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Abstract: The tearing defect generated during the processing of aluminium
honeycomb core is one of the main factors to reduce the bonding strength
between the aluminium honeycomb core and connective face sheet. In order to
study the tearing defects formed during high-speed milling of aluminium
honeycomb cores, a finite element model for cutting a single honeycomb wall
was established. The influence of main processing parameters on tearing
defects was explored, and the variation law between tearing defects and cutting
forces under different processing parameters was further analysed. The results
show that when the entrance angle is in regions I and III, the force F parallel to
the honeycomb wall is the main reason for the formation of tearing defects.
When the entrance angle is in region II, the force F. perpendicular to the
honeycomb wall has a great influence on the tearing defect. The degree of
tearing defects is positively correlated with the force F| parallel to the
honeycomb wall in general, and the influence on tearing defects follows that
the entrance angle > feed speed > cutting speed.

Keywords: aluminium honeycomb core; finite element simulation; cutting
force; tearing defect; milling parameter.
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1 Introduction

Aluminium honeycomb core material is a thin-walled multi-core lattice structure
material. It has the characteristics of high wind pressure resistance, shock absorption and
high specific strength, which has a wide range of applications in aerospace, automotive
and other fields (Wang et al., 2020a). High-speed milling is one of the commonly used
processing methods for aluminium honeycomb core (Zhang, 2021), due to the small
thickness of honeycomb wall, the material will appear deformation, tearing, burrs and
other defects during the cutting process, which seriously affects the surface quality of the
workpiece (Sun et al., 2017).

At present, many scholars have carried out research on the processing defects of
honeycomb materials. Wang et al. (2017).compared the ice fixation method with the
conventional fixation method. The results show that ice holding can effectively improve
the processing quality. Wang et al. (2020b) analysed the influence of processing
parameters on surface roughness and surface morphology, and determined the optimal
cutting parameters. Wang et al. (2021) analysed the influence of milling depth and ice
holding height on the deformation of honeycomb wall by finite element simulation.
Hamid et al. (2022) developed a specific method based on microscopic observation to
analyse the surface integrity of aluminium honeycomb cores. Tarik et al. (2022a)
established a 3D finite element model based on the Lagrangian method. The influence of
different cutting conditions on cutting force and chip morphology was analysed by finite
element model. Jaafara (2017) analysed the machinability of cutting parameters on
Nomex material by numerical simulation. Jiang and Liu (2021) predicted the cutting
force at different cutting angles by establishing a numerical model of the cutting force of
the Nomex honeycomb core. At the same time, the finite element simulation method is
used to reveal the formation mechanism of honeycomb wall tearing defects. Shi et al.
(2022) carried out experiments and simulations on high-temperature alloy honeycomb
cores, and analysed the effects of milling parameters, tool types and milling methods on
cutting force and machining damage during millining.

The existing research shows that the tearing defect accounts for the largest proportion
in the machining damage, which has the greatest influence on the application of
honeycomb sandwich plate and is one of the important factors affecting the surface
quality of the workpiece. It is mainly affected by processing parameters and cutting force.
Among the processing parameters, cutting speed and feed speed have the greatest
influence on tearing defects (Zhang, 2021). Nevertheless, there are few studies on the
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factors affecting the formation of aluminium honeycomb core defects in the existing
literature.

In the process of machining, due to the short contact time between the tool and the
honeycomb wall, the traditional method cannot observe the process of tearing defects.
The main objective of this work is to model and simulate the formation process of tearing
defects in the milling process of 5052 aluminium honeycomb structure. The influence of
main cutting parameters on cutting force and tearing defects is studied. Firstly, the finite
element model is verified by experimental tests. Secondly, the parametric analysis is
carried out, and the influence of cutting angle, feed speed and cutting speed on the tearing
defect and cutting force of aluminium honeycomb core is analysed. Finally, the
relationship between cutting force and tearing defects under different processing
parameters is studied.

