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Abstract: The vertical surface is a common and typical characteristic structure among Nomex
honeycomb core components. However, the conventional high-speed milling and ultrasonic cutting
struggle to meet the high-quality machining requirements of a vertical surface. In this study, an
ultrasonic trepanning method is proposed and a special ultrasonic trepanning tool is developed,
aiming to improve the machining quality of the vertical surface. The trepanning quality of the vertical
surface is further studied from the aspects of dimensional error and trepanning incision quality. Based
on the kinematic characteristics of ultrasonic trepanning, a theoretical model of dimensional error in
trepanning is established. Meanwhile, the influence of ultrasonic vibration on the trepanning process
is analyzed, and the result shows that ultrasonic vibration significantly improves the equivalent
elastic constant of the honeycomb core material. The theoretical model is proposed to predict the
trepanning dimensional error, which is verified by experiment. The effectiveness of the ultrasonic
vibration on the incision quality is verified by several experiments, and the quantitative analysis
results demonstrate that ultrasonic vibration significantly improves the trepanning quality of the
vertical surface.

Keywords: Nomex honeycomb core; ultrasonic trepanning; ultrasonic trepanning tool; dimensional
error; surface quality

1. Introduction

As the core of the honeycomb sandwich structure, the Nomex honeycomb core is
widely used in fields of aviation, aerospace, transportation and so on, for its excellent
specific strength, specific stiffness, impact resistance, corrosion resistance and vibration
absorption performance [1–5]. In order to meet the application requirements of different
conditions, the honeycomb core requires a lot of cutting processing to obtain the designed
structure, shape and size. The vertical surface along the cell axial is a common and typical
characteristic structure among honeycomb core components, including the edge vertical
surface, the straight and curved vertical surface of the trough and the boss structure. The
typical vertical surfaces are shown in Figure 1.

The conventional machining method of the vertical surface, which is formed by
shredding the honeycomb core by the hogger tool, is the high-speed milling. However,
the Nomex honeycomb core is a typical low stiffness material [6,7], whose cells are easily
deformed during cutting. Additionally, the aramid fiber, which constitutes the Nomex
honeycomb core, has high strength and is difficult to cut off [8,9]. The machined vertical
surface by high-speed milling is of poor quality and accompanied by a large number of
burrs, which struggles to meet the high-quality machining requirements in the fields of
aviation and aerospace. In addition to high-speed milling, there is also a trepanning method
for the vertical surface that has been introduced to aviation manufacturing companies [10].
Compared with high-speed milling, the trepanning method, that uses the trepanning tool
to approximately form the vertical surface can improve the quality of the machined surface.
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However, it also suffers from many problems such as uneven machined surface, large
cutting force and easy clogging of the tool with chips. Therefore, trepanning is also difficult
to meet the high-quality machining requirements of the vertical surface in honeycomb core
components.

Figure 1. Typical vertical surface: (a) internal arc vertical surface; (b) external arc vertical surface;
and (c) straight vertical surface.

In recent years, ultrasonic cutting technology has attracted a lot of attention for its
advantages of good cutting quality and high cutting efficiency. Compared with traditional
machining methods, ultrasonic vibration significantly reduces the cutting force [11,12],
and the machined surface is basically free of machining defects [12,13], such as burr and
tear. The current studies on the ultrasonic cutting of Nomex honeycomb core mainly focus
on cutting force modeling, cutting quality, finite element simulation and new processing
methods. Wang et al. [14] established the dynamic force model for ultrasonic-assisted
cutting with straight blade and analyzed the reasons for the reduction in cutting force in
ultrasonic-assisted cutting. Cao et al. [15] established a finite element simulation model
of the ultrasonic vibration-assisted cutting force of the disc-cutter on the honeycomb core
material. Zhang et al. [16] summarized the characteristics of the surface microscopic of
Nomex honeycomb by the location of the feature and analyzed the influence of feed rate
and ultrasonic vibration amplitude to the damage form. In addition, Xiang et al. [17] devel-
oped a new ultrasonic longitudinal-torsional vibration-assisted cutting method, in which
the machined surface with better quality can be obtained when compared to ultrasonic lon-
gitudinal vibration-assisted cutting. Although studies on the ultrasonic cutting technology
of Nomex honeycomb core have been performed in various ways, there are only two kinds
of special tools for ultrasonic cutting, include straight blade and disc-cutter [2]. However,
due to the structural limitations of the straight blade, the arc vertical surface is difficult to
achieve with ultrasonic machining. Moreover, due to the length limitations of the straight
blade, the deeper straight vertical surface is difficult to process at one time.

