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Abstract
There are some problems in drilling Ti-6Al-4V/Al2024-T351 materials by traditional twist drill, such as big thrust force, big burr
at outlet, and poor surface morphology. To solve these problems or reduce damage, low amplitude and high frequency vibrations
are usually added in the direction of feed motion. This paper focuses on the study of geometric tool conventional drilling (CD)
and ultrasonic-assisted drilling (UAD). Under ideal experimental conditions, through the combination of experiment and sim-
ulation, the drilling of laminated materials was investigated. The experimental results show that the UAD reduces the thrust force,
burr height, torque, and temperature of laminated materials by 28.6%, 54.5%, 28.6%, and 13.2% respectively.
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1 Introduction

Drilling techniques are particularly important in the manufac-
ture of composite laminates and are used in the joining of
composites and other materials [1]. Drilling can approximate-
ly 40% of aerospace materials [2]. Along with the widespread
applications of composite laminates, the machining accuracy
has been required more and more strict. Due to the heteroge-
neity and anisotropy of composite laminates, delamination,
shrinkage, and other damage will occur in the traditional dril-
ling process [3, 4], which could not only directly reduce the
surface finish and assembly tolerance, but also affect the fa-
tigue strength of the hole, thus eventually hinder the service
performance of the assembly parts [5–7]. Drilling is one of the
main methods of material processing. In aerospace material
manufacturing, the drilling process accounts for approximate-
ly 40% of the material removal process [8]. In practical appli-
cations, single-engine aircraft and large transport aircraft re-
quire 100,000 and 1 million fixed holes, respectively [9].With
the increasing requirements of material processing accuracy,
more and more researches have been done on drilling. Many
excellent researchers have studied drilling. Some researchers

believe that using a drill with a larger apex angle can reduce
tool wear and better remove chips when drilling CFRP/Ti
[10]. Some researchers believe that increasing the spindle
speed and reducing the feed rate can improve the quality of
CFRP hole processing [11]. Some researchers have added
texture to the edge and edge of the tool to reduce the drilling
power and torque of titanium drilling [12]. Some researchers
have conducted in-depth research on the formation of bore-
hole burrs at the exit surface angle of the workpiece [13].
Some people have done in-depth research on how to reduce
the problem of aluminum alloy drilling burrs [14]. The exper-
imental study was analyzed by the Taguchi method. The in-
fluence of processing parameters on the burr was discussed
from the aspect of variance. Through the design of cutting
speed and feed rate parameters and the experiment of water
cooling, the influence of the angle of the workpiece exit sur-
face on the burr is discussed. It is difficult to meet the process-
ing requirements of difficult materials by traditional process-
ing methods [15]. Recently, a new technology has been used
as an alternative to traditional drilling. Ultrasonic vibration is
added to the ultrasonic-assisted drilling process. In this tech-
nique, the vibration of high frequency and low amplitude is
superimposed on the movement of tool or working material
[16–18]. In drilling, the addition of ultrasound can effectively
reduce the cutting force during cutting, but as the frequency
and amplitude increase, the reduction of cutting force de-
creases [19]. In the drilling process, the addition of ultrasonic
vibration can promote the segmentation of the chips and
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improve the processing quality [20]. Adding ultrasonic vibra-
tion to the AL/SIC metal matrix drilling plays a role in reduc-
ing burrs [21]. With the continuous advancement of computer
technology, many scholars use simulation combined with ex-
perimental methods to conduct research [22, 23].

Considering the above situation, this paper will study from
two aspects. The first aspect is to study the drilling perfor-
mance of geometric tools different from ordinary twist drills.
The second aspect is to add ultrasonic vibration to the CD
drilling process to explore its processing performance. First
of all, two kinds of geometric cutters are modeled and com-
pared in detail, and subsequently, the CD and UAD models
are also established for numerical simulation by the use of
DEFORM-3D finite element software. Secondly, the principle
of UAD is simply analyzed. Last but not least, the experiments
with different parameters (burr, thrust force, torque tempera-
ture) produced by different tools in CD and UADwere carried
out and compared, and the results were analyzed.

