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Abstract

The hole-making mechanism of carbon fiber reinforced plastic (CFRP)/titanium alloy stacks is different from that of mon-
olayer materials. In order to reveal the effects of different cutting sequence strategies on the hole-making quality and machin-
ing efficiency of the stacked materials, valuable insights are provided for the design of the stacking machining process and
the selection of the most suitable cutting sequence. The researchers conducted ultrasonic vibration-assisted helical milling
and conventional helical milling experiments with different milling parameters, and explored the basic influence mecha-
nisms of CFRP — Ti and Ti — CFRP on the hole-making in both ways. The results show that different cutting sequences
have significant effects on the axial force and chip morphology changes during CFRP/Ti stack machining. The dimensional
accuracy and consistency of the holes cut from the Ti side are better, and the quality of the entrance and exit from the Ti side
under the ultrasonically assisted condition is close to the quality level of the holes cut from the CFRP side under the normal
helical milling, and the ultrasonically assisted condition plays a good role in improving the quality of the holes made. In
addition, the tearing coefficients of CFRP hole entry/exit in both machining modes increased with the increase of feed per
tooth in tangential direction and decreased with the increase of spindle speed. The tearing coefficients of entry/exit holes in
CFRP direction were smaller than those in titanium direction.
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1 Introduction

With the rapid development of aerospace technology, tita-
nium alloys and carbon fiber reinforced composites (CFRP)
are widely used to manufacture aerospace products for their
excellent comprehensive performance [1-3]. CFRP has the
characteristics of low density, high specific modulus, high
specific strength, strong designability, and ease of integrally
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Kai Yang strength, good thermal stability, and corrosion resistance
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ments of strength and stiffness performance while having
excellent structural quality and environmental performance,
effectively avoiding the problems of low impact strength
and irreparable problems of composite materials [11, 12].
In the new generation of aerospace manufacturing, CFRP/Ti
stacks, the preferred material for high-performance structural
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components, have gradually replaced the traditional CFRP
and titanium alloy single application [13, 14]. During manu-
facturing and assembly, the laminated structures are usually
connected in three forms: mechanical connection, glued
connection, and hybrid mechanical/glued connection [15,
16]. Mechanical linkages are robust, reliable, and easy to
disassemble. CFRP and titanium alloys are often mechani-
cally connected to form their structures, and the quality of
connection holes determines the stacked materials' perfor-
mance. To guarantee the assembly accuracy of the stacked
holes, both materials are usually machined simultaneously
using one tool [17-19]. Titanium alloy and CFRP are chal-
lenging materials to machine, each with distinct machining
characteristics. When hole-making in stacked layers, they
are susceptible to significant machining damage, which leads
to part scraps, such as interlayer delamination, fiber tearing,
entrance and exit burrs, and other defects [20-22]. To obtain
the required hole diameter and machining quality, research-
ers, both domestically and internationally, have undertaken
numerous investigations on hole-making technology for
CFRP/Ti stacks, exploring various aspects like machining
techniques, cutting parameters, tool materials, and cutting
environments [23-26].

Most studies on CFRP/titanium alloy laminated materials'
hole-making technology center primarily around conven-
tional drilling. However, based on the fact that the traditional
drilling hole-making process has the problems of chips not
easy to be discharged, tool wearing too fast, and tool tip tem-
perature too high, the research scope of drilling laminated
materials is getting narrower and narrower, which can not
fully satisfy people's requirements of high efficiency, high
machining accuracy and low damage for CFRP/titanium
alloy laminated materials hole making. Simultaneously,
researchers in academia and industry have shown significant
interest in developing helical milling hole-making. Spiral
milling is a new type of hole-making method that adopts
the principle of milling to realize hole machining; the tool
rotates around the hole axis at the same time as the rotation.
It makes eccentric movement around the trajectory of the
helix under the action of axial feed, and the cutting process
includes the intermittent cutting of the peripheral edge and
the continuous cutting of the end edge, with the intermittent
cutting of the peripheral edge dominating [27, 28]. Domes-
tic and foreign scholars, through a large number of drilling
and milling comparative studies, found that: the spiral mill-
ing intermittent cutting process is conducive to tool heat
dissipation, eccentric movement of the machining mode is
conducive to the timely discharge of chips, and compared
with the traditional drilling has the advantages of small
axial force, good machining quality, and low cost of cutting
tools, which is of practical effect and application value for
the study of hole making problems in CFRP/Ti stacks [29,
30]. In addition, ultrasound-assisted machining technology

can significantly improve the machinability of materials and
is often used in the field of hard and brittle materials and
other difficult-to-machine materials [31-33]. Some scholars
have attempted to apply ultrasound-assisted machining tech-
nology to make holes in CFRP/Ti stacked materials. Cong
et al. [34, 35] conducted a preliminary investigation of rotary
ultrasonic machining (RUM, Rotary Ultrasonic Machining)
of CFRP/Ti stacks. They compared the rotary ultrasonic
machining of drilled holes with the literature results of
using other methods. They discovered that the cutting force
exhibited a decrease, resulting in improved hole quality.
Yan Chen et al. [36] conducted a low-frequency vibration-
assisted drilling (LFVAD) study on CFRP/Ti stacks, which
demonstrated that the adaptive LFVAD process is signifi-
cantly more effective than the traditional LFVAD process
in improving tool wear and machining efficiency. Onawumi
et al. [37] found in experiments on ultrasonically assisted
drilling (UAD, Ultrasonically Assisted Drilling) of CFRP/
Ti laminated materials that the reduction of axial force by
UAD decreases with the increase of the feed rate, but the
improvement of UAD on the roundness error of the holes
and the height of the burr is still significant. The reduction
of the burr is about 50% compared with regular drilling. The
findings above suggest that ultrasonic-assisted machining
technology holds promising potential for reducing cutting
forces and enhancing hole-making quality. Until now, the
predominant focus of research on ultrasonic machining of
holes in CFRP/Ti stacks has been primarily on drilling holes.
There are limited reports on the utilization of helical milling
technology in the existing literature. Consequently, whether
ultrasonically-assisted machining can enhance the machina-
bility of spiral milling holes in CFRP/Ti stacks remains to
be seen.