In addition, due to the special structure and mechanical properties of the honeycomb
core, the studies on its machining quality mainly focus on burrs and tear [2,12], which
are significantly different from the metal material [18,19]. Moreover, the selection of the
processing track is of great significance to the final machining precision and quality [20,21],
but there is no relevant research on the trepanning trajectory at present.

In summary, the existing processing methods do not meet the high-quality machining
requirements of the vertical surface. To improve the machining quality, a novel ultrasonic
trepanning method for the vertical surface is proposed, and a special ultrasonic trepanning
tool was developed for the first time. Moreover, in order to further clarify the key factors
affecting the trepanning quality, the theoretical model of the trepanning dimensional error
was established and verified, and the quantitative analysis of the trepanning incision
quality was carried out innovatively.
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2. Ultrasonic Trepanning Process
2.1. Ultrasonic Trepanning Strategy
2.1.1. The Ultrasonic Trepanning Method

Ultrasonic trepanning is an approximate forming machining method. Its machining
principle is similar to drilling [22], in which a series of circular holes that envelop the
required vertical surface are machined along the set trepanning path with the trepanning
tool, and the required vertical surface is obtained after removing the excess material.

The ultrasonic trepanning of Nomex honeycomb core is shown in Figure 2a. The cut-
ting of the honeycomb core is completed by the combined action of the ultrasonic vibration,
rotary motion and feed motion of the trepanning tool. In the ultrasonic trepanning process,
the trepanning tool vibrates along its axial direction, and the maximum ultrasonic vibration
amplitude is generated at the cutting edge to act in the cutting processing. The circular
hole outside the trepanning tool is the machined surface, while the honeycomb core inside
the trepanning tool is the chip.

Figure 2. Ultrasonic trepanning of internal arc vertical surface. (a) Principle of ultrasonic trepanning; (b) Trepanning
method.

The ultrasonic trepanning method of the internal arc vertical surface is shown in
Figure 2b. In order to obtain a series of circular holes that envelop the internal arc vertical
surface, the ultrasonic trepanning tool is used to carry out the ultrasonic trepanning step by
step along the set arc-shaped working path. After removing the excess material with a disc
cutter, a high-quality internal arc vertical surface is supposed to be acquired. In each step
of ultrasonic trepanning, the ultrasonic trepanning tool is fed from the top of the workpiece
along the cell axial. When the trepanning tool is fed to the set depth, the trepanning
tool quickly returns and feeds to the next position to carry out the next step of ultrasonic
trepanning.

2.1.2. Kinematics Analysis of Ultrasonic Trepanning

Compared with traditional trepanning, the introduction of ultrasonic vibration signifi-
cantly changes the relative motion form between the trepanning tool and the honeycomb
core. The tool motion in ultrasonic trepanning is the superposition of traditional trepanning
and ultrasonic vibration. Therefore, the trajectory of the cutting edge s(t) in ultrasonic
trepanning can be expressed as follows:

s(t) =

 sX(t)
sY(t)
sZ(t)

 =

 r cos(2πnt)
r sin(2πnt)

v f t + A sin(2π f t)

 (1)
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where r is the radius of the trepanning tool, n is the rotating speed of the tool, vf is the
feed rate, A is the ultrasonic vibration amplitude of the tool, f is the ultrasonic vibration
frequency and t is the time.

The velocity of the cutting edge v(t) in three directions can be obtained by differentiat-
ing Equation (1), which is shown as follows:

v(t) = s′(t) =

 vX(t)
vY(t)
vZ(t)

 =

 −2πnr sin(2πnt)
2πnr cos(2πnt)

v f + 2π f A cos(2π f t)

 (2)

The trajectory of one point on the cutting edge of the trepanning tool in the ultrasonic
trepanning is shown in Figure 3, where r = 9.5 mm, n = 500 r/min, vf = 25 mm/s, A = 20 µm,
f = 20 kHz. The motion direction of the cutting edge in ultrasonic trepanning changes
periodically, which demonstrates that the cutting edge alternately cuts into and exits the
honeycomb core material. Therefore, ultrasonic vibration transforms the conventional
continuous cutting into intermittent cutting with ultrasonic frequency.

Figure 3. The trajectory of the cutting edge.

2.2. Ultrasonic Trepanning Tool
2.2.1. Design of Ultrasonic Trepanning Tool

The structure of the ultrasonic trepanning tool for the Nomex honeycomb core is
shown in Figure 4. It can be seen that the trepanning tool is a hollow cylindrical structure,
the cutting edge is located at the bottom of the tool, and the end of the trepanning tool near
the cutting edge has a horn-shaped design.

Figure 4. Structure of ultrasonic trepanning tool.

In ultrasonic trepanning, the size of the machined surface depends on the tool diameter
d. To prevent the machined surface from being damaged by friction between the flank
surface and the machined surface, there is a relief angle α on the tool. The overall length of
the trepanning tool is L, which affects the machining depth range of the trepanning tool.
In addition, the trepanning tool also has a rake angle γ.