2 Finite element modeling

Figure 1 shows the two tools used in this article. The first step
and the second step cutting edge of the step drill are 0.667
mm, and h is 0.1212 mm. The lengths of the first and second
cutting edges of the double-cone drill are 1.2 mm and 1 mm,
respectively. UAD is a new processing method different from
CD, which adds a certain frequency and amplitude to the
original CD. Due to the frequency and amplitude, the drilling
has changed from the original continuous cutting process to
continuous stage cutting, and the mechanism of machining
has changed dramatically. The rotational speed, feed rate, fre-
quency, and amplitude of drilling have a significant influence
on the machining effect of drilling. Reasonable parameter op-
timization can improve the machining quality of the work-
piece and reduce tool wear. Changing the geometry of differ-
ent twist drills can also greatly improve drilling performance.

The workpiece is a laminate composed of a titanium
alloy and an aluminum alloy, and the material parameters

of the titanium alloy and the aluminum alloy are shown in
Table 1. Both the titanium alloy and the aluminum alloy
have a thickness of 1.5 mm and a total of 3 mm. The
radius of the workpiece is 6 mm and the diameter of the
tool is 3.6 mm.

In this paper, finite element modeling is used to build a
laminated material drilling model to dynamically simulate
CD and UAD of laminated materials. The workpiece
Al2024-T351/Ti-6Al-4V laminate is set as a molding ma-
terial and is divided into 25,000 grids according to the
relative grid size. The two-layer material adds side bound-
ary conditions, and the workpiece has a zero velocity on
the Z-axis so that the workpiece cannot move during the
drilling process and imposes constraints on the two-layer
material contact interface. The drill bit is set to a rigid
body for better finite element simulation. The operation
step is set to 3000, the time step is set to 0.0002 s, and the
system will be stored once every 50 steps. Drilling 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.

Tables 2 and 3 show the experimental parameters and the
geometric parameters of the two drill bits, respectively, to
facilitate the analysis of the experimental results. Table 4
shows the chemical composition of the workpiece titanium
alloy and aluminum alloy.

Fig. 1 Tool geometries of
different drill tips: a step drill and
b double cone drill

Table 1 Mechanical-physical properties [24]

Parameter Value

Ti-6Al-4V Al2024-T351

Density/(kg/m3) 4430 2780

Hardness, vickers 349 137

Thermal conductivity/(W/mK) 6.7 121

Modulus of elasticity/GPa 113.8 73.1

Poisson’s ratio 0.342 0.33
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3 Principle analysis of CD process and thrust
force model

It is necessary to study the cutting edge force in drilling engi-
neering. The cutting edge force can be regarded as the sum of
several components. As shown in Fig. 2, an orthogonal cutting
model is established to analyze the cutting edge force. Ignore
the power of the blade.

Fth ¼ 2ζ ∑
N

I¼1
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where the average primary cutting edge thrust force is
expressed as Fth (N), the correction factor is expressed as ζ,
the primary cutting edge elemental thrust force is expressed as
ΔFth (N), the point angle is expressed as 2 p, the dynamic feed
angle is expressed as ηd, the material shear strength is
expressed as ks (Mpa), the dynamic uncut chip thickness of
primary cutting edge element is expressed as hd (mm), the
width of each element is expressed asΔL (mm), the dynamic
friction angle is expressed as λn, the dynamic friction angle is
expressed as λnd, the normal rake angle is expressed as γn, the
dynamic normal rake angle is expressed as γnd, the dynamic
shear angle is expressed as ϕnd, the effective radius of the ith
element is expressed as ri (mm) (see Fig. 2), the drill radius is
expressed as R, the chisel edge angle is expressed as ψ, the
drill web thickness is expressed as 2T (mm), and the drill helix
angle is expressed as β0.