The hole-making process of CFRP/Ti stacks involves
two cutting sequences, and the selection of the cutting
sequence greatly influences the laminated holes' dimen-
sional accuracy and overall machining quality. Because
of CFRP's weak interlayer bonding strength, the titanium
alloy can act as a supportive mat during the CFRP — Ti
cutting sequence. This sequence exhibits a higher critical
axial force compared to the Ti — CFRP cutting sequence,
which, in turn, reduces exit delamination and tearing dam-
age to a lower extent. However, the CFRP — Ti cutting
sequence has the problems of scraping the CFRP hole wall
when the lower layer of titanium alloy chips is discharged,
and tool chip entanglement leads to more significant hole
diameter errors in CFRP and increased tool wear [38].
Conversely, employing the Ti — CFRP cutting sequence
enhances the efficient removal of titanium alloy chips and
facilitates rapid heat dissipation. As a result, this sequence
leads to improved hole wall quality and dimensional accu-
racy, but there is a higher risk of CFRP exit damage when
the cutting force is too large. So far, based on the fact
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that CFRP delamination and tearing damage are the most
important reasons leading to product scrap, the research
on CFRP/Ti stacked hole-making is mainly carried out
under the sequence of CFRP — Ti, and the feasibility of
experimental studies under different cutting sequences has
not been widely discussed.

Based on these motivations, this research explores the
processing of CFRP/Ti stacks through various cutting
sequences, mainly focusing on the cutting axial force, chip
morphology changes, and hole-making quality aspects.
The study involves ultrasound-assisted spiral milling to
assess factors like interface zone damage, CFRP entrance
and exit qualities, hole diameter, and roundness. In addi-
tion, experiments were carried out in different milling
parameter ranges to investigate the trend of hole-making
quality as a function of parameters. The research aims
to visualize and comprehend the machining response of
diverse cutting sequences on holes made in composite/
metal stacks. The main objective is to uncover the mech-
anism behind the impact of different cutting sequences
during ultrasound-assisted spiral milling of CFRP/Ti
stacks, which in turn can guide the design of the machin-
ing process of stacked materials in aerospace and auto-
motive manufacturing industries in order to achieve high-
precision hole fabrication and to ensure the quality and
performance of components.

2 Theoretical Model

2.1 Forms of Realisation of Ultrasound-Assisted
Spiral Milling

2.1.1 Spiral Milling Principle of Operation

Spiral milling is the principle of milling to achieve the new
hole-making method of hole machining, the tool in the rota-
tion of the hole axis at the same time around the rotary axis,
and in the axial feed under the action of the helical trajec-
tory to do eccentric movement, the cutting process includes
the peripheral edge of the intermittent cutting as well as
the end of the cutting edge of the continuous cutting to the
peripheral edge of the intermittent cutting is dominated by
the [26, 27]. As shown in Fig. 1, Ol is the rotary center of
the machining hole work surface, O, is the rotary center
of the spindle where the tool is located, a is the pitch (the
displacement generated by the tool center doing axial feed
movement for one week according to the helical trajectory),
and 0 is the helix angle of the helical trajectory.

In order to elucidate the basic working principle of helical
milling, it is first necessary to determine several important

basic parameters in the process of helical milling: spindle
speed (rotation speed) n ., (rpm), cutting feed per tooth f,
(mm/z), pitch e (mm). Assuming that the tool diameter is
D,,,; (mm), the diameter of the machined hole is D,,,;. (mm),
and the number of milling cutter edges is z. Based on the
above basic parameters, further definitions can be made for
the other parameters in the spiral hole milling process:

The distance between the axial direction of the tool and the
axial direction of the machined hole, the eccentricity distance
can be expressed as:

D, ,.—D
e = hole 5 tool (21)

The rotational velocity of the tool center around the hole
axis can be expressed as:

fz Nyt " 2
T (Dhole - Dtool)

Since the axial feed speed f, (mm/min) of the tool satisfies
the relationship f, = a - n,,, with the pitch @ (mm) and the tool
rotational speed n,,, (rpm), the axial feed speed of the tool can
be expressed by Eq. (2.2) as:

2.2)

Ry =

a'fz'nrot'Z

- (Dhole - Dtool)

Accordingly, the tangential feed rate of the tool can be
expressed as:

fz=nrot'fz'z

According to Fig. 1, the helix angle of the tool helical tra-
jectory can be expressed as:

fa=a'n’rev=

2.3)

2.4

a a
= arc tan —

0 = arctan
- (Dhole - Dlool) f;

(2.5)

2.1.2 Side Edge Trajectory

In order to analyse the form of interaction between the tool and
the material in the process of spiral milling, and to investigate
the motion of the tool in the cutting process, it is necessary to
establish the equation of the motion trajectory of the milling
cutter at a point on the side edge in the process of spiral mill-
ing. Therefore, the x,0,y,, x,0,y, plane rectangular coordi-
nate system is established with the centre of the hole O and the
centre of the tool O, as the origin, as shown in Fig. 2.