Appl. Sci. 2021, 11, 354 5 of 21

The design vibration mode of the ultrasonic trepanning tool is longitudinal vibration
along the tool axial. Therefore, it is suitable to design the vibration performance with the
longitudinal vibration theory of the slender rod. As shown in Figure 4, taking the rotary
axis of the trepanning tool as the x axis, the cross-sectional area function is S = S(x). At any
position x, the displacement function of the mass point is ξ = ξ(x,t), the stress function is
σ = σ (x,t) = E (∂ξ/∂x) (E is the elastic modulus of the trepanning tool material). According
to Newton’s law of motion, the wave equation of the longitudinal vibration [23] of any
section of the trepanning tool is obtained as follows:

∂(S · σ)
∂x

dx = Sρ
∂2ξ

∂t2 dx (3)

where ρ denotes the density of the trepanning tool material.
When the longitudinal vibration of the ultrasonic trepanning tool is a simple harmonic

vibration, Equation (3) can be simplified as

∂2ξ

∂x2 +
1
S

∂S
∂x

∂ξ

∂x
+ k2ξ = 0 (4)

Equation (4) is the wave equation of longitudinal vibration of any cross-section of the
trepanning tool, where k = ω/c, k is the angular wave number, ω is the angular velocity,
and c is the propagation velocity of the longitudinal wave in the trepanning tool.

The traditional analytical method is a substitute for the cross-sectional area function
S(x) and other parameters into the wave equation to obtain the analytic solution of the
wave equation. Then, the relevant parameters of the vibration system can be obtained by
solving the analytic solution according to the boundary conditions of resonance frequency,
stress and displacement, etc. However, both the structure of the ultrasonic trepanning tool
and the solution calculation are complex. Hence, it is difficult to accurately calculate the
resonant frequency of the ultrasonic trepanning tool by solving the equation. In this paper,
to accomplish the best design of the ultrasonic trepanning tool, a finite element simulation
method is used to calculate and analyze the vibration mode of the trepanning tool.

In addition to the tool structure, the material constituting the trepanning tool also
has an important influence on the vibration performance of the tool. The tool material
with excellent vibration performance is supposed to be conducive to the large ultrasonic
vibration amplitude of the trepanning tool. The aramid paper and phenolic resin that make
up the Nomex honeycomb core are relatively soft, so there is no special requirement for
the hardness of the trepanning tool. However, the Nomex honeycomb core is difficult to
cut off, and the trepanning tool with sharper cutting edge is beneficial to the high-quality
machining of the Nomex honeycomb core. Cemented carbide and high-speed steel have
been the main materials of CNC cutting tools to date. Although cemented carbide has
high hardness and good wear resistance, its vibration performance is poor and difficult
to process. As a result, the special ultrasonic cutting tools for Nomex honeycomb core
materials are mostly made of high-speed steel [24,25]. Comprehensively, considering the
requirements of the function and structure of the ultrasonic trepanning tool, the high-speed
steel material of the brand W9Mo3Cr4V was selected to develop the ultrasonic trepanning
tool. The material properties are listed in Table 1.

Table 1. Properties of the trepanning tool material.

Material
Elastic Modulus Density

Poisson’s Ratio
(GPa) (Kg/m3)

W9Mo3Cr4V 221.9 7930 0.3
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2.2.2. Finite Element Simulation Analysis

Owing to the fact that the ultrasonic trepanning tool is driven by the ultrasonic vi-
bration system to perform ultrasonic vibration, the resonance frequency of the ultrasonic
trepanning tool needs to match with the vibration system. In the field of the ultrasonic cut-
ting of the Nomex honeycomb core, the vibration frequency of various types of ultrasonic
cutting system is about 20 kHz [2]. To match with the existing ultrasonic vibration system
and extend the application scope of the ultrasonic trepanning tool, the vibration frequency
of the ultrasonic trepanning tool is also set at 20 kHz.

In this study, the modal module of the ANSYS Workbench was used to analyze
the resonant frequency of ultrasonic trepanning tool with a different size. In every finite
element simulation analysis, to determine the required resonant frequency of the trepanning
tool, only one parameter is varied while keeping all the other design parameters constant.
Adaptive tetrahedral elements are used to mesh. The designed longitudinal vibration
mode is shown in Figure 5.

Figure 5. Longitudinal vibration mode of ultrasonic trepanning tool.