4 Experimental work

This section studies the thrust forces generated by the Ti/Al
laminated material during drilling with two different drill bits
(step drill, double cone drill). The effects of cutting speed and
frequency on the thrust force of two kinds of cutting tools
were investigated experimentally and the instrument is shown
in Fig. 3 [24]. The maximum spindle speed of the experimen-
tal device is 10000 RPM and the rated power is 15kw.The Al/
Ti laminated material is clamped onto a piezoelectric dyna-
mometer to accurately measure thrust during drilling. The
height of the burr was measured by a 3D laser scanning mi-
croscope after drilling. The macroscopic morphology and mi-
crostructure of drilling were observed by optical scanning
electron microscope. The experiment was designed with mul-
tiple cutting speed factors, and each experiment was repeated
3 times for the accuracy of the experiment.

Figure 4 clearly shows the axial forces under different pro-
cessing conditions (50 m/min, 70 m/min, 90 m/min) and an-
alyzes and discusses the results. The errors of experimental
data and simulation data in titanium alloy drilling are 4.3%,
4.8%, and 5%, respectively. The errors of experimental data
and simulation data in aluminum alloy drilling are 5.1%,
4.4%, and 5.7%, respectively. The reliability of the simulation
results is verified and it is worthy of trust. The thrust force
increases as the rotational speed increases.When the drill bit is

Table 2 Drilling tool parameters

Control parameters Values

Feed rate (mm/r) 0.05, 1

Amplitude (μm) 5

Drill geometries Step, double cone

Cutting speed (m/min) 50, 70, 90

Frequency (Hz) 20000, 30000, 40000

Table 3 Drilling tips and their specifications

Drill tips Step drill Double cone drill

Tool material WC WC

Number of fluted 2 2

Helix angle 20° 20°

Point angle 130° 130°
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drilled at a relatively high speed, the high temperature is gen-
erated and the tool wear is aggravated, so that the tool cannot
be processed normally and the thrust force is also increased.
The right speed is the key factor in ensuring material
processing.

5 Explore the influence of thrust force on exit
burr

During the drilling process, the material at the edge of the hole
is not cut by the cutting edge, and after being deformed, it is
bonded to the exit to form a burr. The entry burr, exit burr, and
delamination gap will appear in CD of workpiece, as shown in
Fig. 5. The following is a detailed description of the formation
process of the exit burr.

5.1 Material deformation model

It is a common sense that the material’s resistance to deforma-
tion decreases along with the thinning of workpiece during the
drilling and the existence of cutting heat could further aggra-
vate the plastic deformation. Due to the abovementioned phe-
nomenon, part of the material at the bottom of the hole will
remain around the edge when the drill bit penetrates the work-
piece, thus eventually forms burrs.

The formation of burr is a continuous process, which
can be simply divided into three main stages [25].
Figure 6 is a schematic diagram of the plastic deformation
of the material, which can clearly show the forming pro-
cess of burrs. The initial stage of burr formation is mate-
rial extension deformation (□ABCD to □HBCK), In the
middle of the burr formation, the material is bent and
deformed to form a burr (□HBCK to □EJBH). At the
end of the burr formation, the material is bent and de-
formed to form the final burr (□EJBH to □MNJL).

5.2 The mechanism of thrust force

The study of thrust in the drilling of laminated materials
is very important. Too much thrust will reduce the accu-
racy of the workpiece, so it is necessary to reduce the
thrust. In this paper, the thrust of two kinds of drill bit
drilling materials is explored, and CD and UAD are
discussed.