With the axial feed direction of the tool defined as the posi-
tive direction of the z-axis, the kinematic analysis of Fig. 2
yields a coordinate expression for the motion trajectory of a
point on the side edge of the tool during spiral hole milling:
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where z,, is the initial position of a point on the side edge of
the milling cutter before the movement, w,,, is the rotational
angular velocity of the cutter, w,,, is the revolution angular
velocity of the cutter, and the expressions of w,,, and ®,,,
are as follows:
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The ultrasonic vibration in this paper is generated by apply-
ing axial vibration to the tool. Assuming that the ultrasonic
frequency is f (Hz) and the ultrasonic amplitude is A (um), the
coordinates of a point on the side edge of the axially ultrasoni-
cally assisted helical milled hole in the Z-axis direction are:

Zym = Zem T A - sin(2zft) (2.12)
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At the same time, the coordinate expression for the motion
trajectory of a point on the side edge of the spiral milling tool
under ultrasound-assisted conditions can be obtained:

Xy =€ cos(a),evt) + % . cos(a)mtt) (2.13)
_ . Dtool .
Yom =€- sm(wmvt) + - szn(a)m,t) (2.14)

Zym = Zom + A - SinQuft) = 2y — fit + A - sinzft)  (2.15)

In order to visually compare the trajectories of the side
edges of the helical milling holes with and without ultra-
sonic assistance, assuming that the cutting conditions
are spindle speed n,,, = 5000 rpm, cutting feed per tooth
f. = 0.03 mm/z, and pitch e=0.1 mm, the tool trajectories
under the two cutting conditions are plotted, as shown in
Fig. 3.
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Fig.3 Motion trajectory diagram of a point of the side edge of the spiral milling tool: a 3D macro trajectory; b 2D macro trajectory; ¢ 3D local

trajectory comparison

@ Springer KE _:E



744 International Journal of Precision Engineering and Manufacturing (2024) 25:739-757

As can be seen from the figure, the trajectory of a point
on the side edge of the milling cutter in the axial direction
under ultrasound-assisted conditions is characterized by the
periodic motion of a sinusoidal curve. This periodic trajec-
tory is generated by the axial high-frequency vibration of the
tool, which enables the tool side edge to produce a superpo-
sition effect in the process of cutting, increasing the number
of cutting times of the tool on the hole wall, and improving
the machining quality of the surface of the hole wall to a
certain extent.

2.2 Mechanism of Cutting Sequence Influence
on Stacked Hole-Making

From the analysis of the kinematic trajectory of spiral mill-
ing holes, it can be seen that the time-varying characteristics
of the effective front angle of the side edges under ultra-
sound-assisted conditions can to a certain extent improve the
conditions of chip breakage and chip removal in the process
of CFRP/Ti—6Al-4V laminated holes, however, the problem
of chip removal of the spiral milling holes still exists, and
some of the residual chips inside the holes are still involved
in the subsequent removal of the material, which will inevi-
tably have a certain effect on the hole-making quality and
tool life during the cutting process.

There are two cutting sequences in the hole making pro-
cess of CFRP/Ti—6Al-4V laminated materials. The choice of
cutting sequence has a significant effect on the dimensional

Ti-6Al1-4V

(a) CFRP — Ti

Fig.4 Chip removal mechanism for different cutting sequences (n,,, is rotation speed, n

@ Springer KE;E

accuracy and machining quality of the laminated holes. In
this section, the chip removal mechanism of titanium alloy
under two different cutting sequences is analyzed based
on the geometrical model of unaltered chips in the spiral
hole milling process. As shown in Fig. 4, with the cutting
sequence of CFRP — Ti, the residual chips in the hole con-
tain powdered CFRP chips as well as titanium alloy chips.
Among them, the CFRP chips at the bottom of the hole are
mainly generated by part of the CFRP chips accumulated
near the hole in the previous period, while the titanium alloy
chips at the bottom of the hole are mainly formed due to the
centrifugal force generated by the high-speed rotation of the
tool, which makes part of the chips break away from the
chip removal groove and fall into the hole after scraping the
CFRP hole wall. Compared with this, the cutting sequence
of Ti — CFRP, the centrifugal effect on the spiral groove
chip is lower, the chip removal process is more smooth, the
residual chips in the hole are only titanium alloy chips, and
the residual amount of chips is relatively lower.

From the point of view of unchanged chips, under the
Ti— CFRP cutting sequence, relatively less chip residue
in the hole means that the tool in the cutting process for
the bottom of the residual chip secondary cutting amount
is lower, to a certain extent, it represents a relatively lower
cutting thickness, that is, the thickness of the unchanged
chip is reduced, and thus the cutting force is also smaller.
In addition, less chip residue means less chip attachment to
the tool surface, and lower friction between the chip and the

Ti-6Al-4V

(b) Ti — CFRP

Lev 18 TEVOlUtion speed)
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Fig.5 CFRP/Ti stacks

Table 1 Performance parameters of CFRP and titanium alloys

Material Tensile Elongation Density Coef- Poisson's
strength (%) (g/cmz) ficient of  ratio
(MPa) restitution
(GMa)
T700 4900 2.1 1.6 230 0.3
TC4 950 8 44 113 0.34

Fig. 6 Experimental tool

front and back of the tool, which helps to reduce tool wear
and improve tool life.