The longitudinal resonant frequency of the ultrasonic trepanning tool with a different
tool length and tool diameter is shown in Figure 6. When the tool length increases from 65
to 130 mm, the resonant frequency of the tool decreases from 27.09 to 13.01 kHz, indicating
that the tool length has a crucial influence on the resonant frequency of the trepanning tool.
Since the longitudinal resonance frequency (20.3 kHz) of the 90 mm-long trepanning tool
has the smallest deviation (1.5%) from the design frequency (20 kHz), the length of the
ultrasonic trepanning tool is determined as 90 mm. When the diameter of tool increases
from 13 to 33 mm, the resonant frequency of tool decreases from 20.63 to 18.82 kHz.
According to the usage requirements of the trepanning tool and the resonance frequency
under different tool diameters, the diameter of the ultrasonic trepanning tool is determined
as 19 mm.

Figure 6. Relationship between the tool size and resonance frequency. (a) Tool length; (b) Tool diameter.
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The relationship between the angle of the ultrasonic trepanning tool and longitudinal
resonance frequency is shown in Figure 7. With the increase in the rake angle γ from 60◦ to
80◦, the vibration frequency of the tool increases from 20.1 to 20.97 kHz. When the rake
angle of the tool is larger than 70◦, the resonance frequency increases rapidly with the
increase in the rake angle of the ultrasonic trepanning tool. As the relief angle of the tool
increases from 1◦ to 10◦, the vibration frequency of the trepanning tool increases from 19.8
to 20.89 kHz. Based on the influence of the rake angle and relief angle on the resonance
frequency, combined with the influence of the tool angle on the cutting process, the angles
of ultrasonic trepanning tool are finally set to γ = 70◦ and α = 2◦.

Figure 7. Relationship between the tool angle and resonance frequency. (a) Rake angle; (b) Relief angle.

2.2.3. Ultrasonic Vibration Performance Test of Trepanning Tool

The vibration performance of the ultrasonic trepanning tool is directly reflected in
the ultrasonic vibration amplitude. The larger the ultrasonic amplitude is, the better the
vibration performance is, and the more it benefits the cutting of the Nomex honeycomb
core. The vibration performance test device of the ultrasonic trepanning tool is shown in
Figure 8a. The vibration amplitude of the ultrasonic trepanning tool is measured by the
KEYENCE LK-H025 laser displacement sensor. The repeat measurement accuracy of the
laser displacement sensor is 0.02 µm, and the laser spot size is 25 × 1400 µm. The sampling
frequency during the measurement is 392 kHz, which is much larger than the design
vibration frequency of the ultrasonic trepanning tool.

Figure 8. Ultrasonic vibration performance test. (a) Test device; (b) Result of ultrasonic vibration performance test.
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The results of the vibration performance test of the ultrasonic trepanning tool is shown
in Figure 8b. The amplitude curve at the cutting edge of the ultrasonic trepanning tool is
close to the ideal sine curve, the maximum amplitude at the cutting edge can reach 27 µm,
and the actual longitudinal vibration frequency of the ultrasonic trepanning tool is about
20.16 kHz. The vibration amplitude of the developed ultrasonic trepanning tool is similar
to that of the existing commercial ultrasonic cutting tool. The actual longitudinal vibration
frequency is close to the design frequency, and the deviation is only about 0.8%, which
satisfactorily meets the design requirements.

3. Theoretical Analysis of Ultrasonic Trepanning Quality

The features of the actual machined surface in trepanning are shown in Figure 9. The
vertical surface, generated by trepanning, is not an ideal flat or curved surface. There must
be a deviation between the actual incision obtained by trepanning and the designed straight
incision. In order to clarify the influence of various factors on the trepanning quality of
Nomex honeycomb core, it is necessary to study the ultrasonic trepanning quality from
aspects of dimensional error and trepanning incision quality.

Figure 9. Schematic of trepanning quality.

3.1. Dimensional Error in Trepanning
3.1.1. Theoretical Analysis of Dimensional Error in Trepanning

In the actual trepanning processing, compared with the design vertical surface, the
actual vertical surface between the two adjacent trepanning positions has a regular “tower
tip” shape remaining unremoved part. The trepanning processing of a straight and curved
vertical surface is shown in Figure 10, the shaded area is the remaining unremoved part
in the trepanning processing. The area of the remaining unremoved part affects the
dimensional accuracy of the honeycomb core component. If the area of the remaining
unremoved part is too large, the vertical surface will deviate from the design size. If it
exceeds the allowable range, the dimension of the vertical surface will be out of tolerance.
In order to ensure the trepanning quality of the vertical surface, the size of the remaining
unremoved part in trepanning should be limited to a reasonable range.