As shown in Figs. 7 and 8, the experimental results of
the thrust force can be clearly observed. When the cutting
speed of step drill and double cone drill is 50 m/min, the
mean thrust force of the UAD (20 KHz) Ti-6Al-4V lam-
inate is 24.8% and 25.0% lower than that of CD, respec-
tively. When the cutting speed of step drill and double
cone drill is 50 m/min, the mean thrust force of the

Table 4 Chemical compositions [24]

TI-6Al-4V 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

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

Wt% Base 3.8–4.9 1.2–1.8 0.3–0.9 < 0.5 < 0.5 < 0.1 < 0.25

Fig. 2 Primary cutting edge force
model
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UAD (20 KHz) Al2024-T351 laminate is 10.4% and
10.2% lower than that of CD, respectively. At the same
time, the related researchers used the ultrasonic-assisted
drilling UAD to reduce the thrust force generated by CD
by 20% [26]. As the speed increases, the drilling force
also increases. The thermal conductivity of the titanium
alloy is small, and as the rotational speed increases, the
cutting temperature also increases, thereby increasing the
thrust. The aluminum alloy has good thermal conductivi-
ty, and the cutting heat energy is effectively dissipated, so
the thrust is only slightly increased when the rotational
speed is increased. Compared to CD, UAD can greatly
reduce the thrust. The vibration in the UCD process ac-
celerates the chip breakage, and the chip takes away a lot
of cutting heat, which causes the thrust to drop according-
ly. In addition, the double cone drill produces a lower
thrust than a step drill.

5.3 The mechanism of burr

During the drilling process, the material at the edge of the hole
is not cut by the cutting edge, and after being deformed, it is
bonded to the exit to form a burr. Export burrs can affect the
assembly accuracy of parts, so the study of burrs is of great
significance. This section studies the burrs generated by the
Ti/Al laminated material during drilling with two different
drill bits (step drill, double cone drill). The burrs produced
by CD and UAD are compared and analyzed by simulation
experiments. In order to more clearly observe the burr of the
laminated material drilling, the cylindrical workpiece is cut
through the center of the circle. The height of the workpiece
burr can be clearly seen to facilitate analysis of the experimen-
tal results.

Figure 9 is the drilling simulation diagram at cutting speed
of 50 m /min, feed rate of 1 mm/r and vibration frequency of

Fig. 3 Schematic of date
acquisition system

Fig. 4 The experimental (CD) and simulation (CD) results are compared in titanium alloy (left) and aluminum alloy (right)
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Fig. 6 Burr formation and
fracture

Fig. 7 Effect of cutting speed and vibration frequency on mean thrust force of Ti-6Al-4V laminate

Fig. 5 Diagram of drilling process
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40 Khz. The burr height produced by CD and UAD can be
clearly seen. As shown in Fig. 10, the burr height produced by
step drilling in UAD (40 Khz) reduced by 54.5% compared
with CD (0Khz) and the one produced by double cone drilling
decreased by 65%. The burr height becomes lower and lower
with the increase of frequency. The stepping drill produces
more thrust than the double-cone drill. The excessively high
drilling temperature softens the material and increases the ma-
terial’s extensibility, so it is easier to produce larger burrs. The
thrust force has a certain influence on the exit burr and the
plastic deformation has a positive correlation with the thrust
force, which makes it easier for the bottom material of the

workpiece to be remained on the edge of the hole wall.
UAD the form ofmotion of the drill bit, and the axial vibration
of the tool causes the chisel edge to drill the workpiece earlier
than CD. After the chisel is drilled, the residual thickness
of the outlet is larger than that of CD, the rigidity of the
outlet residual material is strong, and the deformation
along the feeding direction is reduced, so the burr height
is lowered. In UAD, the regular contact of the workpiece
on the surface to be machined is beneficial for the dissi-
pation of cutting heat and the diminution of deformation
of the hole at the bottom material, which makes a great
contribution to the inhibition of burr.

Fig. 8 Effect of cutting speed and vibration frequency on mean thrust force of Al2024-T351 laminate

Fig. 9 Comparison of burrs
produced by CD and UCD (cut
the workpiece through the center
of the circle)
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6 The analysis of torque

The study of torque in the drilling of laminated materials is
necessary. Excessive torque will cause great wear to the cutter;
thus, the reduction of torque and cutting tool wear has become
a hot research topic of many experts. This paper presents a
comparative study of the torques produced in CD and UAD.