3 Experimental Step
3.1 Workpieces and Tools

The stacked workpiece used for ultrasound-assisted spi-
ral hole milling experiments consisted of a T700 epoxy
matrix carbon fiber composite and a Ti6Al4V plate, The
dimensions were 160 mm X 90 mm, and the thicknesses of
the T700 carbon fiber composite and Ti6Al4V plate were
4.5 mm and 5 mm, respectively, as shown in Fig. 5. To
achieve a quasi-isotropic structure, the T700 carbon fiber
composite was layered multi-directionally in a repeating pat-
tern of [(0°/—45°/45°/90°)]. The room temperature phys-
ico-mechanical properties of this composite are detailed in
Table 1. The tool used in the experiment is a special end

mill for helical hole milling, as shown in Fig. 6. The tool
is a diamond-coated monolithic tungsten carbide end mill
with a diameter of 4 mm, a length of 60 mm, four flutes, a
helix angle of 35°, a flute length of 12 mm, and a flexural
strength of 4500 N/mm?. A Ti Al N-coated tool, which is
suitable for cutting CFRP and titanium alloys, was selected
for this experiment. The cutting edge of this tool has good
wear resistance, good toughness and resistance to thermal
deformation. During the milling process, the bottom and
side edges of the tool are involved in cutting at the same
time, the bottom edge is mainly involved in axial feed, and
the side edges are mainly involved in the processing of the
hole wall.

We should also note that when using the ultrasonic vibra-
tory milling method of hole making, the depth of cut is not
constant but varies periodically. Studies have shown that
the average axial force is significantly reduced when using
this hole-making method compared to the typical drilling
method. Due to the unique cutting mechanism of ultrasonic
vibration milling holes, the cutting axial force signal will
also show a cyclic change with the periodic displacement of
the tool. The drilling force signal of ordinary drilling will
also fluctuate within a specific range. Hence, this paper car-
ries out an average filtering process on the collected axial
force signal to prevent pulse interference from obtaining the
average axial force, which also eliminates the influence of
occasional pulse interference on the measurement to a spe-
cific degree value.

3.2 Experimental Conditions and Program

3.2.1 Experimental Condition

The whole milling hole-making experimental system is
shown in Fig. 7; the working platform used for the experi-
ment is JDVT600 A13s Beijing fine engraving machine,

with ultrasonic tool holder to realize ultrasonic-assisted mill-
ing. The ultrasonic longitudinal vibration system consists of

@ Springer KEF]E
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a vibration source (ultrasonic generator), a transducer and an
amplifier rod. Its vibration frequency is 21.88 kHz, vibration
mode for axial vibration milling. The measurement of axial
forces during milling is realised by fixing the workpiece to
the Kistler 9257B force gauge using a fixture, via a data
acquisition card to a charge amplifier and finally to a com-
puter terminal. The experimental process used dry cutting
and turning on an industrial vacuum cleaner to absorb the
carbon fiber powder debris generated by the milling pro-
cess. After completing each set of experiments, the mill-
ing process yielded titanium alloy chips. We collected and
sorted these to enable a detailed analysis of how the cutting
sequence affected the chip morphology.

3.2.2 Experimental Program

This paper focuses on the effect of cutting sequence (i.e.,
CFRP — Ti and Ti— CFRP) on the characteristics and dam-
age mechanisms of ultrasonically-assisted spiral milling of
holes in CFRP/Ti laminated materials under different cut-
ting parameter conditions and whether ultrasonic machining
contributes positively to the quality of the holes machined,
To reduce the influence of tool wear on the experimental
outcomes, we limited each tool's usage to only three sets
of experiments. We repeated each set of cutting parameters

@ Springer KE;E

Table2 Cutting sequence experimental machining conditions and
parameter levels

Parameters Level

Spindle speed n (r/min) 4000/5000/6000/7000
Tangential feed per tooth fz (mm/z) 0.01/0.03/0.05/0.07
The pitch of spiral a (mm) 0.1

Eccentricity e (mm) 1

Vibration frequency f (KHz) 21.86

Amplitude A (pm) 10

CFRP—Ti, CFRP—Ti
Dry cutting

Cutting sequence
Cooling method

three times to calculate average values for further analysis.
Following the milling experiments, we employed a Coor-
dinate measuring machine (CMM) to inspect hole charac-
teristics, including diameter and roundness errors. Further-
more, a VHX-2000C ultra-large depth-of-field microscope
was used to observe the quality of the hole entrance and
exit and the hole wall. Based on the available experimen-
tal conditions and the representative range of stack milling
parameters in the relevant literature, as well as the selected
tool parameters, Table 2 lists the machining parameters for
the hole milling tests.

4 Results and Analysis

4.1 Effect of Cutting Sequence on the Axial Force
of Cutting

Examining axial force is essential in investigating hole-mak-
ing processes in CFRP/Ti laminates. To compare the axial
force differences between the two machining methods during
hole-making, we used experimental data to plot the varia-
tion curves of axial force overtime for spiral milling of holes
under both unassisted and ultrasonically-assisted conditions,
with n=5000 r/min and fz=0.03 mm/z. The corresponding
results are illustrated in Fig. 8.

As shown in Fig. 8a, the axial force exhibits five distinct
stages throughout the entire cutting process when cutting
from the CFRP side. In stage A-B, the bottom edge of the
tool gradually cuts into the CFRP layer, which is manifested
by the beginning of a gradual increase in the cutting force. In
stages B—C, the bottom edge of the tool cuts into the CFRP
interior and enters a stable cutting state, shown in the figure,
as the cutting force remains constant and steady. In stages
C-D, as the tool moves through the CFRP layer and reaches
the transition region before entering the Ti-6Al-4V layer,
a sudden change in cutting force occurs due to the distinct
material properties. At this point, the bottom edge of the
tool has not fully penetrated the titanium alloy, leading to a
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Fig.8 Comparison of axial force in a single hole for different cutting sequences: a CFRP — Ti and b Ti — CFRP

rapid force variation. When cutting through the composite
material, the rebound effect of the titanium alloy exerts an
impact on the tool, resulting in relatively high axial forces
during the initial entry into the titanium alloy. In stages D-E,
the cutting process stabilizes as the cutting depth increases,
reaching the point where the tool thoroughly penetrates
the titanium alloy layer. Consequently, the cutting force
decreases and remains constant at a stable level. In stage
E-F, as the tool approaches the end of the milling process
through the titanium alloy layer, the cutting force reduces
due to the workpiece's weakened strength. It is worth not-
ing that there is a period of cutting force abnormality in this
stage, due to the titanium alloy without adding a pad under-
neath the tool is about to cut out the titanium alloy layer, the
decline in the strength of the workpiece coupled with serious
tool wear, cutting edge blunt, cutting ability to reduce the
cutting force increases, cutting temperature rises, resulting
in the workpiece material plastic deformation of the region
increases, the workpiece bottom surface material gives way,
resulting in fluctuations in the cutting force.