2 Finite element cutting simulation model

2.1 Finite element geometric model

Finite element simulation can effectively predict the formation of tearing defects and the
trend of cutting force. In this study, the Explicit module in Abaqus is used to simulate the
milling process of aluminium honeycomb core. Unlike the cutting process of traditional
metal materials, the honeycomb core has a thin wall, and the cutting process between the
tip of the tool and the honeycomb wall is completed in a very short time, so the cutting
motion of the tool can be regarded as a straight-line motion along the direction of the
cutting speed in a very short time (Qiu, 2017). In this case, the machining process is not
only affected by the cutting parameters such as cutting speed and feed speed, but also the
angle between the honeycomb wall and the direction of the tool’s cutting speed
(honeycomb wall’s entrance angle 0) becomes one of the key factors. The cutting process
of honeycomb core is composed of the cutting process of each honeycomb wall, and
when the contact position of honeycomb wall with the tool changes, the angle of incision
also changes from 01 to 62, as shown in Figure 1.

Figure 2 shows the 3D cutting simulation model of aluminium honeycomb core.
Because the honeycomb core is a thin-walled material, the contact part of the cutting tool
and the honeycomb wall is limited to the tip part, so the tool is simplified to a tip model
with radial rake angle, axial rake angle and clearance angle. The honeycomb core was a
square hexagonal shape with the thickness of wall was set as 0.06 mm. The cell type of
the mesh used for the aluminium honeycomb core is C3D8R, and the cell type of the
mesh used for the tool is C3D4, and the bottom of the honeycomb core is completely
fixed. The tool is defined as a rigid body, and the tool has a radial rake angle of 15°, an
axial rake angle of 30°, and a clearance angle of 35°, and the contact between tool and
workpiece is universal contact. During the machining process, the friction coefficient
between the tool and the aluminium honeycomb core has an important effect on the
simulation results, and according to Tarik et al. (2022b), the friction coefficient was set as
0.3. The cutting width of the honeycomb wall is calculated from the feed per tooth of the
tool. The simulated cutting parameters are shown in Table 1 and the material parameters
are shown in Table 2.
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Figure 1 Entrance angle diagram of honeycomb core (see online version for colours)
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Table 1 Simulated cutting parameter
Properties Value
Feed speed(mm/min) 240, 480, 720, 960
Cutting speed(m/min) 240, 320, 400
Entrance angle/° 10, 13, 30, 45, 60, 75, 90, 105, 120, 135, 150, 160, 170
Cutting depth/mm 1

Figure 2 Aluminium honeycomb core 3D cutting simulation model (see online version
for colours)
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Table 2 A15052 honeycomb core material parameters
Properties Value
Density (kg/m?) 2,680
Elastic modulus/GPa 70.3
Poisson’s ratio 0.33
Thermal conductivity 137.7
(W/mk)

Specific heat J/(kg/k) 930

Source: Mahabunphachai et al. (2010), Morejon et al. (2010)

2.2 Material properties and failure model

The constitutive model of honeycomb core material adopts Johnson-Cook plastic flow
model (Cook et al., 1985).

G :[A+B(g")”][1+Cln(iﬂ[l—(%jm} (1)

where &,¢, and g are the equivalent stress, the equivalent plastic strain and reference

strain rate; 7o, T, and T are the room temperature, melting point of materials, and the
temperature when the material deforms. 4, B, C, m, and n are the strength, harding
modulus, strain rate sensiticity, thermal softening index. The parameter settings are
shown in Table 3.

Table 3 The Johnson-Cook constant parameter of A15052

A/MPa B/MPa c n m Tw/°C To/°C
92.4 132 0.02511 0.25 1 580 20

Source: Qin et al. (2020)

Meanwhile, the Johnson-Cook progressive damage model was used, which takes into
account the damage evolution and allows the material to rupture when the damage
parameter reaches one. The damage parameter D is shown in equation (2).

D=Zf—}9 ©)

where Ae is an increment of the equivalent plastic strain, and & is the equivalent strain to
fracture, which bases on strain rate, temperature, pressure and equivalent stress. The
expression of & is shown in equation (3):

€f = |:D1 +D2 exp(D; O_—mj:l |:1 +D4 In (ij:| |:1+D5 ( T_TO ]j| (3)
o €0 T, —Tp

where D~Ds are the damage parameters of the material, as shown in Table 4, g, is
hydrostatic pressure; o is the Mises equivalent stress.
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Table 4 Johnson-Cook damage parameters of A15052

DI D2 D3 D4 D5
0.306 0.446 -1.72 0.0056 0

Source: Zeng et al. (2015)

3 Experiment design

The honeycomb core material used in this test is A15052 material, aluminium honeycomb
core lattice is positive hexagonal, aperture diameter of 6mm, thickness of single wall of
0.06mm. the workpiece specification is 20*10*10mm. the cutter is a carbide milling
cutter with the diameter of 12.7mm, the rake angle of 15°, the clearance angle of 35°, the
helix angle of 30°. The test parameters are shown in Table 5.