The area of the residual unremoved part is the most direct way to characterize its size,
but it cannot intuitively reflect the influence of the size of the unremoved part on the actual
dimensional error. In the calculation of the dimensional error of the vertical surface, the
“peak” of the residual unremoved part has the greatest influence on the actual dimensional
error. The height of the “peak” position of the residual unremoved part along the direction
perpendicular to the vertical surface directly affects the actual dimensional error. Therefore,
it is selected as the evaluation parameter of the trepanning dimensional error, referred to
as the residual height h.
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Figure 10. Dimensional error in trepanning: (a) internal arc vertical surface; (b) external arc vertical surface; (c) straight
vertical surface.

The residual height of the arc vertical surface in trepanning is demonstrated in
Figure 10a,b, respectively. The radius of the arc vertical surface to be machined is R.
The trepanning tool performs the cutting along the circular arc trepanning path, which is
concentric with the designed arc vertical surface. The step length between two adjacent
trepanning positions is the rotation angle θ between two adjacent trepanning positions
passing through the circle center O. The residual height hI of the internal arc vertical surface
in trepanning and the residual height hE of the external arc vertical surface in trepanning
can be expressed as follows:

hI = R− (R− r) cos
θI
2
−

√
r2 − (R− r)2 sin2 θI

2
(5)

hE = (R + r) cos
θE
2
− R−

√
r2 − (R + r)2 sin2 θE

2
(6)

The residual height of the straight vertical surface in trepanning is demonstrated in
Figure 10c. The trepanning tool performs the cutting along the trepanning path parallel to
the straight vertical surface. The distance between the two adjacent trepanning positions is
the step length Ls. The residual height hS of the straight vertical surface in trepanning can
be expressed as

hS = r−
√

r2 − LS
2

4
(7)
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3.1.2. The Influence of Process Parameters on Dimensional Error

In order to further clarify the influence of process parameters on the trepanning
dimensional error, the residual heights of three kinds of vertical surfaces under different
trepanning process parameters were calculated.

In straight vertical surface trepanning, the relationship between the trepanning step
length and the residual height is demonstrated in Figure 11. It can be seen that the residual
height increases with the increase in the trepanning step length, when using different sizes
of trepanning tools. The use of a larger radius trepanning tool at the same step length can
effectively reduce the residual height. However, when the radius of the trepanning tool
increases to more than 30 mm, the residual height under the same step length no longer
significantly reduces.

Figure 11. Curve chart of the hS change with step length.

In internal arc vertical surface trepanning, the relationship between the step length
and the residual height hI are demonstrated in Figure 12, where the radius of the internal
arc vertical surface to be machined is 40, 60, 80 and 100 mm, respectively. It can be seen that
the residual height increases with the increase in the trepanning step length, when using
different sizes of trepanning tools. The use of a larger radius trepanning tool at the same
step length can also effectively reduce the residual height. When the radius of the internal
arc vertical surface is small, trepanning tools of different sizes have a significant impact
on the residual height under the same step length. However, as the size of the internal arc
vertical surface increases to more than 80 mm, the effectiveness of the increase in the tool
radius on the decrease in the trepanning step length is no longer significant.

The relationship between the step length and the residual height hE is demonstrated
in Figure 13, where the radius of the external arc vertical surface to be machined is 40, 60,
80 and 100 mm, respectively. The relationship between the residual height of the external
arc vertical surface and the process parameters is similar to that of the internal arc vertical
surface. However, in the trepanning of the external arc vertical surface, when the radius of
the trepanning tool increases to more than 20 mm, the residual height does not decrease
significantly as the radius of the tool continues to increase when the step length is the same.
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Figure 12. Curve chart of hI change with the step length: (a) R = 40 mm; (b) R =60 mm; (c) R = 80 mm; and (d) R = 100 mm.

Figure 13. Curve chart of the hE change with step length: (a) R= 40 mm; (b) R = 60 mm; (c) R = 80 mm; and (d) R = 100 mm.
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3.2. Theoretical Analysis on the Quality of Trepanning Incision

In the trepanning processing of the honeycomb core component, the trepanning tool
cuts off the material along the axis of the honeycomb core cell, forming a trepanning
incision along the axis of the honeycomb core cell. All the incisions produced by the trepan-
ning together form the vertical surface, so the quality of the trepanning incision directly
determines the processing quality of the vertical surface. The ideal trepanning incision
should be straight and neat. However, the in-plane stiffness of the Nomex honeycomb
core is relatively low, and the strength of aramid fiber which constitutes the honeycomb
core is relatively high, which makes the cutting force larger in the trepanning process.
Therefore, the honeycomb core material is easy to deform in the cutting area, and the actual
trepanning incision would deviate from the designed straight contour.

The cutting model of the tool–workpiece vibration system is shown in Figure 14,
and the motion equation of the workpiece in the cutting thrust force direction is shown
as follows:

M
d2x
dt2 +c

dx
dt

+ kx = Pt(t) (8)

where M is the equivalent mass of the workpiece, k is the elastic constant of the workpiece
material in the in-plane direction, c is the viscous damping coefficient of the workpiece,
and Pt is the cutting thrust force.