By comparing the.normal and ultrasonic axial forces in
the CFRP — Ti direction, we observe a substantial reduc-
tion in the average axial force during the ultrasonic-assisted
spiral hole milling process for both CFRP and titanium alloy
cutting phases. The CFRP experiences a 26.2% reduction in
average axial force, while the titanium alloy shows a 22.8%
decrease. This is because the ultrasonic vibration turns the
continuous cutting process into high-frequency separated
cutting, and the effective front angle of the circumferen-
tial cutting edge has time-varying characteristics to reduce
the friction between the shear force in the first deforma-
tion zone and the chips, which promotes the chip breaking
and chip removal and reduces the phenomenon of stick-
ing tools. In addition, the fluctuation of axial force under

ultrasound-assisted conditions is more extensive, which
is more significant in the cutting stage of titanium alloy.
This phenomenon can be attributed to the frequent contact
and separation between the tool and the workpiece during
ultrasonic-assisted cutting, combined with the continuous
variation in cutting thickness [39]. Notably, the axial force in
the interface zone of the regular spiral milling hole exhibits a
significant local peak due to the substantial material property
difference between CFRP and titanium. However, the axial
force transition in the interface zone of the stacked mate-
rial under ultrasonic-assisted conditions is more consistent.
It lacks localized sudden increases observed in the regular
spiral milling hole. This difference in axial force behavior
highlights the distinct effects of ultrasonic assistance on the
milling process.

As shown in Fig. 8b, when cutting from the Ti6Al4V
layer, the cutting process is stable, and the chip removal
is smooth. On the contrary, when cutting from the CFRP
layer, the stability and chip removal efficiency gradually
decreases. This phenomenon is attributed to the direct sepa-
ration of Ti6Al4V chips from the hole without contacting or
scratching the CFRP layer. Additionally, the powdered chips
produced during CFRP cutting do not impact the machined
surface of the Ti6Al4V layer when holes are cut through the
underlying CFRP material [18].

When comparing regular and ultrasonic axial forces in
the direction from Ti to CFRP, the study found that both
machining modes exhibited similar magnitudes of axial
forces. However, in contrast to the transient transition change
of axial forces observed at the stacked-layer interface during
CFRP — Ti cutting, the transition time in the Ti— CFRP
cutting direction was relatively longer. Considering that
it is caused by the exit burr of the titanium alloy layer at
the interface. In addition, the axial high-frequency contact

@ Springer KEF]E
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separation generated under ultrasound-assisted conditions
resulted in a more stabilized axial force throughout the hole-
making process of the stacked material, which was particu-
larly evident in the cutting stage of the CFRP layer.

Figure 9 illustrates the influence of tangential feed per
tooth and spindle speed on the axial force during ultrasoni-
cally assisted spiral milling of CFRP/Ti laminated material,
considering different cutting sequences. Comparing the two
cutting sequences, cutting from the Ti6Al4V layer results in
slightly lower axial force than cutting from the CFRP layer.
This can be attributed to the removal process of Ti6Al4V
chips. When cutting from the Ti6Al4V layer, eccentric
machining creates sufficient space for quick upward dis-
charge of titanium alloy chips from the hole groove. On the

other hand, cutting from the CFRP layer causes Ti6Al4V
chips to compress and rub against the hole wall of CFRP,
leading to an increase in cutting force. In addition, the over-
all trend of axial forces in CFRP and titanium alloys is pro-
gressively more significant as the tangential feed per tooth f;
increases. When fz > 0.05 mm/z, The reduction in the axial
force of the titanium layer can be attributed to the increase
in feed reducing the adhesion of the titanium alloy to the
tool, as shown in Fig. 10. As the rotational speed n rises,
there is a noticeable trend of decreasing axial force observed
for the CFRP and titanium alloy; when n=5000 r/min, the
axial force of titanium alloy layer has a sudden increase, and
the reason is analysed because this speed range is the speed
range in which the chip tumour on the cutting edge is easy

80 80
—=—CFRP (CFRP—Ti) —4—CFRP (Ti—>CFRP) —=—CFRP (CFRP—Ti) —+— CFRP (Ti>CFRP)
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(b) £, =0.03 mm/z

Fig. 9 Effect of tangential feed per tooth and spindle speed on the axial force in the hole making for different cutting sequences: a Spindle speed

n = 5000 r/min, b Tangential feed per tooth f, =0.03

(a) f =0.05 mm/z

Fig. 10 Adhesion of titanium alloy to the tool at different feeds per tooth
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(a) n =5 000 r/min

Fig. 11 Size of Chip Tumour on Cutting Edge at Different Spindle Speeds

to accumulate. The reason for this is that this speed range
is the speed range in which the chip tumour on the cutting
edge tends to accumulate. As the spindle speed is further
increased, the cutting speed is increased, the workpiece and
the wear coefficient of the front face is reduced, and the
degree of chip deformation is reduced, and the chip tumour
is dislodged, so the cutting force is reduced, as shown in
Fig. 11.