Table 5 Experimental parameter
Properties Value
Workpiece Al15052 honeycomb core
Feed speed (mm/min) 240, 480, 720, 960
Cutting speed(m/min) 240, 320, 400
Entrance angle/° 10, 13, 30, 45, 60, 75, 90, 105, 120, 135, 150, 160, 170
Cutting depth/mm 1

In order to verify the accuracy of the simulation model, the honeycomb core is milled on
the DMUI100 five-axis machining centre. The most commonly used fixing method for
processing aluminium honeycomb cores is adopted. Firstly, a clamping plate slightly
larger than the workpiece is preset, and the workpiece is bonded to the clamping plate by
the adhesive. Secondly, the clamping plate with the workpiece is placed above the
dynamometer. Finally, the pressure block is placed above the allowance reserved for the
clamping plate, and the clamping plate is fixed on the dynamometer by bolt connection.
The milling test platform is set as shown in Figure 3. The cutting force in the X and Y
directions is checked by a Kistler 9257B force measuring instrument.

Figure 3 Milling test platform (a) Milling test device, (b) Processing platform schematic diagram

Main
spindle
tool \% grge’
Honeyco{b‘ amplifier
core ™ [T
Fixture KISTLER Grabber

Workbench

(b)
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4 Result and discussion

4.1 Cutting force

Due to the large amplitude of cutting vibration in the initial stage of cutting, the cutting
force is unstable. After entering the plastic cutting stage, the cutting force gradually tends
to be stable, and the average value of the stable region is taken as the cutting force. The
finite element model is a single honeycomb wall cutting, and several honeycomb core
walls are involved in the actual machining process. Through the finite element model, the
cutting force F'is obtained. The F1 and F) are obtained in the equation (4), and the F1 and
F) are brought into the equation (5) to obtain F, and F,. Compared with the experimental
data, the specific calculation formula is as follows (Qiu et al., 2016).

F, = Fsin(%n—@j
s 4
F= Fcos(gn—ﬁj

where F1 force perpendicular to the honeycomb wall, F force parallel to the honeycomb
wall, F is the resultant force of X-Y plane.

F. = H(X)Zn (—chosﬂ” - F/'sinf3" )

(6))
F, = H(X)Z (—Ffsinﬁ” —F'cos " )

where F, the total cutting force in X direction, F), the total cutting force in Y direction, n

stands for the nth honeycomb wall in the cutting region. When the tool is in contact with

the honeycomb wall, H(X) takes 1, and otherwise takes 0. [ is the angle between the

honeycomb wall and the y direction, as shown in Figure 1.

Figure 4 (a) Model cutting force and (b) test cutting force varying with time (see online version
for colours)
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Figure 4 shows the comparison between the simulated and experimental values of cutting
force F, and F, changing with time. The simulation value of the cutting force has a good



Study on tearing defects in high-speed milling of aluminium honeycomb core 11

correlation with the experimental value. The reason for the error is that this study
assumes that each honeycomb wall in the machining area contributes to the cutting force,
but in actual machining, the cutting force is generated only when the tool is in contact
with the honeycomb wall.

Figure 5 shows the comparison between the experimental value and the calculated
simulation value of the cutting force under different milling parameters. It can be seen
from the diagram that the experimental value and the simulation value have the same
change trend. When cutting speed = 320 m/min and the feed speed increases from 240
mm/min to 960 mm/min, the extrusion force of the blade on the honeycomb wall is
stronger. Therefore, the extrusion force and friction force received by the honeycomb
wall increase with the increase of the feed speed, which leads to the increase of the
cutting force. The maximum relative error is 10.64%, and the minimum relative error is
only 3.79%. When feed speed = 960 mm/min and the cutting speed increases from 240
m/min to 400 m/min, the material removed per revolution decreases, so the cutting force
generally decreases, and the overall relative error is less than 15%. The reason for the
error is that the established simulation model assumes certain conditions, as well as
various factors such as machining chatter and measuring instruments during machining.