Figure 14. The cutting model of the tool–workpiece vibration system.

According to Junichiro’s research on pulse-shaped cutting thrust force in vibration
cutting [26], combined with the performance characteristics of Nomex honeycomb core
material, the solution of Equation (8) is as follows:

x =
tc

T
· Pt

k
(9)

where T is the vibration cycle of the tool in ultrasonic trepanning, tc is the time for the
trepanning tool to cut the material in one vibration cycle.

Equation (9) can also be expressed as follows:

x =
Pt

T
tc
· k

=
Pt

K
(10)
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The equivalent elastic constant K of the workpiece material in ultrasonic trepanning is
derived as follows:

K =
T
tc
· k (11)

The displacement of the cutting edge along the feed direction in ultrasonic trepanning
and traditional non-ultrasonic trepanning is demonstrated in Figure 15. In one vibration
cycle, the trepanning tool cuts into the deepest part of the honeycomb core at time t1. In the
next vibration cycle, from t1 to t2, the tool exits the cutting area and is farthest away from
the cutting area at t2. After that, the cutting tool moves towards the cutting area again, the
cutting tool reaches the deepest point in the previous vibration cycle at t3. From t3 to t4,
the trepanning tool cuts into the honeycomb core, and cuts into the deepest part of the
honeycomb core at t4, at the same time, the cutting tool is ready to exit the cutting area.

Figure 15. Displacement of the cutting edge.

From the above analysis, it can be concluded that, in one vibration cycle of ultrasonic
trepanning, the tool cutting into the honeycomb core material only between t3 and t4.
Therefore, tc can be expressed as follows:

tc = t4 − t3 (12)

Since the cutting tool cuts into the deepest part of honeycomb core material at time t4
and the direction of the tool motion changes in the next moment of t4, therefore, the speed
of the cutting tool along the feed direction at t4 is zero:

vZ(t4) = 0 (13)

Substitute Equation (13) into Equation (2) to obtain:

t4 =
arc cos(

−v f
2π f A )

2π f
(14)

Since the tool only cuts honeycomb core material from time t3 to t4 in a vibration cycle,
the cutting depth in a vibration cycle is the distance between the corresponding positions
of the tool at t3 and t4, which can be expressed as follows:

SZ(t4)− SZ(t3) =
∫ t4

t3

vZ(t)d(t) (15)

Apparently, during the same vibration cycle, the depth of the cutting honeycomb
core material with ultrasonic trepanning, is the same with the traditional non-ultrasonic
trepanning, which is the vf ·T:

SZ(t4)− SZ(t3) = v f · T (16)
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Substitute Equation (16) into Equation (1) to obtain:

v f (t4 − t3) + A sin(2π f t4)− A sin(2π f t3) = v f · T (17)

The solution of t3 can be obtained by substituting t4 obtained by solving Equation (14)
into Equation (17). Combined with Equation (12), tc can be obtained.

During a vibration cycle in the ultrasonic trepanning processing, where A = 20 µm,
f = 20 kHz, vf = 50 mm/s, n = 1500 r/min, the time for the trepanning tool to cut the
material in one vibration cycle is tc = 0.0000038 s and the vibration cycle T = 0.00005 s.
Under these processing parameters, the equivalent elastic constant is 13 times of that of
the Nomex honeycomb core material. In the ultrasonic trepanning processing, ultrasonic
vibration significantly improves the equivalent elastic constant of the honeycomb core
material in the cutting area along the in-plane direction, suppresses the deformation of the
honeycomb core material, and is better for obtaining higher quality trepanning incisions.

4. Ultrasonic Trepanning Experiment

The ultrasonic trepanning experiment of the Nomex honeycomb core was carried out
on an NHM 800 CNC milling machine, and the experiment setup is shown in Figure 16.
A self-developed ultrasonic vibration system was utilized in this experiment, including
an ultrasonic trepanning tool, a special ultrasonic cutting tool holder and a high-power
ultrasonic generator. The special tool holder for the ultrasonic trepanning was used
to convert the power electric signal output by the ultrasonic generator into mechanical
vibration and amplify the ultrasonic vibration amplitude. The trepanning tool is installed
at the front end of the special tool handle for ultrasonic trepanning. The workpiece is fixed
in the central position of the fixture by double-sided adhesive bonding, and the fixture is
installed on the workbench of machine tool.

Figure 16. Ultrasonic trepanning of the Nomex honeycomb core: (a) the ultrasonic trepanning experiment setup; and (b)
the enlarged view of the marked area.