4.2 Chip Pattern
One of the essential purposes of introducing the ultrasonic-

assisted spiral hole milling process is to control the chip
shape and to realize the effect of promoting chip breaking

(b) n =6 000 r/min

and chip removal with the intermittent cutting process of
the circumferential edge of the spiral hole milling and the
eccentric machining method. In order to investigate the
real impact of the cutting sequence on chip breaking and
chip removal effectiveness in titanium alloy machining, we
collected several titanium alloy chips from ordinary spiral
milling holes and ultrasonically-assisted spiral milling holes
under different cutting sequences in the test. We compared
the chip morphology, as shown in Fig. 12.

By conducting a comparative analysis, it becomes evi-
dent that cutting from the CFRP side results in dark-colored,
rough-textured chips. This is caused by the interaction
between the Ti6Al-4V chips and the CFRP hole wall dur-
ing the discharging process, leading to severe crushing and

Fig. 12 Microscopic morphology of chips under different cutting sequences: a Two-dimensional chip morphology, b Three-dimensional chip

pattern
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deformation behaviour. Consequently, some carbon fibers
and resin residues adhere to and remain on the Ti6Al4V
chips. In contrast, cutting from one side of the Ti6Al4V
produces a neat, regular Ti6AI4V chip shape with a clean
and tidy surface and no carbon fibre or resin residues. This
indicates that the hole surface of the CFRP layer is free of
compression and scratches, allowing for a more efficient chip
removal process. In addition, observing the above titanium
alloy chip topography, it can be found that the titanium alloy
chips under normal spiral milling are C-shape crushed chips,
which are small in size and easy to be discharged quickly
with the chip removal groove. Titanium alloy chips under
ultrasonic-assisted helical milling are similar to those under
ordinary helical milling, and are also C-shaped chips, with
a finer length than that of ordinary helical milling, which
is due to the high-frequency vibration caused by the axial
vibration of ultrasonic-assisted helical milling, resulting in
a certain degree of geometrical chip breakage. In addition,
as can be seen from the ultrasonic depth-of-field observa-
tion of titanium chips, the surface of titanium chips under
normal spiral milling conditions showed a single-direction
texture. In contrast, the titanium alloy chips under ultra-
sound-assisted conditions showed a grid-like texture in two
directions, and the chip surface was accompanied by obvious
traces of ploughing, which increased the possibility of chip
breakage to a certain extent. The above comparison of chip
morphology shows the actual effect of ultrasonic-assisted
machining on the cutting process more intuitively.

4.3 Hole-Making Quality
4.3.1 Interface Zone Damage

During hole-making in CFRP/Ti stacks, the CFRP-T1i inter-
face is susceptible to different types of damage, with the
specific mechanisms varying based on the cutting sequence.
When initiating the cut from the CFRP layer, the primary
cause of interface damage is the presence of residual
Ti6Al4V chips remaining in the hole. The situation worsens
due to the gap between the CFRP and Ti6Al4V layers, which
hinders effective chip removal and leads to more severe ero-
sion damage. Moreover, the interface region of the CFRP
experiences thermal damage due to the high temperature
of the Ti6Al4V chips during milling. This arises because
the Ti6Al4V chips carry away most of the cutting heat and
directly contact the CFRP hole surface. Conversely, cutting
from the Ti6Al4V layer allows for smoother chip removal
without impacting the CFRP layer [18]. However, the high
cutting temperature of the titanium layer causes thermal
damage to the resin fibers on the surface layer of the CFRP,
making the cutting heat generated during this process the
primary reason for damage to the CFRP interface and hole.

To sum up, the cutting sequence significantly affects
the nature and extent of damage experienced by the CFRP/
Ti interface during hole-making. The presence of residual
chips, gap hindrance, and the contact between hot chips and
the CFRP surface play crucial roles when cutting from the
CFRP layer. At the same time, excessive cutting temperature
becomes the critical factor in damaging the CFRP interface
and hole during cutting from the Ti6Al4V layer.

The impact of the cutting sequence on hole-making qual-
ity in the interface zone is evident when reviewing Tables 3
and 4. During the cutting process with the sequence of
Ti— CFRP, the interfacial ablative thermal damage occurred
under both parameter conditions, both in the regular spi-
ral milling and ultrasonic-assisted spiral milling methods.
Under the cutting conditions of spindle speed n=7000 rpm
and tangential feed per tooth fz=0.05 mm/z, visible yel-
low damage is evident around the circumference of the hole
edge in the interface zone. This occurrence is typically a
consequence of ablative oxidation of the resin under high-
temperature conditions, leading to discoloration. As a result,
the oxidized and discolored resin experiences degradation,
significantly diminishing the adhesive strength between the
resin and carbon fibers. This phenomenon was also men-
tioned in [40], where different levels of damage rings were
observed at the bonding surface when drilling CFRP/tita-
nium alloy laminated structures with different material tools.
In the ultrasonic-assisted spiral milling process, compared
with the traditional drilling of holes, the cutting force is
greatly reduced, and the chips are smaller and easy to be
discharged, the heat dissipation is faster, and the cutting heat
is greatly reduced, and the damage ring or even burn defects
only appear when the cutting parameters are not suitable
or the chip removal is not smooth. So when processing the
stacked structure, especially when the large thickness of the
material, chip removal is a problem that can not be ignored.

