of drilling is semi-closed, 
which makes the chip cannot be eliminated in time, and the 
heat generated between the tool and the workpiece cannot 
be dispersed in time, which is easy to produce larger drill-
ing temperature and affect the processing quality. The use of 
special geometry tools such as multi-point drilling can speed 
up chip removal, reduce drilling temperatures and improve 
workpiece machining accuracy. Changing the movement of 
the drill bit also serves to reduce the drilling temperature, 
such as adding longitudinal vibration to the drill bit.

9 � Conclusion

In this paper, the drilling experiment of Al2024-T351/
TiAl-4 V laminated materials under different parameters 
was carried out. The results of the drilling experiments of 
the two drill bits were compared and analyzed.

	 (1)	  The chips generated when drilling the titanium alloy 
cause damage to the aluminum alloy hole wall, so the 
aluminum layer damage is larger than the titanium 
layer. The four arc cutting grooves of multi-drilling 
are beneficial to improve the chipping ability and chip 
breaking ability, and reduce the damage caused by the 
chips to the hole wall. The chips produced by UAD 
are flaky and easily broken, further reducing the dam-
age of the pore walls.

	 (2)	  UAD of the drill bit and the periodic contact and 
separation of the machining surface is beneficial to 
improve the cutting condition of the tool, improve the 
cutting ability of the tool, reduce the cutting force and 
the delamination of the material. It also reduces pore 
diameter.

	 (3) 	  UAD is a discontinuous process in which the heat of 
cutting changes in pulses. During the extremely short 
chip formation period, the heat does not have time to 
penetrate deep into the metal, and the chips are more 
likely to break during machining, thereby taking away 
a large amount of heat, so the average temperature of 
UAD is Lower than the average temperature of ordi-
nary drilling. The drilling temperature increases with 
the increase of cutting speed and decreases with the 
increase of frequency.
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