In order to verify the accuracy of the theoretical calculation of dimensional error in
trepanning, the trepanning dimensional error experiment of the internal arc vertical surface
was further carried out. The parameters of the trepanning dimensional error experiment
are shown in Table 2.

To study the influence of the process parameters on the quality of the trepanning
incision, the trepanning experiment was carried out with or without ultrasonic vibration,
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under different rotating speed and feed rate. To reduce the influence of interference factors,
each set of the experiment was repeated three times. The frequency of ultrasonic vibration
is f = 20.06 kHz. The experimental parameters of the ultrasonic trepanning experiment are
shown in Table 3.

Table 2. Experimental parameters of the trepanning dimensional error.

Radius of Internal Arc Step Length Rotating Speed Feed Rate

R /mm θ/deg n/(r/min) vf/(mm/min)

100 5, 6, 7, 8, 9, 10 1500 500

Table 3. Experimental parameters of the ultrasonic trepanning.

Number
Ultrasonic Amplitude Rotating Speed Feed Rate

A/µm n/(r/min) vf/(mm/min)

1

Non-ultrasonic

500 2000
2 1000 2000
3 1500 2000
4 1500 1000
5 1500 3000

6

10

500 2000
7 1000 2000
8 1500 2000
9 1500 1000

10 1500 3000

11

20

500 2000
12 1000 2000
13 1500 2000
14 1500 1000
15 1500 3000

5. Result and Discussion
5.1. Dimensional Error of Vertical Surface

The internal arc vertical surface of the honeycomb core component machined by
trepanning is shown in Figure 17, in which the radius of the internal arc vertical surface is
100 mm, and the trepanning step length is 7◦. Under the current process parameters, it can
be observed that there are obvious residual unremoved parts on the internal arc vertical
surface. In order to determine the residual height under different machining parameters, the
honeycomb core samples are observed by VHX-600E microscope (Keyence, Osaka, Japan).

Figure 17. Internal arc vertical surface.



Appl. Sci. 2021, 11, 354 16 of 21

The observation results of the dimensional error of the internal arc vertical surface are
shown in Figure 18. The measured residual height hI is the distance between the highest
peak of the actual residual unremoved part and the theoretical internal arc vertical surface.

Figure 18. Residual height of the internal arc vertical surface: (a) θ = 6◦; (b) θ = 10◦.

The measured residual height value and the theoretical value under different trepan-
ning step lengths are shown in Figure 19. The actual residual height, under each step length,
is obtained by at least five measurements, and the error bar is the standard deviation. The
variation trend of the measured residual height is consistent with the theoretical value.
However, the average measured residual height is about 9% less than the theoretical value.
It is considered that the measured peak position is not the theoretical calculation position
due to the cell structure of honeycomb core. The result of the trepanning dimensional error
experiment indicates that the theoretical model of residual height can be used to predict
the actual residual height.

Figure 19. Residual height of the internal arc vertical surface at a different step length.

5.2. Trepanning Incision Quality of Nomex Honeycomb Core

Obtaining the high-quality machined surface of the Nomex honeycomb core is the
ultimate goal of trepanning. In order to study the influence of ultrasonic vibration and
other process parameters on the trepanning quality of the Nomex honeycomb core, the
chip is removed, and the trepanning incisions on the side of the workpiece are observed by
KEYENCE VHX-600E microscope.

5.2.1. Typical Characteristics of Trepanning Incision

The typical trepanning incision is shown in Figure 20. The actual trepanning incision
of the vertical surface is a curve incision with regular wavy characteristics, which deviates
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from the ideal straight incision. The size of the entrance part is obviously different from
other part on the incision which constitute the main part of the trepanning incision. Further
enlarging the trepanning incision for observation, it can be found that there are burrs on
part of the trepanning incision.

Figure 20. Typical trepanning incision.

The ultrasonic trepanning incision with a vibration amplitude of 20 µm and the non-
ultrasonic trepanning incision are shown in Figure 21, respectively, where n = 1500 r/min
and vf = 1000 mm/min. It is found by comparison that the size of the entrance defect in the
ultrasonic trepanning is smaller, the ultrasonic trepanning incision is straighter and there is
no processing defects such as burrs. The introduction of ultrasonic vibration, under the
same processing parameters, significantly improves the quality of the trepanning incision
on the Nomex honeycomb core.

Figure 21. Comparison of trepanning incision: (a) ultrasonic trepanning incision; and (b) non-ultrasonic trepanning incision.