Figure 5 Comparison of simulation values and test values under different cutting parameters
(a) VT, (b) Vc (see online version for colours)
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4.2 Tearing defect analysis

At present, there is no uniform standard for the characterisation of surface tearing defects
in macro cutting of honeycomb cores. The lack of honeycomb wall is the manifestation
of tearing defects on the machined surface. In this paper, the volume of honeycomb wall
loss is selected as the evaluation index of tearing defect degree (Zhang et al., 2022), as
shown in Figure 6. In the following, the volume of tearing defect represents the volume
of missing honeycomb wall. The volume of tearing defect is equal to the product of the
area of the honeycomb wall missing grid on X-Z and the honeycomb wall thickness J.
According to the mesh size, the number of missing meshes in the finite element model
after cutting is calculated to obtain the missing mesh area of the honeycomb wall on X—Z.

Figure 6 Characterisation diagram of tearing defect (see online version for colours)

Figure 7 The volume of tearing defects at different entrance angles, (a) the comparison of tearing
defects between the simulation and experiment; (b) simulation and An et al. (2019) test
comparison (see online version for colours)
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Jiang (2021) used the number of cracks in the NOMEX honeycomb wall as the
evaluation index of tearing defects, but the cracks in the honeycomb wall did not
necessarily develop into tearing defects. Compared with the number of cracks on the
honeycomb wall, the missing volume of the honeycomb wall can better quantify the
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degree of tearing defects. An et al. (2019) analysed the number of wall type defects
composed of burrs, honeycomb wall cracks, and honeycomb wall depressions at different
entrance angles, burrs are caused by the extrusion and tearing of the material, the
honeycomb wall crack is the initial form of the tearing defect, and the honeycomb wall
crack is formed by the honeycomb wall depression. Although the wall type defect can not
fully represent the tearing defect, it can still be used as the evaluation standard of tearing
defect. If the number of wall type defects under a certain entrance angle is more, the
tearing defect under the entrance angle is more serious.

Figure 7(a) shows the comparison of tearing defects between the simulation and
experiment. Compared with the experimental data of An et al. (2019) as shown in
Figure 7(b).

4.3 The influence of entrance angle on tearing defects

When V. =400 m/min, Vy= 240 mm/min, Figure 8 shows the changes of tearing defect
volume and cutting force at different entrance angles. The entrance angle is divided into
four regions. The entrance angle at region I is nearly 13°, the entrance angle at region II
is nearly 90°, and the entrance angle at region III is nearly 150°, in addition to region IV.

Figure 8 Tearing defects and cutting forces at different entrance angles (see online version
for colours)
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Figure 9 shows the effect of entrance angle on tearing defects. When the entrance angle is
in region I and region III, the material removal rate is low and the tearing defect is
serious. The reason is that the tool initially only has one point on the edge to participate
in the cutting of the corresponding honeycomb wall. As the tool tip gradually cuts into
the honeycomb wall, the interaction between the rake face of the tool and the honeycomb
wall gradually increases, resulting in large distortion and tearing of the honeycomb wall,
and the material is difficult to be removed at one time. At this time, the force ) parallel
to the honeycomb wall is the reason for the formation of tearing defects. The larger
cutting force in region I leads to plastic deformation of the workpiece material along the
cutting direction, and there is no support on the cutting side, so the material cannot be
removed, resulting in tearing defects, as shown in Figures 9(a)-9(c). The surface material
in region III is removed smoothly, and the larger force ) parallel to the honeycomb wall
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leads to the excessive extrusion force of the blade on the honeycomb wall in this region,
which means that it is easy to produce excessive tearing defects. When the entrance angle
is in region II, the force F1 perpendicular to the honeycomb wall is the main factor
affecting the tearing of the honeycomb wall. The material is removed by a smaller cutting
force, but the force F. perpendicular to the honeycomb wall reaches its peak, and
excessive material is removed, resulting in an increase in the tearing volume of the
honeycomb wall and more serious defects, as shown in Figure 9(d). The cutting force of
region IV is relatively low, and the load acting on the honeycomb wall is lower than other
regions, so the degree of tearing defects in this region is low and the integrity of the
machined surface is good. This shows that the entrance angle has a great influence on the
tearing defects in regions I-111.