As shown in Fig. 11, the torque of the two types of drill bits
for drilling the laminate material in the case of CD (90 m/min,
1 mm/r, and 0 Khz) and UAD (90m/min, 1 mm/r, and 40Khz)
is compared. When the tool first enters the titanium alloy, the
torque increases sharply due to the contact area between the
tool and the workpiece. When the cutting edge is fully en-
gaged with the workpiece, the torque reaches a maximum

Fig. 10 Effect of vibration
frequency on burr of laminated
material

Fig. 11 Compare the torque
between conventional drilling and
ultrasonic drilling
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and remains stable. As the drill bit drills into the aluminum
alloy, the torque begins to drop and then remains stable. When
the tool passes through the workpiece, the torque is reduced to
zero. Where the titanium alloy and aluminum alloy are exces-
sive, the stepping drill produces a sharp drop in torque and the
torque produced by the double cone drill is slowly reduced.
This is related to the two tool configurations, and there is no

connection between the second step of the stepping drill and
the first step. The second step drills the titanium layer when
the first step drills the aluminum layer. The double cone drill
has two cutting edges that make the torque gradient relatively
small. The greater hardness of titanium alloy than that of alu-
minum alloy produced a greater torque during drilling. The
torque produced by step drilling in UAD of titanium alloy

Fig. 12 Comparison of drilling process temperature between CD and UAD (cut the workpiece through the center of the circle)
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layer is 28.6% lower than that of CD, while the one by using
aluminum alloy layer is only slightly lower. The torque pro-
duced by double cone drilling in UAD of titanium alloy layer
is 35.7% lower than that of CD, while the one by using alu-
minum alloy layer is only slightly lower. As a consequence,
UADmachining can effectively reduce the torque, reduce tool
wear and improve tool life.

7 The mechanism of temperature

Drilling temperature has a certain impact on tool wear and too
high temperature will accelerate tool wear; thus, the tempera-
ture generated by two types of drilling tools was studied in this
chapter. As shown in Fig. 12, the temperature simulation of
the drilling of the laminate material in the case of CD (50
m/min, 1 mm/r, and 0 Khz) and UAD (50 m/min, 1 mm/r,

and 20 Khz) is compared between the two drill bits. The
highest temperature in the step drilling process occurs on three
parallel blades. The highest temperature in the process of dou-
ble cone drilling is generated on the secondary cutting edge. In
the research on the drilling temperature of the workpiece, the
workpiece is divided in order to better study and analyze the
workpiece temperature. The workpiece and tool temperature
distribution can be clearly seen to facilitate analysis of the
experimental results. Initial stage: due to the extrusion of the
drill bit, the workpiece begins to gradually deform and form
chips. As the chips are discharged as the drill rotates, the
cutting force and temperature rise sharply. In-depth stage:
The cutting process is a process of extrusion deformation
and cutting, undergoing four stages of elastic deformation,
plastic deformation, cracking, and cutting. At this stage, the
cutting force and temperature tend to be stable. At the end
stage: the drill bit is drilled through the bottom surface of the

Fig. 13 Effect of cutting speed and vibration frequency on temperature of Ti-6Al-4V laminate

Fig. 14 Effect of cutting speed and vibration frequency on temperature of Al2024-T351 laminate
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workpiece, and the cutting force and temperature are
decreasing.

As shown in Figs. 13 and 14, the temperature produced by
drilling the laminate material with different parameters is
clearly shown. The drilling process has a great influence on
the machining quality of the workpiece and the wear of the
tool, so more and more people have conducted in-depth re-
search on the drilling temperature. Different methods of dril-
ling temperature measurement will produce different results.
How to measure accurately is a topic worthy of further study
[27–31]. Under the same conditions, the temperature

produced by step drilling is higher than that of by double cone
drilling. When the cutting speed of step drill and double cone
drill is 50 m/min, the temperature of the UAD (20 KHz) Ti-
6Al-4V laminate is 4.0% and 3.6% lower than that of CD,
respectively. When the cutting speed of step drill and double
cone drill is 50 m/min, the temperature of the UAD (20 KHz)
Al2024-T351 laminate is 10.1% and 9.1% lower than that of
CD, respectively. UAD is a discontinuous process in which
the cutting heat changes in pulse form. During extremely short
chip formation, heat does not have time to travel deeper into
the metal, so the average cutting temperature is lower. UAD