5.2.2. The Influence of Process Parameters on Trepanning Incision Quality

In order to further clarify the influence of process parameters on the quality of trepan-
ning incision on Nomex honeycomb core, it is necessary to put forward the evaluation
parameter of trepanning incision quality, and quantitatively study the influence of process
parameters on the trepanning incision quality. The incision with wavy features constitutes
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the most part of the trepanning incision and has a major impact on the final trepanning
quality of the honeycomb core. Therefore, the size of the wavy feature is selected as the
characterization parameter, which can quantitatively evaluate the impact of the process pa-
rameters on the trepanning quality. Since the wavy characteristics on the actual trepanning
incision have obvious peaks and troughs, and the smaller the distance between the peaks
and troughs, the smaller the actual incision deviates from the designed straight incision,
and the better the quality of the machined vertical surface. The distance between the wave
peak and trough is determined as the characterization parameter to evaluate the quality of
the trepanning incision. The characterization parameter LPT is shown in Figure 22.

Figure 22. Trepanning quality characterization parameters.

The statistical results of the LPT values with or without ultrasonic vibration at different
feed rates are shown in Figure 23. The LPT of the ultrasonic trepanning with a vibration
amplitude of 20 µm was reduced by 40% compared with non-ultrasonic trepanning, and
the LPT of the ultrasonic trepanning with a vibration amplitude of 10 µm was reduced by
30% on average. Ultrasonic vibration significantly reduces the LPT of trepanning incision,
improves the quality of the trepanning incision of the Nomex honeycomb core, and the
effectiveness is significant at a different feed rate. With the increase in feed rate from 1000
to 3000 mm/min, the LPT of traditional non-ultrasonic trepanning increases by 52%, the
LPT of ultrasonic trepanning with a vibration amplitude of 10 µm increases by 46%, and
the LPT of ultrasonic trepanning with a vibration amplitude of 20 µm increases by 38%.
Compared with the traditional non-ultrasonic trepanning, ultrasonic vibration suppresses
the deterioration of trepanning quality when the feed rate increases.

Figure 23. The influence of the feed rate on the quality of trepanning incision.
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The statistical results of the LPT with or without ultrasonic vibration at different
rotating speeds are shown in Figure 24. With the increase in rotating speed from 500 r/min
to 1500 r/min, the LPT of ultrasonic trepanning with vibration amplitude of 20 µm decreases
by 49%, the LPT of the ultrasonic trepanning with a vibration amplitude of 10 µm decreases
by 55%, and the LPT of traditional non-ultrasonic trepanning decreases by 50%. The LPT
of trepanning incision with or without ultrasonic vibration decreases similarly with the
increase in rotating speed of tool. At different rotating speed, the LPT of the ultrasonic
trepanning with a vibration amplitude of 20 µm is reduced by 38% compared with non-
ultrasonic trepanning, and the LPT of ultrasonic trepanning with a vibration amplitude of
10 µm is reduced by 30% on average. The ultrasonic vibration significantly reduces the
LPT of the trepanning incision at a different rotating speed, and improves the quality of
trepanning incision.

Figure 24. The influence of the rotating speed on the quality of the trepanning incision.

The quantitatively analytical result of the trepanning incision quality demonstrates
that the ultrasonic trepanning incision is straighter and better in quality. The introduction
of ultrasonic vibration significantly improves the quality of trepanning incision under the
different process parameters. The reason for the improvement of the trepanning quality is
that ultrasonic vibration significantly increases the equivalent elastic constant of the Nomex
honeycomb core along the in-plane direction. The deformation of the Nomex honeycomb
core is further suppressed, which makes the final trepanning incision straighter and better
in quality.

6. Conclusions

In this study, we propose an ultrasonic trepanning method by analyzing the existing
machining methods of the vertical surface. A special ultrasonic trepanning tool is designed.
The machining quality of the vertical surface is studied by both the theoretical analysis and
experimental verification, which is further studied from the aspects of dimensional error
and the quality of trepanning incision. According to the study, the following conclusions
are obtained:

(1) Ultrasonic trepanning is a high-quality machining method for the vertical surface of
the Nomex honeycomb core. The introduction of the ultrasonic vibration improves
the quality of the trepanning incision significantly.

(2) The trepanning dimensional error of the vertical surface is influenced by the tool size,
step length and feature size of machined vertical surface. Moreover, the trepanning
dimensional error experiment verifies that the theoretical value is consistent with the
actual value, and the theoretical model can be used to predict the actual trepanning
dimensional error.



Appl. Sci. 2021, 11, 354 20 of 21

(3) The actual trepanning incision of the vertical surface is a curve incision with regular
wavy characteristics. However, it can be found by comparison that the ultrasonic
trepanning incision is straighter and there are no processing defects such as burrs.

(4) The characteristic size of the actual wavy incision is used, as the evaluation parameter,
to quantitatively analyze the quality of the trepanning incision. The quantitatively
analytical result demonstrates that the quality of the ultrasonic trepanning incision
with a vibration amplitude of 20 µm is optimized by about 40% on average, compared
with traditional trepanning.
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