The CFRP — Ti cutting sequence resulted in reduced
interfacial damage to the CFRP compared to CFRP — Ti cut-
ting sequence resulted in reduced interfacial damage to the
CFRP compared to the Ti — CFRP cutting sequence. This
is due to the fact that the Ti at the bottom serves as a sup-
port pad for the CFRP, which reduces the entrance and exit
damage of the CFRP to a certain extent. Moreover, when
comparing holes created using the same cutting sequence
and parameters, it was observed that ultrasonically-assisted
spiral milling resulted in slightly better hole edge quality at
the interface compared to regular spiral milling. Nan et al.
in [17] pointed out that for CFRP/Ti alloy laminated holes,
high temperature and high hardness titanium alloy swarf can
cause serious erosion of CFRP under high feed conditions.
This suggests that the ultrasonically-assisted condition has
a certain inhibiting effect on temperature damage and chip
damage phenomena at the hole exit.
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Table 3 Effect of tangential

feed per tooth on interface Cutting Tangential feed per tooth fz (mm/z)
morphology for different cutting sequence . 0.03 0.05
sequences
CFRP—Ti
(CM)
CFRP—-Ti
(VM)
Ti—CFRP
(CM)
Ti—CFRP
(VM)
Table 4 Effect of spindle speed -
on interface morphology for Cutting Spindle speed n(Rom)
different cutting sequences sequence 4000 5000 6000 7000

CFRP—Ti
(CM)

CFRP—Ti
(VM)

Ti—CFRP
(CM)

Ti—CFRP
(VM)

4.3.2 Bore Diameter and Roundness recovery, rebound during processing, and dimensional

instability. During the process of integrated hole-making in
CFRP thermal expansion coefficient and elastic recovery =~ CFRP/Ti—-6Al-4 V laminated structures, variations in the
are significant, and shrinkage often exists in the process  elastic recovery of the two materials result in inconsistent
of CFRP hole-making. Titanium alloy has slight elastic =~ hole diameter errors. This inconsistency can significantly
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impact the assembly accuracy and lifespan of the laminated
structure. Hence, it is crucial to closely examine CFRP and
titanium alloy's hole diameter and roundness errors as criti-
cal parameters. Considering the effect of machining residual
stresses, for this reason, the hole diameter and roundness of
the machined workpieces were measured after one week of
standing in a room temperature environment.

Figure 13 illustrates the relationship between hole diam-
eter, roundness, tangential feed per tooth, and spindle speed
for the CFRP — Ti cutting sequence. The impact of cutting
parameters on hole-making accuracy is evident, particularly
at the CFRP entrance, where a larger diameter and roundness
are observed. This is mainly due to the pronounced scratch-
ing effect of Ti6Al4V chips on the CFRP hole surface dur-
ing high cutting rotation. In contrast, the cutting parameters
remained almost constant for the diameter and roundness of
the Ti6Al4V layer. Furthermore, the difference in entrance
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diameter between the CFRP layer and the Ti6Al4V layer
becomes more significant with increasing feed rate. This
phenomenon is associated with the thicker Ti6Al4V chips
formed at higher feed rates, intensifying their potential to
damage the CFRP orifice surface. To minimize damage to
the CFRP orifice surface, we recommended a lower feed rate
in industrial production. While hole roundness is relatively
less affected by cutting parameters compared to hole diam-
eter, an increase in feed and cutting speed tends to elevate
the roundness of the hole. Kuo et al. in [41] also illustrated
that the surface roughness of holes of different materials
increases with the increase in cutting speed. Therefore,
the feed and cutting speed should be reduced during the
finishing stage of the holes to minimise the damage to the
CFRP layer by the Ti6Al4V chips and to improve the hole
accuracy.
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Fig. 13 Variation of hole diameter and roundness with cutting parameters for CFRP — Ti cutting sequence
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Fig. 14 Variation of hole diameter and roundness with cutting parameters for Ti— CFRP cutting sequence
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Figure 14 depicts the relationship between tangential feed
per tooth, spindle speed, hole diameter, and roundness for
the Ti — CFRP cutting sequence. The machining parameters
have minimal impact on hole accuracy. The inlet and out-
let diameters of the CFRP layer remain relatively constant,
which confirms the erosion damage caused by Ti6Al4V
chips during the cutting process from the CFRP — Ti side.
Hence, for dimensional and geometrical accuracy considera-
tions, we can choose the Ti — CFRP cutting sequence.

4.3.3 CFRP Hole Entrance and Exit Quality

In the hole-making process of CFRP/Ti stacks, the internal
machining factors of CFRP affect its hole-making quality. In
addition, it is related to the hole-making temperature of the
titanium alloy and the shape of the titanium alloy chip. This
subsection focuses on analyzing the quality of the CFRP
hole inlet and outlet.

Figure 15 illustrates how the tearing factor changes con-
cerning tangential feed per tooth and spindle speed in the
CFRP — Ti cutting sequence. The CFRP hole exhibits a
higher entrance tearing than the exit tearing factor. This dis-
parity arises from the beneficial support the underlying tita-
nium alloy layer provides during the hole-making process,
effectively reducing the likelihood of tearing at the hole's
exit. The overall hole exit and entrance tear factors for both
machining methods increased with the increase of tangen-
tial feed per tooth and decreased with the growth of spindle
speed [27]. In addition, the entrance/exit tearing factor for
the ultrasonically assisted spiral milling condition is overall
more minor than that of the regular spiral milling. This is
because the ultrasonic assisted effectively removes the CFRP
and also changes the shape of the titanium alloy chips, and
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LL? 1.17 H
g
2 1144
=
S
& 1114
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reduces the chip size to a certain extent, which promotes the
chip breakage and chip removal to a certain extent, and thus
reduces the damage of the titanium alloy chips to the CFRP
hole wall, and then effectively inhibits the tearing damage
of the CFRP entrance. This further illustrates the problem of
titanium chips damaging the pore wall quality of the CFRP
layer and triggering delamination as proposed by BRINKS-
MEIER et al. in [42] as they are discharged out of the pore.