Figure 9 Effect of entrance angle on tear defect (a) 0 = 13°, (b) 6 = 60°, (c) 6= 75°, (d) 6 =90°,
(e) 8=120°, (f) 6 = 150°(see online version for colours)
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4.4 Effect of feed speed on tearing defects

Figure 10 shows the influence of feed speed on tearing defects and cutting force when 6 =
90°, V. = 320 m/min. The analysis shows that the material can be removed by a small
cutting force at this time. When 7y = 960 mm/min, the force F. perpendicular to the
honeycomb wall is relatively large. The tool tip cuts into the honeycomb wall, with the
feed of the tool, the material on the honeycomb wall that should not be removed is pulled
out along the machining direction, resulting in a large tear defect. With the increase of the
feed, the force F. perpendicular to the honeycomb wall gradually increases, and the load
acting on the honeycomb wall also increases. Therefore, with the increase of feed speed,
the volume of tearing defect of honeycomb wall increases. This shows that the size of the
tearing defect volume is closely related to the feed speed.

Figure 10 Tearing defects and cutting forces at different feed speeds (see online version
for colours)
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4.5 Effect of cutting speed on tearing defects

Figure 11 shows the influence of cutting speed on tearing defects and cutting force when
6 =90 ° and Vy= 960 mm/min. It can be seen from the diagram that with the increase of
cutting speed, the cutting force and the volume of tearing defects gradually decrease.
However, the change trend is not significant when the cutting speed is greater than 320
m/min. The reason is that a smaller cutting force can remove the material, and when the
cutting speed is 240 m/min, the force F1 perpendicular to the honeycomb wall is larger,
resulting in a larger load acting on the honeycomb wall and a larger tearing volume of the
honeycomb wall. When the cutting speed is more than 320 m/min, litter change in cutting
force, so the load acting on the honeycomb wall does not much has change, this is also
the reason why the volume of tearing defects does not change much. This shows that
when the cutting speed reaches a certain value, the cutting speed has little effect on the
tearing defect.
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Figure 11 Tearing defects and cutting forces at different cutting speeds (see online version
for colours)
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Figure 12 The relationship between the force F) parallel to the honeycomb wall and the tearing
defect (see online version for colours)
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Through the above research, it is found that when the entrance angle is 90° the tear defect
volume is 0.063 mm?, and when the entrance angle is 60°, the tear defect volume is
0.0125 mm?, and the difference between the two is 0.0505 mm?3. When the feed speed is
960 mm/min, the tear defect volume is 0.06 mm?, and when the feed speed is
240 mm/min, the tear defect volume is 0.03 mm?, the difference between the two is
0.033 mm?. When the cutting speed is 400 m/min, the volume of tearing defect is
0.063 mm?, and when the cutting speed is 240 m/min, the volume of tearing defect is
0.0652 mm?, the difference between the two is only 0.0022 mm?. This shows that the
effect on tearing defects follows the entrance angle > feed speed > cutting speed. At the
same time, it is found that the change trend of the force Fj parallel to the honeycomb wall
is similar to that of the tearing defect. The correlation between the two is fitted, and the
correlation coefficient r = 0.67071 is obtained, as shown in Figure 12. Therefore, it can
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be explained that the tearing defect is positively correlated with the force F) parallel to
the honeycomb wall.

5 Conclusions

In this paper, the honeycomb wall cutting model is established. The effects of feed speed,
cutting speed and cutting angle on tearing defects and cutting force were discussed by
using the model, and the relationship between cutting force and tearing defects was
further explored.

1 The cutting model of honeycomb wall was established by ABAQUS. Compared with
the experimental data of cutting force, the relative error is less than 15%. Compared
with the experimental data, the distribution of tearing defects is generally consistent.
It shows that the finite element model is correct and can be used to analyse the
tearing defects of aluminium honeycomb core.

2 When the entrance angle is in region I and III, the force F| parallel to the honeycomb
wall is the main reason for the formation of tearing defects. When the entrance angle
is in region II, the force F1 perpendicular to the honeycomb wall has a great
influence on the tearing defects.

3 Itis helpful to reduce the cutting force and improve the processing quality by
controlling the change of the entrance angle and selecting the larger cutting speed
and the smaller feed speed.

4  The tearing defect is positively correlated with the force F parallel to the
honeycomb wall, and the influence on the tearing defect follows the entrance angle >
feed speed > cutting speed.
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