Fig. 15 Comparison of drilling process effective stress between CD and UAD (cut the workpiece through the center of the circle)
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makes chips more prone to fracture, which takes away a lot of
heat, so the temperature of UAD is lower than that of ordinary
drilling. Drilling temperature increases with the increase of
cutting speed and decreases with the increase of frequency.

8 The mechanism of effective stress

As shown in Fig. 15, the effective stress simulation of the
drilling of the laminate material in the case of CD (50
m/min, 1 mm/r, and 0 Khz) and UAD (50 m/min, 1
mm/r, and 20 Khz) is compared between the two drill bits.
Comparing the effective stresses produced by drilling two
different tools. It is obviously that the distribution of the
effective stress in each position of the workpiece in the
process of machining can be seen. In order to more clearly
observe the distribution of the equivalent stress during the

drilling of the laminated material, the cylindrical work-
piece is cut through the center of the circle. The equiva-
lent stress distribution of the upper and lower layers of the
laminate can be clearly seen to facilitate analysis of the
experimental results.

The effective stress is mainly distributed in the contact
area between the tool tip and the workpiece and the con-
tact area of the two layers of the workpiece. During the
UAD process, the cutter and the chip are a continuous
contact separation process. The tool and the chip are in
a separated state for a long time, and the equivalent stress
generated is relatively small. As shown in Figs. 16 and
17, the effective stress produced by drilling the laminate
material with different parameters is clearly shown. When
the cutting speed of step drill and double cone drill is 50
m/min, the effective stresses of the UAD (20 KHz) Ti-
6Al-4V laminate is 6.2% and 6.1% lower than that of

Fig. 17 Effect of cutting speed and vibration frequency on effective stresses of Al2024-T351 laminate

Fig. 16 Effect of cutting speed and vibration frequency on effective stresses of Ti-6Al-4V laminate
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CD, respectively. When the cutting speed of step drill and
double cone drill is 50 m/min, the effective stresses of the
UAD (20 KHz) Al2024-T351 laminate is 9.7% and 8.1%
lower than that of CD, respectively.

9 Conclusion

In this paper, CD and UAD studies of Ti-Al-4V/Al2024-T351
laminated materials are carried out, and the experimental re-
sults of two kinds of geometric bit (step drill and double cone
drill) processing are compared.

(1) The mean thrust force of step drilling and double cone
drilling in titanium UAD is 24.8% and 25.0% lower than
that of CD, respectively. The results of aluminum layer
were 10.4% and 10.2%, respectively. When compared
with CD, step drill and double cone drill could produce
54.5% and 65% lower exit burrs in laminated UAD. In
CD, the burr becomes higher as the thrust increases, and
the UAD process can greatly reduce the height of the
burr.

(2) Step drilling and double cone drilling reduced the torque
in UAD by 28.6% and 35.7% when compared with CD.
As a consequence, UAD machining can effectively re-
duce the torque, reduce tool wear and improve tool life.

(3) The temperature and equivalent stress generated by the
UAD in the titanium layer using stepped and double cone
drills were 13.2%, 11.9%, and 6.6%, respectively, lower
than the use of CD. The temperature and equivalent
stress generated by the UAD in the aluminum layer using
stepped and double cone drills were 13.2%, 11.9% and
6.6%, respectively, lower than the use of CD. UAD is a
discontinuous process in which the cutting heat changes
in pulse form. During extremely short chip formation,
heat does not have time to travel deeper into the metal,
so the average cutting temperature is lower.
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