In Fig. 16, the tearing factor is plotted against the feed per
tooth in the tangential direction and the spindle speed for
the Ti— CFRP cutting sequence. Observing the Ti — CFRP
cutting hole sequence, it becomes evident that the risk of
exit tearing damage in the CFRP layer is somewhat elevated.
This is attributed to the loss of support from the lower tita-
nium alloy mat during the process, and the degree of exit
tearing is greater than that of entrance tearing under this
cutting direction.

In the experimental range of both cutting parameters, the
ultrasound-assisted condition plays a good role in improv-
ing the CFRP entrance and exit quality. By comparing the
tearing factor of the two cutting directions, the quality of the
titanium side cut under ultrasonically assisted conditions can
reach the quality of the CFRP side cut of regular spiral mill-
ing. The comparison indicates that the ultrasound-assisted
spiral milling method can achieve improved entrance
and exit quality when following the cutting sequence of
Ti— CFRP. This addresses, to some extent, the issue of sig-
nificant tearing at the exit of the titanium alloy side entry in
CFRP/Ti stacked materials. However, in terms of the tearing
damage itself, the CFRP — Ti cutting sequence with ultra-
sonic-assisted spiral milling can achieve higher entrance/
exit quality.
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Fig. 15 Variation of tearing factor with tangential feed per tooth and spindle speed for CFRP — Ti cutting sequence

@ Springer KEF]E



754 International Journal of Precision Engineering and Manufacturing (2024) 25:739-757

1.26

—=— Entrance-VM
1234 Exit-VM

—— Entrance-CM
12047 Exit-CM

Ti—>CFRP

—

—_

-
1

1.14 1

Tear factor F,

1.11+

1.08 4

1.05

0.01 0.03 0.05 0.07
Tangential feed per tooth f,(mm/z)

1.26
—=— Entrance-VM
1.234 Ti—>CFRP —e— Exit-VM
—=— Entrance-CM
1204 —v— Exit-CM
LL?
5 1.174
k3t
st
S 114 /\\
(]
[_<
1.114
1.08 "——’"/-\.
1.05

4000 5000 6000 7000
Spindle speed n (¥/min)

Fig. 16 Variation of tearing factor with tangential feed per tooth and spindle speed for Ti — CFRP cutting sequence

5 Conclusions

This paper presents a comprehensive experimental study
on CFRP/titanium overlays' milling process to thoroughly
investigate how the milling hole-making sequence influences
the cutting response. The primary machining responses
related to the cutting conditions, including milling forces,
chip morphology, and hole-making quality (e.g., damage
in the interface region, hole accuracy, and roundness), were
meticulously documented. The key findings drawn from the
results are as follows.

e The cutting sequence selection dramatically influences
the magnitude of the axial force. When cutting the CFRP/
Ti stacks from the CFRP layer, the maximum axial force
value is higher than cutting from the Ti6Al4V layer.
Compared to regular spiral milling, the average axial
force was significantly lower in the ultrasound-assisted
spiral milling condition, and the transition of axial force
at the interface of the stacked layer was more stable. Still,
the overall range of fluctuation of axial force increased.

e The high-frequency vibration in the axial direction under
ultrasound-assisted conditions caused the chips to show a
grid-like texture in both directions, with evident plowing
traces, effectively promoting the chip breaking of tita-
nium alloy.

e The cutting sequence strongly influences the quality of
hole-making. From the titanium alloy side cut into the
hole size accuracy and consistency is good, ultrasound-
assisted conditions of the titanium alloy side cut into the
entrance and exit quality can basically reach the level
of quality of the ordinary spiral milling CFRP side cut,
ultrasound-assisted conditions for the quality of the hole-
making played a good role in improving the quality of the
hole.

@ Springer KE;E

e The tearing factor at the entrance and exit of the hole
cut from the titanium layer was overall greater than that
in the CFRP direction. In addition, the tearing factor at
the entrance and exit of the CFRP hole increases with
the increase of feed per tooth in the tangential direction
and decreases with the increase of spindle speed for both
machining methods.

In this paper, preliminary conclusions on the feasibility
of CFRP/Ti-6Al-4 V stacked materials in the Ti — CFRP
cutting direction under ultrasound-assisted helical milling
conditions have been drawn through experimental studies,
but there is still a certain risk of exit tear damage in this
cutting direction, and the process parameters of ultrasound-
assisted helical milling can be targeted and explored in order
to reduce the risk of exit damage.

Future research can also be combined with the following
aspects:

1. In the stacked hole making cutting environment. Green
manufacturing is the development trend of today's man-
ufacturing industry [43, 44]. In addition to the tool, cut-
ting parameters, processing methods and other factors,
the cutting environment and other external factors are
also affecting the quality of the hole-making key. MQL
compared with dry cutting can significantly reduce tool
wear, improve tool life and its processing quality, and
is gradually being widely used in the CFRP/Ti stacked
material holemaking, but there is still the problem of
poor cooling capacity. Nanofluidic micro lubrication
(NMQL) is a new cooling method, which solves the
technical bottleneck of insufficient cooling capacity of
MQL [45]. The application of NMQL cooling method to
the problem of CFRP/Ti stacked material hole making
aims to optimise the cutting environment of stacked hole
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making, increase tool life, improve the quality of hole
making, which is of great significance to the green hole
making processing of CFRP/Ti stacked material.

2. In improving the assembly quality of laminated holes.
Relevant research shows that a certain regular surface
morphology of the hole wall can improve the assembly
quality of the hole wall and fasteners, so that the con-
tact surface of the two forces are more uniform, and the
fatigue life is higher. For CFRP/titanium alloy laminated
materials, fatigue failure in the connection part is the
main cause of accidents, so it is of great significance and
practical value to carry out research on the surface mor-
phology of the hole wall of laminated materials in order
to improve the performance of the connection part and
its fatigue life, and to enhance the safety of the laminated
components.
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